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Neutron-proton pairing : generalities
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We heard talks both experimental…..



…and theoretical
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Some talks were directly on the trail of neutron-proton pairing….
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The (p, He) reaction on 56Ni & 52Fe

05/09/2019 ESNT workshop M. Assié np pairing with transfer reactions

56Ni(p, He)54Co 52Fe(p, He)50Mnclosed shell nucleus open shell nucleus
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…some were adjacent to the neutron proton pairs, often through clusters

A. Serban: improved α-scattering through improved 
imaginary part of optical potential
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Quantum information
!entanglement!"



A key idea is that neutron-proton pairs were often in disguise



M. SAMBATARO AND N. SANDULESCU PHYSICAL REVIEW C 93, 054320 (2016)

energies of protons and neutrons are assumed to be equal. The

second term in Eq. ( ) is the spin-orbit interaction for protons

and neutrons, which has the standard expression. The third and

the fourth terms are, respectively, the isovector ( ,S 0)

and isoscalar ( ,S 1) pairing interactions. They are

written in terms of the pair operators

i,T
,S ,L

(2)

i,S
,T ,L

(3)

where , and are the orbital momentum, the spin, and

the isospin of the pairs, respectively. When the spin orbit is

neglected and the orbits are degenerate, the Hamiltonian (1)

has SO(8) symmetry. If, in addition, , the Hamiltonian

(1) has SU(4) symmetry and can be solved analytically both for

degenerate and nondegenerate levels [ ]. This is no longer

possible in the presence of the spin-orbit interaction.

The question we address in this study is whether the ground

state of the Hamiltonian (1) as well as of the most general

isovector-isoscalar pairing Hamiltonian (17) (see below), can

be well approximated by a condensate of alpha-like quartets,

as in the case of isovector pairing [13]. Thus, as in Ref. [13],

we represent the ground state as a product of identical quartets

g.s. (4)

The quartet operator is taken as a sum of two quartets

(5)

where is the collective isovector quartet formed by

coupling two isovector pairs to total 0, i.e.,

(6)

and is the collective isoscalar quartet built by coupling two

isoscalar pairs to total 0, i.e.,

(7)

These quartet operators are expressed in terms of the pair

operators in the jj coupling scheme:

j,T
,J

(8)

,T
(9)

In Ref. [13], the QCM state was further simplified by

factorizing the mixing amplitudes which define the quartets.

Due to this factorization it was possible to express the quartet

condensate in terms of collective pairs and to use the recurrence

relations method for the evaluation of the expectation value of

the Hamiltonian. If one adopts the same factorization in the

present formalism, therefore assuming that and

, the collective quartets can be written as

Q̄+
1 = 2Ŵ

+
1 Ŵ

+
−1 − (Ŵ+

0 )2, (10)

(11)

These quartets are expressed in terms of the collective isoscalar

and isovector pairs

j,T (12)

(13)

It is soon realized that, when formulated in terms of col-

lective pairs, the wave function (4) becomes a complicated

superposition of mixed condensates, formed by all type of

pairs. If the isoscalar quartet is further reduced to include only

the pairs, this formalism becomes formally equivalent to

that proposed in Ref. [19] for the treatment of the isovector-

isoscalar pairing forces acting on axially deformed states.

The collective isovector and isoscalar pairs defined above

can be used to construct various PBCS-type states for

systems. Thus, with the isovector pairs (12) can be formed the

following PBCS states with well-defined numbers of protons

and neutrons [13]:

PBCS1 (14)

PBCS0iv (15)

Both states have, as required, 0 and 0, but they do not

have a well-defined total isospin. Similar PBCS states can be

constructed with the isoscalar pairs (13). Of physical interest

is the PBCS state

PBCS0is (16)

This state has 0 and 0, but it has not a well-

defined angular momentum. Since the states (15) and (16) are

condensates, respectively, of 1 and 0 proton-neutron

pairs, one might think that a comparison of their correlation

energies could give clear evidence of what type of proton-

neutron pairing is prevailing in nuclei. However, a

conclusion based only on this comparison would be misleading

because, as shown in the next section, the PBCS approximation

is not accurate enough to describe properly the isovector and

isoscalar pairing correlations.

In this work we consider the case in which the mixing

amplitudes ii and ii jj are factorized, as discussed above,

and also the case in which they keep their original form. In both

cases these amplitudes will be constructed variationally by

minimizing the expectation value of the pairing Hamiltonian

in the QCM or PBCS-type states.

The QCM formalism proposed in this paper can also be

applied to the most general spherically symmetric isovector

,J 0) and isoscalar ( ,J 1) pairing forces

described by the Hamiltonian

i,j

i,j i,T j,T

j,k

ij,kl ij,J kl,J (17)

The pairing interactions are written in this case in terms

of the noncollective pair operators (8) and (9) expressed in

jj coupling. These interactions are not limited to the pairs

 equivalent to isospin projection equivalent to spin projection 

Isospin- spin projection from a mixed state 

QCM and isospin-spin projected - HFB 

A key idea is that neutron-proton pairs were often in disguise

After isospin projection,
pairs (especially np-pairs)
 manifest as quartets!
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and neutrons, which has the standard expression. The third and

the fourth terms are, respectively, the isovector ( ,S 0)

and isoscalar ( ,S 1) pairing interactions. They are

written in terms of the pair operators

i,T
,S ,L

(2)

i,S
,T ,L

(3)
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isoscalar pairs to total 0, i.e.,
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operators in the jj coupling scheme:
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factorizing the mixing amplitudes which define the quartets.

Due to this factorization it was possible to express the quartet

condensate in terms of collective pairs and to use the recurrence

relations method for the evaluation of the expectation value of

the Hamiltonian. If one adopts the same factorization in the

present formalism, therefore assuming that and

, the collective quartets can be written as
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−1 − (Ŵ+

0 )2, (10)

(11)

These quartets are expressed in terms of the collective isoscalar

and isovector pairs

j,T (12)

(13)

It is soon realized that, when formulated in terms of col-

lective pairs, the wave function (4) becomes a complicated

superposition of mixed condensates, formed by all type of

pairs. If the isoscalar quartet is further reduced to include only

the pairs, this formalism becomes formally equivalent to

that proposed in Ref. [19] for the treatment of the isovector-

isoscalar pairing forces acting on axially deformed states.

The collective isovector and isoscalar pairs defined above

can be used to construct various PBCS-type states for

systems. Thus, with the isovector pairs (12) can be formed the

following PBCS states with well-defined numbers of protons

and neutrons [13]:

PBCS1 (14)

PBCS0iv (15)

Both states have, as required, 0 and 0, but they do not

have a well-defined total isospin. Similar PBCS states can be

constructed with the isoscalar pairs (13). Of physical interest

is the PBCS state

PBCS0is (16)

This state has 0 and 0, but it has not a well-

defined angular momentum. Since the states (15) and (16) are

condensates, respectively, of 1 and 0 proton-neutron

pairs, one might think that a comparison of their correlation

energies could give clear evidence of what type of proton-

neutron pairing is prevailing in nuclei. However, a

conclusion based only on this comparison would be misleading

because, as shown in the next section, the PBCS approximation

is not accurate enough to describe properly the isovector and

isoscalar pairing correlations.

In this work we consider the case in which the mixing

amplitudes ii and ii jj are factorized, as discussed above,

and also the case in which they keep their original form. In both

cases these amplitudes will be constructed variationally by

minimizing the expectation value of the pairing Hamiltonian

in the QCM or PBCS-type states.

The QCM formalism proposed in this paper can also be

applied to the most general spherically symmetric isovector

,J 0) and isoscalar ( ,J 1) pairing forces

described by the Hamiltonian

i,j

i,j i,T j,T

j,k

ij,kl ij,J kl,J (17)

The pairing interactions are written in this case in terms

of the noncollective pair operators (8) and (9) expressed in

jj coupling. These interactions are not limited to the pairs
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After isospin projection,
pairs (especially np-pairs)
 manifest as quartets!

A key idea is that neutron-proton pairs were often in disguise

!

quartet model



A key idea is that neutron-proton pairs were often in disguise

20Ne: T=0 quartets

0

5

10

E
 (

M
e
V

)

+ +
0

+

4

0

4

2
6

2

3

4

4

0

2

Ne
20

6

2

+

+

+

0

+

+

24.78 24.77

EXP SM

0 +

+

+

+

+

+

+

+

+

0

+
2

2

10 10

22

+

+
2

2
+

4
+

quartet model



A key idea is that neutron-proton pairs were often in disguise
Seniority zero states in  108Sn: state dependent pairing interaction

the one-broken pair (OBP) approximation is able to describe the known J=0 excited states very well ! 

- the OBP states have a very similar structure with the exact solutions

The excited pair condensate at high energy

At high excitation energy, around  21 MeV,  there is an exact state which has the structure of a pair condensate 

This state is analogous to the ground state, but built on the second half of the valence shell 50-82  

single-particle energiesOccupation probabilities

The distribution of single-particle energies shows that the major shell is split into two parts, which,

for 108Sn, play the role of the valence shell and, respectively, the next major shell.   

This fact suggests that the EPC has properties similar to the giant pairing vibration (GPV)  !
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Pairing versus deformation, BCS versus diagonalization

Danilo Gambacurta gambacurta@lns.infn.it INFN-LNS Catania

T=1 pairs stronger than T=0 pairs

Hence we had clusters of talks on clusters…..

Many of these followed the 
theme of projection to get 
clusters
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Any good workshop
adds more questions

than it answers
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Shell 
model

Algebraic
models

Cluster
condensates

Mean-field
+ projection



SU(2) SU(3)

Ind part.

Shell Model

Are we using
the right 

tools?

(pairing) (deformation)

(non-interacting shell model)

SU(3) O(4)

SO(3)

Cluster Model

cluster
model
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Or could some 
structures be 
disguised as 

something else?



We’re still waiting to see if
neutron-pairing plays a strong role in 

nuclear physics….

or is just some fantastical story we tell


