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Lecture 4: Nuclear 
Energy Generation 

Literature: Prialnik chapter 4.1 & 4.2 
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Empirically: nuclear radius: 
      nuclear density ~ independent of A ~ 1015 g/cm3 

Binding energy of nucleus: 
 

Let: Z = atomic number = # of protons in 
nucleus 
 A = atomic mass number = # of 
nucleons 

       N = A-Z = # of neutrons 
Isotopes: nuclei with same Z, different A 
Isobars: nuclei with same A, different Z 
Isotones: nuclei with same N, different Z 
A < 40:  A ~ 2Z 
A > 40:  A > 2Z 

a) Some properties of atomic nuclei 

R ≈1.44×10−13A1/3 cm

BE = (mpZ +mNN −Mnucl )c
2 ≅ (mHZ +mNN −Matom )c
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Average binding energy  
 
 
BE per nucleon: 
 
 
 
 
 
 
 

f = BE
A
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Average binding energy cont. 
 
Liquid drop model leads to semi-empirical expression: 
 
                                                                                       ai (MeV) 
a1: average BE per nucleon in ideal case                      15.7 
a2: surface tension: surface                                            17.8 
a3: Coulomb repulsion of protons: # pairs/R                    0.7 
a4: asymmetry energy                                                    94.5 
 
The first three terms speak for themselves. The a4 term reflects 
that when the additional neutrons (or protons for that matter) 
are added to the nucleus, the Pauli exclusion principle “forces” 
the excess neutrons to be in a higher energy level. The 5th term 
is the pairwise interaction term and its sign depends on A, Z, & 
N (see next slide) 

BE = a1A− a2A
2/3 − a3

(Z −1)2

A1/3
− a4

([A / 2]− Z )2

A
−δo



Asymmetry energy 

  •  Even-even nuclei: stable pairs with opposing spins 
•  Odd-odd nuclei relatively unstable; often converted to  
    even-even nuclei via   -disintegration (ΔZ=±1) 
•  Nuclei with even Z more stable than those with odd Z 
•  Stable nuclei with even A have even Z, except 2H, 6Li,10B,14N 
•  Especially stable nuclei: Z and/or N = 2, 8, 20, 28, 50, 82, 126, … 
                                                                              (magic numbers) 5 

δo =
12
A3/4  MeV Z,  N, and A even

δo = 0 A odd

δo = −
12
A3/4  MeV Z  and N  odd, & A even
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Magic numbers: nuclear burning 

Pattern recognition is a key aspect of science (& mankind). For 
this lecture on the nuclear energy of stars, the key species are: 
 
 
The magic numbers are all a-nuclei up to 32S (except for:        ) 
2
4He, 6

12C, 8
16O, 10

20Ne, 12
24Mg, 14

24Si,! 26
56Fe

4
8Be
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Magic numbers: nuclear physics 

Nuclear physics looks at magic numbers slightly differently: 
The liquid drop model is a good guide on the overall behavior 
of the average binding energy per nucleon. However, detailed 
structures are not accounted for. There is a set of magic 
numbers and nuclei with that number of protons or neutrons 
are more stable than expected. Indeed, double magic 
numbers are even more stable. This pattern of magic 
numbers is also obvious when considering eg., elemental 
abundances, the additional binding energy of a single 
neutron, neutron absorption cross sections, or the nuclear 
quadrupole moment.  
Magic numbers when Z and/or N = 2, 8, 20, 28, 50, 82, 126 
Magic Numbers: 50Sn has 10 stable isotopes, 49 In & 51Sb have only 2
Double magic numbers: 2

4He, 8
16O, 20

40Ca, 20
48Ca,
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Magic numbers and number of isotopes/isotones 
& abundance 
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Magic numbers &neutron binding energy 
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Magic numbers & neutron cross section 
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Magic numbers & nuclear quadrupole moment 
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Interlude: magic numbers and the electronic structure of atoms 

This was first interpreted in terms of the Bohr model – a quantum 
interpretation of the classical motion of electrons bound by 
Coulomb forces to a nucleus – and with Sommerfeld’s 
modifications led to the valence shell model for atoms 
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Patterns can lead to deep insight: Schrödinger equation for a 
particle in a spherically symmetric central potential leads to 
three quantum numbers: n, l, m which are degenerate with 
respect to l: and we know this from electronic structure 
studies: 

2 2ℓ+1( )
0

n−1

∑ = 2n2  

or magic numbers: 2, 10, 28, 60 ...  if shells fill sequentially
Actual magic numbers are 2, 10, 18, 36, 54, ... as magic 
numbers correspond to filled subshells 
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Magic numbers provide insight in the nuclear potential. For a 3-D 
harmonic oscillator the energies are specified by the oscillator 
quantum number, n, and the degeneracy is then 2 n+1( ) n+ 2( ) / 2 

with magic numbers : n+1( ) n+ 2( )
0

k

∑ = k +1( )

2, 8, 20, 40, 70, 112, ... 
A square well potential yields the magic numbers: 2, 8, 18, 20, 34, 40 ... 
Adding a non-central force (involving spin-orbit coupling) yields the
right magic numbers (Woods-Saxon potential)
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Magic numbers & nuclear potential 



Single particle shell model with oscillator potential (actually  
Woods-Saxon potential) with spin orbit interaction 16 



Nuclear potential well 

b) Bohr picture of nuclear reactions 

Reaction:            a+X →Y+b                         shorthand: X(a,b)Y 
Bohr: reaction proceeds in two steps:    a+X → C* → Y+b 
1.  Formation of compound nucleus C* 
2.  Disintegration of C* into particular products (‘channels’)  

X + a         elastic scattering 
X*+ a          inelastic scattering 
Y  + b       particle emission 
     : 
C  +   radiative capture 

a + X → C* 

(always required: conservation of energy, angular momentum, parity) 

For energies involved,  
see assignment 
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