INFN
i
M0Odeling
Nuclear
STructure and
REactions

PAIRING CORRELATIONS AND COLLECTIVE EXCITATIONS

Enrico Vigezzi INFN Milano

Theory service for the low-energy nuclear physics community:
A hands-on workshop, ECT*, 7-9 July 2025



6hw
even

S5hw
odd

ho
even

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 '2°Sn 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.



HF/KS ground-state: BCS (Bardeen-Cooper-Schrieffer):

Slater determinant of particles 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:

(BCS|H — AN|BCS)

with a general Hamiltonian:
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Time-reversal states
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Electrons in time-reversal
states: opposite momenta
and spins.
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Nucleons in time-reversal states.
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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 A.



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 A.
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Vs 705 This quantity is the GAP.
kkk'k!" No E, is smaller than the gap.

Quasiparticle energy: to add or remove a particle
one needs an extra energy which can be
interpreted as the binding of the Cooper pair.




Pairing changes the occupation numbers
of orbitals close to the Fermi energy

11



S_(MeV)

Odd-even staggering of Global comparison with experiment

separation energies

_)A+ISA(A + 1) — S, (A)

BNy =~
APNN) 2
\—e—2Z=50 Sn| |
—o—2=51b| |
—e—2=52Te| . 1.5

o
O
/Z/
o/ *
\.
-~ o
0 (9}
"

70 72 74 76 78 80 82 84 86 88 90 ;~
@
Neutron number =
<1

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




Global analyses of odd-even mass differences
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The RPA equations to calculate collective excitations keep the same form

A B X\ X
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But the phonons are expanded over a set of 2 quasiparticles:
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The QRPA equations
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Back to '22Sn
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With pairing correlations
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The pairing contribution to the total energy is small ...

-INTEGRAL OF THE ENERGY DENSITY:

E(KIN) = 0.21769E+04
E(SKYRME) = -0.34793E+04
|___E(t0) = -0.12698E+05
|___E(t3) = 0.82849E+04
|___E(t1,t2) = 0.93408E+03
E(SO) = -0.54885E+02
E(CD) = 0.36706E+03

E(CE) = -0.19131E+02

E(pair) = -0.99067E+01

E(TOT) = -0.10193E+04
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... but the change in 2+ excitations is substantial
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2qp neutron admixtures in low-lying 2+ state
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Transition densities and strengths
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Some issues / limitations

Ome must be careful about the presence of low-lying strength
caused by spurious states associated with symmetry breaking
(1- -> translational invariance )

(O+ -> number conservation in BCS calculations)

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

E (MeV) B(EL,0 — L) (€ fm*")
Phonons Expt. SAMi SGII SkM* Expt. SAMi SGII SkM*
2+ 1.171 2.708 1.941 1.420 2.016 x 10° 1.463 x 10° 1.766 x 10° 2.632 x 10°
3 3.595 3.313 3.297 1.880 x 10° 1.396 x 10° 1.089 x 10°
4+ 4.029 3.757 3.230 2.496 x 10° 1.568 x 10° 1.453 x 10°
5- 4.603 3.669 3.536 4.454 x 107 2.555 x 107 3.103 x 107




