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Outline 

•   Introduction, empirical survey – what nuclei do 

 

•   Independent particle model and Residual interactions 
--   Particles in orbits in the nucleus 

–  Residual interactions:  robust predictions and simple physical     
 interpretation 

 

•   Collective models  -- Geometrical, algebraic  (The IBA) 

 

•   Linking microscopic and macroscopic – measuring the     
 p-n interaction.  Competition with pairing. 

 

•   Exotic Nuclei (maybe) 

   





Where do nuclei fit into the overall picture? 



Constituents of nuclei 

As I think you all know very well…. 
 

Protons and neutrons – nucleons -  fermions, half 

integer spins:                N + Z = A 
 

A given element, say C or Fe or Sn or Pb, has a fixed 

number of protons (12,26,50,82) but can have a variety 

of neutrons – isotopes. 
 

Odd – A nuclei:  even Z - odd N or even N - odd Z 

Angular momenta (“spins”) are half integer. 
 

Even A nuclei:  even Z – even N or odd Z – odd N with 

integer spins.  (We focus most of our discussion on 

even-even (e –e)  nuclei).  
 

The nucleons interact with each other primarily with 

the strong and electromagnetic forces. 



Strong, electromagnetic forces 

In light nuclei like 4-He (Z = N = 2 ), strong force has strength of 

~50 MeV.  Coulomb repulsion of two protons is ~0.6 MeV. Strong 

force dominates. 
 

However, strong force is short range (shorter than the sizes of 

most nuclei as we will see) while Coulomb force is long range. So 

(see later) each nucleon interacts by the strong force with maybe 

the 10 closest other nucleons while each of the protons interacts 

with all the others with the Coulomb force. 
 

So the integrated strong force scales as the number of nucleons, 

while the integrated strength of the Coulomb repulsion scales as  

Z ( Z-1). 
 

For large enough Z, the Coulomb force will eventually dominate 

The heaviest nuclei (Z > 104) should not exist !!! 



We can customize our system – fabricate “designer” nuclei  

to isolate and amplify specific physics or interactions  

The Four Frontiers 

1. Proton Rich Nuclei 

2. Neutron Rich Nuclei 

3. Heaviest Nuclei 

4. Evolution of structure within 

these boundaries 

Terra incognita — huge gene pool of new nuclei 

The scope of Nuclear Structure Physics 

Notice curvature to valley of 

stability. Light nuclei have   

N ~ Z.  Heavy nuclei are 

neutron rich. Reason: rel. 

magnitudes of strong and 

electromagnetic forces we 

just discussed. Heavy nuclei 

need a neutron “buffer” 



Themes and challenges of Modern Science 

 

• Complexity out of simplicity -- Microscopic 

How the world, with all its apparent complexity and diversity can be 

constructed out of a few elementary building blocks and their interactions 

 

 

• Simplicity out of complexity – Macroscopic 
 

How the world of complex systems can display such remarkable regularity 

and simplicity 

 

 

 

What is the force that binds nuclei? 

Why  do nuclei do what they do? 

What are the simple patterns that nuclei 

display and what is their origin ? 



What is the structure of atomic 

nuclei 

 

How can we determine it: 

 

What observable quantities tell 

us what the nuclei look like and 

how they behave? 



Properties of any quantum mechanical 

system: 
 

A ground state and a set of discrete excited 

states, typically characterized by one or more 

quantum numbers such as total angular 

momentum and parity. 

 
For odd A nuclei we will mostly just look at the 

ground state.  

 

For e-e nuclei we consider several low lying 

states  
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• Properties of the forces:                     ~ 100 MeV 
• Shell structure :                                   ~1 MeV   

• Quantum phase transitions:            ~ 100s keV 

• Collective effects:                             ~ 100s keV 

• Interaction filters (e.g., p-n)              ~ 10-15 keV 

• Fundamental Interactions                 < 1 keV  
  

Total mass/binding energy:   Sum of all interactions 

 

Mass differences:   Separation energies,  

    shell structure, phase transitions,  

    collectivity 

 

Double differences of masses:   Interaction filters 

Macro 

Micro 

Masses Reflect Nucleonic Interactions 
Mass differences; interaction filters (double differences) 



Simplest possible 

mass data. What 

does it tell us??? 

   

The plot gives B.E.s 

PER nucleon. 

 

Note that they 

saturate. What does 

this tell us? 



Consider the simplest possible 

model of nuclear binding.  

 

Assume that each nucleon 

interacts with n others.  Assume 

all such interactions are equal.   

 

Look at the resulting binding as 

a function of n and A. Compare 

this with the B.E./A plot. 

Each nucleon interacts 

with 10 or so others.  

Nuclear force is short 

range – shorter range than 

the size of heavy nuclei !!! 
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Masses: reflect all interactions. ~ 100GeV.  

Separation energies to remove two neutrons ~ 16MeV 

(2-neutron binding energies = 2-neutron “separation” energies) 

N = 82 

N = 84 

N = 126 

S2n = A + BN + S2n (Coll.)  

Shape/phase 

change 



Two obvious features which 
capture much of the physics: 

 
• High values at certain 

numbers,   2, 8, 20, 50, 82, 
126…  

These show the rigidity to 
excitation of nuclei with these 
special numbers of nucleons 

 
• Sharp drops thereafter.  

 
• Something must be special 

about these “magic” numbers 
 
 
 

 Spectroscopic 
observables   

  

E(2+
1 ) 



 

 

 

 
•   3 special cases:  <2,  ~2,   ~3.33 
 

 

R4/2 
 

How does it vary, and why, and why do we care 

 
• We care because it is almost the only observable that 

immediately tells us something about structure. 

• We care because it is easy to measure. 

• Why: It reflects the emergence of nuclear collectivity 

What do other observables tell us? 



Spectra of “2 valence nucleon” nuclei 

R4/2< 2.0 



Starting from a doubly magic nucleus, what happens as the 

numbers of valence neutrons and protons increase?   

Case of few valence nucleons: 

Lowering of energies. 

Monotonic sequences evolve into multiplets. 

Two 

nucleons 

of one 

type 

Few 

nucleons 

of  both 

types 

R4/2~2.0 



2+ 

6+. . . 

8+. . . 

R4/2= 2.0 

 Few valence nucleons of each type: 



Lots of valence nucleons of both types: 

 

R4/2= 3.33 



Broad perspective on structural evolution 

10 30 50 70 90 110 130 150

10

20

30

40

50

60

70

80

90

100

 

 

P
ro

to
n
 N

u
m

b
er

Neutron Number

1.4

1.9

2.3

2.8

3.2

R4/2

10 30 50 70 90 110 130 150

10

20

30

40

50

60

70

80

90

100

 

 

P
ro

to
n

 N
u

m
b

e
r

Neutron Number

80

850

1600

E(21
+)

The remarkable regularity of these patterns is one of the beauties of nuclear 

systematics and one of the challenges to nuclear theory.   

Whether they persist far off stability is one of the fascinating questions  

for the future  
Cakirli 



Key guides to structure 

• Magic numbers: 

    2, 8, 20, 28, (40), 50, (64), 82, 126 

•  Benchmark R4/2  values  

 

These are the only things you need to 
memorize. 
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So far, everything we have plotted has been an 

individual observable against N or Z (or A) 

 
Now we introduce the idea of correlations of 

different observables with each other. 



Correlations of Observables 

        4+ 

        2+  

        0+ 

There is only 

one 

appropriate 

reaction to this 

result …. 

Wow 

!!!!!!!! 

There is only one worry, however …. accidental or false 

correlations. Beware of lobsters !!! 



BEWARE OF FALSE CORRELATIONS! 



So, how can we 

understand nuclear 

behavior? 



Calculating the structure of nuclei  -- start with 

the interaction of each nucleon with each other  

 

Vij 

r 

Ui 

r = |ri - rj| 

Nucleon-nucleon 

force – very 

complex One-body potential – 

very simple: Particle 

in a box ~ 
Ab initio calculations:  An on-going success story. But thousands of hours of 

super-computer  time 

We will take a much simpler approach and try to reproduce the magic numbers and 

understand what they tell us and then introduce some simple collective models 



Start with Independent particle model:  

magic numbers, shell gaps, valence nucleons.  

Three key ingredients  

 

Vij 

r 

Ui 
r = |ri - rj| 

Nucleon-nucleon 

force – very 

complex 

One-body potential – 

very simple: Particle 

in a box ~ 

This extreme approximation cannot be the full story. 

Will need “residual” interactions. But it works 

surprisingly well in special cases. 

First: 



3 

2 

1 

Energy    ~   1 / wave length 

 

n = 1,2,3 is principal quantum number 

 

E      up with n because wave length is shorter 

 

Particles in 

a “box” or 

“potential” 

well 

Confinement is 

origin of 

quantized 

energies levels 

Second key ingredient:    Quantum mechanics 
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Nuclei are 3-dimensional 

• What is new in 3 dimensions? 

 

–  Angular momentum 

–  Centrifugal effects 
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Radial Schroedinger 

wave function 

Higher Ang Mom: potential well is raised 

and squeezed.  Wave functions have 

smaller wave lengths.  Energies rise 

Energies also rise with  

principal quantum number, n. 

 

 

 

 

Raising one,  lowering the other can give 

similar energies – “level clustering”:   
 

H.O:       E = ħ  (2n+l) 
 

               E (n,l) = E (n-1, l+2) 
 

      e.g.,   E (2s) = E (1d) 





Pauli Principle 

Third key ingredient 

 

• Two fermions, like protons or neutrons,  can NOT be in 
the same place at the same time:  can NOT occupy the 
same orbit. 

 

• Orbit with total Ang Mom, j, has 2j + 1 substates, hence 
can only contain 2j + 1 neutrons or protons. 

 

 This, plus the clustering of levels in simple potentials, 
gives nuclear SHELL STRUCTURE 



nlj:  Pauli Prin.  2j + 1 nucleons 



~ 

Compared to SHO, will mostly affect orbits  

at large radii – higher angular momentum states 

 





So, square off the potential, add in a spin-orbit 

force that lowers states with angular momentum 

 

J =l + ½ 

 

compared to those with  

 

J = l – ½ 

 

                Clustering of levels. 

 

Add in Pauli Principle                   magic numbers, 

inert cores 

 

Concept of valence nucleons – key to structure.  

Many-body  few-body: each body counts.   

 

Addition of 2 neutrons in a nucleus with 150 can 

drastically alter structure 



Independent Particle Model 

• Put nucleons (protons and neutrons separately) into orbits. 

• Key question – how do we figure out the total angular momentum of a 

nucleus with more than one particle?  Need to do vector combinations of 

angular momenta subject to the Pauli Principal. More on that later. 

However, there is one trivial yet critical case. 

• Put 2j + 1 identical nucleons (fermions) in an orbit with angular momentum 

j.  Each one MUST go into a different magnetic substate.  Remember, 

angular momenta add vectorially but projections (m values) add 

algebraically. 

• So, total M is sum of m’s 

 

M = j + (j – 1) + (j – 2) + …+ 1/2 + (-1/2) + … + [ - (j – 2)] + [ - (j – 1)] + (-j) = 0 

 

M = 0.         So, if the only possible M is 0, then J= 0 

Thus, a full shell of nucleons always has total angular momentum 0. 

This simplifies things enormously !!! 



a) 

Hence J = 0 

Agrees with experiment 



Let’s do 91 
40Zr51 



91Zr: 
 

From incredibly 
complex situation of 

91 particles 
interacting with 

strong and Coulomb 
forces          90 + 1 
particles and then  

1 !!! 











So, what have we understood?  

A lot, but not so much.  We now understand something 

about magic numbers, and we can predict the lowest 

levels of nuclei with one particle (or one “hole”) away 

from a doubly magic nucleus. 

 

NICE !!!  BUT, that is about 40 nuclei out of the 

thousands that we have data on.  What about the others, 

with more than one valence nucleon? 

 

We will immediately see that there are problems we 

need to deal with even in going to nuclei with just two 

valence nucleons! 



Why these spins, these patterns? 
Is there a way, starting with the IPM, to deal with multi-

valence nucleon systems? 
 

How do angular momenta combine? What accounts for the 

specific order of the states? Why is the ground state 0+?  

Why are the excited energies so high and monotonic in spin? 



Backups 


