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Transfer & Fusion 

in  an overlapping 

zone 

Tunneling effect 

Single & multi step 

process 



 Multi-neutron transfer will give access to very neutron-rich nuclei. 

Spectroscopic tool for nuclei far off stability.  Because of  long range and the 

non-locality of the form factors  

  coupled reaction channels method is mandatory. 

The role of the pairing interaction in states with low binding energy  

   information on the pairing interaction at low densities.   

The effect of the continuum and the role of coupling to collective low-lying 

vibrations of the core in weakly bound systems need to be clarify.   

In two-nucleon stripping   

 stable targets & projectile with  low binding energy of the nucleon pairs 

in exotic nuclei   

       favour population of pairing states in the final nucleus close to the 

      particle  matching condition  

   These states are expected to have different and new  

       collective properties. Some information on the predicted  

       giant pairing vibrations .  



Successive & Pair transfer 



L. Corradi et al. J. Phys G 36 (2009) 113101 



HIRA 

Fusion 

Transfer 

Sunil Kalkal et al. Phys. Rev. C81 (2010)044610 Sunil Kalkal et al. Phys. Rev. C83 (2011)054607 



GPSC 

Sunil Kalkal et al. Phys. Rev. C85 (2012) 034606  



Transfer Probability 

Sunil Kalkal et al. Phys. Rev. C83 (2011)054607 



Odd - Even Effect !! 



Sunil Kalkal et al.  



Sunil Kalkal et al.  



Sunil Kalkal et al.  



Coupling Scheme for CRC Calculations 



Coupling Scheme for CRC Calculations 

Sunil Kalkal et al. Phys. Rev. C85 (2012) 034606  



2-proton stripping  

FRESCO Calculations 

Sunil Kalkal et al. Phys. Rev. C85 (2012) 034606  



FUSION EXCITATION 

FUNCTIONS 

Sunil Kalkal et al. Phys. Rev. C81 (2010)044610 



Sunil Kalkal et al. Phys. Rev. C81 (2010)044610 



DEred : difference in the value 

of Ered correspond to the 

cross section (~ 0.1mb)  for 

various system 

Sunil Kalkal et al. Phys. Rev. C81 (2010)044610 

Multi Nucleon coupling 
effect on  fusion channel:  
(Zagrebev model ) 



 

Pair transfer as a function of spin 
 

 

 

 

 

 
 

 

Spectroscopic quantities 

 

 

Intrinsic quantities   
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Diabolic pair transfer at higher 

angular momentum states   

Nuclear Josephson Effects: 

Enhanced transfer of nucleon 

pairs between two superfluid 

heavy nuclei in a cold reaction 

correspond to a super-current.     

  

  



Berry's Phase, Diabolic Pair Transfer 
Berry's phase is a simple mathematical fact. Berry considers a 

Hamiltonian, which depends on external parameters  

Examples: (a) Nilsson Model R=β 

                  (b) Cranked Shell Model R=(λ,Δ,ω) 

A diabolical point, where two energy 
surfaces touch and a closed path on 
the lower surface encircling this 
point 

),,( 


zyxR 

V 

En(λ,ω) 

ω 

λ 

Φ 0 

C 
Φ 1 

Φ 1=eiγ Φ0 

E2(λ,ω) 

E1(λ,ω) 

Φ1= -Φ0 

chemical potential λ, angular velocity ω, pairing gap Δ 



Berry's Phase and the Backbending Effect 

gJ 

gsssiJ  

<
A

+
2

,J
/(

a+
a+

) l
=

0
/A

,J
>

 

J(ђ) 

Two different paths around a diabolic point 

         The oscillating behavior of the pair transfer matrix 

element has a close analogy to the oscillating behavior 

of the electric current in Superconducting Quantum 

Interference Devices as a function of the magnetic 

field, the DC-Josephson effect 



Berry's Phase in Nuclear Physics  
 

 Full horizontal arrow  indicates pair transfer matrix elements with positive sign and  dashed arrows 

indicate those with negative sign . K quantum number for j=13/2 is shown. 

 open problem for experimentalist 

Pair transfer matrix 



Possible Systems: 

 The Hf and Yb-chain : The interaction strength in the level crossing between the 

ground state band and the s-band characterized by the minimal distance between the 

yrast band and the first excited band ΔEmin. Connected lines correspond to minimal 

distances for the angular momenta I= 10-16ħ. Full dot symbols indicate the even 

mass Yb-isotopes. The position of the deformed single-particle energies of the v i13/2 

levels for the nucleus 166Yb and 170Hf  are given on the abscissa. 

Y. Sun et al, Z. Phys. A339 (1991) 51 

172,174Yb on 206Pb                                                       
174,176Hf on 206Pb   



 The calculation show the diabolic effect for 206Pb on 174Hf. This calculation  assumes 
174Hf transfers to 172Hf. The symbol o’s are non diabolic case and Δ’s are diabolic cases. 

L F Canto et al PRC 47,2836(1993).  

yrast-states yrare-states 

174Hf(206Pb,208Pb)172Hf 

2n-transfer probability as a function of spin  



Nuclear Josephson Effects 

Berry Phase in Nuclear Physics  

Y. Sun et al, Z. Phys. A339 (1991) 51 

172,174Yb 174,176Hf  



136Xe + 246Cm @500 MeV 

238U + 246Cm  

@780 MeV 
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 Strong correlation between the transfer and fusion 

reactions. 

 Sequential transfer of nucleons is an important  

mechanism of transfer in multi nucleon transfer 

reactions at above barrier energies.  

 Indication of cold pair transfer at sub-barrier energies.  

 Odd-even staggering is observed in multi neutron 

transfer case for 28Si+90,94Zr systems. 

  The ratio of excited to ground state transfer is much 

more in 28Si+94Zr as compared to 28Si+90Zr. 
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