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The Structure of Matter
Ø What is the Universe made off?
Ø What are the most fundamental objects in Nature?
Ø What particles where there in the beginning (right after 

the big bang)?
Ø How do they interact? How do they form larger objects?
Ø Where does all matter in the present Universe come from?



Hydrogen Atom Wave functions

= 0.0529 nm ≈ 0.53Å

≈ 1/137.036

≈ 197.33
nm eV
c

≈ 511 keV/c2

Remember Modern Physics / QM?



H ground state
2D projection

Prob. density

Radial density
10/nm

0 1/60,000 = 0.00000084 nm
…



Periodic Table
Atomic MASS 
(units: u = 1/12 the 
mass of 12C atom

Atomic 
Number = Z



The Structure of Matter
99.97% of the mass of an atom (and hence of all visible 
matter) is concentrated in the nucleus.
0.000,000,000,024% of the atomic volume is occupied 
by the nucleus .



Stable nuclei
A = N + Z (all integers)

Isotopes: SAME Z
Isobars: SAME Z

Nuclear mass is ROUGHLY 
proportional to A (see later)

ATOMIC mass can be fractional if 
the natural abundance of a given 
element has several stable 
isotopes



All the nuclei in the universe

H, 4He, Li,…
C, N, O, …

Fe, Ni,…

superheavies?

Challenge: Most nuclear reactions in the Universe are at low 
energies or involve the weak interaction (tiny cross sections) => 
Experiments and Theory are HARD! (subtle effects play big role!)

n stars
Z

N



Nuclear Binding energy

Bnuclear = 𝑀!𝑐" - Z.mp𝑐" - N.mn𝑐"

 mp =  Mass of Proton
𝑚!	= Mass of neutron

A= N + Z
A= Atomic Mass Number

N=Neutron Number
Z=Proton Number

Typical values: keV’s to 100’s of MeV’s

Atomic Binding energy

Batomic= MAtc2 - MNucc2 - Z.me c2 

   MNuc =  Mass of Nucleus
𝑀"#	= Atomic mass (single 

isotope)
Z = Element Number

Typical values: few 
eV’s ... keV’s



In atomic and nuclear 
physics, masses are typically 

given in atomic
mass units (u) 1 u = 1.66054 
* 10-27 kg = 931.494 MeV/c2

Proton    = 938.27    MeV
Neutron = 939.51 Mev

𝐸 = 𝑚𝑐!

=2.224 MeV

Note: amu = u (depending on who is talking)



Nuclear Force

• Charge independent.
• Highly dependent on 

distance
• Saturated force
• Coulomb Repulsion will 

overcome the Nuclear 
Force as atoms become 
larger.



Nuclear Density

Typical Nuclear Density Profile 
(Cesium?)

=> Due to short range nuclear force, 
each nucleon ”sees” THIS potential



Nuclear Binding energies



Liquid Drop Model
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2.3 Parametrisation of Binding Energies

Apart from the lightest elements, the binding energy per nucleon for most nuclei is
about 8–9MeV. Depending only weakly on the mass number, it can be described
with the help of just a few parameters. The parametrisation of nuclear masses as
a function of A and Z, which is known as the Weizsäcker formula or the semi-
empirical mass formula, was first introduced in 1935 [3, 7]. It allows the calculation
of the binding energy according to (2.2). The mass of an atom with Z protons and N
neutrons is given by the following phenomenological formula:

M.A;Z/ D NMn C ZMp C Zme ! avAC asA2=3

C ac
Z2

A1=3
C aa

.N ! Z/2

4A
C ı

A1=2
(2.8)

with N D A ! Z :

The exact values of the parameters av, as, ac, aa and ı depend on the range of
masses for which they are optimised. One possible set of parameters is given below:

av D 15:67MeV=c2

as D 17:23MeV=c2

ac D 0:714MeV=c2

aa D 93:15MeV=c2

ı D

8
<

:

!11:2 MeV=c2 for even Z and N (even-even nuclei)
0 MeV=c2 for odd A (odd-even nuclei)

C11:2 MeV=c2 for odd Z and N (odd-odd nuclei).

To a great extent the mass of an atom is given by the sum of the masses of
its constituents (protons, neutrons and electrons). The nuclear binding responsible
for the deviation from this sum is reflected in five additional terms. The physical
meaning of these five terms can be understood by recalling that the nuclear radius R
and mass number A are connected by the relation

R / A1=3 : (2.9)

The experimental proof of this relation and a quantitative determination of the
coefficient of proportionality will be discussed in Sect. 5.4. The individual terms
can be interpreted as follows:

Volume term This term, which dominates the binding energy, is proportional to the
number of nucleons. Each nucleon in the interior of a (large) nucleus contributes an
energy of about 16MeV. From this we deduce that the nuclear force has a short
range, corresponding approximately to the distance between two nucleons. This

2.3 Parametrisation of Binding Energies 19

2.3 Parametrisation of Binding Energies

Apart from the lightest elements, the binding energy per nucleon for most nuclei is
about 8–9MeV. Depending only weakly on the mass number, it can be described
with the help of just a few parameters. The parametrisation of nuclear masses as
a function of A and Z, which is known as the Weizsäcker formula or the semi-
empirical mass formula, was first introduced in 1935 [3, 7]. It allows the calculation
of the binding energy according to (2.2). The mass of an atom with Z protons and N
neutrons is given by the following phenomenological formula:

M.A;Z/ D NMn C ZMp C Zme ! avAC asA2=3

C ac
Z2

A1=3
C aa

.N ! Z/2

4A
C ı

A1=2
(2.8)

with N D A ! Z :

The exact values of the parameters av, as, ac, aa and ı depend on the range of
masses for which they are optimised. One possible set of parameters is given below:

av D 15:67MeV=c2

as D 17:23MeV=c2

ac D 0:714MeV=c2

aa D 93:15MeV=c2

ı D

8
<

:

!11:2 MeV=c2 for even Z and N (even-even nuclei)
0 MeV=c2 for odd A (odd-even nuclei)

C11:2 MeV=c2 for odd Z and N (odd-odd nuclei).

To a great extent the mass of an atom is given by the sum of the masses of
its constituents (protons, neutrons and electrons). The nuclear binding responsible
for the deviation from this sum is reflected in five additional terms. The physical
meaning of these five terms can be understood by recalling that the nuclear radius R
and mass number A are connected by the relation

R / A1=3 : (2.9)

The experimental proof of this relation and a quantitative determination of the
coefficient of proportionality will be discussed in Sect. 5.4. The individual terms
can be interpreted as follows:

Volume term This term, which dominates the binding energy, is proportional to the
number of nucleons. Each nucleon in the interior of a (large) nucleus contributes an
energy of about 16MeV. From this we deduce that the nuclear force has a short
range, corresponding approximately to the distance between two nucleons. This

20 2 Global Properties of Nuclei

phenomenon is called saturation. If each nucleon would interact with each of the
other nucleons in the nucleus, the total binding energy would be proportional to
A.A ! 1/ or approximately to A2. Due to saturation, the central density of nucleons
is the same for all nuclei, with few exceptions. The central density is

%0 " 0:17 nucleons=fm3 D 3 # 1017 kg/m3 : (2.10)

The average nuclear density, which can be deduced from the mass and radius
(see (5.56)), is smaller (0:13 nucleons/fm3). The average inter-nucleon distance in
the nucleus is about 1:8 fm.

Surface term For nucleons at the surface of the nucleus, which are surrounded
by fewer nucleons, the above binding energy is reduced. This contribution is
proportional to the surface area of the nucleus (R2 or A2=3).

Coulomb term The electrical repulsive force acting between the protons in the
nucleus further reduces the binding energy. This term is calculated to be

ECoulomb D
3

5

Z.Z ! 1/ ˛ „c
R

: (2.11)

This is approximately proportional to Z2=A1=3.

Asymmetry term As long as mass numbers are small, nuclei tend to have the
same number of protons and neutrons. Heavier nuclei accumulate more and more
neutrons, to partly compensate for the increasing Coulomb repulsion by increasing
the nuclear force. This creates an asymmetry in the number of neutrons and protons.
For, e.g., 208Pb it amounts to N ! Z D 44. The dependence of the nuclear force on
the surplus of neutrons is described by the asymmetry term .N ! Z/2=.4A/. This
shows that the symmetry decreases as the nuclear mass increases. We will further
discuss this point in Sect. 18.1. The dependence of the above terms on A is shown in
Fig. 2.5.

Pairing term A systematic study of nuclear masses shows that nuclei are more
stable when they have an even number of protons and/or neutrons. This observation
is interpreted as a coupling of protons and neutrons in pairs. The pairing energy
depends on the mass number, as the overlap of the wave functions of these nucleons
is smaller in larger nuclei. Empirically this is described by the term ı #A!1=2 in (2.8).

All in all, the global properties of the nuclear force are rather well described
by the mass formula (2.8). However, the details of nuclear structure which we will
discuss later (mainly in Chap. 18) are not accounted for by this formula.

The Weizsäcker formula is often mentioned in connection with the liquid drop
model. In fact, the formula is based on some properties known from liquid drops:
constant density, short-range forces, saturation, deformability and surface tension.
An essential difference, however, is found in the mean free path of the particles.
For molecules in liquid drops, this is far smaller than the size of the drop; but for
nucleons in the nucleus, it is large. Therefore, the nucleus has to be treated as a
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Fig. 2.5 The different contributions to the binding energy per nucleon versus mass number A. The
horizontal line at !16MeV represents the contribution of the volume energy. This is reduced by
the surface energy, the asymmetry energy and the Coulomb energy to the effective binding energy
of!8MeV (lower line). The contributions of the asymmetry and Coulomb terms increase rapidly
with A, while the contribution of the surface term decreases

quantum liquid, and not as a classical one. At low excitation energies, the nucleus
may be even more simply described as a Fermi gas; i.e., as a system of free particles
only weakly interacting with each other. This model will be discussed in more detail
in Sect. 18.1.

2.4 Charge Independence of the Nuclear Force and Isospin

Protons and neutrons not only have nearly equal masses, they also have similar
nuclear interactions. This is particularly visible in the study of mirror nuclei. Mirror
nuclei are pairs of isobars, in which the proton number of one of the nuclides equals
the neutron number of the other and vice versa.

Figure 2.6 shows the lowest energy levels of the mirror nuclei 146C8 and 14
8O6,

together with those of 147N7. The energy-level diagrams of 146C8 and
14
8O6 are very

similar with respect to the quantum numbers JP of the levels as well as with respect
to the distances between them. The small differences and the global shift of the
levels as a whole in 146C8, as compared to 148O6 can be explained by differences in the
Coulomb energy. Further examples of mirror nuclei will be discussed in Sect. 18.3
(Fig. 18.8). The energy levels of 146C8 and

14
8O6 are also found in the isobaric nucleus

14
7N7. Other states in 14

7N7 have no analogy in the two neighbouring nuclei. We
therefore can distinguish between triplet and singlet states.

These multiplets of states are reminiscent of the multiplets known from the
coupling of angular momenta (spins). The symmetry between protons and neutrons

From previous slides, we find that 
nuclear density is roughly constant, and 
hence the nuclear radius goes like A1/3

Central (saturation) density:

Average density:
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All in all, the global properties of the nuclear force are rather well described
by the mass formula (2.8). However, the details of nuclear structure which we will
discuss later (mainly in Chap. 18) are not accounted for by this formula.

The Weizsäcker formula is often mentioned in connection with the liquid drop
model. In fact, the formula is based on some properties known from liquid drops:
constant density, short-range forces, saturation, deformability and surface tension.
An essential difference, however, is found in the mean free path of the particles.
For molecules in liquid drops, this is far smaller than the size of the drop; but for
nucleons in the nucleus, it is large. Therefore, the nucleus has to be treated as a

R = 1.22 fm . A1/3

Surface = 19 fm2 . A2/3



Nuclear Mass excess per nucleon

p,n

Positive

negative



Partially explains abundance of elements
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Fig. 2.2 Abundance of the
elements in the solar system
as a function of their mass
number A, normalised to the
abundance of silicon (=106)

Mass number A

Abundance [Si=106]

Nuclear abundance A current application of mass spectroscopy in fundamental
research is the determination of isotope abundances in the solar system. The relative
abundance of the various nuclides as a function of their mass number A is shown
in Fig. 2.2. The relative abundances of isotopes in terrestrial, lunar, and meteoritic
probes are, with few exceptions, identical and coincide with the nuclide abundances
in cosmic rays from outside the solar system. According to current thinking, the
synthesis of the presently existing deuterium and helium from hydrogen fusion
mainly took place at the beginning of the universe (minutes after the big bang [2]).
Nuclei up to 56Fe, the most stable nucleus, were produced by nuclear fusion in
stars. Nuclei heavier than this last were created in the explosion of very heavy stars
(supernovae) [6].

Deviations from the universal abundance of isotopes occur locally when nuclides
are formed in radioactive decays. Figure 2.3 shows the abundances of various
xenon isotopes in a drill core which was found at a depth of 10 km. The isotope
distribution strongly deviates from that which is found in the Earth’s atmosphere.
This deviation is a result of the atmospheric xenon being, for the most part,
already present when the Earth came into existence, while the xenon isotopes
from the core come from radioactive decays (spontaneous fission of uranium
isotopes).

Full explanation requires:
1) INITIAL (”primordial”) abundance 

(nearly all 1H and 4He)
2) Reaction path from these to heavier 

elements (stars and their collapse, 
supernovae, neutron star mergers,…)


