
The chemical composition of our universe has many surprising
features: why does the sun consist of mainly hydrogen and

helium? Why is iron so much more abundant than heavier
elements such as gold? Why are there heavy elements at all and
how did they come into existence? The properties of atomic nuclei,
especially their masses, play a crucial role in these fundamental
questions at the interface of nuclear and astrophysics.

Fig. 1 shows the distribution of the solar system isotopic
abundances determined from the analysis of meteorites and the
spectrum of sunlight. Many of the general features of the distribu-
tion of the solar system elemental abundances shown in Fig. 1 can
be found throughout our Galaxy and probably the universe as a
whole, though there are variations owing to differences in nucle-
osynthetic history or ongoing nucleosynthesis processes. Hydrogen
and helium are by far the most abundant elements in the solar
system. These elements were already produced in the big bang,
together with traces of lithium.All the heavier elements must have
been created after the big bang by nuclear processes, mostly in stars
and stellar explosions. A look at the nuclear masses explains why
the big bang was not able to produce heavy elements using the
already formed hydrogen (1H) and helium (4He). Among the
possible nuclear fusion reactions one could imagine are the fusion
of two hydrogen nuclei into 2He, the fusion of a hydrogen nucleus
with a helium nucleus producing 5Li, or the fusion of two helium
nuclei into 8Be. 2He, 5Li, and 8Be have one thing in common: in
contrast to the isotopes usually found on earth and in stars these
nuclei have extremely short lifespans - for example, in the case of
8Be the average lifetime is just 10-16 seconds. The reason is that the
decay of these nuclei into fragments is energetically possible
because the total mass of the fragments is smaller than the mass of
the nucleus itself. This mass difference corresponds according to
Einstein’s famous equation E = mc2 to the binding energy that can
be released during the decay. 2He, 5Li, and 8Be are destroyed by

decay immediately after they are formed and can therefore, on
average, only exist in extremely small quantities. The densities and
the amount of time available for nuclear reactions in the big bang
are not sufficient to initiate any further reactions on these small
amounts of 2He, 5Li, and 8Be. If the mass of the 8Be nucleus would
be smaller by just about a 1/1000 of a percent, the decay into two
helium nuclei could not occur anymore and 8Be would be stable. In
this case, heavy elements could have been produced easily during
the big bang, with drastic consequences for the existence of stars,
including the sun, which uses the fusion of hydrogen from the big
bang into heavier elements as its main energy source.

Another striking feature in Fig. 1 is the relatively large abun-
dance of nuclei around iron and nickel. This can again be explained
by looking at the nuclear masses. The difference between the
actual nuclear mass and the total mass of the nucleons (Z protons
and N neutrons) determines through E = mc2 the binding energy
of the protons and neutrons in the nucleus. As an example, in 4He
this binding energy amounts to about 1% of the total mass. It
turns out, that the nuclei around iron and nickel have the largest
binding energies per nucleon of all stable nuclei. For example, a
nucleon in 56Fe is bound on average by 8.79 MeV = 1.41.10-12 J
[2].Because of this, neither the fusion of two iron nuclei nor fission
of an iron nucleus into smaller constituents releases energy - in fact
one would need to provide energy to make these processes happen.
As a consequence, the chain of nuclear fusion reactions in the inte-
rior of stars that produces energy by converting nuclei with less
binding energy into nuclei with more binding energy per nucleon
ends at iron and nickel. Earlier generations of stars have already
begun to burn a small part of the hydrogen and helium from the
big bang into iron and nickel. Supernova explosions have
distributed these nuclei in the Galaxy, hence the relatively large
abundance of these nuclei in the solar system.

The origin of the elements beyond iron and nickel, which are
not produced by fusion reactions in stars, is still not fully under-
stood. Nevertheless, we do find elements such as iodine, gold, or
uranium in nature, so they have to be made somehow. We believe
that the vast majority of these elements has been produced by
neutron capture processes: a seed nucleus captures a number of
neutrons until a radioactive isotope of the same element is
formed.When this radioactive isotope decays by beta decay a new,
heavier element is created. Successive neutron captures and beta
decays can build heavier and heavier elements. Such neutron
capture processes tend to form particularly large abundances of
nuclei with closed neutron shell configurations, that occur at the
“magic” neutron numbers N = 82 and 126. Similar to the closed
electron shells of noble gases in atomic physics, the additional
capture of a neutron on nuclei with such magic neutron numbers
is hindered by the reduced energy gain. This is a direct conse-
quence of the tiny change in nuclear mass by about 1:100,000 due
to the closed neutron shell configuration. The result is a slowdown
of the neutron capture process at this point that leads to the build
up of particularly large amounts of nuclei. The corresponding
peaks in the solar abundance distribution can be found in Fig. 1 at
the mass numbers 130, 138, 195, and 208. So again it is the
nuclear masses and the resulting neutron binding energies that
point to the origin of heavy elements by neutron capture. As
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! Fig. 1: The relative abundance of the isotopes of the chemical
elements in the solar system [1] as a function of their mass number
(the total number of protons and neutrons in the nucleus). Some of
the abundance peaks are marked with the mass number and the
element that dominates the composition at this point.
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BE = avA− asA
2/3 − ac

Z (Z − 1)
A1/3

− aa
(N − Z)2

A
± apA

−1/2

av = 15.85 MeV
as = 18.34 MeV
ac = 0.71 MeV

aa = 23.21 MeV
ap = 12 MeV
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