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The Analogy of the Collective Model for Shapes and Pairing 
(R.A. Broglia, O. Hansen, C. Riedel, Adv. Nucl. Phys. 6 (1973) 287) 
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Pair-Vibrational Structures 

(Nobel Lecture, Ben R. Mottelson, 1975 “Elementary Modes of Excitation in the Nucleus”) 

•  Near closed shell nuclei (like 208Pb) no static deformation of pair field. 
•  Corresponds to the “normal” nuclear limit. 
•  Fluctuations give rise to a vibrational-like excitation spectrum. 
•  Enhanced pair-addition and pair-removal cross-sections seen in (t,p) and (p,t) 
reactions (indicated by arrows). 



Pair-Rotational Structures 

 R. A. Broglia, J. Terasaki, and N. Giovanardi, Phys. Rep. 335 (2000) 1 

•  Many like-nucleon pairs outside a closed-shell configuration (e.g. 116Sn) gives 
rise to a static deformation of the pair field. 
•  Corresponds to the “superconducting” limit. 
•  Rotational-like (parabolic – dashed line) spectrum formed by sequence of  
ground states of even-N neighbors. 

E= -B(Sn)+E +8.58N+45.3 (MeV)  0 



“Realistic” potentials 



x = (2!)G /D

A simple microscopic model: Two j-shells 
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Small X  - Pairing Vibrations 

Large X – Pairing Rotations 
X ~ 1 



Specific Probes 



Odd target 

Even target 

! 

(2 j +1)V2 j" = N

! 

V2 j (U2 j ) = v j
2(u j

2)

With 

< A+1| a+ | A >

Spectroscopic ( U, V ) Factors 
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Two particle transfer reactions like (t,p) or (p,t), where 2 neutrons are deposited 
or picked up at the same point in space provide an specific tool to probe the 
amplitude of this collective motion.  
 
The transition operators <f|a+a+|i>, <f|aa|i> are the analogous to the transition 
probabilities BE2’s on the quadrupole case.  

Process amplitude proportional to : 

< A+ 2 | a+a+ | A >

Pair correlations result in a constructive interference of reaction amplitudes giving a 
enhanced two-nucleon transfer.  
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Systematic relative measurements and within a given nucleus.   

Problem #3,4 



The results from the Two j-shells model 
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An example of  a “superfluid” nucleus (pairing rotations)  

DWBA Analysis 
 
Direct One-step  
 
Two-neutron in relative 
0S state 
 
Zero-range 
approximation 
 
Common normalization 
factor  
 
Relative cross-sections 
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D. Brink, R.A. Broglia,   Superfluidity in  nuclei 
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Neutron-Proton Pairing 



T=0, S=1 

T=1, S=0 

Tz=0 



 
N=Z nuclei, unique systems to study np correlations   
             As you move out of N=Z nn and pp pairs are favored 
 
Role of isoscalar (T=0) and isovector (T=1) pairing 

 Large spatial overlap of n and p 
 Pairing vibrations (normal system ) 
 Pairing rotations  (superfluid system) 
 Does isoscalar pairing give rise to collective modes?             
  

 



BE differences can be described by an appropriate combination of the symmetry 
energy and the isovector pairing energy.  Evidence for full isovector pairing 
(nn,np,pp) - charge independence. 
 
Isovector Pairing-Vibrations  around 40Ca and 56Ni 
 
Odd-odd low lying states:  quasi-deuteron structure.   

   Lisetskiy, Jolos, Pietralla, von Brentano 
 
 
Rotational properties (“delayed alignments”) consistent with  T=1 cranking model. 

   Fischer, Lister  -  Afanasjev, Frauendorf 
 
 
Beta Decay: Strong N=Z-2!  N=Z  - 0+  !1+ transition. 

   Gadea, Algora, et al.  
 
Spin-aligned neutron-proton coupling scheme in 92Pd 

   Bo Cederwall et al. ,  Nature ,    Piet Van Isacker  

Possible Signals 



Could transfer reactions  be the smoking gun? 



(p, 3He), (3He,p)   ,T=0,1 
(d,&), (&,d)   ,T=0 
(&, 6Li), (6Li,&)   ,T=0 

(3He,p) 

np 

Even-even 

) ?"

T=0 J=0 

Odd-odd 

T=1 J=0 

 T=0 J=1 

L=0 transfer – forward peaked 

Measure the np transfer cross section to T=1 and T=0 states 
 
Both absolute )(T=0) and )(T=1) and relative )(T=0) / )(T=1) tell us about 
the character and strength of the correlations  
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L=0 
transfer 

40Ca(3He,p)42Sc 200MeV 

40Ca last stable N=Z 



(A,Z) (A+2,Z+1) 3He 
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Gas Cell 

Beam 

Monitor 
Si detectors 

To FMA 

Faraday Cup 

 Proof of Principle 

Si detector 500µ 
16x16  ~1sr 

~106 /sec 

Gas cell 
~100µg/cm2 

~ 20 counts/day 



FMA Gated 

Raw 

Evaporation protons 
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Purchased 100µCi of 44Ti from 
LANL  ~ 20k$ 

Some “Nuclear“ Chemistry 

Tandem Ion-Source 

The 44Ti Beam at ATLAS 



33S    44Ca    44Ti 

E vs "E(IC) 

44Ti / 44Ca = 2.5   !  Need FMA selection 

~ 5 x 105  44Ti/sec 

FMA Settings  

107MeV, A=44, q=20+ 

E Monitor @ 0o 

X1800 Attenuator 

44Ti @ 242 MeV 
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A=46   44Ti (3He,p) # 46V 

Proton E (10keV) 

Ring # 
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44Ti(3He,p)46V46 @ 15MeV   ---  L=0
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Systematic of (3He,p) and (t,p) reactions in stable N=Z nuclei 

Single-particle estimate ~ (spin)x(3He)x(LS -> jj) 

Superfluid limit  ~ (,.=1/G)2 



Next Steps 
48Cr, 56Ni   GANIL  MUST2 + EXOGAM           (d,&) reaction 

            
48Cr ,72Kr   Experiment approved at ISAC2       LBNL, ANL, TRIUMF   

  

LOI  for  ReA3 at NSCL  using the  AT-TPC       LBNL, NSCL 
  

LOI  for  HIE ISOLDE           D.Jenkins et al. 

 

(p,3He) Reaction using HiRA at NSCL     

 

Revisiting (p,3He) and (3He,p) reactions                                                       
in stable targets       J.Lee et al.  

 

Also (t,p) , (p,t) , charge exchange                   

Single nucleon transfer:   (d,p), (3He,d),  !.   
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Although simple arguments may suggest that isoscalar pairing should be important, it is still not clear 
if it gives rise to collective modes.   

     Spin-orbit        cf. New results by Bertsch et al.                  
     J=1 pairs   P-wave contribution to matrix-elements 
     Core polarization  

 
Direct reactions are unique tools in our experimental study of exotic nuclei. 

    Two particle transfer reactions provide specific tools to probe the amplitude of                  

    pairing collective modes.  
                                                                                         

(p,3He) and (3He,p) are the “classical” probes we can use to firmly elucidate this question, 
particularly in the region from 56Ni to 100Sn 

   Radioactive beams require inverse kinematics: 
    Proof of principle with stable beams  
    Successful first experiment with a 44Ti beam 



Pairing in weakly bound systems 
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The halo neutrons of 11Li are bound only because of the extra 
pairing interaction mediated by the exchange of low-frequency 
surface vibrational modes.  
 
F.Barranco,  et al. Eur.Phys.J A 11 385 (2001) 

NN 

Essentially no role 

Low lying phonons 

Monopole, dipole and quadrupole 

Mechanism analogous to the lattice phonon exchange responsible for 
the binding of electron Cooper pairs in a superconductor  

  !11Li halo, an isolated Cooper pair? 



37MeV 11Li from ISAC2   plus MAYA active target detector system 



$  Two particle transfer in second order DWBA 
$  Simultaneous and successive transfer 
$  Absolute normalization !!! 





Pairing in weakly bound systems 

Matsuo PRC 73 (2006)044309  

Separation 

Effects on  Two-neutron transfer reactions 
 
Do we expect an enhancement of the cross-section ? 
 

Skin    Di-neutrons 

Correlation 
Length 

N. Pillet et al.  PRC 76 (2007)024310  





Pairing Phase Transition in Neutron Rich Nuclei 

Properties of pairing phonons near   68,78Ni and  132Sn doubly magic nuclei, 
transition to superfluid.   

    Do we expect a different behavior ? 

    Opportunity to study the density dependence of nucleon pairing.           
 Cross sections to 0+ and first excited 0+ and 2+ show sensitivity to the 
 volume/surface nature of pairing correlations.                                  
                (cf. M. Matsuo, Nuclear Structure 2010)  

 
(t,p) and (p,t) reactions in reverse kinematics. 
 
Expected reaccelerated beam intensities ~ 5 106  pps  for 78Ni and 132 Sn ! 
 
Efficient, high resolution light-particle detectors system  
(for example ANL - HELIOS) 

Tritium targets for (t,p) 

 Ti loaded foils.  Gas cell.  100µg/cm2  ~ 1Ci 





Giant Pairing Vibration 

Elementary mode of excitation, not 
yet discovered. 

Use weakly bound projectiles such 
as 6He to avoid Q-value mismatch. 

3/1/7060~ AMeV!"!  

! 

h" ~ 2h"0 #$G

Thermal Properties of Pairing Correlations 

Breaking of Cooper pairs with temperature.  Phase transition.  
Measurement of level densities with excitation energy.  Oslo Group. 

T * ~ 0.7!
R. Chancova et al.  Phys. Rev. C73 034311 (2006) 
 
(3He,&) (3He,3He’) reactions in Mo -isotopes 



“The future isn’t what it used to be.” 

Arthur C. Clarke 

“Prediction is very difficult, especially about 
the future.” 

Niels Bohr 





    
   

 I hope I did succeed in conveying to you the exciting physics of pairing 
phenomena in nuclei, and I trust you had as much fun as I did in 
preparing the lectures. 

  
  

  

 



Best wishes to you all! 


