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Open problems at the N=Z line



P. Van Isacker, GANIL, France



S3 opportunity for N=Z


What’s so interesting about N=Z?


Some selected topics





Nuclear regions covered by S3





What’s so interesting about N=Z?


Superallowed 0+ -> 0+ β decay and precision tests 

of the standard model (unitarity CKM matrix).


Charge symmetry and charge independence of the 

nuclear interaction (isospin symmetry).


Extra binding energy due to enhanced correlation 

effects (e.g., Wigner energy).


T=0 pairing and aligned neutron-proton pairs.






D.D. Warner, M.A. Bentley & PVI, Nature Physics 2 (2006) 311





Pairing


Pairing refers to the interaction between 

particles in ‘time-reversed orbits’.


In nuclei: nucleons with orbital angular momenta 

coupled to L=0.


Pairing is essential to understand the properties 

of nuclei. Analogous to the superconducting 
metallic state (BCS theory).









Pairing with neutrons and protons


For neutrons and protons two pairs and hence two 
pairing interactions are possible:



1S0 isovector or spin singlet (S=0,T=1)


3S1 isoscalar or spin triplet (S=1,T=0)





Nucleon-nucleon interaction



ç  



Nucleon-nucleon interaction



ç  



Nucleon-nucleon interaction



ç  



Neutron-proton correlations


The question is not whether T=0 interactions 

between nucleons exist or whether they are 
important. They do and they are.



The question is whether T=0 correlations exist, 
similar to BCS-type ones for T=1.


Test from two-nucleon transfer reactions.



Related (but different) question: Are aligned T=0 
neutron-proton pairs dominantly important?


Test from magnetic & electric moments of N=Z nuclei.





T=1 pair vibrations in Pb



A. Bohr & B.R. Mottelson, Volume 2, page 646





T=1 pair vibrations in Ca





T=1 pair vibrations in Ca-Sc-Ti-V?
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T=0 pair vibrations in Ca-Sc-Ti-V?
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Pair vibrations on 56Ni



A.O. Macchiavelli et al., arXiv:nucl-th/9912041



is adjusted to give the same frequency for the addition
and removal phonons [5] and, equivalently, sets the Fermi
surface in the middle of the N = Z = 28 shell gap around
56Ni. Finally, E0 is chosen such that Ex(56, 0, 0) = 0.
The subtraction of average properties (including an av-
erage symmetry term) leaves, in principle, only those ef-
fects associated with pairing and shell structure [14] and
can be compared directly with the harmonic spectrum
discussed above and shown in Fig. 2. In other words, one
expects that two-body correlations beyond the mean-field
will survive the subtraction procedure and will generate
an excitation spectra whose properties can be, at least
qualitatively, explained by the Hamiltonian in Eq. (1).

Our method differs slightly from that of Refs. [3,5],
mainly in the subtraction of the full symmetry energy
term. We thus checked the procedure for nuclei around
208Pb and obtained for the neutron pairing vibrational
phonon h̄ω ≈ 2.3MeV, in good agreement with the anal-
ysis presented in [4]. The results are shown in Fig. 3
where the spectrum obtained following our prescription
(thick lines) is compared with that of Ref. [4] (thin lines)
and the harmonic approximation (dashed lines). It seems
that removing the symmetry term produces a spectrum
which shows less anharmonicities.
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FIG. 3. Experimental excitation spectrum for addition

and removal phonons around 208Pb. The excitation energies
of the ground states in even-even Pb isotopes derived from
Eq. (3) are shown by the thick lines, those derived following
[4] by the thin lines and the harmonic approximation by the
dashed lines.

We now turn our attention to the detailed experimen-
tal structure of one and two addition phonons on 56Ni,
shown in Fig. 4 . In order to make the discussion clearer,

the additional labels used in the figure correspond to the
numbers of (pp, np, nn) pairs. Obviously, 56Ni is (0, 0, 0)
and, for example, the ground state of 60Ni with T = 2,
having two more nn pairs is labelled as (0, 0, 2). One
immediately realizes the similarity of this spectrum with
that of Fig. 2. For the T = 1 channel notice the “almost”
degenerate energies of the A = 58 isobaric multiplet, as it
should be since they correspond to the different isospin
projections of the same phonon. The average of those
energies gives the frequency of the T = 1 phonon, i.e.
h̄ω1 ≈ 1.5MeV. With a typical single-particle level spac-
ing energy ϵ ≈ 4 − 5MeV in this region we obtain from
Eq. 2 a qualitative estimate of G1/Gcrit ≈ 0.9 suggesting
a strong collective character of the vibration.

What about the T = 0 channel? In this simple picture,
the lowest T = 0 state in 58Cu is obtained from 56Ni by
the addition of the isoscalar (T = 0, S = 1) phonon, and
therefore defines the frequency for this mode. It is obvi-
ous by simple inspection of the data that this excitation is
much higher than for T = 1. In terms of the phonon pic-
ture, h̄ω0 ≈ 4MeV, which translates into G0/Gcrit

<∼ 0.2
and implies, in contrast to the T = 1 case, very weak (if
any) collective correlations for T = 0 pairing. In fact,
this small lowering of the energy of the T = 0 state with
respect to the single-particle excitation, can be accounted
for by a residual np diagonal interaction, ∼ 20MeV/A,
rather than any collective effect.
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FIG. 4. Experimental excitation spectrum for addition
phonons around 56Ni. The excitation energies are derived
from Eq. (3). Members of an isobaric multiplet are joined by
thin lines. This figure can be directly compared with Fig. 2 .

The two-phonon states can now be interpreted in a
similar way. The T = 2 ground state of 60Ni is natu-
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Pair vibrations & rotations


Pairing hamiltonian for several shells. For two 

shells and identical nucleons:





Phase transition occurs as a function of g/Δε:

For g<gcrit: pair vibrations (ex: Pb isotopes)


For g>gcrit: pair rotations (ex: Sn isotopes)



Two different coupling schemes:



Ĥ Δε,g( ) = Δε n̂+ − n̂−( )− gV̂J=0,T=1
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Pair vibrations and rotations



A.O. Macchiavelli



Ao 

Closed shell 

σ ( Αgs→ Α+2gs)/σsp


Single 

Particle 

∼ Ω


∼ Ω2


∼ (Δ/G)2 

Superfluids 

Vibrations 

~ (n +1 ) 

Closed shell 

Pair correlations result in a constructive interference of reaction amplitudes giving a 

enhanced two-nucleon transfer.  



Spin-aligned coupling scheme



B. Cederwall et al., Nature 469 (2011) 68





A new coupling scheme?


Our results reveal evidence for a spin-aligned, 

isoscalar neutron–proton coupling scheme.


[T]his coupling scheme replaces normal 

superfluidity (characterized by seniority 
coupling) in the ground and low-lying excited 
states of the heaviest N=Z nuclei.



B. Cederwall et al., Nature 469 (2011) 68





Approximations


Hypothesis: N=Z nuclei can be described in the 

(spherical) shell model, in an appropriate model 
space and with an appropriate interaction.



Approximations:


(A) Truncate shell model to a single high-j shell.


(B) Truncate single-j shell space to one written in 

terms of aligned-spin B (J=9) pairs.


(C) Replace aligned-spin B pairs by b bosons.



S. Zerguine and P. Van Isacker, Phys. Rev. C 83 (2011) 064314


P. Van Isacker, Int. J. Mod Phys. E 22 (2013) 1330028





Pair analysis in the shell model


Define different types of nucleon pairs:











Calculate overlap with shell-model wave functions 

with the nucleon-pair shell model in an isospin-
invariant formulation.



BJT
+ = aj1/2

+ × aj1/2
+( )

JT( )

S+ : J = 0, T =1; D+ : J = 2, T =1; B+ : J = 9, T = 0.

J.-Q. Chen, Nucl. Phys. A 562 (1993) 218; 626 (1997) 686


G.J. Fu et al., Phys. Rev. C 87 (2013) 044310





Spectrum of 96Cd



Cd96
4848

Expt SM B2 b2 !2" b2 !3"

0! 0!

2!

4!

6!
8!

10!
12!
16!
14!

0!

2!

4!

6!

8!

10!
16!
12!
14!

0!

2!

4!

6!

8!

10!
16!
12!
14!

0

5
En
er
gy
#MeV

$



B-pair analysis of  96Cd
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Spectrum of 94Ag
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B-pair analysis of 94Ag
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Magnetic dipole moments


For any state in a single-j shell











The same result is obtained with b-IBM mapped 

from a single-j shell model.


∴ Magnetic dipole moments test approximation 

(A) but are insensitive to (B) and (C).


In 46V:


In 50Mn:



g αJ( ) = 1
2
gν + gπ( ) ≈

0.52 to 0.55µN 1 f7/2( )
0.51 to 0.54 µN 1g9/2( )

"
#
$

%$

µ 31+( ) =1.64(3) µN
µ 51+( ) = 2.76(1) µN

F.C. Charlwood et al., Phys. Lett. B 690 (2010) 346





Q moment of 7+ isomer in 94Ag


Shell model in pf5/2g9/2 space (M=7 -> dim=37327):





Shell model in 1g9/2 (J=7 -> dim=84):





Expression in terms of b bosons:



∴ Measurement of Q(7+) tests (A). Calculation 
confirms (B+C).



Q 71
+( ) = 0.62 b

Q 71
+( ) = 6.60 eν + eπ( ) ho( )2 ≈ 0.60 b

Q b3 16[ ]7( ) = 30930277300923364
627253477610841

eν + eπ( ) ho( )2 ≈ 0.64 b

A. Poves, private communication LSSM





Conclusions


Superallowed 0+ -> 0+ β decay: mirror transitions 

constrain the nuclear-structure corrections.


The J=2 (0?) anomaly remains unresolved and calls 

for experiments at higher A.


A BCS-like phase for T=0 pairing? Test from 

deuteron transfer.


Dominance of T=0 aligned pairs? Test from 

magnetic and quadrupole moments.




