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Abstract

I discuss stellar spectroscopy and nucleosynthesis. Astronomers recognize two distinct episodes of
nucleosynthesis, primordial (big bang), and stellar. Nucleosynthesis has been invoked to explain the
chemical abundances found in the universe. I particularly discuss stellar nucleosynthesis, through the
proton-proton chain, the CNO cycle, the triple alpha process, the r process and s process. Astronomers
have developed an elaborate, physically robust evolutionary theory to explain the abundances that
we see throughout the universe. While this theory may be explanatory, it has no predictive power. A
creationary theory of the chemical abundances that we see in the universe is most desirable.
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Introduction
In 1835 the French philosopher Auguste Comte
opined that while we can learn much about the stars,
WKHLU FRPSRVLWLRQ ZRXOG IRUHYHU EH XQNQRZQ WR XV
2IFRXUVH&RPWHZDVOLPLWHGLQKLVWKLQNLQJE\WKH
assumption that only traditional laboratory analysis
could reveal chemical composition. Ironically, about
the time that Comte wrote this, new discoveries in
spectroscopy were beginning to show that chemical
analysis was possible over the vast distances of space.
By the end of the nineteenth century, astronomers
were able to identify elements present in stars. The
development of astrophysics in the early twentieth
century led to detailed chemical analysis of many
VWDUV 7RGD\ ZH NQRZ WKH FKHPLFDO FRPSRVLWLRQ RI
many thousands of stars. Spectroscopy also allows
us to determine the composition of the surfaces of
planets, their satellites, and asteroids, as well as the
composition of matter thinly distributed in space (the
interstellar medium and the intergalactic medium).
:H DOVR NQRZ WKH JURVV FRPSRVLWLRQ RI JDOD[LHV
which represents the average composition of the
stars contained by those galaxies. These studies also
yield composition gradients within galaxies.
I must emphasize that in regard to stellar
FRPSRVLWLRQ ZH NQRZ RQO\ WKH FRPSRVLWLRQ RI WKH
stellar photosphere, the outermost layer of a star
from which nearly all light emanates. Astronomers
generally assume that a star begins in a thoroughly
mixed state so that its photosphere represents the
star’s original composition. Astronomers further
believe that normally there is not much transport of
matter from the core of a star to its photosphere. Stars
derive most of their energy from nuclear reactions
in their cores, which over great time will alter the
1

composition of their cores. But since stars generally
do not transport material from their cores to their
photospheres, this change in core composition usually
ZLOOQRWEHUHÁHFWHGLQSKRWRVSKHULFFRPSRVLWLRQ1
$ VSHFWURVFRSH WDNHV WKH OLJKW FROOHFWHG E\ D
telescope, and passes that light through a narrow
slit. Behind the slit there is a dispersing element.
Spectroscopes originally used prisms for this, but
nearly all spectroscopes today use diffraction gratings.
Diffraction gratings have several advantages over
prisms. The primary advantage is that diffraction
gratings can be optimized for particularly high
resolution, that is, with greater dispersion in
wavelength. The dispersing element spreads the
light out into a multi-wavelength image of the slit.
If a source produces light at a single wavelength,
then its spectrum will appear as a single wavelength
image of the slit. Normally a spectrum is displayed
with wavelength plotted along the horizontal axis,
so this image would be a vertical line, so we call the
image of the slit a spectral line. A hot gas at low
pressure produces a series of emissions at discrete
wavelengths as the electrons in the atoms of the gas
fall from higher to lower orbits. Hence, the spectrum
of a hot, low pressure gas has a series of emission
lines. We call this an emission spectrum. Emission
spectra are seen in hot gases in space, such as the
solar chromosphere, a thin layer lying above the solar
photosphere. Another example would be HII regions,
gas clouds primarily made of hydrogen surrounding
certain hot, bright stars.
A hot gas at high pressure produces a continuous
spectrum (as do hot solids and liquids). A continuous
VSHFWUXPODFNVHPLVVLRQOLQHVIRUWKHOLJKWLVVSUHDG
DV D IXQFWLRQ RI ZDYHOHQJWK ZLWK D EURDG SHDN DW

There are a few exceptions, some of which I shall discuss.
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some wavelength. Continuous spectra are good
DSSUR[LPDWLRQVWRLGHDOEODFNERGLHVDQGWKH\IROORZ
the Stefan-Boltzmann law and Wein’s law. This later
relation allows us to measure the temperature of a
ERG\ HPLWWLQJ D FRQWLQXRXV VSHFWUXP IRU WKH SHDN
wavelength of emission is inversely proportional
to the temperature. Much of the interior of a star
is hot gas at high pressure, and so a star’s interior
produces a continuous spectrum. Thus, to a good
DSSUR[LPDWLRQDVWDULVDQLGHDOEODFNERG\DQGZH
can use Wein’s law to determine its temperatures.2
However, the temperature and pressure within a
star decrease with increasing radius, so we view the
radiation emerging from a star’s interior through the
cooler, lower pressure outer layers of the photosphere.
The photosphere removes light from the continuous
spectrum coming from below as the electrons in the
DWRPVRIWKHSKRWRVSKHUHDEVRUEUDGLDWLRQDQGMXPS
to higher orbits. This is the reverse process of how
DQHPLVVLRQVSHFWUXPIRUPVDQGVRWKHUHDUHGDUN
absorption lines superimposed upon the continuous
spectrum. We call this an absorption spectrum, and
this is the type of spectrum that nearly all stars
SURGXFH WKHUHDUHDIHZUDUH:ROI5D\HWVWDUVWKDW
have emission lines as well). These spectral lines
are the primary reason why stellar spectra slightly
GHSDUW IURP DQ LGHDO EODFNERG\ VSHFWUXP 7KH
wavelengths of the absorption lines are the same
as the wavelengths of lines produced in emission,
and each element produces a unique set of spectral
OLQHVVRLGHQWLÀFDWLRQRIWKHHOHPHQWVZLWKLQVWDUVLV
certain in most cases. Cool stars tend to have many
DEVRUSWLRQOLQHVVRFURZGLQJRIWKHOLQHVFDQPDNH
HOHPHQWLGHQWLÀFDWLRQLQFRROVWDUVGLIÀFXOW
We can produce all three types of spectra,
continuous, emission, and absorption, in the
laboratory, and so we can directly test the conditions
under which various spectral lines are produced. For
LQVWDQFH VSHFWUDO OLQHV DUH VXEMHFW WR WKH 'RSSOHU
Effect, so we can measure how fast astronomical
sources are approaching or receding from us, as well
as rotational motion. Doppler motion also arises
from the motion of gas particles moving in stellar
SKRWRVSKHUHVDVWKH\DEVRUEHQHUJ\WRSURGXFHGDUN
OLQHV WKLV JLYHV ULVH WR VSHFWUDO EURDGHQLQJ 6WURQJ
PDJQHWLF ÀHOGV LQ WKH SUHVHQFH RI WKH IRUPDWLRQ RI
spectral lines will produce splitting of certain spectral
lines (the Zeeman Effect). The Zeeman Effect allows
XVWRGHWHUPLQHWKHVWUHQJWKVRIPDJQHWLFÀHOGVDQG
polarities present where the spectral lines are formed.
$VWURQRPHUVXVHWKLVWRPDSWKHVXQ·VPDJQHWLFÀHOG
DQG REVHUYH KRZ WKH ÀHOG FKDQJHV WKURXJKRXW WKH
sunspot cycle. We have evidence of strong magnetic
ÀHOGVSUHVHQWLQVRPHVWDUV
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Exactly which spectral lines form and how strong
those lines are depend upon how much of an element
is present, but more importantly, also depend upon
the temperature of the star. These factors allow
us accurately to measure the temperature and the
composition in an emitting region. Therefore, we
KDYH PXFK FRQÀGHQFH LQ WKH PHDVXUHG DEXQGDQFH
of stellar photospheres. We also can use these
principles to probe the composition and conditions
of the interstellar and intergalactic media. Here the
(generally cooler) clouds of gas are viewed in front
of more distant sources, such as stars, galaxies, and
TXDVDUV:HVHHVRODUV\VWHPREMHFWVE\WKHVXQOLJKW
WKDW WKH\ UHÁHFW VR WR D JRRG DSSUR[LPDWLRQ WKH
VSHFWUD RI VRODU V\VWHP REMHFWV DUH VRODU VSHFWUD
However, superimposed upon these are spectral
features from the surfaces from which they are
UHÁHFWHG VR ZH FDQ XVH WKLV LQIRUPDWLRQ WR LQIHU
VRPHWKLQJDERXWWKHFRPSRVLWLRQRIWKHVHREMHFWV)RU
instance, the spectra of asteroids and Pluto reveal
something about their surface composition.
Molecules also produce emission and absorption
spectra. However, molecular spectra are much
more complicated than atomic spectra, because
they are dominated by many closely spaced lines
due to rotational and vibrational modes within the
molecules. These closely spaced lines often blend
into broad spectral features. The photospheric
temperatures of most stars are too hot for molecules
to exist, so molecular absorption lines are present only
in the coolest stars. More than a hundred molecules
KDYH EHHQ LGHQWLÀHG LQ WKH LQWHUVWHOODU PHGLXP
normally from their emission lines at wavelengths
longer than visible. For a partial list of molecules
found in space, see Mathis (2000, p. 534).
In the latter half of the twentieth century,
astronomers began compiling the composition of the
solar system and of the universe with regards to the
abundances of the elements and sometimes even
within the various isotopes of the respective elements.
The solar system abundance is a composite of the sun’s
composition and the composition of carbonaceous
FKRQGULWH PHWHRULWHV ZKDW DVWURQRPHUV WKLQN DUH
the most primitive meteorites. These allegedly
primitive meteorites are parts of asteroids that have
fallen on the earth and hence can be examined in
the laboratory. The carbonaceous chondrites are
VXSSRVHG WR EH DPRQJ WKH OHDVW UHZRUNHG RI VRODU
V\VWHP REMHFWV DQG KHQFH DUH K\SRWKHWLFDOO\ JRRG
probes of the original composition of the cloud of
gas from which the sun and the rest of the solar
system are supposed to have formed. Of course, this
is an evolutionary assumption. There is diversity
RIFRPSRVLWLRQDPRQJVWVRODUV\VWHPREMHFWVWKDWLV

2
&DUHPXVWEHWDNHQEHFDXVHDEVRUSWLRQOLQHV GLVFXVVHGEHORZ FDQGHSUHVVWKHVSHFWUXPLQWKHUHJLRQRIWKHSHDN7KLVKDSSHQVLQWKH
sun’s spectrum.
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explained by differentiation via various mechanisms.
For instance, while the compositions of the earth and
moon have some similarities, there are differences.
The moon is depleted in volatiles and siderophile
(iron-loving) elements compared to the earth, but it
is enhanced with refractory elements (Corliss 1985,
pp. 116–117). And the earth and moon are different
from other planets and satellites in the solar system.
The inferred cosmic abundance is a composite of
stellar composition and some interstellar composition.
The cosmic and solar system abundances are similar,
but, as within the solar system, there are some
subtle differences that normally are attributed to the
unique characteristics of the primordial cloud from
which the solar system supposedly formed.
The Naturalistic Origin of the Elements
Astronomers have endeavored to explain the
composition of the universe via a theory of how the
elements formed. The only discussion of this theory
in the creation literature thus far is that of Wilt
(1983). In this paper I expand upon that discussion.
Astronomers recognize two distinct episodes of
element creation: primordial nucleosynthesis and
stellar nucleosynthesis. Stellar nucleosynthesis also
involves nucleosynthesis in supernovae. Primordial
nucleosynthesis is the production of certain elements
from the big bang model. The primordial elements
include hydrogen, helium, and a small amount of
lithium. All other elements (including some helium)
are thought to have been produced in stars (normal
stellar nucleosynthesis and supernovae), though a
very small amount of some isotopes can be produced
by spallation reactions in the interstellar medium.
For a while, astronomers thought that nearly all
elements originated from primordial nucleosynthesis,
EXWLWZDVODUJHO\WKHZRUNRIWKHODWH6LU)UHG+R\OH
in the 1950s that showed that this was not possible.
The problem is that hydrogen fuses into helium at
a much lower temperature than the temperatures
required to synthesize helium into heavier elements.
The fusion of heavier elements requires that helium
ÀUVWH[LVW,QDELJEDQJXQLYHUVHE\WKHWLPHWKDW
WKHWHPSHUDWXUHKDGFRROHGVXIÀFLHQWO\IRUKHOLXPWR
form, the window of opportunity for fusing heavier
elements had closed. Only after stars had formed
were temperatures recreated that could synthesize
those heavier elements.
Primordial nucleosynthesis supposedly produced
six isotopes: the two isotopes of hydrogen (1H and
2
H), the two isotopes of helium (3He and 4He) and
the two isotopes of lithium (6Li and 7Li). The exact
DPRXQWRIOLWKLXPSURGXFHGLVGLIÀFXOWWRGHWHUPLQH
The observed abundance of the isotopes must be
compared with the model predictions, but lithium is
readily consumed by nuclear reactions at relatively
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low temperatures found in the interiors of stars, and
forming stars are mostly convective, so that stellar
lithium is consumed early in stars’ lifetimes. And
there are a number of mysteries surrounding lithium
in stars. The observed lithium abundances of many
stars do not match the abundances expected from
big bang cosmology, stellar structure, and nuclear
physics. In addition, the sun’s lithium abundance
is far lower than most stars, which for a long time
suggested that the sun was unique, but in recent
years a few stars with similar lithium abundances
have been found. Supporters of the big bang
frequently claim that the abundances of the three
lightest elements predicted by the big bang model
match the observed abundances, but there are
several problems with this claim. First, there is much
interpretation that must go into the comparison,
such as the rate at which lithium has been consumed
VLQFHWKHELJEDQJDVMXVWPHQWLRQHG6HFRQGWKHUH
DUHVRPHGLVFUHSDQFLHVDVMXVWPHQWLRQHG7KLUGWKH
actual abundances predicted by the model depend
XSRQVRPHRIWKHLQSXWVRIWKHPRGHOLIWKRVHLQSXWV
are altered, the predictions are altered. Essentially,
the model parameters have been constrained in
such a way to produce the observed abundances of
the lighter elements. That is, the model has been
DGMXVWHG WR PDWFK WKH GDWD 7KLV LV DQ DFFHSWDEOH
method of constraining a model, but it is improper to
claim this as evidence for the model.
If one supposes that the lighter elements were
created in the big bang, the next step is to consider
stellar nucleosynthesis as the source of the heavier
HOHPHQWV $VWURQRPHUV JHQHUDOO\ FUHGLW $WNLQVRQ
DQG+RXWHUPDQV  DVWKHÀUVWWRSXEOLVKDSDSHU
clearly to suggest nucleosynthesis as the source of
stars’ energy. Progress on this theory continued
for 25 years before a clear picture emerged. Modern
concepts of stellar structure and evolution began to
WDNHVKDSHLQWKHVZLWKWKHÀUVWWH[WERRNVRQ
WKHVXEMHFWDSSHDULQJDERXWWKDWWLPH)RULQVWDQFH
SUREDEO\ WKH HDUOLHVW VXFK WH[WERRN LV WKDW RI
Schwartzschild (1958). Of supreme importance in the
GHYHORSPHQWRIWKLVWKHRU\ZDVWKHJURXQGEUHDNLQJ
paper by Burbidge, Burbidge, Fowler, and Hoyle
(1957) (usually referred to in the literature by the
initials, BBFH). BBFH showed the way in the various
nuclear reactions that could power stars at different
times and different conditions. Given that BBFH
was published more than a half century ago and
that much of the required nuclear data were poorly
NQRZQDWWKDWWLPHLWLVDPD]LQJWKDWWKLVSDSHUVWLOO
LVFRQVLGHUHGHVVHQWLDOO\FRUUHFWLQHYHU\PDMRUZD\
While there have been more recent reviews of the
various processes of stellar nucleosynthesis (Meyer
0H\HU%URZQDQG/XR:DOOHUVWHLQHW
al 1997), the principles have remained in place.
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contraction, and that would preclude an age of more
than 30 million years. If true, this would be a good
argument for recent origin. But is it true? No, for
HYHQ D VLPSOH EDFN RI HQYHORSH FDOFXODWLRQ UHYHDOV
WKDW WKH FRQGLWLRQV LQ WKH VRODU FRUH DUH VXIÀFLHQW
WR VXVWDLQ QXFOHDU UHDFWLRQV )DXONQHU DQG 6DPHF
2004). Second, since the late 1960s there have been
numerous experiments measuring neutrinos from
the reactions in the solar core. For three decades
there was the mystery of the solar neutrino problem,
that the sun appeared to be producing about onethird the neutrinos expected if the sun is powered
by thermonuclear reactions. However, this mystery
was solved with the 2001 experiment that showed
that neutrinos oscillate between their three types.
Additionally, more recent neutrino telescopes
are directional, clearly showing that most of the
neutrinos detected are indeed coming from the sun.
With this information, we are now assured that the
sun is producing nearly all, if not all, of its energy
from thermonuclear fusion of hydrogen into helium.
$WRQHWLPHWKHGHÀFLWLQVRODUQHXWULQRVZDVXVHG
as evidence of recent origin of the sun, but this is no
longer a good argument (Newton 2002).
Initial Stellar Nucleosynthesis
I ought to mention some of the pathways
responsible for fusion of hydrogen into helium within
stars. Most stars fall along the main sequence of the
+HUW]VSUXQJ5XVVHOO +5 GLDJUDP ÀJLOOXVWUDWHV
WKH+5GLDJUDPDQGLWVYDULRXVEUDQFKHVIRUPRUH
LQIRUPDWLRQ RQ WKH +5 GLDJUDP VHH )DXONQHU DQG
DeYoung 1991). Main sequence stars are the stars
that derive their energy from hydrogen fusion within
their cores. Lower mass stars, including the sun, do
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Luminosity

Through a process not really understood,
DVWURQRPHUVWKLQNWKDWVWDUVIRUPIURPFORXGVRIJDV
Early in the universe, stars supposedly formed much
more rapidly than they do today, though the reason
for this isn’t understood either. Astronomers really
GRQ·W NQRZ KRZ VWDUV IRUP DQG WKHUH DUH SK\VLFDO
reasons why star formation cannot easily happen. A
JRRGWKRURXJKUHYLHZRIWKLVVXEMHFWIURPDFUHDWLRQ
SHUVSHFWLYH ZRXOG EH GHVLUDEOH EHFDXVH PXFK ZRUN
on star formation now exists in the astronomical
literature. However, for our purposes here, we will let
that go and grant that stars somehow formed.
A star is a large self-gravitating sphere of gas that
produces energy by thermonuclear reaction in or near its
core. Following normal laws of physics, we understand
that the greatest pressure and temperature exist in
the core of a star. Calculation using those physical
laws reveals that the temperature and pressure in
D VWDU·V FRUH LV VXIÀFLHQW WR VXVWDLQ WKHUPRQXFOHDU
reactions. Since the temperature is so high in stellar
cores (many millions of Kelvin), atoms do not exist
there. Instead, much of a star’s interior consists of
nuclei of atoms and free electrons. Most stars derive
their energy from the fusion of hydrogen into helium.
This is accomplished by several different pathways,
but the net result is that four hydrogen nuclei fuse
into one helium nucleus (4He). The mass of four
inputted hydrogen nuclei is 0.7% more massive than
a single output 4He nucleus. This mass defect converts
into energy using the famous E = mc2 equation. Using
VLPSOHDVVXPSWLRQVDQGWKLVHQHUJ\VRXUFHZHÀQG
that the sun can shine by this mechanism for about 10
billion years. The luminosities of stars vary greatly,
with the more massive stars being brighter. Stellar
luminosity is a steep function of mass (approximately
the fourth power of mass), but the amount of nuclear
fuel available is a linear function of mass. Therefore,
high mass stars have relatively short lifetimes (on the
order of a million years), while low mass stars have
the longest lifetimes (on the order of a hundred billion
years, much older than the 13.8 billion big bang age
for the universe).
Is there any evidence that thermonuclear reactions
are the source of the sun’s energy (and by extension,
the source of other stars’ energy)? Yes, we have at least
two reasons. First, we have a very good understanding
RI QXFOHDU SK\VLFV DQG WKH OLNHO\ FRQGLWLRQV LQ WKH
VXQ·VFRUHPDNHLWLQHYLWDEOHWKDWQXFOHDUUHDFWLRQV
occur in the sun’s core. Some recent creationists wish
to deny that the sun’s core temperature is high enough
to sustain nuclear reactions (see, for instance, Henry
2003). This belief appears to stem from an attempt to
eliminate the possibility of thermonuclear reactions
as the primary source of the sun’s energy. If the sun
is not powered by thermonuclear reactions, then it
would almost certainly be powered by gravitational
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Fig. 1. 7KH+HUW]SUXQJ5XVVHOOGLDJUDPVKRZLQJVWHOODU
luminosity as a function of effective temperature. The
main sequence, red giant branch, horizontal branch,
and the asymptotic giant branch are indicated.
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this by means of the proton-proton (p-p) chain, so
named for the successive chain of protons (hydrogen
QXFOHL LQYROYHG7KHPDLQUHDFWLRQWKRXJKWWRZRUN
is three fold:
++ń2H + e+ + ν
2
++ń3He + γ
3
He + 3+Hń4He + H + H,
+
where e denotes a positron (an anti-electron), ν
denotes a neutrino, and γ denotes a gamma ray, a
high energy photon. Of course, H and He refer to
the nuclei of the hydrogen atom and helium atom,
respectively. The superscripts refer to the number of
nucleons in the respective nuclei, with no subscript
corresponding to one. The positron and neutrino are
produced as a consequence of the transmutation of a
QHXWURQLQWRDSURWRQLQWKHÀUVWVWHS³WKHSRVLWURQ
is required to balance the charge, and the neutrino
balances the appearance of the positron. Electrons,
neutrinos, and their anti-particles are members of
a class of particles called leptons. As with charge
conservation, total lepton number must be conserved.
For accounting purposes, we count the neutrino as a
lepton and the positron as an anti-lepton so that the
number of leptons sums to zero. The gamma ray is
absorbed and reemitted many times which gradually
degrades the energy to much lower temperature as
WKDWHQHUJ\PDNHVLWZD\RXWZDUGIURPWKHFRUHWR
the photosphere where it radiates into space. The
ÀUVWWZRVWHSVPXVWKDSSHQWZLFHIRUWKHWKLUGVWHS
WR WDNH SODFH 1RWLFH WKDW WKHUH DUH D WRWDO RI VL[
protons (hydrogen nuclei) that are input into the
reaction, with an output of one helium nucleus and
two protons, so that the net reaction is four protons
fused into one helium nucleus. This reaction probably
accounts for more than 90% of the sun’s energy,
with the remaining energy coming from related side
reactions with the same net result.
For the more massive stars on the main sequence
the CNO cycle is the main reaction. The CNO cycle
is so called, for it uses carbon, nitrogen, and oxygen
as catalysts to fuse hydrogen into helium, but the net
UHDFWLRQLVWKHVDPHDVIRUWKHSSFKDLQ7KHÀUVWVL[
steps in the reaction are:
12
&P+ń13N + γ
13
1ń13C + e+ + ν
13
&+ń14N + γ
14
1+ń15O + γ
15
2ń15N + e+ + ν
15
1+ń12C + 4He
12
Notice that the &RXWSXWLQWKHVL[WKVWHSJRHVEDFN
LQWRWKHSURFHVVDVDQLQSXWLQWKHÀUVWVWHS7KHODVW
step in this process has an alternate outcome:
15
1+ń16O + γ
16
2+ń17F + γ
17
)ń17O + e+ + ν
17
2+ń14N + 4He
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The 14N created in the fourth step of this second
process can be inputted into the fourth step of the
ÀUVWSURFHVV$VZLWKWKHSSFKDLQWKHUHDUHVLGH
reactions that also proceed, but the steps listed here
provide most energy production. In the strictest
sense, the CNO cycle is not a catalytic one, for while
the total number of heavier nuclei is conserved, the
UHODWLYHQXPEHUVRIWKHYDULRXVLVRWRSHVDUHVKXIÁHG
In equilibrium, the CNO cycle produces a 3.5 ratio
of 12C to 13C, and 14N becomes the most abundant
QXFOHXV5HGJLDQWVWDUVJHQHUDOO\KDYHDEXQGDQFHV
closer to these values than main sequence stars,
ZKLFKLVWDNHQDVHYLGHQFHWKDW&12SURGXFWVKDYH
been transported via convection from their interiors
to their photospheres.
In the standard model of the big bang, there
were no atoms heavier than helium suitable for
IXVLRQ LQ WKH HDUO\ XQLYHUVH VR WKH ÀUVW PDVVLYH
stars must have used some version of the p-p chain
rather than the CNO cycle. Where did the carbon,
nitrogen, oxygen, and other heavier elements come
IURP"$VWURQRPHUVWKLQNWKDWWKRVHHOHPHQWVZHUH
synthesized in stars. Stars on the main sequence
are thought to derive their energy from fusion of
hydrogen into helium in their cores. Therefore, once
all the hydrogen fuel in a star’s core is exhausted,
a star can no longer be on the main sequence.
$VWURQRPHUV WKLQN WKDW DW WKLV SRLQW VWDUV HYROYH
RII WKH PDLQ VHTXHQFH WR EHFRPH UHG JLDQWV 5HG
giant stars derive energy from fusing hydrogen into
helium in thin shells around their helium cores.
)DXONQHUDQG'H<RXQJ  SUHYLRXVO\UHYLHZHG
VWHOODU HYROXWLRQ DQG )DXONQHU   UHYLHZHG
stellar remnants. It the discussion that follows, far
greater time than is allowed in a recent creation
PRGHOLVUHTXLUHGVRLWZRXOGDSSHDUXQOLNHO\WKDW
this could be incorporated easily within a biblical
cosmology.
As a red giant star ages, it accumulates the helium
“ash” from the fusion in the shell onto the core. Since
the core has no source of energy, the accumulation
of additional helium causes the core to contract and
heat. Eventually the temperature in the star’s core
may raise high enough to initiate the fusion of helium
into carbon. This begins the horizontal branch (HB)
stage. Helium fusion is accomplished by the triple
alpha process, so called, because it involves three
helium nuclei (a helium nucleus is called an alpha
particle). The triple alpha process technically has an
intermediate step:
α + αń8Li.
8
Li is unstable with a half-life of less than a second,
GHFD\LQJEDFNLQWRWZRDOSKDSDUWLFOHV+RZHYHULI
another alpha particle interacts with the 8Li prior to
decay, then the following reaction results:
α + 8/Lń12C.
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This second step must happen before the 8Li
can decay, so the reaction does involve a nearly
simultaneous reaction of three alpha particles. The
net reaction is that three helium nuclei fuse into
a single C nucleus. As with the fusion of hydrogen
into helium, the product of this reaction has less
mass than the inputs, so energy is produced by the
conversion of mass into energy. However, the amount
of energy released in this reaction is about 10% of the
earlier reaction.
5HODWHG WR WKH WULSOH DOSKD SURFHVV LV DOSKD
capture. An alpha particle may fuse with 12C to
produce 16O:
12
C + 4+Hń16O + γ.
The process may repeat:
16
O + 4+Hń20Ne + γ
20
Ne + 4+Hń24Mg + γ
and so on. Notice that these nuclei are integral
multiples of an alpha particle. That is, these nuclei
have atomic numbers equal to 2n and atomic masses
equal to 4n, where n is a positive integer greater than
3. These are the most common isotopes of some of the
most common elements. Elements produced in this
manner are called alpha process elements, because
astronomers explain their existence by addition of
DOSKDSDUWLFOHVWRH[LVWLQJQXFOHL$VWURQRPHUVWKLQN
that most of the alpha process elements heavier
than carbon are produced in massive stars that are
precursors of type II supernovae. The subsequent
eruption of type II supernovae is thought responsible
for spreading the alpha process elements throughout
the universe. This material enriches gas clouds, from
which more stars form, and the process repeats. In
this way, chemical enrichment hypothetically leads
to everincreasing amounts of heavier elements in
later generations of stars. The alpha process elements
produced this way terminate with titanium (atomic
QXPEHU +RZHYHUDVWURQRPHUVWKLQNWKDWW\SH,D
supernovae eruptions can extend alpha capture up to
iron and related elements. A type Ia supernova results
IURPLQWHUDFWLRQRIWKHFRPSRQHQWVRIDFHUWDLQNLQG
of binary star where one member is a white dwarf.
Of course, type Ia supernovae eruptions supposedly
can spread these more heavy nuclei into space. The
alpha process generally must truncate with iron,
because alpha capture up to iron is exothermic, but
further alpha capture is endothermic, and there does
not seem to be a suitable astrophysical environment
IRUWKHHIÀFLHQWHQGRWKHUPLFSURGXFWLRQRIQXFOHLYLD
alpha capture. The exothermic/endothermic divide
is the result of iron being the most entropic nucleus
with respect to binding energy.
If protons (H nuclei) are available, the fusion of
protons with some of the products of successive alpha
capture can produce other isotopes. The neon-sodium
cycle is:
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1H+ń21Na + γ
1Dń21Ne + e+ + ν
21
1H+ń22Na + γ
22
1D+ń23Mg + γ
23
0Jń23Na + e+ + ν
23
1D+ń20Ne + He
Some have suggested that this sort of reaction,
while not important in energy generation, can produce
QXFOHLWKDWPD\EHVLJQLÀFDQWIRURWKHUUHDVRQV)RU
instance, the 21Ne produced in the second step of this
reaction could be a source of neutrons in the s process.
In massive stars C and O may further fuse with
WKHPVHOYHV )RU LQVWDQFH WKHUH DUH ÀYH SRVVLEOH
outcomes of C fusion:
12
C + 12&ń24Mg + γ
12
C + 12&ń23Na + H
12
C + 12&ń23Mg + n
12
C + 12&ń20Ne + 4He
12
C + 12&ń16O + 24He,
where n stands for a neutron. Six possible outcomes
for O fusion are:
16
O + 162ń32S + γ
16
O + 162ń31P + H
16
O + 162ń31S + n
16
O + 162ń28Si + 4He
16
O + 162ń24Mg + 24He
16
O + 162ń30Si + 2H
In addition to direct fusion and alpha capture,
other reactions are possible in massive stars. Nuclei
FDQ FDSWXUH HOHFWURQV YLD WKH ZHDN IRUFH 1HXWURQ
capture also occurs, a topic that I shall discuss
shortly. Furthermore, in the intense heat, density,
and pressure of the core, photons from the highenergy tail of the distribution of the photons can
photodisintegrate heavy nuclei. A sort of steady
state is established that BBFH called the e process
(e standing for equilibrium). The steady state
composition of the various isotopes can be determined
by a series of coupled differential equations.
Hydrogen fusion in stars normally is stable, but
helium fusion is not. The fusion of helium into carbon
occurs at a much higher temperature than hydrogen
fusion (108 K as opposed to 107 K). However, a more
important factor is the inability of the helium to
expand as it is heated by fusion of hydrogen into
helium. The helium in the core of a red giant star
is primarily supported by electron degeneracy
pressure rather than normal gas pressure. When
energy is released in a gas supported by normal
gas pressure, the gas responds by expanding and
consequently cooling. Fusion reactions are extremely
temperature sensitive, so this expansion has a selfUHJXODWLQJHIIHFW³WKHRQVHWRIIXVLRQUHOHDVHVPXFK
heat, which slightly expands the gas, which slows
the reaction rate. However, in an electron degenerate
gas, increased heat does not expand the gas, so as
20
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IXVLRQ FRPPHQFHV WKH WHPSHUDWXUH TXLFNO\ ULVHV
which rapidly increases the rate of fusion. This sort
RIWKHUPRQXFOHDUUXQDZD\LVFDOOHGWKHKHOLXPÁDVK
When this happens in the core, the gas eventually
gets so hot that normal gas pressure again becomes
the dominant pressure, the gas cools, and the energy
production rate slows. Theoretically (and in computer
PRGHOV WKHKHOLXPÁDVKRFFXUVDWWKHWLSRIWKHUHG
JLDQWEUDQFKRQWKH+5GLDJUDPDQGWKHHYHQWXDO
decreased energy production leads downward to the
horizontal branch.
The horizontal branch represents a position of
stability for some time. However, as with hydrogen
fusion in the core, the helium fuel in the core
eventually is exhausted. Once all the helium in the
core is exhausted, the star cannot remain on the
horizontal branch¬The core once again contracts,
causing the star’s outer layers to expand and cool,
and the star ascends the asymptotic giant branch
$*%  $VWURQRPHUV WKLQN WKDW $*% VWDUV REWDLQ
energy from the fusion of hydrogen into helium
and helium into carbon in two thin concentric
shells around the core. Asymptotic giant stars have
EHHQ LQYRNHG WR H[SODLQ FDUERQ VWDUV DQG 6 VWDUV
DQG WKH\ DUH WKRXJKW WR EH VLJQLILFDQW ORFDWLRQV of
nucleosynthesis of some of the relatively rarer
elements. This is thought to happen late in the AGB
WKURXJK HSLVRGLF IXVLRQ NQRZQ DV WKHUPDO SXOVHV
$Vthe initiation of helium fusion in the core leads to
the KHOLXPIODVKIXVLRQLQDWKLQVKHOOUHVXOWVLQD
KHOLXP IODVK +RZHYHU WKH PHFKDQLVP LV D ELW
GLIIHUHQW EHFDXVH WKH KHOLXP VKHOO LV QRW HOHFWURQ
GHJHQHUDWH LW PHUHO\ LV WRR WKLQ IRU VXIILFLHQW
H[SDQVLRQ 6LQFH the shell cannot expand upon
initiation of helium fusion, the shell rapidly
heats, consumes most of WKH KHOLXP DQG WKHQ
ILQDOO\ H[SDQGV $VWURQRPHUV WKLQN WKDW EHWZHHQ
4 and 105 years occur between thermal pulses.
Thermal pulses in AGB stars yield two important
things: a large number of neutrons that lead to s
process nucleosynthesis, and thermal instabilities
in the envelope that transport the s process
products to the surface.
The s Process
What is the s process? Nuclei readily absorb any
free neutrons. Since free neutrons have a relatively
short half-life (a little more than ten minutes), free
neutrons rapidly decay. However, if there is a source
of neutrons and abundant nuclei, then the nuclei
TXLFNO\ FDSWXUH YLUWXDOO\ DOO RI WKH QHXWURQV 7KH
addition of neutrons increases the atomic mass of a
nucleus, but does not increase the atomic number.
Thus, this process can produce heavier isotopes of
an element. However, if a nucleus gains too many
neutrons it becomes unstable, leading to nuclear
decay. The most common form of decay is beta
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decay, but a few isotopes experience alpha decay. As
previously mentioned, an alpha particle is a helium
nucleus, so the emission of an alpha particle reduces
a nucleus’ atomic number by two and its atomic mass
by four. Thus an alpha decay reduces a nucleus’
identity by two in the periodic table of elements. A
beta particle can be either a free electron or positron,
EXW WKH V SURFHVV QRUPDOO\ UHVXOWV LQ HMHFWLRQ RI
electrons. The reason is that the s process occurs in
nuclei in which the ratio of the number of neutrons
to protons is too high for stability. Since the electron
has negative charge, we call this negative beta decay
WKHHMHFWLRQRIDSRVLWURQLVSRVLWLYHEHWDGHFD\ $
QHXWULQR DOVR LV HMHFWHG WR SUHVHUYH OHSWRQ QXPEHU
Negative beta decay amounts to the transmutation of
a neutron into a proton. This decay does not change
the atomic mass of the nucleus, but it increases the
atomic number, and hence increments the type of atom
that the nucleus represents by one on the periodic
table. If nuclei are bombarded by free neutrons at a
rate that is much slower than the rate at which any
unstable nuclei decay, then the unstable nuclei will
decay before they can acquire additional neutrons.
This is the s process (the s means slow, as it refers to
the slow rate of neutron capture as compared to the
decay rate).
This is in contrast to the r process (where r stands
IRUUDSLG ZKHUHWKHQXFOHLDUHERPEDUGHGVRTXLFNO\
WKDW WKH\ DUH IDU PRUH OLNHO\ WR XQGHUJR DGGLWLRQDO
neutron capture(s) before experiencing beta decay.
The distinction is important, for the r process and s
process follow different pathways to produce different
isotopes.
There are a number of sources of neutrons
during thermal pulses in AGB stars. One reaction
responsible for neutrons is the fusion of carbon into
oxygen via alpha capture:
13
C + 4+Hń16O + n.
A similar reaction occurs for oxygen fusion into
neon:
17
O + 4+Hń20Ne + n.
Earlier operation of the CNO cycle produces 13C
and 172IRUWKLVDOSKDFDSWXUHWRZRUN
Another important reaction is
22
Ne + 4+Hń25Mg + n.
The CNO cycle produces a large amount of 14N,
and two alpha captures can synthesize it into 22Ne,
SHUPLWWLQJWKLVUHDFWLRQWRRFFXU7KHQHXWURQÁX[LQ
DWKHUPDOSXOVHLVVXIÀFLHQWWRERPEDUGPDQ\QXFOHL
present, but not so high as to prohibit decay of any
unstable nuclei produced prior to another neutron
capture (otherwise, this would be r process).
We have seen that alpha capture can account for
the mostcommon (evennumbered) elements up to
iron. Though some of the isotopes lighter than iron
DUH H[SODLQHG E\ WKH V SURFHVV DVWURQRPHUV WKLQN
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WKDW WKHUH DUH PRUH HIÀFLHQW ZD\V WR SURGXFH PRVW
of these lighter elements. However, the real strength
of the s process is in explaining many of the isotopes
of the transferric elements. Consider iron, which
has four stable isotopes, 54Fe, 56Fe, 57Fe, and 58Fe,
with 56Fe being the most abundant isotope. Starting
with 56Fe, one or two neutron captures can produce
the two heavier stable isotopes. If a third neutron is
captured, a 59Fe nucleus is produced. 59Fe is unstable,
and it beta decays into 59Co, the only stable isotope
of cobalt. The 59Co in turn can absorb a neutron to
become 60Co, which beta decays into 60Ni. The 60Ni
nucleus can then capture neutrons to produce some
RI WKH KHDYLHU VWDEOH LVRWRSHV RI QLFNHO ,I D QLFNHO
nucleus absorbs enough neutrons that it becomes
unstable, then it beta decays into another element,
and the process continues. This process can account
for many of the isotopes heavier than iron. The s
process terminates with bismuth-209, because 209Bi
LVWKHKHDYLHVWVWDEOHQXFOHXV &OD\WRQDQG5DVVEDFK
1967). Additional neutron capture of 209Bi enters a
ORRSWKDWOHDGVEDFNWR209Bi via an alpha decay.
We can compute the equilibrium abundances of
various nuclei with a series of coupled differential
equations of the form
dNA/dτ = -σANA + σA-1NA-1,
where N is the number density of a particular
isotope, A is the atomic mass, σ is the cross section
of interaction between a neutron and a particular
isotope, and τ is the neutron exposure, given by,
τ = vT Qn(t) dt,
where vT is the thermal velocity, and nn is the
neutron density (Clayton 1968, pp. 558–560). The set
RI GLIIHUHQWLDO HTXDWLRQV LV VXEMHFW WR WKH ERXQGDU\
conditions of beginning with iron-56 and terminating
with bismuth-209. Simultaneous solutions of these
equations lead to predictions of relative abundances
of isotopes.
Of particular interest is technetium, the lightest
element for which there are no stable isotopes.
98
Mo is the heaviest of the six stable isotopes
of molybdenum. The s process accounts for the
production of technetium-99, the longest-lived
isotope of technetium. A neutron capture produces
99
Mo which then beta decays into 99Tc. Technetium
was discovered in the spectra of certain red giant
VWDUVLQ$VWURQRPHUVWKLQNWKDWUHGJLDQWVDUH
very old, certainly far too old for the technetium they
contain to be primordial. Technetium is not found in
LVRODWLRQUDWKHULQWKHUHGJLDQWVZKHUHWHFKQHWLXP
is found, many other s process elements are present.
7KH FRPSRVLWLRQ RI WKHVH VWDUV LV VR UHPDUNDEOH
that we call them metal stars, and they are given
WKHVSHFWUDOFODVVLÀFDWLRQ67KH6VSHFWUDOFODVVLV
parallel in temperature to K and M spectral classes.
The understanding is that the technetium and the
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other s process isotopes were recently produced near
the cores of these stars, but then the products of this
nucleosynthesis were rapidly brought to the surfaces.
Stars generally do not have fully convective envelopes,
EXW WKH WKHUPDO SXOVHV LQMHFW VR PXFK HQHUJ\ LQWR
the envelopes of these stars that thermal pulses are
accompanied by episodes of full convection. These
episodes are called dredge-up. This is one of the rare
exceptions where products of nucleosynthesis deep
inside of stars are brought to the surface. The period
between the episodes of dredge-up must be short
enough that not much of the technetium can decay.
The r Process
The s process can explain many, but not all,
transferric elements and their isotopes up to bismuth,
as well as some of the isotopes of the elements lighter
than iron. Most of the remaining elements are
explained by the r process. The r process isotopes are
produced when nuclei undergo neutron capture that
LVVRUDSLGWKDWXQVWDEOHQXFOHLKDYHLQVXIÀFLHQWWLPH
to beta decay before undergoing additional neutron
capture. Obviously, the r process requires copious
amounts of neutrons, far more than thermal pulses
in AGB stars can produce. The neutron densities
required for the s process is within a few orders of
magnitude of 105/cm3, while the neutron density
required for the r process is within a few orders
of magnitude of 1023/cm3 (Clayton 1968, p. 557).
Obviously, the conditions for these two processes
DUHIDUUHPRYHGIURPRQHDQRWKHU7KHRQO\NQRZQ
source of neutron densities high enough for the r
process to operate is in supernova explosions. In
supernova explosions the matter density is very high,
and the high photon density with extremely high
temperature results in much photodisintegration of
nuclei and production of many free neutrons.
In the discussion of the r and s processes, it is
common to plot the various nuclei of isotopes with
atomic number, Z, increasing upward and the
number of neutrons, N, increasing to the right. See
Fig. 2 for a schematic diagram of this. Each box
represents a stable nucleus, with various species of
WKH VDPH HOHPHQW DSSHDULQJ DGMDFHQW KRUL]RQWDOO\
The locations of unstable nuclei are not indicated, but
they can be inferred by the locations of where boxes
otherwise would be. For instance, the leftmost red
ER[LQ)LJKDVVL[DGMDFHQWVWDEOHQXFOHLEXWWKHUH
DUHWZRDGMDFHQWXQVWDEOHQXFOHLRQHGLUHFWO\DERYH
and one to the upper left. On the other hand, the
WRSPRVWUHGER[KDVRQO\WZRDGMDFHQWVWDEOHQXFOHL
DQG VL[ DGMDFHQW XQVWDEOH QXFOHL )LJ  UHSUHVHQWV
only a very small portion of the entire plot, for there
are hundreds of stable nuclei. On a complete plot of
all isotopes, stable nuclei form a roughly diagonal
band from lower left to upper right, with radioactive
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Fig. 2. Schematic diagram illustrating the r and s
processes, with atomic number plotted vertically
DQG DWRPLF QXPEHU SORWWHG KRUL]RQWDOO\ (DFK EORFN
represents nuclei of a stable isotope. The horizontal
solid arrows represent neutron capture, while the wavy
diagonal arrows represent beta decay. The isotopes
represented by white boxes result from either the s or
r process. The blue boxes represent isotopes that result
only from the r process, while the red boxes are sonly
isotopes. The yellow boxes represent isotopes produced
by proton capture.

isotopes surrounding the stable nuclei. As nuclei
capture neutrons, they do not change their elemental
identity, so they migrate horizontally to the right on
the chart. In Fig. 2 neutron capture is indicated by
the solid horizontal arrows. The normal decay mode
of unstable nuclei is negative beta decay, in which
the value of N decrements by one while the value of
Z increases by one. Therefore, negative beta decay
results in a nucleus moving diagonally upward to the
left on the chart. Beta decays are indicated by wavy
diagonal arrows. The shorter wavy arrows indicate
single beta decays, while the longer ones indicate
multiple beta decays.
The s process never deviates far from the diagonal
band of stable nuclei. As a nucleus accumulates
neutrons, it may pass through several stable nuclei,
but it eventually reaches an unstable nucleus that
normally beta decays before it can accumulate any
more neutrons. If a stable isotope of a particular
element exists two or more slots to the right of the
last stable isotope, then the s process usually cannot
produce that stable “stranded” isotope. As slow
neutron capture repeats, the s process can proceed
to everheavier nuclei moving along the contiguous
stable isotopes of many elements. On the other hand,
the r process can yield nuclei of an element that are
several slots to the right of the last stable nucleus.
7KHVHQXFOHLEHWDGHFD\VHYHUDOWLPHVWDNLQJWKHP
EDFN XSZDUG WR WKH OHIW DQG WRZDUG WKH GLDJRQDO
band of stable nuclei. Some of the stable nuclei that
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result from the r process also can be produced by the
s process. In Fig. 2 the nuclei that can be formed by
both the r and s processes are indicated by white
boxes. However, r process, because it “pushes” nuclei
so far to the right of the diagonal band of stable nuclei,
can produce previously mentioned stranded isotopes
that the s process cannot produce. In Fig. 2 these
are represented by blue boxes. Since these stranded
isotopes are stable, they cannot beta decay, so any
stable nuclei one or more positions diagonally upward
to the left cannot be produced by the r process. These
isotopes are shielded from the r process, and can be
produced only by the s process. In Fig. 2 these “s only”
isotopes are represented by red boxes. Finally, there
are some stable isotopes to the upper left of the band
of stable isotopes. Since beta decay cannot lead to
these isotopes, they must have originated by some
other mechanism. That mechanism is by proton
capture. Those nuclei are indicated with yellow boxes
in Fig. 2.
Fig. 3 illustrates some real-world examples of the
various processes that I’ve described. Consider 127I,
the only stable isotope of iodine, as it undergoes the
s process. Starting in the white box in the lower left
of Fig. 3, 127I absorbs a neutron, becoming 128I, which
beta decays with a half-life of 25 minutes. This is well
within the time constraint of the s process, so it beta
decays into 128Xe. The next four isotopes of xenon are
stable, so the slow capture of neutrons can synthesize
Xe isotopes up to and including 132Xe (the other two
stable isotopes of xenon, 134Xe and 136Xe, are two of
the “stranded” isotopes, which I will discuss in a
moment). An additional neutron capture produces
133
Xe, which beta decays into 133Cs with a half-life of
4.27 days. 133Cs is the only stable isotope of cesium.
The addition of a neutron transmutes 133Cs into
134
Cs, which beta decays into 134Ba with a half-life of
2.19 years, well within the time constraint of the s
process. 134Ba is stable, as are the next four isotopes
of barium, so slow neutron capture can produce the
isotopes of barium through 138Ba. The slow capture of
an additional neutron yields 139Ba, which beta decays
into 139La, with a half-life of 83 minutes. 139La is the
heavier of the two stable isotopes of lanthanum.
The slow neutron capture of an additional neutron
transmutes 139La into 140La, which decays into 140Ce.
140
Ce is one of four stable isotopes of cerium, but 141Ce
is unstable, so a slow neutron capture into 141Ce leads
to beta decay into 141Pr, the only stable isotope of
praseodymium. The s process continues on beyond
this point, but I will end my discussion of it here.
In Fig. 3, the described path of the s process from
iodine to praseodymium is indicated by the arrows
passing through the white and red boxes. To the upper
OHIW RI WKLV WUDFN WKHUH DUH WZR LVRWRSHV RI EDULXP
(130Ba and 132Ba), one isotope of lanthanum (138La),
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Fig. 3. Illustration of the r and s processes operating in the vicinity of xenon, cesium, barium, lanthanum, cerium,
and praseodymium.

and two isotopes of cerium (136Ce and 138Ce). These
isotopes obviously could not form via the s process.
Instead, they formed through proton capture. The
boxes representing these isotopes are yellow. To the
ORZHUULJKWRIWKHWUDFNIROORZHGE\WKHVSURFHVVWKHUH
DUH ÀYH ´VWUDQGHGµ LVRWRSHV LQGLFDWHG LQ EOXH WZR
isotopes of tellurium (128Te and 130Te), two isotopes
of xenon (134Xe and 136Xe), and one isotope of cerium
(142Ce). They obviously cannot form via the s process,
so they must have formed from the r process. The
rapid accumulation of protons on a nucleus usually
results in negative beta decay, or in multiple negative
beta decays. As with beta decay in the s process, each
beta decay in the r process moves a nucleus diagonally
XSZDUGDQGOHIWZDUG7KHWUDFNVWKDWYDULRXVQXFOHL
can follow as they beta decay from the r process are
shown as wavy diagonal lines in Fig. 3. Since many
of the parent isotopes that beta decay in the r process
can be quite over-heavy in neutrons, many of them lie
RIIWKHERWWRPRUWRWKHULJKWRIWKHÀJXUH
Notice that not only can the r process explain the
ÀYHLVRWRSHVWRWKHORZHUULJKWRIWKHUHGSDWKWKDWWKH
s process cannot explain, but the r process also can
produce many of the same isotopes that the s process
can. The boxes representing these isotopes are white.
However, there are a few isotopes along the path of
the s process that the r process cannot produce. In
Fig. 3 those isotopes are 128Xe, 130Xe, 134Ba, and 136Ba,
and they are represented by red boxes. The r process
cannot produce these isotopes, because these isotopes
are shielded by other, stable isotopes. For instance,
128
Te lies two spaces diagonally to the lower right
from 128Xe. Since 128Te is stable, it is not possible for
a beta decay to lead through it to get to 128Xe. 130Te
similarly shields 130Xe, as 134Xe shields 134Ba, and 136Xe
shields 136Ba. Hence, these four isotopes, in red, are

FRQVLGHUHGVRQO\LVRWRSHV7KHILYHLVRWRSHVLQEOXH
are considered to be ronly isotopes. As previously
PHQWLRQHGWKHÀYHSRQO\LVRWRSHVDUH\HOORZ$V\RX
can see, most isotopes can result from either the s
process or the r process.
Discussion
$UPHG ZLWK WKHVH FRQVLGHUDWLRQV NQRZOHGJH RI
nuclear cross sections, and some understanding the
physical conditions present in the environments
under consideration, it is possible to establish a set of
coupled differential equations of the type previously
discussed. There is one differential equation for
each isotope, so there are many of these coupled
differential equations, which require a sophisticated
computer program to solve. One must impose
boundary conditions. For the s process, one normally
DVVXPHV WKDW WKH V SURFHVV EHFRPHV VLJQLÀFDQW
with the iron group of elements and terminates
ZLWK OHDG $VWURQRPHUV WKLQN WKDW WKH\ KDYH D
good understanding of the environments in which
the s process operates. The r process is a bit more
complicated for several reasons. One reason is that
the astrophysical environments where the r process
LV VLJQLÀFDQW DUH D OHVV ZHOONQRZQ WKDQ WKRVH LQ
which the s process operates. This is indicated by
the far greater number of papers in recent years
DGGUHVVLQJWKHUSURFHVVWKDQWKHVSURFHVV-XVWD
few examples of recent r process papers are Boyd
et al (2012), Meyer and Brown (1997), and Ning,
Qian, and Meyer (2007). Another complication of the
r process is that it does not terminate at lead and
hence includes more isotopes, but the yield decreases
dramatically at higher atomic number and goes to
zero as the trans-uranic elements are reached. More
importantly, for isotopes that can be produced by
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both the r and s processes, the effects of the s process
PXVW EH VXEWUDFWHG WR ÀQG WKH DPRXQW RI QXFOHL RI
each isotope resulting from the r process alone.
Additionally, there are a number of simplifying
assumptions made along the way that introduce a
small amount of error.
Ultimately, it is possible to compute predictions of
the amounts of each isotope that one would expect
from this theory of stellar nucleosynthesis. There
LV GLIÀFXOW\ LQ FRPSDULQJ WKH SUHGLFWLRQV ZLWK
actual data. Tabulations of the composition of the
universe have been done for many decades. One of
the more recent tabulations is that of Däppen (2000,
pp. 29–31), which in turn was compiled from several
sources. Most of these tabulations don’t separate
the various isotopes of the elements, but rather they
list the abundance of each element with all isotopes
combined. The tabulations are of several distinct
sets. One set is the terrestrial abundance. Another
set is the solar system abundance. This normally is
determined from solar composition, particularly of
the volatile elements, but also from meteorites for
the more refractory elements. Then there is a cosmic
abundance, which is a composite of stellar composition
derived from spectroscopy. While there are
similarities between these sets, there are differences.
The differences are explained by fractionalization
of terrestrial material and differences in origin of
matter for various stars as compared to the solar
system. Within the caveats of these variations due
to history and some range in the computed isotopic
abundances, there is qualitative agreement between
the theory of stellar nucleosynthesis and observed
DEXQGDQFHV7KLVLVWDNHQDVFRQÀUPDWLRQWKDWWKH
theory of the creation of isotopes through stellar
nucleosynthesis is correct.
7KLV LV WKH XOWLPDWH HYROXWLRQDU\ WKHRU\³WKH
universe began in a big bang, but only a few of the
lightest elements were made then. Most of the
elements necessary for life were synthesized in stars
that then through winds or explosions spread that
material in space, and the earth and solar system
and eventually our bodies formed from the elements
created in stars. Many astronomers, such as Harlow
Shapley, Carl Sagan, and Neil DeGrasse Tyson are
quoted as saying that we are made of star stuff. More
UHFHQWO\/DZUHQFH.UDXVVKDVPRFNLQJO\VDLG´)RUJHW
-HVXV7KHVWDUVGLHGVR\RXFRXOGEHKHUHWRGD\µ3
A good theory must have good explanatory
power. That is, a theory must explain what we
DOUHDG\ NQRZ ,Q D TXDOLWDWLYH VHQVH WKH WKHRU\ RI
stellar nucleosynthesis does this. It can explain the
composition of the current universe. However, the
fact that there is variation in composition within
3

KWWSZZZ\RXWXEHFRPZDWFK"Y -IX44Q(\Z
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the solar system and among stars clearly indicates
that this is not an exact science. Any variation is
explained in terms of local differences in history,
either with different composition generated locally
or with physical separation occurring locally. For
instance, the earth and moon supposedly formed
from the same pre-solar nebula. The earth and moon
share some similarities in composition, but they
DOVRKDYHPDUNHGGLIIHUHQFHV³WKHPRRQLVGHÀFLHQW
in heavier elements as compared to the earth. This
generally is explained by the origin of the moon, with
the current favored theory that the moon resulted
from a grazing incidence collision of the earth with
D0DUVVL]HGREMHFW6LPLODUO\WKHWHUUHVWULDOSODQHWV
KDYHIDUOHVVRIWKHOLJKWHUHOHPHQWVWKDQWKH-RYLDQ
planets do. This is explained by the early sun
heating and removing the lighter elements from the
inner solar system, but not the outer solar system.
Similarly, while the terrestrial planets have similar
composition, there are large differences, and the
-RYLDQSODQHWVDUHOLNHZLVH$JDLQWKLVLVH[SODLQHG
in terms of slightly different histories.
Or consider S stars. S stars are a particular class of
red giant stars that have chemical abundances that
DUHPDUNHGO\GLIIHUHQWIURPRWKHUUHGJLDQWVWDUV6
stars contain excess zirconium and other metals that
are thought to be products of the s process. This is
interpreted as S stars being AGB stars with thermal
SXOVHV SURYLGLQJ QHXWURQ ÁX[ IRU WKH V SURFHVV DV
well as consequent thermal pulses leading to deep
convection to dredge up the products of the s process
WRWKHSKRWRVSKHUHVRI6VWDUV5HODWHGWR6VWDUVDUH
barium stars, so called because of their prominent
VSHFWUDO OLQHV GXH WR EDULXP $VWURQRPHUV LQYRNH
close binary interactions to explain barium stars.
Also related to S stars are carbon stars, which are
red giants with an anomalous amount of carbon.
Carbon stars stand out because by far they are the
reddest stars. Cosmically, oxygen is more abundant
WKDQFDUERQDQGPRVWVWDUVUHÁHFWWKLVDEXQGDQFH
5HGVWDUVDUHFRROHQRXJKIRUVRPHPROHFXOHVWRH[LVW
in their atmospheres. In red giants with normal
chemical abundance, all of the carbon is consumed
in CO, leaving the excess oxygen to form metal
oxides. However, in carbon stars all of the oxygen
is consumed in the CO, which frees up both carbon
DQGPHWDOV7KHGRPLQDQWIDFWRULQPDNLQJFDUERQ
stars so red is the huge amount of absorption of blue
and violet light by the metals. Many other types of
stars are explained by similar reasoning. But once
the process of explaining differences begins, virtually
any differences can be explained, all the while
defending the basic paradigm. These sorts of musings
HYHQWXDOO\ WDNH RQ WKH FKDUDFWHULVWLFV RI MXVWVR
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stories that we so often encounter in evolutionary
explanations. A theory that explains anything and
everything explains nothing.
But in addition to having explanatory power, a
good theory also must have predictive power. That is,
DJRRGWKHRU\PXVWQRWRQO\H[SODLQZKDWZHNQRZ
but it ought to anticipate and hence predict some
WKLQJV WKDW ZH GRQ·W \HW NQRZ ,W GRHV QRW DSSHDU
that the detailed theory of primordial and stellar
QXFOHRV\QWKHVLV PDNHV VXFK SUHGLFWLRQV 7KDW LV
the power of nucleosynthesis theory in astronomy is
entirely explanatory.
Conclusion
, KDYH EULHÁ\ UHYLHZHG WKH WKHRU\ RI VWHOODU
nucleosynthesis for the recent creation community.
Of particular interest were the r process and s
process. My purpose has been to educate others
in some of the details of this theory, and perhaps
to stimulate further discussion. While the theory
appears robust in its explanatory power, one could
TXHVWLRQ KRZ ZHOO LW H[SODLQV NQRZQ FKHPLFDO
abundances. A study to answer this question
would be very involved, requiring tremendous
computational detail. Even if more detailed studies
FRQÀUPHG WKDW WKH WKHRU\ KDV JRRG H[SODQDWRU\
power, this is far less convincing than predictive
power. At this time, it does not appear that the
theory of nucleosynthesis has any predictive power.
Henry (2006) reached a similar conclusion about
primordial nucleosynthesis.
Can we develop a creationary model to explain
the chemical composition of the universe? Perhaps.
0XFK RI WKH &UHDWLRQ :HHN ZDV PLUDFXORXV RU
at least outside of the realm that science today
is equipped to probe, so one could posit that God
created the elemental abundances pretty much as
WKH\ H[LVW WRGD\ +RZHYHU PDQ\ ZLOO ÀQG VXFK DQ
answer unsatisfactory, particularly if there is no
clear standard of design of the elemental composition.
On the other hand, God could have used physical
processes as we now understand them. That is, God
could have ordained physical processes to operate
to produce the elemental abundances that we see
LQWKHXQLYHUVH2IFRXUVHLQDELEOLFDOIUDPHZRUN
this must have happened very rapidly, far more
rapidly than the gradual processes described here.
There have been a few initial attempts to account
for chemical abundances in the creation literature
in such a physical way. In the initial concept of his
white hole cosmology, Humphreys (1994) proposed
rapid primordial nucleosynthesis of elements.
Boudreaux (2012) and Davies (2013) have proposed
similar things. However, all of these suggestions are
at best preliminary. I encourage further development
of ideas of this type.

D. Faulkner
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