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-  A model for one- (11Be, 10Li, 9He..) and two-
neutron halo nuclei (12Be, 11Li, 10He…) including  
core polarization effects 

 
-  Test of the model: two-nucleon transfer reactions 
 
-  Calculation of single-particle self-energy in 

coordinate space with effective forces; optical 
potentials 

 
-  Renormalization of the pairing field in neutron stars  

Outline  



Still a challenge:  11Li 
 

C. Forssen,E. Caurier, P. 
Navratil, PRC 79 021303 (2009) 



Remaining problems 

spatial structure of dineutron (cf. a large pair coherence length?) 
dineutron correlation in heavy nuclei? 
E1 excitations? 
Pair transfer? 

 

9Li 

n 

n What is the spatial structure  
of the valence neutrons? 
 
To what extent is this picture correct? 

Talk by K. Hagino DCEN 2011  



Density-dependent delta-force   
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VWS 

VWS 

G.F. Bertsch and H. Esbensen, 
                      
H. Esbensen, G.F. Bertsch, K. Hencken, 
                      

Three-body model with density-dependent delta force 

11Li, 6He 

 A GENERALIZATION OF THE  
INERT CORE MODEL 



... WE INCLUDE CORE SURFACE DYNAMICS: CORE POLARIZATION 
 

 AND  CORE FLUCTUATIONS : 
 

H = p2
1/2m  + p2

2/2m+ Vnc(r1) +  Vnc(r2) + Vnn(r12) + (p1+p2)2/(2A_c m)  + 
  

δVnc(r1,θ1,φ1,{αλµ})     +        δVnc(r2,θ2,φ2,{αλµ})‏ 
 

where δVnc is the change in Vnc due to (core) surface-like deformation {αλµ}: 
 

δVnc(r,θ,φ,{αλµ}) = - Σλµ  r * dVnc/dr * Yλµ (θ,φ) * αλµ 
 

where, for example, α2µ is the dynamical quadrupole deformation of the core, 
 described (harmonic oscillator formalism) in terms of creation and annihilation of  

surface oscillation quanta  
 

αλµ = βλ (2λ +1)1/2(Γ+
λ-µ + Γλµ)   ;  Hcoll = Σλµ  (Γ+

λµΓλµ  ħωλ (½ +  ‏
 

βλ  is determined from experiment (inelastic scattering or B(Eλ))‏, analyzed 
via a RPA calculation with a multipole-multipole force  ‏

                                                               +Hcoll 



Parity	
  inversion	
  in	
  N=7	
  isotones	
  	
  
Typical	
  mean-­‐field	
  results	
  
	
  

Experimental	
  systema;cs	
  

If	
  one	
  ignores	
  core-­‐polarizability/deformability	
  
	
  

H	
  =	
  p21/2m	
  	
  +	
  	
  Vnc(r1)	
  +	
  	
  	
  (p1	
  )
2/(2A_c	
  m)	
  	
  +	
  

  
δVnc(r1,θ1,φ1,{αλµ})    

	
  
	
  
	
  

A	
  different	
  Vnc(r)	
  is	
  needed	
  for	
  each	
  parity	
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Pauli blocking of 
core ground state 
correlations 

Self-energy 

+ 

H. Sagawa et al., PLB 309 (1993)1 

Let us now consider the effects 
of δVnc(r1,θ1,φ1,{αλµ}) on the self-energy‏ 

p1/2	
  



< 0 

Forbidden if both particles have  
the same quantum numbers 

ELIMINATE ! 

Ground State Correlation Energy and Pauli Blocking 

> 0 



Inert core 
 
 
 
Different potentials 
for s- and p- waves 
 
Zero range interaction,  
with ad hoc 
density dependence 

Low-lying collective  
modes of the core taken 
into account 
 
Standard mean field  
potential 
 
Bare N-N interaction  
(Argonne) 
 

Relax some of the assumptions of the inert core model: 

10Li,   11Li   F. Barranco et al. EPJ A11 (2001) 385  
11Be, 12Be  G. Gori et al. PRC 69 (2004) 041302(R)  

H. Esbensen, G.F. Bertsch, K. Hencken, 
Phys. Rev. C 56 (1997) 3054  



Main ingredients of our calculation 

11Be	
  

Fermionic degrees of freedom:  

•  s1/2, p1/2, d5/2 Wood-Saxon levels up to 150 MeV 
(discretized continuum) from a standard (Bohr-Mottelson) 
Woods-Saxon potential 

Bosonic degrees of freedom:  

•  2+ and 3-  QRPA solutions with energy up to 50 MeV; 
residual interaction: multipole-multipole separable with the 
coupling constant tuned to reproduce E(2+)=3.36 MeV and 
0.6<β2<0.7 

Self-energy matrix in the discretized continuum  



Calculated ground state 

+⊗+=+ 213.087.02/1 2/52/1 ds

Exp.:  
J.S. Winfield et al., Nucl.Phys. A683 (2001) 48 

+⊗+=+ 216.084.02/1 2/52/1 ds

11Be(p,d)10Be in inverse kinematic 
detecting both the ground state and 
the 2+ excited state of 10Be. 
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Kanungo	
  et	
  al.	
  
PLB	
  682	
  (2010)	
  39	
  

Spectroscopic	
  factors	
  from	
  (12Be,11Be+γ)‏	
  
reac;on	
  to	
  ½+	
  and	
  ½-­‐	
  final	
  states:	
  
S[1/2-­‐]=	
  0.37±0.10	
  	
  	
  	
  S[1/2+]=	
  0.42±0.10	
  	
  

Good  agreement also between theory and experiment 
concerning energies and   “spectroscopic” factors  
                                       in 12Be  



Good  agreement between theory and experiment 
concerning energies and   spectroscopic factors  
                                       in 11Be  



10Li   results 

 
 
 

 
 
 
 
 
 
 
 



A	
  	
  dynamical	
  descrip;on	
  	
  
of	
  	
  two-­‐neutron	
  halos	
  

11Li	
  
F.	
  Barranco	
  et	
  al.	
  EPJ	
  A11	
  (2001)	
  385	
  	
  
	
  
12Be	
  
G.	
  Gori	
  et	
  al.	
  PRC	
  69	
  (2004)	
  041302(R)	
  	
  
	
  

Induced	
  interac;on	
  	
  

Diagonaliza;on	
  of	
  Heff	
  (E)	
  

Bare	
  	
  interac;on	
  	
  



B(E1) calculated with  
separable force; coupling 
constant tuned to reproduce 
experimental strength; 
part of the strength comes 
from admixture of GDR   

V 

Quadr.	
  

Core	
  transi;ons	
  Valence	
  transi;ons	
  

SoL	
  
dipole	
  



Theore;cal	
  calcula;on	
  	
  
	
  	
  	
  	
  	
  	
  	
  for	
  	
  11Li	
  	
  

Low-­‐lying	
  dipole	
  strength	
  	
  
	
  
	
  

s-­‐p	
  strong	
  mixing	
  
	
  

also	
  
	
  

Strong	
  Pauli	
  correc=on	
  is	
  needed:	
  
	
  

About	
  50%	
  in	
  each	
  vertex	
  

The recoil term p1*p2/AM 
is incorporated 

as a dipole-dipole term  



Y.	
  Kikuchi	
  et	
  al.,	
  PRC	
  87	
  ,034606	
  (2013)	
  



0.369  MeV 

11Li correlated wave function 

10Li and 11Li  results 

 
 
 



Correlated	
  halo	
  wavefunc;on	
  	
  	
  

Uncorrelated	
  	
  



11Li correlated wave function 

Role of coupling to continuum 

 
 
 

Mixing n/n' ([φnlj x φn'lj]0+) in the  
continuum creates bound waves 



f 

Parity independent 
potential (Bohr-Mottelson) 



Comparison with the model 
by Ikeda, Myo et al.  

K. Ikeda et al, 
Lect. Notes in Physics 818 (2010)  

 
p1/2 orbit is pushed up by pairing 
correlations 
and tensor force. Only 3/2-  
configurations 
are included: coupling to core 
vibrations (1/2-) is 
not considered. Binding energy is 
given  as input. 50%(s2)-50%(p2) 
wavefunction is obtained 

the superposition of minima (a) and (b), named as (c), to obtain a 9Li wave
function including the tensor and pairing correlations, simultaneously. For (c), the
favored two configurations in each minimum (a) and (b) are still mixed with the
0p–0h one, and the property of the tensor correlation is kept in (c). The superposed
9Li wave function possesses both the tensor and pairing correlations.

5.5.4 Pauli-Blocking Effect in 11Li

We discuss here the Pauli-blocking effect in 11Li and 10Li. Considering the
properties of the configuration mixing of 9Li, we discuss the Pauli-blocking effects
in 10Li and 11Li and their difference as shown in Fig. 5.21. For (a) in Fig. 5.21, the
9Li ground state (GS) is strongly mixed, in addition to the 0p–0h state, with the
2p–2h states caused by the tensor and pairing correlations.

Let us add one neutron to 9Li for 10Li. For (b) in Fig. 5.21, when a last neutron
occupies the 0p1/2 orbit for the p-state of 10Li, the 2p–2h excitation of the pairing

11Li
(0p)2
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νπ

νπ νπ

νπ νπ

Pauli blocking
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+ +
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Pauli blocking

10Li
1s

0p3/2
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1s1/2

0p3/2

0p1/2

0s1/2

1s1/2(c)

(b)

+

+ +

νπ νπ νπ

0p-0h Pairing Tensor

+ +9Li
(GS)

0p3/2

0p1/2

0s1/2

1s1/2(a)

last neutron

Fig. 5.21 Schematic illus-
tration for the Pauli-blocking
in 11Li. Details are described
in the text
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Two-­‐neutron	
  transfer	
  	
  to	
  	
  

ground	
  	
  state	
  	
  

exc.	
  state	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  How	
  to	
  probe	
  the	
  par;cle-­‐phonon	
  	
  coupling?	
  
Test	
  the	
  microscopic	
  correlated	
  wavefunc;on	
  	
  with	
  phonon	
  admixture	
  	
  

Introduction

We will try to draw information about the halo structure of
11

Li from the

reactions
1
H(

11
Li,

9
Li)

3
H and

1
H(

11
Li,

9
Li

∗
(2.69 MeV))

3
H (I. Tanihata et

al., Phys. Rev. Lett. 100, 192502 (2008))

Schematic depiction of
11

Li First excited state of
9
Li
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r	
  

Probing	
  11Li	
  halo-­‐neutrons	
  correla=ons	
  
via	
  (p,t)	
  reac=on	
  





Calcula;on	
  of	
  absolute	
  two-­‐nucleon	
  transfer	
  cross	
  sec;on	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  by	
  finite-­‐range	
  	
  DWBA	
  calcula;on	
  	
  

B.F. Bayman and J. Chen, 
Phys. Rev. C 26 (1982) 150 
M. Igarashi, K. Kubo and K. 
Yagi, Phys. Rep. 199 (1991) 1 
G. Potel et al., arXiv:
0906.4298 



Vnp 
Vnp 

p 

11Li 9Li 10Li 

d t 

    3     3      3 

�

n1,n2

an1,n2 [ψn1(r1)ψn2(r2)]00



G. Potel et al., PRL 105 (2010) 172502 



Channels c leading to the first 1/2− excited state of 9Li

c = 1: Transfer of the two halo neutrons
c = 2: Transfer of a p1/2 halo neutron and a p3/2 core neutron
c = 3: Transfer to the ground state + inelastic excitation

P(1) = 1.3× 10−3

P(2) = 4.6× 10−5

P(3) = 2.6× 10−6

σc = π
k2

�
l(2l + 1)|S (c)

l |2, P(c) =
�

l |S (c)
l |2 (c = 1, 2, 3).

Small probabilities ⇒ use of second order perturbation theory.
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Convergence of the  calculation 
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Success of second order DWBA in the calculation of 
absolute two-neutron transfer cross sections  

G. Potel et al., 
arXiV 1304.2569  



K. Mizuyama,G. Colo’, E.V. 











Role of transfer? 

K. Mizuyama, K. Ogata PRC 86  041603(2012) 





Representative calculations of optical potentials 

J.P.Jeukenne, A. Lejeune, C. Mahaux PRC 10, 80 (1977) 
Energy dependent optical potential in infinite matter  
+ local density approximation 

N. Vinh Mau, A. Bouyssy, Nucl. Phys. A371, 173 (1976) 
V. Bernard, N. Van Giai, Nucl. Phys. A327, 397 (1979) 
Self energy calculated in RPA with effective interactions 

J.M. Mueller et al., PRC 83, 064605 (2011) 
Optical potentials obtained from dispersion relations fitting 
elastic scattering data  



J.M. Mueller et al.,  
PRC 83, 064605 (2011) 



S.J. Waldecker, C. Barbieri, W.H. Dickhoff, 
 PRC 84,034316 (2011) 
Self-energy calculated in FRPA  with G-matrix from AV18 



 Inelastic+ pickup 

Inelastic  

G.P.A. Nobre et al., PRC 84, 064609 (2011) 
Calculation of reaction cross section with explicit inclusion 
of inelastic and transfer channels using transition potentials 
computed in QRPA 



Exp. 

 bare 

renorm. 

 PAIRING GAP IN FINITE NUCLEI  PAIRING GAP IN NEUTRON MATTER 

Medium effects increase the gap Medium effects decrease the gap 
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 The inner crust: coexistence of a Coulomb lattice 
of finite nuclei  with a sea of free neutrons 

J. Negele, D. Vautherin 
Nucl. Phys.  A207 (1974) 298 

M. Baldo et al 
Nucl. Phys.  A750 (2005) 409 



Lattice of heavy nuclei 

surrounded by a sea of 

superfluid neutrons. 

Neutron gas density  Neutron  density  

Proton  density  



Going beyond mean field within the Wigner-Seitz cell:  including the effects  
of polarization  (exchange of vibrations) and of finite nuclei at the same time   

G. Gori, F. Ramponi, F. Barranco,R.A. Broglia, 
G. Colo, D. Sarchi,E. Vigezzi, NPA731(2004)401 

Spin modes 

Density modes 

RPA response  
In

du
ce

d 
pa

ir
in

g 
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However, the presence of the 
 nucleus increases the gap by 
about 50% 

With the adopted interaction, 
screening suppresses the pairing  
gap very strongly for kF >0.7 fm-1 

Argonne (bare and uniform case) 

Gogny (bare and uniform case) 

Screening, uniform case 

Screening + nucleus 



The gap is quenched in the 
interior of the nucleus, but much 
less than in neutron matter at the 
same density 

With ind. interaction 

Mean field (HFB) 

S. Baroni et al., arXiv:0805.3962 


