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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: results and simple physical interpretation 

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

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

•   Exotic Nuclei – FRIB et al. 

Not so much experimental techniques as a perspective on 
the data on nuclei and a simple physical picture of what   

is going on. 



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 



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 ? 



Where do nuclei fit into the overall picture? 
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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	
  
(magic)	
  numbers,	
  	
  	
  2,	
  8,	
  20,	
  

50,	
  82,	
  126…	
  	
  
These	
  show	
  the	
  rigidity	
  to	
  

excita7on	
  of	
  nuclei	
  with	
  these	
  
special	
  numbers	
  of	
  nucleons	
  

• 	
  Sharp	
  drops	
  thereaKer.	
  	
  
This	
  shows	
  the	
  emergence	
  of	
  
collec7vity	
  as	
  a	
  general	
  feature	
  

of	
  non-­‐magic	
  nuclei	
  

	
  Spectroscopic	
  
observables	
  	
  	
  

E(2+1	
  )	
  



Migration of magicity: N = 20 is NOT magic for Mg and 
N = 28 is NOT magic for Si and S !!!!  Evolution of shell 

structure -- one of the most active, important areas of nuclear 
structure research today. 

BUT, 
trouble 

looming: 



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, development of multiplets. 

This evolution is the emergence 

of collective behavior 

Two 
nucleons 

of one 
type 

Few 
nucleons 
of  both 
types 



Development	
  of	
  collec7ve	
  behavior	
  in	
  nuclei	
  

•  Results	
  primarily	
  from	
  correla7ons	
  among	
  valence	
  nucleons.	
  

•  Instead	
  of	
  pure	
  “Independent	
  Par7cle	
  model”	
  configura7ons	
  
(see	
  later	
  discussion),	
  the	
  wave	
  func7ons	
  are	
  mixed	
  –	
  linear	
  
combina7ons	
  of	
  many	
  components.	
  

•  Leads	
  to	
  a	
  lowering	
  of	
  the	
  collec7ve	
  states	
  and	
  to	
  enhanced	
  
transi7on	
  rates	
  as	
  characteris7c	
  signatures.	
  

•  How	
  does	
  this	
  happen?	
  Consider	
  mixing	
  of	
  states.	
  



Crucial	
  for	
  structure	
  	
  

Recall:  Microscopic origins of collectivity 
 correlations, configuration mixing and 

deformation:  Residual interactions 



•   Nuclei w/ two nucleons outside doubly magic: <2 
Three “collective” structures 

•   Spherical vibrational nuclei: ~2 
•   Axial symmetric ellipsoidal deformed nuclei: ~3.33 
•   ( Non-Axial ellipsoidal deformed nuclei: ~2.5 ) 

R4/2 
How does it vary, and why, and why do we care 

•  We care because it is the almost the only observable whose 
value immediately tells us something about structure. 

•  We care because it is easy to measure. 

•  Why: It reflects the emergence of nuclear collectivity: 4 cases 



Spectra of “2 valence nucleon” nuclei 

R4/2 < 2.0 
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Types	
  of	
  collec7ve	
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Few	
  valence	
  nucleons	
  of	
  each	
  type:	
  

The	
  spherical	
  vibrator	
  



Lots of valence nucleons of both types: 
emergence of deformation and therefore rotation (nuclei 

live in the world, not in their own solipsistic enclaves) 

R4/2   ~3.33 
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E(I) ∝ ( ħ2/2I )I(I+1) 

         R4/2= 3.33 

Deformed nuclei – rotational spectra 

BTW, note value of 
paradigm in 

spotting physics 
(otherwise invisible) 

from deviations 
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degrees of freedom 

Value of paradigms 
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Vibrator (H.O.) 
E(J) = n ( ω0 ) 

  R4/2= 2.0 

n = 0 

n = 1 

n = 2 

Rotor 
E(J) ∝ ( ħ2/2I )J(J+1) 

     R4/2= 3.33 

Doubly magic 
plus 2 nucleons 

  R4/2< 2.0 



Broad perspective on structural evolution 

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  



2+	
  

0+	
  

Transi7on	
  rates	
  (half	
  lives	
  of	
  excited	
  levels)	
  also	
  tell	
  us	
  a	
  lot	
  about	
  
structure	
  

B(E2:	
  0+1	
  →	
  2+1)	
  ∝	
  〈	
  2+1	
  ⎢⎢E2 ⎢⎢0+1〉2	
  

Magic	
  

Collec7ve	
  



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 Collective 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 !!! 







A	
  couple	
  of	
  semi-­‐randomly	
  chosen	
  
experimental	
  techniques	
  

• 	
  Absolute	
  transi7on	
  matrix	
  elements:	
  	
  Coulomb	
  
excita7on	
  and	
  Doppler	
  techniques	
  

• 	
  Transfer	
  reac7ons	
  

• 	
  Fusion	
  evapora7on	
  reac7ons	
  and	
  coincidence	
  
ga7ng	
  with	
  large	
  arrays	
  

• 	
  Later	
  –	
  experiments	
  with	
  exo7c	
  nuclei	
  



	
  Reac7ons	
  
Role	
  of	
  impact	
  parameter	
  and	
  rela7on	
  

to	
  sca_ering	
  	
  angle	
  

Coulomb Excitation 

Nucleon transfer 
Fusion 

evaporation 



Single	
  nucleon	
  transfer	
  reac7ons	
  

These	
  two	
  paths	
  are	
  
indis7nguishable	
  and	
  

interfere	
  either	
  
construc7vely	
  or	
  

destruc7vely	
  depending	
  on	
  
the	
  difference	
  in	
  path	
  

length,	
  which	
  is	
  a	
  func7on	
  
of	
  angle	
  

L=0	
  

L=4	
  

Θ	



σ(Θ)	



II	
  



Produc7on	
  Mechanism	
  Heavy-­‐ion	
  Fusion	
  
Evapora7on	
  Reac7on	
  

154Gd	
  

150Gd*	
  

150Gd	
  (g.s.)	
  

~	
  1011	
  rot.,	
  	
  

~	
  10-­‐9	
  sec,	
  	
  

~	
  25	
  	
  γ’s	
  

130Te	
  
24Mg	
  

Ebeam	
  ~	
  VCoulomb	
  

~5	
  –10%	
  of	
  c	
  

4-­‐n	
  evap.	
  	
  

~	
  10-­‐20	
  sec	
  

Fusion.	
  Lots	
  of	
  
Ang.	
  Mom.	
  

III 



124Sn (29Si,  5nγ)148Gd 

Advantages of mutli-
fold coincidence 

gating 
in fusion evaporation 
reactions: high spin  

states in neutron 
deficient  

nuclei 

Singles: no coincidences 

One coinc. gate 

Double gated 



Coulomb	
  excita7on	
  I	
  



Light	
  projec7les:	
  	
  one-­‐	
  or	
  two-­‐step	
  excita7on.	
  
Step	
  by	
  step	
  up	
  the	
  level	
  scheme	
  

Interfering	
  routes:	
  	
  Need	
  to	
  be	
  very	
  careful.	
  	
  Matrix	
  element	
  signs	
  



Heavy	
  projec7les:	
  	
  
mul7-­‐step	
  excita7on.	
  
Vary	
  beam	
  (Z)	
  or	
  beam	
  
energy	
  or	
  detected	
  

angle.	
  

Many	
  (really	
  many	
  !!!!)	
  
matrix	
  elements	
  to	
  
extract.	
  Opportunity	
  
but	
  need	
  lots	
  of	
  data,	
  
not	
  just	
  one	
  spectrum.	
  

Signs	
  of	
  matrix	
  
elements	
  !!!	
  



Intermediate	
  energy	
  CE	
  

What	
  happens?	
  	
  Projec7le	
  passes	
  by	
  the	
  nucleus	
  so	
  quickly	
  that	
  
there	
  is	
  7me	
  for	
  only	
  one	
  excita7on.	
  	
  NO	
  mul7ple	
  excita7on.	
  

Projec7le	
  goes	
  forward.	
  	
  Nuclear	
  reac7ons	
  involve	
  closer	
  contact,	
  
more	
  interac7on,	
  bigger	
  change	
  in	
  angle,	
  and	
  more	
  backward-­‐going	
  
projec7le	
  (if	
  projec7le	
  comes	
  out	
  at	
  all).	
  

Even	
  even	
  nuclei,	
  E2	
  excita7on:	
  	
  Single	
  step	
  excita7on	
  makes	
  2+	
  

states	
  -­‐-­‐	
  ONLY	
  !!!!	
  	
  	
  	
  

So	
  Int.	
  En.	
  CE	
  is	
  a	
  “meter”	
  for	
  2	
  +	
  states	
  and	
  their	
  B(E2)	
  values	
  	
  





How can we understand nuclear behavior 
•  Do microscopic calculations, in the Shell Model or its modern 

versions, such as with density functional theory, ab initio,  or 
Monte Carlo methods.  These approaches are making amazing 
progress in the last few years with advances in computing power.  

Ab initio 
calculations:  An 
on-going success 

story 

James Vary Lectures 
next week 



How can we understand nuclear behavior 
•  Do microscopic calculations, in the Shell Model or its modern 

versions, such as with density functional theory, ab initio,  or 
Monte Carlo methods.  These approaches are making amazing 
progress in the last few years with advances in computing power.  

     Nevertheless, such approaches often do not give an intuitive 
feeling for the structure involved. 

•  Collective models, which focus on the structure and symmetries of 
the many-body, macroscopic system itself. Two classes: 
Geometric and Algebraic 
  Geometrical models introduce a potential which depends 
on the shape of the nucleus. One can then have rotations and 
vibrations of that shape. 
  Algebraic models invoke symmetries of the nucleus and 
use group theoretical approaches to solve as much as possible 
analytically. 

We will discuss both approaches from a simple perspective. 



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 





= 

- 





Nuclei	
  are	
  3-­‐dimensional	
  

•  What	
  is	
  new	
  in	
  3	
  dimensions?	
  

–  	
  Angular	
  momentum	
  

–  	
  Centrifugal	
  effects	
  





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 = ħω (2n+l) 

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

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





Pauli Principle 

•  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 

Third key ingredient 



nlj:  Pauli Prin.  2j + 1 nucleons 



We can see how to 
improve the 

potential by looking 
at nuclear Binding 

Energies. 

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 !!! 



~ 

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	
  



Cross	
  sec7on	
  ~	
  (matrix	
  element)2	
  specifying	
  how	
  much	
  the	
  ini7al	
  and	
  
final	
  systems	
  “look”	
  like	
  each	
  other	
  and	
  the	
  ease	
  of	
  pupng	
  a	
  par7cle	
  
into	
  an	
  orbit.	
  	
  	
  Consider	
  the	
  reac7on:	
  	
  	
  	
  40Ca	
  (d,p)	
  41Ca	
  
to	
  the	
  ground	
  state	
  7/2-­‐	
  state	
  of	
  	
  41Ca.	
  	
  	
  	
  Cross	
  sec7on	
  goes	
  as:	
  

S7/2	
  ~	
  <	
  41Ca|	
  n	
  x	
  40Ca>2	
  	
  ~	
  8	
  

because	
  there	
  are	
  8	
  empty	
  places	
  to	
  	
  
put	
  a	
  single	
  f7/2	
  par7cle.	
  	
  
S	
  is	
  spectroscopic	
  factor	
  

Now	
  consider	
  the	
  reac7ons:	
  

46Ca	
  (d,p)	
  47Ca	
  	
  	
  	
  	
  S7/2	
  ~	
  2;	
  	
  	
  	
  	
  	
  48Ca	
  (d,p)	
  49Ca	
  	
  	
  	
  	
  S7/2	
  ~	
  0	
  

What	
  about	
  	
  163Er	
  (d,p)	
  164Er	
  to	
  the	
  	
  ground	
  state,	
  first	
  
2+	
  state	
  and	
  2+	
  γ state	
  of	
  the	
  deformed	
  nucleus	
  164	
  Er?	
  

Ground	
  state	
  may	
  have	
  some	
  cross	
  sec7ons,	
  others	
  not.	
  	
  WHY	
  ??	
  	
  Think	
  of	
  	
  S	
  

Spectroscopic	
  factors	
  in	
  simple	
  nuclei	
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  in	
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Let’s do 91 
40Zr51 



91Zr:	
  
From	
  incredibly	
  

complex	
  situa7on	
  of	
  
91	
  par7cles	
  

interac7ng	
  with	
  
strong	
  and	
  Coulomb	
  
forces	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  90	
  +	
  1	
  
par7cles	
  and	
  then	
  	
  

1	
  !!!	
  










