
    The nuclear shell-model: from single-particle 
motion to collective effects 

 
    1. Nuclear forces and very light nuclei 

 

 2. Independent-particle shell model and few nucleon 
correlations 

 

 3. Many-nucleon correlations: collective excitations 
and symmetries 

 



Two major questions to address nuclei within the nuclear 
shell model 

1. How to build up the shell-model basis in an optimal way 
(computational) 
 
 
2. How to handle the effective nucleon-nucleon interaction Veff. 









 Microscopic effective interaction 

M. Hjorth-Jensen et al,  
Phys.Rep.261 (1995) 

A bare NN-potential  -  CD-Bonn, Nijmegen II, AV18, chiral N3LO 
potential  - requires regularization and modification to be applied for 
many-nucleon systems in a restricted model space. 

VNN 

G-matrix Veff 

Conventional procedure 
from ’60s to nowadays 

expansion of effective 
interaction in terms of the 
nuclear reaction matrix G 





… still phenomenological adjustment required 

 Monopole part of the interaction adjusted (KB3, KB3G for pf-shell) 
 
 
 

 Least-square fit of all the m.e. – by a linear-combination method 
(GXPF1 for pf-shell) 

Microscopic effective 2-body interactions (either G-matrix or Vlow-k)  

fail to reproduce nuclear properties when the number of valence 

particles increases: the monopole part of the interaction if deficient 

(lack of 3-body forces) 

 phenomenological adjustment to data 

A.Poves, A.P.Zuker,  Phys. Rep. 70 (1981) 
G. Martinez-Pinedo et al,  Phys. Rev. C55 (1997) 

B.A.Brown, W.A.Richter, Phys. Rev. C74 (2006) 
M. Honma et al, Phys. Rev. C65 (2002); idem 69 (2004) 

If the model space contains all important degrees of freedom, the 
shell model is extremely powerful ! 

E.Caurier et al, Rev. Mod. Phys. 77 (2005) 427 



 Empirical Veff (least-square-fit method) 

All two-body matrix elements (TBME) between valence nucleons 
in a model space are considered as free parameters.  

0p-shell:    4He – 16O      15 TBME  Cohen, Kurath (1965) 
1s0d-shell: 16O – 40Ca     63 TBME  Brown, Wildenthal, USD (1988) 
1p0f-shell: 40Ca – 80Zr   195 TBME Tokyo-MSU, GXPF1 (2002,2004) 
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28Si using the USD-A 
Hamiltonian for the sd 
shell  
 
B.A.Brown and W.A.Richter, 
Phys.Rev.C74(2006),034315 

http://www.nscl.msu.edu/~brown/resources/usd-05ajpg/si28.jpg 

















MANY - BODY (IDENTICAL) CORRELATIONS
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Shell-model and

experimental level schemes

for the even N=126 isotones

Ra, Th and U.214 216 218

E. Caurier et al., PRC 67,

054310 (2003)



Summary and Conclusions 

 Shell model represent a powerful theoretical model to describe 

low-energy nuclear spectroscopy 

 Having got EJ,k, J,k one can calculate matrix elements of 

operators to compare with experiment (spectroscopic factors, 

static and transition electromagnetic moments - Q, , B(E2), …, 

weak decays - , , lifetimes, etc) 

 There is a clear link to the NN interaction, although more 

developments in the effective interaction theory is required 

The shell model as unified view of nuclear structure 
E.Caurier et al,   Rev. Mod. Phys. 77 (2005) 427  





B. Changing mean-field and 'islands' of deformation
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 48Cr in pf-shell model space 

Figures from E.Caurier et al, Rev. Mod. Phys. 77 (2005) 427 
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20Ne (Z=10,N=10) and SU(3) model of 
Elliott 

J.P.Elliott (1958) 
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. Add more particles 2, 3, ..n   one can use n n+1 n+2

  coupling 

  (j JM)= [ j ( 'J')j|  } j J] (j ( 'J')j;JM)n n-1 n n-1;
',J'

(c.f.p:coeff.of fractional parentage)

Alternative method: construct Slater determinant (M)

and project out J values

1 1 2 1 A( r )    ( r ) … ( r )

2 2 2 2 A( r )    ( r ) ... ( r )

A A 2 A A( r )   ( r ) ... ( r )

(1,2,..A)= 1_
A!

. . .

A very convient way for computing









THE PRACTICAL SHELL MODEL

- Choose a model space to be used for a range of nuclei
      

- We start from the premise that the effective interaction exists

- We use effective interaction theory to make a first approximation (G-matrix)

- Then tune specific matrix elements to reproduce known experimental

   levels

- With this empirical interaction, then extrapolate to all nuclei within the
   chosen model space

- E.g., the 1d and 2s orbits (sd-shell) for O to Ca or the 1f and 2p orbits for

         Ca to Zr

16 40

40 80

The empirical shell model works well!

But be careful to know the limitations!


