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Introduction 

«	
  The	
  nature	
  of	
  the	
  transi.on	
  from	
  independent-­‐par.cle	
  mo.on	
  to	
  the	
  	
  
	
  

crystalline	
  state	
  and	
  the	
  associated	
  value	
  of	
  the	
  characteris.c	
  parameter	
  	
  
	
  

present	
  significant	
  unsolved	
  problems	
  »	
  
Bohr	
  &	
  MoAelson	
  Vol	
  I	
  

Clusters	
  in	
  nuclei	
  



	
  

1) 	
  Localisa/on	
  in	
  finite	
  systems	
  



Localisation 
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Localisation 
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(B.	
  MoAelson,	
  Proc.	
  Les	
  Houches	
  school	
  (1996)	
  )	
  

In	
  its	
  most	
  general	
  form,	
  localisa/on	
  depends	
  on:	
  
	
  
•  The	
  interac/on	
  coupling	
  constant	
  

•  The	
  kinema/cs	
  of	
  the	
  cons/tuent	
  

•  The	
  quantality:	
  
	
  (interac/on	
  effect)	
  



Localisation in finite saturating systems 

Localisa(on	
  parameter	
  =	
  w.f.	
  dispersion/internucleon	
  distance	
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   r0R
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Clusters: hybrid nuclear crystal and liquid 
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  interac/on	
  

Saturation 
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Analogies 

2D	
  electronic	
  system	
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Nuclear states 
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2)	
  Microscopic	
  descrip/on	
  of	
  nuclear	
  
quantum	
  liquids	
  and	
  clusters	
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EDF method & clusters 
•  EDF:	
  many-­‐body	
  system	
  mapped	
  into	
  the	
  	
  one-­‐body	
  density	
  and	
  its	
  powers,	
  

gradient	
  

	
  

	
  
•  Most	
  general	
  an/symmetrised	
  product	
  of	
  nucleonic	
  wavefunc/ons	
  

•  Not	
  any	
  a	
  priori	
  assump(on	
  on	
  the	
  nucleons’	
  wave	
  func/on	
  

•  Correla(ons	
  beyond	
  the	
  mean-­‐field	
  effec/vely	
  included	
  by	
  the	
  EDF	
  

•  Results	
  are	
  obtained	
  in	
  the	
  intrinsic	
  frame	
  of	
  the	
  nucleus	
  

•  Inves/gate	
  nuclear	
  structure	
  on	
  the	
  whole	
  nuclear	
  chart	
  

•  Rela(vis(c:	
  the	
  depth	
  of	
  the	
  central	
  poten/al	
  is	
  consistently	
  predicted	
  



EDF	
  [ρ ; σ,ω,ρ,π,A]	
  
	
  

σ ω ρ π	
  A	
  

N N

Relativistic EDF in nuclei 
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Clusters: hybrid nuclear crystal and liquid 
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20Ne	
  

Quadrupole + octupole deformations 

12C	
  

Constrained	
  RHB	
  (DDME2)	
  	
  
β2, β3,	
  parity	
  proj.	
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Parity-projected quadrupole/octupole results 



	
  	
  	
  	
  	
  deforma/on	
  and	
  degeneracy	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  neutron	
  excess	
  	
  	
   	
   	
  	
  	
  	
  	
   	
  excita/ons	
  

	
  

	
  	
  
	
  

Towards a global picture 
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Effect of the deg. raising 

12C	
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20Ne	
  

Effect of deformation & excitation 



Isotopic dependence  
Be	
  

8Be	
  



10Be	
  g.s.	
   10Be	
  exc.	
  

n valence molecular bond 

π-­‐bond	
   σ-­‐bond	
  



Excitations modes as clustering signature 

	
  
•  Rela/vis/c	
  +	
  deforma/on:	
  RQRPAz	
  	
  
	
  
•  Vibra/on	
  +	
  rota/ons:	
  collec/ve	
  Bohr	
  Hamiltonian	
  

•  Correla/ons:	
  IBM	
  mapping	
  

•  Nucleus-­‐to-­‐clusters	
  transi/on	
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FAM:	
  Itera/ve	
  method	
  to	
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  the	
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5DCH 
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RMF+IBM 
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Microscopic grounds to Ikeda’s conjecture 
E*	
  



Exp:	
  see	
  B.	
  Borderie	
  et	
  al.	
  PLB	
  755	
  (2016)	
  475	
  	
  

Clusters in low density nuclear matter 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dilu/on	
  of	
  16O	
  
	
  
	
  
See	
  also:	
  P.	
  Schuck	
  and	
  M.	
  Girod	
  PRL	
  111	
  (2013)	
  132503	
  

RHB-­‐DDME2	
  

b/r0	
  ~	
  1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  T	
  ~	
  3	
  MeV	
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  Quantum	
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Haloes and clusters 
	
  
•  Halo:	
  binding	
  energy	
  impacts	
  spa/al	
  behavior	
  outside	
  the	
  poten/al	
  

•  Cluster:	
  	
  depth	
  of	
  the	
  poten(al	
  impacts	
  spa/al	
  behavior	
  inside	
  the	
  poten/al	
  
Hansen	
  and	
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  Eur.	
  Phys.	
  LeA.	
  4(1987)409	
  

Ebran,	
  Khan,	
  Niksic,	
  Vretenar,	
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  487	
  (2012)	
  341	
  

Meng,	
  Ring,	
  PRL77(1996)3963	
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Summary 

•  Localisa/on	
  study	
  in	
  nuclei	
  supports:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  clusters	
  =	
  hybrid	
  states	
  between	
  quantum	
  liquid	
  and	
  crystal	
  
	
  
•  Role	
  of	
  the	
  localisa/on	
  parameter	
  
	
  
•  Rel.	
  EDF	
  provides	
  unified	
  descrip/on	
  of	
  nuclear	
  states:	
  liquid	
  drop,	
  cluster	
  (Ikeda),	
  
	
  	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  and	
  halo	
  
	
  
•  Role	
  of	
  deforma/on	
  and	
  neutron	
  excess	
  in	
  clusters:	
  microscopically	
  understood	
  
	
  	
  	
  
•  Comparison	
  with	
  Exp.	
  excited	
  energy	
  spectrum	
  

	
   	
   	
   	
  	
  

«	
  The	
  nature	
  of	
  the	
  transi.on	
  from	
  independent-­‐par.cle	
  mo.on	
  to	
  the	
  	
  
	
  

crystalline	
  state	
  and	
  the	
  associated	
  value	
  of	
  the	
  characteris.c	
  parameter	
  	
  
	
  

present	
  significant	
  unsolved	
  problems	
  »	
  
Bohr	
  &	
  MoAelson	
  Vol	
  I	
  


