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Terminology
Nucleus/nuclide:

Nucleons: protons and neutrons inside the nucleus
Isotopes: nuclides with the same number of protons, but not neutrons
Isotones: nuclides with the same number of neutrons, but not protons
Isobars: nuclides with the same number of nucleons (but different Z and N)
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• Z protons  element X
• N neutrons
• atomic number A = N+ZN

Isomers = long-lived excited nuclear states

Z=3

Z=4

https://indico.cern.ch/event/634013/attachments/1486329/2319262/GNeyens-nuclear_physics_2017-lecture1.pptx



http://physics-database.group.shef.ac.uk/phy303/phy303-8.html
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By Bdushaw - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=61302798
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Forces acting in nuclei

Coulomb force repels protons
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Strong interaction ("nuclear force") 
causes binding between nucleons
(=attractive).

It is stronger for proton-neutron (pn) 
systems than pp- or nn-systems

Neutrons  alone form no bound states 
(exception: neutron stars (gravitation!)

Weak interaction causes β-decay

ATTRACTION

Protons charge = +
Neutron charge = 0

https://indico.cern.ch/event/634013/attachments/1486329/2319262/GNeyens-nuclear_physics_2017-lecture1.pptx



Nuclear Density vs. Distance from Center



Nuclear Density vs. Distance from Center



Nuclear Density vs. Distance from Center



Energy Levels of Isobars

Adding one proton and removing one neutron



Total IPA Nuclear Potential for Protons and Neutrons
Energy Levels of Protons and Neutrons

Energy Energy
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Protons Neutrons

Finite-Square-Well-Like Energy States in Nuclei
and the Pauli Exclusion Principle

The “Symmetry Effect” favors 𝒁𝒁 = 𝑵𝑵 in light nuclei

Coulomb repulsion of protons
favors 𝒁𝒁 < 𝑵𝑵 in heavy nuclei



Binding Energy per Nucleon (𝑩𝑩/𝑨𝑨) vs. the number of Nucleons 𝑨𝑨

𝑩𝑩/𝑨𝑨
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𝑩𝑩 ≈ 𝒂𝒂𝒗𝒗𝒗𝒗𝒗𝒗𝑨𝑨 − 𝒂𝒂𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝑨𝑨
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Lifetime 
Some nuclei are stable (i.e. their lifetimes are comparable to that of a proton 
and we have not seen their decay)
 E.g. until recently 209Bi was thought to be stable

Others are unstable – they transform into more stable nuclei

Decay is a statistical process: exponentially
 Half-life = time after which half of the initial nuclei have decayed
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Examples of half-lives:
11Li: 9 ms
13Be: 0.5 ns
77Ge: 11h
173Lu: 74 µs
208Pb: stable

Half-life T= T1/2

After 6 half-lives: only about 1.5% remains 
https://indico.cern.ch/event/634013/attachments/1486329/2319262/GNeyens-nuclear_physics_2017-lecture1.pptx



Lifetime
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neutrons

Elements with even Z have more stable 
isotopes

“valley of stability” bends towards N>Z

Nuclei further away from this valley  are 
more exotic (i.e. shorter-lived)
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https://indico.cern.ch/event/634013/attachments/1486329/2319262/GNeyens-nuclear_physics_2017-lecture1.pptx



Alpha Decay of Heavy Nucleus

Potential experienced
by the 𝜶𝜶-particle

𝑼𝑼 𝒙𝒙 =
𝟐𝟐𝟐𝟐𝒆𝒆𝟐𝟐

𝟒𝟒𝝅𝝅𝜺𝜺𝟎𝟎𝒙𝒙



http://hyperphysics.phy-astr.gsu.edu/hbase/Nuclear/alptun2.html

Alpha Decay of Heavy Nucleus

𝑻𝑻 ≈ 𝒆𝒆−𝟐𝟐𝜶𝜶𝜶𝜶 𝛼𝛼 = ⁄2𝑚𝑚 𝑉𝑉0 − 𝐸𝐸 ℏSquare barrier
tunneling prob.



𝒍𝒍𝒍𝒍𝒕𝒕𝟏𝟏/𝟐𝟐 = 𝒂𝒂𝒂𝒂
𝑲𝑲
− 𝒃𝒃 𝒁𝒁 𝑹𝑹 + c

Half Life of Po Alpha Decay vs 𝟏𝟏/ 𝑲𝑲
𝑲𝑲 = Kinetic energy of 𝜶𝜶-particle



Nuclear shell model
Created in analogy to the atomic shell model (electrons orbiting a nucleus in particular 
quantum orbits induced by the nuclear field)
 When electrons ‘fill’ a quantum orbit  element is more stable (higher ionization energy)
 Explains why noble gasses are more ‘stable’ (less reactive) than other elements
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ionization energy =
energy to remove one electron

Atomic shell model

Also in chart of nuclei: some nuclei are more stable than their neighbours
 filled shell of neutrons or protons results in greater stability
 neutron and proton numbers corresponding to a closed shell are called ‘magic‘

He (2)

Ne (2+8 =10)

Ar (2+8+8=18)

https://indico.cern.ch/event/634013/attachments/1486329/2319262/GNeyens-nuclear_physics_2017-lecture1.pptx



Nuclear shell model

Differences to atomic shell model:
1. The field generating the potential

 No central potential but a self-created one
 needs to  be modelled !

 Two kinds of nucleons 
 Strong spin-orbit coupling changes magic 

numbers: 8,20,28,50, 82, 126, …

2. The interaction between the particles
 Nucleon-nucleon interaction 
 strong interaction in nuclear medium

 needs to be modelled !
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Quantum orbits in the independent particle shell model

Harmonic Oscillator potential

Quantum 
levels of the 
HO potential

Challenge: nuclear shell model 
was created for stable nuclei,  
is it valid also for exotic nuclei ?
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https://indico.cern.ch/event/634013/attachments/1486329/2319262/GNeyens-nuclear_physics_2017-lecture1.pptx
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