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Preface 

Holding a tiny piece of a star in one’s hand might seem like an impossible 
dream. Today, however, it is a reality. Microscopic dust grains manufac- 
tured around stars that existed before our solar system formed, are now 
extracted from meteorites that have fallen to the Earth, and analysed in 
terrestrial laboratories. The stellar origin of this dust is revealed by its 
exotic composition, much different from that of the bulk of the material in 
the solar system. 

Although the analysis of stellar grains is a very young field - it was 
born in 1987 ~ much has already been achieved, especially since recent ad- 
vances in laboratory techniques have allowed to perform analysis of grains 
of size smaller than a micrometer, and high-precision measurements of the 
composition of elements present in trace in the grains. Soon, it will be pos- 
sible to collect data on the composition of many different elements in single 
dust grains of many different types. In some instances, the technological 
advances have been so rapid that the theoretical interpretation can barely 
keep up with the flow of new information. 

The aim of this book is to present issues related to stellar grains in an 
accessible way, thus helping students and scientists at all levels and of all 
backgrounds to learn about this field. Indeed, a broad awareness about 
stellar grain research and its implications is still lacking in the astronomy 
community at large, mainly because the subject is so new, and different 
when compared to anything that has been studied before. Both researchers 
and students need a broad basic knowledge and a clear presentation of the 
tools needed to familiarise themselves with presolar grains. 

In spite of the vast amount of information that stellar grains yield about 
the different sites and processes that affect their features during their life - 
from the formation of dust around stars, to the survival of dust in the inter- 

vii 
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stellar medium, to the formation of our own solar system - the focus here is 
on using the grains as evidence of the processes related to the evolution of 
stars and to the nuclear reactions that change their composition through- 
out their lives (nucleosynthesis). In this respect, when confronted with the 
data coming from grain analysis, the problem is two-fold: on one hand 
we want to satisfy our immediate curiosity of answering the grain puzzle: 
How did their unusual compositions come about? On the other hand, we 
want to use the data as a tool in the wider task of understanding stars and 
explaining how they have been producing the elements that constitute the 
Universe, including ourselves and our environment. For this task, stellar 
grains represent a breakthrough. They have recorded the composition of 
stars, and their analysis yields data of extremely high-precision: error bars 
are as low as 1%, as compared to the spectroscopic observations of the com- 
position of stars, which are affected by uncertainties of approximately 50%. 
Paraphrasing Clayton & Nittler [68], two- or three-dimensional diagrams 
representing the composition of stellar grains could have a similar use for 
the classification of nucleosynthesis processes, as the Hertzprung-Russell 
diagram has for the classification of stars. 

Even confining the discussion of this volume to the impact of the analysis 
of stellar grains on studies of stellar evolution and nucleosynthesis, it has 
not been feasible to cover in detail all of the many issues. Instead, the 
focus is on one particular type of stellar grain, silicon carbide (Sic),  since 
these grains have been the most extensively analysed to date, and on one 
particular type of stellar source, Asymptotic Giant Branch stars, which 
appear to be the producers of many of the stellar grains recovered to date. 
This focus stems from my own expertise in the subject and from a wish 
to offer the reader detailed examples, displaying the level of sophistication 
of the implications of the study of presolar grains. Other types of grains 
and stellar sites would also be extremely interesting to discuss in detail, 
for example grains tjhat are believed to have originated from supernova 
explosions. A large extension of the book would be necessary to treat these 
other topics properly. In any case, an introduction and references are given 
for all the issues that are not discussed in detail. 

The future of stellar grain studies is dynamic and exciting: many puzzles 
are far from being solved and many more will come to challenge us. 

The book is divided into six chapters, of which the first three provide an 
overview of the topic and of related basic information. The following three 
chapters are, instead, more specific and thus represent a more complex 
reading. They can be used to deepen the understanding of the origin of the 
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different types of grains, and of the different types of information that it is 
possible to extract in relation to nucleosynthesis processes in stars. Each 
chapter is equipped with a set of exercises, of which detailed solutions are 
given in Appendix B. Appendix A provides the reader with a general simple 
glossary, which should be useful to consult to clarify a word or expression, 
while reading the main text, or to remind oneself of their meaning. A set 
of selected references are given in Appendix C. 

I thank Ernst Zinner, Roberto Gallino and John Lattanzio for sup- 
porting me and inspiring my work with their dedication to the study of 
presolar grains and stellar nucleosynthesis and for carefully reading the 
manuscript, which has been essential for corrections and improvements. I 
also thank Sachiko Amari, Claudio Ugalde, Amanda Karakas, Larry Nit- 
tler, Falk Herwig and Andy Davis for sharing comments, pictures and data 
tables, Richard Stancliffe for proofreading the manuscript, Pierre Lesaffre 
for help with plotting, and Mariateresa Chiesa for a careful check of the ex- 
ercises. Especially, I thank Brett Hennig, who played the role of the general 
reader with much dedication throughout the preparation of the manuscript, 
and for constant support during the work. 

I gratefully acknowledge the support during the time this book has 
been written of the Institute of Astronomy of the University of Cambridge, 
through the Particle Physics and Astronomy Research Council Theory 
Rolling Grant. 

M. Lugaro 
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Chapter 1 

Meteoritic Presolar Grains and Their 
Significance 

One of the most fascinating discoveries of the last fifty years is that much 
of the material that constitutes our world and ourselves came from the 
stars. All elements heavier than hydrogen and helium are produced in stel- 
lar interiors where temperatures of several million degrees allow nuclear 
fusion reactions to occur (nucleosynthesis) [47,50,131,287]. At the end 
of the life of a star the newly formed elements are ejected into the inter- 
stellar medium from which new stars are born. Material in the Universe 
is processed in a continuous cycle and the chemical composition of galax- 
ies evolves (Fig. l . l ) ,  so that different compositions are present within a 
galaxy at different times and locations. The birth of the theories of stellar 
nucleosynthesis and Galactic chemical evolution owed much to the availabil- 
ity of spectroscopic observations of the abundances of the elements in stars 
[184,185], and to the first compilation of the distribution of the abundances 
of the elements in the solar system compiled in 1956 [267]. 

Until a few decades ago it was believed that the abundances of the 
different isotopes of each element' in the solar system were completely 
homogenised, because all the material present in the protosolar nebula ~ 

the planetary disk formed during the gravitational collapse from which the 
solar system originated ~ was very well mixed. The abundances of different 
elements do vary in different locations of the solar system depending on their 
chemical properties, such as their ability to form molecules and condense 
into solids, and on the thermal conditions at which different solar-system 
bodies were formed. For example, the amount of iron (Fe) condensed into 
rocks on Earth is much higher than the amount of Fe that remained as a 
gas in the atmosphere, because Fe can condense into solid material. The 

'Nuclei belonging to  the same element, i.e. characterised by a given number of protons, 
but with different numbers of neutrons 

1 
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New stars 
form in the 
interstellar 

medium (ISM). \ 1' 
I 

3M w 
The material 
in the stars is 
processed by 

nuclear reactions 
and its composition 

changes. 

At the end of their 
life the stars return 

most of the material 
to the ISM by stellar 
winds or a supernova 

explosion. 

The composition of 
the ISM is modified. 

New stars form 
and the same cycle 

starts again. 

Fig. 1.1 
sulting evolution of the composition of stars and the interstellar medium. 

Schematic representation of the recycling of material in a galaxy and the re- 

amount of the noble gas Xe, instead, is much higher in the atmosphere since 
this gas does not easily condense into solids. 

However, if complete homogenisation of the solar material is assumed, 
then the fraction of Fe, or any other element, made up by each of its stable 
isotopes: 54Fe, 56Fe, 57Fe, and 58Fe is the same in every corner of the 
solar system (with, for example, 56Fe representing 92% of all Fe in the 
solar system, and 58Fe only accounting for 0.3% of it). This is because the 
chemical reactions and physical processes that produced the material in the 
solar system occurred at  temperatures of at most a few thousand degrees, 
and could have changed the isotopic composition of an element only at the 
level of a few parts per thousand. Observed variations much larger than that 
can only be present if the material was originally anomalous in its isotopic 
compositions. Large isotopic anomalies, in fact, can only be produced by 
nuclear reactions, occurring at temperatures of million degrees, by which 
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the structure of the atomic nucleus, i.e. the number of neutrons present in 
the nucleus, is modified. 

Recently, the idea of a completely uniform isotopic composition in the 
solar system has been challenged by the discovery of small amounts of mate- 
rial that have “anomalous” or “exotic” isotopic compositions, i.e. differing 
from that commonly observed in the solar system. This material is mostly 
recovered from meteorites, relatively small extra-terrestrial rocks that fall 
onto the Earth. Since the observed large variations in the isotopic compo- 
sition of such anomalous material cannot have been produced during the 
formation of the solar system, it is believed that this exotic material carries 
the signature of processes that predated the formation of the protosolar 
nebula, and it is hence labelled as “presolar” . 

In the next section, different types of presolar material are presented, 
and the rest of this chapter is focused on one particular type of presolar 
material: stardust, the meteoritic stellar grains that are the topic of this 
book. A brief history of their discovery is told in Sec. 1.2, the different types 
of stellar grains recovered so far from meteorites are introduced in Sec. 1.4. 
In the last section, 1.5, the many different types of information that can be 
derived from the study of presolar stellar grains are summarised. 

1.1 Presolar isotopic signatures and their carriers 

There are several types of presolar isotopic signatures, which are sum- 
marised in Table 1.1. The first type are represented by some meteoritic 
solids showing the consequences of the radioactive decay of unstable nuclei 
such as 26A1, 41Ca, ‘OFe and lo7Pd, which have relatively long half-lives2, 
between 0.1 and 100 million years. The signature of the presence of ra- 
dioactive nuclei in the early solar system shows up today in excesses of the 
abundance of their daughter nuclei, i.e. those they decay into. For exam- 
ple, large excesses in 26Mg with respect to solar system material, but not 
in 24Mg and 25Mg, have been measured in small clumps of calcium- and 
aluminium-rich material, Ca- and Al-rich inclusions (CAIs, see Fig. 1.4) 
from the Allende meteorite [165]. These 26Mg excesses are attributed to 
radioactive decay of the unstable nucleus 26A1 that must have been initially 
present in the solar system and incorporated into CAIs at the time of their 
format ion. 

‘The time by which the abundance of a radioactive nucleus decreases by half of its initial 
abundance because of the  decaying process. 
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Table 1.1 Types of presolar isotopic signatures. 

anomaly carrier source 

1) excesses of nuclei 
produced by 
radioactive decay 

2) small isotopic 
anomalies 
(order 1 0-4) 

3) anomalies of 
deuterium and 15N 

4) isotopic anomalies 
of many elements, 
up to  four orders of 
mannitude 

Ca- and Al-rich 
inclusions (CAIs) 
in primitive meteorites 

CAIs 

primitive meteorites 
and Interplanetary Dust 
Particles (IDPs) 

stellar grains 
recovered from 
primitive meteorites 

presence of radioactive 
nuclei in the early 
solar system 

small inhomogeneities 
in the solar nebula, or 
chemical effects 

chemical processes in 
the molecular cloud 
where the Sun formed. 

stellar nucleosynthesis 

Interesting questions are posed regarding where these radioactive nuclei 
have come from and their origin is still much debated. Initial abundances 
derived for radioactive nuclei with relatively long half-lives ~ higher than 
about 10 million years - are explained as the result of the evolution of the 
abundances in the interstellar region where the Sun was born due to equilib- 
rium between Galactic production in stars and radioactive decay [192,248]. 
Some light nuclei with shorter half-lives could have been generated during 
the active early phases of the formation of the Sun by some sort of interac- 
tion with accelerated particles (solar cosmic rays) [166], in which case the 
origin of these nuclei is not truly “presolar”. Beryllium-10, in particular, 
could have been produced by this type of process, but occurring before the 
formation of the Sun, by interaction with Galactic cosmic rays [84]. Alter- 
natively, some of these nuclei could have been produced by an event that 
occurred close to and just before the formation of the Sun and polluted the 
protosolar nebula with radioactive material, such as a supernova explosion 
[53,192] or the winds of a red giant star [290]. If some of these nuclei came 
via stellar winds or explosion ejecta, then such an event could also be re- 
lated to the triggering of the formation of the solar system. Interstellar 
shock waves could have initiated the collapse of the presolar gas cloud to 
form the Sun [43]. The study of these anomalies can ultimately shed light 
on the dynamical sequence of events that produced our Sun and Earth. 

When material with anomalous composition is mixed and diluted with 
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non-anomalous material, the sign of the early presence of unstable nuclei 
discussed above is not lost because it shows up in excesses of the abun- 
dances of the stable daughter nuclei they decay into. On the contrary, it is 
much more difficult to recover anomalies in the composition of stable nu- 
clei, when anomalous material is mixed and heavily diluted with material 
having composition like that of the bulk of the solar system. 

Small anomalies in the composition of stable nuclei of calcium, titanium, 
and iron are shown by CAIs [73] (presolar material of type 2 listed in 
Table 1.1). The first accepted sign of the presence of presolar material in 
meteorites was an observed +4% deviation from the abundance of solar 
l60 in CAIs [72]. However, there is the possibility that this anomaly could 
have been produced in the solar system by chemical effects [275]. 

The third type of presolar material is identified by anomalous abun- 
dances of deuterium (D=’H) and 15N observed in primitive meteorites as 
well as in Interplanetary Dust Particles (IDPs), i.e. tiny meteorites (diam- 
eter < 50pm) collected in the stratosphere. Observed D/H ratios are up 
to 10 times higher than in terrestrial rocks [189,186]. These anomalies are 
within the range observed in some molecular clouds, which are cool and 
dense regions of the interstellar medium where atoms tend to combine into 
molecules. High D/H ratios are due to isotopic fractionation occurring dur- 
ing chemical reactions between ions and molecules at very low temperature, 
and to the fact that the relative mass difference between D and H is very 
high [277]. Also 15N excesses of up to 50% of the terrestrial standard are 
observed in IDPs, which can also associated with chemical fractionation, if 
reactions take place at very low temperatures. 

The fourth type of presolar material is that which is discussed in the rest 
of this book: stardust,  also called stellar, or presolar, dust grains. These 
grains have isotopic compositions very different to those commonly mea- 
sured in the solar system: they display enormous anomalies of up to four 
orders of magnitude in their isotopic compositions. These are too large to 
be attributed to chemical or physical fractionation and could only have been 
produced by nuclear reactions, which occur in stars. After being ejected 
into the interstellar medium presolar stellar grains were incorporated in the 
protosolar nebula and then survived the formation of the solar system with- 
out being destroyed. These grains existed in their current form before the 
solar system was born and have kept their own individuality and compo- 
sition until today. General reviews on presolar stellar grains can be found 
in Refs. [21,68,171,301,302], while a large number of detailed reviews on 
a variety of related subjects are collected in Ref. [as] .  
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Fig. 1.2 
formation around stars to the laboratory (courtesy Larry Nittler). 

Schematic representation of the journey of presolar grains from their site of 

A schematic representation of the journey of stellar presolar grains from 
their circumstellar site of formation to the laboratory is shown in Fig. 1.2. It 
begins with their birth, as dust grains forming in the gas surrounding stars. 
For example, favourable locations for the formation of dust are the wind- 
driven extended envelopes of red giant stars, and apparently the majority 
of known presolar grains came from these stars. The outer regions of giant 
stars, or circumstellar shells, are cool enough (E  1500 K)  for the gas to 
condense into grains. The presence of heated dust in circumstellar shells, 
which is observationally associated with strong mass loss from the star, was 
known and studied well before the discovery of stellar grains in met,eorites, 
as it causes the infrared excess seen in the spectrum of many giant stars: 
the dust makes the circumstellar shells opaque so that the light coming 
from the star is absorbed and re-emitted in the infrared. Other sites where 
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dust can form are in the cooled ejecta of nova and supernova explosions. 
The stellar dust, together with most of the gas that formed the star, 

is ejected into the interstellar medium by the stellar winds or the nova or 
supernova explosion. About 1% of the mass of the interstellar medium 
is made up of this cosmic dust, which causes interstellar extinction, i.e. 
the dimming of light from stars. When the Sun formed in a molecular 
cloud, some of the grains present in the protosolar nebula were trapped 
in asteroids. Fragments resulting from the impact of smaller rocks on an 
asteroid can have their course deflected in such a way that they reach 
the surface of the Earth. These extra-terrestrial pieces of rock are the 
meteorites from which presolar grains are recovered today3. Since presolar 
grains carry the signature of the composition of the gas that surrounds 
stars, the laboratory analysis of their composition and structure provides 
invaluable information on the stars, the astrophysical site of their origin. 

The discovery of stellar grains in meteorites has created a new field of 
astronomy, where scientists from different disciplines, from nuclear physics 
to astronomy and chemistry, are required to work together. In this new field 
information and constraints on theories of Galactic evolution and stellar 
nucleosynthesis come from measurements on dust grains performed in the 
laboratory. 

While the bulk of the solar material came from many different stars 
because of Galactic chemical evolution, each prcsolar g x i n  carries the sig- 
nature of its site of formation around its parrnt star. Heiiw t,lic. composition 
of stellar grains gives us a unique opportimitj- t'o stiitly tlic cornposition of a 
single star, rather than a mixture of them. This .  tl;rt;t from presolar grains 
are similar to the spectroscopic observatioiis of stellar atmospheres, how- 
ever, they are conceptually and practically different in several ways. While 
stellar observations usually deal with elemental ahundances, and only in 
rare cases yield the isotopic composition of the star, the laboratory analy- 
sis of presolar material yield data on isotopic compositions. Theories have 
thus to be tested against information about isotopic compositions, which 
presents more detailed constraints than elemental data. Moreover, the lab- 
oratory measurements of presolar material, with error bars in some cases 
as low as a few percent, a,re typically much more precise than spectroscopic 
observations, with typical error bars of a factor of two. 

On the other hand, while we do know froin which star spectroscopic ob- 
servations are derived, and hence we automatically have information such 

30ther  types of meteorites came from the Moon and Mars. 
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as its spectral type and luminosity, that allows us to classify the star in our 
theoretical framework, we do not know a priorz in which astrophysical site 
the grain was produced. The first challenge of measured presolar compo- 
sitions is to understand which conditions made them possible. Only after 
this is reasonably well established can the data be used to constrain the 
theories. Stellar observations and the analysis of presolar material comple- 
ment each other in bringing new challenges to our knowledge of the stars 
and our Galaxy. 

1.2 The discovery of presolar stellar grains 

The first hint of the existence of presolar stellar grains appeared in the 
1960s from the analysis of the composition of the noble gases neon (Ne) 
and xenon (Xe) in primitive meteorites. In spite of the fact that noble 
gases have very low concentrations in other materials, hence they are also 
known as rare gases4, they are found as trapped or implanted bubbles inside 
materials and can be extracted during heating experiments. Analysis of the 
composition of Xe [233] and Ne [33] in old carbonaceous meteorites showed 
the presence of "exotic" components with isotopic compositions completely 
different from the bulk of solar system material. 

Two exotic components were found for Xe: Xe-HL, which stands for Xe 
h e a v y  and light [233], and Xe-S, which stands for Xe s process [260] (see 
Fig. 1.3). In the case of Xe-HL, the light isotopes lz4Xe and 126Xe and 
the heavy isotopes 134Xe and 136Xe are especially enhanced with respect 
to the solar composition. The production of these isotopes is related to  
two nucleosynthesis processes: the proton-capture process ( p  process, see 
Sec. 2.5.3) for 124Xe and 126Xe, and the rapid neutron-capture process 
(r  process, see Sec. 2.5.2) for 134Xe and 136Xe. In the case of Xe-S, 
instead, lz8Xe and 130Xe are the most enhanced isotopes. Their production 
is related to the slow neutron-capture process (s process, see Sec. 2.5.1). 

Anomalous Ne was found to be very much enriched in 22Ne with respect 
to solar material with 22Ne/20Ne and 22Ne/21Ne ratios up to a thousand 
times higher than in the Sun. This component was named Ne-E (as the 
letters A, B, C and D were already taken for other Ne components), and 
further distinguished in two types: Ne-E(L) and Ne-E(H) because of differ- 

4Noble gases He, Ne, Ar, Kr and Xe, are the most volatile elements, they do not form any 
chemical compounds and condense only at extremely low temperatures. This is because 
their atomic structure is very stable and hence they do not react easily with other atoms. 
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Xe-HL / 
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Atomic mass (A)  

Fig. 1.3 Isotopic composition of the two Xe exotic components present in meteorites. 
All isotopic ratios are calculated with respect to 13'Xe and divided by the corresponding 
ratios in the solar system, so that data for 13'Xe always equals 1 (full circle). In the 
case of Xe-HL (open squares) all isotopes are more abundant than 13'Xe, with respect 
to solar, particularly at the two endpoints of the isotopic range. In contrast, in the case 
of Xe-S (open triangles) 130Xe is the most abundant isotope, followed by lZ8Xe. 

ences in the heating temperature (lower or higher than 1200 "C) at  which 
they are released. Also, the density of the type of grains that host them 
turned out to be lower or higher than 2.3 g/cm3 for the two components, 
respectively. 

These anomalous compositions were not plausibly explained as a prod- 
uct of processes that occurred in the solar system, but seemed rather to be 
the product of nuclear reactions in stellar interiors. This led to the quest 
of the isolation of these components, so to identify their carriers inside the 
meteorites. 

It took approximately ten years for Anders and his colleagues at the 
University of Chicago to identify and extract the minerals within the me- 
teorites responsible for carrying the exotic noble gas components [12,270]. 
In the case of Xe-S and Ne-E(H) the carrier was found to  be silicon carbide 
(Sic) grains [30,306] and in the case of Xe-HL the carrier was found to be 
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diamond [169] (see also Ref. [270]). In the case of Ne-E(L) the carrier was 
found to be graphite [6]. The final isolation process has been described by 
Anders as “burning down the haystack to find the needle”, as it involves 
dissolving the meteoritic rock using appropriate harsh acids until only the 
presolar dust remains (as will be described in Sec. 3.1). Fortunately, many 
presolar grains are made of hard and resistant material, able to survive all 
these destructive processes. On the other hand, they are microscopic and 
their abundance relative to the other minerals composing the meteorites is 
very small, typically of the orders of parts per million (by mass). 

1.3 Meteorites carrying stellar grains 

Presolar stellar grains have been found in all classes of primitive chondrite 
meteorites. Chondrite meteorites represent more than 80% of all meteorite 
falls and are characterised by the presence of chondrules, small spheres of 
average diameter !x 1 mm of previously melted minerals that have come 
together with other mineral matter to form a solid rock (see Fig. 1.4). 

The abundance of presolar grains in a chondrite meteorite correlates 
with the percentage of the rock that is composed by the matrix, tjhe amal- 
gam of amorphous material and crystals of very small dimensions, of the 
order of lop6 m, not visible with an optical microscope. This implies that 
presolar grains are situated in the matrix, representing some of the micro- 
crystals of which the amalgam is formed. The types of chondrite meteorites 
that  are mostly composed of matrix and hence contain the largest abun- 
dance of presolar grains, are the subgroups CI and CM2 belonging to the 
rare class of carbonaceous chondrites, of which examples are Orgueil (CI, 
France 1964) and Murchison (CM2, Australia 1969). These meteorites con- 
tain carbon, of which some is in the form of organic compounds, and are 
believed to be the oldest stones formed in the solar system. Their bulk 
composition is almost identical with that of the Sun, thus they represent 
a most reliable source from which to derive standard solar abundances of 
elements and isotopes (see e.g. [20]). 

The abundance of presolar grains in different chondrites normalised to 
their matrix content depends on the grade of metamorphism of the mete- 
orite, i.e. how much the meteorite has endured processes characterised by 
variations in temperature, pressure and the presence of fluids, which can 
cause a variation of the structure and composition of the rock. Meteorites 
of types CI and CM2 are also the least metamorphosed type of chondrites 
hence they contain the largest absolute number of presolar grains. 
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Fig. 1.4 Photograph of a stone from the Allende meteorite, which fell in Mexico in 
1969. The small squares in the background grid have 1 mm size (courtesy Eric Twelker). 
Allende is a carbonaceous chondrite of class CV3. Chondrules with size of the order 
of mm ( lop3 m) stand out against the darker matrix, where presolar grains of the size 
of Fm ( lop6 m) are located. The clumps of white material are calcium-aluminium-rich 
inclusions (CAIs) where the signature of the early presence of the radioactive nucleus 
26A1 has been discovered (Sec. 1.1). 

1.4 Types of presolar grains 

In Table 1.2 is presented a list of the types of presolar grains recovered 
so far and their abundances in the Murchison meteorite, in units of parts 
per million (ppm). The most abundant type is diamond, other relatively 
abundant carbon-bearing minerals are silicon carbide and graphite. Silicate 
grains are probably the second most abundant presolar grains, though data 
are not yet available for the Murchison meteorite since these grains have 
only very recently (in 2004) been discovered in the Acfer 094 and North 
West Africa 530 meteorites. In some meteorites, oxide grains such as corun- 
dum are more abundant than silicon carbide, thus the order in which the 
grains are listed in Table 1.2, which is only based on available analysis of 
the Murchison meteorite, should be considered as indicative. The question 
of which type of presolar grains are in general more abundant will only be 
settled through further analysis. 
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Graphite and Sic grains also contain tiny subgrains of Ti, Zr, Mo, 
Ru and Fe-carbides [29] as well as subgrains of Fe-Ni metals [75]. Also 
polycyclic aromatic hydrocarbon (PAH) molecules have been found in many 
graphite grains [187]. 

Presolar grains are all refractory, which means that, at high tempera- 
tures, roughly between 1300 and 2000 K, they can condense directly from 
the gas phase. The condensation sequence of minerals depends on the initial 
composition of the gas, and indeed mainly on the C/O ratio. If C/O < 1, 
all the carbon is locked up in carbon monoxide (CO) molecules, which have 
a very strong bond and are stable at high temperature, and the condensed 
minerals are mostly oxides and silicates. If C/O > 1, instead, all the oxygen 
is locked up in CO molecules and carbon compounds can condense, such as 
graphite and carbides. Since in the solar system C/O N 0.4, carbon bearing 
minerals could not have condensed in the protosolar nebula. Hence, these 
types of meteoritic grains are virtually all of presolar origin. 

Table 1.2 Types of presolar grains, abundance in the 
Murchison meteorite [132], and typical size. 

type abundance (ppm) size (pm) 

diamond >750a 0.002 
silicates 

spinel (MgA1204) 1 C  0.5 
graphite > 2d 0.8 ~ 28 

0.1 ~ 0.5 -b 

silicon carbide (Sic) ga 0.1 - 20 

corundum (Alz03) -0.005e 0.5 - 4 
silicon nitride (Si3N4) >0.002f - 1  
a Found and measured in = 40 chondritic meteorites. 
Abundances vary with the matrix content and metamor- 
phic degree of the meteorite. 

Identified in the Acfer 094 and North West Africa 530 
meteorites with contrasting abundance estimations of 2 

25 ppm [200], 30 ppm [199] and 75 ppm [194]. 
Also identified in other chondritic meteorites such as 

Murray, Orgueil and Acfer 094. 
Also identified in nine other chondritic meteorites. 
Also identified in four other chondritic meteorites, with 

abundance up to  0.2 ppm. 
f Inaccurately known, also identified in four other chon- 
dritic meteorites. 
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1.4.1 Diamonds 

The most abundant presolar grains are very small diamonds of the size of 
nanometers m), hence they are called nanodiamonds. These grains 
are far more abundant than any other presolar grain. For example they con- 
stitute almost 6% of the total carbon in the Murchison meteorite. Presolar 
diamonds carry the exotic Xe-HL component related to p-  and r-process nu- 
cleosynthesis [270]. Since these processes are predicted to occur in massive 
stars exploding as supernovz, presolar diamonds probably have a supernova 
origin. The implications of this origin will be discussed in Sec. 6.1. The 
presence of the Xe-HL component, and their Te and Pd compositions, are 
the only information from the nanodiamonds that points to their presolar 
origin. However, this origin can be strictly applied only to a small fraction 
of the diamond grains because the concentration of Xe is extremely low 
so that only about one nanodiamond in each million contains an atom of 
anomalous Xe. Moreover, because diamond nanocrystals are too small to 
be analysed one by one, their carbon isotopic composition can be measured 
only in bulk, i.e. in collections of large numbers of grains. In this way 
it is only possible to obtain data on the carbon composition averaged on 
millions of grains, which happens to be very close to solar [239]. Of course, 
this does not necessarily mean that all the grains have solar carbon com- 
position, because extreme compositions would cancel each other out in the 
averaging process. The 14N/15N ratio is on average about 35% higher than 
the terrestrial value, but in agreement with the ratio observed in Jupiter 
[221] . As for noble gases in meteoritic diamonds, a detailed study of the 
different components and the implications for their origin can be found in 
Ref. [134]. 

The favoured mechanism for the formation of nanodiamonds has been 
identified in a chemical vapour-deposition-like process occurring at  low pres- 
sure [78], by which material in a vapour state condenses through chemical 
reactions, rather than a high-pressure shock-induced metamorphism that 
produced, for example, diamonds in meteorite craters. This is consistent 
with condensation in cool stellar atmospheres. For the inclusion of noble 
gases in the diamonds, ion implantation is the most likely mechanism, which 
would also be consistent with the fact that the concentration of noble gases 
increases with the grain size [285]. 

In summary, it is not known which fraction of the diamond grains are 
actually presolar. Some of them could have formed in the inner regions 
of the solar system [76]. This is suggested by the fact that nanodiamonds 

(10-9
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are mostly absent in Interplanetary Dust Particles of cometary origin, and 
comets are thought to have formed further out in the early solar system and 
to be older than asteroid parent bodies. Moreover diamonds are detected 
within the accretion discs of young stars. 

1.4.2 Silicate grains 

Before 2004, the inability to find presolar silicate grains in meteorites was 
puzzling. This was because the major oxide phases observed around red 
giant stars are silicates, represented by S O ,  other Si-based minerals such 
as olivine and pyroxene, and amorphous silicate grains [80,291]. However, 
no presolar silicates were to be found in meteorites. Problems are that 
silicates are more likely to be destroyed by chemical processing during the 
life of the meteorite, and that presolar silicate are very difficult to locate 
among the abundant silicate of solar origin that constitute the main part 
of meteorites. Moreover, silicates were destroyed by most of the chemical 
treatments used to prepare meteoritic residues. Presolar silicates were also 
difficult to detect because of their small size. 

Thanks to the advent of the NanoSIMS instrument (Sec. 3.3.2) it is 
now possible to identify and analyse presolar grains of smaller sizes than 
was possible before. The existence of presolar silicate grains in tlie solar 
system has thus been confirmed by their discovery within Interplanetary 
Dust Particles [188], where they are quite abundant: E 5500 ppm in cluster 
IDPs, and also in the carbonaceous chondrites Acfer 094 and North West 
Africa 530 [194,199,200]. The estimated abundance of silicates in these 
meteorites varies from cx 25 to cx 75 ppm, exceeding that of any other 
presolar material, except diamond. It is foreseen that by using iniproved 
techniques many more of these grains will be collected from various sources 
in the near future. 

1.4.3 Silicon carbide grains 

Silicon carbide grains (Sic) are large enough to allow the analysis of single 
grains, since their size varies from a fraction to a few tens of ,urn. They are 
also relatively easy to extract from nicteorites, with respect to the other 
types of presolar grains, and thus several thousands of them have been 
analysed to date. S ic  grains typically have shapes bounded by crystal 
planes, with more or less pitted surfaces, likely due to tlie harsh treatments 
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Fig. 1.5 High-resolution scanning electron microscope image of a presolar S i c  grain of 
size P 6 pm from the Murchison meteorite. The 12C/13C ratio of this grain is 55, while 
in the solar system is 89 (courtesy Sachiko Amari). 

to which they were exposed during the extraction (Fig. 1.55). Even if 
Sic can crystallise in many different ways, 80% of presolar S ic  grains have 
cubic form (@-Sic, as opposed to a-Sic,  which refers to a variety of different 
structures) and the remaining 20% have hexagonal form [77]. 

Since their discovery, presolar S i c  grains have been extensively studied 
(see e.g. [l22,127]) and a relatively large amount of information is available, 
which will be discussed in detail in Chapters 4 and 5. Based on their C and 
Si composition, S ic  grains have been classified into several populations, the 
largest of which (mainstream Sic) comprises more than 90% of the grains. 
The remaining S ic  grains are classified in other five small populations: A, 
B, X, Y and Z (Sec. 4.8). Presolar SIC contains impurities dominated by 
N, A1 and Ti, and trace elements with low concentrations such as Mg, Ca, 
Zr, Mo, Ru, Ba, Nd. 

These grains are the carriers of t,he Xe-S exotic component, which is 
produced by s-process nucleosynthesis. Enhancements in the elements pro- 
duced by the s-process are observed in red giant stars on the Asymptotic 
Giant Branch (AGB), and therefore most S ic  grains are believed to have 
formed in the carbon-rich envelopes of AGB stars. In fact, the emission line 
5Reprinted from Chemie der Erde. Lodders & Amari, Presolar grains from meteorites: 
Remnants from the early times of the solar system, to appear, Copyright(2005): with 
permission from Elsevier. 
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at  11 ym - characteristic of p-Sic - is observed spectroscopically in these 
stars [74,258,259,282]. The fact that Sic grains are the carriers of the Ne- 
E(H) component also fits into this scenario as theoretical models predict 
that the envelopes of AGB stars are also enriched in 22Ne (see Sec. 4.4). 

1.4.4 Graphite grains 

Fig. 1.6 High-resolution scanning electron microscope image of a presolar graphite grain 
of cauliflower-like morphology and size E 6 pm from the Murchison meteorite. Presolar 
graphite grains always show spherical appearance (courtesy Sachiko Amari). 

Like Sic  grains, graphite grains are large enough to be analysed singu- 
larly. However, their extraction procedure is more complex than that of 
other grains, because graphite has chemical and physical properties sim- 
ilar to those of other carbonaceous compounds present in the meteorite. 
Moreover, trace elements are present in extremely low abundances, which 
makes their analysis challenging. A few hundreds graphite grains have been 
analysed to date and have been classified according to their morphologies 
and densities. Round grains, which comprise more than 90% of graphite 
grains, have isotopically anomalous carbon and hence are clearly of stellar 
origin. Their density is in the range 1.6-2.2 g/cm3 and they have two 
different external appearances: cauliflower-like, consisting of aggregates of 
smaller grains (Fig. 1.6) and more abundant among grains of low den- 
sity, and onion-like, consisting of concentric layers of graphitised carbon 
and more abundant among grains of high density. About one third of all 
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presolar graphite grains have low densities (1.6-2.05 g/cm3) and appear to 
have originated from supernova explosions [123,281]. Higher-density grains 
could have originated from a range of stellar environments. Details on this 
type of grains and their origin are presented in Sec. 6.2. 

1.4.5 Oxide grains 

Until 2003, corundum (sapphire and ruby, A1203) was believed to be the 
most abundant presolar oxide grain. However, with the NanoSIMS instru- 
ment (Sec. 3.3.2) it is now possible to identify and analyse presolar grains of 
smaller sizes, and it has been recently found out that spinel (MgA12Og) is 
the most abundant presolar oxide grain [304]. This result was missed before 
because spinel grains have average sizes smaller than corundum grains. A 
few hibonite grains (with composition CaA112019) and one titanium oxide 
grain (TiOz) of presolar origin have also been recovered [58,59,212]. Oxide 
grains are resistant to  the chemical treatments used to isolate the carbona- 
ceous grains and they are present in meteoritic residues together with S ic  
grains. However, presolar oxide grains are more difficult to locate because 
the majority of oxide grains in meteorites formed in the solar system, where 
C/O < 1. Only a small fraction of oxide grains are of presolar origin and 
special techniques are needed to recognise them (see Sec. 3.4). These types 
of grains have not been traced through the presence of noble gases, but 
have been recognised during analysis of acid-resistant meteoritic residues 
because of their anomalous composition. 

Oxide grains have been separated into distinct groups, based on their 
oxygen and aluminium isotopic ratios. The 26Al/27Al is derived for the 
time when the grain formed by estimating the initial presence of 26A1 from 
the radiogenic abundance of "Mg. The composition of most of these grains 
suggests that they have formed around red giant and AGB stars, as will be 
discussed in Sec. 6.3. 

1.4.6 Silicon nitride grains 

Also silicon nitride grains (Si3N4) have been identified during analysis of 
meteoritic residues because of their anomalous composition [215]. The con- 
densation of silicon nitride requires C/O > 1 and a high nitrogen concen- 
tration. The composition of these type of grains is very similar to that 
of S ic  grains belonging to the X population (Sec. 4.8.3) and points to a 
supernova origin of Si3N4 grains. 
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1.5 New information from presolar grains 

When considering the different astronomical sites through which presolar 
grains journey, as represented in Fig. 1.2, it is clear why these grains rep- 
resent not only a new field of astronomy, where dust from stars is analysed 
in the laboratory, but also a new scientific field requiring the common ef- 
fort of scientists from very different disciplines. These disciplines range 
from nuclear physics, to theoretical astrophysics, observational astronomy, 
cosmochemistry and the laboratory analysis of materials. The information 
that we can extract from presolar grains is summarised in Table 1.3 and 
discussed in the rest of this section. 

Table 1.3 
formation and their journey through space. 

Information from presolar grains relating to their site of 

site information 

Circumstellar regions - initial composition of the star (Galactic 
Chemical Evolution) 

- stellar thermal structure, nucleosynthesis 
and nuclear reaction rates 

- mixing processes inside red giant stars 
and during nova and supernova explosions 

- physical and chemical properties of the gas 
around stars 

- destruction processes of cosmic dust 
- exposure to Galactic cosmic rays 
- cloud and grain chemistry 
- survival of presolar material in the 

- metamorphism processes of meteorites 

Interstellar medium 

Molecular cloud 
Solar system 

Meteorite 
early solar system 

1.5.1 

The very precise analysis of the isotopic composition of presolar grains rep- 
resents a breakthrough in the field of stellar evolution and nucleosynthesis. 
During the chemical process of formation of molecules and grains around 
stars, isotopic fractionation effects, i.e. preferences in incorporating dif- 
ferent isotopes of a given element, could have only produced very small 
isotopic anomalies, at a level of a few parts per thousand. Thus, the enor- 
mous range of variation in the isotopic compositions observed in presolar 

Stellar evolution, nucleosynthesis and mixing 
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grains is an extremely precise record of the isotopic composition of their 
site of formation and must be explained by models of nucleosynthesis and 
mixing in stars. 

The composition of the parent star of a grain is determined both by the 
initial composition of the star and the nucleosynthesis occurring inside the 
star itself. The initial composition is a complex function of the age of the 
star and the place where the star was born and can be predicted by Galactic 
chemical evolution calculations. These calculations model the continuous 
recycling of matter represented in Fig. 1.1, from the interstellar medium 
into new stars in which the matter is processed and transformed by nuclear 
reactions] and from the stars back into the interstellar medium. The aim of 
such studies is to follow the evolution of the composition of matter in various 
regions of a galaxy and in many generations of stars. Predictions are usually 
compared with observations of the composition of stars of different ages, 
and of the interstellar medium. Because some elements are not modified 
by nucleosynthesis in the parent stars of presolar grains, their composition 
in presolar grains is believed to record the initial composition of the parent 
stars, thus providing detailed constraints on models of the evolution of the 
Galaxy (see e.g. Sec. 4.6). 

The stellar composition is further modified by the nucleosynthesis occur- 
ring inside the star itself. These modifications depend on the initial mass, 
composition and evolutionary phase of the star (see Chapter 2). Modifica- 
tions are due to nuclear reactions and usually take place in the hot stellar 
interiors. They depend crucially on the thermodynamic structure of the 
star and t,he efficiency of nuclear reactions. Temperatures and densities of 
the different region of the star are computed using theoretical models of stel- 
lar evolution, while nuclear reaction rates are measured in the laboratory, 
or calculated theoretically. The composition of many elements in presolar 
grains show large variations due to the nucleosynthesis that occurred in 
their parent stars. The analysis of these effects provides constraints on the 
thermal structure of the stars and on nuclear reaction rates. 

In order for the nucleosynthesis occurring in the hot deep layers of the 
star to be relevant to the composition of the dust grains forming in the 
much cooler outer regions, some mixing mechanism niust be at  work so 
that the processed material is carried from those deep layers to thc surface 
of the star. In red giant stars this mechanism is referred to as dredge-,up 
(see Secs. 4.2.1 arid 4.3) because the envelope of the star, where most of the 
stellar mass is located and where tlie transport of energy occurs by convec- 
tion (fluid circulation), periodically extends to deeper regions of the star 
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and brings material to  the surface. Other mechanisms by which processed 
material is mixed to the surface of red giant stars are known as hot bot- 
tom burning (see Sec. 4.2.1) and extra mixing or cool bottom processing (see 
Sec. 4.3). In this cases the mixing occurs continuously because the nuclear 
processes occur at, or just below, the base of the convective envelope. 

Mixing processes in stars are related to the general astrophysical prob- 
lem of the treatment of turbulent convection in stellar interiors, and can 
also be connected to  structural asymmetries, stellar rotation and the pres- 
ence of magnetic fields. A current limitation of the theoretical models of 
red giant stars is that they are performed in one dimension. This allows us 
to make the computation feasible and obtain a good description of the basic 
properties of the star, but does not represent a realistic way of modelling 
mixing phenomena. The composition of presolar grains give us constraints 
that can help us to  better understand such complex mixing processes. 

In supernovz the mixing of material from inner to outer layers can be 
achieved prior to or during the explosion. For example, the trend shown 
by observations of the variation with time of the light from the very bright 
supernova SN1987A can only be explained if, because of hydrodynami- 
cal instabilities (turbulence), “fingers” of material from the inner regions, 
in particular the radioactive nucleus 56Ni, were shot to the outer regions 
[108,294]. Microscopic mixing of different supernova regions is required to 
explain the composition of presolar graphite and Sic-X grains, which show 
the signature of the nucleosynthesis occurring in supernovz of type I1 [28l], 
i.e. they are produced by the explosion of massive stars (see Sec. 2.4). In 
these grains are found nucleosynthesis products both from the inner su- 
pernova regions, such as 44Ti and 2sSi, together with those from the outer 
regions, such as 15N and 26A1 (Secs. 4.8.3 and 6.2). The mixing issue is 
also strongly connected to the mechanism by which the grains condensed. 
Two- and three-dimensional hydrodynamical calculations involving a large 
computational effort are needed to attempt to produce realistic models of 
the pre-supernova and supernova stages [24]. The existence and the com- 
position of presolar grains from supernovz can be used as a road map in 
the difficult task of understanding mixing phenomena in supernovz. 

1.5.2 Physical and chemical properties of the gas around 
stars and supernova 

From the structural features and the elemental composition of presolar 
grains it is possible to obtain constraints on the properties of the circum- 
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stellar gas in which they formed. For example, smaller dust particles of 
Ti, Zr, and Mo carbides are found inside larger graphite and Sic  grains. 
These crystals can form within initially homogeneous S ic  grains, but not 
within graphite grains. They must have thus condensed before graphite. 
On the other hand, the fact that no S ic  particles have been found trapped 
in graphite grains indicates that S ic  grains must have formed after graphite 
[29]. The elemental abundances of various trace elements in S ic  grains give 
information on the chemical composition of the gas around stars and its 
thermal properties. Refractory elements, which condense from gas into 
solids at high temperature, such as Zr and Nd, are believed to have con- 
densed together with SIC, while volatile elements, such as noble gases, 
which condense from gas into solids at low temperature, are believed to 
have been ionised, accelerated and implanted into the grains. Implantation 
models have provided independent constraints on the velocities of the ma- 
terial around red giant stars and planetary nebulae [286], as will be briefly 
discussed in Sec. 5.3. 

Condensation models assuming thermochemical equilibrium around red 
giant stars, combined with simple grain growth models, have shown that 
it is possible to achieve the required condensation sequence in a carbon- 
rich gas (from Ti, Zr, and Mo carbides to graphite and Sic) and have set 
limits on the pressure of the gas, which should be in the range of 0.1 to 
100 dyne/cm2, and on the C/O ratio, which should be in the range of 1.05 
to 1.2, to obtain the observed grain sizes [172,252]. These models have 
also been successful in explaining the observed condensation patterns of 
refractory trace heavy elements in S ic  grains [173]. However, the densities 
required to form TIC before graphite and to produce grains of the observed 
size are much higher than those predicted to characterise the dust-forming 
regions in red giant stellar atmospheres. This might mean that around 
these stars there are regions of a higher density than predicted. Another 
possibility is that large grains preferably form in long-living disks around 
interacting binary systems rather than around single stars [150,151]. 

Moreover, in stellar outflows thermochemical equilibrium is a simple 
approximation because of the dynamic role played by the expanding and 
cooling matter, and the heating effect of possible shock waves. Several stud- 
ies consider red giant envelopes as places of pronounced non-equilibrium, 
both in their thermodynamic and chemical features (e.g. [57,222,250]). 
These models attempt to include all the processes involved in the produc- 
tion of the grains, from the formation of the molecules to the growth of the 
dust itself. The theory is complicated by the fact that there is not yet a 
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clear and satisfactory description of the observed mass loss through stellar 
winds shown by red giant stars, which, together with the treatment of mix- 
ing, represents a major uncertainty in stellar evolution models of red giant 
stars. The observed mass loss is up to ten orders of magnitude higher than 
that of the Sun: from lo-' solar mass (Ma) per year for stars on the first 
red giant branch (see Sec. 4.2.1), to lop7  Ma/yr during the Asymptotic 
Giant Branch phase, and up to Mo/yr in the final phases of the life of 
the star. Dust formation certainly plays a role as it is believed that one of 
the mechanisms responsible for the mass loss is radiation pressure on dust 
grains, which then drag the gas along with them. 

Supernovz are also believed to be one of the major producers of dust 
in our Galaxy, but many problems are still open on how the dust conden- 
sation physically occurs. The existence of graphite and Sic-X grains with 
the nucleosynthetic signature of supernova nucleosynthesis is a challenge to 
the theoretical modelling of mixing and dust formation during supernova 
explosions. From the observational point of view, dust has been observed 
in the cooled ejecta of the supernova SN1987A [44,294] and in supernova 
remnants [87]. The study of dust formation around supernovE, in particu- 
lar in relation to presolar grains from meteorites, has barely begun. It is a 
complex task since the condensation of dust cannot in principle be decou- 
pled from the mixing phenomena occurring in supernovE. Both processes 
working together are likely to have determined the composition observed in 
the grains. The condition C/O > 1 is possibly not strictly necessary to form 
carbon-rich minerals in a supernova environment because CO molecules can 
be disrupted by energetic electrons produced by radioactivity in the super- 
nova [67,69]. A recent analysis of the impact of supernova shocks on the 
formation arid composition of Sic-X from supernovE can be found in [81], 
together with a detailed analysis of the issues irivolved, as well as the many 
unsolved problems. 

Dust formation has also been associated with nova outbursts [263]. A 
few Sic  and graphite grains have been recovered showing the signature 
of nova nucleosynthesis [7] thus giving further proof that dust production 
occurs also around novz 

1.5.3 The interstellar medium, molecular clouds and early 
solar system 

Before the discovery of presolar grains the study of cosmic dust was based 
only on its effects on starlight. The detailed laboratory observation of the 
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structure and the appearance of presolar grains, as well as the relative 
abundance of the different types of presolar grains complement astronom- 
ical observations in the study of the interstellar dust, its propagation and 
its survival in the interstellar medium [147]. During their time in the inter- 
stellar medium dust grains are subjected to destructive processes such as 
sputtering by shocks and stellar winds, and are also likely to interact with 
Galactic cosmic rays, which are ions, mostly protons, that  travel across the 
Galaxy and are probably accelerated by supernova shocks. This interaction 
can result in nuclear spallation reactions, i.e. the detachment of nucleons 
or small nuclei from larger nuclei as a result of the impact of energetic 
particles, which would thus modify the composition of the grains. While 
such modifications are yet to be observed unambiguously, they could reveal 
information on the age of presolar grains since their effect would depend on 
how long the grains have resided in the interstellar medium (see Sec. 4.4). 

The survival of presolar grains during the formation of the solar sys- 
tem, and inside the solar-system bodies where they have been trapped, 
also represents a precious piece of information for the understanding of the 
formation of the solar system. The different types of presolar grains could 
have been destroyed to various degrees by potentially destructive processes 
occurring during the formation of the Sun (see e.g. [183]). In the early 
phases the grains were exposed to the thermal radiation of the collapsing 
cloud. Subsequently, the grains suffered an accretion shock produced by 
the dissipation of the energy of the material falling from the original cloud 
onto the nebula [54]. 

Since presolar grains have been found in all primitive meteorites studied 
they must have been initially present in the protosolar nebula all through 
the region of formation of meteorites. However, variations in the relative 
abundance of different types of grains in different classes of chondrites are 
found. For example, the abundance of S ic  in enstatite (MgaSiaOs) chon- 
drites is higher that that of diamond, with respect to the Orgueil and 
Murchison meteorites, while the abundance of diamond is higher that that  
of S ic  in chondrites of type CV3. These data are of great importance for 
probing the properties of the prot,osolar nebula in which meteorite parent 
bodies formed, because the relative abundance of different types of grains 
depends on the temperature and composition of the surrounding environ- 
ment [132]. More experimental data are necessary both on the abundances 
of the grains as well as on the destruction criteria of different types of grains 
in different conditions. 
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1.6 Outline 

In Chapter 2 some basics of stellar nucleosynthesis are given, which will 
serve as a tool for the understanding of the chapters to follow. In Chapter 
3 the various laboratory techniques currently used to extract and analyse 
presolar grains are described. 

Constraints derived from presolar grain data and applied to theoret- 
ical nucleosynthetic models of the composition of their parent stars, are 
discussed in detail in Chapters 4, 5 and 6. In particular, Chapters 4 and 
5 focus on the information from presolar S ic  grains, which are the best- 
studied type of presolar grains and have been widely analysed. In Chapter 
6 the constraints arising from the other types of presolar grains, diamond, 
graphite and oxide grains, are presented. 

1.7 Exercises 

(1) How many atoms are present in two presolar grains of radius 0.01 pm 

(2) How many milligrams of diamond, S ic  and graphite grains are present 

(3) How many atoms of anomalous Xe are present among ten billion atoms 

and 1 pm, respectively? 

in one gram of the Murchison meteorite? 

constituting presolar diamonds? 



Chapter 2 

Basics of Stellar Nucleosynthesis 

In order to understand how the anomalous composition of presolar stellar 
grains was produced, first we have to  learn what type of nucleosynthesis 
occurs in stellar conditions and how this can affect the composition of the 
regions where the grains formed. 

The idea that elements could be formed in stellar environments was first 
put forward by Hoyle in 1946 [131]. The other main theories for the origin 
of the elements considered that the elements were built all together in a pri- 
mordial prestellar phase of the Universe (see e.g. review by [5]). This idea 
was based on the assumption, unchallenged at  the time, that the stars and 
the interstellar matter had a uniform and unchanging chemical composi- 
tion. In the 1950s, however, more detailed observations of the composition 
of stars became available showing element abundances that differed from 
those in the Sun [105]. In particular, in 1952 Merrill was able to observe 
the presence of the heavy element technetium (Tc, 2=43l) in some types 
of red giant stars. Technetium is a heavy element with no stable isotopes 
and its longest-living isotope has a half-life of four million years. Since the 
time it takes for a star to evolve into a red giant is longer than that, any 
Tc initially present would have decayed. Its presence, hence, represented a 
clear sign that its production was occurring somehow within the star. This 
discovery urged theorists to develop new theories for the production of the 
elements in stars (for Tc and other heavy elements in red giant stars in 
particular see [50]). 

Within the scenario of stellar nucleosynthesis, only hydrogen and about 
two thirds of solar helium were made during the prestellar phases of the 

'Here and in the following, Z represents the number of protons in a nucleus, N the 
number of neutrons and A the atomic mass number, i.e. the total number of nucleons: 
A = Z + N .  
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Universe, perhaps together with some of the low-abundance light elements: 
lithium, beryllium and boron. All the other elements are constantly pro- 
duced by nuclear processes occurring in stars. 

Main constraints to the theories for the origin of the elements are set 
by the distributivri of their abundances in the solar system, which is shown 
in Fig. 2.1 [2O]. This distribution displays several important features, such 
as the various peaks corresponding to the abundances of several elements, 
which helped in the identification and early description of the nuclear pro- 
cesses that could be responsible for their production. The theories of niicle- 
osyntbesis are intertwined with the theories of nuclear structure as it was 
soon recognised that the features observed in the solar system distribution 
of abundances are related to the nuclear properties of each element. For 
example, the abuiidances of nuclei around Fe are higher than those of the 
other elements from S to Pb, which is related to the fact that elements be- 
longing to the "Fe peak" have very stable nuclear structures (see Sec. 2.4). 

The basics of the nucleosynthesis occurring in stars were set in 1957 by 
the work of Burbidge, Burbidge, Fowler and Hoyle [47]. The classification 
of nucleosynthesis processes into eight types that was proposed by these 
authors is still mostly valid today aiid it is summarised in Table 2.1, where 
each process is associated with its product nuclei and the typical temper- 
ature and site where it occurs. Note that in some cases, such as for the 
T and the p process, it is still much disputed in which astrophysical site 
these processes occur. The origin of the elements heavier than Fe is still 
considered one of the greatest unanswered questions of physics [113]. A 
review article updating the discussion on the eight processes forty years 
after Burbidge et al. has been compiled by Wallerstein et al. [287]. 

Each of the next sections of this chapter is dedicated to one of the pro- 
cesses listed in Table 2.1, with particular attention to the connection with 
the composition of presolar grains. Each process is described in relation to 
the stellar environment where it occurs, so that the very basics of current 
theories of stellar evolution are included in the discussion. Many more de- 
tails on stellar evolution and nucleosynthesis can be found in the renowned 
book by Clayton [60]. 

2.1 Hydrogen burning, and the life of most stars 

After the discovery of the nucleus at the beginning of the 19OOs, and subse- 
quently of the fact that reactions of fusion and fission among nuclei produce 



28 Stardust f r o m  Meteorites 

Table 2.1 The eight types of nucleosynthesis processes. 

name 

H burning 

He burning 

oi process 
(C, Ne, 0 burning) 

e process 
(Si burning) 

s process 

T process 

p process 

x processa 

products T (K) site 

He, some isotopes of 
C, N, 0, Ne and Na 

12C and l60 

Ne to S, nuclei with 
A = integer x 4 

iron-peak species 

some elements heavier 
than Fe: e.g. Sr, Ba, P b  

some elements heavier 
than Fe: e.g. Xe, Eu, Pt 

p-rich isotopes of the 
elements heavier than Fe 

D. Li. Be. B 

> 106 

- 10s 

- 109 

- 5 x 109 

- 10s 

- 109 

- 109 

main sequence and 
red giant stars 

red giant stars 

evolved massive stars, 
supernova: 

supernovze 

red giant stars, 
evolved massive stars 

supernowe, neutron 
stars, ? 

supernovae, ? 

Bie: Bang. cosmic raw , .  . v I 

aThe x process refers to Big Bang nucleosynthesis as well as interstellar nucleosynthesis 
due to spallation reactions, when a nucleus is hit by a very high energy particle and 
smashed into many fragments. This process is not discussed here in detail. For more 
information see Ref. [287]. 

energy, it was realised that the fusion of hydrogen nuclei, i.e. single pro- 
tons (H burning), is responsible for the production of nuclear energy in 
most stars, including the Sun. The discovery that energy is produced by 
reactions among nuclei actually provided the explanation as to why stars 
do not collapse under their own gravitational weight [32,292]. 

Nuclear reactions are governed by electromagnetic and nuclear forces. 
The nuclear force is divided into two types, on the basis of their strength: 
the strong and the weak interactions. The strong nuclear force only affects 
quarks, the basic particles composing protons and neutrons. It is respon- 
sible for binding quarks together to form protons and neutrons, and also 
for binding these neutrons and protons together in the nucleus of an atom. 
Many of the nuclear reactions occurring in stars are governed by the strong 
nuclear force. The weak nuclear force, on the other hand, affects both 
quarks and leptons, such as electrons and neutrinos. This force is com- 
monly seen in decay, a type of radioactive decay in which an electron 
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or positron (p  particle) is emitted. Typically, when suffering a /3 decay, a 
nucleus changes its charge and is thus transformed into a nucleus of an- 
other element. The reaction of fusion of two protons p + p (first line of 
Table 2.2) is due to the weak nuclear interaction: one of the protons is first 
transformed into a neutron (n) to be fused with the other proton to make 
deuterium (D = 2H) while a positron (e+) and a neutrino (v) are released. 

2.1.1 The p p  chain 

The major chain of nuclear reactions involving proton captures is the p p  
chain, which is illustrated in Table 2.2. The fusion of two protons together 
by the weak interaction described above starts when the internal region of 
a cloud of gas collapsing under gravitational force reaches a temperature of 
about 6 million degrees. In this way stars are born. At such temperatures 
the gas is completely ionised and all the nuclei are stripped of the electrons 
that otherwise surround them to make up the atoms. The p + p fusion 
reaction is activated in the central region of stars like the Sun, which are 
stars on the main sequence, the first and longest phase of their life. The 
deuterium thus formed captures another proton, producing 3He. At about 
8 millions degrees the fusion of two 3He particles can also occur, creating 
4He and two protons. Hence, the net outcome of the chain is that four out 
of every six protons initially entering the chain are transformed into a 4He 
nucleus2, on which proton captures do not occur. 

Table 2.2 The p p  chain. 

p + p +  D + e + + v  
D + p - 3He + Y 
3He +3He - 4He + 2 p 

3He +4He + 7Be + y 
7Be+e- + 7Li + Y 
8Be + 2 4He 

PPI 

PPII 7Li + p  + ‘Be 

7 B e + p +  ‘B + y 
8B + ‘Be +e+ + Y 
sBe + 2 4He 

PPIII 

‘Nuclei of 4He are also known as ‘‘a particles” and will be indicated in either way 
throughout the text. 
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Fig. 2.2 Schematic representation of the shape of the potential energy encountered by 
a charged particle, e.g. a proton, when approaching a nucleus. During nuclear reactions, 
charged particles can penetrate the Coulonib barrier thanks to the quantum mechanical 
tunnel effect, and settle on an quantum energy level of the nucleus thus producing a 
compound nucleus. 

Reactions of proton fusion release energy because the energy stored in a 
nucleus is smaller than that obtained by simply summing up the energy due 
to the masses of the nucleons that compose it, each of them contributing 
an energy E = me2. This can be understood by picturing the nucleus as 
a well of negative potential energy: when nucleons fall and are trapped in 
the well some of their energy is radiated away, similarly to the situation 
when an electron is captured by an atom and thus releases energy in the 
form of a photon. Since the mass of a nucleus of *He is 4.003 atomic mass 
units, while the mass of a nucleus of H is 1.008 atomic mass units, it turns 
out that the equivalent energy of a mass of 0.03 atomic mass units (about 
30 MeV, see Exercise 3.6.1) is produced every time that four protons are 
transformed into 4He. Nuclear energy is released in the form of electrons, 
positrons, high energy photons (y-rays) and neutrinos. In relation to the 
shape of the potential energy well around a nucleus, it is interesting to note 
that an approaching proton feels a barrier produced by the electromagnetic 
field generated by the nucleus. This barrier can be penetrated and over- 
taken only thanks to the quantum mechanical tunnel  effect, by which the 
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wave-function of the approaching particle includes a probability of passing 
through the barrier (Fig. 2.2). 

From the point of view of changes in the isotopic composition of material 
going through the PPI  chain, it is interesting to note that the destruction 
of the rare isotope 3He occurs at higher temperatures than its produc- 
tion. Hence, the isotopic composition of helium can be modified in stellar 
environments depending on the temperature at which H burning occurs. 
This effect has to be considered when studying the isotopic composition of 
helium measured in presolar S ic  grains, as will be discussed in Sec. 4.4. 

The chain described above is an extremely common nuclear fusion pro- 
cess in stars because it needs temperatures that are easily reached in stellar 
interiors and its fuel is the most abundant nucleus in the Universe, i.e. the 
protons. However, it is by no means the only process occurring in stars 
involving proton captures. At higher temperatures, around 15 million de- 
grees, the fusion of 3He and 4He can also occur, producing 7Be and leading 
to the activation of two different branches of the p p  chain: PPII  and PPIII 
(Table 2 . 2 ) .  Following a further electron capture or proton capture by the 
7Be nucleus, 7Li or 'B are respectively made. Eventually 'Be is produced 
which decays into two 4He nuclei. The final results of this further H burning 
is again the production of 4He. All the other nuclei involved in the chain 
are quickly destroyed by /3 decays or proton captures. 

Among those, only 7Li is a stable nucleus ~ it does not spontaneously 
decay ~ and could have been originally present in the star. The initial 
abundance of this nucleus is typically depleted by proton captures in stellar 
conditions, unless some mixing mechanism is at work allowing 7Be to travel 
to the external regions of the star, where the temperature is too low for 
proton captures to occur, and there capture an electron to produce 7Li. In 
this case 7Li could actually be enhanced at the stellar surface [51,241,242]. 
This mechanism appears to be at work in some red giant stars, in which 
Li enhancements are observed (for a recent study see Ref. [56]). Red giant 
stars have convective envelopes at  the base of which proton captures can 
occur. In convective conditions heat is transported by motion, thus the 
material is constantly carried from the deep hot regions to the cool surface. 
In favourable conditions, in red giant stars 7Li is predicted to be produced, 
rather than destroyed. Li is a rather volatile element and has a very low 
abundance (see Fig. 2.1), hence it has not been measured yet in presolar 
grains. However, there may be a chance in the future to carry out mea- 
surements of Li in large presolar grains, which would be of much interest 
in complementing the stellar observations of this element. 
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2.1.2 

Hydrogen burning is thus responsible for the production of helium in stars. 
TO explain the origin of elements between He and Si, instead, we cannot 
rely on proton captures, but we must invoke He burning and the a process. 
This is because proton captures on 4He do not occur, 4He having an ex- 
tremely stable structure. In fact, nuclei with atomic mass number equal to 
five actually do not exist! However, when elements between He and Si are 
initially present in the star, proton captures can very much influence how 
their abundances, and in particular those of their isotopes, are distributed 
relative to each other. This is of much importance in the study of presolar 
grains, which show variations of up to several orders of magnitude in the 
distributions of isotopes of elements between He and Si. This type of nu- 
cleosynthesis can produce large effects on the composition of the material 
involved, however, as noted above, it needs that the nuclei heavier than 
He are already present in the star. This is a typical example of secondary 
nucleosynthesis. Nucleosynthesis starting only from H and He originally 
present in the star is instead defined as p r i m a r y .  

Proton-capture reactions involving carbon and heavier nuclei become 
efficient a t  temperatures higher than about 15 million degrees. As men- 
tioned above, these reactions can occur when nuclei heavier than helium 
are present in the star, together with the hydrogen. The fraction of mass 
composed by elements heavier than He in a star is commonly indicated by 
2, and named metallicity. For example, about 2% of the material present 
in the Sun is composed of elements heavier than He. Oxygen is the most 
abundant, followed by carbon and nitrogen. Then, neon, silicon and iron 
make up most of the rest of the metallicity, with nuclei heavier than iron 
representing the least abundant species (see Fig. 2.1). The metallicity and 
the distribution of the abundances of the elements can vary from star to 
star, depending on when and where the star was born and on the nu- 
clear processes that occur within it. They can also vary within the same 
star, as different regions could experience different nucleosynthesis events. 
Hence, the following general description of proton captures on heavy ele- 
ments should not be taken as an immutable scheme, because which reactions 
occur depends on which nuclei are available in the first place. 

In the standard description there are three proton-capture chains in- 
volving elements from carbon to aluminium, beyond which reaction rates 
for proton captures become negligible because of the large Coulomb barrier 
generated by the high number of protons of which the nuclei of the heavier 

The CNO, NeNa and MgAl cycles 
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elements are formed. The three chains of proton captures are schemati- 
cally shown in Fig. 2.3 and they are named after the elements involved: 
the CNO, the NeNa and the MgAl chains. Usually in the literature these 
proton-capture chains are indicated as cycles, and this name is used here- 
after. This is because the chain of reactions typically returns to the nucleus 
from which the chain had started. However, it should be remembered that 
depending on the conditions at which the chains are activated, this is not 
always the case. For example, leakage of material from the NeNa into the 
MgAl cycle occurs via the 23Na(p,y)24Mg reaction when the abundance of 
23Na is high. 

We can distinguish two sub-cycles of the CNO cycle: the CN and the 
NO cycles. The CN cycle starts to be activated around 15 million degrees 
with proton captures on 12C and ends with a proton capture on 15N, which 
releases an a! particle and produces 12C again. The alternative channel of 
proton capture on 15N, which produce a high-energy (y) photon, is much 
less likely to occur. The NO cycle starts to be activated around 20 million 
degrees with proton captures on 160 and ends with a proton capture on 
170, which releases an a particle and produces 14N. Alternately, if the 
temperature is slightly higher, the cycle ends with proton captures on "0 
and "F, which release an ct particle and produce 15N and I60,  respectively. 
The channel of proton capture on "F releasing a y photon, instead, is much 
less likely to occur, so that also in this case the cycle is closed, at least for 
temperatures of the order of several millions of degrees and in hydrostatic, 
as opposed to explosive, conditions. 

Proton captures on 14N are less likely to occur than all the other reac- 
tions involved in the CNO cycle. Hence, if the chain of reactions is allowed 
to reach equilibrium conditions, i.e. it is given enough time and enough pro- 
ton fuel, then the final major result of the cycle is the destruction of carbon 
and oxygen, which are converted into nitrogen. For example, if material of 
solar composition, which has C, N and 0 approximately in the proportions 
3 : 1 : 8 is processed by the CNO cycle, the final proportions are changed 
into 0.01 : 1 : 0.01. Isotopic ratios are also largely modified: an initial solar 
12C/13C ratio of 89 is reduced to - 3 and an initial solar 14N/15N ratio of 
272 is modified to 'v 10,000. The final 160/170 ratio is dependent on the 
temperature at which the cycle occurs and could vary widely, from 50 to 
10,000 (solar = 2660), with temperatures below 30 million degrees favour- 
ing the production of 170. As for other minor isotopes, the abundances 
of both 180 and 19F are strongly depleted by proton captures. The large 
abundance of 14N, and the smaller abundances of 13C and 170, produced 
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by the CNO cycle are typically of secondary type as they result from the 
transformation of the 12C and "0 initially present in the star. 

The NeNa cycle starts from and returns to "Ne, whose abundance is 
nearly left unchanged. At equilibrium, the major result is the production 
of 23Na a t  the expenses of 22Ne. Only a t  temperatures above 50 million 
degrees is 22Ne reconstituted a t  the expenses of 21Ne. Similarly, the MgAl 
cycle starts from and returns to 24Mg, whose abundance is hardly changed 
for temperatures below 70 million degrees. Since "A1 is an unstable nucleus 
with the very long half-life of almost one million years, it behaves almost in 
the same way as a stable nucleus capturing a proton rather than decaying. 
At equilibrium the major result of the MgAl chain is the production of 2'A1 
at  the expenses of 25Mg. 

In summary, proton-capture processes typically occur in every star as 
the necessary temperatures are easily achieved and there is plenty of pro- 
tons. All presolar grains formed during mass loss episodes around red giant 
stars, such as the majority of Sic and oxide grains, carry the signature of 
some sort of processing related to the cycles described above. Their major 
elemental components, such as C (and also N) in the case of presolar Sic 
grains, and 0 and A1 in the case of oxide grains show, in fact, isotopic 
ratios typically affected by proton-capture processes. Also the presence of 
26A1 in the gas from which the grains formed is recorded in the grains by 
the abundance of 26Mg, into which 26A1 decays. An understanding of the 
reactions described above, their rates and their occurrence in stars is a 
necessary ingredient to  explain the composition of the majority of presolar 
grains. In turn, the composition of the grains give us strong constraints in 
relat,ioii to nuclear reaction rakes for proton capt,ures and to the modalities 
in which proton captures occur in stellar interiors, such as their relation to 
mixing phenomena, the temperatures a t  which they occur and the initial 
compositions on which they work. 

Finally, note that the operation of the proton-capture cycles as described 
above is typical for the relatively low temperatures of the order of a few 
million degrees that are found when considering the evolution of single 
stars. In some situations, however, proton captures occur at  relatively 
high temperatures, of the order of a few hundreds of million degrees and 
in explosive conditions. These conditions are related to nucleosynthesis 
during nova outbursts in binary systems, where two stars orbit around 
each other. Nova out bursts are thermonuclear runaways occurring when 
hydrogen is accreted from a companion onto the surface of a white dwarf, 
i.e. a very compact and dense object with material in degenerate conditions 
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(see Sec. 2.2) left over after the death of stars of low mass. In this case 
proton-capture reactions are so fast that there is not time for p decays to 
occur and the resulting nucleosynthesis abundances are very different from 
those described above, favouring the production of 13C, 15N and 170. Some 
presolar Sic and graphite grains show the signature of nova nucleosynthesis 
and hence the study of this material can set constraints also on this flavour 
of the proton-capture process. 

2.2 Helium burning, and the evolution of stars of low mass 

He burning is primarily responsible for the production of 12C and I6O via 
the two reactions: 

a! + Q + a + 12C, also known as the trzple-a! reaction, and 
a + I2C + 1 6 0  + y. 

The triple-a reaction requires temperatures of CY 100 million degrees to 
occur. First two a! particles fuse into 'Be, which however is very unstable 
decaying back into two a particles within a very short time, of the order of 

seconds. Fortunately, the rate of the 'Be(,, y)I2C reaction is greatly 
enhanced by the existence of an excited state of the product nucleus, 12C, 
corresponding to an excitation energy of 7.68 MeV with respect to the 
ground, stable, state. Thus, a resonance in the reaction rate, i.e. a sharp 
peak in the probability of the reaction to occur, is present at such energy 
because it is possible for the 'Be + a system to form a compound nucleus 
of "C in such an excited state, which subsequently decays into the stable 
state of "C. The existence of the 7.68 MeV state of the 12C nucleus 
was suggested by Hoyle and subsequently identified by Dunbar et al. [86]. 
Through the triple-a reaction it is possible to overcome the problem of the 
absence of nuclear structures with A = 5, and to produce elements heavier 
than He. 

He burning occurs in the central region of a star after all the protons 
have been transformed into He. When protons are exhausted in a central 
region comprising about 10% of the total mass of the star, the star becomes 
a red giant: the radius increases by up to two orders of magnitude above 
the initial value, the surface temperature decreases and thus, as for a black- 
body, the emitted light turns towards the red. The core contracts under 
its own gravity until the central temperature and density are high enough 
to allow the triple-a reaction to occur and helium starts being converted 
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into carbon. Carbon can further capture an a-particle and be converted 
into oxygen. The rate of the l2C(a ,y ) l60  reaction governs the relative 
production of carbon and oxygen and, unfortunately, it is still afflicted by 
large uncertainties. These uncertainties mainly affect the final composition 
of the stellar cores that have undergone He burning and of the material 
ejected by massive stars exploding as supernovz (see e.g. Ref. [143]). 

For temperatures around one billion degrees the reaction chain 
l6O(a,  y)”Ne(a, ~ ) ~ ~ r \ / I g  can occur, however, elements heavier than oxy- 
gen are more favourably produced by the carbon, neon and oxygen burnings 
described in the next section. 

It has to be noted that, like H burning, He burning can occur in different 
modes and producing different final results depending on the temperature 
a t  which the process occurs and the time-scale of the duration of the pro- 
cess. An important special case is the He burning occurring during the 
Asymptotic Giant Branch (AGB) phase, which is the evolutionary phase 
that follows He burning in the core for stars of mass lower than about 8 
M a .  In stars of this mass, after He is exhausted and wholly transformed 
into C and 0, the core contracts to a still higher density. However, the stel- 
lar mass is not high enough to compress the central region, and bring it to 
the high temperatures needed to activate further nuclear burning processes 
before an electron degeneracy develops. For a normal gas, the energy of 
the particles is defined by the temperature, for a degenerate gas, instead, 
at increased density, i.e. number of electrons per volume, the electrons are 
forced to occupy quantum-mechanical states of higher and higher energy. 
This is because all the possible lower energy levels are already occupied 
and, because of the Pauli exclusion principle, only two electrons with op- 
posite intrinsic spin can occupy the same energy level. In this way the gas 
pressure is allowed to increase even for relatively low temperatures and it is 
possible to balance the gravitational pressure and avoid collapse. Material 
in a degenerate state is inert, in the sense that its pressure does not change 
following temperature variations. 

As shown in Fig. 2.4, during the AGB phase, both He and H burning 
produce the energy to keep the star in hydrostatic equilibrium. The two 
burning processes occur in shells above the degenerate core and are active 
alternately: the H-burning shell is activated most of the time, while the 
He-burning shell is activated episodically, only for a few hundred years at 
a time and at  temperatures around 200 million degrees. Helium burning, 
in this case, is only partial and the final result is the conversion of 25% 
of the initial helium present in the He shell into carbon, while almost no 
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Fig. 2.4 Schematic representation of the structure of an Asymptotic Giant Branch 
(AGB) star. A rough indication of the mass of each region is given in the vertical axis 
for a star with initial mass of 3 M a .  The AGB phase lasts for a few million years and 
represents an advanced stage of the evolution of stars with masses lower than about 8 
M a .  These stars only experience H and He burning during their lives. Most of the 
mass of the star is in the convective envelope, which is ejected into the interstellar 
medium during the AGB phase leading to  the formation of a planetary nebula: a hot 
star surrounded by shells of gas and dust. The degenerate core of the star is eventually 
left as a cooling white dwarf. 

oxygen is produced. Thus, in these stars, He burning is responsible for 
the production of carbon, rather than oxygen. As will be described in 
detail in Chapter 4, the occurrence of partial He burning in AGB stars has 
important consequences for the formation of presolar grains, since AGB 
stars can become carbon rich and be the site for the formation of carbon 
dust. 

An important secondary chain of reactions is activated during He burn- 
ing, which involve 14N nuclei as the main seed. A first 0-capture reaction 
on 14N produces l80, which can be further transformed by a second a- 
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capture reaction into 22Ne. Since typically He burning acts on the ashes 
of H burning, and since in the ashes of H burning all initial CNO material 
has been converted into 14N (see previous section), the typical final result 
is that after H and He burning all the CNO nuclei initially present in the 
material are converted into 22Ne. 

2.3 The a process: C, Ne and 0 burnings, and the evolu- 
tion of stars of high mass 

Nuclei made up of a particles (also called a nuclei), i.e. with atomic mass 
numbers that are multiples of four, are very stable up to 32S,  due to the 
high binding energy of the ai particles themselves. This explains why their 
abundances in the solar system represent some of the peaks of Fig. 2.1. The 
Q nuclei comprise 12C and 160, which are produced by He burning, and 
20Ne, 24Mg, 28Si, and 3 2 S ,  which are produced by the ct process described 
in this section. Carbon, Ne and 0 burnings can occur only if the star 
is more massive than about 8 1110 because, as described in the previous 
section, after He burning in the core, stars of lower mass develop an inert 
degenerate C-0  core. The c,ase is very different for more massive stars, in 
which the core can be heated up to the high temperatures needed for the 
ct process to occur before having the chance of becoming degenerate. A 
review on the evolution of massive stars can be found in [297]. 

Burbidge et al. [47] proposed that a-capture reactions on 160 would 
produce 20Ne, and subsequent a-capture reactions on the resulting 20Ne 
would produce 24Mg. However, it was later realised that the a-capture re- 
actions on 160 occur at higher temperatures than the main carbon burning 
reactions: 

12C + I2C + 20Ne + Q and 
12C + 12C + 23Na + p ,  

which are activated at around one billion degrees. The main C burning 
reactions thus produce 20Ne and 23Na and release a! and p particles. Further 
Q capture on 'ONe and proton captures on 23Na produce 24Mg. Many 
secondary reactions occur by which all the stable isotopes of Ne, Na, Mg, 
Al, Si and P can be produced. 

At about 1.3 billion degrees the first photodisintegration reaction occurs: 
20Ne nuclei are broken back into l60 and cy particles by interaction with 
y photons: 20Ne f y + l60 + a. The freed Q particles interact with the 
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20Ne producing 24Mg: 20Ne + a + 24Mg + y. This process is known as 
Ne burning. When Ne is exhausted in the core, the temperature rises again 
as the core compresses and at about 2 billion degrees oxygen burning, l60 
+ l60, begins. As in the case of carbon burning there are a few main 
react ions: 

160 + 160 + 28Si + a,  
l60 + l60 + 31P + p and 
l60 + l 6 0  ---t 31s + 72. 

These reactions liberate a, p and n particles which interact with the 
nuclei present, resulting in a large range of products: mainly 28Si and 32S, 
and also, to various degrees, all the isotopes of Si, C1, Ar, K ,  Ca, Ti and 
Cr . 

2.4 The e process: Si burning, and supernova explosions 

Si burning starts when the temperature increases above about 3 billion de- 
grees. This process is intrinsically different from H, He, C and 0 burning 
as it does not refer to reactions by which two silicon nuclei are fused to- 
gether, but to a situation in which the high temperature triggers a large 
number of photodisintegration reactions in particular on 28Si, which is the 
most abundant product of the previous burnings. The photodisintegration 
reactions are balanced by extremely fast capture reactions occurring on the 
large number of freed a,  p ,  and n particles. The material behaves as a gas, 
composed of nuclei, nucleons, electrons, positrons and photons, trying to 
reach and maintain a nuclear statistical equilibrium (from which we get the 
name of e process) by means of nuclear reactions. In this process, the for- 
mation of the most stable nuclei is favoured, because nuclei that are more 
tightly bound are the least probable to suffer photodisintegration reactions. 
The e process hence results in the rearrangement of nucleons into the most 
stable nuclei. Because the elements belonging to the iron group: Cr, Mn, 
Fe, Co and Ni have nuclear structures which are the most stable of all ele- 
ments, the main result of the e process is to convert all the initial material 
into these nuclei. 

States of statistical equilibrium can be represented by considering the 
entropy of the nuclear gas. The entropy of a system is a function of the 
temperature and represents the number of allowed ways in which the par- 
ticles of the system can arrange themselves to share the total energy. By 



Stellar Nucleosynthesis 41 

the second law of thermodynamics a system always evolves towards the 
maximum entropy. This means that it chooses the configuration that can 
be reproduced in the highest number of ways, and thus is the configuration 
with the highest probability. When this configuration is reached it is said 
that the system is in equilibrium. Let us consider this very simple classic 
picture: a room is separated in two halves by a movable wall in the middle. 
On one side there is a gas, on the other there is vacuum. If the movable 
wall is removed, then all the gas particles will start moving around until the 
density of the gas is constant all over the room. This is because there are 
far fewer allowed particles configurations to  produce a situation in which 
all the gas particles sit in a corner of the room. On the other hand, there 
are many more ways to produce the situation in which the gas particles are 
dispersed in the room. The system evolves towards this case, which has 
higher allowed configurations, i.e. higher entropy. However, this system is 
allowed to reach only a given degree of disorder because some constraints 
are set, such as the fact that the room has solid walls all around. 

Also in the case of the e process in stars the nuclear gas is not completely 
free of constraints. One constraint always present is that the number of 
nucleons must remain constant. This is because conditions in stars are not 
so extreme to allow nucleons to break down into subnuclear particles, such 
as free quarks. Other constraints can arise from the fact that there is a time- 
scale allowed for the process to occur, which may not be long enough for 
the process to reach complete equilibrium. In such cases some quantities, 
such as the net abundance of electrons per nucleon and the abundance of 
nuclei heavier than boron, are set to be constant in the models and the 
process is described as a quasi equilibrium process. In stars various degrees 
of equilibrium can be achieved by the material during the operation of 
the e process. The maximum entropy achievable, and hence the degree of 
disorder of the system, can increase or decrease in relation to the number 
of constraints set by the thermodynamic conditions of occurrence. 

The detailed final composition resulting from the e process depends on 
the temperature and density at which the process occurs, as well as on the 
neutron excess. This is defined as the difference between the number of 
neutrons and the number of protons in the whole material involved in the 
process (see Exercise 2.6.3). The predominant isotopes of all elements up 
to Ca have nuclei composed of equal amounts of protons and neutrons: for 
example 4He has Z = N = 2, 12C has Z = N = 6, and *'Ca has Z = N = 

20. In contrast, nuclei composed of a larger number of nucleons typically 
have stable structures only if their large number of protons are diluted by 
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an even larger number of neutrons, which, unlike protons, do not feel the 
electromagnetic repulsion. A way to measure the neutron excess is to count 
the number of electrons per nucleon Ye = Z/A. In fact, the production 
of heavier neutron-rich nuclei occurs via transformation of protons into 
neutrons (by /3+ decay or electron capture), and the the number of electrons 
per nucleon in the material decreases. For the nuclei with Z = N indicated 
above Ye is equal to 0.5, while it is smaller for heavier nuclei. For example 
56Fe, which is the stable isotope with the highest binding energy -has Z = 

26 and N = 30, i.e. Ye = 0.46, 209Bi, which is the heaviest stable isotope 
has 2 = 83 and N = 126, i.e. Ye = 0.40. Typically, during the time-scale 
at which the e process occurs, Ye varies slowly and may be taken to be 
constant and set by the initial composition of the material. 

A neutron excess can be initially present in the material because of 
the previous nucleosynthesis. In massive stars the main products of the 
burning episodes that precede the e process are a nuclei which have 2 = 

N .  However, nuclei present in small amounts deriving from less important 
nucleosynthetic paths can contribute to a neutron excess. For example, we 
have observed when discussing He burning that a secondary nucleosynthesis 
product is 22Ne. This nucleus has 2 = 10 and N = 12, thus Ye = 0.45 
and its abundance contributes to a neutron excess in the material. Such 
neutron excess, corresponding to a decrease of Ye, is generated by the /3+ 
decay of ”F into “0. 

High neutron excesses, of the order of 1%, allow the final resulting prod- 
ucts of the e process to shift towards nuclei with neutron to proton ratios 
higher than 1, directly producing 54Fe and 56Fe. This happens when silicon 
burning occurs in the cores of massive stars. In this situation the system 
can become very weakly constrained because the time-scale is relatively long 
and the density is very high. Hence the system can evolve to almost com- 
plete disorder and to high neutron excesses. The core of the star evolves 
to Si burning and reaches a final stage in which Fe and Ni are the pre- 
dominant elements. Meanwhile, the outer layers of the star experience the 
various burning phases described above as the temperatures increase in the 
different locations. A schematic representation of the resulting “onion-like” 
structure of the star is shown in Fig. 2.5. 

As mentioned above, the main products of the e process are the nuclei Fe 
and Ni which are the elements with the highest binding energy per nucleon. 
Both fusion and fission reactions involving these nuclei are endothermic 
rather than exothermic, i.e. they steal energy from the gas rather than 
give it to it. Hence, when all the core material is turned into Fe and Ni 
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Fig. 2.5 Schematic representation of the “onion-like’’ structure of a massive star just 
prior the core collapses resulting in a supernova of type I1 explosion. A rough indication 
of the location in mass of each shell in the case of a star with initial mass of 25 Ma 
is given in the horizontal axis. While the core of the star experiences all the major 
burning phases, the last of which is represented by Si burning, different burning phases 
are activated in concentric shells around the core depending on the temperature of each 
region. The major products of each type of burning is indicated. 

there are no ways to produce nuclear energy to  stop gravitational collapse. 
Contraction aid heating of’ the core result, leading to partial disintegration 
of Fe aiid Ni into a particles arid neutrons, and subsequent dynamical 
collapse of the core. This causes a shock. i.e. a sudden acceleration, to  
propagate outwards, leading to a supernova explosioii. The inaterial in aiid 
close to the core is trapped in the final neutron star or black hole. Hence, 
the irori-peak elements produced in this region are not ejected into the 
interstellar mediuni. The supernova shock triggers the explosive burning 
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of the outer layers of the star. The composition of the Si-rich and part of 
the 0-rich shells are modified, and Fe-peak elements are produced by the 
e process, but in different conditions than those found in the previous core 
Si burning. In particular the low neutron excess leads to the production 
of isotopes with 2 = N ,  such as 56Ni. The unstable 56Ni decays into 
56C0, which in turn decays into “Fe. An observational confirmation of this 
scenario is that the light curves of supernovz of type I1 (SNII), which are 
believed to be generated by the collapse of the core of massive stars, are 
explained by the 7-ray photons resulting from the decay of these radioactive 
nuclei. 

It was also found that the 0 and Si burning occurring in explosive con- 
ditions results in an “alpha-rich freeze out”, a significant final abundance of 
Q nuclei [296]. When the temperature drops after the shock wave has gone 
past nuclear reactions become less and less probable and the system moves 
out of equilibrium at  a point when there are free Q particles available at a 
temperature still high enough for a-capture reactions to occur. Then, a- 
rich isotopes are produced such as the radioactive 44Ti, which subsequently 
decays into 44Ca. The excess of 44Ca observed in some presolar graphite, 
Si3N4 and in Sic  grains belonging to the X population is one of the best 
pieces of evidence that these grains originated in SNII explosions. 

Supernova explosions of type Ia (SNIa) are instead the result of the 
evolution of low-mass stars in binary systems. If one of the stars is a 
white dwarf, material accreted onto it from the companion can result in 
the growth of the mass and the temperature of the white dwarf. When the 
mass comes close to the Chandrasekhar limit mass of 1.4 M o  the electron 
degeneracy pressure cannot sustain the gravitational pressure anymore. In 
a certain range of initial masses of the white dwarf and of the accretion 
rates of mass from the companion, this results in carbon being explosively 
ignited in the centre of the white dwarf and an explosive deflagration or 
detonation wave, depending on whether the speed of the wave is lower 
or higher than the speed of sound, propagates outwards causing explosive 
burning and the disruption of the entire star. The e process occurring in 
this type of supernovze represents the major contributor to the abundance 
of the Fe-peak elements in the Galaxy [274]. In SNIa the nuclear gas is 
typically allowed to reach a highly disordered state in which the neutron 
excess can increase to high values and, in some special cases, even produce 
rare neutron-rich isotopes such as 50Ti [295]. 



Stellar Nucleosynthesis 45 

2.5 The production of elements heavier than Fe 

Neutron-capture processes are the favoured way for the production of ele- 
ments heavier than Fe. This is because capture of charged particles, such 
as protons and a particles, are inhibited by the large Coulomb barrier gen- 
erated by the high number of protons of which the nuclei of these elements 
are formed. For the operation of neutron-capture processes it is necessary 
that a neutron-source reaction is activated, for example the 13C(a, n)l60 
and ' 'Ne (a , r~ )~~Mg reactions. When free neutrons are produced they can 
decay into protons with a half-life of about 10 minutes or they can be 
captured by other nuclei. When neutrons are captured by Fe nuclei and 
their progeny it is possible to produce almost all the heavy elements up to 
lead (Pb, 2 = 82) and uranium (U, 2 = 92). Only a few heavy isotopes 
of extremely low abundances in the solar system cannot be produced by 
neutron captures and their abundances are ascribed to proton captures or 
disintegration reactions (the p process). For a general review see Ref. [190]. 

As shown in Fig. 2.1 the distribution of the abundances of heavy el- 
ements in the solar system decreases to very low values with increasing 
atomic mass number. The distribution reaches its minimum, of a few 
of the Fe abundance, in tantalum (Ta, A = 181), the rarest element in 
the solar system. The solar heavy element distribution is characterised 
by various peaks which can be explained by the concurrent operation of 
two neutron-capture processes: slow ( s )  and rapid (r) neutron captures. 
The s process operates in conditions characterised by low neutron densi- 
ties, of the order of lo7 ~ 108 neutrons per cubic centimetre (cmP3). The 
r-process, on the other hand, operates when the neutron densities are higher 
than F 10'' cmp3. Of course, neutron-capture processes also occur when 
neutron densities are between 10" and 10'' ~ m - ~ ,  with features between 
the s and the r processes. In spite of appearing as a simplistic idealisation, 
the classification of neutron-capture processes based on two very different 
ranges of neutron densities has turned out to be very useful. It provided 
an explanation for the general features of the solar abundance distribu- 
tion, the opportunity of producing a clear description of these processes, 
the chance of creating numerical models to calculate them, and thus the 
possibility of generating theoretical predictions to be tested against obser- 
vations. Moreover, it appears that the two processes actually do occur 
almost in their pure form in different stellar sites, as mainly testified by the 
anomalous meteoritic Xe-S component (see Sec. 1.2). For the s process, the 
strongest observational proof of its occurrence in pure form is provided by 
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the s-process signature of heavy elements measured in most of Sic  grains 
(Chapter 5) and a few graphite grains (Sec. 6.2). Hence, the distinction 
between s and T process has been most successful even if one should al- 
ways consider the possibility of the occurrence of intermediate situations. 
This is indicated for example by the r-process signature of Xe in diamonds 
(Sec. 6.1) and the measurements of heavy elements in S ic  grains belonging 
to the X population (see Sec. 4.8.3). 

The different paths of production of the s and T processes through a se- 
lection of heavy elements (from yttrium to ruthenium) are shown in Fig. 2.6. 
Neutron captures proceed through (n,  y) reactions shifting the composition 
of the material towards neutron-rich nuclei. Because of the relatively low 
neutron densities, during the s process unstable nuclei preferably decay 
rather than capture another neutron. Hence, neutron captures during the 
s process follow the thick black line in Fig. 2.6 along a path mostly defined 
by stable nuclei. 

For the T process the situation is reversed: at  high neutron densities un- 
stable nuclei preferably capture another neutron rather than decay. During 
the neutron flux isotopes with very high numbers of neutrons are produced. 
These isotopes a.re extremely unsta.ble against, 0- decay and when t,he neu- 
tron flux ends they decay towards the stable nuclei corresponding to their 
atomic mass numbers. Nuclei with the same atomic number are located 
in a nuclide chart, such as that presented in Fig. 2.6, along diagonal lines. 
Hence the dashed arrows labelled as T process in the plot represent the ma- 
terial that, from the very neutron-rich region of the nuclide chart, decays 
towards stable material at the cessation of the neutron flux. 

The solar distribution of the abundances produced by the s and tlie 
T processes (see Fig. 2.1) is constrained by the presence of heavy nuclei 
coniposed of a magic number of neutrons. For elements heavier than Fe, 
these are the numbers 50, 82 and 126. For lighter elements, the magic 
numbers are 2, 8, 20 and 28. A nucleus that is composed of a magic 
number of protons and/or neutrons is very stable. The existence of magic 
numbers can be explained when nuclei are described as systems ruled by 
quantum mechanics, in an equivalent way as done for atomic systems. In an 
atom there are discrete levels of energy allowed for the electrons spinning 
around the nucleus. Then, there is a given number of electrons allowed to 
populate each level, depending on how many different values of the angular 
momentum, tlie magnetic momentum and the spin are associated with tlie 
same energy. When a given energy level is completely filled; then the atom 
is very stable. As a consequence it is chemically inert, which means that 
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Fig. 2.6 Section of the nuclide chart (similar to Fig. 2.3, where solid- and dotted-lined boxes represent stable and unstable nuclei, 
respectively) including some isotopes of elements from Y to Ru. The dash-lined arrows represent the r-process path, while the thick 
black line and the thick arrows represent the chain of (n , r )  and 0-decays, respectively, building up  the main s-process path (see text for 
details). Nuclei labelled as s ,  r or p only are nuclei that  can only be produced by the s ,  r and p processes. respectively. Thin arrows 
represent the variety of minor paths activated during the s process, leading to the destruction of r- and p-only nuclei. Neutron captures 
during the s process can occur on unstable nuclei with half-life longer than the typical time-scale of the s process (- lo4 yr),  e.g. 
"Zr  TI,^ = 1.5 million yr) and "Tc ( 2 . 1 ~ 1 0 ~  yr), which are on the main s-process path. ip 
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it does not react easily with other atoms because it does not have any 
extra electrons or any empty energy level to share: its outer energy shell 
is closed. This is the situation for the noble gases: He, Ne, Ar, Kr and 
Xe. The same interpretation is applied to explain nuclear magic numbers. 
In the same way as the electrons in an atom, protons and neutrons in a 
nucleus are allowed discrete energy values, and for each energy value there 
is a given number of nucleons that can fill it. When a shell is full then the 
nucleus is very stable against nuclear reactions. Nuclei that have magic 
numbers of both protons and neutrons are very stable. For example 4He, 
with Z = N = 2, l6O, with Z = N = 8 and 208Pb, with Z = 82 and 
N = 126. Heavy elements with a magic number of neutrons are very stable 
against neutron capture. This means that the probability of such nuclei 
to capture a neutron, represented by their Maxwellian-averaged neutron- 
capture cross section, (.) (see Sec. 2.5.1), is very low compared to that 
of other heavy nuclei. For example, langlea) of "Zr, which has a magic 
number of neutrons N = 50, is 20 mbarn (1 mbarn = cm2), at the 
temperature of 35 million degrees3, whereas that of lo2Ru, for example, is 
192 mbarn. 

It is also interesting to note the existence of an odd-even effect in the 
stability of nuclei. Those composed of an even number of nucleons are more 
stable than those composed of an odd number of nucleons. In fact, the (u) 
of lolRu, for example, is 992 mbarn, very high in comparison to those of 
the nuclei discussed above. 

The fact that neutron magic isotopes have a very low (a )  means that 
during a neutron flux the material will accumulate a t  these nuclei which 
act as bottlenecks during the s and the 7 processes. This property of 
neutron captures explains the peaks observed in the solar distribution of 
heavy elements (Fig. 2.1): the s process produces peaks in the distribution 
corresponding to nuclei with a magic number of neutrons located on the 
s-process path, i.e. the stable magic nuclei around $*Sr ( N  = 50), I3*Ba 
( N  = 82) and "*Pb ( N  = 126). The r process produces peaks in the 
distribution corresponding to nuclei that are produced by the decay of 
unstable nuclei with a magic number of neutrons. The r-process peaks in 
the solar system distributions are thus located at atomic mass numbers 
approximately ten below the magic nuclei listed above. For example, the 
r-process peak at Xe, around A r" 130, is produced by the decay of neutron- 
rich unstable isotopes of Cd, In and Sn, with magic number of neutrons 

3for historical reasons usually taken as reference temperature in the literature 
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N = 82. 
An interesting and helpful characteristic of the heavy element abun- 

dances in relation to their production is the fact that some isotopes can 
only be produced by one single process. These are the isotopes labelled 
as s, r and p only in Fig. 2.6. Isotopes that can only be produced by the 
r process are those that do not lie on the s-process path: neutron captures 
cannot produce them if the neutron density is that typical of the s process 
because they are preceded, in terms of number of neutrons, by an unstable 
nucleus that decays rather than capture another neutron. These nuclei lie 
on the neutron-rich side in the nuclide chart, i.e. a t  the right of the stable 
nuclei on the s-process path. Isotopes that can only be produced by the 
s process are those that lie on the s-process path and are shielded from 
r-process production by the presence of an r-only isotope with the same 
atomic mass number. For example, in Fig. 2.6, looRu can only be produced 
by the s process because of the presence of loOMo: the r-process path rep- 
resented by the @- decaying material stops at 'OOMo, which is stable, and 
hence cannot reach looRu. A few isotopes such as 92Mo and '*Mo lie on 
the proton-rich side in the nuclide chart, i.e. at the left of the stable nuclei 
on the s-process path. They cannot be produced, but are rather destroyed 
by neutron captures. These isotopes have extremely low abundances com- 
pared to the other isotopes of the same elements and are produced by the 
p process: proton captures or disintegration reactions. 

2.5.1 The s process 

As mentioned at  the beginning of this chapter, enhancements of heavy 
elements typically produced by the s process, such as Sr and Ba, and the 
presence of radioactive Tc were observed in the 1950s in a class of red giant 
stars, classified as chemically peculiar red giants. These stars are identified 
as the main site for the s process, producing the main  and strong component 
of the s-process solar distribution, i.e. s-process isotopes from Sr to Bi (90 
< A < 209). They are theoretically interpreted to be low-mass stars on the 
AGB phase briefly discussed in Sec. 2.2. The s process in AGB stars will be 
discussed in much more detail in Chapter 5 in relation to the origin of Sic  
grains and their s-process signature. Note that the s process also occurs in 
evolved massive stars during the hydrostatic He and C burning phases. In 
this case the weak component of the s-process solar distribution is produced, 
i.e. the s-process isotopes between Fe and Sr ( A  < 90) [159,228]. 

During the s process, the abundance NA of an isotope A along the 
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s-process path represented in Fig. 2.6 varies with time as: 

~ = production term - destruction term d N A  
d t  

where N, is the neutron density and 
00 

(CA(v)v)  = u O A ( V )  d)(u) dv, 

indicates the average value over a Maxwell-Boltzmann distribution of veloc- 
ities 4 ( u )  dv of the product of the relative velocity u times the cross section 
cr~(v ) .  Typically, for neutron captures it is seen that OA(V) cx l / v !  thus 
( a ~ ( v ) v )  is very nearly constant and it is useful to define the Maxwellian- 
average ( r ~ )  of the cross section a.~(w) so that: 

(aA) V t h  = (OA ( u )  u ) ,  

where ‘Uth is the thermal velocity4. When replacing time with the time- 
integrated neutron flux, or neutron exposure r: 

r = .i’ N,vthdt 

one has: 

- = NA-~(oA-~) - NA(OA) 
dNA 
d r  

which in steady state conditions, i.e. when 3 approaches zero, yields 

( g A ) N A  ‘v constant, 

which means that,  in first approximation, one can derive the relative abun- 
dances produced by the s process simply by considering the relative ratios of 
the neutron-capture cross sections. This “rule of thumb” for the s process, 
however, is only valid locally because of the presence of the bottlenecks cor- 
responding to neutron magic nuclei. Because of these bottlenecks the value 
of (CTA)NA is not ‘v constant over the whole abundance distribution, but 
is characterised by steps occurring at the neutron magic nuclei, as shown 
in Fig. 2.7. The depth of these stcps is a function of the neutron exposure; 
so that different neutron exposures lead to different (OA)NA distributions. 
For the highest valiie of r shown in the Fig. 2.7, all nuclei up to  z05Tl are 
4Note t h a t  often in the  literature ( U A )  is simply written as U A .  
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in local equilibrium, as the flux proceeds to the nuclei at the end of the 
s-process path: 208Pb and '''Bi. 

So far we have considered that during the s process unstable nuclei 
always decay rather than capture another neutron. However, this is an 
approximation not always valid. For some values of neutron density and 
temperature, some unstable nuclei with relatively long half-lives can capture 
neutrons rather than decay. In these cases the s-process path splits into 
two branches. In Fig. 2.8 the branching paths starting at the unstable 
nucleus 95Zr, whose half-life is 64 days, are shown. If brunchings are open, 
nuclei that  otherwise would be classified as r only can be produced by the 
s process. The branching factor indicates the probability that the s-process 
path will deviate from the standard path. In other words, the branching 
factor is the probability that the unstable nucleus at the branching point 
will capture a neutron before decaying. A branching factor is computed as 
f ,  = X,/(X, + A,), where A, = Nn(a(v)v) ,  a(.) is the neutron-capture 
cross section of the unstable nucleus and Xp is its decay rate, i.e. Xp = 
In 2/T,/z, where is the half-life in seconds. Hence, the branching factor 
is a function of the decay rate of the unstable nucleus, its neutron-capture 
cross section and the neutron density. In an indirect way, it can also be a 
function of the temperature when the neutron-capture cross section and/or 
the decay rate vary with temperature. 

The case of the branching point at g5Zr is an important example be- 
cause the branching factor for the production of 96Zr varies largely with 
the neutron density. No 96Zr is produced if the neutron density is lower 
than about 5 x 10' c ~ n - ~ ,  but when the neutron density is as high as 10" 
cmP3, up to a 50% of the s-process flux goes through 96Zr, producing it 
in an amount dependent on its own cross section. Hence, the abundance 
of 96Zr is a discriminator of the neutron density at which the s process 
occurs. The recent measurements of Zr isotopic ratios in single S ic  grains 
are a very valuable constraint for the s process in red giant stars. This will 
be discussed in detail in Chapter 5. 

2.5.2 The r process 

As introduced earlier, the r process is characterised by very high neutron 
densities so that nuclei with a very high number of neutrons are produced. 
However, for each given element, bound neutron-rich isotopes can be be 
found with a number of neutrons up to a given value, after which it is not 
possible to capture another neutron because no energy states exist for which 

Bi.
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Fig. 2.7 The ( U A ) N A  distribution produced by the s process after different neutron exposures as a function of the atomic mass A.  
Neutron-capture cross section values are chosen for a temperature of 8 keV, corresponding to N 9 x lo7 K. Different distributions are 
obtained for the different values of the neutron exposure 7, as indicated. Dotted lines are drawn in correspondence to the neutron magic 
nuclei "Sr, 138Ba, and '08Pb. Local equilibrium ( U A ) N A  2 constant is roughly verified far from nuclei with magic neutron numbers. 
Higher neutron exposures produce heavier nuclei as the bottlenecks at neutron magic numbers are more easily bypassed. 
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Fig. 2.8 Section of the nuclide chart showing the branching path that is open at 95Zr 
in conditions of high neutron density. When the branching is open, part of the flux goes 
through 96Zr, skipping 95Mo and 96Mo. 

the neutron could be bound to the nucleus. This is called the neutron drzp 
point. During the r process, when nuclei with numbers of neutrons at the 
neutron drip point are abundant, an equilibrium between neutron-capture 
(n, y) and inverse photodisintegration (y, n) reactions is established. At 
that point 0- decay reactions also start playing a role since isotopes with 
high numbers of neutrons ,Lp decay very quickly, with half-lives typically 
of the order of seconds. Models of the r process have to include a very 
large number of unstable isotopes. The properties of these nuclei, such as 
neutron-capture cross sections and P-decay rates are difficult to measure 
and are usually calculated by theoretical nuclear models. 

For the r process to produce the solar r-process abundance distribution 
of elements up to uranium, with A = 238, it is necessary to have a very large 
number of free neutrons. The typical seed nuclei, i.e. the nuclei on which 
the neutron-capture process starts, are nuclei belonging to the iron peak and 
have A around 60 to 100. This means that the r process is efficient enough 
to produce the solar abundances of r-process elements if there are about 
100 to 200 free neutrons present per seed nucleus. The exact composition of 
the seed nuclei depends on the previous nucleosynthesis phases, so that the 
exact number of neutrons needed to produce the solar distribution depends 
on the site where the r process occurs. 

The modelling of the r process is challenging not only in the nuclear 
physics involved, but also with regards to the site where it could occur. For 
a detailed review of what is described below see Ref. [190]. Possible sites 
for the r process are SNII explosions, in particular at the time when, as the 
temperature drops, material freezes out from nuclear statistical equilibrium 
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(similar to the case of the alpha-rich freeze out process described in Sec. 2.4). 
When the nuclear gas cools down the first reactions to become unimportant 
are those involving charged particles. When charged-particle reactions stop 
and if the material is very neutron rich, neutron-capture reactions can occur 
on seed heavy nuclei that were produced during the e process. 

There are other situations in which a very neutron-rich material exists, 
for example, in neutron stars, neutron-rich nuclei could be present together 
with free neutrons in degenerate conditions. A neutron star is usually the 
core of a former massive star left after a SNII explosion and is similar 
in structure to a white dwarf in the sense that also in the case of the 
neutron star the pressure produced by degenerate material sustains the 
star against gravitational collapse. In the case of the neutron star, though, 
the density approaches the density of the nucleus and the degeneracy is 
produced by neutron pressure rather than by electron pressure. If material 
from a neutron star escapes into space then it could be the site for another 
flavour of the r process, this time unrelated to statistical equilibrium. 

Various scenarios have been proposed for the r process in relation to 
SNII explosions and neutron stars, with possible locations varying from the 
region at  the boundary of an exploding massive star core, where material 
escapes into space or falls into the neutron star; rotating stellar cores with 
or without magnetic fields; the disruption of a neutron star turning into a 
black hole because of accreting material from a companion; and neutron 
star-neutron star collisions. In all these cases the r-process products are 
of primary nature, i.e. the production of the seed nuclei from which the 
building of heavy elements starts occurs in the same site as the production 
of heavy elements. 

There are also situations in which the r-process products are of sec- 
ondary nature, i.e. the seed nuclei were initially present in the stellar 
site where the production of heavy elements occurs. In these cases the 
T process is unrelated to statistical equilibrium and the neutrons are pro- 
duced by a-capture reactions such as 13C(a, n)160, 22Ne(a, 7~)’~Mg and 
2 5 M g ( a ,  n)28Si, which occur at temperatures lower than about one billion 
degrees, at which statistical equilibrium has not set in. Large numbers of 
neutrons can be released by the reactions listed above, for example, in the 
helium shell of an exploding SNII. This model does not seem capable of 
making enough neutrons to reproduce the solar system r-process distribu- 
tion. However, it can be used to explain the isotopic composition of heavy 
elements observed in presolar grains that originated in SNII explosions, 
such as the Xe-H component carried by presolar diamonds (Sec. 6.1), as 
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well as the composition of Mo and Zr measured in S ic  grains of type X 
(Sec. 4.8.3) and in some graphite grains (Sec. 6.2). These compositions, in 
fact, do not display the signature of a proper r process, but rather that of a 
weak neutron burst. Also, the detailed modelling of nucleosynthesis in the 
He shell during a SNII explosion, led to the discovery of another type of 
process: the v process. During the SNII event spallation reactions breaking 
down nuclei in the helium shell because of the bombardment of neutrinos 
from the nascent neutron star, result in the ejection of nucleons. In this 
case an interesting type of nucleosynthesis results leading, for example, to  
the production of the rare element fluorine. 

All the scenarios described above present unresolved problems in try- 
ing to match the solar r-process abundance distribution and to explain 
other observational constraints related to the r process. These constraints 
include: 

(1) experimental and theoretical nuclear properties, which, together with 
the solar r-process abundance distribution, indicate that the r process 
did reach the (n, y)  ~ (y, n) equilibrium conditions, and that the three 
r-process peaks in solar distribution were produced by different com- 
ponents [158]; 

(2) observations of r-process elements in stars of very low metallicity, which 
point to a primary origin for the r process and support the idea that dif- 
ferent r-process production sites are responsible for lighter and heavier 
r-process elements (see e.g. Ref. [ass]); 

( 3 )  the total abundance of r-process elements compared with the rate of 
occurrence of SNII. This comparison indicates that SNII would produce 
too much r-process material because a large fraction of the core must 
be expelled in order to recover the elements produced by the r process, 
given that the needed high neutron excesses are only found deep in the 
core. 

A possible site for the r process has been identified in the neutrino- 
driven winds of a neutron star that is forming just after a SNII explosion 
(see Ref. [190] for a discussion). However, the potential of this site for the 
r process remains an open question and many studies have been devoted 
to provide an improved physical description of this situation, for example 
considering the role of magnetic fields [276], the effects of boundary condi- 
tions [273] and the inclusion of light neutron-rich nuclei [272]. Other more 
or less exotic alternative scenarios have been proposed, such as r-process 
nucleosynthesis in relation to the possibility of prompt explosion in SNII, 
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i.e. when the shock wave itself rather than absorption of neutrinos from the 
core is the mechanism responsible for ejecting the mass of the star [268], the 
production of r-process elements in accretion disks around newly formed 
neutron stars and their ejection by jets from the disks [52], the possibil- 
ity of having r-process nucleosynthesis without a neutron excess [191], and 
the accretion-induced collapse of a white dwarf into a neutron star in a 
binary system [227]. The mechanism for the production of the r process 
elements is still elusive and remains one of the greatest puzzles of modern 
astrophysics [113]. 

2.5.3 The p process 

As shown in Fig. 2.6, p-only nuclei cannot be produced by neutron cap- 
tures. These nuclei have very low abundances in the solar system with 
respect to the other stable nuclei of the same elements. For example the 
abundances of the p-only nuclei 136Ce and 138Ce represent only 0.19% and 
0.25%, respectively, of Ce in the Solar System. However, there are a few 
p-only nuclei that are exceptions to this rule: "Mo and 94M0, which repre- 
sents 15% and 9%, respectively, of the total abundance of molybdenum, and 
96Ru and 144Sm, which represents 5% of the total abundance of ruthenium 
and samarium, respectively. 

The production of p-only nuclei can be ascribed to  proton captures or to 
disintegration processes. In both cases these nuclei are produced starting 
from material already enriched in heavy elements. For proton captures, 
the scenario could be similar to that applicable to the r process in relation 
to nuclear statistical equilibrium: in the case of the T process the material 
freezing out from equilibrium must be neutron rich, in the case of the p 
process the material must be proton rich. In this situation the production of 
proton-rich nuclei by proton captures is balanced by disintegration reactions 
(7, n) and /?+ decays of unstable nuclei. In the alternative scenario, proton- 
rich nuclei are produced by the disintegration of heavier elements. Within 
the disintegration scenario it is possible in principle to explain why 92Mo 
and 144Sm are more abundant with respect to other p-only nuclei: these 
two p-only isotopes have a magic number of neutrons ( N  = 52 and 80, 
respectively) hence their disintegration (7, n) rates are small and they act 
as bottlenecks when disintegration processes are a t  work. Some p-only 
isotopes can also be produced by the v process described in section 2.5.2. 
As in the case of the r process, laboratory P-decay rate measurements are 
crucial to the modelling of the p process [247]. 
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It is reasonable to assume that the production of p-only nuclei occurs 
in different sites, such as SNII explosions [230], supernova-driven accretion 
disks around neutron stars [96] and also SNIa explosions [103]. A major 
constraint to  the models comes from the solar abundance distribution, in 
particular the high abundance of "Mo. Constraints also come from presolar 
material: the presence of extinct radioactive 146Sm, a long-living isotope 
produced only by the p process, has been discovered in meteorites [225]. In 
the Xe-HL component of presolar diamonds the signature of the p process 
appears together with that of the T process (Fig. 1.3). However, no detailed 
studies have been recently dedicated to the explanation of such a signature. 
Also one presolar SIC grain of type A+B has been discovered showing the 
signature of the p process in its Mo composition [244] (Sec. 4.8.2). 

2.6 Exercises 

(1) The relative abundance of each nuclear species i in a given material 
is usually represented by the fraction of the mass of the species i with 
respect to the total mass: X i  = Mi/M,  or by the abundance in number 
per atomic mass unit (mu):  x/mu = n i / p ,  where ni is the number of 
particle per unit of volume and p is the density. Note that Ci X i  = 1 
by definition. Show that for each species a :  

Yi = X,/Ai 

where Ai is the atomic mass of species i. 
(2) The rate at which a nuclear reaction involving the fusion of nuclei of 

two different species i and j in a material is calculated as the number of 
reactions that occur when a flux of nuclei i is moving with a Maxwellian 
distribution of velocities with respect to nuclei j: 

ninj (flu) , 
where ni and nj are the the number of particle per unit of volume of 
each species and (OD) is the Maxwellian-averaged cross section. The 
cross section o represents an area around each target nucleus in which 
interaction results in fusion. Show that the reaction rate units are 
number of reactions per unit of volume per unit of time. (Note that 
to describe reaction rates independent of their site of occurrence often 
the formula NA(OW) is used, where N A  is Avogadro's number and the 



58 Stardust f rom Meteorites 

units are number of reactions per unit of volume per unit of time per 
mole, see e.g. Fig. 5.1). 
Express the rate using the quantities Y and X for the two species, as 
defined in the previous exercise. 

(3) The neutron excess of a given material can be calculated as 

a 

where N, and 2% are the numbers of neutrons and protons of each 
nuclear species, and Y, is its abundance in number. Slow that the 
neutron excess can also be represented by 1 - 2Ye, where Ye is the 
total abundance of electrons per nucleon. 
Starting with a material of typically solar composition, i.e. metallicity 
2 = 0.02, show that after H and He burning the neutron excess of the 
material increases by 0.0018. 

(4) Xenon (Xe, 2 = 54) has nine stable isotopes with atomic mass numbers: 
124, 126, 128, 129, 130, 131, 132, 134 and 136. In the periodic table 
of elements iodine (I, 2 = 53) and tellurium (Te, 2 = 52) precede 
xenon. Iodine has only one stable isotope: lZ7I, while Te has eight 
stable isotopes: 120, 122, 123, 124, 125, 126, 128 and 130. 
Draw a schematic nuclide chart similar to that shown in Fig. 2.6 and 
locate the stable isotopes of Te, I and Xe. Draw the s-process path in 
this region of the nuclide chart and identify which of the Xe isotopes 
are s ,  T and p only. Discuss your findings in relation to the isotopic 
signatures in presolar grains Xe-S and Xe-HL shown in Fig. 1.3. 

(5) Calculate the branching factor for the branching point at 95Zr for 
N, = 5 x 107,5 x 10s,5 x lo9 ,  and 5 x 1O1O cmP3. The half-life of 
g5Zr does not vary with temperature and is equal to Tl/a= 64 days. 
The Maxwellian average neutron-capture cross section of 95Zr at a 
temperature corresponding to 23 keV is (c) = 60 mbarn [280], and 
vth(23 keV) = 2.1 x 10' cIn/s. 



Chapter 3 

Laboratory Analysis of 
Presolar Grains 

This chapter describes the main laboratory techniques currently used to 
recover presolar grains from meteoritic rocks, and to analyse them for their 
elemental and isotopic compositions. 

Different procedures have been elaborated to extract or locate the 
grains, depending on their types. Diamond, graphite and Sic  grains are 
extracted using an isolation (i.e. separation) procedure that involves chem- 
ical and physical methods. Other types of grains, such as corundum, have 
been located and analysed by ion-imaging techniques. 

Grains can be viewed using electron microscopes, and their morphologic 
and mineralogical properties can be determined. Their elemental and iso- 
topic compositions can be obtained by extracting and counting ions of the 
elements and isotopes that compose them. 

3.1 The isolation of diamond, graphite and Sic  grains 

To recover diamond, graphite and Sic  grains physical separation procedures 
alone do not work because the grains are strongly attached to other com- 
ponents of the matrix of the meteorite such as clay minerals and kerogen, 
i.e. macromolecular organic carbon. Hence, the various components of the 
rock need to be destroyed with appropriate chemical solvents. The exact 
isolation procedure was developed by trial and error, because the nature 
of the grains was unknown and hence researchers had to be very cautious 
not to use a chemical agent that would destroy the presolar material. The 
anomalous noble-gas components (described in Sec. 1.2) were used as the 
thread to their presolar carriers: at each step it was necessary to check that 
such components, and hence the presolar material, were still present in the 
residual material left after the treatment [270]. 

59 
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Hereafter it is summarised the isolation procedure to extract presolar di- 
amond, graphite and S ic  grains from a portion (named K) of the Murchison 
meteorite presented in Ref. [la]. By this procedure it is possible to recover 
more than 70% of the original presolar grains, as deduced by comparing the 
amounts of the anomalous noble-gas components at various phases of the 
treatment. The final result consists of several meteoritic residues in which 
the different types of presolar grains are concentrated. Depending on the 
separation procedure, the mineralogical purity of these residues can be very 
high, e.g. close to 100% for diamonds and higher than 90% for S ic  grains. 
All the S ic  grains are of presolar origin, however the fraction of diamonds 
of presolar origin is still uncertain, as discussed in Sec. 1.4 and Sec. 6.1. 

First, Murchison K was disaggregated by freeze-thaw cycles. The mate- 
rial was then separated into fractions with different sizes, from 1 to 1000 pm. 
The fractions with sizes between 30 and 1000 pm were renamed Murchi- 
son K and further processed for the extraction of presolar grains. The 
laborious steps of the procedure are schematically summarised in Fig. 3.1. 
The first step involved dissolving the silicates, which represent = 96% the 
rock. To this aim the material was treated in different cycles using strong 
acids such as hydrochloric (HC1) and hydrofluoric (HF) acids. The residue, 
named KA, was composed of mud and contained sticky kerogen as well as 
sulfur. These were removed in a second step using the strong base KOH 
(potassium hydroxide), leading to the separate named KB. Oxidation with 
H202 (hydrogen peroxide) helped to destroy sulfur compounds and some 
of the kerogen. At this point nearly 99% of the meteorite was dissolved. 
The removal of KOH and H2Oz were performed by various means, such as 
ultrasonication, i.e. subjecting the sample to ultrasound so as to fragment 
the macromolecules in it, decantation, i.e. carefully pouring the solution 
from a container, leaving the sediments in the bottom of the container, and 
centrifugation, i.e. applying a centrifugal force so as to more rapidly and 
completely cause the sediments to settle. At this point a black substance 
consisting of ultramicroscopic particles (colloid) formed in the material and 
was extracted. This colloid contained the presolar nanodiamonds. 

The sediment left after the colloid extraction, named KC, contained 
oxides, S i c  and other carbonaceous phases from kerogen to graphite. Be- 
cause graphite has a lower density (< 2.2 g/cm3) than Sic  and spinel (> 
3 g/cm3), it could be extracted by sorting the mixture of minerals by den- 
sity. Density separation is performed by placing the sediment in a liquid 
with a given density, in which grains with densities less than that of the 
liquid float and grains with densities greater than the liquid sink. Sodium 
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Fig. 3.1 Schematic summary of the steps required for the isolation of diamond, graphite 
and Sic  grains. The average sizes of the different fraction of Sic  grains are indicated in 
the bottom boxes. 

polytungstate dissolved in water was used as the high-density liquid. When 
analysed for the anomalous noble-gas components the fraction with den- 
sity from 1.6 to 2.2 g/cm3, KE and KF, turned out to contain 70% of all 
the Ne-E(L) component. The fractions in such density range were then 
separated by size with grains lower or higher than 1 pm. The grains with 
size larger than 1 pm contained presolar graphite, carrier of the Ne-E(L) 
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component. The remaining fraction with density higher than 2.3 g/cm3, 
KJ,  was further treated to remove spinel as well as any remaining graphite, 
kerogen, and diamond. The remaining greenish-white residue of Sic was 
then separated into nine groups of grains of different size. 

3.2 Looking at presolar grains 

Optical microscopes can at best magnify an object a thousand times with 
a resolution of about 0.2 pm. Because the size of presolar grains is around 
or below a micrometer, it is not possible to obtain detailed images of them 
with a conventional optical microscope and it is necessary to use an electron 
microscope. Electron microscopes function as optical microscopes except 
that they use a focused beam of electrons instead of light to “see” the 
specimen. In electron microscopes a stream of electrons is formed by a 
source and accelerated toward the sample using an electrical potential. The 
stream is focused into a small beam onto the sample using metal apertures 
and magnetic lenses as collimators. When the sample is irradiated by the 
electron beam particles are produced by interactions. These are typically 
electrons and photons which are detected, collected and sorted. They carry 
various pieces of information about the sample. 

Pictures of presolar grains in black and white such as those shown in 
Fig. 1.5 and 1.6 are obtained using a Scanning Electron Microscope (SEM). 
In a SEM a set of coils close to the sample makes the focused beam “scan” 
the sample in a grid fashion moving back and forward and row by row across 
the sample. Particles that are produced by interaction between the beam 
and the sample and bounce back from the samples are detected. These 
include: 

(1) secondary electrons, released by atoms of the sample when an incident 
electron passes nearby. These yield information on what the sample 
looks like so that images can be produced, which are useful to see the 
surface structure of the grains; 

( 2 )  back-scattered electrons, which give information on the number of pro- 
tons characterising the nuclei of the analysed material; and 

(3) X-rays, emitted by the sample when higher-energy electrons fill lower- 
energy states (typically the K shell for elements such as Mg and Al, and 
the L and M shells for heavier elements) freed by a small fraction of the 
secondary electrons. Their energy yields information on the elements of 
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which the sample is composed so that the chemical nature of the grains 
can be determined by Energy-Dispersive X-ray spectroscopy (EDS) . 

By SEM X-ray mapping of polished sections of meteorites it was possi- 
ble to identify for the first time presolar Sic  grains in situ [4], once their 
chemical nature was a priori known through the grain isolation work. 

Also the Transmission Electron Microscope (TEM) is used to “see” 
presolar grains, in particular to study the structure of the crystals on very 
small scale. In this case the sample is irradiated by the electron beam and 
the electrons that pass through the sample are focused to strike a phos- 
phor screen, producing light and generating a visual image. The darker 
and lighter areas of the image represent, respectively, thicker and denser or 
thinner and less dense areas of the sample because the thickness and the 
density of the material determine the number of electrons that are trans- 
mitted. Also electron diffraction studies can be carried out with TEM. 
They provide information on the crystal structure of samples and the iden- 
tification of specific minerals. 

For viewing by TEM, specimens have to  be cut into slices thin enough 
to transmit the electrons. For example if the electrons in the beam have an 
energy of 200 keV, the specimen must have a thicknesses less than 100 nm. 
A way of slicing presolar grains is by using a diamond knife attached to an 
ultramicrotome. A single presolar grain is placed at  the bottom of a gelatin 
capsule and then covered with a low-viscosity resin that can become very 
hard. The gelatin capsule is then removed and a square plateau containing 
the grain is carved in relief from the resin using a sharp glass knife. The 
resin block is then mounted into the ultramicrotome chuck that can be 
moved in increments as small as a few tens of nanometers. The plateau 
containing the grain is then sectioned with a highly sharpened diamond, 
and the thin slices float off onto a water surface where they can later be 
retrieved for study in the TEM. 

The use of electron microscopes allows us to investigate the mineralogi- 
cal and microstructural properties of presolar grains, thus providing invalu- 
able information on the condensation history of the grains [29] (Sec. 1.5.2). 

3.3 Isotopic measurements with mass spectrometers 

The isotopic composition of a sample is measured by extracting and count- 
ing the number of atoms of a given isotope, i.e. the number of atoms of 
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a given mass, since different isotopes have different atomic mass. Mass 
Spectrometers (MSs) are instruments designed to extract ions from a sam- 
ple, separate them depending on their mass and measure the number of 
ions of each mass. The mass resolution of a mass spectrometer is defined 
as R = m/Am, where m is the mass of the ion and Am is the difference 
with the next observable mass. Because typically both ions of atoms and 
of molecules are extracted from a sample, a high MS resolution is impor- 
tant to measure isotopic compositions of some elements by ensuring that 
atoms are separated from molecules with very similar mass. A high mass 
resolution is achieved during an experiment by different procedures applied 
before MS analysis, such as chemical separation and the choice of specific 
ion sources to eliminate molecular interferences. To prevent any interaction 
of the ions with the residual gas in the MS, it is necessary to operate MSs 
under as close to high vacuum conditions as possible, which are produced 
using vacuum pumps. 

Ions of different masses are separated in space or time using different 
methods. Separation in space is performed by applying and varying an 
electric and/or a magnetic field. This procedure is based on the fact that 
ions of different masses follow different trajectories in an electromagnetic 
field. For example, ion paths are deflected by the presence of a magnetic 
field and turned into circular orbits in which the radius r is given by the 
balance between the centripetal force produced by the magnetic field and 
the centrifugal force so that: 

where m is the mass of the ion, u its velocity, q its charge and B is the 
applied magnetic field. Ions travelling with a given orbital radius can then 
be selected by an appropriately positioned detector. Separation in time can 
be performed by means of a time-of-flight MS, which uses the differences in 
transit time of ions of different masses and the same energy in an electric 
field. If an electric field with voltage V accelerates ions of charge q into a 
tube, each ion will have a fixed kinetic energy of 

1 
2 

qV = -mv2 

Hence lighter ions have a higher velocity than heavier ions and reach the 
detector at the end of the tube earlier. This system operates in a pulsed 
mode so ions are produced and extracted in pulses. 



Laboratory Analysis 65 

Once the ions are separated their number is analysed using an ion de- 
tector, such as a Faraday cup, which is a metal cup placed in the path of 
the charge ion beam and attached to an electrometer measuring the re- 
sulting electrical current, or an electron multiplier tube or a channel plate, 
which are designed to  eject secondary electrons when struck by an ion hence 
multiplying the ion current and amplifying the electric signal to produce a 
detectable pulse for every ion arrival, in this case, counted one by one. 

To extract ions from a sample different methods can used, which are 
explained below. 

3.3.1 Noble-gas extraction 

Noble gases are very difficult to ionise and they are extracted by stepped- 
heating combustion of the sample to high temperatures, up to 2000 degrees 
[168]. The temperature of the sample is increased in discrete steps and 
the gases releases at each step are separated and analysed. Because noble 
gases have very low abundances in presolar grains, it is necessary to per- 
form measurements on a considerable amount of material so that average 
information on the composition of many grains is obtained. It is still pos- 
sible in this case to have differential information by means of considering 
the results obtained at  the different temperature steps. 

Isotopic measurements of He and Ne have been possible in single grains 
through a technique in which the gases are released from the grains us- 
ing a laser, and then ions are produced by electron impact in the gas 
[157,201,202]. 

3.3.2 

To measure the composition of single presolar grains it is necessary to ex- 
tract ions from samples made of very tiny particles. A Secondary Ion Mass 
Spectrometer (SIMS), also called an ion microprobe, allows the analysis of 
samples of sizes down to - 1 pm. In a SIMS, ions are extracted by using 
a primary ion beam, made for example of Cs+ ions, accelerated to an en- 
ergy of = 20 keV and focused onto the surface of the sample. A schematic 
representation of this process is shown in Fig. 3.2. 

The interaction of the ion beam and the surface of the sample has 
three effects: the upper layers of the sample are mixed and turned into 
amorphous material, atoms from the primary ion beam are implanted in 
the sample, and some secondary particles (atoms and small molecules) are 

Secondary Ion Mass Spectrometry (SIMS) 
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ejected (“sputtered”) from the sample. The ionisation efficiency indicates 
how much of the sputtered material comes off as ions and it varies depend- 
ing on the element. For some elements it is as high as lo%, for some other 
elements it is lower by several orders of magnitude. The ions are extracted 
from the sputtering area by applying an electric field between the sample 
and an extraction lens. The lens focuses the ions into a secondary beam, 
which is finally sent to a mass spectrometer to be analysed. 

primary 

mass 
spectrometer 

I I 

4 
I beam of secondary 
I ions to be analysed 

I extraction lens 

I 

I 

ion beam 
I 

I 
I 

sample 

Fig. 3.2 Schematic representation of the ion extraction method in SIMS. 

The size of the sputtered area depends only on the diameter of the 
primary ion beam, which is typically of the order of a micrometer, hence 
SIMS analysis has a relatively high spatial resolution, allowing the analysis 
of presolar grains belonging to the largest-size region of the distribution. 
Also, since material can be continually sputtered from a surface, it is pos- 
sible with SIMS to determine the composition as a function of distance 
from the original surface (depth profiles) hence performing measurements 
in three dimensions. The SIMS technique has been used extensively to 
measure the composition of Sic and graphite grains in particular at the 
Laboratory for Space Science of Washington University in St Louis (USA) 
and at the Max-Planck-Institute for Chemistry in Mainz (Germany). 

However, only a small fraction of presolar grains could be analysed, i.e. 
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grains of sizes larger than about a micrometer (such as Sic  grains in the 
residues KJE, KJF, KJG, KJH and KJI shown in Fig. 3.1). Yet, smaller 
grains actually constitute the majority of presolar dust and an improved 
instrument was necessary to analyse grains with sizes down to N 0.1 pm 
(such as S ic  grains in KJA, KJB, KJC and KJD). Since 2000 the two lab- 
oratories mentioned above have been equipped with the next generation 
SIMS: the NanoSIMS (manufactured by Cameca, France), whose primary 
ion beam has a diameter as low as 30 nanometers, as opposed to a few pm 
for the old instrument (see e.g. Ref. [121]). A photo of the  NanoSIMS is 
shown in Fig. 3.3 and the main parts of the instrument are indicated. The 
NanoSIMS has an extremely high spatial resolution and it is able to focus 
on particles with sizes smaller than a micrometer, making it the ideal in- 
strument for recovering and analysing small presolar grains. There are also 
other improvements over the previous generation of SIMS. The secondary 
ion transmission efficiency at high mass resolution, necessary for most iso- 
topic analyses, is much higher, a t  higher mass resolution, than in the old ion 
microprobes, which means that more secondary ions reach the mass anal- 
yser and measurements result in higher precision. Moreover, it is possible 
to measure different masses simultaneously using five electron multipliers. 
The NanoSIMS is a new and very complex instrument. There are more than 
200 parameters to adjust for each measurement. Not surprisingly it took 
some time for the instruments to become operational. New discoveries have 
began to be reported (see Sec. 1.4 and, e.g., Refs. [ll, 180,200,261,3041) 
and it is foreseen that the use of the NanoSIMS will produce considerable 
progress in the laboratory study of stardust in the coming decades. 

3.3.3 The advent of Resonant Ionization Mass 
Spectrometry ( R I M S )  in trace element analysis 

Great advances have been made in recent years in the task of measuring the 
isotopic composition of elements heavier than Fe in presolar grains. The 
problem with such elements is their very low abundance, down to levels 
of one part per million. They are considered trace elements in presolar 
grains. Previously, Thermal Ionization Mass Spectrometry (TIMS, as well 
as SIMS [305]) was applied to measure the composition of refractory mate- 
rials in presolar grains, including heavy trace elements [218,224,226,234]. 
In this technique, a sample is deposited on a metal ribbon and an elec- 
tric current heats the metal to a high temperature so that positive ions of 
different elements at different temperatures are generated by the process 



Laboratory Analysis 69 

of thermal ionization. Because this technique sometimes involves chemical 
preparation to purify the sample, and because the abundance of trace ele- 
ments is low, it was necessary to have a considerable amount of material in 
the sample. Hence it was possible to make measurements only on samples of 
grains in bulk, i.e. collections of a large number of grains. These measure- 
ments, performed on S ic  grains in bulk, have yielded precious information 
on the isotopic composition of many s-process elements, providing strong 
constraints to the theoretical models (see e.g. Refs. [98,100]). However, 
the information is restricted to the average composition of many grains. 
Differential information is only possible by the analysis of S ic  grains of 
given sizes in bulk. However, the analysis of the elemental and isotopic 
composition of the grains should be, ideally, performed on single grains, 
since each grain can in principle have a different composition and add a 
new constraint to theoretical models. 

To measure the composition of trace elements in single grains, instru- 
ments of very high sensitivity are needed, to detect as much as possible 
of the low concentration of such elements. With the SIMS instrument it 
is possible to measure trace element concentrations in single grains [lo], 
but typically not their isotopic composition because the sensitivity of the 
instrument is not high enough. In other words, the abundance of ions of 
trace elements extracted from a single presolar grain is too small to pro- 
duce a statistically significant signal. With the advent of the NanoSIMS, 
it is now possible to measure the composition of heavy elements in single 
grains using the SIMS technique [180,181]. However, only the composition 
of some heavy elements can be measured because, for many elements of 
interest, interferences by isotopes of the same mass (isobars) are present. 
This means that it is not possible to distinguish between isobars of different 
elements, such as 96Mo and "Zr (see Fig. 2.6). 

In the mid-1990s a new instrument of high sensitivity (the 
Chicago-Argonne Resonant Ionization Spectrometer for Mass Analysis, 
CHARISMA) was developed at the Argonne National Laboratory (USA) 
with which it is possible to  analyse the composition of trace elements in 
single presolar grains of relatively large size (such as KJG Sic  grains, refer 
to Fig. 3.1) avoiding mass interferences [178,243]. This instrument makes 
use of Resonant Ionization Mass Spectrometry (RIMS). The ion production 
method is schematically represented in Fig. 3.4. One or more lasers (beams 
of photons all with the same frequency and phase) are tuned to the same 
energies needed to excite an atom of a given element to  higher and higher 
energy levels, i.e. the lasers are in resonance with the atomic levels of the 
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Fig. 3.4 Schematic representation of the ion extraction method in RIMS. In this picture 
one photon of frequency v1 excites an atom to an intermediate state and a second photon 
of frequency v2 brings the atom above its ionization potential. 

element. This is repeated two or three times, until the energy of the atom 
is above its ionization potential, electrons are freed and an ion is created. 
This method must be applied to material in the gas phase, thus the solid 
grains are first vaporised into a plume of neutral atoms and molecules by 
laser-induced thermal desorption. Since each element has a unique energy 
level structure, RIMS provides an ionization method that selects which ele- 
ment is going to be ionised and hence mass interferences are automatically 
avoided. The RIMS technique has extremely high sensitivity so that enough 
ions are extracted, even in the case of trace elements, to allow a relatively 
precise measure of the isotopic composition of the element. 

CHARISMA has been applied to date to the measurement of Zr [203], 
Mo [204], Sr [205], Ba [245] and Ru [246] in single presolar large Sic grains, 
and of Zr and Mo in graphite grains [206] from the Murchison meteorite. 
These data are of invaluable significance in the study of the nucleosynthetic 
processes that produce elements heavier than Fe, as will be discussed in de- 
tail in Chapter 5 and Secs. 6.2 and 4.8.3. A similar technique has also been 
used to characterise polycyclic aromatic hydrocarbons (PAH) molecules in 
graphite grains [ 1871. 

from
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3.4 Location and analysis of rare types of presolar grains 

Presolar oxide grains are difficult to locate because they have to be recog- 
nised among the large number of oxide grains of solar-system origin. The 
first meteoritic oxide grains were located by analysing a meteoritic residue 
dispersed on a surface with a scanning electron microscope, searching for 
those grains among many thousands that would correspond to the required 
type. The selected grains were subsequently analysed with the ion mi- 
croprobe in order to establish their isotopic composition and hence their 
possible stellar origin [136]. This procedure is extremely demanding with 
regards to operational time, and faster techniques have been recently im- 
plemented for the search of presolar oxides and other rare presolar grains. 
A fast procedure used at  the Max-Planck-Institute for Chemistry in Mainz 
and at Washington University in St Louis is dedicated to the extraction and 
analysis of rare types of presolar grains. This technique was first applied 
successfully to a grain-rich residue from the Tieschitz meteorite by Nittler 
et al. 12121 to recover a relatively large number of presolar oxide grains. 

The analysis involves three different phases. First, candidate presolar 
oxide grains showing exotic composition are located by ion imaging, an 
operational feature of the ion microprobe that allows one to “photograph” 
the isotopic composition of large areas of the sample. The meteoritic residue 
is dispersed onto a surface resulting in a random distribution of grains, 
among which are those of rare types. The sample area on which the grains 
are deposited is then “mapped” as a function of the abundance of a given 
isotope. This is done by defocusing the primary beam so that it illuminates 
a relatively large area (e.g. 100 m in diameter). Secondary ions are emitted 
from different spots within this area and, by going through the electrostatic 
lenses, produce an electronic image which is converted to an optical image 
via a microchannel plate and a phosphor screen. Since the secondary ions 
go through the mass spectrometer, they are mass separated and in this way 
it is possible to obtain the image of a selected isotope. A magnified image 
at high spatial resolution of the sample surface is thus produced, showing 
the regions of the area where the given isotope is more abundant. These 
regions represent grains composed by the given mapped element. 

For example, from an image mapping the abundance of 28Si, such as 
the top panel of Fig. 3 . 5 ,  it is possible to locate the position of SIC grains, 
while for an equivalent image mapping the abundance of l60 it is possible 
to locate the position of oxide grains. Isotopically anomalous oxide grains 
are identified among all oxide grains by mapping the abundance of “0, as 
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Fig. 3.5 Ion images of 28Si (top) and 30Si (bottom) covering an area of 100 x 100 pm2. 
The grey colour scales from darker zones, where the selected isotope abundance is higher, 
to lighter regions where the abundance is lower, with overlayed contours. The colour is 
scaled so that grains with isotopic abundances close to solar look similar in both images. 
A Sic-X grain, characterised by depletion in 30Si with respect to solar, is indicated by 
the arrow (courtesy Larry Nittler). 

well as that of 160. Sixty oxide grains were found by Nittler et al. [a121 as 
candidates to be attributed a presolar origin because their '60/'s0 ratio 
deviated by more than 3n from the average of the Gaussian distribution 
fitted to all the 17,000 mapped grains. Of these, 38 grains were confirmed to 
have anomalous composition, indicating a presolar stellar origin, by detailed 
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analyses of all three 0 isotopes. Some of the remaining presolar candidates 
were actually destroyed during the search, which represents a drawback of 
the ion mapping technique. 

Another problem is the fact that presolar grains with 160/1s0 ratio 
close to normal cannot be identified, and some presolar grains could have a 
160/1s0 ratio close to solar, but an anomalous 160/170 ratio. Performing 
the ion mapping of the l70 abundance is infeasible because its abundance 
is very low and because mapping is performed at  a mass resolution too low 
to be able to resolve ions of 160H molecules from ions of 170 atoms. To 
evaluate the fraction of presolar candidate oxide grains lost to further anal- 
ysis by the mapping technique because of not having anomalous 160/1s0, 
Nittler et al. [a121 measured 160/170 ratios in a different sample by high 
mass resolution mapping. To this aim a “semi-automated’’ method was de- 
veloped by which first the coordinates of each oxide grain where determined 
and then analysis was done at high mass resolution only at such coordinates 
and for a short time. In this way it was possible to estimate that 1/4 to 1 / 2  
of presolar grains were missed because of not having anomalous 160/1s0. 

Images of the presolar candidate grains could be obtained by scanning 
electron microscope (SEM). In this phase it was also possible to determine 
the chemical composition of the grains using X-ray spectroscopy. All the 
grains analysed were found to be corundum grains (A1203), except for one 
grain which also had a Mg X-ray peak, on top of those of 0 and Al, and was 
hence recognised as spinel (MgA1204). As a final step, after the analysis 
with SEM, each grain was analysed individually in the ion microprobe for 
its oxygen isotopic ratios and the initial ratio of the unstable 26A1 to the 
stable 27Al, as inferred from the excess of 26Mg, the decay daughter of 26A1. 

The ion imaging technique described above has also been successfully 
applied to the search of Sic  grains with isotopic composition different from 
that shown by the large majority (>go%) of Sic  grains. These rare Sic  
grains are classified into different populations and will be discussed in 
Sec. 4.8. For example by mapping the abundance of 30Si, as shown in 
the bottom panel of Fig. 3.5 ,  it is possible to locate the position of Sic  
grains belonging to the rare Sic-X population (-. 1% of Sic  grains), which 
are characterised by a large deficit of 30Si with respect to the solar system. 
In the search for grains belonging to the Sic-X population a few of the 
candidate grains selected by ion imaging turned out to be silicon nitride 
grains (Si3N4) when analysed with the SEM. These have similar isotopic 
compositions to those of Sic-X grains, pointing to a SNII origin [215]. 

The first discovery of presolar silicate grains within Interplanetary Dust 
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Particles and in the Acfer 094 meteorite, which has been referred to in 
Sec. 1.4, was accomplished by performing ion imaging with the unprece- 
dented sensitivity of the NanoSIMS instrument [188,200]. Note that, in 
contrast to the direct ion imaging in the old instruments, where the pri- 
mary ion beam is defocused, ion images in the NanoSIMS are obtained by 
rastering the primary ion beam over the sample. 

A different technique for the search of presolar grains of rare type has 
been developed at the California Institute of Technology in Pasadena (USA) 
by implementing an “automated machine vision system” on SEM [114]. The 
surface to  be analysed is divided into small areas of about 100 x 100 pm2, 
which are scanned one by one by the electron beam. Grain locations are 
identified as regions of higher intensity of secondary electrons, and recorded. 
The electron beam is redirected to the highest intensity point of each of 
these regions to obtain information on the grain chemical type through the 
X-ray spectrum. The sample, and the coordinates of the grains of interest, 
is then moved to the ion microprobe for isotopic analysis. Presolar grains 
are finally recognised on the basis of their isotopic composition. Fourteen 
presolar corundum grains from the Bishunpur and Semarkona meteorites 
were located with this technique [58] as well as two presolar hibonite grains 
(CaAli2 0 19) [59]. 

Recently, a system of fully automated isotopic measurements at high- 
mass resolution has been implemented on the ion microprobe at the 
Canergie Institution of Washington (USA) [210]. First isotopic images are 
produced by scanning a given small area of about 100 x 100 pm2. Then, 
the coordinates of individual particles are located. The primary ion beam is 
then focused on each particle, which is hence analysed for its isotopic com- 
position. The process is then repeated for another small area. This system 
allows collection of a large amount of data in a relatively easy way and it 
will be of much use in expanding the current set of data, and subsequently 
in finding more of the rare types of presolar grains. 

3.5 Concluding remarks 

The ideal information from presolar grains is represented by a complete 
dataset of the isotopic composition of all the elements present in each single 
grain. As the sensitivity of the instruments used to perform analysis of 
presolar grains increases, it is likely that this goal will be achieved in the 
near future. Each of these datasets will have to be explained consistently by 
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the model of a given stellar environment. They will represent very stringent 
and precise constraints on nucleosynthesis and stellar evolution theories. 

3.6 Exercises 

(1) What mass resolution is needed to  separate the ions of 170 atoms from 
the ions of 160H molecules? (The mass excess A of l60 and 170 are 
-4.737 MeV and -0.809 MeV, and that of H is 7.289 MeV) 

(2) If using an electric field to separate masses, how long is the time taken 
by the 170 ions to cover a given distance in the electric field, with 
respect to the time taken by the 160H ions? (Suppose that both 160H 
and 170 ions have charge equal one.) 
If using a magnetic field to separate masses, how large is the radius 
of the orbit taken by the 170 ions in the magnetic field, with respect 
to the radius taken by the 160H ions? (Suppose that the ions are 
accelerated to a given kinetic energy by an electric field of potential V 
before entering the magnetic field.) 

(3) Calculate the speed of a SIMS primary ion beam made of Cs+ ions 
( A  = 133) accelerated to an energy of 20 keV. 
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Chapter 4 

The Origin of Presolar S i c  Grains 

In this chapter we look into the details of the composition of presolar S ic  
grains. First, I discuss the classification of S ic  grains in several groups on 
the basis of their C, N and Si compositions. Then, the origin of the majority 
of S i c  grains is investigated. Using some of the basic nucleosynthesis tools 
from Chapter 2, we will see how the compositions of S ic  grains can be used 
as valuable constraints on theoretical models, in particular of the evolution 
and nucleosynthesis of stars of low mass. 

4.1 Classification of S ic  grains on the basis of their C, N 
and Si compositions 

Thousands of single S ic  grains of relatively large size, from 1 to 5 pm, i.e. 
from the KJE to the KJH samples in Fig. 3.1, have been analysed for their 
carbon, nitrogen and silicon compositions. The isotopic distributions for 
these elements are shown in Figs. 4.1 and 4.2. Recent NanoSIMS measure- 
ments have shown that Sic grains of size smaller than those shown in the 
plots have very similar composition distributions [ll]. The data reported 
in the plots have been collected from grains recovered from the Murchison 
meteorite. However, presolar S ic  grains recovered from Orgueil, Indarch 
and other chondritic meteorites do not present any intrinsic difference in 
their composition from the S ic  grains from Murchison [a, 135,2401, when 
taking into account the differences in the distributions of the grain sizes. 
For unknown reasons, Murchison grains are, on average, much larger than 
those in the other meteorites. 

The Si isotopic ratios in Fig. 4.2 are reported, as usual, in terms of 
parts per thousands, or permil (o/oo), variation with respect to solar. For 
example, for the 29Si/28Si ratio: 
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(29Si/28Si)measured 
( 29Si/28Si)solar 

6 ( 2 g ~ i / 2 8 ~ i )  = 

where the abundant 28Si, which represents about 92% of all silicon in the 
solar system, is used as the reference isotope. 

Since the astrophysical origin of the grains imprints a signattiire on their 
isotopic composition, a first step in order to identify where S ic  grains came 
from is to classify them into different subgroups on the basis of their isotopic 
composition. This has been done using the composition of the two main 
elements composing Sic ,  i.e. silicon and carbon, and of a third element 
present in relatively large abundance, in this case nitrogen. By combiniiig 
the information presented in Figs. 4.1 and 4.2, presolar S i c  grains have 
been observed to cluster in different regions of the plots and thus have been 
divided into several subgroups, or populations. It is important to  remember 
that such classification is meant to be a tool for further investigation and 
thus it is not to be considered as a rigid, unchangeable structure. For 
example, early on, some grains were placed into two distinct populations: 
A and B, while now it has been realised that these two populations produce 
a continuum region in their carbon and nitrogen isotopic composition, and 
hence are now considered together as population A+B. Future insights may 
provide hints for making further modifications to the present classification. 

The largest of the S ic  grain populations comprises more than 90% (by 
number) of S ic  grains, and the grains belonging to it are thus named main- 
stream grains. These grains are identified by their 12C/13C ratios in the 
range 10 to 100, the solar ratio being 89, and their silicon isotopic compo- 
sition within -5% and +20% of the solar composition. The 29Si/28Si and 
3oSi/28Si are strongly correlated, with the 29Si/28Si ratios typically being 
about 30% higher than the 3oSi/28Si ratios,with respect to solar [122,127], 
the data points thus lie along a line of slope Y 1.3 (the mainstream line 
). The 14N/15N ratios of mainstream Sic  grains range between 200 and 
20,000, the terrestrial ratio used as reference being 272. 

The remaining 210% of the grains have been classified into five other 
populations, represented in Figs. 4.1 and 4.2 together with the mainstream 
grains. Their isotopic characteristics are illustrated in Table 4.1. Note 
that the abundances for grains of size > 1 pm are reported in the table. 
However, the abundance of grains in the different population depends on 
grain size, for example among grains of smaller size, SiC-Z grains are more 
abundant, up to 3% [127]. The A+B grains are mainly identified by their 
low 12C/13C ratios [15]. The X grains show a wide range of 12C/13C ratios, 
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Table 4.1 Isotopic characteristics of the populations of presolar S ic  grains. 

Name Abundance 12C/13C 14N/15N 6(  2 9 3 ' ~ i / 2 8  si) 

mainstream >go% 10 - 100 200 ~ 20,000 -50 to $200, 
b(29Si/28Si) N 

A+B N 5 %  < l o  (B) 39 ~ 10,000 N mainstream 

X -1% 10 - 10,000 10 ~ 200 negative, 

Y -1% > 100 - mainstream typically 6(2g~i/28Si) 

Z -1% - mainstream - mainstream typically 6 ( 2 9 ~ i / 2 8 ~ i )  

nova 4 grains 4 - 10 5 - 20 6(29Si/28Si) 

1.3 6(30Si/28Si) 

<5 (A) 

down to -700 

< 6 ( 3 0 ~ i / 2 8 ~ i )  

<< 6(30Si/28Si) 

< 6 ( 3 O ~ i / ~ ~ s i )  

low l4N/lSN ratios and strong enhancements in 28Si IS]. The Y grains 
are defined by having 12C/13C ratios greater than 100, and the fact that 
they typically lie to the right of the mainstream correlation line [14]. The 
Z grains are characterised by 3oSi/28Si ratios typically much higher than 
their 29Si/28Si ratios, with respect to solar [124]. Four remaining grains 
could not be included in any of the populations described above and have 
been classified as possible nova grains. They are, in fact, enriched in the 
typical products of nova nucleosynthesis: I3C, "N and 3oSi [7]. A very 
unusual grain was also found, which is not included in Fig. 4.2, showing 
extremely high 29Si/28Si and 3oSi/28Si ratios corresponding to &values E 

3000"/,, [ 171. 
The origin of mainstream SIC grains and the composition of elements 

from He to Ti in mainstream Sic grains are discussed in the main part of 
this chapter. The composition of heavy s-process elements in mainstream 
Sic grains represents the topic of the next chapter. The origin of the 
other smaller populations of Sic grains will be briefly addressed in the final 
section of this chapter (Sec. 4.8). 

4.2 Where did mainstream presolar Sic  grains come from? 

Two main clues point to the astrophysical origin of the majority of presolar 
stellar S ic  grains. The first clue is that, typically, Sic forms in a carbon- 
rich gas, i.e. in which the carbon/oxygen ratio is equal to or greater than 
unity. We have already noticed (see Sec. 1.4) that C/O 2 1 is a special 
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condition, not easily reproduced in astrophysical sites. This is because the 
major producers of C and 0 in the Galaxy, massive stars exploding as 
supernovm? of type 11, always produce more oxygen than carbon through 
complete He burning. Hence, the C/O ratio in the Galaxy is usually lower 
than unity, e.g. it is 0.4 in the Sun. The second clue for the origin of S ic  
grains is that they are the carriers of the anomalous Xe-S component (see 
Sec. 1.2), pointing to a formation site where the s process occurs. Since 
mainstream S ic  grains represent the vast majority of S ic  grains, they are 
statistically most likely to be the carriers of the Xe-S anomalies. Early 
measurements of S ic  grains in bulk, of the isotopic composition of several 
heavy elements present in trace amounts, Kr [167], Sr [219], Ba [218], Nd, 
Sm [234,235,305] and Dy [235], also showed a clear s-process signature, 
with the abundances of p- and r-only nuclei always being extremely low 
with respect to the abundances of s-only nuclei, as compared to the solar 
system composition. 

Since the 1950s, observations showed that s-process elements, includ- 
ing the unstable element technetium, are enhanced in some spectral types 
of red giant stars, also referred to as chemically peculiar red giants. In 
the current standard spectral classification scheme, which was developed at  
Harvard Observatory in the early 20th century, stars are classified on the 
basis of their surface temperature. For example, stars (among which the 
Sun) showing the absorption lines of metals such as calcium have a temper- 
ature of the photosphere between 5,000 to 6,000 K ,  because in that range 
of temperature the observed lines are populated. Their colour is yellow and 
they are classified as G-type stars. In some giant stars the absorption lines 
of complex molecules such as T i 0  are observed. This means that the tem- 
perature of the star is low enough, less than 3,500 K,  to allow the formation 
of such molecules. These are red in colour and classified as M-type stars. 
The chemically peculiar red giant stars of interest here belong to the cate- 
gory of M stars, in terms of their temperature. However, they have a special 
classification of their own due to their unusual chemistry. Stars of type M 
showing the presence of ZrO molecules in their atmospheres are defined as 
S stars. The presence of ZrO molecules implies that heavy elements such 
as Zr, which is typically produced by the s process, are enhanced in the 
atmospheres of these stars, as clearly shown by the element abundances de- 
rived spectroscopically [48,255]. Another chemically peculiar class of stars 
are C stars, where C is for carbon. These stars have spectra dominated by 
lines of carbon compounds such as Cz, CH, CN and TIC, indicating that 
C/O > 1. In particular, C(N) stars, a type of C stars, are cool red giant 
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stars very similar to M-type stars. Since in the atmospheres of C(N) and S 
stars both s-process elements and carbon are enhanced, S and C(N) stars 
are theoretically interpreted as the same type of stars at different points of 
their evolution. In particular, C(N) stars are believed to be S stars that 
have further evolved. Stars of type C(N) fulfil the two basic requirements 
to be the best candidate for the site of origin of presolar mainstream SIC 
grains: they are rich both in carbon and in s-process elements [l]. The 
existence of dust from C(N) stars in the solar system was proposed already 
a decade before the discovery of Sic  grains, on the basis of the s-process 
signatures in primitive meteorites [62,71,260]. 

A large set of evidence has built up to date indicating that C(N) stars 
are the parent stars of the vast majority of presolar S ic  grains. Evi- 
dence that Sic  molecules are present in the atmospheres of C(N) stars 
is shown by the observation of their characteristic emission line at 11.2 ,urn 
174,259,2821. Further proof is that the distribution of the 12C/13C ratio 
in mainstream Sic  grains matches that observed in C(N) stars [160] (see 
also Fig. 3 of Ref. [126]), with most of the measurements occurring in the 
range of 12C/13C between 50 and 60 both in mainstream Sic  grains and in 
C(N) stars. For elements lighter than Fe in general, there are qualitative 
agreements between the predicted composition of C(N) stars and the data 
from Sic  grains. These are discussed in the remaining of this chapter. 

4.2.1 

In the theoretical framework of stellar evolution, stars of types S and C(N) 
are identified as stars on the Asymptotic Giant Branch (AGB), which rep- 
resents a late stage of the evolution of stars of mass lower than - 8 Ma.  
The structure of AGB stars has been introduced in Chapter 2, Sec. 2.2, 
and shown in Fig. 2.4. Here, I describe in more detail the evolutionary 
path by which low-mass stars reach the AGB phase and the structure and 
properties of this type of star. 

The theoretical evolution in the Hertzsprung-Russell (H-R) diagram of 
a star of 3 MD and 2 = 0.02 (- solar) from its birth to the AGB phase 
is shown in Fig. 4.3. Hydrogen exhaustion in the core marks the end of 
the long and stable main sequence phase in the life of a star. During the 
very last phases of core H burning the star goes through a phase of overall 
contraction, from point A to point B in Fig. 4.3 and H burning begins in 
a shell around the He core. When the mass of the He core is about 10% 
of the total stellar mass, the centre starts contracting strongly under its 

Theoretical modelling of AGB and C(N) stars 
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gravitational force and the star expands by more than 100 times its initial 
size. The effective temperature drops, moving the star to the red giant 
branch, far to the right in the H-R diagram. It is at this point that, for the 
the first time, mixing of material from the internal layers of the star modifies 
the composition of the stellar surface during the First Dredge- Up. While 
the convective envelope expands outwards, its bottom border reaches down 
to inner regions of the star where the temperature had been high enough, 
during the main sequence, to change the composition of several isotopes 
via proton captures (Sec. 4.3) 

4.1 4 3.9 3.8 3.7 3.6 3.5 

LodTe)  

Fig. 4.3 Hertzsprung-Russell diagram, in which the stellar luminosity (on a Loglo scale) 
is plotted as a function of the effective (i.e. surface) temperature (also on a Loglo scale, 
and decreasing to the right), showing the theoretical evolution of a star of Z = 0.02 and 
mass 3 M a .  The label MS is for main sequence, RG for red giant, E-AGB for early 
Asymptotic Giant Branch and TP-AGB for thermally pulsing Asymptotic Giant Branch 
(see text for details and explanation of points labelled A, B and C). 

At the point labelled C in Fig. 4.3, He starts burning in the centre. Be- 
cause the temperature increases very fast from values at which He does not 
burn, below = 1 x los K ,  to 2 2 x 108 K,  where He burning is very efficient, 
and because the energy production for the 3a reaction has a strong de- 
pendence on the temperature (- T4'), the huge and sudden energy release 
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drives a central convective zone, which almost reaches the location of the 
H-burning shell. A central source of energy tends to move the star back 
toward the main sequence region, with higher effective temperatures, while 
the presence of two energy sources (core He burning and H-shell burning) 
bring the star toward lower luminosities. When He is also exhausted in the 
centre, He-burning starts in a shell around the core, now degenerate and 
rich in C and 0 produced by complete He burning. The structure completes 
the loop reaching back close to point C in the figure, and the star ascends 
the Asymptotic Giant Branch. This is so-named because the evolutionary 
track at  this point approaches the first giant branch almost asymptotically. 
In stars of mass greater than E 5 M a ,  after the exhaustion of He in the 
centre, the convective envelope penetrates inwards again mixing internal 
material to the surface during the Second Dredge- Up. 

The AGB evolution is divided into two phases: the early-AGB (E-AGB) 
and the thermally pulsing AGB (TP-AGB, which we will refer to hereafter 
simply as AGB). The onset of the thermal pulses described below is the 
dividing time between these phases. The evolution in time and in mass of 
the points defining the structure of AGB stars (see Fig. 2.4) is presented 
in Fig. 4.4. In calculation of stellar evolution the variable Mr,  representing 
the mass contained within a sphere of given radius r ,  is used as the inde- 
pendent variable, rather than the radius r .  This is because this variable is 
independent of variations in the geometry of the structure, such as expan- 
sions or contractions, and better represents a particular element of matter 
within the stars. Thus, in Fig. 4.4 the evolution of the stellar structure is 
represented using a mass coordinate. 

Since the advent of computers in the 1960s, it has been possible to per- 
form detailed evolutionary calculations capable of representing the complex 
structure of Asymptotic Giant Branch stars. The structure evolves in time 
in a very peculiar way as the H- and the He-burning shells are activated 
alternately. Models have shown that during the AGB phase the H-burning 
shell dominates the energy production for most of the time. Hydrogen is 
transformed into He at  the top of the He intershell, whose thickness con- 
sequently grows. The bottom layers of the intershell are compressed until 
their temperature and density become high enough that He burning is trig- 
gered in an almost explosive way. The thermal runaway, also known as 
thermal instability, or thermal pulse, generated by this sudden release of 
energy causes the energy transport in the whole He intershell to turn from 
radiative to convective and the material is mixed and homogenised through- 
out the region (convective pulse). In the meanwhile the H shell cools and 
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Fig. 5.2 Schematic representation of the current model for the s process in the He intershell of AGB stars (a variation of Fig. 4.4). The 
six separate mixing and nucleosynthesis phases leading to enrichment of s-process elements at  the stellar surface (1: proton diffusion, 
2: I3C production, 3: activation of the 13C neutron source, 4: mixing in the convective pulse, 5: activation of the 'Ne neutron source, 
and 6: third dredge-up) are indicated. Rough time-scales of the nucleosynthetic phases in the 13C pocket and of the convective pulse 
are reported on the x-axis. 
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H burning stops. This phenomenon was first discovered by Schwarzschild 
& Harm in 1965 [249]. A thermal pulse quenches after a few hundred 
years and the H burning starts again. This cycle is repeated 10-100 times 
with intervals between pulses of the order of lo3  - lo5 years. The total 
number of calculated pulses depends on the initial stellar mass and on the 
choice of the mass-loss law (see extensive review in Ref. [142]). Recent 
AGB models have been calculated, among others, by Boothroyd and Sack- 
mann [35,36,37,38], Lattanzio [162,163,164], Blocker [34], F'orestini and 
Charbonnel [92], Straniero et al. [265], Mowlavi [197], Herwig [115], Stan- 
cliffe et d .  [a621 and Ventura and D'Antona [284]. The most recent review 
on AGB models has been presented by Herwig [116]. A book focused on 
AGB stars, covering all their aspects and their astronomical implications 
has been edited by Habing & Olofsson [log]. 

Just after the quenching of a thermal pulse an episode of mixing may 
occur, known as Third Dredge-Up (TDU), during which a fraction of the 
material from the He intershell is carried to the envelope (see Fig. 4.4). 
During the thermal pulse partial He burning produces high amounts of car- 
bon in the He intershell. This carbon is then mixed into the envelope by 
TDU, allowing AGB stars to become carbon-rich after a certain number of 
TDU episodes. However, there are some constraints to the allowed masses 
of carbon stars. At solar metallicity, it is predicted that TDU is not ef- 
ficient enough to produce a carbon star when the initial mass of the star 
is lower than about 1.5 Ma [164,265]. However, this lower limit decreases 
for models of lower metallicity as the TDU become more efficient and it 
is easier to alter the initial composition of the star. For stars with initial 
masses above = 5 M a ,  models have shown that a phenomenon known as 
hot bottom burning prevents the formation of a carbon-rich envelope [40]. 
In these intermediate-mass stars the base of the convective envelope reaches 
temperatures of up to 80 million degrees. Under these conditions the CN 
cycle is activated, carbon is converted into nitrogen by proton captures and 
the C/O ratio remains below unity. At solar metallicity, the mass range at  
which carbon stars are expected to form is from P 1.5 to P 4 - 5 Ma [106]. 

Also of much importance, during the AGB phase the star experiences 
strong stellar winds. Observed mass-loss rates are from lo-' Ma/yr up to 
lop4 Ma/yr during the advanced AGB phases, as compared to mass loss 
from the Sun of about Ma/yr. Many AGB stars are observed to 
be pulsating variable stars belonging to the Mira class, showing periodic 
variations in luminosity and radius with periods of the order of 500 days. 
Outward shock-waves are produced in their atmospheres so that material is 
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periodically hit, and shells of gas and dust are created. These phenomena, 
together with the presence of dust, are believed to be responsible for the 
stellar winds (see e.g. [45]). The dust-rich circumstellar shells generated 
by the expelled material are observed around carbon stars. When the dust 
shells become so thick that all the visual light from the star is absorbed and 
re-emitted in the infrared, the star is obscured in the optical wavelengths. 
After the stellar envelope is completely expelled by fast stellar winds, a 
planetary nebula forms, which is characterised by a shell of material sur- 
rounding the C-0  degenerate core of the former star, which remains as a 
cooling white dwarf. 

4.3 Carbon and nitrogen in mainstream S i c  grains and in 
AGB stars 

Because the isotopic compositions of carbon and nitrogen are easily mod- 
ified in stellar interiors by proton capture via the CNO cycle, it is not 
surprising that mainstream Sic grains show such a wide range of variation 
in the isotopic composition of these elements. 

The first time that the CNO isotopic ratios are modified at the stel- 
lar surface is when the first dredge-up occurs during the red giant phase, 
carrying material from the deep layers to the surface of the star (see e.g. 
Refs. [27,39,79,89]). During the main sequence phase, proton captures oc- 
cur in the deep layers of the star, where the temperature is high enough to 
activate such reactions. The CNO composition of a stellar model of initial 
mass 3 Ma and initial solar composition, as a function of the depth in 
mass, just before the occurrence of the first dredge-up is shown in Fig. 4.5. 
The CNO abundances change at  different locations in mass, depending on 
the temperature achieved in each mass layer during the previous evolution. 
Moving deeper into the star, the temperature increases and proton captures 
become efficient. First, 12C is destroyed, while a “bump” is produced in 
the abundance of 13C, at 2 1.4 Ma in Fig. 4.5, and the abundance of 15N 
is reduced by more than an order of magnitude. Deeper in the star 13C is 
converted into ‘*N. At much deeper locations, below the H-burning shell 
located at 2 0.3 Ma in Fig. 4.5, CNO isotopes are completely processed 
by the CNO cycle and have thus reached the equilibrium values, resulting 
in the conversion of C and 0 into N. As for the 0 isotopes, the abundance 
of 160 is mostly unchanged down to the location of the H-burning shell, 
the 170 abundance presents a bump at r” 0.5 M a ,  while 180 is destroyed 
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Fig. 4.5 Abundances of the CNO isotopes on a logarithmic scale as a function of the position in mass within the star just before 
the occurrence of first dredge-up (stellar model of 3 M a  and solar initial composition). The shaded region represents the convective 
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envelope. (Note that in this calculation the initial abundance of 3He was set as zero, rather than the solar value of N lop5) .  
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below r" 1 Ma. 
During the first dredge-up, in the stellar model of 3 Ma shown in 

Fig. 4.6, the convective envelope reaches down to a mass of 0.5 Ma and 
thus all the abundances from the surface down to 0.5 Ma are homogenised 
by convection. The CNO composition at the surface of the star is modified, 
resulting in the variations in the surface abundances ratios presented in 
Table 4.2. 

Table 4.2 CNO isotopic changes after first 
dredge-up at  the surface of a 3 Ma star. 

isotopic ratio solar after first dredge-up 

12c/13c 89 25 
I4N/l5N 272 1400 
1 6 0 / 1 7 0  2660 340 
1 6 0  / I 8 0  500 650 

In Fig. 4.7 the evolution of the carbon and nitrogen isotopic ratios pre- 
dicted at  the stellar surface during the life of low-mass stars is compared 
to the compositions measured in mainstream Sic grains. The effect of the 
first dredge-up in the 3 Ma stellar model is represented by the solid line 
changing the initial solar composition to 12C/13C E 25 and 14N/15N r" 1400 
(see Table 4.2). In the 1.5 Ma model, the envelope reaches less deeply into 
the internal stellar layers and hence the predicted l4N/I5N remains closer 
to solar, at P 900. Consequently, also the 12C/13C ratio should be closer 
to solar for this stellar model. However, spectroscopic observations have 
shown that, instead, the 12C/13C ratio in red giant stars after the first 
dredge-up decreases with the stellar mass, down to values lower than 10 
[l02]. Thus, in Fig. 4.7 the predictions for the 1.5 Ma stellar model are 
forced to 12C/13C = 12 at the beginning of the AGB phase. 

The low 12C/13C ratios that are observed in red giant stars of low 
masses, cannot be explained in the framework of the first dredge-up pro- 
cess, which instead predicts that the 12C/13C ratio should increase for stars 
of lower masses. It has thus been proposed that some "extra-mixing" pro- 
cesses occur in red giant stars, after the first dredge up, by which material 
from the base of the convective envelope penetrates the underlying radiative 
region, which is by definition stable against convection. There, the temper- 
ature is high enough to further process some 12C into 13C [39,55,83,269]. 
In this way it is possible to lower the 12C/13C ratio to the observed val- 
ues. This process can only occur in stars of mass lower than approximately 
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Fig. 4.7 The C and N compositions measured in single mainstream Sic  grains (squares, 
from Fig. 4.1) are compared to the evolution of the isotopic ratios predicted at the stellar 
surface for stellar models of 3 M a  (circles) and 1.5 M a  (triangles) with initial solar 
composition during the red giant and AGB phase. The solid lines represent the change 
in composition starting from solar initial values to the values produced by the operation 
of the first dredge-up and extra-mixing phenomena during the red giant phase (see text 
for details). The open symbols represent the change in composition during the AGB 
phase because of the operation of the third dredge-up. The larger symbols are employed 
when the condition for the formation of Sic, C/O > 1, is satisfied in the envelope. 

2.3 Ma. This is because, in this case, the red giant phase lasts long enough 
to allow the H-burning shell to progress to a point in mass where it can de- 
stroy the barrier to mixing due to the composition discontinuity left behind 
by the first dredge-up (visible a t  around 0.5 Ma in Fig. 4.6). This type 
of non-standard mixing could be generated by rotation and/or magnetic 
fields. However, exactly what drives the extra mixing, and how it works is 
still largely unknown. 
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When the star ascends the Asymptotic Giant Branch, the third dredge- 
up carries 12C to the surface (Sec. 4.2.1). The star can become carbon 
rich and hence Sic  grains can form. By the end of the AGB phase, the 
12C/13C ratio reaches values higher than 100 in the case of the 3 nil, star, 
and between 2 40 and 60 in the case of the 1.5 Ma star. The N and 0 
ratios are unaffected by the third dredge-up. 

As shown in Fig. 4.7, the composition measured in SIC grains can be 
qualitatively explained using the theoretical predictions of nucleosynthesis 
and mixing occurring during the red giant and AGB phase described above. 
This is particularly true if some extra mixing during the red giant phase 
is included in the models, as required by the stellar observations discussed 
above. However, the range of isotopic ratios resulting from the models, with 
the condition that C/O > I, is far too small to explain the whole range 
covered by Sic  grain data. The measured 12C/13C ratios spread to lower 
values than those predicted, while the 14N/15N ratios spread both above 
and below the theoretical lines. 

The extra-mixing phenomena described above could in principle be at 
work not only during the red giant phase, but also during the AGB phase 
(in this case they are sometimes known as cool bottom processing). Actually, 
they seem to be required to match the 0 isotopic composition of a fraction 
of presolar oxide grains [289] (Sec. 6.3). This further CNO processing can 
also explain S ic  grain data with lower 12C/13C ratios and higher 14N/15N 
ratios than those covered by the points predicted by the models in Fig. 4.7 
[216]. Note that there are no limits for the stellar masses at which extra 
mixing could occur during the AGB phase, due to the time-scale associated 
with the advancement of the H-burning shell. In these stars, for any initial 
mass, the H-burning shell has already advanced enough in mass to have 
destroyed the discontinuity in composition left behind by the first dredge- 
UP. 

On the other hand, grains showing 14N/15N ratios lower than 1000 are 
difficult to account for, since production of 15N in AGB stars is not pre- 
dicted to occur. They could be explained by variations in the initial com- 
position of the star. In fact, the 14N/15N ratio is expected to change during 
the life of the Galaxy. However, the Galactic chemical evolution of the N 
isotopes is very complex and still uncertain (see e.g. Ref. [ass]), because 
the abundance of 14N appears to have both a primary and a secondary 
component, while 15N is produced in nova outburst and perhaps also in 
SNII. Even the solar isotopic composition of N is still uncertain within a 
factor of two [221]. 
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In summary, the C and N composition of mainstream grains can be used 
to constrain mixing processes in red giants and AGB stars and also, pos- 
sibly, Galactic chemical evolution models. Unfortunately, it has not been 
possible to precisely measure oxygen isotopic ratios in S ic  grains because 
of the low abundance of oxygen atoms. If this task could be achieved in 
the future, then these ratios will also have to be interpreted within the 
framework described above. Oxide grains (see Sec. 6.3) are also believed to 
have originated in AGB stars, but during their oxygen-rich phases. They 
have been used so far as complementary information to S ic  grains to study 
the evolution of CNO isotopes in low-mass stars. 

4.4 The Ne-E(H) anomalous component 

Silicon carbide grains are the carriers of the Ne-E(H) anomalous component, 
with "Ne enriched by a factor of 100 with respect to solar (Sec. 1.2). Only 
a small fraction, = 596, of S ic  grains actually seem to contain noble gases, 
which makes it extremely difficult to measure their composition in single 
grains. This is explained by the fact that noble gases are extremely volatile, 
and hence could not have condensed in S ic  grains. Instead, it is believed 
that these elements have been implanted into the grains, after having been 
ionised [168] (see Sec. 5 . 3 ) .  

The Ne-E(H) component was initially attributed, a t  least partly, to 
the early presence of the radioactive nucleus 22Na, which decays into "Ne 
with a half-life of 2.6 years [61]. However, once it was discovered that S ic  
grains are the carrier of Ne-E(H), and that the abundance of 22Ne correlates 
with that of 4He [167,168], it became clear that the Ne-E(H) component 
is to be interpreted as the product of nucleosynthesis in AGB stars. In 
the He intershell of AGB stars, all the initial CNO abundances, which were 
converted into 14N during H burning, are eventually turned into 22Ne during 
He burning. As mentioned in Sec. 2.2  a-capture reactions are activated on 
14N and " 0  at the temperature of He burning producing 22Ne, and AGB 
stars represent a major production site of 22Ne in the Galaxy. 

Figure 4.8 presents a three-isotope plot in which two isotopic ratios, 
with a common reference isotope, are plotted against one another. The 
4He/22Ne ratios measured in S ic  grains of different sizes in bulk are plot- 
ted as a function of the 20Ne/22Ne ratios. Note that, since measurements 
in bulk are performed on millions of grains, they can be only used to de- 
rive the average properties of the parent stars of the grains. The data 
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Fig. 4.8 The 4He/22Ne and 20Ne/22Ne ratios measured in S i c  grains of different sizes 
in bulk are represented by the black squares (refer to Fig. 3.1 to relate the labels t o  
the grain size). The solid line represents the data correlation line, which is interpreted 
as the mixing line between two components. To the upper right end of the mixing 
line lies the normal "N" component, close to the solar ratios: 4He/22Ne=2114 and 
20Ne/22Ne=12.4 (out of scale in the plot). To the bottom left end of the mixing line 
lies the "G" component produced in the He intershell of AGB stars. The observed 
compositions are interpreted as having been produced by means of various degrees of 
mixing of the N and the G components. Theoretical predictions for the composition 
of t,he He intershell of AGB st,ars IG comnonent,? are shown as onen svmhols. and the 

points lie on a straight line in the three-isotope plot of Fig. 4.8. This is 
interpreted as showing that the composition represented by each point was 
produced by a mixture between the material initially present in the enve- 
lope of the star, and the material mixed from the He intershell into the 
envelope by third dredge-up. These two "ingredients" are called the "N" 
and "G" components, respectively. The N component is typically taken to 
have a composition close to solar. The good correlation shown by the data 

metacity of the star is indicatred.



96 Stardust from Meteorites 

in Fig. 4.8 points to the same origin for the measured anomalous compo- 
sitions. Such compositions are dominated by a G component extremely 
enhanced in 22Ne with respect to solar, as it is the composition produced 
in the He intershell of AGB stars. 

Three-isotope plots are widely used when comparing isotopic ratios be- 
cause of having this helpful property, that a composition resulting from the 
mixing of two different components lies on a straight line connecting the 
two components. Moreover, the degree of mixing between the two compo- 
nents can be estimated by the position of the data point on the mixing line, 
since the number of nuclei contributed from each component is inversely 
proportional to the distance of the mixture point from the two components 
(for an application of this, see Sec. 5.2.1 and Exercise 5.2). Of course, data 
points may not always lie on a straight line in a three-isotope plot, in which 
case more than two components or a component evolving with time have 
to be invoked (see cases in Sec. 4.6 and See. 5.2.4). 

In Fig. 4.8 theoretical predictions for the isotopic ratios in the He in- 
tershell are also shown, for different initial metallicities, with the aim of 
comparing them to the average G component needed to match the S ic  
data points. These predictions have been calculated using a very simplistic 
approach, which is described below. Nevertheless, they are very similar to 
the values computed using detailed AGB models [99]. Models show that 
during partial He burning in AGB stars, He is depleted by about 30%, so 
that in the He intershell the typical value of the 4He mass fraction is 0.7. 
The initial CNO abundances are taken to be equal to the metallicity of 
the star, and the initial abundance of 20Ne also scales with the metallicity. 
Then, all the initial CNO abundances are converted into 22Ne by H and 
He burning, while the abundance of 20Ne is unaffected during the stellar 
evolution. Because both 20Ne and the final 22Ne scale with the metallic- 
ity, the calculated 20Ne/22Ne ratio in the He intershell is the same for any 
metallicity and it is rightly placed at the lower end of the composition ob- 
served in the grains. However, because the He-intershell 4He abundance is 
constant and independent of the metallicity, the 4He/22Ne ratio increases 
with metallicity. It follows that stars of metallicity close to solar are the 
favoured candidates to be the S ic  grains parent stars. This is in agree- 
ment with the fact that the carbon stars observed in the Galactic disk have 
metallicities within a factor of two of the solar value [160]. 

However, some words of caution are required: the three-isotope plot of 
Fig. 4.8 involves isotopes of two different elements, He and Ne. Hence it is 
possible that different proportions of He and Ne have actually been trapped 
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in the grains due to some chemical fractionation effect. In this case the data 
would not represent the original stellar composition. Fractionation effects 
are measurable in the Sun where it is observed that the He/Ne in the solar 
wind is 0.67 of the value observed in chondritic meteorites. Applying this 
factor one finds that a star with initial metallicity slightly lower than solar, 
2 = 0.013, would provide a better match with the observations. However, 
fractionation effects are not necessarily the same in AGB stars as in the 
Sun. More recent work indicates that He and Ne in S ic  grains do represent 
an implanted unfractionated component [286], and hence there would be 
no need to take fractionation effects into account. 

The analysis of Ne in S ic  grains is of further interest because of the 
possibility of determining the age of Sic  grains from the 21Ne abundance. 
This isotope can be produced by spallation reactions when the grains are 
bombarded by cosmic rays, i.e. high-energy particles such as protons, Q- 

particles and heavier nuclei, during their passage through the interstellar 
medium. Excesses of 21Ne with respect to the values predicted by AGB 
models can be related to the length of time that the grains were exposed to 
the cosmic rays: in other words ,the interval between their formation in the 
AGB stellar winds and their arrival in the solar nebula. Using this method, 
Lewis et al. [168] calculated times that Sic grains were exposed to cosmic 
rays (exposure ages) of the order of ten to a hundred million years. However, 
Ott & Begemann [220] have shown experimentally that the majority of 
presolar S ic  grains would have lost essentially all the 21Ne produced during 
spallation by recoil. These authors suggest that the observed variations 
of the 21Ne/22Ne ratios in S ic  grains are more likely due to the effect 
of nucleosynthesis in the He burning shell of the parent AGB stars, and 
suggest that Xe produced by interaction with cosmic rays may be a used a 
future method to approach the age problem. 

Lewis et al. [168] measured the isotopic composition of S ic  grains also 
for the other noble gases: He, Ar, Kr and Xe. The compositions of Kr 
and Xe are determined by the s process and will be discussed in Sec. 5.3. 
The 3He/4He ratio measured in S ic  grains is in the range 0.5 x l op4  to 
2 x lop4, indicating the mixing of two components: the envelope material 
with 3He/4He 'Y 5 x 10W4, and the He intershell material with 3He/4He = 0. 
The 3He/4He ratio in the envelope is about 10 times higher that solar 
because 3He is produced during the main-sequence phase by the the p p  
chain in the region of the star where temperatures are between 6 and 8 
million degrees (see Sec. 2.1 and Fig. 4.5). It is then mixed to the convective 
envelope during the first dredge-up (see Fig. 4.6). At higher temperatures 
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all 3He is converted into 4He so that there is no 3He present in the He 
intershell. 

As for argon, only the 38Ar/36Ar ratio could be determined. The abun- 
dance of 40Ar is extremely low and could not be measured because of the 
large interference of 40Ca, which dominates the abundances at  atomic mass 
A = 40. The 38Ar/36Ar ratio in the He intershell is changed by neutron- 
capture nucleosynthesis from the solar value of 0.19 to a value of pv 0.6 in 
solar metallicity stars [99]. However, the absolute abundances of the Argon 
isotopes are modified only by approximately a factor of two, so that when 
they are brought to and diluted in the envelope by the third dredge-up 
they do not substantially affect the Ar initial composition. S ic  grains show 
38Ar/36Ar ratios in the range 0.19 to 0.23, in agreement with the slight 
modification induced by the third dredge-up. 

4.5 The presence of 26A1 

Presolar Sic  grains have also been analysed for their Mg isotopic compo- 
sition. While the measured 25Mg/24Mg ratios are solar within lo%, the 
"Mgf4Mg ratios show large excesses that are attributed to the early pres- 
ence of 26A1, which decays into "Mg with a half-life of 0.7 million years. 
The 26A1/27A1 ratios, extrapolated to the time when this element condensed 
in Sic  grains, have a maximum measured value around in the case 
of mainstream grains, around for grains belonging to the A and B 
population and up to 1 in Sic  grains of type X [l22].  

The early presence of 26A1 in mainstream Sic  grains is related to their 
AGB origin. As briefly discussed in Sec. 2.1, 26A1 is produced during H 
burning if the temperature is high enough for the MgAl cycle to set in. Mod- 
els have shown that 26A1 is produced in the H-burning shell of AGB stars up 
to an abundance x 2 6  'v 8 x lop5, in mass fraction. The ashes of H burning 
also contain I3C produced by the CNO cycle. When these ashes are engulfed 
in the convective thermal pulse, neutrons are released by the 13C(a, n)I60 
reaction and 26Al is easily destroyed by the neutron-capture reactions (n,p) 
and (n, a ) .  Depending on the maximum temperature achieved at the base 
of the convective pulse the "Ne(cu, reaction can also be activated 
(see details in the next chapter). Hence some 26A1 is destroyed in the con- 
vective pulse because of the presence of a neutron flux, and only a fraction 
of the 26A1 abundance that was produced during H burning can survive to 
be dredged up to the surface of the star where Sic  grains form. Detailed 
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numerical models that have taken into account these effects have shown 
that the 26Al/27Al ratio up to N l op3  observed in mainstream Sic  grains 
is reproduced by AGB star models [91,198]. Note also that the possible 
detection of 26A1 in the nearest carbon star, CW Leo [lo71 may provide a 
further link between the origin of mainstream Sic  grains and carbon stars. 

4.6 The puzzle of the silicon isotopic composition of main- 
stream SIC grains 

A magnification of the region of Fig. 4.2 with isotopic ratios within 25% 
of the solar composition is shown in the left panel of Fig. 4.9. This is the 
region of the silicon three-isotope plot where the majority of SIC grain data 
are located: the mainstream and the A+B grains, which together constitute 
more than 95% of all Sic  grains. The figure shows that mainstream Sic 
grains have a well defined distribution, from which grains belonging to the 
X, Y, Z and nova populations are excluded. On the other hand, grains 
belonging to the A and B populations are basically indistinguishable from 
mainstream Sic  grains with regards to their silicon composition. To clearly 
visualise the features of the distribution of mainstream Sic  grains in the 
silicon three-isotope plot, the right panel of Fig. 4.9 shows only mainstream 
Sic  grains, together with their correlation line. This line, also known as the 
"mainstream line" has a slope of N 1.3 and does not pass exactly through 
the solar composition (6 = O"/,,), but is slightly, 16"/,,, shifted to the right 
of it. The error bar on each data point is lower than 10°/,,, much smaller 
than the range covered by the grains. Note that the only determination of 
the Si isotopic composition in a carbon star is comparable with the solar 
composition, within a large uncertainty of r" 100"/,,(see e.g. [153]). A 
fascinating and informative representation of the Si distribution is produced 
when plotting the data in a three-dimensional space, using the frequency 
of each value as the z-axis (see Fig. 1 2  of Ref. [210]). This representation 
shows that the majority of the grains lie in the middle (6 r" 50%) rather 
than at either ends of the distribution and that other local peaks are also 
present. 

If we want to  achieve a complete understanding of the information car- 
ried by presolar grains we have to explain the reason for the well-defined 
distribution of the silicon isotopic ratios in mainstream Sic  grains. How- 
ever, this distribution represents a challenging puzzle for which a conclusive, 
widely-accepted solution has not yet been found. 
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Fig. 4.9 Magnification of the region close to  the solar composition of the three-isotope plot for the silicon isotopic ratios measured in 
single S i c  grains. Since the usual 6 notation is employed, the solar composition corresponds to  the origin of the plot and it is shown 
by the dotted lines. In the left panel the data  from all the S i c  grain populations are showed. In the right panel only mainstream S i c  
grains are plotted, together with their correlation line with a slope P 1.3. 
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To tackle the problem, first of all, it is necessary to discuss the possibility 
that such a distribution has been produced by nucleosynthesis occurring in 
the AGB parent stars of mainstream Sic  grains. As in the case of the 
He and Ne three-isotope plot (Fig. 4.8), the mainstream correlation line 
could be interpreted as a mixing line along which material with an initial 
composition around solar is shifted toward a He intershell AGB component 
richer in 2gSi and 30Si than in 28Si, with respect to solar, and with the 
abundance of 2gSi 30% higher than that of 30Si [264]. In this interpretation 
all single mainstream Sic grains could have formed in the same star, a t  
different evolutionary times, when the anomalous He intershell material 
was more or less diluted with the solar envelope material. 

The problem with this hypothesis is that it is not easy to explain the 
composition represented by the top end of the mainstream line as a product 
of nucleosynthesis in AGB stars. Typically, the abundances of the silicon 
isotopes are not much affected by nucleosynthesis in stars of low mass and 
metallicity around solar [177]. When neutrons are released in the convective 
pulse, as mentioned in Sec. 4.5, the silicon isotopes suffer neutron captures 
and their abundance can be modified. Such modifications are induced by 
the chain of reaction 28Si(n, y)"Si(n, y)30Si that typically results in the 
production of 29Si and 30Si and a small depletion of 28Si. There is an 
additional channel for the production of 30Si via the reaction 33S(n, ~l )~ 'S i ,  
which has a relatively high neutron-capture cross section. In the presence 
of neutrons, 33S is produced by the 3 2 S ( n ,  y)33S reaction starting from the 
abundant isotope 32S. Thus in AGB stars the production of 30Si is always 
favoured with respect to the production of 29Si. This results in a mixing 
line with slope < 0.5, rather than r" 1.3 as for the mainstream line. 

Within this interpretative scheme, a possible solution was proposed by 
Brown & Clayton [46]. These authors showed that in a 5.5 Ma stellar 
model, if the temperature in the convective pulses is raised by 15% with 
respect to the standard models [140], (a,n) reactions on the Mg isotopes 
could produce a Si composition at the top end of the mainstream line. In 
this model the Ne-E(H) component is attributed to  the decay of the "Na 
produced by the NeNa chain during hot bottom burning (see Sec. 4.2.1) 
at the base of the convective envelope. This scenario, however, does not 
account for the fact that in Sic  grains the 22Ne excesses are correlated with 
4He excesses, as discussed in Sec. 4.4, and would require much larger abun- 
dances of Na in Sic  grains than observed [135]. Another major problem 
with this explanation is that such high temperatures would be incompatible 
with some of the s-process isotopic signature shown by the grains (as will 



102 Stardust f rom Meteorites 

be discussed in detail in See. 5.2.4). Moreover, the model could not account 
for the fact that variations in the Ti isotopic ratios have also been observed 
in Sic  grains (Sec. 4.7), because even higher temperatures are required to 
affect the abundances of Ti isotopes. 

The early study of Tang et al. [271] already pointed out the difficulty 
of interpreting the silicon composition of Sic  grains in the framework of 
mixing a small number of components, and concluded that several discrete 
components must have been involved in creating the distribution of the sil- 
icon composition of S ic  grains. If a large number of components must be 
invoked to explain the silicon data, then this can be achieved only by con- 
sidering that not all mainstream Sic  grains originated from a single star, 
but they must have had multiple parent stars. The variations in the silicon 
isotopic composition could be connected to variations in the initial compo- 
sition of the parent stars, due to the effect of Galactic Chemical Evolution 
(GCE) on the silicon isotopes. Note that, in our quest to understand where 
S ic  grains came from, the mixing-line interpretation discussed above, in 
which all the S ic  grains have originated in a single star is intrinsically dif- 
ferent from the interpretation in which Sic  grains had multiple parent stars 
[a] .  This latter interpretation is now quite generally accepted. 

A possible scenario for the involvement of several stars as the S ic  grain 
parent stars was proposed by Gallino et al. [loll .  S ic  grains with silicon 
isotopic ratios higher than solar were attributed to parent stars of metal- 
licity lower than solar, down to about one-half of solar, while S ic  grains 
with silicon isotopic ratios closer to solar were attributed to  parent stars of 
metallicity approximately solar. The basic idea behind this interpretation 
was that, while 2gSi and 30Si are only produced in massive stars which ex- 
plode as SNII, only about 70% of 28Si is produced by massive stars and the 
remaining 30% is produced during SNIa explosions, which results from the 
binary interaction between stars of low mass. Because massive stars evolve 
faster than low-mass stars, then there must be a delay in the Galactic pro- 
duction of 28Si resulting in stars of lower metallicity having silicon isotopic 
ratios higher than solar. 

Two years later, Timmes & Clayton [278] performed the task of quan- 
titatively calculating the evolution of the silicon isotopes in the Galaxy on 
the basis of nucleosynthesis models of SNII computed by Woosley & Weaver 
[298] and of SNIa computed by Thielemann et al. 12741. A general problem 
related to the GCE of the silicon isotopes was found to be the fact that the 
solar composition is missed by the models, in that "Si is underproduced 
by a factor of 1.5. This factor is thus generally applied to SNII yields in 
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order to produce consistent description of the evolution of the Si isotopes, 
but there has been so far no explanation for it. Note that some 29Si is also 
missing when comparing SNII models to the composition of Sic  grains of 
type X and graphite grains believed to have originated in such environments 
(see Secs. 4.8.3 and 6.2). 

The GCE detailed calculations showed that the silicon evolutionary 
trend is the opposite of the trend proposed by Gallino et a1 [loll :  the 
silicon isotopic ratios in the Galaxy increase with the stellar metallicity. 
This is due to the fact that while 28Si is a primary nucleus, which means 
that it is only produced starting from the H and He initially present in 
the star, 29Si and 30Si are secondary nuclei, which means that their pro- 
duction depends on the initial metal content of the star (see Sec. 2.1.2). 
Hence, in spite of the fact that SNIa add 28Si late in the evolution of the 
Galaxy, the silicon isotopic ratios are higher than in the Sun in stars with 
metallicity higher than solar. Since the Galaxy is enriched with metals as 
time progresses, this conclusion has the corollary that the parent stars of 
Sic  grains with Si isotopic ratios higher than the Sun must have been born 
after the Sun. This is obviously an absurd conclusion as S ic  grains were 
trapped in the protosolar nebula, and hence must have existed before the 
Sun! Another problem related to interpreting the Si' compositions of SIC 
grains as star-to-star variations due to the effect of the GCE, is that the 
model predicts an evolutionary trend with slope equal to one in the silicon 
three isotope plot, instead of the slope equal E 1.3 of the mainstream line 
[278]. 

To overcome these serious problems various solutions have been pro- 
posed. Clayton & Timmes [70] focused on the fact that the silicon isotopic 
ratios are norinalised with respect to the solar ratios. This could generate 
the difficulty in the interpretation of Si in Sic  grains, if the composition 
of the Sun is very different from that of the interstellar medium at the 
time when the Sun was born. These authors showed that if the Sun is 
about 25% richer in 30Si than expected by the GCE, then the slope of 
the mainstream line could be reproduced by a GCE evolution line situated 
250"/,, to the left of the mainstream line. The shift of the GCE line to 
the mainstream line should then be produced by nucleosynthesis in AGB 
stars, with modifications to the abundances of 2gSi and 30Si at the level of 
20% to 40%. However, it is difficult to justify the assumption that the Sun 
must be anomalous in its silicon isotopic ratios. Moreover, AGB models 
of stars of low mass and metallicity close to solar do not show the needed 
production of the heavy silicon isotopes. 
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Alexander & Nittler [3] considered the problem from a different per- 
spective. They estimated which GCE trend of Si (and Ti) isotopes would 
fit the Sic  grain isotopic data. They reconciled the fact that the grain 
parent stars appear to  be younger than the Sun, by assuming that the Si 
composition of the Sun is atypical, having been affected by the addition or 
removal of a small amount of supernova material. However, their detailed 
analysis showed that with current SNII models it is difficult to achieve a 
consistent solution. 

Because of the paradox derived from interpreting the composition of 
mainstream Sic  grains as the consequences of variations in the metallic- 
ity of the parent stars due to temporal GCE, more recent interpretations 
have proposed solutions that avoid a strict temporal relationship between 
the Sun and the grain parent stars. Clayton [70] proposed an interpreta- 
tion of the Si composition of S ic  grains based on the fact that AGB stars 
during their life could have changed their position with respect to their 
distance from the Galactic centre. Stellar orbital diffusion is caused by 
the granular and time-dependent gravitational potential well of the Galac- 
tic disk, in particular because of the presence of massive molecular clouds 
and/or spiral arms, but it is difficult to model. Wielen, Fuchs, & Dettbarn 
[293] advocated that the Sun itself formed closer to the Galactic centre and 
has diffused outward to the present location. The AGB stars, parents of 
Sic  grains, could also have diffused from birthplaces closer to the Galac- 
tic centre to the location where the Sun was born, where they shed the 
Sic  grains. Because of the presence of a metallicity gradient within the 
Galactic radius, the metallicity of stars born closer to the Galactic centre 
is higher, and hence the silicon isotopic ratios of these stars are higher than 
solar. This interpretation is fascinating in its relating of the composition 
of mainstream Sic  grains to dynamical properties of the Galaxy. However, 
the quantitative semianalytic analysis of Nittler & Alexander [208] showed 
that the orbital diffusion model would not predict that most presolar grain 
parent stars had metallicities higher than solar. More recently, it has been 
proposed that the same effect of orbital diffusion is produced by scatter- 
ing from spiral waves [251], i.e. density waves of unknown origin moving 
through the Galactic disk that are believed to produce the Galactic spiral 
structure. 

Another effect that could contribute to the observed distribution of 
the Si composition in Sic  grains was proposed by Lugaro et al. [177], 
and involves inhomogeneities in the interstellar medium from which the 
grain parent stars were born. Inhomogeneities can be produced by the 
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stochastic nature of the mixing of ejecta from supernovE of different types 
and masses, thus creating regions of the interstellar medium of slightly 
different composition at  the same time and at the same distance from the 
Galactic centre. This model produced interesting results, but needs more 
investigation, in particular in relation to the observed variations in the Ti 
isotopic composition (see next section). In any case, this approach creates 
the possibility of constraining the degree of inhomogeneity in the Galaxy 
to a higher level than is possible by spectroscopic observations [207]. 

Another interpretation of the mainstream line has been proposed by 
Clayton [65]. In this model the features of the Si composition in S ic  grains 
are attributed to the fact that the AGB parent stars of Sic  grains could have 
all formed in a starburst generated by the merger, about 6 Gyr ago, of a 
metal-poor satellite galaxy with our Galaxy. This model is also preliminary 
and needs more testing. 

In conclusion it is premature to decide which, if any, of the above expla- 
nations is the correct answer for the Si isotopic composition of mainstream 
Sic  grains, and the attempts to decode the information hiding in the main- 
stream line have to be considered far from complete. 

4.7 Titanium isotopic composition of mainstream 
SIC grains 

Titanium data for N 90 single mainstream Sic, A+B and Y grains are 
shown in Fig. 4.10 [3,14,15,122]. Isotopic ratios are represented as permil 
variations with respect to solar, ~ 5 ( ~ T i / ~ ~ T i ) .  The isotope taken as reference 
is the abundant 48Ti, which represents 74% of the total titanium in the 
solar system. Titanium-46 and 47Ti represent about 8% of solar titanium, 
respectively, while 4gTi and 50Ti share the remaining 10% in equal parts. 
Error bars for S(2gSi/28Si) are within the size of the symbols in the plot, 
while, unfortunately, error bars for the titanium data are typically quite 
large, especially for the A+B grains. As shown in Fig. 4.10 S ic  grain 
data show large excesses only in 5nTi, with 15(~ 'Ti /~~Ti)  up to 2 400°/,,. 
Moderate excesses are present in 6(46Ti/48Ti) and ~ 5 ( ~ ~ T i / ~ ~ T i ) ,  up to v 
200°/,,, and small excesses are shown by S(47Ti/48Ti), up to typically = 
100°/,,. This is qualitatively consistent with the fact that neutron-capture 
nucleosynthesis in AGB stars mostly affect the 50Ti/48Ti ratio, because 
5nTi has a magic number of neutrons, thus a small neutron-capture cross 
section and tends to accumulate during the neutron flux, and to a lesser 
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Fig. 4.10 Titanium isotopic ratios measured in mainstream (squares), A t B  (circles) and Y (diamonds, symbols as in Figs. 4.1 and 4.2) 
single S i c  grains as a function of the 29Si/28Si isotopic ratio. Since the usual 6 notation is employed, as in Fig. 4.9, the solar composition 
corresponds to the origin of the plot and it is shown by the dotted lines. One Sic-Y grain has 6("Ti/48Ti) = 990°/,,, and lies outside 
the range of the plot. 
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extent the 4gTi/48Ti and 46Ti/48Ti ratio, while the 47Ti/48Ti ratio is left 
almost unchanged [ 1771. 

The titanium isotopic ratios appear to correlate with the silicon isotopic 
ratios, hence these data should also be taken into account when looking for 
an explanation of the puzzle of the Si composition of mainstream S ic  grains 
described in the previous section. However, the GCE trend of titanium 
isotopes presents many problems [279]: not enough 48Ti is produced by 
supernovz, 47Ti is largely underproduced, and the neutron rich isotope 
50Ti seems to need a peculiar site of production, maybe a special type of 
SNIa [295]. Considering all the difficulties related to the Galactic origin of 
Ti and the fact that  only a small set of S i c  grain data is available, it is not 
surprising that the composition of titanium in S ic  grains still represents 
a problem even more puzzling than that of Si. Only after enlarging the 
dataset and improving stellar models can we hope to better understand the 
information carried by titanium in presolar S ic  grains. 

Thanks to the NanoSIMS, titanium data are now available also for E 

10 SiC-Z grains. SiC-Z grains are more abundant among smaller grains 
and hence are more easily recovered using the new instrument. The 
6(46,47>49Ti/48Ti) of SiC-Z grains are mostly negative, down to -300"/,, 
and correlate with 6(29Si/28Si). This is in agreement with the interpreta- 
tion that such grains have been produced in AGB stars of low metallicity 
(see Sec. 4.8.1). In fact, similarly to the case of the Galactic evolutionary 
trend of the Si isotopic ratios discussed in Sec. 4.6, the 46,47,49,50Ti/48Ti ra- 
tios decrease with metallicity [279] because 48Ti is a primary nucleus, while 
46,47,49~i are of secondary production. Only the 6(50Ti/48Ti) observed in 
the grains are typically positive or close to zero, which is explained by the 
effect of AGB nucleosynthesis. 

Other intermediate-mass elements, such as Ca, Cr and Fe have been 
measured in S ic  grains in bulk, hence yielding average information [18]. 
The possibility of applying NanoSIMS and RIMS (see Chapter 3) to the 
measurements of the composition of intermediate-mass elements in single 
S ic  grains is another future exciting prospective, both for further test- 
ing nucleosynthesis processes in AGB stars, and for the opportunities that 
such data would represent in yielding the most detailed information on the 
Galactic chemical evolution of each of the isotopes of intermediate-mass 
elements. 
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4.8 A, B, X, Y and Z: The minor S i c  grains populations 

4.8.1 

Like mainstream Sic  grains, these two small populations are believed to 
have formed in the extended envelopes of C-rich AGB stars. However, 
unlike mainstream grains, the metallicity of the parent stars of these grains 
is believed to  be lower than solar: about half solar in the case of Y grains 
[14] and about one third of solar in the case of Z grains [124]. In AGB stellar 
models, when the metallicity is decreased, the temperature at the base of 
the thermal instabilities increases. In this way, more neutrons are released 
by the 22Ne(cr,n)25Mg neutron source and the composition of silicon is more 
strongly affected than in AGB models of solar metallicity. In particular, the 
3oSi/28Si ratio significantly increases, with respect to solar, thus matching 
the enhancements observed in Sic-Y and Sic-Z grains. The 29Si/28Si ratio, 
on the other hand, is not much altered by nucleosynthesis in AGB stars and 
can be used as a tracer of the initial composition of the star. By combining 
detailed theoretical nucleosynthesis models and high-precision data for S i c  
grains of the mainstream, Y and Z populations, it is possible in principle 
to reconstruct the Galactic chemical evolution of the Si isotopes down to 
metallicities of approximately one third of the solar value [303]. 

The C and N composition of the grains must also be placed in such 
a framework. Sic-Y grains have 12C/13C ratios higher than mainstream 
grains: they are, in fact, classified as having 12C/13C > 100. This feature is 
in agreement with predictions of AGB stellar models with low metallicity, 
where the efficiency of mixing by third dredge-up increases so that more 
12C is carried to the surface and the 12C/13C ratio is increased. However, 
grains belonging to the Z population behave in the opposite way: their 
12C/13C ratios are typically similar or lower than those of the mainstream 
grains. This feature has been interpreted as an indication that extra-mixing 
processes, converting ''C into 13C at the base of the convective envelope 
(see Sec. 4.3), must have been more efficiently at work in the parent stars 
of Sic-Z grains [124,210]. 

As more grains of type Y and Z are discovered thanks to improved 
techniques, and more data are progressively available on other elements 
present in the grains (see e.g. Sec. 4.7), it will be possible to better explain 
these populations in our theoretical framework. This will allow us to extract 
precious information on AGB stars of a range of metallicities and on the 
Galactic chemical evolution of the isotopes of the elements present in the 
grains. 

The Y and Z populat ions 
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4.8.2 

The origin of S ic  grains of type A and B is still a mystery. The low 12C/13C 
ratios are a signature of H burning, which is also shown by the fact that 
A+B grains have, on average, higher 26Al/27Al ratios than mainstream 
grains. Amari et al. 1151 proposed that the most likely sources of a t  least a 
fraction of A+B grains are C(J) stars: carbon stars of type J, which show 
12C/13C ratios around 3, the equilibrium value of H burning. However, 
the nature of these stars themselves is not understood! Stars evolving after 
the AGB phase on the white-dwarf cooling track, but undergoing a very 
late thermal pulse, born-again AGB stars, have also been invoked as a 
possible source. In any case, the A+B grains with 14N/15N ratios much 
lower than solar remains unexplained. One suggestion is that the rate of 
the 180(p,a)15N reaction should be 1,000 times higher that the current 
estimate [132]. However, uncertainties for this rate appear to be within a 
factor of four [23] .  Another scenario is that the CN composition of a t  least 
a fraction of A+B grains is related to nova nucleosynthesis occurring on CO 
white dwarves [176], thus possibly relating these grains to the smaller family 
of the nova grains, whose origin has been attributed to nova nucleosynthesis 
occurring on more massive NeO white dwarves [7]. 

While for the Si and Ti compositions A+B grains cover approximately 
the same range as mainstream grains (even though their Si correlation line 
appears to have a slope of F 1.5, instead of Y 1.3 for the mainstream 
grains), they show different features with regard to the presence of an s- 
process signature in the composition of heavy elements. The concentrations 
of heavy trace elements in A+B grains show a range of patterns [lo]. Out 
of 21 A+B grains that were analysed for their trace element abundances, 
two thirds of them showed a heavy element distribution compatible with 
an enrichment of s-process elements. However, among the twelve single 
A+B grains analysed so far with RIMS for their Mo, Ba and Zr isotopic 
compositions, not one grain was found with the s-process signature. One 
grain was found to show the signature of a SNII neutron burst (similarly to 
SIC-X grains, see next section) and one grain showed the signature of the 
p process [244]! These recent data make the mystery of A+B grains even 
more intriguing. 

The A and B populations 
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4.8.3 The X population 

Sic-X grains are enriched in 15N, depleted in 29Si and 30Si and have high 
26Al/27Al ratios. Many of them also show excesses of "C. About 10 ~ 20% 
of the grains have 44Ca excesses, and some grains also have 49Ti excesses. 
The Ca and Ti  anomalies were most likely produced by the decay of ra- 
dioactive nuclei 49V (half-life = 330 days) and 44Ti (half-life = 50 years) and 
clearly point toward supernovz as the site of origin of these grains, since 
these isotopes are only synthesised in supernovz [8,31,125,127,129,214]. 
The 44Ti excesses are correlated with those of 28Si, which indicates that the 
grains contain material from the inner 28Si-rich regions of SNII (Fig. 2.5) 
where 44Ti can be produced by alpha-rich freeze out (Sec. 2.4). Silicon 
nitride grains have typically the same isotopic signatures as Sic-X grains 
and, although 44Ca excesses have so far not been detected, their origin is 
also attributed to SNII [215]. 

Even though SNIa have also been proposed as the source of Sic-X grains 
[66], it appears now more likely that most of these grains formed in SNII. 
Extensive mixing of the different layers ejected by a SNII is needed to match 
the composition of presolar grains from supernovE. In fact, 28Si and 44Ti 
are produced in the inner regions of the exploding star, while low 14N/15N 
and high 26Al/27Al ratios are produced in the He-burning and H-burning 
layers, respectively. Different types of mixtures have been calculated and 
compared to supernova grain data by Travaglio et al. [281] for graphite 
grains (see Sec. 6.2), Hoppe et al. [lag] for SIC-X grains and Yoshida & 
Hashimoto [a991 for both graphite and Sic-X grains. Problematic isotopes 
seem to be 15N and 29Si, which appear to be typically underproduced in 
SNII with respect to the grain data. Actually, there is also an indication 
for two different populations of Sic-X grains: one with higher-than-solar 
and one with lower-than-solar 29Si/30Si ratio [170]. The problem of the Si 
composition of Sic-X has been addressed also by Yoshida et al. [300]. 

One problem is that, to satisfy the C/O > 1 condition for the forma- 
tion of carbonaceous dust, the contribution of material from the middle 
oxygen-rich layers of the star (see Fig. 2.5) should be very limited, yet al- 
lowing material from the inner and from the outer regions to get well mixed. 
Clayton and coworkers [67,69] have shown that carbon-rich dust, such as 
graphite and Sic ,  could condense in supernova environments even out of 
0-rich gas, even though Ebel & Grossman [88] have disputed such a claim, 
a t  least for Sic. In any case, because of this possibility, the constraints on 
the C/O ratio of the mixture required to match the composition of SNII 
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grains could be relaxed. A study of the formation of Sic  in a SNII environ- 
ment together with the effects of implantation of material into the grains 
while they pass through different regions has been carried out by Deneault 
et al. [81]. 

Thanks to RIMS (Sec. 3.3.3),  Pellin and collaborators [223] have anal- 
ysed the composition of Mo and Zr in several Sic  grains of type X pro- 
ducing further detailed insights into the nucleosynthetic processes in SNII 
that involve the production of heavy elements. These compositions cannot 
be explained by the occurrence of pure s-process or pure r-process nucle- 
osynthesis. A possible scenario for reproducing the observed compositions 
involves a short and intense neutron burst [193], which, interestingly, is also 
one of the scenarios invoked to explain the composition of Xe-H associated 
to presolar diamonds, described in Sec. 6.1. This interpretation provides 
a link between the different presolar grains of supernova origin and could 
also shed some light on the understanding of neutron fluxes in supernovz 
and the difficult task of finding the r-process source. 

4.9 Exercises 

(1) a) Which fraction of He intershell material mixed into the envelope 
by third dredge-up (TDU), in other words which dilution D I L  = 

MTDu/Menv, is necessary to achieve C/O > 1 in a star of solar 
metallicity? Consider that the mass fraction of a given isotope i 
in the envelope during the TDU phase can be calculated as: 

and use as initial I2C the abundance modified by the first dredge- 
up (FDU): XLDu = 0.002 and for l60 the solar abundance: 
X g  = 0.009. The typical He-intershell values are X:TtersheLz = 

b) Which dilution is needed if the stellar metallicity is one third of 
the solar value? (In this case simply divide by three the initial 
values given above). Comment on the result. 

c) Show that for the dilutions calculated above the 12C/13C ratio 
is equal to 36 for both solar and one third of solar metallicity. 
(Start with a 13C abundance as modified by the first dredge-up 

0.23 and X@ershell = 0. 

and possible extra-mixing process: X L D U f e x t r a  mixing = 0.0002 
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and consider that all 13C in the He intershell is destroyed by a 
captures.) 

(2) Calculate the values of the 4He/22Ne and 20Ne/22Ne ratios in the He 
intershell of AGB stars of different metallicities using the simple method 
described in Sec. 4.4. (Note that X g  = 0.00162) 

a) Timmes & Clayton [278] showed that because of GCE effects 
the silicon isotopic ratio with respect to solar: (29si,28si)a varies 
roughly as the square root of the metallicity of the star with re- 
spect to solar: JK. What is the range of metallicities for the 
mainstream Sic grains parent stars if we assume that the varia- 
tions in the Si isotopic composition are due to GCE effects? 

b) Calculate a simple average of the metallicity of mainstream, Y and 
Z Sic grains. How do they stand with respect to each other? Com- 
pare the result with the discussion on Y and Z grains of Sec. 4.8.1. 

c) We can use the following approximate relationship between the 
metallicity of the star with respect to solar and the time when 
the star was born: 2/20 = 0.086(t + 1), where t is the time from 
the birth of the Galaxy expressed in billions of years. If the Sun 
was born at t = 10 billion years, when were the parent stars of 
mainstream Sic grains born with respect to the Sun? Are these 
results realistic? 

(3) 
2 g ~ i / 2 8 ~ i  



Chapter 5 

Heavy Elements in 
Presolar S i c  Grains 

Elements heavier than Fe are present in truce amounts in presolar Sic 
grains. Their abundances are typically of the order of a few parts per 
ten thousand in mass (i.e. 100 ppm) [lo], however, large variations are 
observed. Different abundances are observed depending on the grain size, 
since smaller grains have higher abundances, and on the specific element 
considered, since more refractory elements, such as Zr, are typically present 
with higher abundance than less refractory elements, such as Sr. Even 
individual grains exhibit a variety of abundances. In fact, nine different 
patterns were introduced by Amari et al. [lo] to classify the variations 
in the abundance distribution of heavy elements observed in 60 individual 
Sic grains of large size, belonging to the KJH sample (Fig. 3.1). This 
multiplicity of abundance patterns is observed in grains all belonging to 
the mainstream Sic population. The different patterns are interpreted 
using thermodynamic equilibrium calculations of the condensation of dust 
in stellar atmospheres, and considering how heavy elements are trapped 
in the dust [173]. Moving from more refractory to more volatile elements, 
the mechanism of inclusion in Sic grains shifts from condensation, which 
results in higher abundances, to ion implantation, which results in lower 
abundances. The heavy noble gases, Kr and Xe, which are the most volatile, 
and thus the least abundant heavy elements in Sic grains, will be discussed 
separately in the last section of this chapter. 

The clearest feature of the abundance distributions of heavy trace ele- 
ments in mainstream Sic grains is the signature of the s process. Elements 
produced by the s process, such as Zr and Ba, are typically enhanced in 
Sic grains, which implies that in the gas from which the grains formed 
s-process elements were up to a factor of 30 overabundant with respect to 
solar. This is in agreement with the fact that Sic grains are the carriers 
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of the isotopically anomalous Xe-S component (see Sec. 1.2 and Fig. 1.3), 
which shows the signature of the s process. All the isotopic ratios of heavy 
elements in mainstream Sic  grains show a clear s-process signature, with 
enhancements in the s-only isotopes, for example lzsXe and 130Xe in the 
case of Xe, and 134Ba and 136Ba in the case of Ba. As discussed in the pre- 
vious chapter, this signature is an important piece of evidence relating the 
origin of mainstream Sic  grains to carbon-rich Asymptotic Giant Branch 
stars, which are observed to have s-process enriched envelopes. 

Given such strong evidence that the composition of the material present 
in mainstream S ic  grains was modified by the s process, and since the 
parameters that affect the s-process abundances (e.g. the temperature and 
the neutron density) are model dependent, grain data can be used to better 
constrain both the origin of the grains (for example the range of masses and 
metallicities of the parent stars) and the modelling of the s process in AGB 
stars. Data on the composition of heavy elements in presolar grains are 
given in the form of isotopic ratios with error bars typically of 5% to 20% 
for single grain analysis, and much lower for analysis of grains in bulk. 
This kind of detailed and precise information is not achievable from the 
spectroscopic observations of stellar atmospheres and makes presolar S i c  
grains the best tool for testing s-process stellar models. Single S ic  grain 
data allow us to recognise even very subtle differences among the way the 
s process occurs in different stars, since many different stars produced the 
S ic  grains studied in the laboratory. Hereafter, the current model for the 
s process in AGB stars is described (see also [49] for a review), together 
with the information that can be extracted from the isotopic composition 
of heavy elements in S ic  grains. 

5.1 Modelling the s process in AGB stars 

In the He-rich intershell of AGB stars the temperature and the number of a 
particles are high enough to trigger a-capture reactions, among which are 
the (a ,  n) reactions that result in the production of neutrons. The structure 
of an AGB star is shown in Fig. 2.4 and its evolution in time has been 
described in Sec. 4.2.1. The maximum temperature in the star, of the order 
of a few hundred million degrees, is reached in the He intershell. The region 
is rich in a particles because in the H-burning shell all H is transformed into 
4He, which in turn is only partially destroyed by the recurrent activation of 
the He-burning shell. Of the He intershell typically 70% by mass is made 
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up of a particles. 
Spectroscopic observations indicate that efficient s processing must oc- 

cur in AGB stars, however, exactly how, where and when the neutrons are 
produced is still a matter of debate. As described below, this search involves 
the study of complex features of stellar evolution such as the treatment of 
mixing, in particular at convective boundaries, the role of stellar rotation 
and the effect of magnetic fields on the structure and evolution of stars. 
The research is guided by observational constraints, among which are those 
produced by Sic  grain measurements. 

5.1.1 

Two nuclei represent the best candidates for the source of neutrons in the 
intershell of AGB stars: 13C, which produces neutrons via the 13C(a, n)l60 
reaction, and 22Ne, which produces neutrons via the "Ne(a, T L ) ' ~ M ~  reac- 
tion. The "Ne(a, T L ) ~ ~ M ~  reaction is efficiently activated at temperatures 
higher than approximately 3 x 10' K. The rate of this reaction (see Ex- 
ercise 2.2 for a definition) is plotted in Fig. 5.1, together with the rate of 
the 13C(a, n) l6O reaction. The 13C(a, n)160 reaction is activated at much 
lower temperatures, around 0.9 x 10' K, than the "Ne(a, T L ) ' ~ M ~  reaction. 

In early st,udies, "Ne was considered to be the main neutron source for 
the s process [137,138,283]. As discussed in Sec. 4.4, a large abundance of 
22Ne is present in the He intershell, since all the initial CNO abundances are 
converted into 22Ne. Stellar models show that the maximum temperature in 
AGB stars is reached at the base of the convective regions produced by the 
thermal pulses in the He intershell. Models of low-mass AGB stars (lower 
than about 5 111,) barely reach temperatures as high as 3 x 10' K, and 
only for very short times (a few years) during the thermal pulses. Hence, 
the s process driven by the activation of the "Ne neutron source can only 
be efficient in intermediate-mass AGB stars (higher than Y 5 Mo) ,  where 
the maximum temperature reaches E 3.8 x10' K. 

However, in the early 199Os, observational evidence from data on AGB 
stellar luminosities [94] and kinematics [go], came by indicating that the 
chemically peculiar giant stars showing s-process enhancements are AGB 
stars of low mass. Moreover, the efficient activation of the 22Ne neutron 
source in AGB stars would predict abundance features that were not ob- 
served in these stars. For example, the 22Ne(a, n)25Mg and 22Ne(a, Y ) ' ~ M ~  
reactions, which are activated at similar temperatures, would produce large 
excesses in the heavy Mg isotopes, 25Mg and 26Mg. However, the abun- 

The neutron source in AGB stars 
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Temperature (K) 

Fig. 5.1 Reaction rates N ~ ( C T W )  (cm3 s-l mole -'), where N A  is Avogadro's num- 
ber and (ow) is the Maxwellian average of the cross section of the reaction times the 
relative velocity, as a function of the temperature for the neutron-producing reactions 
13C(cu, n)160 (dashed line) and 22Ne(cu, n)25Mg (solid line) from [23]. As a rule of thumb, 
a reaction starts to operate at a temperature where its rate is above e cm3 s-l 
mole-'. However, to properly determine the actual occurrence of a given reaction the 
conditions at which it operates have to be taken into account. The actual number of 
reactions will vary in different conditions depending on the availability of the interacting 
nuclear particles, the density of the material, and the time-scale defined by how long the 
temperature is high enough to activate the reaction (see Exercise 5.1). 

dances of these isotopes in s-process enriched AGB stars are similar to 
those in the Sun [182,254]. Moreover, s-process models with the 22Ne 
neutron source activated at high temperatures during thermal pulses in 
intermediate-mass AGB stars, produce high neutron densities. This feature 
results in abundances, for some isotopes, incompatible with the abundances 
in the solar system, particularly for isotopes produced by the activation of 
branching points on the s-process path (Sec. 2.5.1) such as "Zr [85]. With 
regards to the formation of S ic  grains, it is unlikely that the bulk of the 
grains had formed in intermediate-mass AGB stars since the formation of 
carbon-rich stars in this mass range is inhibited by the occurrence of hot 
bottom burning (Sec. 4.2.1). 

Theoreticians thus turned to the other possible neutron source: the 13C 
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nuclei. In this case the situation is reversed with respect to the 22Ne neutron 
source: the temperature in low-mass AGB stars is high enough to efficiently 
activate the 13C(a, n)160 reaction, however, there is not enough 13C in 
the intershell to release a neutron flux capable to produce the observed s- 
element enhancements. In fact, the mass fraction of 13C in the H-burning 
ashes produced by the CNO cycle is very small, X13 c? 3 x 10W5. This 
results in a total mass of 13C in the He intershell, at the onset of thermal 
instability, of M I S  N 1.5 x l op7  Ma,  since the H-burning ashes have a mass 
Mashes rv 5 x lop3 Ma.  An amount of 13C in mass, on average, of the order 
of a few lop6 Ma is needed in the He intershell to produce neutrons fluxes 
that would result in heavy-element enhancements matching the observed 
composition of AGB stars. This is one order of magnitude higher than the 
amount available from the H-burning ashes. 

5.1.2 

In the current model [97,104,266], which is schematically represented in 
Fig. 5.2, it is assumed that some partial mixing between the H-rich envelope 
and the He intershell occurs, in order to produce a region containing the 
extra amount of 13C needed for the s process. This region is generally 
referred to as the 13C pocket. The abundant I2C present in the He intershell 
(c? 23% in mass fraction) captures the protons that are assumed to have 
been mixed down from the envelope, producing 13N, which quickly decays 
into 13C. If the mass fraction of protons is higher than about 1%, then 13C 
is also destroyed by proton capture, resulting in the production of I4N, as in 
the CN cycle. With an initial abundance in number per atomic mass unit 
of protons of Yp = 0.007, which is a favourable situation for the production 
of I3C, we can assume that all the protons are captured by 12C to produce 
13C. Hence, the abundance by number of the 13C produced is Y13 = 0.007, 
which corresponds to a mass fraction Xi3 N 0.09. Thus, the mass of the 
pocket must be Mpocket c? l op5  Ma in order to obtain the needed amount 
in mass of I3C: MI3 = ~ 1 3  x Mpocket r" Ma. 

Mixing of material from the proton-rich envelope with the 12C-rich in- 
tershell is not possible during the interpulse period because the H-burning 
ashes are located between these two regions. During a thermal pulse, be- 
cause of the developing of the convective region in the whole intershell, "C-  
rich material is pushed outwards reaching close to the envelope. However, 
it was shown early on that mixing does not occur between the convective 
pulse and the convective envelope because the H-burning shell is still active 

The production of a I3C pocket 
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Fig. 5.2 Schematic representation of the current model for the s process in the He intershell of AGB stars (a variation of Fig. 4.4). The 
six separate mixing and nucleosynthesis phases leading to enrichment of s-process elements at  the stellar surface (1: proton diffusion, 
2: I3C production, 3: activation of the 13C neutron source, 4: mixing in the convective pulse, 5: activation of the 'Ne neutron source, 
and 6: third dredge-up) are indicated. Rough time-scales of the nucleosynthetic phases in the 13C pocket and of the convective pulse 
are reported on the x-axis. 
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at that time, making up a barrier to mixing [139]. This was confirmed by 
all the recent models of AGB stars’. A more favourable time for the mixing 
of protons into the intershell can be identified as the moment when, after 
the end of each third dredge-up episode, the H-burning shell is temporarily 
extinguished and the H-rich convective envelope and the He-rich radiative 
intershell make contact. Quickly after this time the convective envelope 
retreats, and a “buffer” radiative H-rich region, which will remain during 
the whole interpulse period, is formed between the envelope and the He 
intershell preventing further mixing. 

The exact mechanism by which the penetration of protons in the inter- 
shell occurs is still a matter of debate. Stellar models usually identify con- 
vective regions using the Schwarzschild criterion. This is essentially based 
on Archimedes’ law that a body in a fluid is subjected to  a buoyant force 
equal to the gravitational force of the fluid displaced. Let us assume that 
a “blob” of gas in a star makes a small vertical movement under adiabatic 
conditions. (We can assume this occurs adiabatically since heat exchange 
typically takes more time than the movement, but it can be shown that 
the conclusions below are valid also in non-adiabatic conditions). Let us 
imagine, for example, that the motion occurs towards a hotter region of the 
star. If the temperature variation of the blob in space ldT/drladzabatzc is 
smaller than the temperature variation of its surroundings IdT/drlradzatzve, 
then the element becomes cooler and more dense than its surroundings and 
will continue to sink. The Schwarzschild criterion for stability against con- 
vection is hence expressed by IdT/drIadzabatzc > ldT/drlradzatzve, or more 
usually in the form, vadzaba t zc  > vradza tzve ,  where v = (d log T)/(d log P) 
and P is the pressure, noting that dP/dr is the same for the element and 
its surroundings since pressure imbalances are efficiently removed by sound 
waves. 

Since ldT/drlradzatzve is a function of the opacity of the material, and 
thus of its composition, special situations can arise when the change in the 
composition produced by mixing makes the region radiatively stable, and 
thus stops the mixing. This is called semiconvection. In particular, the 
effect on opacity of recombination of carbon nuclei and electrons at the top 
of the intershell region, was shown to drive semiconvection below the base 
of the convective envelope during third dredge-up, and for the first time 
to produce self-consistent mixing of protons and 12C, thus leading to the 
formation of a 13C pocket in stars of low metallicity [141]. 

‘Except for models of AGB stars of very low metallicy [144] 
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Within the Schwarzschild criterion, by definition, an element in a con- 
vective region is always affected by forces that favour its motion, and the 
shift from motion to stability at the border between convective and ra- 
diative regions must occur in the radiative regions (convective overshoot). 
Hence, within the framework of the Schwarzschild criterion it is physically 
reasonable to imagine that in AGB stars some protons from the base of 
the convective envelope could penetrate into the radiative intershell region. 
Whether this effect is large enough to produce the needed 13C is still un- 
certain. It must also be noted that during third dredge-up, at the base 
of the convective envelope, the application of the Schwarzschild criterion 
can be rather ambiguous. This is due to the fact that the different com- 
positions, of the envelope and of the intershell, produce a discontinuity 
in the opacity of the material, which is used to calculate the quantities 
that define the Schwarzschild criterion. Thus a discontinuity results in the 
vadiabat ic  - v r a d i a t i u e  function, which makes it difficult to define the con- 
vective border, and leads to large uncertainties not only in the treatment 
of a possible proton diffusion, but also in the calculation of the amount 
of third dredge-up. This is one of the main uncertainties present in AGB 
models 195,175,1971. 

Many studies now deal with the limitations implicit in the use of the 
Schwarzschild criterion. Multi-dimensional simulations of shallow convec- 
tive regions have shown that the decrease of the diffusion coefficient, which 
measures the rate of mixing, or, equivalently, of the velocity of the material 
in radiative regions in contact with a convective border, can be represented 
by an exponential law 1931. These types of simulations are computation- 
ally expensive and hence at  the moment cannot by applied to the large 
convective envelopes of AGB stars. However, the convective borders can 
be modified within conventional one-dimensional stellar models in order to 
model diffusion of material from convective into radiative regions with ex- 
ponentially decreasing velocities. This type of treatment of the convective 
borders does lead to the mixing of protons in the He intershell and hence 
the formation of a I3C pocket 1115,1171. However, the extent in mass of the 
mixing region and hence the total amount of 13C produced, is a function of 
a free parameter, f ,  known as the overshoot parameter, which governs the 
rate of the exponential decay of the velocity in the radiative zone adjacent 
to the convective border. The larger the overshoot parameter, the deeper 
the mixing of protons, and hence the larger the mass of the 13C pocket. 
Only if f is set to a value Y 0.1 is the mass extent of the mixing zone large 
enough to result in the amount of 13C needed. 
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Very similar results are obtained when the effect of internal gravity 
watles is considered at the border between the convective envelope and 
the radiative region. These are small oscillations around equilibrium of 
material in radiative regions. It is hypothesised that the convective cells 
beating against the bottom of the convective zone drive gravity waves. The 
waves would then break at  the boundary like ocean waves and allow mixing 
to occur across the border. When this type of mixing is taken into account 
a 13C pocket of mass of the order of a few Ma is produced [82]. 

Another possibility is the inclusion of rotation in stellar models. All 
stars rotate, and rotation produces changes to the stellar structure, in par- 
ticular to the location of mixing zones with respect to non-rotating models. 
When rotation is included in AGB stellar models, shear mixing occurs be- 
tween the faster-rotating core and the slower-rotating convective envelope. 
This shear mixing can account for the production of a region in which pro- 
tons and intershell material are mixed, leading to the formation of a 13C 
pocket of very low mass, of the order of Ma [161]. However, it was 
also recognised that rotationally-induced mixing actually continues during 
the interpulse period, hence inhibiting the production of heavy elements by 
the s process [118,253]. This effect and its consequences will be discussed 
in more detail in Sec. 5.2.3. 

5.1.3 The current model 

Once assumed that the formation of the I3C pocket occurs, the features 
of the s process depend on the thermodynamical and structural properties 
of AGB stars. The temperature in the 13C pocket increases during the 
interpulse period, typically reaching 100 million degrees before the onset of 
the next thermal pulse. By this time, all the 13C is consumed via (a,n) 
reactions, neutrons are released, and the 13C pocket is turned into an s- 
process pocket, where s-process elements are overproduced by up to three 
orders of magnitudes compared to their initial abundances. The layer is 
then engulfed in the convective zone driven by the thermal instability and 
mixed with the rest of the He intershell material (see Fig. 5.2). The s- 
process material is thus diluted by a factor of roughly 1 part per 10 with 
material from H-burning ashes (with solar abundances of elements heavier 
than Fe) and roughly another 1 part per 10 with material from the He 
intershell, carrying the signature of the previous s-process nucleosynthesis. 
This mixing and dilution mechanism ensures that the s-process material is 
spread all throughout the intershell, and thus carried to the surface by the 

10-4

10-6
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following third dredge-up episode. 
During the thermal pulse a second neutron flux occurs, produced by 

the 22Ne(a, r~) '~Mg reaction, which is marginally activated at the bottom 
of the convective zone when the temperature is above 2.5 x 10' K. After the 
quenching of the thermal pulse, the subsequent third dredge-up episode is 
responsible for mixing the s-processed material to the surface, where it is 
observed and where it can be included in Sic  grains. 

It is instructive to compare the features of the two neutron fluxes: that 
produced by the 13C source, and that produced by the 22Ne source, which 
are described in detail in the next two subsections. The neutron densities 
as a function of time generated by each neutron source are schematically 
presented in Fig. 5.2. They appear to have very different features from 
each other and hence affect the final s-process abundance distribution in 
different ways. The neutron flux in the 13C pocket is produced during the 
period in between pulses, at a typical temperature of 0.9 x 10' K (E 8 keV), 
and under radiative conditions, which means that there is no interaction 
between the different layers of the 13C pocket. This has been assumed so far 
when computing the s process in the I3C pocket, however, it is not the case 
if stellar rotation is included in the computation of the stellar structure, as 
will be discussed in detail in Sec. 5.2.3. The burning of 13C and hence the 
neutron release occurs slowly, on relatively long time-scales of the order of 
lo4 years. Hence, the neutron density a t  any given time is relatively low, 
reaching a maximum of about lo7 cmP3 in low-mass AGB stars of solar 
metallicity. Under such conditions, no branchings are open on the s-process 
path (Sec. 2.5.1). The time-integrated neutron flux, or neutron exposure 
as defined in Sec. 2.5.1, is quite large, on the order of 0.4 mbarn-l, which 
results in the production of large overabundances of the s-process elements. 

On the other hand, the neutron flux produced by the 22Ne source is 
released within the convective pulse, at a typical temperature of 2.7 x lo8 
K (E 23 keV), under convective conditions and can be well described as 
intense and brief. The evolution of the neutron density follows that of the 
rate of the 22Ne(a, 7 ~ ) ~ ~ M g  reaction, which in turn follows the evolution of 
the temperature at the base of the convective pulse. A thermal pulse is a 
quasi-explosive instability, which lasts for a short time, but reaches high 
temperatures. The neutron flux lasts for only a few years and thus the 
neutron exposure is approximately 20 times smaller than that produced in 
the I3C pocket. However, the neutron density reaches values as high as 
10'' omp3, in low-mass AGB stars of solar metallicity, which can activate 
branchings on the s-process path. 
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In summary, the 13C neutron source is responsible for the production of 
the bulk of s-process elements in low-mass AGB stars, while the activation 
of the 22Ne neutron source contributes to the final abundance distribution, 
chiefly by modifying the abundances of isotopes affected by branchings. 

5.1.4 

Even though the mechanism by which the 13C pocket is formed is still a 
matter of debate, it is possible to constrain some properties of the nucle- 
osyntbesis occurring in the pocket by considering the activation of nuclear 
reactions following the assumption that some protons have entered the He 
intersbell. It is reasonable to imagine that the protons entering the He 
intershell are characterised by a distribution in which the abundance of 
protons decreases somehow continuously with the depth in mass, from the 
maximum envelope value, where protons represent about 70% of the mass, 
to zero. In the following we also assume that, after the protons have been 
mixed into the He intershell, no further mixing occurs in the I3C pocket, 
and thus nucleosynthesis processes in the different layers of the pocket occur 
independently of each other and are only governed by the initial amount of 
protons in each layer. Since the question of the specific shape of the proton 
profile as a function of the depth in mass is still open, in Fig. 5.3 abundance 
profiles in the 13C pocket are plotted as functions of the initial number of 
protons, rather than of the position in mass. As shown in the figure, after 
all the mixed protons have been consumed, the abundance of 13C presents a 
profile with a maximum corresponding to an initial mass fraction of protons 
of cz 1%. This maximum value is defined by the initial amount of 12C in the 
He intershell and the rates of the proton-capture reactions 12C + p and 13C 
+ p ,  which produce and destroy 13C, respectively [104,175]. The neutron 
exposure profile is at its maximum in the layer corresponding to an initial 
mass fraction of protons Y 0.3%. The difference between the location of 
the two maxima, that of the 13C and that of the T profile, is due to the 
presence of 14N, which becomes important a t  the point where T decreases 
after having reached its maximum. The 14N nuclei have a relatively high 
neutron-capture cross section for the (n, p )  reaction, thus capturing most 
of the free neutrons and decreasing the neutron flux. 

Another interesting feature of the neutron flux in the 13C pocket is 
its linear dependence on the initial amount of 12C in the He intershell 
[175]. A higher ''C abundance produces a higher abundance of 13C, and 
thus a higher neutron exposure. Different initial amounts of 12C in the 

The neutron flux in the 13C pocket 
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He intershell can be produced if overshoot is applied to the border of the 
convective pulse, resulting in the mixing of C-0 core material, of roughly 
half carbon and half oxygen, into the intershell. 
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Fig. 5.3 Results of calculations performed for the nucleosynthesis in the 13C pocket as 
a function of the initial number of protons mixed in the intershell. The mass fraction 
profiles of 12C (dotted line), 13C (long-dashed line) and 14N (short-dashed line) are 
shown for the time when all the protons initially mixed have been captured. The neutron 
exposure, 'T (solid line), is shown at the time when all the I3C has been consumed by 
(a ,  n )  reactions. 

5.1.5 

In stellar models, the temperature, and hence the neutron flux in the con- 
vective pulse, varies as a function of the stellar mass and metallicity: it 

The neutron flux in the thermal pulse 
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increases by either increasing the mass or decreasing the metallicity of the 
star (see e.g. [37]).  It also depends on computational and physical choices, 
such as the details of the overshoot mechanism at  the borders of the con- 
vective regions, when applied [175]. Moreover, it changes from one pulse 
to another within a given stellar model, as illustrated in Fig. 5.4, where 
the temperature and the neutron density in different pulses of the same 
stellar model are shown. The temperature, and hence the neutron density, 
increases with the pulse number, thus the effects of the activation of the 
22Ne neutron source are more prominent in the later rather than the earlier 
pulses. 
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Fig. 5.4 Temperature (top panel) and neutron density (bottom panel) calculated for 
different thermal pulses of a solar metallicity 3 M o  stellar model. The solid, dotted and 
dashed lines show the temperature and neutron density in the q th ,  gth and 18th (last) 
thermal pulses, respectively, that are followed by third dredge-up. 
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5.2 S i c  grain data and the s process in AGB stars 

Lugaro et al. [174] have performed a detailed comparison between AGB 
model predictions and Sic grain data for Zr, Sr, Mo and Ba. In this 
section, some of these authors’ results will be presented and explained in 
detail. It is interesting to note that isotopic ratios of all heavy elements 
are somewhat affected by the s process and are expected to show a typical 
s-process signature in Sic grains. This is true also in the case of those 
elements that are actually mainly produced by the T process. The difference 
between s-process elements, such as Zr and Ba, and r-process elements, 
such as Eu and Pt,  with regards to Sic grains is that, comparing elements 
with similar chemical properties, s-process elements are present in higher 
abundances than r-process elements, because they are produced in the star, 
and thus they are easier to measure. Hence, it is of interest, in principle, 
to analyse the isotopic variations of all heavy elements, as the sensitivity 
of measurement techniques are improving and it may be possible in the 
future to have isotopic data even for elements with very low abundance in 
Sic grains. 

To calculate the isotopic ratios of any given element a reference isotope 
must be chosen, with respect to which all the isotopic ratios are to be 
calculated. The reference isotope should have an abundance high enough 
to be detected during the laboratory analysis. For s-process elements, the 
reference isotope is chosen to be an s-only isotope, or an isotope produced 
in large amounts by the s process. Such isotopes are by definition expected 
to be overabundant in s-processed material. For r-process elements, on the 
other hands, it is preferable to choose an isotope with a high abundance in 
the solar system. 

Isotopic ratios can be classified depending on how the abundances of the 
isotopes involved are modified by the s process. Each class yields different 
information on the nature and the composition of AGB stars. 

5.2.1 Class I: Isotopic ratios involving p-only and r-only 
isotopes 

One class of isotopic ratios involves isotopes that are only produced by the r 
or the p process. As an example, Fig. 5.5 illustrates the case of the isotopic 
ratios involving three molybdenum isotopes: 92Mo/g6Mo and 1 0 0 M ~ / g 6 M ~ ,  
where g 2 M ~  is a p-only isotope, g6Mo is the s-only reference isotope and 
looMo is an r-only isotope (see Fig. 2.6). As in the case of the neon and 
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Fig. 5.5 Three-isotope plot for the 1ooMo/96Mo and 92Mo/g6Mo ratios measured in 
single S ic  grains (black dots with 20 error bars) and predicted by theoretical models of 
low-mass AGB stars of solar metallicity (small dots without error bars and open symbols 
connected by the solid lines) and masses 1.5 (small open symbols) and 3 M a  (large open 
symbols). Each symbol in the predictions corresponds to a third dredge-up episode. 
The small dots change into open symbols when the C/O ratio in the envelope is greater 
than unity, and hence Sic  grains can form. Isotopic ratios are given as b values (see 
Sec. 4.1), so that 6=0 corresponds to the solar ratio, which is the starting composition 
of the calculations. For the 13C pocket three choices are presented: one in which the 
efficiency of the s process in the 13C-pocket region is dominated by the maximum value 
of neutron exposure achievable (Sec. 5.1.4), and another two cases in which the neutron 
exposure is scaled by a factor of 0.5 and 0.25, respectively. 

silicon isotopic ratios presented in Figs. 4.2 and 4.8, it is most useful to 
represent isotopic ratios of heavy elements using three-isotope plots. In 
this way it is possible to determine which different components and which 
degree of mixing between them have produced the observed compositions 
(see discussion in Sec. 4.4). For heavy elements, the 6 notation is usually 
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employed, which was introduced for the silicon ratios in Sec. 4.1. Figure 5.5 
is a three-isotope plot for the three Mo isotopes listed above. The Mo 
composition in single grains has been measured with RIMS (Sec. 3.3.3)  
[204], and model predictions are from [174]. Given the uncertainties related 
to the formation of the 13C pocket (Sec. 5.1.2), the 13C pocket is considered 
to be a relatively free parameter in the calculations and results obtained 
for three different choices are presented. 

The trend of the observed and predicted ratios shown in Fig. 5.5 is rela- 
tively simple: both the measured and the predicted data lie along a straight 
line that connects two points: that with 6 = 0, which represents solar iso- 
topic ratios, and that with S = -1OOO"/,,, which represents isotopic ratios 
equal to zero (pure 96Mo). The line represents the mixing line between the 
two components present in the envelopes of carbon stars (see Sec. 4.4): the 
close-to-solar composition of the initially present material (usually referred 
to as the N component), and the pure s-process composition of the He in- 
tershell material (usually referred to as the G component), which is mixed 
into the envelope by third dredge-up. In the case of ratios involving p-only 
and r-only isotopes, as those presented in Fig. 5.5, it is not surprising that 
the G component is located where the isotopic ratios are zero since, by 
definition, during the s process p-only and r-only isotopes are destroyed, 
while s-only isotopes are produced by factors of up to tens of thousands 
above their original abundances. 

Some information can be obtained by considering the location of the 
data points along the mixing line. They represent the degree of mixing 
between the two components, N and G. Any given mixture, in fact, falls at 
distances from the two components in inverse proportion to the number of 
atoms contributed by each component to the mixture. So, referring to the 
data points in Fig. 5.5, and taking S = S ( 1 0 0 M ~ / 9 6 M ~ )  = S(g2M0/96M~),  
one can calculate ratios such as: 

where MOG and MON are the numbers of atoms of Mo contributed by 
the G and the N components, respectively, and, the numerator and the 
denominator of the right term represent the distance of the mixture point 
from the N and the G component, respectively. On the other hand, the 
same ratio can be calculated using theoretical quantities (see Exercise 2.1) 



Heavy Elements in Sac Grains 129 

as: 

where 

represents the s-process production factor of Mo in the He intershell with 
respect to the initial abundance, and 

Menuelope D I L  = 
MTDU 

represents the dilution factor of the mass dredged-up from the He intershell 
into the envelope. 

Thus data points in Fig. 5.5 in principle contain information on the ef- 
ficiency of the s process in AGB stars since the OVsprocess depends on the 
efficiency of the s process in the 13C pocket. For higher efficiencies, lower 
100Mo/96M0 and g2Mo/g6Mo are obtained as the s-only isotope "Mo is 
produced more and the p- and r-only isotopes 92Mo and looMo are de- 
stroyed more. Thus, model predictions in Fig. 5.5 get closer to the G 
component when the efficiency of the neutron flux, i.e. the amount of 13C, 
is higher. However, the parameter D I L  depends on the most uncertain 
AGB stellar structure features: the third dredge-up and the mass loss from 
the envelope. Hence it is not possible to derive conclusive constraints on 
any of these features from Sic  data involving r- and p-only nuclei. Another 
problem is that possible pollution by material of solar composition during 
the measurements would draw the data points artificially closer to the N 
component. 

Yet other information, relating to the initial composition of the star, can 
be derived. In the theoretical models the initial composition is assumed to 
be exactly equal to the composition of the sun. However, a weighted linear 
regression of the data points of Fig. 5.5 indicates that the N component 
extrapolated from the observations is somewhat enriched in loOMo, since 
at 6(92Mo/96Mo)=0, 6(100Mo/96Mo)=132 & 41°/,,, suggesting a possible 
slight r-process enhancement in the initial composition of the parent stars 
of Sic  grains. 
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5.2.2 Class 11: Isotopic ratios involving isotopes in 
local equilibrium 

Another class of isotopic ratios involves isotopes lying on the main s-process 
path and whose abundances are in local equilibrium (OA)NA = constant 
during the s process (Sec. 2.5.1). 
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~ ( ~ ~ M o / ~ ~ M o )  

Fig. 5.6 Three-isotope plot of the 95Mo/g6Mo and g2M0/g6Mo ratios. The symbols 
are as in Fig. 5.5, but only the 1.5 M a  model is presented here and the larger open 
symbols represent the same cases as the smaller symbols, except that the value of the 
neutron-capture cross section of g5M0 has been multiplied by a factor of 1.3 with respect 
to the recommended value. 

Let us consider the isotopic ratio of 95Mo/g6Mo as the example of an 
isotopic ratio involving nuclei in local equilibrium (OA) N A  rv constant (see 
Fig. 2.6). Isotopic data from single Sic grains and model predictions are 
shown in Fig. 5.6. Similar considerations as those presented in the previ- 
ous section for the 1 o o M ~ / g 6 M ~  versus 92Mo/g6Mo three-isotope plot apply 
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here since both the data and the prediction points lie on the (almost, see 
discussion in Sec. 5.2.4) straight line that connect the initial envelope com- 
position, N component, to the pure s-process composition from the He 
intershell, G component. However, in this plot the &value of the G compo- 
nent for the g5Mo/g6Mo ratio, 6 ~ ( ~ ~ M o / ’ ~ M o ) ,  is not -1OOO”/,,, as in the 
case discussed in the previous section, because g5Mo is produced by the s 
process, even if to a smaller extent than the s-only isotope 96Mo. All model 
predictions in the plot tend to the same G component, for a given choice 
of the neutron-capture cross section of 9 5 M ~ ,  (095). This means that the 
95Mo/96Mo ratio in the s-process material does not change significantly if 
we change either the amount of 13C in the pocket, or the stellar mass (not 
shown in the plot). The 95Mo/g6Mo ratio produced by the s process is, in 
fact, almost independent of the stellar model for which it is calculated be- 
cause these two isotopes are in local equilibrium during the s process and 
hence their abundances follow the (CTA)NA E constant rule (Sec. 2.5.1), 
which translates in this particular case to: 

N95 (096)  

N96 (095)’  
- N -  - 

where Ngs and N96 are the s-process aburidances of 95Mo and 9 6 M ~ ,  re- 
spectively, and (095) and (096) their neutron-capture cross sections. So, 
the 95Mo/96Mo isotopic ratio produced by the s process is largely deter- 
mined by the inverse ratio of the neutron-capture cross sections of the two 
isotopes. Hence, precise information on the nuclear properties of the nuclei 
involved can be extracted, as demonstrated below. 

In Fig. 5.6 the values predicted using as (095) the recommended value 
from the most recent compilation of neutron-capture cross sections “Bao” 
[as] ,  always lie above the data points. These model predictions in the plot 
tend to a G component of = -450”/,,. The d ~ ( ~ ~ M o / ~ ‘ M o )  value derived 
from extrapolating the Sic  data is instead cz -550°/,,, by about 100 lower 
than that extrapolated from the theoretical predictions. In the “Bao” com- 
pilation all data available on neutron-capture cross sections are reported 
and the recommended value for the 95Mo neutron-capture cross section is 
taken from the latest available experiment. However, three previous exper- 
iments estimated (095) to be approximately 30% to 40% higher than that 
recommended. As shown in Fig. 5.6, if predictions are computed using a 
30% higher (095)  value, more g5Mo is destroyed and the S ic  grain data are 
better matched. 

The possibility of predicting values of neutron-capture cross sections, 
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hence constraining nuclear properties to a precision level that otherwise 
is only obtained by sophisticated nuclear experiments, demonstrates the 
unprecedented opportunities opened by measurements of heavy elements 
in S ic  grains. This type of argument has been applied successfully to other 
isotopic ratios before, as in the case of Ba [loo]. There are some puzzling 
cases, where calculations performed using the latest experimental neutron- 
capture cross sections do not match the S ic  grain data, such as in the case 
of the 137Ba/136Ba ratio and of the neodymium isotopic ratios [98]. 

One final comment has to be made: in the discussion above the fact that 
neutron-capture rates can vary with the temperature at which the s process 
occurs, and thus the isotopic ratios of this class can actually depend on the 
s-process model considered, has not been taken into account. However, as 
observed in Sec. 2.5.1, typically, for neutron captures, the neutron-capture 
cross section CTA(V) K 1 / u  and thus the neutron-capture rates, which are 
proportional to (OA (w).), are actually insensitive to temperature changes. 
It should be kept in mind, though, that for some special nuclei this may 
not hold, in which cases isotopic ratios depend on the temperature at which 
the s process occurs, even if the abundances of such nuclei are in local 
equilibrium (OA)NA N constant. 

5.2.3 Class 111: Isotopic ratios involving isotopes 
with magic neutron numbers 

As examples of this category of isotopic ratios let us consider two ratios of 
importance: 88Sr/86Sr and 138Ba/136Ba. These were among the first ratios 
to be measured in S ic  grains in bulk using TIMS (Sec. 3.3.3) [218,219]. The 
first ratio involves 88Sr, which has a magic number of neutrons (see Sec. 2.5) 
equal to 50, and the second ratio involves 138Ba, which has a magic number 
of neutrons equal to 82. As discussed in Sec. 2.5.1, this type of nuclei 
represent a bottleneck for the neutron flux during the s process, since their 
neutron-capture cross sections are much smaller than those of the other 
heavy nuclei. How much of the neutron flux goes through these bottlenecks 
depends mostly on the value of the neutron exposure, as shown in Fig. 2.7: 
for different neutron exposures the steps in the (OA)NA distribution at 
magic neutron numbers have different heights. It is clear from Fig. 2.7 that 
the production of "Sr and 138Ba with respect to that of 86Sr and 136Ba, 
respectively, varies largely with the neutron exposure. For example, when 
the total neutron flux 7 = 0.2 mbarn-l, both 88Sr and 138Ba have (OAJNA 
values lower than those of "Sr and 136Ba, respectively, while when 7 = 0.9 
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Fig. 5.7 
Fig. 5.6, added are small crosses, which represent measurements of Sic  grains in bulk. 

Three-isotope plot for the ssSr/s6Sr and s4Sr/ssSr ratios. Symbols are as in 

mbarn-I the reverse is true. 
In Figs. 5.7 and 5.8 AGB model predictions and Sic  grain data are 

compared. The Sr and Ba compositions have been measured in single S ic  
grains using RIMS [146,205,245] and in Sic  grains in bulk using TIMS 
[224,226]. Since the amount of I3C in the pocket determines the neutron 
exposure, by varying it we obtain different predictions for the values of 
the isotopic ratios that involve neutron magic nuclei. In this situation 
model predictions define mixing lines that are well separated from each 
other, rather than very close, like in the cases discussed in the previous two 
sections. 

Let us focus first on the information from measurements of S ic  grains in 
bulk (represented by the small crosses in Figs. 5.7 and 5.8). When dealing 
with data from Sic  grains in bulk it is usually preferable to derive the G 
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Fig. 5.8 Three-isotope plot for the 138Ba/136Ba and 135Ba/136Ba ratios. Symbols are 
as in Fig. 5.5, plus the small crosses, which represent measurements of SIC grains in 
bulk. 

component to be compared with predictions for the pure s-process material. 
This is done to avoid problems related to the possibility of pollution of the 
sample with material of solar composition. In the case of the Sr isotopic 
ratios the G component is derived by imposing d ~ ( ~ ~ S r / * ~ S r ) =  -lOOOo/,,, 
since 84Sr is a p-only nucleus. It is found that 6G(88Sr/86Sr) 2 0 for S ic  
grains in bulk. In the case of Ba, the G component is derived by imposing 
h ~ ( l ~ ' B a / l ~ ~ B a ) =  -1OOO"/,,, since 13'Ba is a p-only nucleus. This cor- 
responds to d ~ ( l ~ ~ B a / l ~ ~ B a ) =  -850"/,, extrapolated in a 135Ba/136Ba 
versus 13'Ba/13'Ba three-isotope plot for S ic  grains in bulk (shown in 
Fig. 5.11). The d ~ ( l ~ ~ B a / ' ~ ~ B a )  is a large negative number because 135Ba 
is a nucleus with an odd number of nucleons, and has a relatively high 
neutron-capture cross section, so that it is largely destroyed during the s 



Heavy Elements in Sac Grains 135 

process. Extrapolation in Fig. 5.8 gives d ~ ( ~ ~ ~ B a / ~ ~ ~ B a ) . -  -350°/,, .  It 
should be mentioned that small variations of the G components are de- 
rived from measurements of Sic  grains of different sizes in bulk, with the 
ssSr/s6Sr and 138Ba/136Ba ratios decreasing with increasing the grains size. 
For both the 88Sr/s6Sr and 138Ba/136Ba ratios the values of the G com- 
ponents are best reproduced by a case with a I3C amount slightly higher 
than the case 13C,,z/2. This means that, on average (since we are consid- 
ering measurements if Sic  in bulk, i.e. data from hundreds of thousands of 
grains) the S ic  grain parent stars must have experienced a neutron expo- 
sure corresponding to such a case. 

It was noticed in early studies [a181 that such a value of the neutron 
exposure does not correspond to the value needed to reproduce the abun- 
dances of s-only isotopes in the solar system. The latter is instead rep- 
resented by a larger value, close to that corresponding to the case with a 
maximum amount of 13C in the pocket. This feature can be translated in 
an important piece of information on the average metallicity of the parent 
stars of Sic  grains. In fact, one way to vary the neutron exposure in the 
13C pocket is by varying the metallicity of the star. The neutron expo- 
sure is directly proportional to the amount of the neutron source 13C, and 
inversely proportional to the metallicity of the star, T CX'~C/Z. This is 
because for higher 2 there is more material capturing neutrons, and hence 
the total number of free neutrons during the s process decreases, while the 
amount of 13C is not a function of 2, because it is of primary origin being 
produced from the H and 4He originally present in the star. Thus, the 
information yielded by isotopic ratios involving magic nuclei measured in 
bulk Sic  samples, indicates that the Sic  grain parent stars had, on average, 
a metallicity higher than that of the stars that produced the solar system 
distribution of s-process elements. 

Since the average metallicity increases with the age of the Galaxy, we 
can conclude that S ic  grains should have formed, on average, in stars that 
were born after those from which the bulk of the solar system material 
originated. This conclusion makes sense, if we consider that the bulk of 
the solar system material is the result of the operation of the Galactic 
chemical evolution, including the contributions of very old stars. On the 
other hand, S ic  grains from very old stars would have spent a longer time in 
the interstellar medium than Sic  grains from younger stars, and hence they 
would have preferentially been destroyed. As discussed in Sec. 4.8 a small 
population of S ic  grains, the Sic-Z, are believed to have formed in stars of 
lower metallicities than the mainstream grain parent stars. Measurements 



136 Stardust from Meteorites 

of the isotopic composition of heavy elements in this type of Sic grains will 
be crucial in confirming the scenario described above. 

With the advent of RIMS, we now have the possibility of considering 
also the information yielded by measurements of the Sr and Ba isotopic 
ratios in single Sic grains. For Sr and Ba, more grains show compositions 
close to the N component than in the case of Zr (see next section) and Mo. 
This can be explained by considering that Sic grains tend to have lower 
concentrations of Sr and Ba than of Zr and Mo, because Sr and Ba are 
more volatile than Zr and Mo [lo, 155,1561. Thus, Sr and Ba in SIC grains 
are more likely to be contaminated by solar system material than Zr and 
Mo. 

With regards to the 88Sr/86Sr ratios, it is noticeable in Fig. 5.7 that a 
general trend of the lines of model predictions is to lie below the observed 
data. This may be considered as an indication that the initial composi- 
tion (N component) for this ratio should be taken to be 10%-20% higher 
than solar. Another main feature of both the *'Sr/''Sr and 13sBa/136Ba 
ratios is that the composition of single grains is not concentrated around 
the composition of Sic grains in bulk, but shows a large spread. For ex- 
ample, 6("Sr/"Sr) spreads from -200 to +300°/,,, from which one can 
deduce that a spread in the efficiency of the neutron flux in the 13C pocket 
must be present for stars of a given mass and metallicity. The same con- 
clusion is reached when model predictions are compared with spectroscopic 
observations of heavy s-process elements in stars of different metallicities 

To explain the existence of a spread of neutron efficiencies in the 13C 
pocket for a given stellar model one can use stellar rotation, as proposed by 
Herwig et al. [118]. All stars rotate and, when rotation is taken into account 
in stellar evolution models, it is found that the region where the 13C pocket 
is supposed to form in the current s-process model is not in stationary 
conditions during the interpulse period. Instead, material is continuously 
mixed due to rotationally-induced shear. Shear mixing is produced by 
the fact that the rotational velocities of the core and the envelope are 
different, since the compact degenerate core rotates faster than the less 
dense extended envelope. The border between the core and the envelope, 
which experiences the discontinuity in rotational velocity and hence is the 
place where the shear mixing occurs, it is also the place where the 13C 
pocket is located. Thus, the evolution in time of the abundances of 13C 
and 14N in each layer of the 13C pocket, whose initial profiles are shown 
in Fig. 5.3, when rotation is included, do not depend only on the effect 

[481. 
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of nuclear burning, but also on the effect of mixing in the region. Under 
radiative conditions, 14N has a high abundance only in the layers of the 
pocket that have seen a mass fraction higher than N 1% of protons diffused 
from the envelope. In the presence of rotation, this 14N is mixed down into 
13C-rich layers. Because 14N is a strong neutron absorber, it follows that 
the neutron flux in the pocket is modulated by the shear mixing. The final 
neutron exposure in each layer of the pocket is thus decreased with respect 
to the values shown in Fig. 5.3 .  

The problem is that current stellar models with rotation predict that 
the rotational mixing in the 13C pocket completely inhibits the occurrence 
of the s process! In order to produce a rotating stellar model in which the 
s process is not absent, but only modulated by shear mixing, other effects 
should be taken into account. For example, the inclusion of magnetic fields 
in the computation could help to decrease the amount of shear mixing in 
the 13C pocket. Magnetic fields could enhance the coupling of the core to 
the envelope of the star, thus producing a smaller difference between the 
rotational velocities of the core and the envelope. This would result in a 
weaker shear-mixing effect at the border between the core and the envelope. 

Measurements of isotopic ratios involving magic nuclei in single presolar 
grains can set strong constraints on the way the I3C neutron source operates 
in AGB stars, and on processes such as stellar rotation and the presence of 
magnetic fields. 

5.2.4 Class IV: Isotopic ratios involving isotopes depending 
on branchings 

Let us now consider two Zr isotopic ratios: g1Zr/g4Zr and g6Zr/g4Zr. A 
three-isotope plot is shown in Fig. 5.9, with single Sic  grain data and model 
predictions. The Zr composition in single Sic  grains has been measured 
using RIMS [203]. Note that, before RIMS, measurements of the isotopic 
composition of Zr and Mo in Sic  grains could not be performed, since it 
was impossible to discriminate between isotopes of the same atomic mass, 
such as "Zr and "Mo. The data points lie closer to the G than to the N 
component, similarly to the Mo isotopic ratios of Figs. 5.5 and 5.6. This is 
consistent with the fact that Zr and Mo are present in Sic  grains in larger 
amounts than Sr and Ba, hence contamination by solar system material 
has less effect. 

The ratio g1Zr/94Zr is a good example to  summarise the types of infor- 
mation discussed in the previous two sections. Zirconium-91 is very close to 
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having a magic number of neutrons, with N=51 (Fig. 2.6). Hence the iso- 
topic ratio 91Zr/g4Zr behaves similarly to the ratios of class I11 (See. 5.2.3). 
In particular, it varies over a large range of values when changing the 13C 
amount, and hence the neutron exposure iri the 13C pocket. Single grain 
data show a spread of S(91Zr/g4Zr) from -300 to  almost +lOOo/,,. This is 
in agreement with the conclusion drawn from the Sr and Ba compositions 
in single grains, that a spread in the neutron exposure in the 13C pocket is 
needed to cover the range of data. 

Model predictions, though, are systematically higher than Sic  data, 
for the 91Zr/94Zr ratio. The neutron-capture cross sections of 'lZr has 
an uncertainty of 13% [26] and a 10% higher cross section for this isotope 
would lead to S-values about 100"/,, lower than those shown in Fig. 5.9, 
and hence a better match with the measurements. As in the case discussed 
in Sec. 5.2.2, data of Zr isotopic ratios in S ic  grains give us the possibility of 
high-precision testing of the nuclear properties of the Zr isotopes, therefore 
also stimulating new laboratory measurements, since available data date 
back to the 1970s. 

The other ratio shown in Fig. 5.9 is that involving 96Zr. This is a partic- 
ularly interesting isotope: it would in principle be considered as an r-only 
isotope, however, it can be produced during the s process if the branching 
point at 95Zr is activated, as shown in Fig. 2.8. The final abundance of 
96Zr largely depends on the maximum neutron density achieved during the 
s process. Since high neutron densities are reached during the neutron flux 
in the convective pulse (see Sec. 5.1.5), the abundance of 96Zr can be used to 
test the properties of this neutron flux. The lines of model predictions start 
from solar and then progressively move towards more and more negative 
~5(~~Zr/'*Zr) values, until a minimum is reached and the prediction turns 
back towards higher ~ 5 ( ' ~ Z r / ~ ~ Z r ) .  This behaviour indicates that the G 
component for this ratio is changing after each thermal pulse! This change 
is due to the fact that the temperature in the convective pulse increases 
with the pulse number, as shown in Fig. 5.4. Hence, the composition of the 
material dredged-up after each pulse is unique. In particular, more "Zr 
is produced during the late higher-temperature pulses, which explains the 
turning in the predicted evolution lines of Fig. 5.9. 

A similar curve is also noticeable in the predictions shown in the three- 
isotope plots presented in the previous two sections and can now be inter- 
preted. In the case of 6(95Mo/96Mo) there is a very small curving toward 
higher ratios. This is due to the different way in which, toward the end 
of the neutron flux in each convective pulse, the branching at 95Zr toward 
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Fig. 5.5.  

Three-isotope plot of the 91Zr/94Zr and 96Zr/g4Zr ratios. Symbols are as in 

"Zr progressively closes as the neutron density decreases. Also in the case 
of b("Sr/"Sr) and of ~ 5 ( l ~ ' B a / l ~ ~ B a )  the predicted evolution as a function 
of the pulse number shows a turning toward high values. The abundances 
of magic nuclei always tend to accumulate because of their small neutron- 
capture cross sections, and, in fact, their abundances slightly grow in the 
convective pulses. Since the small neutron exposure produced in the pulses 
increases, together with the peak neutron density, with the pulse number, 
higher abundances of the magic nuclei are produced in the later pulses. 

Single Sic grains show a spread in 6(96Zr/94Zr) from about -500"/,, 
to -lOOOo/,,. The grains with composition close to -lOOOo/,, are quite 
extreme since this value of 6 represents a composition in which no 96Zr 
is produced during the s-process. Such grains are not currently matched 
by the model predictions. One possibility is that their parent stars had 
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mass lower than 1.5 Ma.  In fact, the Q6Zr/g4Zr ratio decreases with the 
stellar mass, as noticeable when comparing the results from the 1.5 Ma 
and those from the 3 MD models. This is because the temperature in the 
convective shell decreases with the stellar mass. However, stellar models of 
mass lower than 1.5 Ma typically do not experience much third dredge-up 
of intershell material, hence it is more difficult to produce carbon stars in 
this case. On the other hand, the low 6(96Zr/94Zr) values rule out AGB 
stars of intermediate mass as parent stars of the grains since in this case 
the high temperature at the base of the convective pulses produces a high 
neutron density, which results in positive 6(96Zr/94Zr) values. Also, when 
time-dependent overshoot is included at  the base of the convective pulse, 
the temperature increases and the predicted 6(96Zr/94Zr) values are positive 
[175]. Thus, the Zr isotopic ratios measured in single Sic  grains by RIMS 
can be used as constraints for the free parameter that controls overshoot 
mechanisms in AGB stellar models. 

Another way of lowering the calculated 96Zr/94Zr ratio is to consider 
the uncertainties of the 22Ne(a, ~ 2 ) ~ ~ M g  reaction rate. During the s-process 
in AGB stars, even a very small variation of the 22Ne(a, n)25Mg rate pro- 
duces a change of the neutron density in the convective pulse, and hence 
some variations in the abundances that depend on branching points. In 
our predictions we have used for this reaction the rate recommended in the 
NACRE compilation of reaction rates [23]. Data from [145] suggest a rate 
about 30% lower than the rate that was used in computing the predictions 
shown in Fig. 5.9 [23,154]. A rate 30% lower results in a predicted g6Zr/g4Zr 
ratio about 4% lower, and the lowest 15(’~Zr/’~Zr) value obtained, for the 
case of 1.5 Ma and the maximum amount of 13C, moves from -830°/,, 
shown in Fig. 5.9 down to -87O0/,,. In any case the fact that the Zr com- 
position of presolar Sic  grains shows negative 6(96Zr/g4Zr) values rules out 
a rate for the 22Ne(a, n)25Mg reaction much larger than what we have used, 
such as the upper limit for the rate proposed in the NACRE compilation. 

Another point to consider is that the neutron-capture cross section of 
the nucleus that governs the branching, 95Zr, is very uncertain. For unsta- 
ble isotopes, it is much more difficult to perform experiments to measure 
their neutron-capture cross sections than for stable isotopes. Hence, only 
theoretical estimates are usually available, and they have typical uncer- 
tainties of 50%. For example, for the neutron-capture cross section of 95Zr 
there are different estimates ranging from 23 mbarn [149] to 126 mbarn 
[229] (values given at a temperature of 30 keV). In the predictions pre- 
sented in Fig. 5.9 we have used the recommended value of 79 mbarn [as]. If 
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we use the lowest available estimate the 96Zr/94Zr ratio decreases by about 
5% so that the lowest ~5('~Zr/'~Zr) we obtain is -880°/,,. Using instead 
the highest estimate available, the lowest ~5('~Zr/'~Zr) value is -780"/,,. 

There are many isotopes that are involved in branchings and, as in the 
example discussed above, their abundances in S ic  grains hold a great deal 
of information on stellar structure and nuclear properties. More examples 
are the cases of "Kr (see below), 13*Ba, 137Ba, and 148Nd [98,174]. 

5.2.5 Class v: Isotopic ratios involving isotopes 
produced by radioactive decay 

As in the case of 26A1 (Sec. 4.5), there are some heavy long-lived radioactive 
nuclei that could have been incorporated in S ic  grains. The best example 
is "Tc, which decays into "Ru with a half-life of 2.1 x lo5 years. As 
mentioned at  the beginning of this chapter, the presence of Tc in AGB 
stars is convincing evidence that the s process occurs in these stars. The 
proof of the initial presence in S ic  grains of "Tc, that has now all decayed, 
is shown by the Ru composition measured in single S ic  grains with RIMS 
[246]. The data show the typical signature of the s process, with all the 
isotopic ratios, calculated using the s-only isotope looRu as the reference 
isotope, lower than solar, in particular with the p-only 96,9sRu and the r- 
only lo4Ru being strongly depleted. The production of ggRu during the 
s process is due to the decay of "Tc, which is on the main s-process path 
(Fig. 2.6). The decay of "Tc into ggRu occurs both in the He intershell 
and in the envelope. As illustrated in Fig. 5.10, S i c  grain data for the 
99Ru/100Ru ratio are matched, only if it is assumed that Tc is incorporated 
in the grains together with Ru, so that the abundance at  mass 99 in the 
grains reflects both the contributions of the "Ru and the g9Tc originally 
present in the stellar envelope. This is a reasonable assumption, as Tc is a 
refractory element, as is Ru. The detection of the initial presence of "Tc 
in S ic  grains is further proof of their origin in AGB stars. 

A different conclusion is reached when considering the possible contri- 
bution to the abundance of 135Ba from the presence of the long-living 135Cs 
(with half-life of 2 million years) in single S ic  grains [174]. Cesium does 
not appear to have condensed in the grains. In fact, if it is assumed that Cs 
is also incorporated in Sic grains, then the predicted 135Ba/136Ba ratios 
are higher than the measured values, as illustrated in Fig. 5.11. This is 
consistent with the fact that Cs is a highly volatile element and thus it is 
not expected to have condensed into S ic  grains. 
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Fig. 5.10 Three-isotope plot of the 1 0 4 R ~ / 1 0 0 R ~  and 99Ru/100Ru ratios. The symbols 
are as in Fig. 5.5, but only the 1.5 M a  model is presented. The larger open symbols 
represent the same cases as the smaller open symbols, except that the abundance of ggTc 
in the envelope of the star is or is not added to the abundance of QgRu, respectively. 

5.3 The heavy noble gases: Kr and Xe 

The heavy noble gases Kr and Xe are discussed separately from the other 
heavy elements because, unlike the mostly refractory elements discussed 
above, noble gases are extremely volatile and are believed to have been 
implanted into S ic  grains after having been ionised [168]. The available 
data are for Sic  grains in bulk [168], and are shown in Figs. 5.12 and 5.13. 

In Fig. 5.12, the Xe-S component (also shown in Fig. 1.3) is plotjted 
and compared to AGB model predictions. The G component is considered, 
since data are for S ic  grains in bulk and contamination with solar material 
could have happened. The G components for S ic  grains is extrapolated 
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Fig. 5.11 Three-isotope plot of the 135Ba/'36Ba and 130Ba/136Ba ratios. The symbc s 
are as in Fig. 5.5, but measurements are only for S ic  grains in bulk (black squares) and 
only the 1.5 nCr, model is presented. The larger open symbols represent the same cases 
as the smaller open symbols, except that the abundance of 135Cs in the envelope of the 
star is or is not added to the abundance of 13'Ba, respectively. 

by setting 136Xe/130Xe = 0, since 136Xe is an r-only isotope. This is com- 
pared with model predictions for the pure s-process component, i.e. for 
material in the He intershell. To take into account the fact that the He 
intershell composition changes after each pulse and also that the amount 
of third dredge-up varies, predicted values are calculated as the average of 
the composition after each pulse, provided that C/O > 1 in the envelope 
at such time, weighted by the mass dredged-up after each pulse. Moreover, 
since we compare predictions with data from Sic  grains in bulk another 
average is performed on the possible choices of the amount of 13C in the 
pocket, for stellar masses of 1.5 and 3 M a ,  and for metallicities solar and 
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Fig. 5.12 Isotopic ratios of the G component of Xe, with respect to  solar ratios, extrap 
olated from measurements of S i c  grains in bulk (corresponding to  the Xe-S component 
shown in Fig. 1.3, error bars are within the symbols) and AGB model predictions for 
pure s-process intershell material, calculated as explained in the text (courtesy Marco 
Pignatari). 

half of solar. Compositions from all these models are weighted by the total 
abundance of Xe present in the stellar winds for each case. 

Among the Xe isotopic ratios, some belong to the ratios of class I dis- 
cussed in Sec. 5.2.1, which involve p-only (124Xe and 126Xe) and r-only 
isotopes (134Xe and 136Xe). All the remaining ratios involve isotopes on 
the main s-process path, and far from magic neutron numbers (class 11, 
Sec. 5.2.2). Hence, the data yield mostly information on the neutron- 
capture cross section of the Xe isotopes with A from 128 to 132. Model 
predictions represent a good match with the data, in particular since re- 
cent measurements of the neutron-capture cross sections of the 12s,129,130Xe 
isotopes have reduced their uncertainties by an order of magnitude [231]. 

By applying a simple ion implantation model to the concentration of Xe 
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in S ic  grains of different sizes, it is possible to derive information on the 
energy of the stellar winds in which these gases were ionised and implanted 
into the grains [ass]. The Xe concentration as a function of the grain size 
can be matched if the implantation of Xe has occurred in relatively slow 
stellar winds of 10-30 km/s, typical of the AGB phase. The Xe composition, 
as that of the other heavy elements discussed above, shows the mixing of 
the N and G components in the envelope of AGB stars. 

When the implantation model is applied to the concentration of the light 
noble gases, He, Ne and Ar, in S ic  grains of different size (whose isotopic 
composition was discussed in Sec. 4.4) it appears, instead, that these gases 
were implanted in S ic  grains in higher-energy stellar winds, with velocities 
of a few thousand km/s. These conditions can be found in post-AGB stars, 
when the last fraction of the envelope of the star is ejected. At this point 
of the AGB evolution, the H-rich envelope has a very small mass and hence 
it is easier to achieve small dilution of the He intershell material. This is 
in agreement with the fact that the isotopic compositions of He, Ne and 
Ar in S ic  grains are very close to the composition of the G component, i.e. 
they represent almost pure He intershell material. Note that the ionisation 
potential is higher for these elements than for Xe, hence higher energies are 
needed to ionise them. 

A more complex situation arises for Kr, whose ionisation potential is half 
way between those of He, Ne and Ar and that of Xe. The G component 
of the Kr isotopic composition measured in S ic  grains in bulk is shown in 
Fig. 5.13 and compared to AGB model predictions computed in the same 
way as for Xe. Variations of the isotopic composition are interestingly 
correlated with the size of the grains: in particular the 86Kr/szKr ratios 
span a large range of values increasing with the grain size, in opposite 
direction to the small range spanned by the "Sr/"Sr and 138Ba/136Ba 
ratios measured in S ic  grains in bulk (Sec. 5.2.3). 

The concentration of Kr in S ic  grains as a function of the grain size can 
be explained by the implantation model if two Kr components are present: 
one that was implanted in low-energy stellar winds, similarly to Xe, and is 
responsible for the low 86Kr/s2Kr ratios in the small grains, and another 
that was implanted in high-energy stellar winds, similarly to He, Ne and 
Ar, too energetic to be captured by the small grains and thus is responsible 
for the high 86Kr/82Kr ratios in the larger grains. Further work on the 
nucleosynthesis in AGB and post-AGB stars is needed, in order to explain 
the features of the isotopic patterns of Kr in S ic  grains within the complex 
scenario described above. 

Sr
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Fig. 5.13 Isotopic ratios for the G component of Kr, with respect to  solar ratios, ex- 
trapolated from measurements of S i c  grains in bulk (the size of the grains are indicated 
for s°Kr/s2Kr and s6Kr/82Kr, see Fig. 3.1, error bars are within the symbols) and AGB 
model predictions for pure s-process intershell material, calculated as explained in the 
text (courtesy Marco Pignatari and Carlo Fazio). The G components for the s6Kr/82Kr 
ratio extrapolated from measurements of presolar graphite grains in bulk of different 
densities (see Sec. 6.2) are also shown for comparison. 

Not only the s°Kr/82Kr and s6Kr/s2Kr ratios are interesting because 
they both vary, slightly or strongly, respectively, with the grain size, but also 
because their production is dependent on the features of the stellar model. 
The 80Kr/82Kr ratio depends on the temperature at which the s process 
occurs, because the production of "Kr is affected by a branching point 
at 79Se, whose @--decay rate is strongly dependent on temperature. The 
s6Kr/s2Kr ratio is strongly dependent on the neutron density at which the 
s process occurs because the production of ssKr is affected by the branch- 
ing point at 85Kr (see Fig. 5.14). Krypton-85 has a ground state with a 
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Fig. 5.14 Section of the nuclide chart showing the branching points at the ground state 
of s5Kr (half-life of 11 years) and at 86Rb (half-life of 19 days). When either of the 
branchings is open, part of the flux goes through “Kr and 87Rb (which have magic 
number of neutrons =50), skipping ‘‘Sr and s7Sr. 

half-life of 11 years, much longer than that of the isomeric state2, and hence 
can easily capture neutrons before decaying. For example, about 20% of 
the neutron flux goes through 86Kr for neutron densities as low as 4 x l o7  
cmP3. Moreover, 86Kr itself has a magic number of neutrons (N=50) so 
its neutron-capture cross section is relatively low and, once produced, “Kr 
tends to accumulate. One problem is that the neutron-capture cross section 
of the unstable s5Kr is uncertain by almost a factor of two so that current 
AGB models can span the whole range of the “Kr/”Kr ratio observed in 
S ic  grains of different sizes just by considering the range of uncertainty in 
the neutron-capture cross section of 85Kr! This fact precludes any confident 
conclusions, however, once this uncertainty will be reduced, future devel- 
opments could even aim at relating nucleosynthesis conditions in AGB and 
post-AGB stars to the energy of the related stellar winds, through the Kr 
composition of presolar S ic  grains. 

5.4 Exercises 

(1) The lifetime of a nuclear species i against capturing a particle of species 
j can be calculated as T = 1 / X  = l/(nj(av)) s-l, where nj is the num- 

2Excited metastable state, i.e. with a longer lifetime with respect to ordinary excited 
states, before decaying into the ground state (of 4.5 hours in the case of s5Kr). 
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ber of nuclei of species j per unit of volume and (0.) is the Maxwellian- 
averaged value of the product of the relative velocity u times the cross 
section 0. The variation of the abundance ni of the species i at a given 
time t,  dnildt, can then be derived by the exponential law e P t f r .  

a) Consider the 13C(a, n ) l 6 0  and "Ne(a, r ~ ) ' ~ M g  reaction rates from 
Fig. 5.1 in AGB stars. With a typical He intershell abundance 
X4 = 0.7, how long does it take for a given initial abundance of 
13C and 22Ne to be reduced by a factor of 10 at  temperatures and 
density conditions of T = 100 million degrees and p = lo4 g/cm3 
(typical of the end of the interpulse phase), and T = 300 million 
degrees and p = lo3 g/cm3 (typical of the peak of the thermal 
instability)? 

b) During each interpulse-pulse cycle the temperature in the He in- 
tershell for a typical solar metallicity AGB star of mass - 2 Ma 
stays above 100 million degrees for - 1000 years a t  the end of the 
interpulse period, and above 300 million degrees for N 0.5 year 
during the thermal pulse. Which of the two neutron source reac- 
tions described above is more likely to contribute neutrons to the 
s process in this star? 

(2) Consider a single S ic  grain with composition 6 ( 9 2 M ~ / 9 6 M ~ )  = 

6(100M~/96M~)  = -700°/,,. Calculate what fraction of Mo atoms have 
contributed to  the total amount of Mo in such a grain by the N and by 
the G components. Remember that in a three-isotope plot the number 
of nuclei contributed by the N and G component to  the given mixture 
is inversely proportional to the distance of the mixture point from the 
two components. 

(3) Consider the isotopic ratio of the two s-only isotopes 128Xe/130Xe which 
are in local equilibrium (OA)NA N constant during the s process (see 
Fig. B.l). In the compilation of Ref. [26] the neutron-capture cross 
sections for these two isotopes are (012s) = 248 mbarn and (0130) = 

141 mbarn, a t  a temperature of 30 keV. The G component of Sic  grains 
in bulk shows (128Xe/130Xe)sic = 0.44. Is this value reproduced in pure 
s-process material? 
Reifarth et al. [231] measured (0128) = 262.5 mbarn and (0130) = 

132.0 mbarn (given for a temperature of 30 keV). Is the Sic  grain value 
more closely reproduced using these latest data for neutron-capture 
cross sections? Compare with the results presented in Fig. 5.12 (it is 
useful to also consider Fig. B.l). 
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(4) Derive the ( U A ) N A  values plotted in Fig. 2.7 for 86Sr and 88Sr. Knowing 
that ( (T86) / ( (T88)  rv 10 and that 88Sr/86Sr = 8.34 in the solar system, 
calculate 6G(88Sr/86Sr), i.e. the composition of pure s-process material, 
for the four cases of neutron exposure presented in Fig. 2.7. Where 
would these values plot in Fig. 5.7? 

(5) Knowing that (4)uth for 85Kr is 1.4 x cm3 s-’ at  23 keV and 
that its half-life is 11 yr, demonstrate that there is 20% probability that 
the s-process path branches towards “Kr when the neutron density 
is rv 4 x107 cmp3. 

10-17
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Chapter 6 

Diamond, Graphite and Oxide Grains 

Presolar diamond, graphite and oxide grains have been less studied and 
analysed than silicon carbide grains. This is mostly because it is practically 
more troublesome to extract, identify and analyse these types of grains. 
However, current technological advances in the procedures of the laboratory 
analysis of the grains, are leading the way to bright future prospects with 
regards to the extraction of more information. In this chapter we review 
the available data, their theoretical interpretation and future possibilities 
in the study of these types of presolar grains. 

6.1 Diamond 

The feature of presolar diamond that most stands out is the composition 
of the noble gas Xe carried by the grains: the Xe-HL component that was 
one of the first signs of the presence of presolar material in meteorites (see 
Sec. 1.2 and Fig. 1.3). Although among the first to be discovered, the Xe-HL 
isotopic pattern is still the least understood. Most of the effort has so far 
been concentrated on explaining the Xe-H component, i.e. the composition 
of the heavy Xe isotopes 134Xe and 136Xe. Since these isotopes are r-only 
nuclei, the most natural explanation is to relate their enhancements to 
the occurrence of the r process. However, the main problem is that the 
13sXe/134Xe ratio is different from the solar ratio (Fig. 1.3). Hence, the r 
process that produced the Xe-H composition cannot be the same as the r 
process that produced the solar system r-process abundance distribution. 

A possible scenario for reproducing the Xe-H composition involves a 
short and intense neutron burst in the He-rich zone of SNII [63] (see 
Sec. 2.5.2). This process is quite unlike the classical r process because the 
neutron burst is not as strong, but rather presents intermediate features 
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Fig. 6.1 Section of the nuclide chart (similar to  Fig. 2.6) including some isotopes of elements from Sn to Xe. Long-dashed lines highlight 
the magic numbers of protons (50) and and neutrons (82). The r-process paths of production, through p--decays, of the r-only isotopes 
1z8,130Te and 134,136Xe, as well as of 125,126Te, which are of mixed s- and r-origin, are indicated by the arrows. The half-lives of the 
unstable isotopes on such paths are also indicated (where “s” is for seconds, “m” for minutes, “d” for days and “y” for years). In some 
cases two half-lives are indicated corresponding to  different isomeric states of the nucleus. 
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between those of the the r and the s processes. By means of a quantitative 
model, Howard et al. [130] calculated which possible neutron irradiation 
histories could have produced the observed Xe-H composition, and made 
predictions regarding the composition of other elements. It is noteworthy 
that this same model can also be applied to explain the composition of Zr 
and Mo in single S ic  grains of type X (Sec. 4.8) and the Zr composition of 
certain single graphite grains (Sec. 6.2), which is consistent with a common 
SNII origin for these three types of presolar material. 

Another model to  explain the Xe-H component in diamond was pro- 
posed by Ott [217]. In this model the classical T process is followed by 
the separation of xenon from iodine and tellurium. During the T process, 
the abundances of 134Xe and 136Xe are produced after the neutron flux 
is extinguished and neutron-rich nuclei with A=134 and 136 undergo p- 
decay toward their corresponding stable isobars. These production paths 
are illustrated by the arrows in Fig. 6.1. In the case of 136Xe, the P--decay 
half-lives of all its unstable precursors are of the order of 1 minute or less, 
hence its abundance is quickly established. In contrast, in the case of 134Xe, 
its precursors 1341 and 134Te have P--decay half-lives of the order of several 
tens of minutes. Thus, if within approximately two hours Xe is separated 
from I and Te, the isotopic pattern of Xe-H can be reproduced. Ott [217] 
proposed different ways by which this separation might occur: fast conden- 
sation of Te and I, which are more refractory than Xe; loss of I3*Xe from the 
grains by recoil during the P--decay of its precursors previously trapped in 
the grains; and separation of ionised from neutral atoms, maybe by means 
of magnetic fields, given that Xe atoms are more difficult to ionise. 

The separation model was subsequently shown to be successful also in 
explaining the composition of tellurium in diamonds [237]. The two Te 
isotopes of mixed r and s origin, lZ5Te and Iz6Te, show no excesses in 
diamonds, with respect to the solar composition. An excess is predicted 
by the neutron-burst model, but not by the separation model, since the r- 
process precursors of lZ5Te and lZsTe have very long half-lives against ,&- 
decay, of the order of years (Fig. 6.1). On the other hand, diamonds show 
a very slight enhancement of the r-only isotope lZ8Te with respect to the 
other r-only isotope 130Te, while the separation model predicts the reverse: 
a slight enhancement of I3OTe with respect to IZ8Te. This is because the 
production of lZ8Te is controlled by the decay half-life of lz8Sn (59 minutes), 
which is longer than the decay half-life of any of the I3OTe precursors. Given 
that the neutron-burst and the rapid-separation models both have some 
advantages and problems, a hybrid model may be considered, in which 
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isotopic compositions produced by a neutron burst are followed by rapid 
separation [179]. 

The Xe-L component, in which the ratio of the two ponly isotopes 
124Xe and lZsXe is about two times higher than solar, can be qualitatively 
explained within the separation scenario. In fact, the p-process production 
of 126Xe occurs via p+ decay of 126Ba, which has a longer half-life (100 
minutes) than lZ4Ba (12 minutes), the p-process precursor of 126Xe. How- 
ever, the 128Xe/126Xe ratio predicted by models of the p process in SNII 
is much higher than that observed in Xe-HL [230]. This problem prevents 
us from drawing any confident conclusions. Pioneering work on the Xe-L 
component was also presented in [119,120]. 

An alternative scenario was proposed by Jmrgensen [148], where dia- 
monds originating in red giant stars in binary systems are implanted with 
a Xe-HL component produced by the SNIa explosion of the white dwarf 
companion of the giant. Other proposed stellar sources for diamond grains 
include C-rich giant stars [22] and Wolf-Rayet stars [25]. 

Being the grains too small, the analysis of the isotopic composition of 
individual diamond grains, even for the most abundant element, carbon, is 
outside the current laboratory possibilities, but may be achieved in the fu- 
ture. Information on individual presolar diamond would represent a better 
and perhaps only way to understand where these grains actually formed 
and which fraction of them are of truly presolar origin. 

6.2 Graphite 

Presolar graphite grains are classified by their density and, interestingly, 
the carbon isotopic ratios and the noble gas compositions vary with the 
density [9,13,123]. The 12C/13C ratio varies from r" 2 to N 10,000 providing 
good evidence for a stellar origin. Grains with l2C/l3C higher than solar 
(89) are more abundant among grains with high density. On the other 
hand, the nitrogen isotopic ratios are mostly close to the terrestrial value 
(272), perhaps indicating that at least part of the nitrogen in graphite 
equilibrated with air. With regard to the noble gases, presolar graphite 
grains are the carriers of the Ne-E(L) component [13], i.e. monoisotopic 
22Ne most likely resulting from the radioactive decay of 22Na produced 
in novz and supernovE. In addition, graphite grains also carry a milder 
anomaly similar to that of Ne from the He intershell of Asymptotic Giant 
Branch stars (as in the case of mainstream Sic  grains, Sec. 4.4). The Kr 



Diamond, Graphite and Oxide Grains 155 

composition also appears intriguing (Fig. 5.13), showing the signature of 
the s process occurring both at low and high densities. Thus, a variety of 
stellar sources have to be considered for the origin of graphite grains, from 
very massive stars, to supernovz, novz and AGB stars. This multiplicity of 
sources is confirmed by recent measurements in single high-density graphite 
grains of He and Ne [a021 and the heavy elements Mo and Zr [206]. Graphite 
grains of high density, in particular, are believed to have originated from 
red giant and Asymptotic Giant Branch stars, however, it is not clear why 
there are so few of them with respect to presolar SIC grains. Overall, the 
dataset is still limited, especially regarding grains of small size and of low 
trace element content. NanoSIMS measurements have started on different 
fractions of graphite grains [19]. 

The most studied group of presolar graphite grains is the KE3 fraction 
from the Murchison meteorite, which has a relatively low density of 1.65 
- 1.72 g/cm3, large size > 2 pm and typically high trace element content. 
Like for Sic grains of type X (Sec. 4.8.3) and silicon nitride grains, the 
presence of the radioactive nuclei 44Ti [214], 41Ca [16] and 49V [a811 at  
the time of the grain formation represents conclusive proof for an origin 
of low-density graphite grains in massive stars exploding as supernovz of 
type I1 (SNII). The other isotopic signatures are similar to those shown 
by Sic-X grains and are, at least qualitatively, in agreement with a SNII 
origin: namely excesses in 15N, 28Si, 26A1 and, in addition to Sic-X grains, 
also excesses in "0. As shown in Fig. 6.2, where data from Ref. [a811 
are plotted, the 12C/13C ratios of graphite KE3 grains cover a very large 
range, from = 3 to = 10,000. The nitrogen isotopic ratios are typically 
lower than solar, indicating excesses of 15N. The silicon composition of the 
grains, from Ref. [281], is illustrated in Fig. 6.3, showing 28Si excesses up 
to twice the solar value, but also grains with excesses in "Si and 30Si. In 
Figs. 6.2 and 6.3 the approximate compositions of the different regions of 
a SNII (see Fig. 2.5) are also indicated (from Ref. [299]). As in the case of 
Sic-X grains, some mixing is needed among the different layers of the SNII 
to match all the isotopic signature of low-density graphite grains. 

Detailed studies of the possible results of such mixing and comparison 
with graphite data can be found in Refs. [299,300,281]. One difficulty 
relates to the question, briefly discussed in Secs. 1.5.1 and 4.8.3, of whether 
the condition C/O > 1 in the gas is necessary for the formation of graphite 
grains in SN ejecta. This condition is satisfied only in the outer regions of 
the star (those marked as C/O, He/C and He/N in Figs. 6.2 and 6.3), 
which have experienced H burning and partial He burning and are enriched 
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Fig. 6.2 Carbon and nitrogen isotopic compositions measured in single graphite grains 
from the KE3 fraction. Solar composition is indicated by the dotted lines. The approx- 
imate compositions of different regions of SNII are indicated by the labels, where, with 
reference to Fig. 2.5, Ni corresponds to the inner Fe- and Ni-rich region, Si/S t o  the 
region rich in 28Si and 32S, O/Si to the region rich in ISO, 24Mg and 2sSi, O/Ne to the 
region rich in “0, 2oNe and 24Mg, C/O to the region rich in 12C and “0, He/C t o  
the inner layer of the 4He-rich zone, and He/N t o  the outer layer of the 4He-rich zone. 
It is clear that  the compositions of graphite grains are not matched by the composition 
of any single shell, and a mixture of them is needed to match the data. 

in “ 0  and 26A1, as observed in the grains. On the other hand, the large 
amount of 44Ti and 28Si also observed in the grains, can be reproduced only 
by mixing of material from the inner regions of the star, where Si burning 
has taken place (Sec. 2.4). The problem is that, if C/O > 1 is needed, 
the mixing of outer and inner layers has to be accomplished limiting the 
contribution of the the intermediate oxygen-rich layers. Furthermore, as 
in the case of Sic-X grains, there are some problems in reproducing the 
observed abundance of 15N and 2gSi. 
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Fig. 6.3 Silicon isotopic compositions (in 15 values) measured in single graphite grains 
from the KE3 fraction. Solar composition (I5 = 0 o / o o )  is indicated by the dotted lines. 
The approximate compositions of different regions of SNII are indicated by the labels, 
in the same notation as in Fig. 6.2. Many grains have excesses in 28Si, which can only 
be produced in material from the Si/S region. 

6.3 Oxide grains 

As introduced in Sec. 1.4, various types of presolar oxide grains have 
been recovered from primitive meteorites. These are corundum (A12 Os) ,  
spinel (MgAlZOq), hibonite (CaAllz019) and titanium oxide (TiOz) 
[58,59,136,209,211,212,213,304,307], as well as various types of silicate 
grains, both crystalline such as olivine (Mg,Fe)zSi04 (where the bracket 
indicates a range of mixtures from pure Mg to pure Fe) and pyroxene 
XY(Si,A1)206 (where X and Y represents various other elements) and 
amorphous glass and GEMS (Glass with Embedded Metal and Sulfides) 
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[188,194,195,196,199,200]. The oxygen compositions of the grains are 
plotted in Fig. 6.4. The majority of such compositions cover the same re- 
gion of the oxygen three-isotope plot, independently of the type of grain, 
indicating a common origin. Nittler et al. [212] presented a detailed study 
of the composition of oxide grains and in the following some of these au- 
thors' results are reported and explained in detail. 

Oxygen has three stable isotopes with atomic mass number 16, 17 and 
18. Of these, by far the most abundant is l60 which is copiously produced 
in massive stars during both carbon and neon burning (see Sec. 2 .3 ) .  In- 
stead, 170 and 180 are much less abundant: in the solar system there is 
only 1 atom of "0 per 500 atoms of l6O, and 1 atom of 170 per 2660 atoms 
of l60! The majority of the oxide grain data (those belonging to the popula- 
tions I and I1 described below) are located in the oxygen three-isotope plot 
of Fig. 6.4 in the same region covered by spectroscopic observations of red 
giant and Asymptotic Giant Branch stars ([110,111,112,152,255], and see 
Fig. 9 of [212]), pointing to such an origin for the majority of oxide grains. 
This composition is in qualitative agreement with model predictions of the 
oxygen surface abundances of red giant and AGB stars, which are modified 
by the operation of the first dredge-up as discussed below. While carbona- 
ceous phases can form only from gas where C/O > 1 (Sec. 1.4) and are 
observed to be present around carbon-rich evolved stars, oxide and silicate 
grains can form from gas where C/O < 1 and are observed to be present 
around oxygen-rich evolved stars [257]. Thus, oxide and Sic  grain data 
together can produce a complete picture for our understanding of both the 
oxygen-rich and the carbon-rich phases of the evolution of red giant and 
AGB stars. 

As is done for Sic grains (Sec. 4.1), a first step to interpret the composi- 
tion of oxide grains is to classify them into different subgroups on the basis 
of their isotopic composition. Grains are separated into four different popu- 
lations based on their position in the oxygen three-isotope plot. In Fig. 6.4 
the areas covered by the different populations are enclosed in boxes. Note 
also that a fraction of corundum grains have excesses in 26Mg. Since 26A1 
is produced during the AGB phase (Sec. 4.5), but not during the earlier 
red giant phase, it is in principle possible to distinguish between corundum 
grains formed during the AGB phase, with "Mg excess, and grains that 
formed earlier, during the red giant phase, with no 26Mg excess. If excesses 
of 26Mg are present, the 26Al/27Al ratio can be derived in corundum grains. 
The four populations established on the basis of oxygen composition appear 
to have specific features also with regards to the aluminium composition. 
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Grains belonging to population I show lsO/lsO ratios from solar to 
approximately a factor of two higher than solar and enhancements of 170. 

Their composition is compatible with an origin in red giant and AGB stars, 
where 170 is enhanced at the stellar surface after the occurrence of the first 
dredge-up (Sec. 4.3). The highest observed 170 enhancements, correspond- 
ing to the lowest 160/170 ratios in Fig. 6.4, around 200, are attributable to 
stars of mass N 3 Ma (see Table 4.2). In fact, the effect of the first dredge- 
up increases with the stellar mass up to = 3 Ma,  and then decreases again 
for stars of higher mass [41]. On the other hand, models of the first dredge- 
up do not predict the range of variation of a factor of = 2 observed in 
the 160/1s0 ratios of the grains of population I. Such variations are thus 
attributed to changes in the initial composition of the parent stars due to 
Galactic chemical evolution, in a similar fashion as suggested for the Si dis- 
tribution in mainstream Sic grains (Sec. 4.6) [39,41,133,212]. The ratio 
26Al/27Al in corundum grains of population I has a mean value of 0.0023, 
in agreement with theoretical predictions for AGB stars [91,92,198,290]. 

Oxide grains of population I1 show similar 160/170 ratios as grains of 
population I. In addition they are depleted in l80: their 1sO/160 ratios 
reach down to values two orders of magnitude lower than solar. In one 
corundum grain no l80 could be detected so that only a lower limit for 
the 160/1s0 is available. Such depletions can be explained by the opera- 
tion of proton-capture processes at the base of the convective envelope in 
AGB stars. The grain compositions could be qualitatively associated with 
hot bottom burning occurring in intermediate-mass AGB stars (Sec. 4.2.1), 
however detailed calculations demonstrated that the composition of many 
grains cannot be quantitatively reproduced by hot bottom burning [42]. 
Such grains are better explained by extra-mixing processes in low mass 
stars during the AGB phase (cool bottom processing) [a891 (Sec. 4.3). Nol- 
lett et al. [216] presented a detailed study where presolar grain data are 
compared to analytic models of cool bottom processing in AGB stars of low 
mass. They showed that the composition of the oxide grains of population 
I1 can be well explained by the occurrence of this type of extra mixing. 
The 26A1/27A1 ratio in corundum grains of population I1 has a mean value 
approximately three times higher than that of grains of population I, which 
also indicates the operation of proton-capture processes. Oxide grains of 
population I1 represent the first direct evidence of the occurrence of ex- 
tra mixing during the AGB phase, and can be used to resolve the large 
uncertainties related to this process. 
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The composition of grains belonging to populations I11 and IV, showing 
excesses and depletion of l60, respectively, can be interpreted as the result 
of Galactic chemical evolution of the oxygen isotopes. However, there are 
still large theoretical uncertainties. Oxygen-16 is produced in massive stars 
of all metallicities, starting from the 4He initially present in the star, and 
thus its production is of primary nature, like that of 28Si (see Sec. 4.6). 
On the other hand, 170 and l80 are produced starting from the initial 
CNO abundance, hence they depend on the initial metallicity of the star, 
and thus their production is of secondary nature, as that of 29Si and 30Si. 
Oxygen-17 is produced by the CNO cycle in all stars and carried to the 
surface by the occurrence of the first and second dredge-up. Moreover, this 
isotope is produced by the hot CNO cycle during nova outbursts. Oxygen- 
18 is produced in massive stars by a captures on I4N from the H-burning 
ashes. Because 170 and l80 are secondary isotopes and “0 is a primary 
isotope, the oxygen isotopic ratios 160/170 and 160/180 decrease with 
time in the Galaxy. This is qualitatively similar to the evolution of the Si 
isotopic ratios discussed in Sec. 4.6. Hence, grains belonging to populations 
I11 and IV could be explained as originating from stars of metallicities lower 
and higher than solar, respectively. However, this is quite an unsatisfactory 
explanation for grains belonging to population IV, as it carries the same 
paradox encountered for the Si isotopes in Sic  grains, namely the fact 
that their parent stars should have been born before the Sun, but with a 
metallicity higher that solar (Sec. 4.6). 

There is also the possibility that the l80 excesses in grains of population 
IV are produced by AGB star nucleosynthesis, if l80 is not completely 
converted into 22Ne in the He intershell. Some grains of population IV 
have also been attributed to a SNII origin due their l80 enhancements. In 
particular a possible SNII origin was discussed in detail for grain S-C122, 
even though the 160/170 ratio and the Mg and Ti compositions of the grain 
do not support this hypothesis [58]. With regards to the 26Al/27Al ratios, 
those of grains belonging to population IV are similar to those of grains 
belonging to population I, while grains belonging to population I11 show 
2GAl/27Al ratios on average a factor of five smaller that those of populations 
I and IV. 

The unique “0-rich oxide grain recovered to date, T84, almost certainly 
was produced in a SNII, since “0 is the most abundant heavy isotope 
ejected by SNII [213]. It is still unclear why the abundance of oxide grains 
from SNII is so small since these types of grains are believed to be more 
likely to form in such environments than carbonaceous grains. Perhaps 
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such grains are too small to be recovered from meteorites. The two corun- 
dum grains S-C6087 [59] and T54 [212] cannot be classified within any of 
the four populations and there is not yet a plausible explanation for their 
compositions. 

As a final remark, the importance of the discovery and analysis of spinel 
and silicate grains for the understanding of the composition of red giant and 
AGB stars should be emphasised. For each of these grains it is in principle 
possible to derive the compositions of both oxygen and magnesium (in the 
case of spinel [304,307]), or both oxygen and silicon (in the case of silicate 
grains 1194,1991). For example, one spinel grain (OC2) was found to have 
an oxygen composition typical of population 11, but excesses in both 25Mg 
and 26Mg. This is the first time the composition of a presolar grain indicates 
an origin from oxygen-rich intermediate-mass AGB stars, and this conclu- 
sion could only been derived because its Mg isotopic composition could be 
measured. This grain sets constraints both on the modelling of convection 
in intermediate-mass AGB stars, which controls the effect of third dredge- 
up and the operation of hot bottom burning, and on the nuclear reaction 
rates that determine the abundances of the 0 and Mg isotopes. 

Moreover, the composition of oxygen, magnesium and silicon are all 
believed to have been somewhat affected by the chemical evolution of the 
Galaxy. Hence, the possibility to consider together, for example, oxygen 
and silicon isotopic ratios allows us to  test interpretative hypotheses for 
grain compositions proposed to date and to set strong constraints on our 
understanding of the Galactic chemical evolution of the isotopes of such 
elements. For example, four pyroxene grains are reported to span a range 
from 129 to 943 in their lsO/lsO ratios [194]. However, their silicon iso- 
topic ratios are all within P 5% of solar composition. This makes it difficult 
to attribute the lsO/lsO variations to the effect of Galactic chemical evolu- 
tion, which should also change the silicon composition. The dataset is still 
limited, but its extension in the near future will produce rapid advance- 
ments: no other observations allow theories of the origin of the elements to 
be tested to the same level of precision. 

6.4 Exercises 

(I) Show that, if within approximately two hours Xe is separated from I, 

(2) Theoretical models predict that variation in the 170/160 and l80/ l6O 
the isotopic pattern of Xe-H can be reproduced. 
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ratios in the Galaxy with time are roughly proportional to variations of 
the metallicity [279]. What is the range of metallicity of the parent stars 
of oxide grains of populations I11 and IV, if we assume that their oxygen 
isotopic compositions are due to the effect of the Galactic chemical 
evolution? Is this solution realistic? How does it compare with the 
results obtained for Exercise 4.9.3? 
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Appendix A 

Glossary 

Q particle An 4He nucleus. 
a process Used to indicate C, Ne and 0 burnings, by which nuclei with 

p particle An electron (-) or a positron (+) emitted during a radioac- 

S notation S(x/y) represents the deviation of the z/y ratio from the solar 
(zly)--(z’y)o, multiplied by one thousand, i.e. 

atomic mass number A = integerx 4 (a nuclei) up to 32S are produced. 

tive decay. 

system ratio (z/y)@: 
permil ( / o o ) .  

( X l Y I O  

y ray High-energy photon. 
v process Nucleosynt hetic process occurring during a supernova of 

type 11, where neutrinos coming from the nascent neutron star bombard 
nuclei, resulting in the ejection of nucleons by spallation reactions. 

Alpha-rich freeze out a-capture reactions occurring in the 0- and Si- 
rich regions of a supernova of type 11, when the temperature drops 
after the shock wave and the gas moves out of equilibrium (see the e 
process), resulting in a significant final abundance of a nuclei. 

Anomalous Usually refers to an isotopic composition differing from that 
displayed by the bulk of the material in the solar system; also referred 
to as exotic. 

Asymptotic Giant Branch (AGB) An advanced phase, lasting ap- 
proximately a million years, of the life of a star of initial mass lower than 
approximately 10 M a ,  during which thermal runaways periodically oc- 
cur in the He-rich region located at the top of the degenerate C-0 
core. Carbon is periodically carried to the surface by third dredge-up 
and the star can become richer in carbon than in oxygen. The H-rich 
stellar envelope is progressively reduced by strong stellar winds. Dur- 
ing the post-AGB phase the last fraction of the envelope is lost and a 
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planetary nebula is formed, with a white dwarf in the middle. 
Bulk When used in the expression "measurements of grains in bulk" and 

similar, indicates that the laboratory analysis of the grains has been 
carried on a collection of a large number of grains. Measurements in 
bulk yield very precise average information (as opposed to measure- 
ments in single grains, which yield specific information on each grain), 
but carry the risk that the sample may be polluted by contaminants. 

Convection The transportation of energy in stars by the movement of the 
stellar gas, as opposed to radiative transport. 

Cool bottom processing Nucleosynthesis and mixing process that can 
occur in red giant and Asymptotic Giant Branch stars, by which 
material of the convective H-rich envelope suffers proton-capture re- 
actions when it is carried to high-temperature regions below the base 
of the envelope. 

Cosmic rays High-energy particles, typically ions (mostly protons but 
also a particles and heavier nuclei), that travel across the Galaxy and 
probably have been accelerated by supernova shocks (Galactic cosmic 
rays), or originating from the Sun and travelling across the solar system 
(solar cosmic rays). 

Degenerate gas High-density electron (in white dwarves) or neutron 
(in neutron stars) gas where pressure increases not because the tem- 
perature increases but because particles are forced to occupy quantum- 
mechanical states of higher and higher energy because of the Pauli 
exclusion principle. 

Deuterium The very rare heavy isotope of hydrogen 2H, or D, made up 
of one proton and one neutron. Only 0.015% of hydrogen in the solar 
system is made up of deuterium. 

Dredge-up Mixing mechanism occurring episodically in red giant and 
Asymptotic Giant Branch stars, by which material processed by 
nuclear reactions is carried from the deep layers of the star to the 
surface. The f irs t  dredge-up occurs when H is exhausted in the core 
and the star moves to the red giant branch, the second dredge-up occurs 
when He is exhausted in the core and the star moves to the Asymptotic 
Giant Branch. Third dredge-up is the collective name for the recurrent 
dredge-up episodes during the Asymptotic Giant Branch phase. 

e process Nuclear statistical equilibrium process during which stellar ma- 
terial behaves as a thermodynamic gas trying to reach and maintain 
equilibrium by means of nuclear reactions. In this process the for- 
mation of the most stable nuclei is favoured, so that the main result is 
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to convert all the initial material into nuclei belonging to the Fe peak. 
Extra mixing Generally used to refer to processes in stars when mixing 

occurs beyond the boundary of the convective regions defined by the 
Schwarzschild criterion. 

Fractionation Separation of different elements, or different isotopes, in a 
material due to a preference in the process of their incorporation. 

Galactic Chemical Evolution (GCE) The changes of the chemical 
composition within a galaxy at different times and locations due to the 
continuous cycle by which material in the galaxy is processed by nucle- 
osynthesis inside stars and then ejected into the interstellar medium 
from which new stars are born. 

Helium burning The triple-a reaction by which three a particles are 
fused into "C, and the subsequent a capture on "C that leads to 
the production of l60. 

Hot bottom burning Nucleosynthesis and mixing process that can oc- 
cur in Asymptotic Giant Branch stars, by which material of the 
convective H-rich envelope suffers proton-capture reactions when it is 
carried to high-temperature regions at the base of the envelope. 

Hydrogen burning Generally indicates various sequences of reactions oc- 
curring in the presence of protons, such as the p p  chain and the CNO, 
NeNa and MgAl cycles. 

Implantation The process by which ions of volatile elements can be in- 
serted and embedded in dust grains. 

Interstellar Medium (ISM) Material permeating space in between 
stars, composed of 99% gas and 1% cosmic dust. 

Interplanetary Dust Particles (IDPs) Tiny meteorites (diameter < 
50 pm) collected in the upper region of the atmosphere of the Earth. 

Isotopes Nuclei with the same number of protons (Z), but differing 
numbers of neutrons ( N ) .  Isotopes of a given element share the 
same chemical properties, but are identified by different mass numbers 
( A  = Z + N ) .  For example, carbon has two stable isotopes indicated as 
12C and 13C, which have the same number of protons (2 = 6),  but dif- 
ferent numbers of neutrons: 12C has N = 6 and 13C has N = 7, so that 
their atomic mass numbers are 12 and 13 respectively. The isotopic 
composition of an element is a product of nucleosynthesis and there- 
fore a very important property to be measured in meteoritic grains. 
Isotopic ratios, such as 12C/13C, measured in presolar grains routinely 
deviate by orders of magnitude from the ratios observed in the bulk 
of solar-system material, and represent the indication of their stellar 
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origin. 
Magic numbers The numbers 2, 8, 20, 28, 50, 82, for which energy levels 

for protons and/or neutrons are filled in a nucleus, thus making the 
structure extremely stable against nuclear reactions. 

Mass spectrometer Instrument designed to extract ions from a sample, 
separate them depending on their mass and measure the number of 
ions of each mass. Widely used in the laboratory analysis of stellar 
dust grains. 

Metallicity The fraction of mass composed by elements heavier than He, 
also commonly indicated by 2. For example, about 2% of the material 
present in the Sun is composed of elements heavier than He, thus 2, r~ 

0.02. 
Meteorite A fragment of rock that has reached the surface of the Earth 

from space. Meteorites are classified as stony meteorites, iron mete- 
orites, and stony-iron meteorites. Among stony meteorites, Chondrites 
are characterised by chondrules: small spheres (average diameter of 1 
mm) of formerly melted minerals that have come together with other 
mineral matter to form a solid rock. Chondrites are believed to be 
among the oldest rocks in the solar system and contain presolar stel- 
lar grains. Carbonaceous chondrites, such as the Murchison meteorite, 
contain carbon also in the form of organic compounds. 

Main sequence The first and longest phase of the life of a star (where the 
Sun is now) during which H burning in the centre produces the nuclear 
energy that sustains the structure against gravitational collapse. 

Molecular cloud Cool and dense region of the interstellar medium 
where atoms tend to be combined into molecules, and where the for- 
mation of stars is more likely to occur. 

Neutron star A very compact and dense object with a gas of neutrons in 
degenerate conditions. 

Nova A star that suddenly increases in brightness and then decreases to 
its former brightness due to thermonuclear runaways, with associated 
H burning, periodically occurring when hydrogen is accreted from a 
companion onto the surface of a white dwarf. 

Noble gas Noble gases are He, Ne, Ar, Kr and Xe. They have a very sta- 
ble atomic structure and hence do not react easily with other atoms. 
They are also the most volatile elements, condensing only at extremely 
low temperatures, and are known as rare gases as their concentrations 
in other materials are very low. However, they can be found as trapped 
or implanted bubbles inside materials. Analysis of their isotopic com- 
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position in primitive meteorites led to the discovery of presolar stellar 
grains. 

Nucleon A particle composing a nucleus, either a proton or a neutron. 
Nuclide Chart A convenient way to represent nuclei, as a Periodic Table 

is for the elements. In a nuclide chart, or Chart of the Nuclides, each 
isotope is located as a function of its number of protons (2, on the 
y-axis) and number of neutrons ( N ,  on the x-axis). Thus, increasing 
the value on the y-axis heavier and heavier elements are drawn, while 
increasing the value on the x-axis the isotopes of each element become 
richer in neutrons. Isotopes with the same atomic mass number A = 

2 + N result to be plotted along diagonal lines. Stable and unstable 
isotopes are usually distinguished by different means of representations, 
and pertinent information is also included. 

Nucleosynthesis The formation of nuclei via nuclear reactions. Nu- 
clear reactions are activated inside stars where temperatures reach up 
to billions of degrees (stellar nucleosynthesis). Only hydrogen and a 
fraction of helium were produced in the early phases of the Universe, 
thus the first stars contained only H and He. Nuclei that were pro- 
duced by the first generation of stars, i.e. through nucleosynthesis 
starting only from H and He, are called primary nuclei. Nuclei that are 
produced only if elements heavier than He are also present in the star 
are called secondary nuclei. 

Nuclear reactions Fusion or fission of nuclei, governed by electromag- 
netic and nuclear interactions. 

Overshoot The extension of motion from convective regions into ra- 
diative regions where the material, unable to completely brake at the 
Schwarzschild border, changes its state from motion to  stability. 

Photodisintegration Reaction by which a nucleus is fragmented by in- 
teraction with a high energy photon (y ray). 

p process Proton-capture process producing a very small fraction of the 
Galactic abundances of elements heavier than iron, in particular those 
of isotopes that cannot be produced by neutron-capture processes (the 
T and the s processes), which are also known as p-only isotopes. 

Presolar Material that survived the homogenisation of the bulk of mate- 
rial during the formation of the solar system, and thus has preserved 
an anomalous isotopic signature that predates the formation of the 
Sun. 

Radioactive A nucleus which undergoes spontaneous nuclear decay in- 
volving emission of radiation in the form of a,  ,L?, y particles and 
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neutrinos. Some nuclei have long half-lives against decay and can be 
referred to as long-living (e.g. 26A1, with half-life of = 0.7 million years) 
or very long-living (e.g. 238U, with half-life of rv 4.5 billion years) iso- 
topes. 

Radiative transport The transportation of energy in stars occurring by 
means of electromagnetic radiation, as opposed to convection. 

Red giant Stellar evolutionary phase following the main sequence 
phase, where a star expands by more than 100 times its initial size 
and cools at the surface, as a consequence of the exhaustion of H in the 
centre, its contraction, and the onset of H burning in a shell around 
the centre. 

Refractory Elements that condense from a gas into a solid a t  high tem- 
peratures, i.e. early in the condensation sequence in a cooling gas. 
Examples of refractory elements are Zr, Mo and Nd. They have con- 
densed into stellar grains during their formation at high temperatures. 

T process Rapid neutron-capture process (as opposed to the s process) 
occurring at  relatively high neutron densities, 2 lo2' ~ m - ~ ,  and re- 
sponsible for the production of about half of the Galactic abundances 
of elements heavier than iron. Isotopes that can only by produced by 
the T process are named T only. 

Semiconvection When, because of mixing due to convection, the compo- 
sition of the material in a region changes, producing a change in the 
opacity and making the region radiatively stable, thus stopping the 
mixing. 

Spallation reaction When a nucleus is hit by a very high energy particle 
and smashed into many fragments. 

Spectroscopy Applied to stars, the investigation of the spectra, i.e. the 
pattern of absorption or emission of electromagnetic radiation from 
stars. Spectra analysis reveals the chemical composition of a stellar 
surface, which is also a function of the temperature of the star, and has 
been used to classify stars into different spectral classes. 

s process Slow neutron-capture process (as opposed to T process) occur- 
ring at relatively low neutron densities, N 10' ~ m - ~ ,  and responsible 
for the production of about half the Galactic abundances of elements 
heavier than iron. Isotopes that can only by produced by the s process 
are named s only. 

Supernova A star that undergoes a sudden and temporary increase in 
brightness to a much greater degree than a nova, as a result of an 
explosion. SupernovE that show the presence of H in their spectra are 
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classified as type I1 (SNII) and are the product of exploding massive 
stars (of mass higher than approximately 10 M a ) .  Supernovz that 
do not show the presence of H in their spectra are classified as type I 
(SNI) and are the result of a white dwarf accreting material from a 
companion (SNIa) or of the explosion of Wolf-Rayet stars (SNIb,c). 

Three-isotope plot Graph in which two isotopic ratios, with a common 
reference isotope, are plotted against one another. Three-isotope plots 
are widely used when comparing isotopic ratios because a composition 
resulting from the mixing of two different components lies on a straight 
line connecting the two components and the degree of mixing between 
the two components can be estimated by the position of the point on 
the mixing line. 

Volatile Elements that condense from gas into solid a t  low temperature, 
i s .  The most 
volatile elements are the noble gases, which condense only at very 
low temperature. They have been implanted into stellar grains after 
being ionised. 

White dwarf A very compact and dense object with a gas of electrons in 
degenerate conditions. 

Wolf-Rayet stars Stars initially very massive (masses higher than ap- 
proximately 50 M a )  that lose all their H-rich envelope because of strong 
stellar winds before undergoing a supernova explosion. 

2 process The 2-process refers to Big Bang nucleosynthesis as well as in- 
terstellar nucleosynthesis due to spallation reactions, and is believed 
to be responsible for the production of the light elements of low abun- 
dance: 2H, Li, Be, B. 

late in the condensation sequence in a cooling gas. 
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Appendix B 

Solutions to Exercises 

B. l  Chapter 1 

(1) The radius of an atom is about 1 Angstrom = 1 A = m and its 
volume is proportional to lop3' m3. The volume of a presolar grain 
of radius 0.01 pm = lo-' m is proportional to m3. Hence, 
approximately 10-24/10-30 = lo6 atoms are present. If the radius of 
the grain is 1 pm, then approximately 10l2 atoms are present. 

(2) One gram of the Murchison meteorite corresponds to 1000 milligrams. 
Since diamonds are present with an abundance of - 750 part per million 
in mass (Table 1.2) there are - 7.5 x lop4 milligrams of diamond in 1 
milligram of Murchison. i.e. 0.75 milligrams of diamond in 1 gram of 
Murchison. Equivalently, there are - 9 x lop3 milligrams of Sic  and - milligrams of graphite. 

(3) The typical size of a diamond grain is 2 nm = 2 x lop9 m (Table 1.2). 
Hence, there are approximately 10,000 atoms in each diamond (see 
Exercise 1) and ten billion atoms would constitute about lo6 diamond 
grains. Since about one nanodiamond in each million contains an atom 
of anomalous Xe (Sec. 1.4), only approximately one atom of anomalous 
Xe is present in ten billion atoms. 

B.2 Chapter 2 

(1) Let us consider the fraction of mass of the species i, X i  = M i / M .  There 
M = p V  and Mi = the number of particle of species i multiplied by 
the mass of each of them = NiAimu, where Ai is the atomic mass of 
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species a and mu atomic mass unit. Hence: 

x, - - MZ - N A m u  - n A m U  
- 

i 

M PV P 

since n, = N,/V. But n,m,/p = Y,, thus X ,  = A,Y,. 
T-'], where (2) The dimensions of the rate n,n3 (av) are [L-3 L-3 L2 L1 

L is a unit of length and T is a unit of time. Simplifying one obtains 
[L-3 T-l], as required. 
Given that n, = p K / m U ,  in terms of Y one gets: 

In terms of X :  

zi 1 - 2 c -xi = 1 - 2y,. 
Ai 

Assume that all the metallicity is represented by CNO nuclei, which 
are all converted into 22Ne so that after H and He burning X22 = 0.02, 
N(22Ne) = 12 and Z(22Ne) = 10 and that all the other nuclei present 
in the material have Ni = Zi, i.e. Zi/Ai = 0.5. 

zi q = 1-2Ye = 1 - 2 c - X i  = 1 - 2 ~ ( 0 . 5 ~ 0 . 9 8 + 1 0 / 2 2 ~ 0 . 0 2 )  = 0.0018, 
i Ai 
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alternatively: 

12 - 10 
22 

q = C(N, - ZZ)y, = ~ 0.02 = 0.0018. 
i 

(4) See picture in the next page. 
(5) The branching factor is 

where, in the case of 95Zr (1 mbarn = cm’): 

A, = N , ( ~ ) ~ ~ ~  = N, 60 x 2.1 x los  = N, x 1.26 x 10-17, 

and 

0.693 
64 x 8.64 x lo4 

Xp = l n 2 / T l p  = = 1.25 x l o r7 .  

Thus, 

N, x 1.26 x 10-17 
f n  = N, x 1.26 x 10-17 + 1.25 x 10-7 1 

which for N, = 5 x lo7,  5 x los, 5 x lo9 and 5 x 10lo cmP3 gives 0.005, 
0.05, 0.33, 0.83, respectively. 

B.3 Chapter 3 

(1) The mass of a nucleus is calculated as A x mu + A, or equivalently, 
A x Eu + A, where A is the mass excess, A is the atomic mass number 
and mu is the atomic mass unit = 1.66 x10VZ7 Kg, so that Eu = muc2 
= 1.49 x10W1’ J = 931 MeV. Thus, the mass of 170: = 17 x 931 - 
0.809 = 15,826 MeV, i.e. 16.999 mu. The mass of l60 is 15.995 mu 
and that of H is 1.008 mu (corresponding to the mass of a proton plus 
an electron). (Note that the atomic weight of the elements reported 
in a periodic table of the elements are different from those calculated 
here as they are weighted by the solar abundance of each isotope). So 
the mass of a 160H ion is = 17.003 mu. The mass resolution needed to 
separate the ions is then c” 5000. 
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Fig. B.l Section of the nuclide chart including some isotopes of elements from Te to Ce. The nucleosynthetic signature of Xe-S and 
Xe-HL illustrated in Figs. 1.3 are easily interpreted as s-process and r,p-process signatures, respectively. In the case of Xe-S the s-only 
isotopes 12*Xe and 130Xe are the most abundant isotopes (with respect to solar composition). In the case of Xe-HL the p-only and 
r-only isotopes, 124,126Xe and 134,136Xe, respectively, are instead enhanced. 
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(2) In an electric field ions have a kinetic energy Ekin = qV = 1/2mv2 = 
1/2md2/t2,  where d is the distance and t the time (Sec. 3.3). Thus: 

and the difference in transit time is of 0.012%. 
In a magnetic field ions have an orbit of radius T = (Sec. 3.3), 
where the velocity v is defined by the previously applied voltage V (see 
above). Thus: 

qB 

(3) Since the energy of the particles is all in the form of kinetic energy then 
1 / 2  m w 2  = 20 KeV, where m is the mass of the particles and w is their 
speed. Hence, given that m = 133m, = 133 x 1.66 x Kg and 20 
KeV = 3.20 ~ 1 O - l ~  J, the speed = 1.7 x105 m/s. 

B.4 Chapter 4 

I<-=--- 12C 16 X(”C) - 
1 6 0  12 X(160) 

0.002 Me,, + 0.23 MTOU 
1 2  0.009 Me,, 

DIL > 0.020, 1/DIL < 50. 

b) For a metallicity 1/3 of solar DIL = 0.0069, 1/DIL = 145. It is 
three times easier in this case to produce a carbon-rich star than 
in the solar case because there is three times less initial oxygen 
abundance to overtake. 
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c) Applying the same formula as above: 

0.002 Men, + 0.23 MTDU 
12 0.0002 Men, 

For metallicity one third of solar: 

( 2 )  

20Ne 22 X(20Ne) 22 X(’’Ne), x Z/Z, 
= 0.089 - - - ~- - 

22Ne 20X(22Ne) 20 z 
for any value of 2. 

4He - 22 X(4He) 220.7 
22Ne 4 X(22Ne) 4 2 ’ 

thus 4He/22Ne=192.5 for 2 = 20 = 0.02, 385 for 2 = Z0/2 = 0.01 
and 641 for Z = Z0/3  E 0.006. 

a) Mainstream SIC grains have 2gSi/2sSi ranging from 0.94 to 1.19 
of the solar ratios (Fig. 4.9). Thus the range in metallicity will be 
from 0.88 to 1.42 Z,, i.e. from 0.018 to 0.028. 

b) A simple average for the metallicity of the mainstream SIC grain 
parent stars is 1.15 Za, i.e. 0.023. For Y grains the 2gSi/2sSi range 
is from N 0.95 to N 1.10 (Fig. 4.2), corresponding to a,n average 
metallicity of 1.025 Z,, i.e. 0.021. For Z grains the 2gSi/28Si range 
is from P 0.84 to N 1.07, corresponding to  an average metallicity 
of 0.955 Za, i.e. 0.019. Thus, Zmainstream > Z y  > Z z .  
This result is in qualitative agreement with the discussion pre- 
sented in Sec. 4.8.1, i.e. with the fact that  Y and Z grains are 
believed to have originated in AGB stars of metallicity lower than 
solar. However, stellar models of metallicities Z N 0.520 and 
Z N 0.3Z0, i.e. much lower than those obtained by the GCE 

-_ - - ~- - 

(3) 
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models, are needed to produce the 3oSi/28Si ratios observed in Y 
and Z grains, respectively. The problem is open to further study. 

c) Following from their metallicity range, the parent stars of main- 
stream S ic  grains should have been born between 9 and 15 billion 
years, i.e. from 1 billion years before the Sun, to 5 billion years 
after the Sun. This is not realistic because S ic  grains should have 
been produced before the solar birth in order to be included in the 
protosolar nebula. 

B.5 Chapter 5 

(1) a) At 100 million degrees the 13C(a, n)160 and "Ne(a, n)25Mg reac- 
tion rates NA(CV) are Y cm3 s-l mole - l ,  

respectively. Since N A  = 6.022 x loz3 mole -l, the Maxwellian- 
averaged cross section times relative velocity (0.) are 1.66 x 
and 5.3 x cm3 sP1, respectively. For 4He in He intershell 
conditions (see Exercise 2.6.1): 

and 3.2 x 

Thus, 7(13C) = 5.7 x 10' s = 181 yr and the time it takes to 
reduce the 13C abundance by a factor of 10 is 416 yr. On the 
other hand, 7(22Ne) = 1.8 x 1030s = 5.7 x 10" yr and the time it 
takes to reduce the "Ne abundance by a factor of 10 is 1.3 x loz3 
yr. The "Ne(a, n)25Mg reaction is obviously not at work in such 
conditions. 
At 300 million degrees the 13C(a, n)160 and "Ne(a, re- 
action rates N~(ov) are - 3.2 x loP5 and 3.2 x cm3 s-l 
mole -', respectively. Thus the time it takes to reduce the 13C 
and the 22Ne abundances by a factor of 10 is 7 minutes and 13 yr, 
respectively. 

b) At 100 million degrees during the interpulse period the 
13C(a, n)I60 reaction has enough time to be activated and com- 
pletely destroy any 13C. At 300 million degrees during the thermal 
pulse the 22Ne(a, T L ) ' ~ M ~  reaction is only marginally activated, as 
time is only enough to destroy a few percent of "Ne. 

10-13 10-34

10-58
10-37

10-11
n)25Mg
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(2) Using the formula from Sec. 5.2.1 with 6 = -700: 

Since Mototal=MoG+MoN, E 30% of total Mo is from the N compo- 
nent, and the remaining 70% from the G component. 

(3) For the two Xe isotopes in local equilibrium 12sXe/130Xe 2 

(0130)/(012~).  With the neutron-capture cross sections recommended 
by Bao et al. [26] the ratio is 0.57, 30% higher than the value observed 
in S ic  grains. With the neutron-capture cross sections of Reifarth et 
al. [231] the ratio is 0.50, 14% higher than the value observed in Sic 
grains. In Fig. 5.12 the predictions appear to be only 2% higher than 
the value observed in S ic  grains. This is due to the presence of a small 
but interesting branching point at '''1 (see Fig. B.l), for which isotope 
the two ,B decay channels, + and - compete leading to a small bypass 
of 128Xe with respect to 130Xe [232]. 

(4) For the case with 7 = 0.2 mbarn-l, ( 0 8 8 )  N 8 8 / ( 0 8 6 )  N86 E 0.2. Thus 
NSs/N86 = 0.2 X ( 0 8 6 ) / ( 0 8 8 )  = 2., ([:fz;a = 0.24 and thus 6 = 

-760. When 7 = 0.4 mbarn-l, (088) N 8 8 / ( 0 8 6 )  N86 N 1.2 and 6 = 438. 
When r = 0.9 mbarn-l, ( c 7 8 8 ) N 8 8 / ( ~ 7 8 6 ) N 8 6  = 4. and 6 = 3,800. 
When 7 = 3.8 mbarn-l, ( 0 8 8 )  N 8 8 / ( 0 8 6 )  N86 rv 1.3 and 6 = 559. 
Only the result for 7 = 0.4 mbarn-' would plot within the range of 
the y-axis of Fig. 5.7. The theoretical results shown in the plot are 
obtained for a neutron exposure with average values between = 0.1 
and E 0.4 mbarn-' from the 13C pocket. However, one should keep in 
mind that detailed model predictions are complicated by the presence 
of the branching points at 85Kr and "Rb (see Fig. 5.14). 

(5) The branching factor is as from Exercise 2.6.5. In the case of 85Kr and 
for the given neutron density: 

A, = N , ( ~ ) ~ ~ ~  = 4 107 x 1.4 x 10- l~  = 5.7 x io-los-l 

and 

As = ln2/Tlp = 2.  x ~ O - ' S - ~ .  

Thus, f, = 0.22. 

1
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B.6 Chapter 6 

(1) The isotopic pattern of Xe-H shows that (134Xe/136Xe)~ = 0.75 
(134Xe/136Xe)a (Fig. 1.3). Assuming that the solar abundances are 
produced by pure T process, and that 136Xe in Xe-H is also produced 
by the T process, then we obtain that 134Xe~/134XeTprocess=0.75. This 
means that the abundance of 1341 produced by the r process had only 
enough time to be reduced of a factor of 0.25 into 134Xe. The half-life 
of 1341 is 52 minutes, T = half-life / l n 2 ,  hence, 0.25=e-time/75m, from 
which t i m e  P 100m. 

( 2 )  The most extreme oxide grain belonging to population I11 has 160/170 
and 160/180 ratios roughly double the solar values, thus the range 
of metallicity covered by the parent stars of population I11 would be 
down to about half solar. The most extreme oxide grain belonging to 
population IV has 160/170 and '60/1s0 ratios roughly half the solar 
values, thus the range of metallicity covered by the parent stars of 
population I11 would be up to about double the solar value. 
This range is larger than that obtained for the parent stars of Sic  
grains from their Si isotopic composition. Using the relation given in 
Exercise 4.9.3 between metallicity and time of birth of a star, one find 
that the parent stars of oxide grains should have been born between 
5 and 22 billion years, i.e. from 5 billion years before the Sun (for 
population I11 grains), to 12 billion years after the Sun (for population 
IV grains). This conclusion for grains of population IV is even more 
puzzling than that reached for the parent stars of presolar Sic  grains, 
using this simple approach. 
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Appendix C 

Selected Books and Reviews for 
Quick Reference 

C.l  Presolar grains 

(1) Anders, E., and Zinner, E. (1993). Interstellar grains in primitive me- 
teorites - Diamond, silicon carbide, and graphite Meteoritics 28, pp. 

(2) Bernatowicz, T. J., and Zinner, E., eds. (1997). Astrophysical Implica- 
tions of the Laboratory Study of Presolar Materials American Institute 
of Physics Conference Proceedings 402 

(3) Zinner, E. (1998). Stellar Nucleosynthesis and the Isotopic Composi- 
tion of Presolar Grains from Primitive Meteorites Annual Review of 

Earth and Planetary Sciences 26, pp. 147-188 
(4) Zinner, E. (2004). Presolar grains, in Treatise on Geochemistry. 1. 

Edited by K. K., Turekian, H. D. Holland, and A. D. Davis Elsevier, 
Oxford and San Diego, pp. 17-39 

(5) Clayton, D. D., and Nittler, L. R. (2004). Astrophysics with Presolar 
Stardust Annual Review of Astronomy and Astrophysics 42, pp. 39-78 

(6) Lodders, K., and Amari, S. (2005). Presolar grains from meteorites: 
Remnants from the early times of the solar system Chemie der Erde, 
to appear 

490-514 

C.2 Stellar evolution and nucleosynthesis 

(1) Burbidge, E. M., Burbidge, G. R., Fowler, W. A., and Hoyle, F. (1957). 
Synthesis of the Elements in Stars Reviews of Modern Physics 29, pp. 

( 2 )  Clayton, D. D. (1983). Principles of stellar evolution and nucleosyn- 
5 4 7-6 5 0 

thesis, The University of Chicago Press 
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(3) Wallerstein, G. et a1 (1997). Synthesis of the elements in stars: forty 
years of progress Reviews of Modern Physics 69, pp. 995-1084 

(4) Woosley, S. E., Heger, A., and Weaver, T. A. (2002). The evolution and 
explosion of massive stars Reviews of Modern Physics 74, pp. 1015- 
1071 

(5) Clayton, D. D. (2003). Handbook of isotopes in the cosmos : hydrogen 
to gallium Cambridge: Cambridge University Press 

C.3 AGB stellar evolution and nucleosynthesis 

(1) Iben, I., Jr., and Renzini, A. (1983). Asymptotic giant branch evolution 
and beyond Annual review of astronomy and astrophysics 21, pp. 271- 
342 
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