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- The dynamic halo  

-  Microscopic description  of  two nucleon transfer      
reactions  

Outline  



Mean-‐field	  results	  
(Sagawa,Brown,Esbensen	  PLB	  	  309(93)1)	  Experimental	  systemaDcs	  

Parity	  inversion	  in	  N=7	  isotones	  	  	  	  



J. Meng and P. Ring,  
PRL  77(1998)3963 
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SELF ENERGY RENORMALIZATION OF  
SINGLE-PARTICLE STATES: CLOSED SHELL   

C. Mahaux, P.F. Bortignon, R.A. Broglia, C.H. Dasso and Mahaux, Phys. Rep.(1985)1 
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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 

Main ingredients of our calculation 

11Be	  



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. 



A	  	  dynamical	  descripDon	  	  
of	  	  two-‐neutron	  halos	  

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

Induced	  interacDon	  	  

Energy-‐dependent	  matrix	  	  

Bare	  	  interacDon	  	  



Good  agreement between theory and experiment  
concerning energies and   spectroscopic factors   

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

New	  result	  for	  S[1/2+]	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
from	  11Be(d,p)12Be	  
0.28+0.03	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  -‐0.07	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  



TheoreDcal	  calculaDon	  	  for	  11Li	  	  

Low-‐lying	  dipole	  strength	  	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  s-‐p	  mixing	  	  
	  





0.369  MeV 



Correlated	  halo	  wavefuncDon	  	  	  

Uncorrelated	  	  





J. Meng and P. Ring,  
PRL  77(1998)3963 

Relativistic HB calculation 



Two-‐neutron	  transfer	  	  to	  	  

ground	  	  state	  	  

exc.	  state	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  How	  to	  probe	  the	  parDcle-‐phonon	  	  coupling?	  
Test	  the	  microscopic	  correlated	  wavefuncDon	  	  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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Probing	  11Li	  halo-‐neutrons	  correla9ons	  
via	  (p,t)	  reac9on	  





CalculaDon	  of	  absolute	  two-‐nucleon	  transfer	  cross	  secDon	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  by	  finite-‐range	  	  DWBA	  calculaDon	  	  

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 



Two particle transfer in second order DWBA

Some details of the calculation of the differential cross section for the

two–neutron transfer (
1
H(

11
Li,

9
Li)

3
H) reaction

Simultaneous transfer

T (1)
(ji , jf ) = 2

�

σ1σ2

�
drfFdrb1drA2[Ψ

jf (rA1, σ1)Ψ
jf (rA2, σ2)]

0∗
0 χ(−)∗

bB (rbB)

× v(rb1)[Ψ
ji (rb1, σ1)Ψ

ji (rb2, σ2)]
0
0χ

(+)
aA (raA)
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Two particle transfer in second order DWBA

Some details of the calculation of the differential cross section for the

two–neutron transfer (
1
H(

11
Li,

9
Li)

3
H) reaction

Non–orthogonality term

T (2)
NO

(ji , jf ) = 2

�

K ,M

�

σ1σ2
σ�

1σ
�
2

�
drfFdrb1drA2[Ψ

jf (rA1, σ1)Ψ
jf (rA2, σ2)]

0∗
0

× χ(−)∗
bB

(rbB)v(rb1)[Ψ
jf (rA2, σ2)Ψ

ji (rb1, σ1)]
K
M

×
�

dr�b1dr�A2[Ψ
jf (r�A2, σ

�
2)Ψ

ji (r�b1, σ
�
1)]

K
M

× [Ψji (r�A2, σ
�
2)Ψ

ji (r�b1, σ
�
1)]

0
0χ

(+)
aA

(r�aA)
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Two particle transfer in second order DWBA

Some details of the calculation of the differential cross section for the

two–neutron transfer (
1
H(

11
Li,

9
Li)

3
H) reaction

Successive transfer

T (2)
succ(ji , jf ) = 2

�

K ,M

�

σ1σ2
σ�

1σ
�
2

�
drfFdrb1drA2[Ψ

jf (rA1, σ1)Ψ
jf (rA2, σ2)]

0∗
0

× χ(−)∗
bB (rbB)v(rb1)[Ψ

jf (rA2, σ2)Ψ
ji (rb1, σ1)]

K
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×
�

dr�fFdr�b1dr�A2G (rfF , r�fF )[Ψjf (r�A2, σ
�
2)Ψ

ji (r�b1, σ
�
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K
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�
2)Ψ

ji (r�b1, σ
�
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aA (r�aA)
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Simultaneous 

Successive 

Non orthogonal 



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



Convergence of the calculation 
of successive transfer 

Decomposition into successive 
and simultaneous contributions 



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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Transition to the first 1/2−(2.69 MeV) excited state of 9Li
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 1/2− experiment
1/2− channel 1 (halo transfer)
1/2− (total)
channels c=2+c=3

differential cross section calculated with

the Barranco et. al. (2001)
11

Li ground

state wavefunction, compared with

experimental data. According to this

model, the
9
Li excited state is found

after the transfer reaction because it is

already present in the
11

Li ground state.

1
H(

11
Li,

9
Li

∗
(2.69 MeV))

3
H at 33 MeV. Data from Tanihata et.al. (2008).
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summary and conclusions

A recent two–neutron transfer experiment (
1
H(

11
Li,

9
Li)

3
H, Tanihata

et al., 2008) provided new insight in the structure of
11

Li.

We show that the differential cross section is quantitatively consistent

with the s–p mixing in the ground state of
11

Li already predicted (see

e.g. Barranco et al. 2001).

We found hat the differential cross section for the excitation of the first

1/2
−

(2.69 MeV) provides evidence of phonon–mediated pairing between

the two halo neutrons of
11

Li.

Two–particle transfer nuclear reactions are seen to be a valuable tool

for studying pairing correlations in nuclei in a quantitative way,

providing insight into:

the nature of the pairing interaction (interplay of bare and induced

interactions)

the structure of the BCS condensate in superfluid nuclei.
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122Sn(p,t)120Sn  Elab= 26 MeV 

Successive 

Simult.+Non orth. 

Non orthogonal 

Simultaneous 

Bj = √(j+1/2)  Uj Vj 



G. Potel et al., 
nucl-th 1105.6250 





A recent analysis of  various 
two-neutron transfer reactions 
Based on second order DWBA 
reproduces absolute cross 
sections 
 
G. Potel et al., nucl_th/
0906.4298 


