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Nuclear structure 
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Synthesis of 12C 

from three alpha particles 

The necessity of 3α-cluster state has been pointed out  

from astrophysical side, and experimentally confirmed afterwards 

   







Lifetime of linear chain 

as a function of impact parameter 
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cluster structure with geometric shapes 
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N. Itagaki and S. Okabe, Phys. Rev. C 61 044306  (2000)  

10Be 



RI Beam Factory project 

（RIKEN) 

Physics of  

Neutron-rich nuclei 



How about in neutron-rich nuclei? 

It becomes stable due to the glue effect of the neutrons? 



Interactions (Skyme) and model space 
 are ones for mean-field models 
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Stability against bending motion 

Solid    20C (pi4 sigma2 delta2) 

Dotted 16C  (pi4) 









single particle motion of 

protons and neutrons 

Threshold rule: 

gas like structure 

cluster-threshold 
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cluster structure with geometric shape 

Competition 

between 

shell and cluster 



What is the key mechanism  
for the cluster-breaking? 

 

Is there some control parameter in the 
cluster wave function to take into 
account the spin-orbit contribution? 

 
 

Spin-orbit interaction is driving force  

of breaking α clusters and restoring 

the single particle motions of nucleons  



20Ne case 

Cluster model – 16O+alpha model 

Present model – 16O+quasi cluster 

 

Four nucleons in the quasi cluster perform 

single particle motions around 16O 

Simplified modeling of cluster-shell competition in 20Ne and 24Mg 

N. Itagaki, M. Ploszajczak, and J. Cseh, Phys. Rev. C 83 014302 (2011). 

 

 



Total energy of 20Ne 

V0 = 0 MeV V0 = 1000 MeV V0 = 2000 MeV 

 Solid,  Dotted, Dashed lines  R = 0.5, 2.0, 4.0 fm 

G3RS interaction spin-orbit term 



• 12C case 

3alpha model                     Λ = 0 

2alpha+quasi cluster          Λ = finite 



Various configurations  

of 3α’s  with Λ=0 

12C 



Various configurations  

of 3α’s  with Λ=0 

Λ ≠ 0 

12C 



Λ is a good tool to prepare  
the α breaking configurations 

However this is a control parameter  
introduced in the wave function  

and not an observable  

After superposing Slater determinants with 

different Λ values, it is difficult to estimate 

the extent to which the α cluster is broken 



We need to introduce an operator and  
calculate the expectation value 

of α breaking  

What is the operator related to the α breaking? 

one-body spin-orbit operator for the proton part 



Various configurations  

of 3α’s  with Λ=0 

Λ ≠ 0 
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How about cluster-shell competition 
in neutron-rich nuclei? 

We generate many Slater determinants with 
different configurations for the valence neutrons 
and  superpose them 
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Summary 

• Nuclear structure changes as a function of 
excitation energy  

• Cluster structure appears around the decay 
threshold, and geometric configurations are 
stabilized in neutron-rich nuclei 

• We can simultaneously discuss the cluster-
shell competition in the ground state and 
appearance of cluster states in the excited 
states 
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H. Masui and N.Itagaki, Phys. Rev. C 75 054309 (2007) 



0+ states of 16C 

Λ = 0.8  Λ = 0.8 and 0.0 

3α cluster state is important 

in the excited states 

H. Masui and N.Itagaki, Phys. Rev. C 75 054309 (2007) 



Shell model Cluster model 

independent particle state 

jj-coupling state rigid rotor state 

weak coupling state 

SU(2) 

U(3) 

O(4) 

SO(3) 

increasing Λ increasing R 

small Λ 

small R 

N. Itagaki, M. Ploszajczak, and J. Cseh, Phys. Rev. C 83 014302 (2011) 
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single particle LS 

20C 



 



20Ne 

 

After GCM 



Give wave functions an initial boost factor with r=3fm, a=1fm 

Then do time-dependent calculation. 

Result shows long-term return to ground state, but some oscillations before. 





Single particle wave function of nucleons in quasi cluster (spin-up): 

Quasi cluster is along x 

Spin direction is along z 

Momentum is along y 

 

the cross term can be Taylor expanded as: 



for the spin-up nucleon (complex conjugate for spin-down) 

the single particle wave function  
in the quasi cluster becomes 







How we can stabilize such states? 

• Adding valence neutrons 

• Orthogonalizing to low-lying states 

• Rotating the system 


