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Figure 2-2. Stable nuclide configurations: The squares represent stable
combinations of neutrons and protons. The x's represent radicactive nuclides
whose half-lives are so long that they survive billions of years after their for-
mation in stars. All the remaining combinations are radioactive with half-
lives sufficiently short that they are no longer present in the solar system.
Nuclides lying along the same horizontal line (i.e., those with the same pro-
ton number) are referred to as isotopes. Those falling along the same ver-
tical line (i.e., those with the same number of neutrons) are referred to as
isotones. Those falling along the same diagonal line (i.e., those with the same
number of nuclear particles) are called isobars. The diagram terminates with
the heaviest stable nuclide [299Bi}.
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Figure 2-3. Examples of the three most common modes of spon-
taneous radioactive decay: Two of these, beta decay and electron cap-
ture, are isobaric—i.e., the number of nucleons remains the same. The third,
alpha decay, involves the ejection from the nucleus of four particles in the
form of a *He nucleus.
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Figure 2-1. Relative abundances of the elements in our Sun: As the

abundances range over 13 orders of magnitude, they must be displayed on
a power-of-10 scale. The abundance of each element is expressed as the
number of atoms per million (ie., 105) atoms of the element silicon. The gaps
in the sequence represent elements that have only radioactive isotopes and
are, therefore, absent in the Sun. While most of the abundances are based
on spectral data, use is made also of chemical measurements on a special
class of meteorites called carbonaceous chondrites.

TABLE 1-7

Cosmic Abundances of the Elements (Atoms/ 10°Si)
1 H 2.72 x 10" 24 Cr 1.34 x 104 48 Cd 1.69 72 Hf 0.176
2 He 2.18 x 10° 25 Mn 9510 49 In 0.184 73 Ta 0.0226
3 Li 59.7 26 Fe 9.00 X 10° 50 Sn 3.82 74 W 0.137
4 Be 0.78 27 Co 2250 51 Sb 0,352 75 Re 0.0507
5 B 24 28 Ni 4.93 x 104 52 Te 4.91 76 Os 0.717
6 C 1.21 x 107 29 Cu 514 53 I 0.90 77 Ir 0.660
7 N 2.48 x 10° 30 Zn 1260 54 Xe 4.35 78 Pt 1.37
8 O 2.01 x 107 31 Ga 37.8 55 Cs 0.372 79 Au 0.186
9 F 843 32 Ge 118 50 Ba 4.36 80 HG 0.52
10 Ne 3.76 X 10° 33 As 6.79 57 La 0.448 81 Tl 0.184
11 Na 5.70 x 10% 34 Se 62.1 58 Ce 1.16 82 Pb 3.15
12 Mg 1.075 x 10°® 35 Br 11.8 59 Pr 0.174 83 Bi 0.144
13 Al 8.49 x 10* 36 Kr 45.3 60 Nd 0.836 90 Th 0.0335
14 Si 1.00 x 10° 37 Rb 7.09 62 Sm 0.261 92 U 0.0090
15 P 1.04 x 10° 38 Sr 23.8 63 Eu 0.0972
16 S 5.15 x 10° 39 Y 4.64 64 Gd 0.331
17 Cl 5240 40 Zr 10.7 65 b 0.0589
18 Ar 1.04 x 10° 41 Nb 0.71 66 Dy 0.398
19 K 3770 42 Mo 2.52 67 Ho 0.0875
20 Ca 6.11 x 107 44 Ru 1.860 68 Er 0.253
21 Sc 33.8 45 Rh 0.344 oY Tm 0.0386
22 Ti 2400 46 Pd 1.39 70 Yb 0.243
23 \ 295 47 AG 0.529 71 Lu 0.0369

Anders and Ebihara (1982).
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Figure 4.37 Binding energy per nucleon versus the mass number A for stable
nuclei
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Fig. 1.9. Energy and temperature scales for chemical and nuclear
processes. The scale on the left shows temperature, and that on the
right indicates the average thermal energy for the particles present.
Column (a) shows typical environments with different temperatures; (b)
shows the stable forms of matter present; (c) indicates the types of
reaction possible.
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Although the very early stages are still uncertain, the picture becomes
much clearer after the point where matter as we know it could form,
After 1 second, the universe was composed of more familiar particles—
protons, neutrons, electrons, neutrinos, and photons. Free neutrons
would still be present in equilibrium at these temperatures, although they
would soon start to undergo S~ decay into protons, electrons, and
antineutrinos:

n=p*+e” +7. (3.3)

As the temperature fell to around 10° K, more complex nuclei could
start building up, by processes of fusion and neutron capture. The most
important reactions, which were completed in a few minutes, were:

ptn=2H+y (3.4)
H+2H=°H+p (3.5)
H+H=3He+n (3.6)
‘He+n="*He+ y (3.7)
‘H+p="*He+y (3.8)

Under the conditions present, it was certainly the first of these
reactions—the formation of deuterons (*H)—that constituted the rate-
limiting step. This is because of the rather low binding energy of
deuterons (2.2 MeV), so that they would be dissociated almost as rapidly
as they formed. The remaining reactions occurred rapidly, and “He was
by far the major product. The proportions of deuterium and *He
remaining from this early stage of nucleosynthesis are very sensitive
functions of the density of matter and so are a useful indicator of the
conditions present at that time. On the other hand, the amount of helium
produced depends less strongly on the density, and is largely determined
by the equilibrium ratio of neutrons to protons at the temperature when
the nuclear reactions can begin. Calculations predict a He/H atomic
ratio of near]ygl/kg,or about 25 per cent helium by weight. This is the
abundance obServed in stars, and is one of the strongest pieces of
evidence that the big bang theory is correct.
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' — (@ posilron efium
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Figure 2.2

Hydrogen burning, the proton-proton chain, is an important encrgy- -producing nuclear
reaction that takes places inside stars like our Sun. In this process two hydrogen (II) nuclei
combine to form a deuterium (D, hydrogen with an atomic weight of 2) nucleus and a
positron (clectron with a positive charge). Neutrons are shaded; protons are white.
Reaction with an additional hydrogen nucleus produces a helium nucleus with a mass of
three (“He). The fusion of two such nuclei results in the production of stable helium ('He,
‘wluch has two protons) and the ejection of two hydrogen nuclei, which can be consumed
in other reactions of this sort. I‘nmg,v is released by these reactions as a small amount of
matter is converted into energy in accordance with Einstein’s equation, £ (energy) = m
(mass converted to energy) ¢ (the speed of light squared).
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Figure 2-4. Stable nuclides with a particle number in the 1-to-11
range: Note that no stable nuclide exists with neutron-plus-proton number
totaling 5 or 8. It is these two gaps in the chain that prevented element for-
mation during the big bang from continuing beyond helium.
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(A) A slowly rotating portion of a large nebula be-
comes 4 distinct globule as a mostly gascous cloud
collapses by gravitational attraction.

(B) Rotation of the cloud prevents collapse of the j—’

equatorial disk while a dense central mass forms.

(C) A protostar “ignites” and warms the inner part of
the nebula, possibly vaporizing preexisting dust. As the
nebula cools, condensation produces solid grains that
settle to the central plane of the nebula.

(D) The dusty nebula clears either by dust aggregation
into larger particles (planets or planetesimals) or by
ejection during a T-Tauri stage of the star’s evolution. A
star energized by fusion and a system of cold bodies
remains. Gravitational accretion of these small bodies
eventually leads to the development of a small number of
major planets.

Figure 2.6

The evolution of a dusty nebula with a swrounding
system of orbiting planets is shown in this schematic
diagram.

Low temperature solids High temperalure solids Low temperature solids

(ice) (metals + silicates) (ice)

Figure 2.8

A cross section of a hypothetical nebula shows a star forming in its center. Condensa-
tion of solids from a solar nebula with a temperature gradient may have given rise to
compositional differences in the condensates. At one instant, the condensates in the inner
pait of the developing solar system would consist of high temperature materials such as
silicates, while at the same instant, but farther from the Sun, the nebula may have been cool
enough to allow ices to be fully condensed as well. Since water was relatively abundant in
the nebular gases, more solid matter formed in the cooler outer part of the nebula.



