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Purpose of the study	


•  Discuss exotic cluster states based on not only 
cluster model but also mean field model 

•  We extend cluster model to include jj coupling 
shell model states for the general 
understanding of nuclear structure	




Previously we have been studying  
exotic cluster states using cluster models, 
but here we compare the results with 
those of DFT	
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16O four α states	




The	
  effect	
  of	
  Pauli	
  principle	
  

[ ] J  

The second and third alpha-clusters are 
excited to higher-nodal configurations.  
	


If linear-chain is stable, there must exist some  
very strong mechanism in the interaction side. 



How	
  can	
  we	
  stabilize	
  geometric	
  cluster	
  
shapes	
  like	
  linear	
  chain	
  

configura;ons?	


•  Adding	
  valence	
  neutrons	
  
•  Rota;ng	
  the	
  system	
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σ-orbit is important for the linear chain, 
but not the lowest configuration around  
3 alpha linear chain 	


N. Itagaki, S. Okabe, K. Ikeda, and I. Tanihata 
Phys. Rev. C 64 014301 (2001). 



Mean	
  field	
  models	

•  Quite	
  general	
  models	
  designed	
  for	
  nuclei	
  of	
  all	
  
the	
  mass	
  regions	
  (exo;c	
  cluster	
  structure	
  is	
  
not	
  assumed	
  a	
  priori).	
  

•  Appearance	
  of	
  cluster	
  structure	
  as	
  results	
  of	
  
studies	
  using	
  such	
  general	
  models	
  give	
  us	
  
more	
  confidence	
  for	
  their	
  existence.	
  	
  	


Many people started analyzing cluster states  
with mean field models 	




20C	
  alpha	
  chain	
  states	
  ,	
  	
  Ex	
  ~	
  15	
  MeV	
  region	
  
Skyrme	
  Hartree-­‐Fock	
  calcula;on	
  

SkI3 SkI4 

Sly6 SkM* 
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Stability of 3 alpha linear chain 
with respect to the bending motion	


16C (π)4	


Geometric shape is stabilized 
by adding neutrons in (σ)2	


	


20C (π)4(δ)2(σ)2	


	

	


 

Time Dependent Hartree-Fock calculation	
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  geometric	
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shapes	
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  linear	
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Pioneering work, but no spin-orbit, no path to bending motion	


4 alpha linear chain in rotating frame	




Cranked  
Hartree-Fock 
calculation	






Ichikawa et al.	
 ＭＯＩ　= 0.06 MeV 
Ex(0) = 40 MeV	








Tohsaki	
  interac.on	




The	
  advantages	
  of	
  Tohsaki	
  interac.on	

•  Satura;on	
  property	
  is	
  sa;sfied	
  
•  Size	
  parameter	
  dependence	
  of	
  4He	
  is	
  small	
  
and	
  radius	
  and	
  binding	
  energy	
  of	
  4He	
  are	
  
reasonably	
  reproduced	
  

•  4He-­‐	
  4He	
  scaUering	
  phase	
  shiV	
  is	
  reproduced	
  
•  It	
  is	
  rather	
  easy	
  to	
  perform	
  angular	
  
momentum	
  projec;on	
  and/or	
  superposi;on	
  
of	
  different	
  states,	
  since	
  the	
  Hamiltonian	
  is	
  in	
  
the	
  operator	
  form	
  (density	
  dependence	
  is	
  
expressed	
  as	
  finite-­‐range	
  three-­‐body	
  
interac;on)	
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α-­‐α	
  sca7ering	
  phase	
  shi9	


Tohsaki	
  F1,	
  F2	
 BB,	
  SII	




4	
  alpha	
  chain	
  using	
  Tohsaki	
  interac;on	


MOI = 0.07 MeV 
Ex(0) = 38 MeV	




	
  
	
  

Coherent	
  effect	
  of	
  
adding	
  neutrons	
  

and	
  rota;ng	
  the	
  system	


Exotic shape in extreme spin and isospin	
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•  Code	
  –	
  TAC	
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neutrons	
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Cluster model and DFT give consistent results 
for the  exotic cluster states 

What is the relation between cluster and shell models? 
Combining shell and cluster models may be important 
for the general understanding of the nuclear structure 

But low-lying states are shell model states	




   Cluster side 

Our strategy 

Big computational challenge   

   Shell model side 



α-­‐cluster	
  model	
  

Each 4He:  
(0s)4  configuration at some localized position 
à spin zero because of the antisymmetrization effect 
 
Non-central interactions between nucleons 
(spin-orbit, tensor) do not contribute S=0	


S=0	

S=0	




x	


y	


Cluster model partially covers  
the model space of the shell model 



x	


This is (s)4(px)4(py)4, but not (s1/2)4(p3/2)8	


y	


Cluster model partially covers  
the model space of the shell model 

Elliott SU(3) limit  



Three	
  dimensional	
  
Harmonic	
  oscillator	


jj	
  coupling	
  
Shell	
  Model	


N=0 (s)	


N=1 (p)	


N=2 (s,d)	


s1/2	


p3/2	


p1/2	


s1/2	

d5/2	


d3/2	




The spin-orbit interaction:  (r x p) • s  

r à Gaussian center parameter Ri 
p à imaginary part of Ri 

For the nucleons in the quasi cluster:  
 Ri à Ri＋i Λ (e_spin x Ri)  

 
exp[-ν(	
 r	
 –	
 Ri	
 )2]	
 siti	
 
	
In the Brink’s model, 

4 nucleons share the same Ri value in each α cluster	


                   (r x p) • s = (s x r) • p 

How we can include the spin-orbit contribution? 	


spatial part of the single particle wave function 	
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quasi cluster model	




12C	


Ex(2+
1 ) : 

4.44 MeV  
 
Ex(0+

1) :      
-7.27 MeV  
 
Ex(0+

2) :     
0.38 MeV 	

 
Experimental values	


Vls=0	


Vls=1600	


Vls=1800	


Vls=2000	




16O tetrahedral 4α’s	




100Sn 

for g9/2	


for j=9/2,  l=4, s=1/2, 
( j(j+1) - l(l+1) - s(s+1) )/2   
=  (99/4 - 20 - 3/4) / 2 = 2	


Λ	


 
at R = 0.01 fm	




Summary 	

The stability of exotic cluster state can be studied with 
mean field models as well as cluster models, and they give 
consistent results 
 
Two mechanisms,  
rotation (high spin) and adding neutrons (high Isospin)  
are important in stabilizing the rod shape,  
and they coherently work in C isotopes 
 
It is possible to extend the cluster model framework  
to include the jj coupling shell model states, this could be 
useful for the general understanding of nuclear structure 


