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Where do you get neutrons from?

The plan of this talk:

How it is supposed to work

Problems: does it work?
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Two limits:

Slow neutron capture: 106 or more years

Rapid capture:<1 second 

There is no (in theory?)‘in between’ process

Neutron capture processes
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There are 170 nuclei with Z>30 per 2.8x1010 protons

Fe = 9.0×105, Co = 2.3×103, Ni = 5.0×104, Cu = 4.5×102, and 
Zn = 1.1×103

How much there is to synthesize?
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There are 170 nuclei with Z>30 per 2.8x1010 protons

Fe = 9.0×105, Co = 2.3×103, Ni = 5.0×104, Cu = 4.5×102, and 
Zn = 1.1×103

So we have to convert 1.8x10-4 of the Fe group into 
HTI nuclei 

If these nuclei are formed by means of neutron capture, we 
need at least 1.5 × 104 neutrons, which is almost one 
neutron per iron nucleus.

How much there is to synthesize?
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The calculation is 170 × (240 − 56)/2 = 1.5 × 104 where 
(240 − 56)/2 is the mean number of neutrons needed to 
synthesize the elements between A = 56 and A = 240, and 
170 is the total number of nuclei. 
100% efficiency is assumed.
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So, while the energetic demands are negligible, 
the source of neutron is a crucial problem

The calculation is 170 × (240 − 56)/2 = 1.5 × 104 where 
(240 − 56)/2 is the mean number of neutrons needed to 
synthesize the elements between A = 56 and A = 240, and 
170 is the total number of nuclei. 
100% efficiency is assumed.
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The synthesis of the HTI nuclei is therefore a side effect which 
synthesizes trace elements. It has no effect on the evolution of the 

star.
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The synthesis of the HTI nuclei is therefore a side effect which 
synthesizes trace elements. It has no effect on the evolution of the 

star.

The synthesis cannot take place at temperatures higher than 
5x1010K because at higher T, the photons 

disintegrate the nuclei and no HTI comes out

Mayer & Teller idea of fission of a super heavy 
nucleus only shifts the problem.

The α β γ is quite successful for A>100.
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The schematic cosmic 
abundances of the elements
 as depicted by Burbidge,
Burbidge,Fowler
 and Hoyle 1957 (The Bible 
of Stellar Nucleosynthesis)
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1956 Suess & Urey: no single theory can 
explain all the abundances of the nuclei and 

isotopes.
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So B2FH invented the s-process and for the 
fast process “invented” the fast rate
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Present day conventional view of synthesis process
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Fig. 12.3 The abundance curve with the abundance peaks caused by the two main neutron capture
processes: the s- and the r -processes. The blue arrow indicates the r -process peaks, while the pink
one indicates s-process peaks. Green points show the elements synthesized by neutron capture. Pink
ones are elements synthesized as part of the major evolution process or energy source of the star.
Very rare elements heavier than iron but not produced by neutron absorption are not shown. The
s-process is predicted to synthesize the isotopes up to A = 209 and not beyond, while the r -process
does continue to higher A values

which we will call the 21Ne reaction. They realized the problem that nuclei like146

5He are neutron poisons9 for the building of HTI nuclei. Thus, they searched for147

conditions under which α particles are abundant and were happy to note that 5He148

is unstable. They were captivated by the idea that it might be possible to synthesize149

254Cf via fast neutron capture, as was discovered to be the case in the Bikini H-bomb150

test.151

Figure 9.4 shows the 1957 road map for stellar element synthesis as portrayed by152

B2FH. Neutrons formed from 21Ne are captured by the iron group and form the HTI153

nuclei. The arrows in the figure represent the ‘flux of matter’, and as can be seen, the154

neutron capture processes are side processes which synthesize trace elements.155

Figure 12.3 shows the share of the neutron capture processes in synthesizing ele-156

ments. All nuclei heavier than the iron group, save extremely rare nuclei which157

are synthesized by proton capture (to be discussed in Sect. 13.19), are synthesized158

by neutron capture. The figure also shows the ranges of slow neutron capture, i.e.,159

nuclear synthesis during secular processes (like the s-process), and rapid neutron160

capture (like the r -process) which takes place during explosive events (Fig. 12.4).161

9 In the slang of nuclear reactor theory, neutron poisons are nuclei that are good absorbers of
neutrons and consequently impede any process based on neutron capture.
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Fig. 12.4 The left panel shows schematically the reaction probability of neutrons, i.e., a general
decline going as 1/

√
E , on top of which there are resonances due to energy states in the com-

pound nucleus. The right panel shows schematically the probability for α-particle reactions, which
increases with energy as exp(−b/E)/E , on top of which there are resonances. Due to this energy
dependence, the energy at which the probability for reaction is measured in the laboratory is very
important
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Fig. 12.5 Left the first results of Hughes and Sherman (1950), indicating the very low absorption
of 1 MeV neutrons by nuclei with magic numbers of neutrons. The data given are for the chemical
element which contains several isotopes, not pure isotopes. Arrows mark the magic numbers. Right
the neutron absorption probability (at an energy of 25 keV) as a function of the atomic weight.
Nuclei with magic numbers of neutrons are poor neutron absorbers

12.4 Neutron Absorption by Heavy Elements162

The probability of neutron capture by various nuclei, or as physicists call it, the163

cross-section, is the basic data required, apart from the stellar model, to understand164

the synthesis of the HTI nuclei.165

The absorption of neutrons by various elements was needed for the Manhattan166

project to build an atomic bomb, so it was no wonder that Hughes, Spatz, and Gold-167

stein 194910 and Sherman 195011 from the Argonne National Laboratory were the168

first to show that the neutron capture probability of nuclei containing a magic number169

of neutrons is exceptionally small (see Fig. 12.5 left). It is interesting to note that,170

in January 1949, six months before Hughes et al. published their paper, Ross and171

10 Hughes, D.J., Spatz, W.D. and Goldstein, N., Phys. Rev. 75, 1781 (1949), published June 1949.
11 Hughes, D.J. and Sherman, D., PRL 78, 632 (1950).

270716_1_En_12_Chapter ! TYPESET DISK LE ! CP Disp.:6/3/2012 Pages: 526 Layout: T1-Standard

Shell model essentials
Thursday, May 31, 12



A
u

t
h

o
r

P
r
o
o
f

U
N

C
O

R
R

EC
TE

D
 P

R
O

O
F

460 12 Synthesis of the Heavier-than-Iron Elements

Fig. 12.7 The modern ORELA neutron source facility located in the Physics Division of Oak Ridge
National Laboratory. It produces intense, nanosecond bursts of neutrons, with energies from 10−3

to 100 MeV. ORELA’s present mission is research in nuclear astrophysics. Most of the neutron
capture measurements required for the s-process are carried out with ORELA, which is typical of
the present day machines used in nuclear astrophysics

Fig. 12.8 The fast decline
of the neutron absorption
probability as a function of the
number of neutrons and for
several elements, i.e., different
values of Z , around N = 82.
The curve pertaining to each
element is colored differently.
The units for the capture
probability are millibarn, or
10−27 cm2. As one approaches
the N = 82 case from below
or from above, the absorption
decreases for all Z values
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stability region, the way stars synthesize the heavier-than-iron elements, and what226

can be learnt about the structure of stars and the cosmos by observing synthesized227

matter.228

About 7,500 papers have been published on neutron capture and element synthesis229

in astrophysics. It is impossible to cover all of them here, so we shall just describe230

the gist.231
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462 12 Synthesis of the Heavier-than-Iron Elements

Table 12.1 Available time during nuclear burning in a 25M! star. After B2FH 1957

Nuclear source Temperature (K) Burning lifetime

Hydrogen (CNO cycle) 4 × 107 7 × 106 years
Helium (3α) 2 × 108 5 × 105 years
Kelvin–Helmholtz–Ritter timescale 7.5 × 104 years
Carbon (C+C) 6 × 108 600 years
Neon (α process) 1.2 × 109 1 year
Oxygen (O+O) 1.5 × 109 0.5 year
Silicon (α process) 2.9 × 109 1 day
SN explosion (5–10) × 1010 1–100 s

Fig. 12.9 The difference
between the paths of the
s- and the r -process

Binding Energy

Z

N

The s-process

The r-process

The valley of stability

Neutron drip line

the absorption of a neutron. Clearly, this process will move very close to the bottom255

of the stability valley (see Fig. 12.9). At a temperature of about 108 K, the speed256

of the thermal neutrons17 is about 108 cm/s. Let us search for a process that lasts257

105 years. Finally, let us assume that the nuclei that participate in the process expose258

a ‘black body’ to the neutrons, in the sense that they absorb every neutron that259

hits them. A simple calculation18 then shows that the number density of neutrons260

17 All neutron-releasing reactions produce neutrons at very high energies. It is assumed that the
fast neutrons scatter off different nuclei and lose energy in order to adjust their energies to those
of the ambient nuclei before they are captured by a nucleus. Neutrons with such relaxed energies
are called thermal neutrons. For this to be the case, the scattering probability must be much greater
than the capture probability.
18 The estimate is as follows. The radius of the nucleus is given by rnuc = 1.3 × 10−13 A1/3 cm,
where A is the atomic weight, for which we assume an average value of 100. The number density
of neutrons is then given by Nn = 200/vσ T , where σ = πr2

nuc, T = 104 years is the duration of
the process, and v is the mean velocity of the neutron. The number 200 is the number of neutrons
needed to build the entire list of HTI nuclei.
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The neutron capture continues until nuclei become 
unstable against α decay, hence the process cannot 

synthesize elements heavier than Lead
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Unstable against α decay

The most stable nuclei

The β+ limit

The β- limit

Spontaneous fission

1.50

1.00

0.75
100 200 300
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N/Z

Fig. 12.10 The nuclear stability valley in the plane of the N/Z ratio and the atomic weight A.
Marked are the minimal and maximal values of N/Z for which there exist nuclei, as well as the
limit for stability against emission of an α particle. Finally, the limit above which all nuclei undergo
spontaneous fission is marked in green. This is frequently called the β stability valley, since its
borders are determined by β±-decays. Nuclei in the yellow and blue regions have finite decay times.
Nuclei beyond the borders decay upon formation. All nuclei beyond the border for α stability decay
via α-decay. Nuclei beyond the fission stability limit decay by fission

should be ∼108±1/cm3. Different nuclei absorb neutrons with different probabilities,261

but the global estimate is quite good. This number density dictates the possible262

sources of neutrons. Such a process was dubbed the slow process or just the s-process263

by B2FH.19
264

A number density of neutrons equal to 108 seems like a very large number, but this265

is not so. At this stage in the evolution, the density of the matter is above 100 g/cm3.266

If all the matter is composed of helium nuclei, the number of nuclei is 100 × NA/4,267

where NA = 6.023 × 1023 is the Avogadro number and 4 the atomic weight of268

helium. Hence, the neutrons comprise only a part equal to 6.6 × 10−18 of the matter.269

An overall view of the valley of stability is shown in Fig. 12.10, where the blue
line describes the stable nuclei and the yellow region marks the unstable nuclei. The
s-process therefore advances along the blue line and gradually changes the N/Z ratio.
This ratio has limits beyond which the process cannot go. The s-process continues
until the nuclei become unstable against α-decay in the A = 204–210 region. Thus,
elements like 209Bi, 204Pb, and 206Pb are synthesized at the end of the s-process. In
particular, we find that

Bi209 + n −→ 206Pb + α .

Thus, no heavier nuclei can be synthesized by slow neutron capture.270

Let us consider two detailed examples of the finer details. Figure 12.11 shows271

neutron absorption by an iron seed nucleus. The isotopes are arranged according to272

increasing numbers of neutrons. Thus, 56Co29
27 is unstable and decays into 56Fe30

26,273

19 B2FH assumed two extreme cases based on the possible flux of neutrons. The first was a small
neutron flux which leads to a long timescale for neutron capture, ranging from ∼100 to ∼105 years.
This case was baptized the s-process, while the other extreme was baptized the r -process. There
was nothing in between.
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Fig. 12.12 The path of the s-process in the (Z , N ) plane. Yellow vertical arrows are neutron
captures and horizontal pink arrows are β-decays. Each (Z , N ) box represents an isotope. If the
isotope is unstable, the decay time is given, otherwise it is marked as stable. Neutron absorption
creates nuclei rich in neutrons. Stable elements are marked by green and unstable elements by light
red. The process operates along the transition from stable to unstable nuclei. The upward climb ends
when it encounters a nucleus whose β-decay is sufficiently short for it to decay before being able
to absorb another neutron. We indicate the lifetimes of the nuclei close to the path of the s-process.
Further away, the lifetimes are much shorter and irrelevant to the s-process. The entry ‘Hubble’
indicates a half-life longer than the Hubble time, i.e., the age of the Universe. Yellow squares mean
transition to a higher Z

It seems to be a collusion of nature that, at the very moment that Cd115
48 becomes290

unstable, In115
49 turns out to be stable among unstable neighbors. However, if this were291

not so, and if the lifetime of In115
49 had been much shorter, then the s-process would292
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Assuming steady state and not time dependent irradiation
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Fig. 12.14 The product
(according to B2FH) of
abundance and absorption
probability, which should be
constant in steady state, for
relatively low atomic weights.
Abundances are based on
Suess and Urey (1956). Cir-
cles are s-process isotopes
while the plus signs, which lie
above the other points because
of the large abundances of
these isotopes, are attributed
to the α process. Curves were
calculated by Tuttle for differ-
ent numbers of neutrons made
available per 22Ne nucleus.
The numbers are, from the
bottom curve up, 1.8, 2.1,
and 2.4. These are very small
numbers and imply a low yield

++

+

+
+

+

Nσ

s-processon 22Ne

+ α -process

24 28 32 36 40 44 48

Atomic weight (A)

106

105
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103

Fig. 12.15 Over thirty years
later, improvements in the
nuclear data had an important
impact on the quality of the
agreement with observations.
However, Ni σi is still not
a constant, indicating the
need for transients to do the
synthesis job. After Käppeler
et al. (1990)

state assumption are shown for a higher A and the fit is reasonable. In view of the353

results expressed in the right-hand panel, B2FH suggested that:354

The departure of the calculated curve from the plotted points beyond A ≈ 45 suggests that355

other processes must be responsible for synthesis in this region.356
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state assumption are shown for a higher A and the fit is reasonable. In view of the353

results expressed in the right-hand panel, B2FH suggested that:354

The departure of the calculated curve from the plotted points beyond A ≈ 45 suggests that355

other processes must be responsible for synthesis in this region.356
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Progress made in over 30 years
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Fig. 12.14 The product
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relatively low atomic weights.
Abundances are based on
Suess and Urey (1956). Cir-
cles are s-process isotopes
while the plus signs, which lie
above the other points because
of the large abundances of
these isotopes, are attributed
to the α process. Curves were
calculated by Tuttle for differ-
ent numbers of neutrons made
available per 22Ne nucleus.
The numbers are, from the
bottom curve up, 1.8, 2.1,
and 2.4. These are very small
numbers and imply a low yield

++

+

+
+

+

Nσ

s-processon 22Ne

+ α -process

24 28 32 36 40 44 48

Atomic weight (A)

106

105

104

103

Fig. 12.15 Over thirty years
later, improvements in the
nuclear data had an important
impact on the quality of the
agreement with observations.
However, Ni σi is still not
a constant, indicating the
need for transients to do the
synthesis job. After Käppeler
et al. (1990)

state assumption are shown for a higher A and the fit is reasonable. In view of the353

results expressed in the right-hand panel, B2FH suggested that:354

The departure of the calculated curve from the plotted points beyond A ≈ 45 suggests that355

other processes must be responsible for synthesis in this region.356
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328 CHAPTER 12. THE SYNTHESIS OF THE HEAVIER THAN IRON ELEMENTS

Soon the basic idea was expanded to series of irradiations and in this way additional parameters, the
extent of the irradiation and its time dependence, were introduced into the problem.

12.5.1 The steady state assumption

19
65
Ap
JS
..
.1
1.
.1
21
S

Figure 12.15: The solid line is a calculated curve

corresponding to an exponential distribution of in-

tegrated neutron flux. After Seeger et al 1965.

The great advantages of the steady state assumption
are that (a) one can easily solve for the complete abun-
dance curve and (b) the results depend only on the tem-
perature, density and nuclear physics and not at all on
the astrophysical properties of the site where the synthe-
sis takes place or the initial conditions. If Ni is the num-
ber density of a specie and �i is the probability for the
absorption of a neutron, then in steady state the product
Ni�i is a constant. The expectation is that poor neutron
absorbers should have high abundance because they are
not easily destroyed by a neutron, and vice versa. This is
indeed the case. A typical example is shown in fig. 12.16.
Given the far reaching assumptions of steady state, the
agreement with the observations is quite amazing. Three
cases are shown calculated in 1957, 1965 and 30 years
later. The right panel, fig. 12.16shows the product abun-
dance time absorption probability for low A. One can see
how non impressive the ’constancy’ is. In the left panel,
fig. 12.17 the steady state predicted abundances are shown for higher A and the fit is reasonable. In view
of results expressed in the right panel, B2FH suggested that the departure of the calculated curve from the
plotted points beyond A ⇡ 45 suggests that other processes must be responsible for synthesis in this region.
But they did not have any suggestion what it could be. In 1965 Seeger, Fowler and Clayton20 produced
the curve shown in fig.12.15 and the authors commented that surprisingly good fit has been obtained with
a two-parameter curve, although such a smooth distribution functions require a much more sudden drop
from Sr to Zr than is apparent in the observations.

A closer check reveals that Ni�i is constant for all specie’s i far from magic numbers but deviates
significantly for and near magic numbers, where you really need it21.

12.5.2 Non-steady state options

In view of the comment by B2FH as reported in the previous section, Clayton et al (1961) suggested
that the s-process is composed of several episodes of neutron irradiation in contrast with a long time
steady state irradiation22. The parameters of the irradiation are the duration and the time dependence,
which is usually assumed to be an exponential function. There was no a priori reason why the irradiation
should be exponential, however, it is easy to find the general solution with such a function. The new
parameter, called fluence, was the neutron flux times the irradiation time, namely how many neutrons hit
the seed nucleus. Soon it became apparent that several irradiation periods are required to get a reasonable
fit to the abundances, in particular near the bottlenecks of the magic numbers.

20Seeger, P.A., Fowler, W.A. & Clayton D.D., ApJS, 11, 121, (1965)
21In recent years this approximation is named the ’local approximation’, as it is meaningful only for few nuclei and o↵

magic numbers.
22Clayton and coauthors did not specify the implications of the idea as it was a phenomenological approach. It could imply

(a) the irradiation in each star is intermittent and may be changes with time, (b) that the s-process in di↵erent stars takes
place under di↵erent conditions, or (c) both of the above and the mixing in the interstellar medium is far from perfect.
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The idea of time dependent irradiation
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Ni�i is a constant. The expectation is that poor neutron
absorbers should have high abundance because they are
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indeed the case. A typical example is shown in fig. 12.16.
Given the far reaching assumptions of steady state, the
agreement with the observations is quite amazing. Three
cases are shown calculated in 1957, 1965 and 30 years
later. The right panel, fig. 12.16shows the product abun-
dance time absorption probability for low A. One can see
how non impressive the ’constancy’ is. In the left panel,
fig. 12.17 the steady state predicted abundances are shown for higher A and the fit is reasonable. In view
of results expressed in the right panel, B2FH suggested that the departure of the calculated curve from the
plotted points beyond A ⇡ 45 suggests that other processes must be responsible for synthesis in this region.
But they did not have any suggestion what it could be. In 1965 Seeger, Fowler and Clayton20 produced
the curve shown in fig.12.15 and the authors commented that surprisingly good fit has been obtained with
a two-parameter curve, although such a smooth distribution functions require a much more sudden drop
from Sr to Zr than is apparent in the observations.

A closer check reveals that Ni�i is constant for all specie’s i far from magic numbers but deviates
significantly for and near magic numbers, where you really need it21.

12.5.2 Non-steady state options

In view of the comment by B2FH as reported in the previous section, Clayton et al (1961) suggested
that the s-process is composed of several episodes of neutron irradiation in contrast with a long time
steady state irradiation22. The parameters of the irradiation are the duration and the time dependence,
which is usually assumed to be an exponential function. There was no a priori reason why the irradiation
should be exponential, however, it is easy to find the general solution with such a function. The new
parameter, called fluence, was the neutron flux times the irradiation time, namely how many neutrons hit
the seed nucleus. Soon it became apparent that several irradiation periods are required to get a reasonable
fit to the abundances, in particular near the bottlenecks of the magic numbers.

20Seeger, P.A., Fowler, W.A. & Clayton D.D., ApJS, 11, 121, (1965)
21In recent years this approximation is named the ’local approximation’, as it is meaningful only for few nuclei and o↵

magic numbers.
22Clayton and coauthors did not specify the implications of the idea as it was a phenomenological approach. It could imply

(a) the irradiation in each star is intermittent and may be changes with time, (b) that the s-process in di↵erent stars takes
place under di↵erent conditions, or (c) both of the above and the mixing in the interstellar medium is far from perfect.
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Figure 12.19: The estimated share of

the s and r process in the synthesis of

the elements heavier than iron. The

s-process part is painted green, the r-

process part is painted red. Other pro-

cess are painted blue and unstable ele-

ments are painted yellow.
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12.7 Viable stellar neutron sources

The basic idea behind the neutron sources is as follows: look for a nucleus with atomic weight 4n
(where n is an integer), namely a nucleus made of an integer number of ↵ particles, plus on neutron.
This neutron moves outside a closed and compact shell and hence, should be relatively easy to knock
out. On the basis of this idea and the search for isotopes with minimal relative abundance, one reaches
unavoidably the following neutron producing nuclear reactions.

One of the most abundant products of helium synthesis through the CNO cycle is 13N which decays
into 13C. The matter contains at this moment ↵ particles (the original and the fresh products) which are
now the majority of the nuclei. Greenstein25, who was an astronomer and not a nuclear physicists, and
independently by Cameron26, realized that the exothermic reaction

13C+ ↵ ! 16O+ n+ 2.2MeV

is good stellar neutron source. Indeed, this reaction is the most important and famous neutron source
for synthesizing the nuclei in the s-process. As this reaction will appear time and again, let us call it the
13C reaction for short.

B2FH added the following exothermic reactions:

17O+ ↵ ! 20Ne + n+ 0.60MeV
21Ne + ↵ ! 24Mg + n+ 2.58MeV
25Mg + ↵ ! 28Si + n+ 2.67MeV
26Mg + ↵ ! 29Si + n+ 0.04MeV. (12.1)

The next reactions in this series are endothermic, namely, the reactions need energy to proceed,

29Si + ↵+ 1.53MeV ! 32S + n
33S + ↵+ 2.0MeV ! 36A+ n. (12.2)

25Greenstein, J.L., Modern Physics for Engineers, ed. Ridenour, McGraw-Hill Book Company, New-York, p 267, (1954).
It is really a strange place to suggest such an idea. Greenstein wrote the Astrophysics part of the book under the chapter
”The man’s physical environment”.

26Cameron, A.G.W., Phys. Rev., 93, 932, (1954), ibid. ApJ, 121, 144, (1955)

Solar system elements classification
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The fundamental problems in the s-process: 

find a stellar site, with seed nuclei, 
good neutron sources, 

                              that eventually is ejected to space
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Neutron sources

Greenstein, who was an astronomer and not a nuclear physicists, and 
independently by Cameron, realized that the exothermic reaction

13C + α → 16O + n + 2.2MeV

is good stellar neutron source. Indeed, this reaction is the most important 
and famous neutron source for synthesizing the nuclei in the s-process. 

B2FH added the following exothermic reactions:
           

17O+α 20Ne+n+0.60MeV
21Ne+α
25Μg+α
26Mg+α

24Mg+n+2.58MeV
28Si+n+2.67MeV
29Si+n+0.04MeV

Thursday, May 31, 12



The next reactions in this series are endothermic, namely, the 
reactions need energy to proceed,

29Si+α+1.53MeV 32S+n

33S+α+2.0MeV 36A+n
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Most of the seed nuclei are rare (large changes in abundances are
 expected)

α particles should be around (if it is during He burning, there will be 
plenty, else you call for photoionization of α nuclei)

The targets of the α particles in the generation of the neutrons are outside the 
main stream of synthesized nuclei. 

This fact is of fundamental importance because it allowed to model the s-process 
without attaching it to a specific stellar model. The stellar model does affect the 
s-process, but the s-process has no effect on the structure or evolution of the star. 

But it deals with trace elements and minute energy consumption. The targets are 
rather rare species and hence, can provide only limited amounts of neutrons.

If the scarcity of neutrons is not sufficient to worry the theoreticians, another 
problem is the existence of large amounts of 14N which are for our purposes here a 
poison for neutrons via the reaction

14N+n 14C+p 14N+β-
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How to square the circle?

FB2 (already in 1955) and later B2FH (in 1957) reiterated the 
supposition, hypothesized ingeniously that:

 During the critical phase in which neutrons are 
released, the product of the 3α reaction, 12C, which 
should be abundant, mixes with the envelope and the 
mixing brings fresh hydrogen-rich material into the 
burning zone. Consequently, the hydrogen interacts 
with the 12C and converts it to 13N that decays into 
13C, which is then available for an additional absorption 
of an α and the release of neutrons. 
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A simple mixing is out of question as it ignores completely
 that outside the region in which He burns into carbon, 
there is a region in which hydrogen burns
 into helium and if the outside envelope 
mixes with the helium burnt material it
 would wash away the entire structure of 
the red giant. 
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B2FH hypothesized therefore, that sporadic mixing between the 
burning zone and the unburnt envelope leads to a continuous 
supply, not too much but just in measure, of raw materials
 needed for the production of neutrons.
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Moreover, at the same time, 12C is dredged-up by the same hypothesized 
mixing from the burning zone into the envelope and creates a star with a 
surface rich in carbon. 

Thus, the known ’carbon stars’ should be, a la` B2FH, the location where 
neutrons are released and build the HTI nuclei. 

B2FH did not calculate a stellar model in which the mixing mechanism 
operates nor did they propose any specific sporadic mixing mechanism. It 
was just a scenario. 
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It should be noted that already Cameron in 1954, while suggesting 
the 13C reaction, realized the problem with the supply of neutrons. 
Cameron stated therefore, 
that the 13C reaction is particularly important in those stars with 
appreciable internal circulation.  

What circulation, timescales, mechanism etc were however, not 
specified.
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In 1952 Merrill discovered technetium (98Tc) in S type stars 
namely, a late-type giant star whose spectrum displays the 
existence of s-process elements in the star, like zirconium 
and yttrium. 

Technetium is radioactive with half lifetime of 4.2 × 106yrs, 
which is much shorter than the lifetime of the star and 
hence, must have been produced recently inside the star 
and brought up to the surface. 

Thus, evidence that ’some mixing’ between the internal 
furnace and the envelope takes place, was there. 
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Technetium was discovered in Palermo (Segre)-
use in medicine  99Tc 

Thursday, May 31, 12



The title  of Merrill’s paper was: 

Spectroscopic Observations of Stars of Class S, (ApJ, 116, 21, 1952).

 The boring title Merrill chose for his paper hides the great discovery. 
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The title  of Merrill’s paper was: 

Spectroscopic Observations of Stars of Class S, (ApJ, 116, 21, 1952).

 The boring title Merrill chose for his paper hides the great discovery. 

In these days practice the title would have been 

At long last: The first ever discovery and 
proof on nuclear reactions in stars.
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The neutron source problem
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Energy of the α (MeV) in the laboratory

Neutron yield per 20,000 α
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Figure 12.22: The neutron yield from the reaction
13C + ↵ ! 16O + n as a function of the relative

energy. We added in yellow, the stellar range of

energies (about 200keV) in which the reaction is ex-

pected to operate. Note that no resonances were

observed. After Davids 1968.

Neutron yield per 1012 α

α energy in MeV

Figure 12.23: Like fig.12.22. The experiment shows

the existence of a resonance at higher energies than

the Gamow peak. The low yield at the Gamow peak

energies precludes any measurements at these ener-

gies. One found in another way that 17O, has an en-

ergy level just below the rest mass energy of 13C+↵

and its e↵ect on the rate can only be calculated.

After Bair and Haas (1973)

Charged Particles Induced Thermonuclear Reaction Rates by Angulo et al51 which was 0.23 (in the above
units).

In 2008, Hammache52 remeasured (via the reaction 13C + 7Li ! 17O + t) and recalculated the value
and found S(E = 0) = 0.29.

It appears from theoretical calculations that a value of S(E) ⇠ 0.3 is su�cient to ensure the supply
of the neutrons if mixing exists, while a smaller number would pose a severe problem. We stress that the
’good’ number was obtained from another reaction which creates the same intermediate nucleus 17O and
not by a direct measurement, and with the help of di↵erent nuclear theory. In summary, it is safe to say
that the S factor for the main neutron generating reaction is certain to within a factor of about five.

The present situation in the reaction is summarized in fig. 12.24, where the S factor is shown with the
measured rates and the energy range at which the reaction takes place in stars. Because of the energy
level at 6.356MeV (not shown in the figure), the theoretical rate is expected to grow for energies below
⇠ 0.2MeV. It is not implausible that the rate actually increases and the inaccuracy is even about a factor
of ten.

About six decades after the s-process was invented/discovered, one of the most important parameters
was at long last found experimentally with a reasonably, though insu�cient good accuracy.

51Angulo, C. and 27 authors, Nuc. Phys. A656, 3, (1999)
52Hammache, F. and 11 authors, 10th Symposium on Nuclei in the Cosmos July 27 - August 1 2008

13C+α 16Ο+n

The relevant 
astrophysical 
energy range

Davids 1968
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calculated with the DO1 potential; however, it was veri?ed

than 7%. This demonstrates that the transfer reaction cross
section at sub-Coulomb energies only weakly depends on
the parameters of the optical potentials, which was the

lation with no nuclear part of the optical potentials changes
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no sensitivity of the extracted ANC to the parameters of the
core-core DC1 interaction potential in the full DWBA
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FIG. 3. S factor of the13C$" ;n%reaction. The experimental
data, corrected for electron screening, are from Refs. [4,19]. The
best ?t, obtained with a0:4( 106 MeV ( b nonresonance con-
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Figure 12.24: The measured rate of the 13C+↵ !
16O + n as measured by various experiments. The

lines are the fit using various approximations for the

nuclear levels and demonstrate the uncertainty in

the rate under stellar conditions as well as the un-

certainty in nuclear theory. The narrow resonance

seen above 0.8MeV hardly a↵ects the rate as can

be seen from the shape of the curve which indicates

the e↵ect by much wider and higher in energy reso-

nances. After Johnson et al 2006.
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Figure 12.25: The yield of the 22Ne+↵ ! 25Mg+n

reaction. There are only upper limits in the relevant

region for astrophysics. The arrow marks a possible

resonance (unobserved because of a low yield) due

to the 11.319MeV level in 26Mg. The upper energy

scale gives the energy of the ↵ particle in the labo-

ratory while the lower energy scale give the energy

in the system of the compound nucleus shown in

fig.12.26. After Jaeger et al 2001.

12.8.2 The nuclear physics of the 22Ne neutron source

In 1960 Cameron53 found that 22Ne + ↵ can go to 25Mg + n, a reaction we will denote by 22Ne, and
also to 25Mg + � in equal probabilities and estimated that up to 40 neutrons could be released per one
silicon nuclei or about one neutron per 2 ⇥ 104 iron nuclei . Cameron realized that 22Ne is destroyed
only at temperatures above 2⇥ 108K and hence, if 22Ne is available at all and the temperature is below
2⇥108K, then the reaction 22Ne can produce the so needed neutrons54. Moreover, before this temperature
is reached the poisons 14N and 18O (via the reaction 18O + ↵ ! 22Ne + �) are completely consumed by
conversion into 22Ne.

In 1966 Reeves55 analyzed all the possible ↵ capture reactions as given by B2FH. Reeves singled
out the reaction 22Ne as a neutron source56. Reeves’ estimate was that the reaction could produce a
neutron density of 105#/cm3 and stated that Larger stars will transform their 14N abundance into 22Ne

53Cameron, A.G.W., AJ, 65, 485, (1960)
54The Cameron published the idea in a conference and the paper does not contain any additional information. For example,

why the temperature should be below 2 ⇥ 108K to have 22Ne. The 22Ne + ↵ ! 25Mg + n reaction is endothermic with Q=-
0.482MeV. Hence the temperature must be at least 2⇥108K for the reaction to take place. But at these energies the reaction
22Ne + ↵ ! 26Mg + � (with Q=10.612MeV) takes also place.

55Reeves, H., in Stellar evolution eds. Stein & Cameron, Plenum Press, New York, 83, 1966. ibid. ApJ, 146, 447, (1966)
56Reeves did not mention that Cameron suggested this reaction as a possible neutron source. On the other hand, Reeves

credited Cameron with the idea of the need of mixing in the 13C reaction (Cameron, A.G.W. , Chalk River Rep. C.R.L. 41,
(1958)) which he made a year before Fowler, Burbidge and Burbidge pointed out that the 13C neutron source is insu�cient
without additional sporadic mixing and did not credit Cameron. In 1957 Cameron (AJ, 62, 138, 1957) spoke in a short
conference paper, about ’admixture of hydrogen’. Cameron wrote in his 1954 ApJ paper that This is particularly important
in those stars with appreciable internal circulation. The currents can carry 12C to the core boundary and into the hydrogen-
burning shell . . . According to Cameron the process works only in the ’proper stars’.

Johnson 2006
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12.8.2 The nuclear physics of the 22Ne neutron source

In 1960 Cameron53 found that 22Ne + ↵ can go to 25Mg + n, a reaction we will denote by 22Ne, and
also to 25Mg + � in equal probabilities and estimated that up to 40 neutrons could be released per one
silicon nuclei or about one neutron per 2 ⇥ 104 iron nuclei . Cameron realized that 22Ne is destroyed
only at temperatures above 2⇥ 108K and hence, if 22Ne is available at all and the temperature is below
2⇥108K, then the reaction 22Ne can produce the so needed neutrons54. Moreover, before this temperature
is reached the poisons 14N and 18O (via the reaction 18O + ↵ ! 22Ne + �) are completely consumed by
conversion into 22Ne.

In 1966 Reeves55 analyzed all the possible ↵ capture reactions as given by B2FH. Reeves singled
out the reaction 22Ne as a neutron source56. Reeves’ estimate was that the reaction could produce a
neutron density of 105#/cm3 and stated that Larger stars will transform their 14N abundance into 22Ne

53Cameron, A.G.W., AJ, 65, 485, (1960)
54The Cameron published the idea in a conference and the paper does not contain any additional information. For example,

why the temperature should be below 2 ⇥ 108K to have 22Ne. The 22Ne + ↵ ! 25Mg + n reaction is endothermic with Q=-
0.482MeV. Hence the temperature must be at least 2⇥108K for the reaction to take place. But at these energies the reaction
22Ne + ↵ ! 26Mg + � (with Q=10.612MeV) takes also place.

55Reeves, H., in Stellar evolution eds. Stein & Cameron, Plenum Press, New York, 83, 1966. ibid. ApJ, 146, 447, (1966)
56Reeves did not mention that Cameron suggested this reaction as a possible neutron source. On the other hand, Reeves

credited Cameron with the idea of the need of mixing in the 13C reaction (Cameron, A.G.W. , Chalk River Rep. C.R.L. 41,
(1958)) which he made a year before Fowler, Burbidge and Burbidge pointed out that the 13C neutron source is insu�cient
without additional sporadic mixing and did not credit Cameron. In 1957 Cameron (AJ, 62, 138, 1957) spoke in a short
conference paper, about ’admixture of hydrogen’. Cameron wrote in his 1954 ApJ paper that This is particularly important
in those stars with appreciable internal circulation. The currents can carry 12C to the core boundary and into the hydrogen-
burning shell . . . According to Cameron the process works only in the ’proper stars’.

Johnson 2006

What goes on?

Thursday, May 31, 12



12.8. THE CAMPAIGN TO GET THE NUCLEAR DATA CORRECT 339

calculated with the DO1 potential; however, it was veri?ed

than 7%. This demonstrates that the transfer reaction cross
section at sub-Coulomb energies only weakly depends on
the parameters of the optical potentials, which was the

lation with no nuclear part of the optical potentials changes

. Further investigation of the sensitivity of the
cross section to the parameters of the optical potentials was
performed and was found to be less than 20% if the

no sensitivity of the extracted ANC to the parameters of the
core-core DC1 interaction potential in the full DWBA

Our determined Coulomb-modi?ed ANC squared for

. It was veri?ed that this result is

contribution is due to the direct13C$" ;n%16O reaction,
with the doThe S factor for the 13C+a -> 16O+n reactionminantpartial wave1=2! (‘ & 0 in " " 13C

E(MeV)

S
fa
cto
r(M
eV
-b
)

10 6

10 7

0 0.2 0.4 0.6 0.8

[4]

[19]

FIG. 3. S factor of the13C$" ;n%reaction. The experimental
data, corrected for electron screening, are from Refs. [4,19]. The
best ?t, obtained with a0:4( 106 MeV ( b nonresonance con-

106

107

The S factor for the 13C+α 16O+n

0.2 0.4 0.6 0.80

Energy in MeV

The stellar energy range

Figure 12.24: The measured rate of the 13C+↵ !
16O + n as measured by various experiments. The

lines are the fit using various approximations for the

nuclear levels and demonstrate the uncertainty in

the rate under stellar conditions as well as the un-

certainty in nuclear theory. The narrow resonance

seen above 0.8MeV hardly a↵ects the rate as can

be seen from the shape of the curve which indicates

the e↵ect by much wider and higher in energy reso-

nances. After Johnson et al 2006.
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12.8.2 The nuclear physics of the 22Ne neutron source

In 1960 Cameron53 found that 22Ne + ↵ can go to 25Mg + n, a reaction we will denote by 22Ne, and
also to 25Mg + � in equal probabilities and estimated that up to 40 neutrons could be released per one
silicon nuclei or about one neutron per 2 ⇥ 104 iron nuclei . Cameron realized that 22Ne is destroyed
only at temperatures above 2⇥ 108K and hence, if 22Ne is available at all and the temperature is below
2⇥108K, then the reaction 22Ne can produce the so needed neutrons54. Moreover, before this temperature
is reached the poisons 14N and 18O (via the reaction 18O + ↵ ! 22Ne + �) are completely consumed by
conversion into 22Ne.

In 1966 Reeves55 analyzed all the possible ↵ capture reactions as given by B2FH. Reeves singled
out the reaction 22Ne as a neutron source56. Reeves’ estimate was that the reaction could produce a
neutron density of 105#/cm3 and stated that Larger stars will transform their 14N abundance into 22Ne

53Cameron, A.G.W., AJ, 65, 485, (1960)
54The Cameron published the idea in a conference and the paper does not contain any additional information. For example,

why the temperature should be below 2 ⇥ 108K to have 22Ne. The 22Ne + ↵ ! 25Mg + n reaction is endothermic with Q=-
0.482MeV. Hence the temperature must be at least 2⇥108K for the reaction to take place. But at these energies the reaction
22Ne + ↵ ! 26Mg + � (with Q=10.612MeV) takes also place.

55Reeves, H., in Stellar evolution eds. Stein & Cameron, Plenum Press, New York, 83, 1966. ibid. ApJ, 146, 447, (1966)
56Reeves did not mention that Cameron suggested this reaction as a possible neutron source. On the other hand, Reeves

credited Cameron with the idea of the need of mixing in the 13C reaction (Cameron, A.G.W. , Chalk River Rep. C.R.L. 41,
(1958)) which he made a year before Fowler, Burbidge and Burbidge pointed out that the 13C neutron source is insu�cient
without additional sporadic mixing and did not credit Cameron. In 1957 Cameron (AJ, 62, 138, 1957) spoke in a short
conference paper, about ’admixture of hydrogen’. Cameron wrote in his 1954 ApJ paper that This is particularly important
in those stars with appreciable internal circulation. The currents can carry 12C to the core boundary and into the hydrogen-
burning shell . . . According to Cameron the process works only in the ’proper stars’.

Jaeger 2001
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12.9 Where the reaction operate?

Based on Lugaro and van Raai79 we can summarize in table 12.3 the accepted view today with respect
to the operation of the two most important neutron sources.

Table 12.3: Summary of the most important stellar neutron sources properties
Neutron source 13C+ ↵ ! 16O+ n 22Ne + ↵ ! 25Mg + n
Operates is stars M < 4M� M > 4M�
of masses
Maximum T(K) 3⇥ 108 3.8⇥ 108

Inter shell mass (M�) 10�2 10�3

Timescale 104yrs 10yrs
Neutron density (n/cm3) 108 1011

Neutron exposure at (mbarn�1, Z = Z�) 0.3 0.02

12.10 Carbon stars - where the HTI nuclei are synthesized

C / O

He Shell H Shell

The Site Of
The S-process

H & He

Mostly He

Figure 12.34: The schematic structure of an AGB

star where the s-process take place.

The s-process and the carbon stars are very unique.
Carbon stars are the only place where we see the product
of the synthesis which takes place in the deep interiors of
stars dredged-up and brought to the surface where they
can be observed. This does not happen with the fusion of
any nucleus lighter than iron. The iron for example, seen
in the outer layers of any star was synthesized in an earlier
generation of stars. The situation is quite paradoxical.
We are very confident with the reactions we do not see
the products of on the surface, and we still have problems
with the reactions the products of which we do see on the
surface.

The 0carbon stars0 are red giants in which there is an
excess of carbon in the atmosphere. Excess means that
the amount of carbon relative to hydrogen is significantly
larger than commonly observed in stars. Carbon stars
were discovered already in 1867, when Secchi80 carried
out the first attempts to classify the spectra of stars. The
classical carbon stars are traditionally classified as type N
and R and are giant stars with low surface temperatures whose spectra exhibit abnormally strong lines of
carbon molecules like C2, CH and CN81. On the other hand, they do not show signs of oxygen molecules
like TiO, which are generally observed in stars with the same luminosity and surface temperature. The
stars are found in the HR diagram in a region which otherwise is the location of stars with ’normal surface
composition’. Thus, in the same region in the HR digram we find both types of stars. An additional
unique feature of the carbon stars is the existence of many HTI elements believed to be produced in the
s-process. On the other hand, no spectral lines of HTI elements are seen in the spectra of R type stars
(which have even cooler surfaces).

79Lugaro, M. & van Raai, M. , J. Phys. G:Nuc. Part. Phys., 35, 014007, (2008)
80Secchi, P.A., Catalogo Della Stelle, Paris, Gauthier-Villars, 1867.
81The sub groups of Carbon stars which exhibits molecular bands of CH are called CH stars. Similarly, those that exhibit

CN bands are called CN stars.
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In 1940 McKellar82 discovered lithium in carbon stars. The discovery, which preceded the discovery
of technetium by Merrill, did not impress astronomers as the discovery of the radioactive short-lifetime
technetium because too little was known about the nuclear reactions of lithium, the formation of lithium
in Big-Bang and the consumption of lithium along the Main-Sequence. But today we know that lithium
burns at the relatively low temperature of 2⇥ 106K and hence whenever a convective zone extends from
the surface down to temperatures higher than the above, all the lithium is destroyed and we see Main-
Sequence stars depleted of lithium. The reappearance of lithium in carbon stars may mean that either,
the star was so massive on the main sequence that its envelope convective zone was very shallow, or that
lithium was re-synthesized after the star left the Main-Sequence. Thus, the lithium, like the technetium,
signaled to astronomers that the synthesized stu↵ reached the surface, but too little was known at the
time to appreciate what the observation tells us. What is clear, is that the convective zone of the carbon
stars cannot extended for too long into a region as hot as 2 ⇥ 106K, or else all the lithium would be
destroyed. But, s-process elements require higher temperatures for their synthesis. The clues provided
by the lithium are not yet fully understood.

In addition, this domain in the HR diagram hosts stars with other surface composition peculiarities.
For example, some of the stars show very weak hydrogen lines. As hydrogen is so abundant in stars,
its spectral lines are usually very strong. Consequently, weak hydrogen lines are a unique phenomenon.
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Figure 12.35: The HR diagram and the location

of the carbon stars. This is the location where

highly probably, the s-process operates.

Most of the stars under discussion here are variable
stars known as R Coronae Borealis stars83. These stars
fade dramatically and unpredictably by a factor of up to
one thousand within a few weeks. Then they recover in
several months to their original brightness. The common
hypothesis for the spectacular fading is hypothesized to
be caused by the formation of sooty dust clouds above
the surface of the star which scatter the emerging radi-
ation. The atmospheres are as a rule, poor in hydrogen
and rich in carbon and nitrogen. Many questions regard-
ing the evolutionary state of these stars and the physical
mechanism of dust formation remain unsolved. For exam-
ple, if the radiation is absorbed by dust and consequently
diminished, it must come out when the dust radiates at
di↵erent wavelengths. So far it has not been confirmed
that the decline in the visible radiation is accompanied
with a rise in the infra-red radiation.

Also found in this region, are the Barium stars. These stars show an enhancement of carbon like
’normal’ carbon stars but in addition show abnormally strong lines of barium, strontium and other s-
process elements.

A crucial evidence was supplied by the 1952 discovery of Tc lines by Merrill in S-stars described
previously. Merrill’s discovery provided direct evidence that (a) nuclear reactions take place in stars and
(b) there are mixing processes which bring the products to the surface. Along the same lines, the enhanced
abundance of the A � 75 elements in S-stars and the BaII in carbon, stars led several researchers84 to

82McKellar, A., PASP, 52, 407, (1940)
83The R Coronae Borealis stars were amongst the first variable stars to be discovered already in 1797, by the discoverer of

variable stars, Pigott.
84Buscombe, W. & Merrill, P., W., ApJ, 116, 525, (1952). Bidelmann, W.P., ApJ., 117 , 377, (1953). Merrill, P.,W.

&Greenstein, J.,L., ApJS, 2, 225, (1956). Teske, R.G., PASP, 68, 520, (1956)
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The Rosetta Stone: FG Sagittae

In 1960 Richter FG Sagittae changed its luminosity  by a factor of 
about 50 since the beginning of the twentieth century, on top of
 which smaller luminosity variations were observed. Richter gave
no information about something unusual with respect to s-process 
elements.

During the years 1960-1967 the spectra of the star was investigated 
by Herbig and Boyarchuck who found that the spectra changed 
during the 7 years of observations from a B8 Ia to A5 Ia, which 
means cooling.
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The dramatic change took place when Langer et al 
discovered that the spectral lines of several s-
process elements began to appear in the spectra of 
FG Sagittae sometimes in 1967 and since then they 
increased their strength with time to the point that 
present day values are about 25 times the solar 
value.
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Kraft, taken aback by the phenomenon, named the star 
as the ’Rosetta stone of nucleosynthesis’. 

Further observations revealed that FG Sagittae ejected a 
planetary nebula some 6000 years ago.
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In 1977 Kipper and Kipper found that while the abundances of the s-
process elements changed, those of the iron peak elements remained 
unchanged. 

In the past 100 years it brightened by about a factor of more than 
70 then cooled off at a rate of 340K/year between 1955 and 1965 and 
at a rate of 250K/year between 1969 and 1974. 
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The full story of FG Sagittae has not yet been told, but 
present accepted view is that FG Sagittae experienced the last 
episode of s-process elements formation during the ’last 
thermal pulse’ and ejected the rest of the envelope as a 
planetary nebula.
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Figure 12.38: The asymptotic giant branch, AGB,

the Red Giant Branch, RGB, and the Horizontal

Branch, HB, in the HR diagram. The main sequence

is the location of hydrogen burning stars having dif-

ferent masses. For each stellar mass there is a single

well defined location along the curve shown. On

the other hand, the other marked ’locations’ are the

track of all stars with di↵erent masses in the HR

diagram and for this reason there are arrows which

mark the direction. The light-blue zone on the right

is the forbidden region. The direction in which the

radius of the star increases is marked with a black

arrow and R.
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Figure 12.39: The Red Giant Branch in the HR

diagram. The changes in the core cause the expan-

sion of the star. However, the expansion is limited

on the right by the forbidden zone. As a conse-

quence the tracks of all models irrespective of mass

converge near the limit where they increase their

luminosity at almost constant surface temperature,

thus, asymptotically all tracks converge. An expan-

sion with constant luminosity is limited by the bor-

der of the forbidden zone. The Red Giant Branch is

marked by a red region.

12.12 The helium flash: Does it or does it not mix

Once the hydrogen in the core is exhausted, the devoid of hydrogen core contracts and heats up until
helium ignites in the core, which consequently expands and the envelope contracts. For many years it was
suspected that the helium ignition in low mass stars might be a traumatic event for the star and disrupt
it. The reason given was as follows: The electrons in the core of low mass stars are very degenerate
because the temperature is relatively low and the density high. Owing to the degeneracy, which is a pure
quantum e↵ect and has no analogue in classical physics, the electrons contribute the majority of the gas
pressure which holds the upper layers. The contribution of the ions to the total pressure is negligible.
Degenerate electron gas has the unique property that it is insensitive to temperature100. As the helium
ignites and releases nuclear energy, it heats the core but the pressure of the core does not vary. The ions
become very hot but their contribution to the pressure remains negligible relative to the contribution of
the electrons. It is an amazing phenomenon, the ions are very hot but the electrons around them behave
as if the temperature is zero and does not a↵ect them. The rate of the nuclear reactions depends solely
on the temperature of the ions. Consequently, the temperature rises and with it the rate of the nuclear

100The pressure of a very degenerate gas is given by P (⇢) = K⇢5/3 where K is a constant which does not depend on the
temperature. If the density is very high the electrons move with speeds close to the speed of light and the pressure is given
by P (⇢) = K0⇢

4/3.

Where does it take place
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12.12 The helium flash: Does it or does it not mix

Once the hydrogen in the core is exhausted, the devoid of hydrogen core contracts and heats up until
helium ignites in the core, which consequently expands and the envelope contracts. For many years it was
suspected that the helium ignition in low mass stars might be a traumatic event for the star and disrupt
it. The reason given was as follows: The electrons in the core of low mass stars are very degenerate
because the temperature is relatively low and the density high. Owing to the degeneracy, which is a pure
quantum e↵ect and has no analogue in classical physics, the electrons contribute the majority of the gas
pressure which holds the upper layers. The contribution of the ions to the total pressure is negligible.
Degenerate electron gas has the unique property that it is insensitive to temperature100. As the helium
ignites and releases nuclear energy, it heats the core but the pressure of the core does not vary. The ions
become very hot but their contribution to the pressure remains negligible relative to the contribution of
the electrons. It is an amazing phenomenon, the ions are very hot but the electrons around them behave
as if the temperature is zero and does not a↵ect them. The rate of the nuclear reactions depends solely
on the temperature of the ions. Consequently, the temperature rises and with it the rate of the nuclear

100The pressure of a very degenerate gas is given by P (⇢) = K⇢5/3 where K is a constant which does not depend on the
temperature. If the density is very high the electrons move with speeds close to the speed of light and the pressure is given
by P (⇢) = K0⇢
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12.12 The helium flash: Does it or does it not mix

Once the hydrogen in the core is exhausted, the devoid of hydrogen core contracts and heats up until
helium ignites in the core, which consequently expands and the envelope contracts. For many years it was
suspected that the helium ignition in low mass stars might be a traumatic event for the star and disrupt
it. The reason given was as follows: The electrons in the core of low mass stars are very degenerate
because the temperature is relatively low and the density high. Owing to the degeneracy, which is a pure
quantum e↵ect and has no analogue in classical physics, the electrons contribute the majority of the gas
pressure which holds the upper layers. The contribution of the ions to the total pressure is negligible.
Degenerate electron gas has the unique property that it is insensitive to temperature100. As the helium
ignites and releases nuclear energy, it heats the core but the pressure of the core does not vary. The ions
become very hot but their contribution to the pressure remains negligible relative to the contribution of
the electrons. It is an amazing phenomenon, the ions are very hot but the electrons around them behave
as if the temperature is zero and does not a↵ect them. The rate of the nuclear reactions depends solely
on the temperature of the ions. Consequently, the temperature rises and with it the rate of the nuclear

100The pressure of a very degenerate gas is given by P (⇢) = K⇢5/3 where K is a constant which does not depend on the
temperature. If the density is very high the electrons move with speeds close to the speed of light and the pressure is given
by P (⇢) = K0⇢
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flash
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Many years of attempts to discover whether the 
helium flash causes mixing. 

So far the most recent calculations indicate 
no mixing
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Figure 12.43: The sharp density fall (as well as

all other thermodynamic quantities) at the location

of the hydrogen shell is too steep to allow for the

convective currents to penetrate into it. The helium

has a higher molecular weight than the hydrogen.

When a helium blob rises out of the helium convec-

tive zone it finds itself surrounded with hydrogen

which is lighter. Consequently, a fast change in the

molecular weight, which causes a fast density change

present a barrier to convection.
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Figure 12.44: The evolution of a 1M� stellar model

in the Log (Total Luminosity)-Log (Surface Tem-

perature) plane. The star leaves the Main Sequence

upon the contraction of the core and the expansion

of the envelop and its cooling. The star cannot cross

into the forbidden zone and moves upward almost

touching the forbidden zone, till the He ignites in

the core which causes a fast expansion (marked in

red) and ends with the steady burning of He. When

the He in the core is exhausted, the phase of two

shell burnings (He and H) starts and with it the

phase of many thermal pulses and the AGB phase.

elements can be produced through the reaction 18O+↵ ! 21Ne+n and subsequently 21Ne+↵ ! 24Mg+n,
the old B2FH idea for a neutron source. Similarly, Cameron and Fowler119 suggested that the helium
flash is the location of the s-process synthesis while Truran and Cameron120 even suggested that p-process
elements can take place in the helium flash. It was close, but too early to call it a hit.

The situation appeared violent and in 1970 when Rose and Smith121 set to check the possibility that
a helium flash in a 0.85M� star may be so powerful as to eject part of the envelope and become a
planetary nebula. The conclusion was that despite the huge luminosity of 2.6 ⇥ 107L� in the second
flash, the star remained in hydrostatic equilibrium and no signs of dynamic e↵ects were observed. It is
amazing how resilient stars are. As for the mixing, the authors did not discuss the question. These results
were supported by Tomasko122. Since the complete problem was still beyond the reach of even the most
powerful computers, di↵erent researchers had to assume a variety of assumptions to allow the calculation,
and hence, it became important that di↵erent sets of treatments yielded similar results.

In the same year, Rood123 found that he can explain the AGB stars as post helium flash stars with a

119Cameron, A.G.W. & Fowler, W.A., ApJ, 164, 111, (1971)
120Truran, J. W., Cameron, A. G. W., ApJ, 171, 89, (1972)
121Rose, W.K. & Smith, R.L., ApJ, 159, 903, (1970)
122Tomasko, M.G., ApJ, 162, 125, (1970)
123Rood, R.T. ,ApJ, 162, 939, (1970)

Evolution of 1M solar mass
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Figure 12.45: The outline of the evolution of a

5M� stellar model. The ignition of He causes a

fast expansion (marked in red) and ends with the

steady burning of He. When the He in the core is

exhausted, the phase to two shell burnings (He and

H) starts and with it the phase of many thermal

pulses and the AGB phase.
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Figure 12.46: The structure of a star at the begin-

ning of the AGB phase (not to scale). The figure

shows the distribution of the various isotopes. The

blue arrows mark the location where the hydrogen

and helium burning shells will develop. The enve-

lope has a deep convective zone and the star expe-

riences massive mass loss.

extended envelopes appear in the HR diagram close to the forbidden region. Thus, when the star ap-
proached the helium flash and when the star has two burning shells which proceed outward, the location
in the HR diagram is very close. Hence it is not trivial to distinguish in this region in which phase a star
is.

12.13 Core helium burning

At the ignition of helium in the core, the moment of the helium flash, the star is at the tip of the Red
Giant Branch. The rapid expansion of the core and the development of convection in the core, drives the
star down from tip as shown in fig. 12.44 for the case of 1M� star and in fig. 12.45 for the case of 5M�.
Helium burns in the core without surprises to report about.

12.14 Two burning shells

The contraction/expansion repeats during the consumption of helium at the end of which the star
has a carbon/oxygen core (plus trace amounts of by-products), a helium layer (plus trace amounts of
hydrogen burning by-products) and what is left of the original envelope. The composition of such a star
is shown in fig. 12.46.

The core, now devoid of energy source, contracts and the star ignites the helium shell at the border
of what previously was the helium core. In this way the star has two burning shells which is an unstable
situation, but now the burning switches between the two shell. Once the hydrogen shell is at its maximum
power and once the helium shell, but never simultaneously, as can be seen from fig. 12.47.

The structure of the star at the beginning of 
the AGB phase
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Figure 12.50: The structure of the thermal pulse

as a function of time. Only one pulse is shown but

the repetition is quite accurate save the slow prop-

agation outward and secular changes. We show also

the rise in the He-shell nuclear energy generation

(pink) as the cause for the appearance of the tran-

sient convective zone between the two shells (marked

in green).
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Figure 12.51: The same as fig.12.50 but with the

di↵erence that the helium convective zone does not

extend that much out and the outer convective zone

does not extend that much in as to cover the same

mass region and in this way the ↵ particles in the

helium convective zone do not mix with the 13C and

the protons.

steep gradients prevent the convective zones from extending all the way and mix the entire star. The
steep gradient-barriers allow only for trace amounts of 12C to be dredged-up. The signature of the e↵ect
should be an enhanced surface abundance of carbon. According to the 12C/13C ratio it should then be
possible to determine the degree of burning that the carbon underwent. The details are sensitive to the
assumptions applied to the treatment of the convection for which we still do not have a comprehensive
theory137. Since present day physics is not su�cient to fully describe the phenomenon, the mixing is
parametrized and presents one of the major unknown/uncertainties in the problem of the s-process.

In fig. 12.50 we see the details of the optimistic classical picture. We start at the moment at which
the helium shell is dormant. The H shell is active and above it there is a convective envelope which does
not reach as deep as the H shell. The di↵erence in mass between the He and H shells is only 10�2M�.
As the He shell begins its runaway, its nuclear energy generation rises and with it the radiative flux. The
break down of the radiative energy transfer causes a convective zone which expand rather quickly from
the He shell outward. The convective zone expand out to mass m2. The He shell energy generation rises
and eventually decreases and as it decreases the helium convective zone retreats and disappears . Now
the outer convective zone expands inwards and reaches mass m1 which is beyond mass m2. In this case,
there is mixing of matter lying between m2 and m1 and s-process elements synthesized deeper than the

137As the full theory of convection is still elusive, parameters are introduced and the value of the parameters is adjusted
so as to agree with the observations. Unfortunately, di↵erent values of the parameters are found for di↵erent situations
providing us only with ad hoc theories.
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Figure 12.50: The structure of the thermal pulse

as a function of time. Only one pulse is shown but

the repetition is quite accurate save the slow prop-

agation outward and secular changes. We show also

the rise in the He-shell nuclear energy generation

(pink) as the cause for the appearance of the tran-

sient convective zone between the two shells (marked

in green).
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Figure 12.51: The same as fig.12.50 but with the

di↵erence that the helium convective zone does not

extend that much out and the outer convective zone

does not extend that much in as to cover the same

mass region and in this way the ↵ particles in the

helium convective zone do not mix with the 13C and

the protons.

steep gradients prevent the convective zones from extending all the way and mix the entire star. The
steep gradient-barriers allow only for trace amounts of 12C to be dredged-up. The signature of the e↵ect
should be an enhanced surface abundance of carbon. According to the 12C/13C ratio it should then be
possible to determine the degree of burning that the carbon underwent. The details are sensitive to the
assumptions applied to the treatment of the convection for which we still do not have a comprehensive
theory137. Since present day physics is not su�cient to fully describe the phenomenon, the mixing is
parametrized and presents one of the major unknown/uncertainties in the problem of the s-process.

In fig. 12.50 we see the details of the optimistic classical picture. We start at the moment at which
the helium shell is dormant. The H shell is active and above it there is a convective envelope which does
not reach as deep as the H shell. The di↵erence in mass between the He and H shells is only 10�2M�.
As the He shell begins its runaway, its nuclear energy generation rises and with it the radiative flux. The
break down of the radiative energy transfer causes a convective zone which expand rather quickly from
the He shell outward. The convective zone expand out to mass m2. The He shell energy generation rises
and eventually decreases and as it decreases the helium convective zone retreats and disappears . Now
the outer convective zone expands inwards and reaches mass m1 which is beyond mass m2. In this case,
there is mixing of matter lying between m2 and m1 and s-process elements synthesized deeper than the

137As the full theory of convection is still elusive, parameters are introduced and the value of the parameters is adjusted
so as to agree with the observations. Unfortunately, di↵erent values of the parameters are found for di↵erent situations
providing us only with ad hoc theories.

The bad case
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H shell are dredge-up to the surface. The mixing is partial because at one time the inner zone reaches
this mass and at another time the outer zone reaches in. At no time the two zones touch each other. The
alternative pessimistic view is shown in fig.12.51 where m1 is external to m2. The two convective zone
do expand as before but they never reach the zone visited by the other convective zone. No mixing takes
place in this case. Is the case shown in fig. 12.50 the mixing envisaged by B2FH?

12.17 The end of the AGB phase and planetary nebula

Ti
m
e

Figure 12.52: Details of the behavior of the inter-shell and enve-

lope convective zones occurring in a 7M� star between the 15th and

16th thermal pulses. The figure explains how according to the calcu-

lation by Iben, the dredge-up takes place. The panel show the state

at successive times when time runs upward. The continuous curve

is the mass-fraction of 12C. The inner convective zone is depicted

by crosshatched while the our convective zone is depicted with singly

hatched regions. The moments at which the convective zone are shown

are the moments of maximum extent of the convective zones. The ar-

row indicate the hydrogen-helium interface. The two convective zones

never meet, but cover alternatively a small region between the two

shells. After Iben 1976.

Long before the hydrogen and he-
lium burning shells have time to reach
the surface, extensive mass loss reduces
the mass of the star. The mass loss con-
tinues until it exposes the core of the
star which may be covered with only a
very small layer of hydrogen and helium
too small or too cool (or both) to burn
and nuclear energy extinguishes.

12.17.1 Mass loss

Practically most stars experience
mass loss. The sun, for example loses
mass at a rate of 9.13 ⇥ 10�14M�/yr.
In the case of the sun this mass loss is
slightly larger than the mass lost from
the conversion of hydrogen into helium
(6.3⇥10�14M�/yr) and has practically
no e↵ect on the sun. The mass loss in-
creases along the Main Sequence as the
stellar mass increases and its luminosity
increases even faster.

As the star leaves the Main-
Sequence and its envelope expands, the
radius increase and consequently the
gravitational attraction decreases. On
the other hand, the luminosity increases
and with it the radiation pressure. The
result is that as the star becomes red
giant and until it ends the AGB phase,
mass loss is a dominant controller of the
evolution. Moreover, the peculiarities
of the AGB phase, like thermal pulses,
s-process synthesis etc, all cease with
the erosion of the envelope not by nu-
clear burning and conversion of hydro-
gen into helium but with the dispersion
of the envelope via the wind and expos-
ing an almost ’naked’ star. The mass

The dredge  up in a
 7Msun star according
 to Iben

The two convective
 zones never meet
but cover alternatively
 the same region
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Mixing yes or no?
The observational results and their interpretations are still not clear. 

For example, Charbonnel and do Nascimento”: 96% of evolved stars 
show a 12C/13C ratio in disagreement with the standard predictions, 
and conclude that 96% of low-mass stars do experience an extra-
mixing process on the RGB.

Palla et al. examined the planetary nebula NGC 3242 and concluded 
that the spectrum indicates that the progenitor star did not undergo a 
phase of deep mixing during the last stages of its evolution, leaving 
the issue still unsolved.
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Pavlenko et al examined the 12C/13C ratio in 
giant stars in globular clusters,conclude that it 
suggests complete mixing
 on the ascent of the red giant branch, 
in contrast to current models
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So what happens? 

Did we discover the B2FH partial mixing idea? 

Not yet for sure
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The unsolved problem of mass loss

When no theory is available:
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loss is a significant part of the stellar material which returns by the stars to the interstellar medium and
hence, very important to the enrichment of the interstellar medium with synthesized elements and passing
the new elements to the next generation of stars to be formed from this matter.

A self-consistent theory of stellar mass loss is not yet in existence. However, dimensional arguments
without a physical mechanism are available and as such are very simple and guiding. As the mass loss takes
place on evolutionary timescale, it is plausible that the relevant timescale is the Kelvin-Helmholtz-Ritter
time scale. If so, then the rate of mass loss should be given by:

rate of mass loss = ṁ =
M

⌧KHR
=

M
GM2

RL

=
✓
1

G

◆
RL

M

Since this is a dimensional plausibility argument, one multiplies the equation by a fudge factor and writes
it as:

ṁ = ⌘
R⇤L⇤
M⇤

,

where an index * means a quantity measured in solar units and ⌘ = (8± 1)⇥ 10�14M�/yr is a numerical
constant usually found by attempting to fit observations. Note that this ⌘, which was fit for red giants
agrees quite well with the solar mass loss.

The outcome of such a rate of mass loss is that in 104 to 105 years the envelope is removed and brings
the AGB phase to an end. The nuclear time scale, the time it takes the helium shell to convert the entire
envelope into C and O is at least an order of magnitude longer and hence, the removed envelope contains
mostly the original hydrogen and helium enriched by what the various dredge-ups brought to the surface.
It is the mass loss which a↵ects the number of thermal pulses and with it the amount of s-process elements
and peculiarities.

In absolute numbers, a 1M� star may lose about 0.2M� and an 8M� star may lose all the mass above
⇠ M� so as to allow the remnant to become a white dwarf and end the life as a cooling star.

How reliable these numbers are? There is single measurement of the mass loss from population II
stars and recall that carbon stars are population II stars. As for popI stars, reliable measurements of
mass loss were carried out for about half a dozen stars and the information about the dependence on the
stellar parameters is very meagre.

Probably the best investigated system is ↵ Scorpio A+B, better known as Antares138, which is a bi-
nary system and not a single star. Kudritzki and Reimers139 found by analyzing the visible light that the
rate of mass loss is 7⇥ 10�7M�/year and its mass is ⇠ 7M�. In 1983 Hjellming and Newell140 observed
radio emission from the clouds that surround Antares and measured a mass loss rate of 2⇥10�6M�/year.
In contrast to Kudritzki and Reimers who analyzed the stellar visible light, Hjellming and Newell an-
alyzed the nebulosity around Antares, a cloud of gas observed only via its radio emission. In 1987
Hagen, Hempe and Reimers141 determined the rate of mass loss by examining the ultraviolet radiation
emitted from the circumstellar matter and found a mass loss rate of ⇠ 10�6 in reasonable agreement
with the radio result. In 2007 Baade and Reimers[142 analyzed the spectra of the companion star and
found that there is probably a continuous outflow at a rate of 3 ⇥ 10�7M�/year accompanied with

138Antares, the brightest star in the Scorpion constellation, is a supergiant. Its radius is 565 times the solar radius, the
surface temperature is about 3500K and the mean density is about 10�6gm/cm3. It would easily float if placed in the Earth’s
atmosphere. However, the Earth’s orbit around the sun entered comfortably more then twice inside this supergiant star.

139Kudritzki, R.P. & Reimers, D., A&A, 70, 227, (1978)
140Hjellming, R.M. & Newell, R.T., ApJ, 275, 704, (1983)
141Hagen, H.J., Hempe, K. & Reimers, D., A&A, 184, 256, (1987). The authors explain some of the di�culties which led

astray several previous determinations, like blending of spectral lines.
142Baade, R. & Reimers, D., A&A, 474, 229, (2007)
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η is our fudge factor

How reliable are the numbers?
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There is one measurements of η for PopII stars 
(S stars are Pop II stars)

There are half a dozen measurements for Pop I

But: the rates appear to be time dependent and 
vary by a large factor (over 30!)
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In the theory: 
each computer code gives another mixing history. 

Unsolved problems:

semi-convection

Mixing by convection, undershooting and overshooting

Mixing by gravity waves

Rotation and mixing by rotation

Mass loss: observation and theory
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How come the universal r and the s process have 
practically the same yield? 
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Figure 12.18: The s-process in the (N,Z) plane around N=82 magic number. Stable elements are marked with

’s’ while the half life time is given for the unstable nuclei. The per-cent given for every stable specie is the cosmic

relative abundance of the element. The path of the s-process is marked by a yellow-orange line, while the direction

of the decay of neutron rich nuclei, the product of the r-process, is denoted by the green arrows. Orange marked

nuclei are produced only by the s-process because they are shielded from the r-process by the green-marked nuclei.

The path of the r-process is way below the nuclei shown in this figure. Actually, the decay of the neutron rich nuclei

towards the minimum of the �-stability valley stops with the green painted nuclei. The stable pink nuclei cannot

be produced by any kind of neutron capture and by default are assumed to be produced by the p-process. The grey

nuclei are produced by the s and the r process.

interstellar medium, one has to explain how the three processes produce a continuous abundance curve
without noticeable jumps.

But it soon became apparent that three irradiation events are insu�cient to produce an acceptable
agreement between the theory and observation and the idea of multi-events was suggested by Goriely23.
In this approach one assumes a large number, up to 500, of s-process events with di↵erent irradiation
periods but the same temperature and neutron flux. If this is not su�cient, the irradiation times are
optimized so as to fit best the observations of abundances in the solar system. Even then only about 35
nuclei are fitted. It is apparent that such a situation reflects some fundamental deficiency in the theory.
Is it the exponential assumption? The assumption that the theory can progress without reference to a
particular stellar environment? We do not know. It seems that the most plausible way to proceed is to get
the basic nuclear data right and then carry a 2D or a 3D stellar modeling of the detailed hydrodynamics
which takes place in the star. The idea that the s-process can be modeled disconnected from the stellar
environment is probably wrong not because it a↵ects the evolution but because it is very sensitive to the
detailed stellar environment.

12.6 Classification of heavy nuclei

Since the path of the r-process traverses through very �-unstable nuclei, once the irradiation by the
strong neutron source ceases, each unstable nucleus starts a sequence of � decays towards the stable nuclei
near the bottom of the stability valley cf. fig. ??. In many cases there are several stable isotopes of the

23Goriely, S. , A&A, 342, 881, (1999)

Look for screening nuclei
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Figure 12.18: The s-process in the (N,Z) plane around N=82 magic number. Stable elements are marked with

’s’ while the half life time is given for the unstable nuclei. The per-cent given for every stable specie is the cosmic

relative abundance of the element. The path of the s-process is marked by a yellow-orange line, while the direction

of the decay of neutron rich nuclei, the product of the r-process, is denoted by the green arrows. Orange marked

nuclei are produced only by the s-process because they are shielded from the r-process by the green-marked nuclei.

The path of the r-process is way below the nuclei shown in this figure. Actually, the decay of the neutron rich nuclei

towards the minimum of the �-stability valley stops with the green painted nuclei. The stable pink nuclei cannot

be produced by any kind of neutron capture and by default are assumed to be produced by the p-process. The grey

nuclei are produced by the s and the r process.

interstellar medium, one has to explain how the three processes produce a continuous abundance curve
without noticeable jumps.

But it soon became apparent that three irradiation events are insu�cient to produce an acceptable
agreement between the theory and observation and the idea of multi-events was suggested by Goriely23.
In this approach one assumes a large number, up to 500, of s-process events with di↵erent irradiation
periods but the same temperature and neutron flux. If this is not su�cient, the irradiation times are
optimized so as to fit best the observations of abundances in the solar system. Even then only about 35
nuclei are fitted. It is apparent that such a situation reflects some fundamental deficiency in the theory.
Is it the exponential assumption? The assumption that the theory can progress without reference to a
particular stellar environment? We do not know. It seems that the most plausible way to proceed is to get
the basic nuclear data right and then carry a 2D or a 3D stellar modeling of the detailed hydrodynamics
which takes place in the star. The idea that the s-process can be modeled disconnected from the stellar
environment is probably wrong not because it a↵ects the evolution but because it is very sensitive to the
detailed stellar environment.

12.6 Classification of heavy nuclei

Since the path of the r-process traverses through very �-unstable nuclei, once the irradiation by the
strong neutron source ceases, each unstable nucleus starts a sequence of � decays towards the stable nuclei
near the bottom of the stability valley cf. fig. ??. In many cases there are several stable isotopes of the

23Goriely, S. , A&A, 342, 881, (1999)

Look for screening nucleiThe path of the s-process
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Figure 12.18: The s-process in the (N,Z) plane around N=82 magic number. Stable elements are marked with

’s’ while the half life time is given for the unstable nuclei. The per-cent given for every stable specie is the cosmic

relative abundance of the element. The path of the s-process is marked by a yellow-orange line, while the direction

of the decay of neutron rich nuclei, the product of the r-process, is denoted by the green arrows. Orange marked

nuclei are produced only by the s-process because they are shielded from the r-process by the green-marked nuclei.

The path of the r-process is way below the nuclei shown in this figure. Actually, the decay of the neutron rich nuclei

towards the minimum of the �-stability valley stops with the green painted nuclei. The stable pink nuclei cannot

be produced by any kind of neutron capture and by default are assumed to be produced by the p-process. The grey

nuclei are produced by the s and the r process.

interstellar medium, one has to explain how the three processes produce a continuous abundance curve
without noticeable jumps.

But it soon became apparent that three irradiation events are insu�cient to produce an acceptable
agreement between the theory and observation and the idea of multi-events was suggested by Goriely23.
In this approach one assumes a large number, up to 500, of s-process events with di↵erent irradiation
periods but the same temperature and neutron flux. If this is not su�cient, the irradiation times are
optimized so as to fit best the observations of abundances in the solar system. Even then only about 35
nuclei are fitted. It is apparent that such a situation reflects some fundamental deficiency in the theory.
Is it the exponential assumption? The assumption that the theory can progress without reference to a
particular stellar environment? We do not know. It seems that the most plausible way to proceed is to get
the basic nuclear data right and then carry a 2D or a 3D stellar modeling of the detailed hydrodynamics
which takes place in the star. The idea that the s-process can be modeled disconnected from the stellar
environment is probably wrong not because it a↵ects the evolution but because it is very sensitive to the
detailed stellar environment.

12.6 Classification of heavy nuclei

Since the path of the r-process traverses through very �-unstable nuclei, once the irradiation by the
strong neutron source ceases, each unstable nucleus starts a sequence of � decays towards the stable nuclei
near the bottom of the stability valley cf. fig. ??. In many cases there are several stable isotopes of the

23Goriely, S. , A&A, 342, 881, (1999)

Look for screening nucleiThe path of the s-process

Decay down from 
the r-process
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