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Some open questions

« How does the nuclear force depend on isospin?
« What are the limits of existence for bound nuclei?

T Shell Model

10 s Microscopic 4 Effective E
E - Ab Initio Interactions
n -
E =
g =

CcD
E r E = |
"E Bare Nucleon-Nucleon
o 1F = = H Interactions -
C - e -

CD Vacuum e =
Q S - Quark-Gluon

“  |Interactions

* Which are the properties of exotic nuclel at the limits of binding?
 What's new? collective motion, shapes, decay modes?



Explaining monopole drifts

Attempts to explain, reproduce and
predict shell structure far from stability

» proton-neutron spin-flip interaction |V =t-tc-cf_(r)

« tensor force| V; =t-t([o-o]?-Y?)f(r) e T

proton neutron

three-body forces
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The effective interaction

A schematic (simplified) view

H=H, +H,

monopole  Multipole

- *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

- correlations

- mixing of configurations
- coherence

- energy gains
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Understanding monopole effects

The monopole matrix element of

an operator V can be writtenas | '

Dk dmim V| jmj m’)

Zm,m'l

AS the Orbit j’ iS Occupied, the 0. Soriin, M.-G. Porguet / Frogress in Particie and Nuclear Physics 61 (2008) 602-67 3

single-particle energy of an EsPE
orbit J, ;, Is changed linearly

by

T. Otsuka et al.,

PRL 104, 012501 (2010)
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Effects of the tensor force on the spe

Shell model calculations V,

only central central + tensor

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

isotones ’

T. Otsuka et al.,
PRL 104, 012501 (2010)
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the deformed intruders, which often

The islands of inversion (N=8)

At N=8 the shell gap vanishes for
very neutron rich nuclei.

The ground state of 'Be is the
“Intruder” 1/2*, the “normal” negative
parity state lies at ~300 keV.

Island of inversion: the region of nuclei
where the strong quadrupole
correlations overcome the spherical
mean-field gaps, favoring energetically
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The islands of inversion (N=20)
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Coulomb excitation of 31Ne

The last neutron occupies probably the 2p,;, (S, 800 keV)
It is suggested to form a halo

T. Nakamura et al., Phys. Rev. Lett. 103, 262501 (2009)
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NI and the Z<28 isotopic chains
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The new region of
deformation at N~40:

Cr, Fe and Co Isotopic chains



Neutron excess and shell migration
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Collectivity at N—40, Z<28

single particle energies in a
deformed WS potential
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S. Zhu et al.. PRC 74 Ground-state potential energy surfaces (TRS) 5
’ ’ Cr isotope seem to exhibit y softness :
064315 (2006) for large N values ! K. Yoshida and M. Yamagami,
PRC 77, 044312 (2008)
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The Cr Isotopic chain: data
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DOI 101140/ epjo/
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beta decay @ GANIL

Development of Large Deformation in 2 Cr

New region of deformation in the neutron-rich $3Cr3s and 57Crss N. Aoi,' E. Takeshita,"? H. Suzuki,* S. Takeuchi,' S. Ota* H. Baba,' § Bishon ' T Fulni® ¥ Hoshimain S8 1 fino §
E. Ideguchi,” K. leki® N. Tmai,® M. Ishihara," H. Iwaszki,® $. Kanno,] ’
>, Donzaud!, F. Nowacki?, 1.C. Angélique®, F. Azaiez!, C oist, V. Chistel, Z. ! T. Minemura,* T. Motobayashi,' T. Nakabayashi,* T. Nakamura® T, Ng (p p ) @ RI KEN
", D. Guillsmpuik Muelles, F. Torahloa’, K- ies', A M [ ' H. Sakurai® 8. Shimoura,” R. Sugo,® D, Suzuki® M. K. Suzuki® M. T !

M. Stamoiu®

Available online at www.sciencedirect.com

2500 “'““@m““" PHYSICS LETTERS B
ESIER Phrysics Lattars B 633 (2006) 696-700 _—
r wrwrw.elsevier.com/locate/physleth

2000 C

I
+

Shape transitions far from stability: The nucleus 3Cr
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PHYSICAL REVIEW C 74, 064315 (2006)

500 - Level structure of the neutron-rich **%Cr isotopes: Single-particle and collective aspects

S. Zhu,' A. N. Deacon,? S. J. Freeman,? R. V. F. Janssens,' B. Fomal,® M. Honma,* F. R. Xu,” R. Broda,’ . R. Calderin,®
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RAPID COMMUNICATIONS

PHYSICAL REVIEW C 81, 051304(R) (2010)
Collectivity at N = 40 in neutron-rich “Cr

A. Gade,' R. V. F. Janssens,” T. Baugher,'” D. Bazin,' B. A. Brown,'? M. P. Carpenter,” C. J. Chiara,** A. N. Deacon,”
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Studying the shape evolution
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°8Cr and the shape phase

transition critical point

VOLUME 85, NUMBER 17 PHYSICAL REVIEW LETTERS 23 OcToBER 2000
Dynamic Symmetries at the Critical Point + 4680 4743 — 4948
8 —_ 4550 4442 4447
F. Tachello  — JR—
Center for Theoretical Physics, Sloane Laboratory, Yale Umversity, New Haven, Connecticur 06520-8120
(Received & May 20001
6+ — 3219 3159 3130 2000 3188 3299
TABLE 1. Excitation energies of the E(5) symmetry.
&—="1 Fe—=ip E=3 & =4 4+ 1937 1936 1937 1770 1885 ——=2051
= (1} 0 58CI" ‘1)? }ggg 2+ 880 880 882 880 870 —1102
T — - v
=1 2.20 E,./E,, =2.20 86 20.44 o0 0 o o 0 0
=173 359 = 81 24.16
=4 517 Ee./E,, = 3.65 EXP. E(5) IBA KB3G FPD6  GXPF1
: Eg./E,, =5.31

Marginean et al.
Phys. Lett. B 633 A possible bridge between

(2006)696 shell model, algebraic

and analytical approaches

Need to measure transition
probabilities

Silvia Lenzi — LEA-Colliga Meeting, LNL, 18-19 November 2010




Evolution of Cr isotopes

26 28 30 32 34 36 38 40 42

N
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Shell model: enlarging the space

Proton inelastic scattering in inverse kinematics
PRL 102, 012502 (2009) PHYSICAL REVIEW LETTERS iy _‘_‘_gglz

Development of Large Deformation in *2Cr

N. Aol E. Takeshita,"* H. Suzuki,” 8. Takeuchi,' 8. Ow,* H. Baba,' 8. Bishop,' T. Fukui* Y. Hashimoto,” H.J. Ong.*
E. Ideguchi,” K. Teki® N. Imai,® M. Ishihara,' H. Iwasaki,® 8. Kanno,* Y. Kendo,” T. Kubo,' K. Kurita® K. Kusaka,' p p
T. Minemura,” T, Motobayashi," T. Nakabayashi,” T. Nakamura,” T, Nakeo,” M, Niikura,” T. Okumura,” T, K. Ohnishi,” 10° 4421 2000 ————

H. Sakurai® S. Shimoura,” B. Suge,” D. Suzuki® M. K. Suzuki® M. Tamaki,” K. Tanzka,' Y. Togano,” and K. Yamada'

at 3660 a
pf'She” Mass number E & 2835
. 48 50 52 54 56 58 60 62 64 = & paa6 62Cr
calculations [ /" b e R
— = A 4 1461 E 4 1180
,-i_ 1.0} A\S/%"‘ A z 756 2 am o | .
«a& 0.5} — GXPF1A & ] L o o o 0 o o o 0
0.0 F—————————s P9 =P i =
2500f B) |
= 2000} Q___‘é_;)/o\o,f(lhﬁg
& 1500 (a) ¢ Cr (b)
" 000} A~ 2F \
aloes B L5 5 A Fe[ )
o =\ A
——————————————————————————— 2 iy 7\
- "-‘- .I'r +IH #3
2 1.0- | S U
r ' . ‘. l ‘ N II:""'L-- e
1.5¢ ) ) X ) ) : . _F\l._ . ‘ |1-.|. ,‘\
22 24 26 28 30 32 34 36 38 40 — ¢ 4 \‘\‘ .
Neutron number M 0.5k ". ’ A ~ -
Y * S | — — Sph. SM fpg (Cr)
- — PSM(Fe)
The energy levels at N=40 cannot be '

28 32 36 40 28 32 36 40
A.Gade et al., Phys. Rev. C 81,

051304(R) (2010)
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described within the pf or fpg space




Fe isotopes and the shell model

Shell model calculations S. Lunardi et al,
62
Core 48Ca Fo Phys. Rev. C 76, 034303 (2007)
valence space: full fp for protons |, a5 @) =
P3s2:f52, P12, Doy fOr NeUtrons 564
7 3604 8) 3622
1249 586 o 3387 (61) 8 3419
3107 6) 781
Il 300?2893 (57) 3015 742 - -
o—o—Uop I 06 A S
40 b 649 7 276 4 4 045 1078
1957
pf 0O fp o yum v Yues
1299 66

fpg Interaction described in
O. Sorlin et al., PRL 88, 092501 (2002).
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Beyond N=40

2+ Y 574 517
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SML et al.,
LNL Ann. Rep. 2008
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Evolution of yrast levels In Co Isotopes
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65Co: D.Pawels et al., 65-67Co: F. Recchia et al.,
Phys. Rev. C 79, 044309 (2009) In preparation
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Proton intruder states and shape

coexistence in °’Co
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The 1/2- state lowers due to deformation increase at Z<28 N=40

D. Pauwels et al., PRC 78, 041307 (2008) Courtesy D. Pauwels
and PRC 79, 044309 (2009) and P. Van Duppen
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Shell model description:
the LNPS interaction



Building quadrupole collectivity

RAFPID COMMUNICATIONS

PHYSICAL REVIEW C VOLUME 52, NUMBER 4 OCTOBER 1995

Spherical shell model description of rotational motion

A. P Zuker,' J. Retamosa,” A. Poves,” and E. Caurier'
' Physigue Théorigue, Biriment 40¢1 CRN, Institue National de Physigue Nucléaire et des Particles-CNRS/Université Louis Pasteur,
Boitte Postale 28, F-67037 Strasbourg Cedex 2, France
*Departamento de Fisica Tedrica, Universidad Autonoma de Madrid, E-28049 Madrid, Spain
(Received 13 July 1994}

Exact diagonalizations with a realistic interaction show that configurations with four nestrons in a major
shell and four protons in another—or the same—major shell, behave systematically as backbending rotors, The
dominance of the g -g component of the interaction is related 1o an approximate “guasi-SU3™ symmetry, It is
suggested that the onset of rotational motion in the rare earth nuclei 15 due 1o the promaotion of the eight particle
blocks to the major shells above the ones currently filling. Assuming a “pseudo-SU3" coupling for the
particles in the lower orbits, it is possible to account remarkably well for the observed S0E£2) rates at the
beginning of the region.

fpB o—
0.7 fpd.gdsd —+—

gds8 S
gds4.hipd =

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.

-

o e
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Islands of inversion

Psr2 } guasi-SU3

f21
20 D
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The new LNPS interaction

LNPS Interaction: renormalized realistic interaction

+ monopole corrections

48Ca core
protons: full pf shell

Neutrons: Pas,.fs/, P12s 9osos dspo

» KB3gr for the pf-shell;

» renormalized G-matrix with
monopole corrections for the remaining
matrix elements involving the p3/2,

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

ds)
Qo2

52 __40 » the G-matrix based on the Kahana-
P/ — -_— Lee-Scott potential for the matrix
Par2 28 28 elements involving the d5/2 orbit;

f7/2 -_—
| 48Ca \

SML, F. Nowacki, A. Poves and K. Sieja, PRC 82, 054301 (2010)

» monopole corrections to reproduce
the Z=28 and N=50 gaps in 78Ni based
on data of neighboring nuclei
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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
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The N=40 isotones
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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 configurations

Nucleus vgg» vds, OpOh 2p2h 4pd4h 6p6h B

ezl — LEA-Colliga Meeting, LNL, 18-19 November 2010

88 Nj 098 0.10 555 355 85 0.5 -9.03
%Fe 3.17 046 1 19 72 8 —23.96
$4Cr 341 076 0 0 73 I8 —2483
T 317 1.09 1 14 63 22  —19.62
Ca 255 1.52 | 18 59 22 —12.09

SML, F. Nowacki, A. Poves and K. Sieja, PRC 82, 054301 (2010)
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E (27)
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The deformation stabilizes at N=38.

The intrinsic quadrupole moment obtained
from the B(E2) and Q. CoOiNcide.

SML, F. Nowacki, A. Poves and K. Sieja, PRC 82, 054301 (2010)
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Isotopes
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vall et al., Phys. Rev. C 81, 061301 (2010). SML. F. Nowacki, A. Poves and K. Sieja,
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Description of Cr an Fe around N=40

1500 - N}'—j; C r

1000 -
2+
500 - u

Exp36 38 N 40 42

___| E(keV)

— SM
\\;__! e
1500 - 4+

: t\-\.~2.+

38N 40

Calculations with the LNPS
Interaction and the code
Antoine:

e up to 14p-14h excitations.

e matrix dimensions up to 100

The deformation stabilizes at
N=38 in Cr and at N=40 in Fe

Nucleus N v0go/2 vids),
62Fe 36 0.95 0.12
4 Fe 38 2.0 0.27
[°Fe 40 3.22 0.51 |
*Fe 42 2.30 0.62
0Cr 36 1.55 0.31
8Cr 38 2.77 0.66
Fcr 40 341 0.76 |
S%Cr 42 2.28 0.90

SML, F. Nowacki, A. Poves and K. Sieja,

PRC 82, 054301 (2010)

Silvia Lenzi — LEA-Colliga Meeting, LNL, 18-19 November 2010



Isotopes

5 | Ni _ Energies and B(E2) trend
_ u _ ‘are well reproduced

E(2*) (MeV)
o
o
e
°

B(E2)

250

Better agreement with the experiment
can be obtained in a full pf-shell
calculation as the neutron excitations
4 from the Of,,, orbital are here more

© important than those through the

N =50 gap.
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Shape coexistence in °/Co and °©Ni

2273

9/2
67CO 68 collective 0*; in ®8Ni
11/ 1613 The 1/2- state gains £ s
N a total of ~ 8 MeV of &) 3sas
correlation energy 4 S
and ~ 5 MeV relative 2)\_ja1es
to the ground state e« x2p1h)
K ﬂ_'_Illu 22 1711
n(1p-2h),’
,’J 4.4(10)
680 3/2- () 491

D. Pauwels et al.,

Phys.Rev. C 82, 027304 (2010)
67Co: F. Recchia et al.,

reparation The LNPS interaction reproduces
| the shape coexistence in 7Co and %8N
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Conclusions

The mass region studied shows a development of collectivity
(deformation) towards N=40 with rapid changes of shape along
the isotopic chains.

" anm _§_-
Complementary experlmental technlques are needed to

construct the level schemes.
i _igmim F T

The LNPS effective interactionin the fpgd space accounts for

the monopole migrations and is able to describe the rapid changes
of structure, the development of quadrupole collectivity and

shape coexistence-phenomena in this third island of inversion.

The progress in algorithms and computer power have made it possible
to achieve the largest shell-model diagonalizations in this region
of nuclei up to date.

Measurement of transition probabilities is needed to study
the evolution of deformation and will provide a stringent test for these
theoretical predictions.
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