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• How does the nuclear force depend on isospin?

• What are the limits of existence for bound nuclei?

http://www.phys.utk.edu/faculty_nazarewicz.htm

• Which are the properties of exotic nuclei at the limits of binding?

• What’s new? collective motion, shapes, decay modes?

Open questions
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Shell evolution far from stability
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Origin of monopole drifts

Explaining, reproducing and predicting

shell structure far from stability

• proton-neutron spin-flip interaction

• tensor force

• three-body forces

 rfV  

       rfYVT

22


T. Otsuka et al., PRL 95 (2005) 232502
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The effective interaction
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Mm HHH 

A schematic (simplified) view

monopole Multipole

mH
- “unperturbed” energy of the different configurations

in which the valence nucleons are distributed

- determines the single particle energies or ESPE

- dominant role far from stability

MH
- correlations

- mixing of configurations

- coherence

- energy gains 
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Understanding monopole effects
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The monopole matrix element of

an operator V can be written as

As the orbit j’ is occupied, the 

single-particle energy of an 

orbit j, ej, is changed linearly

by

'', jjjj nve 

T. Otsuka et al., 

PRL 104, 012501 (2010)
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Effects of the tensor force on the spe
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T. Otsuka et al., 

PRL 104, 012501 (2010)

Shell model calculations using a schematical

potential  

central + tensor

VMU
only central
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The islands of inversion (N=8)
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At N=8 the shell gap vanishes for 

very neutron rich nuclei. 

The ground state of 11Be is the 

“intruder” 1/2+, the “normal” negative 

parity state lies at ~300 keV. 

The weakly bound neutron/s 

occupy a low l orbit, giving 

rise to the halo
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The islands of inversion (N=20)
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T. Nakamura et al., Phys. Rev. Lett. 103, 262501 (2009)

RIBF @ RIKEN
31Ne the heaviest

neutron halo system

The last neutron occupies probably the 2p3/2 (Sn≤ 800 keV) 

It is suggested to form a halo 

Island of 

inversion

T. Otsuka EPJ S. Top. 156, 169 (2008)



Silvia Lenzi - JAPAN-ITALY  EFES Workshop, Torino, 6-8 September 2010

The islands of inversion (N=40?)

Fe

Cr

68Ni
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Cr, Fe and Co isotopic chains

The new region of 

deformation at N~40: 
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Neutron excess and shell migration 

T. Otsuka et al., PRL 95 (2005) 232502

pf7/2

np3/2

nf5/2

np1/2

ng9/2
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32
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       rfYVT

22


28

0f7/2

1p3/2

1p1/2

0f5/2

0g9/2

neutrons

0f7/2
protons

32

Z = 20

protons
0f7/2 0f7/2

1p3/2

1p1/2

0f5/2

0g9/2

neutrons

Z = 28 40

28



Silvia Lenzi - JAPAN-ITALY  EFES Workshop, Torino, 6-8 September 2010

Studying the shape evolution

A & Z identification

“in-beam” g-ray

IC

MWPPAC

IC

MWPPAC

25 Euroball Clover detectors

for Eg= 1.3MeV

Efficiency  ~ 3 %

Peak/Total ~ 45 %

FWHM ~ 10 keV

(at v/c = 10 %) 

CLARA+PRISMA @ Legnaro
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58Cr and the shape phase 
transition critical point

15

58Cr:

E4+/E2+ = 2.20

E6+/E2+ = 3.65

E8+/E2+ = 5.31τ =  4                5.17

58Cr

A possible bridge between 

shell model, algebraic

and analytical approaches

4680

Need to measure transition

probabilities

Marginean et al. 

Phys. Lett. B 633 

(2006)696
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Evolution of Cr isotopes

16
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Cr isotopic chain: data

beta decay @ GANIL 

(p,p’) @ RIKEN 

inelastic scattering 

@ NSCL (MSU) 
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The Chromium Isotopic chain

Calculations in 

the fp shell only
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Shell model for heavier Cr isotopes

The energy levels at N=40 cannot be

described within the pf or fpg space 

pf-shell 

calculations

60Cr

62Cr

g9/2
40

pf pf

Proton inelastic scattering in inverse kinematics

A.Gade et al., PRC 81, 051304(R) (2010)
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Collectivity at N~40, Z<28

S. Zhu et al., PRC 74, 

064315 (2006)

56Cr 58Cr 60Cr

Ground-state potential energy surfaces 

(TRS). Cr isotope seem to exhibit 

g softness for large N values

H. Oba and M. Matsuo, Prog. Theo. Phys. 120, 143 (2008)

SkM*-HFB N=38 N=40

L. Gaudefroy et al.,

PRC 80 064313(2009)

N=40 isotones

HFB+GCM

Gogny force
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Fe isotopes and the shell model

Shell model calculations

Core 48Ca

valence space: full fp for protons

p3/2,f5/2, p1/2, g9/2 for neutrons

S. Lunardi et al., 

Phys. Rev. C 76, 034303 (2007)

g9/2

40

pf fp

fpg Interaction described in

O. Sorlin et al., PRL 88, 

092501 (2002).

These calculations fail to describe the 

collectivity in the N=40 66Fe isotope
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Beyond N=40

N=40 N=42

2

29

2

25 // gf n 4

29

2

25 // gf n

SML et al., 

LNL Ann. Rep. 2008

Shell model calculations

Core 48Ca

valence space: full fp for protons

p3/2,f5/2, p1/2, g9/2 for neutrons
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Evolution of yrast levels in Co isotopes

23

9/2-

11/2-

1224
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1642
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58Ni             60Ni             62Ni          64Ni         66Ni  68Ni2+

57Co            59Co            61Co    63Co      65Co      67Co

65-67Co: F. Recchia et al.,

In preparation

491

680

1/2-

3/2-

65Co: D.Pawels et al., 

Phys. Rev. C 79,  044309 (2009) 

9/2-

11/2-
9/2-

11/2-

61Co

63Co

65Co

67Co



Silvia Lenzi - JAPAN-ITALY  EFES Workshop, Torino, 6-8 September 2010

Proton intruder states and shape
coexistence in 67Co

 1

2/3

2

2/7 pf


p

Courtesy D. Pauwels

and P. Van Duppen

The 1/2- state lowers due to deformation increase at Z<28 N=40

D. Pauwels et al., PRC 78, 041307 (2008)

and PRC 79, 044309 (2009) 
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Shell model description:

the LNPS interaction
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Islands of inversion

32Mg20

sd

p3/2

f7/2
20

64Cr40

pf

d5/2

g9/2

40

quasi-SU3

quasi-SU3
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Building  quadrupole collectivity

   44
sdgfp np

Rotational features are determined by the 

interplay of the quadrupole force with the 

central field in the subspace spanned by a 

sequence of Dj = 2 orbits that come lowest 

by the spin-orbit splitting.
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The new LNPS interaction

28

LNPS interaction: renormalized realistic interaction 

+ monopole corrections
48Ca core 

protons: full pf shell

neutrons: p3/2,f5/2, p1/2, g9/2, d5/2

SML, F. Nowacki, A. Poves and K. Sieja, 2010, in preparation

40

28 28
f7/2

p3/2

p1/2

f5/2

g9/2

d5/2

48Ca

 KB3gr  for the pf-shell;

 renormalized G-matrix with 

monopole corrections for the remaining 

matrix elements involving the p3/2, 

p1/2, f5/2 and g9/2 neutron orbits;

 the G-matrix based on the Kahana-

Lee-Scott potential for the matrix 

elements involving the d5/2 orbit;

 monopole corrections to reproduce     

the Z=28 and N=50 gaps in 78Ni based 

on data of neighboring nuclei
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Description of Cr an Fe around N=40

29

N

2+

4+

2+

4+

N34      36       38       40      42       44N

36       38       40       42            N

Cr

Fe

Exp

E
(k

e
V

)

E
(k

e
V

)

SM

Calculations with the LNPS

interaction and the code 

Antoine: 

• up to 14p-14h excitations.

• matrix dimensions up to 1010

SML, F. Nowacki, A. Poves and K. Sieja, 2010, in preparation
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Cr isotopes

30

E (2+)

B(E2;2+
0+)

Qint(J)

β ~ 0.35

Relation between Laboratory and Intrinsic frames

SML, F. Nowacki, A. Poves and K. Sieja, 2010, in preparation
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Shape coexistence in 67Co and 68Ni

The LNPS interaction reproduces

the shape coexistence in 67Co and 68Ni

491

680

1/2-

3/2-

1613

2273

67Co: F. Recchia et al., 

to be published

The 1/2- state gains 

a total of ~ 8 MeV of 

correlation energy 

and ~ 5 MeV relative 

to the ground state

9/2-

11/2-

D. Pauwels et al., arXiv:1005.4602v1 

[nucl-ex] 25 May 2010

68Ni
67Co
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AGATA Demonstrator at PRISMA

The clover array CLARA is 

now replaced with the AGATA 

demonstrator

– 5 triple-clusters

– 36-fold segmented 

crystals

– 540 segments

The mass region studied shows a development of collectivity

(deformation) towards N=40 with rapid changes of shape along 

the isotopic chains.

Conclusions

The LNPS effective interaction: built up using sets of realistic TBME 

and monopole corrections. Large scale shell model calculations  

for Ca, Ti, Cr, Fe, Co and Ni near N=40 (dim ~ 1010) have been presented.

The LNPS effective interaction in the fpgd space is able to describe  

shape coexistence in this third island of inversion.

The maximum of collectivity is found in Cr isotopes, where stable 

deformation starts at N=38. Iron isotopes become well deformed 

at N=40.
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