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SHELL MODEL AND NUCLEAR STRUCTUREFAR FROM STABILITY�F. Nowa
ki and E. CaurierLaboratoire de Physique Théorique de Strasbourg3�5 rue de L'Université, F�67084 Strasbourg Cedex, Fran
eandInstitut de Re
her
hes Subatomiques(IN2P3-CNRS-Université Louis Pasteur)Bât.27/1, F�67037 Strasbourg Cedex 2, Fran
e(Re
eived January 18, 1999)We des
ribe the properties of neutron-ri
h nu
lei around N = 28 andN = 20 in the shell model framework. The valen
e spa
e in
ludes the sdshell for protons and pf shell for neutrons without any restri
tions. Goodagreement is found with the available data and the N = 28 shell 
losureis shown to be persisting. Then we perform 
al
ulations in the N = 20region where the valen
e spa
e is enlarged to in
lude intruder states. Weare able to a

ount for the vanishing of the N = 20 neutron shell and thedominan
e of the intruders explains the 
olle
tive features experimentallyfound in this region.PACS numbers: 21.60.Cs 1. Introdu
tionThe exploration of the behaviour of the nu
leus under extreme 
ondi-tions: high spin, vi
inity of the drip lines, �nite temperature, et
, is a majorsour
e of new insight into nu
lear stru
ture. One of the most importantquestions raised by the study of the drip lines is whether the basi
 shellorder evolves with the neutron (proton) ex
ess. In parti
ular, long 
hainsof isotopes from Ne to Ar are presently under experimental investigationsand give us unique opportunity of exploring the behaviour of several magi

losures in one single isotopi
 
hain. Re
ently, there has been an in
reaseof interest in the N = 28 isotones, motivated by the possible existen
e ofanomalies in the shell 
losure as already observed in N = 20. Sorlin et al. [1℄� Presented at the XXXIII Zakopane S
hool of Physi
s, Zakopane, Poland, September1�9, 1998. (749)



750 F. Nowa
ki, E. Caurierundertook the study of � de
ay and �-delayed neutron emission probabilityfor 44S and 45�47Cl. Their measured half-lives were found mu
h shorter thanthose predi
ted by TDA [2℄ or QRPA [3℄ 
al
ulations. These dis
repan-
ies were attributed to unexpe
ted shape transitions in the region. Similar
on
lusions have been drawn by Werner et al. [4℄. Relativisti
 and non-relativisti
 mean �eld 
al
ulations using Skyrme for
es produ
e �at energysurfa
es for sulphur isotopes, with several minima separated by energy bar-riers of just a few hundred keV. Su
h an e�e
t was a

ounted for 1f 72 ! fp
ore breaking. 2. N = 28 regionThe natural valen
e spa
e for the protons is sd shell and fp shell forneutrons. The e�e
tive intera
tion used here is 
omposed of the standard sdintera
tion USD [5℄ , standard fp shell intera
tion KB3 [6℄ and monopole
orre
ted sd�fp G matrix for 
ross-terms. The mass trends and the twoneutron separation energies are well reprodu
ed [7℄.

Fig. 1. Proton o

upation numbers and in
rease of 
olle
tivity in Sulfur 
hain.We show in Fig. 1 the in
rease of BE2's along the sulfur 
hain. This raisein 
olle
tivity is asso
iated to the �lling of proton orbitals and the interplaybetween s1=2 and d3=2 shells. The d5=2 shell remains almost 
losed and forlight sulfur isotopes, the protons �ll essentially the s1=2 shell. But as thenumber of neutrons in
reases, the �lling of the d3=2 raises. The maximum ofquadrupole 
oheren
e is rea
hed when s1=2 and d3=2 are degenerate, leadingto a pseudo-SU3 proton spa
e. This o

urs pre
isely for N = 26; 28. Never-theless, we 
an rather speak here of strongly 
orrelated 
losed shell than no
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ture Far from Stability 751shell 
losure at all: the leading 
on�guration in 44S is (1f7=2)8 with 50% andthe average o

upan
y of 1f7=2 shell is 6.95 
ompared to the maximum value8.0. The energy of 2+ in
reases relative to N = 26 and N = 30 and the BE2slightly de
reases 
ompared to N = 26; 30. Therefore, even if strong 
orrela-tions are present we do not think the N = 28 shell 
losure has disappeared.Our 
al
ulated values agree with the re
ent experiments at MSU [8, 9℄ andGANIL [1℄.
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Fig. 2. Energy of the 2p�2h intruders relative to the normally �lled states fromN = 18 to N = 28 (neutron restri
ted spa
e).
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752 F. Nowa
ki, E. CaurierThe 
on
lusion 
on
erning the previous situation is that the N = 28shell 
losure is eroded by the 
orrelations and 
olle
tive aspe
ts show up insome 
ases, but this do not imply the vanishing of N = 28 shell 
losure.The o

urren
e of intruders 
on�gurations is ex
luded as 
on�rmed by the2p2h�0p0h gap in Fig. 2. Here, the neutron spa
e is restri
ted to (f7=2p3=2)orbitals. The energy shift 
aused by this restri
tion 
an be estimated by
omparison with Fig. 3 and is about 2 MeV.3. Island of inversion around N = 20.We 
an also remark on the previous �gure, that things 
hange radi
allywhen we move to the neutron ri
h isotopes of neon, sodium and magnesiumwith N = 20. It was pointed out many years ago that data on masses andground state spins were in
ompatible with persisten
e of the N = 20 
losure.Subsequent spe
tros
opi
 studies 
on�rmed this hypothesis in parti
ular be-
ause of the very low 2+ in 32Mg (0.89 MeV) [10℄ and its enhan
ed E2 de
ay(450 e2.fm4) 
orresponding to deformation parameter of �=0.5 .We use the same shell model intera
tion as previously but in
lude nowthe 2p2h intruder 
on�gurations [11℄. In Fig. 3, we see that the intruder
on�gurations appear to be more bound in Ne, Na and Mg at N = 20.Let us fo
us now on 32Mg: the theoreti
al results with N = 20 
losed areÆE = 1:71 MeV and BE2"= 150 e2.fm4. For the intruder state these valuesare ÆE = 1:01 MeV and BE2"= 500 e2.fm4. The agreement is very good andif we mix properly the intruder and the normal 
on�guration, the per
entageof 
losed shell in the ground state is about 20% and we are entitled to speakabout shell 
losure breaking. This produ
es also a small redu
tion of the E2transition.Then we 
an wonder whether intruders play a dominant role when neu-trons are added or not. The answer is already seen in Fig. 3 where theintruders are not favoured energeti
ally beyond N = 21:4. Con
lusionWe have shown the possibility to produ
e very detailed spe
tros
opi

al
ulations in the N = 20 and N = 28 regions where two di�erent kindof behaviour 
an be observed: in the former region, the vanishing of theN = 20 
losure due to intruder e�e
ts and in the latter, enhan
ed 
olle
tivityespe
ially in the sulphur 
hain due to reordering in the �lling of protonorbitals. The des
riptive power of these 
al
ulations allows also 
on�den
ein predi
tions su
h as the highly deformed nature of 40Mg as detailed in [11℄.
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