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Correlations along the N=Z line
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Landscape of medium mass nuclei
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Landscape of medium mass nuclei
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New gaps: 24O, 48Ni, 54Ca, 78Ni, 100Sn

Vanishing of shell closure: 12Be, 32Mg, 42Si, 64Cr, 80Zr ...

Island of deformation around A∼ 32, A∼ 64

Low-lying dipole excitations in Ne, Ni isotopes

Variety of phenomena dictated by shell structure

Close connection between collective behaviour and underlying shell
structure

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

“Pairing plus Quadrupole propose, Monopole disposes”
A. Zuker, Coherent and Random Hamiltonians, CRN Preprint 1994
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Stable Nuclei

2BE(40Ca)-BE(39K)-BE(41Sc) 7.2 MeV

Sc41

2p3/2
1f7/2

1d3/2
2s1/2

νP

2BE(48Ca)-BE(47K)-BE(49Sc) 6.2 MeV

49 Sc

2p3/2
1f7/2

1d3/2
2s1/2

νP
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Stable Nuclei

In 45Sc, normal states and intruder states are degenerated!

But the proton shell gap remains more or less constant ...
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Stable Nuclei

In 45Sc, normal states and intruder states are degenerated!

But the proton shell gap remains more or less constant ...

Almost Island of Inversion at Stability !!!
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Stable Nuclei

Sc41
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Stable Nuclei

1f7/2
2p3/2

Sc45

P

1d3/2
2s1/2

ν

 0

 2

 41  43  45  47  49

E
 (

M
e

V
)

A

Intruders in Sc chain

3/2+ excitation energy

N 20 22 24 26 28

pgap (MeV) 7.24 5.35 5.28 5.33 6.18



EGAN 2014 Workshop, GSI, June 23-26th-2014

Stable Nuclei
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Stable Nuclei
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Isotope shifts in Calcium isotopes

νP

O16

d5/2 d5/2

s1/2

d3/2

p3/2

f7/2

s1/2

d3/2

f7/2

p3/2
�
�
�
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�
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ZBM2 interaction:

based on realistic TBME

monopole corrections to ensure 40Ca and 48Ca
gaps

full space calculations

almost free of center of mass contamination

provides very good spectroscopy at sd-pf interface
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Isotope shifts in Calcium isotopes
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Isotope shifts in Calcium isotopes

39 40 41 42 43 44 45 46 47 48 49
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Isotope shifts in Ca chain

exp 
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Correlation energies

40Ca 42Ca 44Ca 46Ca 48Ca

HM -13.1 -17.5 -18.1 -13.6 -6.2

HP -9.7 -12.5 -11.9 -8.7 -4.0

HP1 -8.9 -11.8 -11.3 -8.4 -3.9

H
pn

P1 -2.95 -2.2 -1.4 -0.8 -0.2
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Isomer shift in 38K
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Isomer shift in 38K

Hm =∑εi ni +∑aij ni ·nj +bij(Ti ·Tj −
3

4
nδij)

Correction of the French-Bensal bij = (V T=1
ij -V T=0

ij
) parameter for the d3/2 orbital

Correlation energies

3+GS 0+m

HM -7.9 -13.2

HP -4.2 -9.7

HP1 -4.2 -9.2

H
pn

P1 -1.4 -6.1
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Isomer shift in 38K

Hm =∑εi ni +∑aij ni ·nj +bij(Ti ·Tj −
3

4
nδij)

Correction of the French-Bensal bij = (V T=1
ij -V T=0

ij
) parameter for the d3/2 orbital

Correlation energies

3+GS 0+m

HM -7.9 -13.2

HP -4.2 -9.7

HP1 -4.2 -9.2

H
pn

P1 -1.4 -6.1
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Isomer shift in 38K

M. L. Bissel et al., submitted to Phys. Rev. Lett.
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Landscape of medium mass nuclei
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Island of Inversion around at N=40

f7/2

p1/2

f5/2

p3/2

P

g9/2
d5/2

  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 now constrained to 2.5 MeV in
68Ni

Calculations:

Up to 14~ω excitations across Z=28 and
N=40 gaps

Matrix diagonalizations up to 2.1010

m-scheme code ANTOINE (non public parallel
version)
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Triple coexistence in 68Ni

at first approximation, 68Ni has a
double closed shell structure for GS

But low lying structure much more
complex

three coexisting 0+ states appear
between 0 and ∼ 2.5 MeV

new location of 0
+
2 state ! Configuration

mixing and relative transition rates between

low-spin states in 68Ni:

F. Recchia et al.
Phys. Rev. C88, 041302(R) (2013)

prediction of very low-lying
superdeformed band (β2 ∼ 0.4) of
6p6h nature!
•S. Lenzi et al.

Phys. Rev. C82, 054301 (2010)

•A. Dijon et al.

Phys. Rev. C85, 0311301(R) (2012)
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Triple coexistence in 68Ni

at first approximation, 68Ni has a
double closed shell structure for GS

But low lying structure much more
complex

three coexisting 0+ states appear
between 0 and ∼ 2.5 MeV

new location of 0
+
2 state ! Configuration

mixing and relative transition rates between

low-spin states in 68Ni:

F. Recchia et al.

Phys. Rev. C88, 041302(R) (2013)

prediction of very low-lying
superdeformed band (β2 ∼ 0.4) of
6p6h nature!
•S. Lenzi et al.

Phys. Rev. C82, 054301 (2010)

•A. Dijon et al.

Phys. Rev. C85, 0311301(R) (2012)

(0p0h+2p2h)ν

(2p2h+0p0h)ν

(2p2h)π+(4p4h)ν
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Triple coexistence in 68Ni

at first approximation, 68Ni has a
double closed shell structure for GS

But low lying structure much more
complex

three coexisting 0+ states appear
between 0 and ∼ 2.5 MeV

new location of 0
+
2 state ! Configuration

mixing and relative transition rates between

low-spin states in 68Ni:

F. Recchia et al.
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prediction of very low-lying
superdeformed band (β2 ∼ 0.4) of
6p6h nature!
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From Island of Inversion around N=40 to N=Z

f7/2

p1/2

f5/2

p3/2

P

g9/2
d5/2

ν

  Ni
56

Extension of LNPS interaction:

based on realistic TBME

new fit of the pf shell (KB3GR, E. Caurier)

monopole corrections

g9/2-d5/2 gap now constrained to 2.5 Mev in
68Ni

d5/2 location triggers deformation at N=Z

Calculations:

Up to 8~ω excitations across Z=N=40 gaps

Largest diagonalisation ever with Antoine
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From Island of Inversion around N=40 to N=Z

f7/2

p1/2

f5/2

p3/2

P

g9/2
d5/2

ν

  Ni
56

pseudo−SU3

quasi−SU3

Extension of LNPS interaction:

based on realistic TBME

new fit of the pf shell (KB3GR, E. Caurier)

monopole corrections

g9/2-d5/2 gap now constrained to 2.5 Mev in
68Ni

d5/2 location triggers deformation at N=Z

Calculations:

Up to 8~ω excitations across Z=N=40 gaps

Largest diagonalisation ever with Antoine
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From Island of Inversion around N=40 to N=Z

f7/2

p1/2

f5/2

p3/2

P

g9/2
d5/2

ν

  Ni
56

pseudo−SU3

quasi−SU3

Extension of LNPS interaction:

based on realistic TBME

new fit of the pf shell (KB3GR, E. Caurier)

monopole corrections

g9/2-d5/2 gap now constrained to 2.5 Mev in
68Ni

d5/2 location triggers deformation at N=Z

Calculations:

Up to 8~ω excitations across Z=N=40 gaps

Largest diagonalisation ever with Antoine

72Kr

2
+
1 −→ 0

+
1 2

+
2 −→ 0

+
2

∆E∗ th. 0.405 -
∆E∗ exp. 0.710 -
Qs -61 +55
BE2↓ th. 1054 891
BE2↓ exp. 810(150) -

Qi (e.fm2) from Qs 212 192

Qi (e.fm2) from B(E2) 230 212

β2 0.33 -0.30
prolate oblate

d5/2 occ 1.11 0.53

Exploratory calculations
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Landscape of medium mass nuclei
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New proton-neutron coupling scheme in 92Pd ?

Claim for transition from Cooper pairs to aligned p-n

pairs
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New proton-neutron coupling scheme in 92Pd ?

In A=90-100 region, spin-orbit is at
play : strong Z=50 shell closure and
the g 9

2
orbital deeply bound with

respect to the remaining gds orbitals

level schemes of A ∼ 90 nuclei to be
described within g 9

2
orbital

regular level spacing and constant
BE2’s

wave function analysis lead to

condensate of (pn)J=9+ pairs
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How to assess (pn) condensate regime

1) build (jp jn)
N
J=2j objects

2) diagonalise (J = 2j;T = 0) single matrix element for given

system

take the overlap with effective wave function

take the expectation value of pair counting operator

first two methods give ∼ results , and provide relative estimate

counting pairs should provide absolute estimate
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New proton-neutron coupling scheme in 92Pd

calculations with effective g 9
2

(Chong et al.) and JUN45 (Otsuka
et al.) interactions

striking similarity of computed
spectra

regular level spacing and constant
BE2’s

BUT quantitative differences
between wave functions and
underlying physics

29% of (g 9
2
)12 configuration left in

the full space calculation

- vanishing Q’s in r3g
- large and constant in g 9

2
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JT=90 pairs content

Table : correlated JT=90 pairs content

in the yrast band of in 92Pd.

Jπ 〈cond|Ψ92Pd〉 〈cond|Ψ92Pd〉
g9/2 r3g

0+ 0.83 0.45

2+ 0.87 0.48

4+ 0.91 0.58

6+ 0.87 0.62

6+ 0.73 0.57

8+ 0.86 0.69

10+ 0.35 0.34
...

...
...

24+ 1.00 0.99
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JT=90 pairs content

Table : correlated JT=90 pairs content

in the yrast band of in 92Pd.

Jπ 〈cond|Ψ92Pd〉 〈cond|Ψ92Pd〉
g9/2 r3g

0+ 0.83 0.45

2+ 0.87 0.48

4+ 0.91 0.58

6+ 0.87 0.62

6+ 0.73 0.57

8+ 0.86 0.69

10+ 0.35 0.34
...

...
...

24+ 1.00 0.99

With JUN45 interation in r3g space

weak content of J = 9T = 0 (pn) pairs

seniority zero component (35%) larger

than condensate component (20%) !
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Case of 52Fe (mate of 96Cd)

Table : correlated JT=70 pairs content

in the yrast band of in 52Fe.

Jπ 〈cond|Ψ52Fe〉 〈cond|Ψ52Fe〉
f7/2 fp

0+ 0.99 0.66

2+ 0.99 0.66

4+ 0.99 0.66

6+ 0.98 0.54

8+ 0.99 0.75

10+ 0.99 0.81

12+ 1.00 0.81
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Case of 52Fe (mate of 96Cd)

Table : correlated JT=70 pairs content

in the yrast band of in 52Fe.

Jπ 〈cond|Ψ52Fe〉 〈cond|Ψ52Fe〉
f7/2 fp

0+ 0.99 0.66

2+ 0.99 0.66

4+ 0.99 0.66

6+ 0.98 0.54

8+ 0.99 0.75

10+ 0.99 0.81

12+ 1.00 0.81

52Fe

E∗(2+
1 ) th. 0.98

Qs -29
BE2↓ th. 208

Qi (e.fm2) from Qs 103

Qi (e.fm2) from B(E2) 102
β 0.25

E∗(4+
1 ) 2.73

Qs -34
BE2↓ th. 272

Qi (e.fm2) from Qs 93

Qi (e.fm2) from B(E2) 98
β 0.24

E∗(6+
1 ) 2.73

Qs +3
BE2↓ th. 145

Qi (e.fm2) from Qs 8

Qi (e.fm2) from B(E2) 68
β -

Rotor regime for low-lying states

Same conclusion holds for 96Cd



EGAN 2014 Workshop, GSI, June 23-26th-2014

Landscape of medium mass nuclei
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68 Ni 78 Ni

16 O

14 C

48 Ni 56 Ni

36 S
34 Si
32 Mg

52 Ca48 Ca40 Ca

22 O

42 Si

64 Cr

f7/2 g 9/2

f7/2 f7/2

f5/2

g 9/2f5/2p 1/2p 3/2f7/2

p 3/2

90 Zr80 Zr

p 1/2g 9/2

d5/2

p 1/2f5/2p 3/2

12 Be

8 8

20

28

20

28

32

50

40Z

28

2820

N

40

8
2014

Sn100 50
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Superallowed GT in 100Sn
Frontiers in Computing
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Theo

State-of-the art SM calculations in good

agreement with experiment

First information on the Z=50 proton gap

(neutron gap inferred from our previous

studies PRL 107 (2011) 172502, PRC 84 (2011)

044311)

100Sn paradox: very stable with respect

to strong force while very unstable with

respect to weak force !

Exp: RISING, Theo: SM Strasbourg

486, 341 (2012)
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B(E2)’s in Tin isotopes

 0

 100

 200

 300

 400

 500

 600

 50  60  70  80

B
(E

2
) 

(e
2
fm

4 )

Neutron number

exp
t=0
t=2

t=4 g9g7d5
t=4 gds

A. Banu et al.,

Phys. Rev. C72, 061305(R) (2005)



EGAN 2014 Workshop, GSI, June 23-26th-2014

B(E2)’s in Tin isotopes
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overall agreement with recent
experimental data

strong sensitivity to (unknown) proton
gap

decrease of proton gap by 1 MeV
increase B(E2) by 30% !!!



EGAN 2014 Workshop, GSI, June 23-26th-2014

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 far from stability from

island of deformation at N=20 and N=40

deformation at Z=14, N=28 for 42Si and shell weakening at Z=28,

N=50 for 78Ni

but also along N=Z line

enhanced T=1 pairing correlations

enhanced Quadrupole correlations as in the case of extremely

deformed rotors in the A∼ 80 region

Quadrupole energies can be huge and understood in terms of

symmetries
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Summary

Thanks to:

E. Caurier, H. Naidja, K. Sieja, A. Zuker

A. Poves, G. Martinez-Pinedo

H. Grawe, S. Lenzi, O. Sorlin


