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New phenomena far from stability
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The neutron-rich side

« How does the shell structure change far from stability?

 How do new regions of deformation develop at “magic” numbers?

» How does the effective interaction describe shape evolution and shape
coexistence?

» Will new excitation/decay modes be observed far from stability?

* New dynamical symmetries or new shapes?

» Connection with Astrophysics

Istituto Nazionale
di Fisica Nucleare




Nuclear forces and shell evolution

Atomic nuclei are characterized by a specific shell structure

How do the magic numbers depend on isospin?
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Data on exotic nuclei put in evidence the role of specific terms of
the nuclear interaction and demand an improved modelling



The effective interaction

A multipole expansion

monopole Multipole

- represents a spherical mean field extracted from the
interacting shell model
- determines the single particle energies or ESPE

Deformation

—

- correlations
- energy gains
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Understanding monopole effects

The monopole matrix element of N YNCNESVETIVANTIE
an operator V can be written as i S (23 +1)

- Averaged over possible orientations

As the orbit j’ becomes occupied,
the single-particle energy of an
orbit |, e, changes linearly:

T. Otsuka et al.,
PRL 104, 012501 (2010)

O. Sorlin and M.G. Porquet
F PPNP 61 (2008) 602-673 i Z
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The monopole tensor force and the spe

Central part: global variation of the single-particle energies
Tensor part: characteristic behavior of spin—orbit partners, etc.

_______ only central

(a) neutron SPE of N=20 (b) proton SPE of Ni isotopes

isotones

proton neutron

T. Otsuka et al., PRL 104, 012501 (2010)
F N. A. Smirnova et al., PLB 686, 109 (2010)
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Interplay: Monopole and Multipole

The interplay of the monopole with multipole terms,
like pairing and quadrupole, determines the different
phenomena we observe.

In particular, far from stability new magic numbers appear
and new regions of deformation develop giving rise to

new phenomena such as islands of inversion, shape phase
transitions, shape coexistence, haloes, etc.

Is ituto Nazionale
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The islands of inversion (N=8,20,28)

At N=8 and N=20 the h.o. shell gap

vanishes for very neutron rich nuclei.

1€ Deformed intruder
configurations fall below
the spherical ones

Variation of N=20 gap

L
. Island of
. inversion

-fl— Mmore exotic stable
Mg =] Ca
12 18 20
Proton Number (Z)

FN' T. Otsuka EPJ S. Top. 156, 169 (2008) A. Poves, 2011
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Subshell closure at N=40
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The increase of the 58Ni 2+
excitation energy indicates a
significant shell closure at N=40
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The ®®Ni results are prominently displayed and compared with
the S3V shell model calculations (see text).




New island of inversion at N=40

CLARA-PRISMA (Legnaro) 2007
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Neutron excess and shell migration
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The island of inversion at N~40:

Cr and Fe Isotopic chains



Cr isotopic chain: data
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beta decay @ GANIL
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Development of Large Deformation in %2 Cr
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The CLARA+PRISMA setup at Legnaro
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Cr isotopic chain

at the shape phase

transition critical point? l
Marginean et al.

Phys. Lett. B 633 (2006) 696.

Recent plunger experiment at MSU to
measure the lifetimes and test the E(5).
Silvia M. Lenzi — Italy-Japan 2012, Milano 20-22 November 2012



Fe isotopes and the shell model

Approaching N=40, Fe and Cr isotopes become deformed

Shell model calculations The inclusion of the gq,, orbital is not enough
Core 48Ca to allow a good theoretical description of °°Fe
valence space: full fp for protons
P3i2:Ts/2: Pajo; Ggy2 TOF NEULIONS

864
3604

3309 3387

3015
121

2176

S. Lunardi et al.,
PRC 76, 034303 (2007)
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At and beyond N=40

Clara+Prisma

707 + 238Y
ElLab = 460 MeV 61Fe

-
|

Theo

ﬁ* “I'HH"WHJ o - SML et a.l.,
: LTI, = LNL Ann. Rep. 2008

L.‘ounls

The fpg model space is not able to
reproduce the increase of
collectivity of Cr and Fe isotopes
approaching N=40

Counts
SR
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Building quadrupole collectivity

RAPID COMMUNICATIONS
PHYSICAL REVIEW C VOLUME 52, NUMBER 4 OCTOBER 1995
Spherical shell model description of rotational motion

% and E. Caurier’

'I:'.Fn'.-.'.-'.fl.-[re-' Th e, Bariment 40 ] | Particlex-C) Universite Louiy Pasteur,

v filling. Assuming a

sle to account remarkably well for the

Rotational features are determined by the
interplay of the quadrupole force with the
central field in the subspace spanned by a
sequence of Aj = 2 orbits that come lowest
by the spin-orbit splitting.
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Islands of inversion and symmetries

Islands of Inversion at
the magic numbers can
be understood in terms

of symmetries.

F A.P. Zuker et al., PRC 52 (1995)
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The new interaction in the fpgd space

p———

LNPS interaction: renormalized realistic interaction e
+ monopole corrections |

48Ca core

protons: full pf shell > KB3gr for the pf-shell

neutrons: Ps,fsn, P12y Josos dspo

» 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 .

F SML, F. Nowacki, A. Poves and K. Sieja (LNPS), PRC 82, 054301 (2010)
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ESPE in N=20 and N=40

Note: the ground-state deformation
properties result from the total

balance between the monopole
and the correlation energies LNPS, PRC 82, 054301 (2010)
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The N=40 isotones

A change of structure is
observed along the isotonic
chain in good agreement
with the available data

Occupation of intruder orbitals and
percentage of p-h in g.s. configurations
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Cr, Fe and Ni isotopic chains
Cr NI
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The choice of the effective charges

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 86, 011305(R) (2012) | t |S Su g g e Ste d th at
Intermediate-energy Coulomb excitation of *%%2Cr: The onset of collectivity toward N = 40 th e eﬁ:e Ctlve Ch arg eS

T. Baugher,!"*" A. Gade,’* R. V. F ' S. M. Lenzi,* D. Bazin,! B. A. Brown,* Carpenter,® A. N. Deacon,’

S. J. Freeman,® T. Glasmache 3. F. Grinyer," F. G. Kondev,” 8. McDaniel," st AL Rétk;iex*.ric:z,l'i' n e ed to be red u Ced

E. A. McCutchan,® . Sharp,” 1. Stefanescu,® K. A. Walsh, 12 D). Wei ) and § . Zhu?

By combining the results of cex and (p,p’) (Aoi et al)
the ratio of the neutron and proton transition matrix
elements can be obtained and compared with the

EZ) (keV)

: calculations = discriminate the best effective charges
i C1BO0E e b - V. Modamio et al.,
24 28 32 36 @ . .
Neutron Number E N 1-_ AGATA ||fet|mes
& measurement.

Confirms the
reduction of the
effective charges for

63-65Co0 >
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Shape coexistence:
the Co Isotopic chain



Co isotopes

PHYSICAL REVIEW C 85, 064305 (2012)

Spectroscopy of odd-mass cobalt isotopes toward the N = 40 subshell closure and shell-model
description of spherical and deformed states

F. Recchia,? 5. M. Lenzi,* S. Lunardi,'? E. Farnea,” A. Gadea,*# N. Mirginean*” D. R. Napoli,* F. Nowacki,® A. Poves,’
1. 1. Valiente-Dobon,* M. Axiotis,” S. Aydin,>® D. Bazzacco,? G. Benzoni,” P. G. Bizzeti,'° A. M. Bizzeti-Sona,'” A. Bracco,’!!
D. Bucurescu,” E. Caurier,® L. Corradi,* G. de Angelis,* F. Della Vedova,* E. Fioretto,* A. Gottardo,!* M. Ionescu-Bujor,’
A. Tordachescu,” S. Leoni,™!! R. Mirginean,>® P. Mason,'? R. Menegazzo,” D. Mengoni,!* B. Million,” G. Montagnoli, %
R. Orlandi,* G. Pollarolo,!? E. Sahin,* F. Scarlassara,! R. P Singh,* A. M. Stefanini,* S. Szilner,'®> C. A. Ur,? and O. Wieland®
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Evolution of yrast levels in Co

Isotopes

2+ 58Nj 60Nj 62N 64Nj 66N 68N|| 2273
= 1l(912-)
11/2- . 1664 1674 02 1o ()
I PTUPPTCt LA N I B 79 || Foe T
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F. Recchia et al., PRC 85, 064305 (2012)
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Inversions of the multiplets

In the weak coupling limit, the energy shifts between the states in the
multiplet can be obtained

L. Trache et al., PRC54, 2361 (1996)

" 102 N

- 1972 g 1888

(- 4/, S 92 1667 (9>-)
- 712" _ 11/22 1480

912~ 1366 1383 32~ 1364 3/2- 1222

F. Recchia



5Co: weak coupling interpretation

1327y 2799

(17/21) 3272
) 82
(15/27) 243 3029

359
(13/27) I 2670

1190

9f2-
(9727) 1643
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(/27327 g8z
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Can we explain ¢’Co in a similar way?

F. Recchia et al., PRC 85, 064305 (2012)



Proton intruder states
and shape coexistence in *7Co

evolution of 1/2- states in odd Co

Hexadecapole Deformation ¢,
0.00 0.00 0.00 0.00 0.00
T T T T T T | T T T | T T T
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D. Pauwels et al., PRC 78, 041307 (2008)
and PRC 79, 044309 (2009) Courtesy D. Pauwels
F and P. Van.DUppen
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Shape coexistence in ®7Co and ®SNi

2273 (9/2-)
67 . .
CO The deformation driven Collective 0*; in 58N
(11/2°) 1613 by the neutrons

SM

Induces a reduction of
the Z=28 gap and _
gives rise to a deformed ——
low-lying 1/2- state oS

680 1 = (3/27,5/2)
491 ' (1/2-) Prediction: D. Pauwels et al.,
Phys.Rev. C 82, 027304 (2010)
(712°)

pe . 67 .
F. Recchia et al., PRC 85, 064305 (2012)  1he 1/2" state in ®’Co gains a total of
D. Pauwels et al, PRC 78, 041307 2008) & MeV of correlation energy
and PRC 79, 044309 (2009) and ~5 MeV relative to the ground state

The LNPS interaction is able
F to reproduce these structures

Silvia M. Lenzi — Italy-Japan 2012, Milano 20-22 November 2012



Shape coexistence in ¢7Co

Up to 11p-11h excitations across

67C O the N=40, Z=28 gap

7l ty, ()] i
0, 2200 [ T R 7l 17, (1p)°]

F=——o03/ ‘ vI(pf)™(gd)‘]

the largest (11/27 | 7613
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-
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F. Recchia et al., PRC 85, 064305 (2012)



Beyond Z=28 and N=40



Transition probability measurements with
AGATA at LNL

PRISMA

MWPPAC Chambre
\ d'ionisations

1.4 mgicm?2

AGATA < V4 TGe

877 Mey
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0.5 pnA

4 Triple Cluster
p! B & F~—— N
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=24 % @ 600 ke
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Andreas Gérgen EGAN '-,rl‘ljl‘ru:-m:-_-“.hn:-p Orsay EGAN 2012 WorkShOp
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Lifetime measurements in Zn isotopes

RDDS spectra

counts (1.5 keV/bin)

Ts00 1000 1200

. Louchart et al.
to he published

™Zn
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The Zn isotopic chain

JUNA45: fpg model space Excitation energy in Zn isotopes

Collectivity of 72Zn and 74Zn

LNPS interaction

JURAS
eXp 4* 1982 exp JUM 45
"Zn .4 1740

—
>
)
=
>
)
1
)
c
i

Calculations using the LNPS give good results for the excitation energy of Zn isotopes.
New results for transition probabilities are needed.
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The N=50 isotonic chain

The LNPS interaction is able to reproduce the
available data for N=50 isotones towards "8NI.

82Ge

low-lying 1p-1h states

=
]
=
=
w
o
7
w

evolution of the N = 50 ]
gap calculated from masses
Proton number

No reduction of the N=50 gap

K. Sieja and F. Nowacki,
IS predicted

PRC 85 (2012) 051301(R)
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Three body forces

Theoretical efforts to include 3N forces in the Shell
Model calculations. Need a clear signature.

Realistic NN

2.+1 Energy (Me
EE@) Mev)
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T. Otsuka et al., PRL105, 032501 (2010) 20 22 24 26 28
J.D. Holt et al., in preparation Z
r

S.M. Lenzi et al., PRC82,;054301 (2010)
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Conclusions

The mass region studied shows a development of collectivity
towards N=40 with rapid changes of shape along the |sotop|c chains.

n’

The LNPS effective interaction in the fpgd space is able to describe
the rapid changes of structure, the development of quadrupole
collectivity and shape coexistence phenomena in this island of inversion.

e e .-
- N Ll L
~a m - ul"
I.”

67Co shows very dlfferent shapes at low excitation energy.
Gamma-gamma data needed to construct the level scheme,
together with the -measurement of transition probabilities to study
the evolution of deformation - provide a stringent test for the
effective interactions.

The model space and interaction are suitable for describing

7. the structure of nuclei beyond Z=28, N=40, towards N=50.
The effect of three body forces may be important. This needs
experimental efforts to find clear signatures.



