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Shell Model at the limits of the stability

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.



Shell Model at the limits of the stability

N=20 The region around 31Na provides a beautiful
example of intruder dominance in the ground states.
This has been known experimentally (Detraz, Thibault,
Guillemaud, Klotz, Walter) since long. Early mean
field (Campi) and shell model (Warburton, Retamosa)
interpretations pointed out the role of deformed
intruder configurations 2p-2h neutron excitations from
the sd to the pf -shell and started to study the
boundaries of the so called “island of inversion”
Recently there has been a renewal of interest in this
region, triggered by the advent of new radioactive ion
beam facilities that pave the way toward spectroscopic
studies far from stability.

The limits of the “island of inversion” depend crucially
of the effective spherical single particle energies
(ESPE’s)



The evolution of the spherical mean field

at N=20
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The evolution of the spherical mean field

at N=20
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News at N=20, The case of 31Mg

Three experiments have shed new light on the structure
of this nucleus that was though to lay at the very limit
of the “island of inversion”. Actually according to the
new results it lays rather inland of it.
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A β-NMR measure at Isolde by G. Neyens and
coworkers of the magnetic moment of the ground state
of 31Mg (–0.88355(15) µN) has settled a long lasting
debate. The total angular momentum and parity of
the ground state 31Mg is definitely 1/2+. The first
excited state at 51 keV, should then have 3/2+



News at N=20, The case of 31Mg

Another β-decay experiment at GANIL by F. Marechal
et coll. has found a very week feeding of the ground
and lowest excited states of 31Al, as expected for a
decay from an intruder state to normal states

In a third experiment at ISOLDE –fast timing by H.
Mach and coworkers– some very important lifetimes
were measured that are consistent with the new
proposed level scheme. The 3/2+

→ 1/2+ 51 keV
M1 transition has a lifetime of 16(3) ns, compared
to the shell model prediction of 8 ns with bare g-
factors (15 ns with effective g-factors). The 7/2−→
3/2− 240 keV E2 transition has a measured lifetime of
10.5(8) ns, against a shell model value of 9 ns. The
short lifetime of the 221 keV level is compatible with
an E1 decay

The low lying spectrum of 31Mg cleary points to a
deformed solution in which a hole is coupled to the
deformed core of 32Mg. This is the only way of
explaining the appearance of a 1/2+ ground state.



News at N=20, The case of 31Mg

In terms of Nilsson orbits this would correspond to a
K=1/2 band built upon an intrinsic state of quantum
numbers [200]1/2+. It comes from the crossing of the
lowest K=1/2− neutron orbit sloping down from the
pf shell and the K=3/2+ and K=1/2+ components
coming from the d3/2 spherical orbit. It can be
equivalently cast in the framework of quasi/pseudo-
SU3. In spherical Shell Model language, the band can
be ascribed to the coupling of a d3/2 (and/or s1/2)
hole to the intruder two-particle-two-hole rotational
band of 32Mg. The coupling turns out to be strong
enough to make the 1/2+ become the ground state.
The calculated results gathered below, show that the
low lying states are indeed fully collective, with a
prolate deformation β ∼0.45, very close to that of
32Mg.

J ∆E Qs/Q0 B(E2) µ B(M1)
1/2 0 -0.98
3/2 101 -17/84 106 +0.56 0.06



The saga of the Calcium isotopes; How

many are magic?

The classics: 40Ca and 48Ca

The proton-rich challengers:

36Ca and 34Ca

(why not?, 34Si is doubly magic, isn’t it?)

The very neutron rich ones: 52Ca,
54Ca and, perhaps, 60Ca



The monopole drift in the Calcium chain

-10

-5

 0

4034322820

E
S

P
E

 (
M

eV
)

Neutron number

KB3G-A (solid line) GXPF1-A (dashed line)

They show almost identical behavior at N=28 and
N=32. 52Ca is (weakly) magic.



Is 54Ca doubly magic?
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The monopole drift caused by the filling of the orbit
1p3/2 is very different for both interactions. GXPF1-A
increases strongly the 1p3/2-0f5/2 gap,while KB3G-A
reduces it slightly

Therefore, N=34 should be magic with GXPF1-A and
not at all with KB3G-A



A word of caution on the monopole drifts

All these monopole drifts involve solely the neutron-
neutron interaction. Therefore, once the single
particle spectrum of 41Ca is fixed, the magicity of
N=34 depends only of the neutron-neutron interaction.
Mutatis mutandis, the same applies to the N=14 and
N=16 closures in the Oxygen isotopes

Our present knowledge of the effective interactions
is not precise enough as to predict the details
of the monopole drifts far from stability. Some
phenomenological ingredients have to be extracted
from key experiments. The N=34 case is a good
example.



Is 54Ca doubly magic? Exhibits from

Isolde and elsewhere
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Is 54Ca doubly magic? Exhibits from

Isolde and elsewhere

53Ca
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Is 54Ca doubly magic? Exhibits from

Isolde and elsewhere

54Ti
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Is 54Ca doubly magic? Exhibits from

Isolde and elsewhere

55Ti
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Is 54Ca doubly magic? Exhibits from

Isolde and elsewhere

56Ti
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Is 54Ca doubly magic? The strange

behavior of the B(E2)’s in the Titanium

isotopes
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Is 54Ca doubly magic? The strange

behavior of the B(E2)’s in the Titanium

isotopes

46 48 50 52 54 56 58
A

200

300

400

500

600

700

800

B
(E

2)
  (

in
 e

2  fm
4 )

exp
gxpf1
kb3g

isovector effective charge equal to 0.6e



Predicted 54Ca low-lying spectrum
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N=28: 42Si; doubly magic or well

deformed?

There have been recent claims of double magicity
for 42Si by Friedman et al. (Nature 2005) based
in indirect evidence from a two proton knock-out
experiment at MSU. Previous shell model calculations
in a model space comprising the full sd-shell for protons
and the full pf -shell for neutrons that reproduced
successfully the spectroscopy of the Sulfur isotopes,
predicted a heavily mixed 42Si, oblate, with Q0–
intrinsic quadrupole moment– equal to –56 e fm2,
a 2+ excitation energy of 1.49 MeV and a doubly
closed (N=28, Z=14) component that amounts only
to 28% [Caurier, Nowacki and Poves (2004)]. With
this interaction, the proton gap at Z=14 has a value of
6.2 MeV, and the N=28 closure vanishes below 46Ar,
due to the combined effect of a slight reduction of
the N=28 neutron gap when sd-protons are removed,
and the availability of valence protons that favor the
neutron excitations across N=28 via the quadrupole-
quadrupole neutron proton interaction



42Si, an oblate, well deformed, rotor

In an experiment of in-beam γ-spectroscopy performed
at GANIL, S. Grevy et al. have measured the excitation
energy of the 2+ of 42Si, (770 keV). We have tried
to understand whether 42Si can have such a low-lying
2+, a feature associated to deformed rotors, without
a massive breaking of the Z=14 proton closure, as
implied by the MSU result. In order to lower the 2+

excitation energy we have reduced the pairing in the
pf -shell orbits 300 keV, to bring the 2+ excitation
energy of 36Si to its experimental position. Then we
have modified the d5/2–pf -shell monopoles equally, to
obtain a smaller value of the Z=14 gap, 5.8 MeV.

With this interaction, 42Si is more clearly an oblate
rotor; the 2+ excitation energy is now 810 keV,
and the intrinsic quadrupole moment –87 e fm2,
corresponding to β=–0.45. The doubly magic N=28,
Z=14 component represents only 20% of the ground
state wave-function. The ground state has (in average)
2.2 neutrons above N=28 and 1.1 protons above Z=14.
This means that the massive breaking of the N=28 shell
closure can indeed be achieved with a relatively modest
opening of the Z=14 one.



N=28: from doubly magic 48Ca toward

well deformed drip line 40Mg; The

physical picture

As we remove protons from doubly magic 48Ca,
the N=28 neutron gap slowly shrinks. In 46Ar the
collectivity induced by the action of the four valence
protons in the quasi-degenerate quasi-spin doublet
1s1/2-0d3/2 is not enough to beat the N=28 closure.
46Ar comes out oblate non-collective. Notice that,
were the N=28 gap wiped out, it would be oblate and
collective. This can be easily understood assuming the
development of quasi-SU3 in the neutron orbits and
pseudo-SU3 in the proton orbits.

In 44S, the quadrupole collectivity has already set
in. The N=28 closure blows out and prolate and
oblate states coexist. The ground state and the first
excited 2+ form the germ of a prolate rotational band.
However, it dies out already at the 4+ state. No
regular band appears on top of the oblate 0+ isomer,
predicted by the shell model calculations and recently
found also at Ganil.



N=28: from doubly magic 48Ca toward

well deformed drip line 40Mg; The

physical picture

The scene changes suddenly in 42Si, because the
pseudo-spin doublet is not relevant any more. The
proton collectivity can only develop promoting particles
through the Z=14 closure. As we have seen, even with
relatively large values of the gap it does. The collective
coupling scheme is now quasi-SU3, and the favored
shape oblate. The calculations produce a very regular
oblate band that resists up to J=8+. An excited 0+

state, prolate, predicted at 1.3 MeV, does not generate
any band.

The situation is even better in 40Mg –that should
be the heavier magnesium isotope according to some
calculations– because now the proton orbit 0d5/2 is
open. The calculations produce a very collective
prolate rotor, with a deformation similar in absolute
value to that of 42Si, a 2+ excitation energy even lower
(∼600 keV) and a very regular rotational band up to
J=8+.



N=28: from doubly magic 48Ca toward

well deformed drip line 40Mg; The

physical picture

In conclusion, the combined effects of the erosion of
the semi-magic closures N=28 and Z=14, and the
action of the quadrupole interaction, produce a very
rich variety of behaviors and shapes in the even N=28
isotones; spherical 48Ca; oblate non-collective 46Ar;
coexistence in 44S, and two rotors, oblate 42Si and
prolate 40Mg.


