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The quantum numbers of the energy levels observed in nuclei adjacent to the 
closed shell  132Sn are as expected, according to the spherical shell model 
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The quantum numbers of the  lowest energy levels  observed in  the odd nuclei 
adjacent to 120Sn are the same,  NOT as  expected according to the spherical shell 
model 
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The neutron separation energies along the Z=50 chain
show a  pronounced odd-even effect: it is more difficult
to extract a neutron from a nucleus with N even,
 than from a nucleus with N odd 
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It looks as if particles and holes lose their identity, 
and neutron pairs have some extra binding.

It is possible to to account for these experimental facts, 
and still adopt a mean field picture, by extending the 
Hartree-Fock ansatz and introducing a new vacuum.  
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HF/KS ground-state:

Slater determinant of particles

BCS (Bardeen-Cooper-Schrieffer):

Slater determinant of quasiparticles
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• The BCS wave functions breaks the particle number symmetry.

• The u,v amplitudes are determined applying  the variational principle by 
minimizing:

 with a general Hamiltonian:
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Time-reversal states

8

<latexit sha1_base64="XWN2d22Uhl1LW7awEZSF15pOQ9c=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRILFQJIGCsYGEsEn1IbVU5rtNadezIvgFVURd+hYUBhFj5DDb+BqfNAC3HsnR8zr26vieIBTfged/OwuLS8spqYa24vrG5te3u7NaNSjRlNaqE0s2AGCa4ZDXgIFgz1oxEgWCNYHiT+Y0Hpg1X8h5GMetEpC95yCkBK3XdfcDt7GjeHwDRWj1mzxPouiWv7E2A54mfkxLKUe26X+2eoknEJFBBjGn5XgydlGjgVLBxsZ0YFhM6JH3WslSSiJlOOllgjI+s0sOh0vZKwBP1d0dKImNGUWArIwIDM+tl4n9eK4HwqpNyGSfAJJ0OChOBQeEsDdzjmlEQI0sI1dz+FdMB0YSCzaxoQ/BnV54n9dOyf1E+uzsvVa7zOAroAB2iY+SjS1RBt6iKaoiiMXpGr+jNeXJenHfnY1q64OQ9e+gPnM8f/RCVYw==</latexit>

t ! �t <latexit sha1_base64="GXq+sTYY48eEVzjf18Gfx/XISmo="></latexit>8
><

>:

r ! r

p ! �p

�i ! ��i.

<latexit sha1_base64="/oBlT4onn78PMu3GuInO7/qqkm0=">AAACInicbVDLSgMxFM3UV62vqks3wSK4KjMqPnZFNy4r2Ad0Ssmkt21oJjMkd5RS+i1u/BU3LhR1JfgxptOC2npD4OScc7m5J4ilMOi6n05mYXFpeSW7mltb39jcym/vVE2UaA4VHslI1wNmQAoFFRQooR5rYGEgoRb0r8Z67Q60EZG6xUEMzZB1legIztBSrfyFb1WkfeprproSqD8+WnR7yLSO7tNnavFRyDb8OFv5glt006LzwJuCAplWuZV/99sRT0JQyCUzpuG5MTaHTKPgEkY5PzEQM95nXWhYqFgIpjlMVxzRA8u0aSfS9iqkKfu7Y8hCYwZhYJ0hw56Z1cbkf1ojwc55cyhUnCAoPhnUSSTFiI7zom2hgaMcWMC4FvavlPeYZhxtqjkbgje78jyoHhW90+LxzUmhdDmNI0v2yD45JB45IyVyTcqkQjh5IE/khbw6j86z8+Z8TKwZZ9qzS/6U8/UNF2Cjag==</latexit>

|ki ! |k̃i
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states: opposite momenta 
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Nucleons around the Fermi energy  organize themselves in Cooper pairs,
formed by quasiparticle states (superpositions of particles and holes) 
 in time reversal. 
The ground state of the even-even nucleus is a condensate of Cooper pairs.
To break a pair, costs an energy given by the energy gap 𝜟.
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Number equation: the correct particle 
number is reproduced (on average)

Quasiparticle energy: to add or remove a particle 
one needs an extra energy which can be 

interpreted as the binding of the Cooper pair.

This quantity is the GAP.
No Ex is smaller than the gap.

Nucleons around the Fermi energy  organize themselves in Cooper pairs,
formed by quasiparticle states (superpositions of particles and holes) 
 in time reversal. 
The ground state of the even-even nucleus is a condensate of Cooper pairs.
To break a pair, costs an energy given by the energy gap 𝜟.
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Pairing changes the occupation numbers 
of orbitals close to the Fermi energy 

BCS

E -  𝝀 (MeV) 

V
2  



S. Hilaire, J.F. Berger, M. Girod, W. Satula, P. Schuck, Phys. Lett. B531(2002)61

Global comparison with experiment Odd-even staggering of 
separation energies  



Global analyses of odd-even mass differences 

𝜂 = 0  ->  Volume𝜂 = 0.5 -> Mixed 𝜂 = 1 -> Surface

G.F. Bertsch et al. Phys. Rev. C 79, 034306 (2009)
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The RPA equations to calculate collective excitations keep the same form

n

But the phonons are expanded over a set of 2 quasiparticles:

|n> = 𝞢ph [ Xph  |ph-1> - Yph |hp-1 > ]

|n> = 𝞢ph [ Xph  |𝜶𝜷> - Yph |𝜶𝜷> ]



15

The QRPA equations 
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= 0, 1 without pairing  
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With pairing correlations  



19

The pairing contribution to the total energy is small … 



CEA ENST, 19/11/2024 20

… but the change in 2+ excitations is substantial 
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Transition densities and strengths



23
0 1 2 3 4 5 6 7 8 9 10

R(fm)

-20

-15

-10

-5

0

δρ(is)*r4

δρ(iv)*r4

δρ(is)*r4 no pairing
δρ(iv)*r4 no pairing

120Sn (21
+)

0 1 2 3 4 5 6 7 8 9 10
R(fm)

-15

-10

-5

0

δρ(p)*r4

δρ(n)*r4

δρ(p)*r4 no pairing
δρ(n)*r4 no pairing

120Sn (21
+)



24

Some issues / limitations

BCS pairs are built only out of  states in time reversal.
A more general ansatz (HFB), coupling states with different 
number of nodes, is better to treat weakly bound nuclei and 
their coupling with the continuum. There are a number of available
HFB codes, like HFODD, HFBTHO, HFBRAD.

Depending on the specific properties one is looking for, there may be 
an important dependence of the results on the chosen functional 

Ome must be careful about the presence of low-lying strength
 caused by spurious states  associated with symmetry breaking
(1-  -> translational invariance )
(0+ -> number conservation in BCS calculations)


