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Theory for open-shell nuclei near the limits of stability
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Landscape of medium mass nuclei
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UNDERSTANDING REGULARITIES
for both SPHERICAL and DEFORMED systems

Magic Numbers: 24O, 48Ni, 54Ca, 78Ni, 100Sn

Islands of Deformation: 12Be, 32Mg, 42Si, 64Cr, 80Zr ...

Variety of phenomena dictated by shell structure

Close connection between collective behaviour and underlying
shell structure

H = Hm +HM

Interplay between
• Monopole field (spherical mean field)
• Multipole correlations (pairing, Q.Q, ...)



Effective Single Particle Energies: Trends
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At the neutron drip line, the ESPE’s of
28O are completely at variance with

those of 40Ca at the stability valley. The
change from the standard ESPE’s of
16O to the anomalous ones in 28O is
totally due to the interactions of sd shell
neutrons among themselves

Notice that the sd shell orbits remain
always below th pf shell with the ν0f 7

2

and ν0p 3

2

orbitals DO get inverted

The monopole part of the
neutron-proton interaction restores the
N=20 shell gap when the valley of
stability is approached

Spin-Tensor decomposition shows it is
mainly a Central and Tensor effect

Magic numbers are associated to enegy gaps in the spherical mean
field. Therefore, to promote particles above the Fermi levels costs
energy

However some intruders configurations can overwhelm their loss of
monopole energy with their huge gain in correlation energy

Several examples of this phenomenon exist in stable magic nuclei
(as in 40Ca nucleus) in the form of coexisting spherical, deformed
and superdeformed states in a very narrow energy range

At the very neutron rich or very proton rich edges, the T=0 and T=1
channels of the effective nuclear interaction weight very differently
than they do at the stability line. Therefore the effective single
particle structure may suffer important changes, leading in some
cases to the vanishing of established shell closures or to the
appearance of new ones
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Spin-Tensor decomposition

V =
∑

Vk =
∑

Uk .Sk

k S S′ spin-tensor components

0 0 0 C=Central
1 1

1 0 1 ALS=antisymmetric spin-orbit
1 0
1 1 LS=spin-orbit

2 1 1 T=Tensor
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∆ (f 7
2
-d 3

2
) filling d 5

2
between 32Mg and 34Si

G matrix SDPF-U diff.
Tot 1.57 1.17 -0.40

Central 1.11 0.70 -0.41
Vector -0.159 -0.155 0.004

LS -0.049 -0.12 -0.071
ALS -0.11 -0.035 0.075

Tensor 0.61 0.63 0.02
Nuclear shell evolution and in-medium NN interaction

N. Smirnova, K. Heyde, B. Bailly, F. Nowacki, K. Sieja

Phys. Rev. C86, 034314 (2012)
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Effective Single Particle Energies: Trends
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Correlation Energies

Let us consider the configurations with closed N=20

[sd ]12,Z (normal filling) and the ones with two neutrons

blocked in the pf shell [sd ]10,Z [pf ]2,0 (intruder)

And calculate the energy of the ground states at fixed

configuration, with and without correlations



Correlations energies: normal vs 2p-2h intruder
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Gaps: normal vs 2p-2h intruder
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Merging of the islands of inversion at N=20 and N=28
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Island of inversion at N=40, an old story: 1996

A. Poves



Island of inversion at N=40, an old story: 2003

8 10 12 14 16 18 20

Proton number

−20

−15

−10

−5

0

5

ef
fe

ct
iv

e 
S

P
E

 (
M

eV
)

N=20

1f7/2

1d3/2

2p3/2

20 22 24 26 28

Proton number

−2

0

2

4

6

ef
fe

ct
iv

e 
S

P
E

 (
M

eV
)

N=40

1g9/2

1f5/2

2d5/2

GANIL



More recent experimental information
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SM framework

Island of inversion around 64Cr

S. Lenzi, F. Nowacki, A. Poves and K. Sieja

Phys. Rev. C 82, 054301, 2010.

f7/2

p1/2

f5/2

p3/2

Π

g9/2
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  Ca

ν

48

LNPS interaction:

based on realistic TBME
new fit of the pf shell (KB3GR, E. Caurier)

monopole corrections

g9/2-d5/2 gap set to 1.5 Mev in 68Ni

Calculations:

up to 14p-14h excitations across Z=28
and N=40 gaps

up to 1010

m-scheme code ANTOINE (non public
version)



Shape transition at N=40
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Shape transition at N=40
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Shape transition at N=40
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Neutron effective single particle energies
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Extension of collectivity N=40 towards N=50
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Extension of collectivity N=40 towards N=50
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C. Santamaria et al., submitted for publication in Phys. Rev. Lett.



Spin-orbit shell closure far from stability

H. O.

H. O.

Π+

Π−

sd-pf: 42Si deformed

pf-sdg: 78Ni ???

sdg-phf: 132Sn

doubly magic

Evolution of Z=28 from N=40 to N=50

Evolution of N=50 from Z=40 to Z=28



Three-body forces in medium mass nuclei

16O 24O 40Ca 48Ca 68Ni 78Ni
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Evolution of the neutron effective single-particle energies

with neutron filling in ds, fp, and gd shells

“Universal” mechanism for the generation of T=1 spin-orbit

shell closures

Connection with 3N forces and ab-initio calculations:

• “works” for Coupled-Cluster and to be checked in nickels

• problems for “ab-initio” core shell-model

Three body forces and persistence of spin-orbit shell gaps in medium-mass nuclei: Towards the doubly magic 78Ni
K. Sieja, F. Nowacki
Phys. Rev. C85, 051301(R) (2012)



Physics around 78Ni

H. O.

H. O.

Π+/−

Π−/+

PFSDG-U interaction:

based on realistic TBME
pf shell for protons and gds shell for
neutrons
monopole corrections

proton and neutrons gap 78Ni fixed to
phenomenological derived values

Calculations:

excitations across Z=28 and N=50
gaps

up to 1010 Slater Determinant basis
states
m-scheme code ANTOINE (non
public version)
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Island of Deformation below 78Ni

Schematic SU3 predictions: arXiv 1404.0224

Nilsson-SU3 selfconsistency:

Quadrupole dominance in heavy N=Z nuclei
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Shape coexistence in 78Ni

At first approximation, 78Ni
has a double closed shell
structure for GS

But very low-lying 4p4h
structures

The first excited state 2+
1 in

78Ni predicted at 2.8 MeV
and to be a deformed
intruder !!!

Necessity to go beyond
(fpg 9

2
d 5

2
) LNPS space

Constrained deformed HF in the SM basis

(B. Bounthong, Ph D Thesis, Strasbourg)
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E*(2+
1 ) Qs BE2↓ Qi from Qi from β

(MeV) (e.fm2) (e2.fm4) Qs from BE2

72Cr 0.24 -48 551 167 166 0.37
74Cr 0.29 -46 515 162 161 0.36
76Cr 0.41 -29 239 100 108 0.22

76Fe 0.35 -39 346 135 132 0.26



Island of Deformation below 78Ni
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Spin-orbit shell closure far from stability
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sd-pf: 42Si deformed

pf-sdg: 78Ni ???
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doubly magic
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Effective Single Particle Energies: Trends
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Effective Single Particle Energies: Trends
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Effective Single Particle Energies: Trends
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Effective Single Particle Energies: Trends
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Summary

Monopole drift develops in all regions but the Interplay between
correlations (pairing + quadrupole) and spherical mean-field
(monopole field) determines the physics.
It can vary from :
- island of inversion at N=20 and N=40
- deformation at Z=14, N=28 for 42Si and shell weakening at
Z=28, N=50 for 78Ni
- deformation extending from N=40 to N=50 for Z=24-26 for 74Cr
and 76Fe
The “islands of inversion” appear due to the effect of the
correlations, hence they could also be called “islands of
enhanced collectivity”. As quadrupole correlations are dominant
in this region, most of thei inhabitants are deformed rotors.
Shape transitions and coexistence show up everywhere

Quadrupole energies can be huge and understood in terms of
symmetries

Spin-Tensor Analysis show competing trends but varying
significantly from light to middle mass nuclei
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