
Vol. 42 (2011) ACTA PHYSICA POLONICA B No 3–4

SHELLS AND SHAPES IN THE 44S NUCLEUS∗

L. Cáceresa, D. Sohlerb, S. Grévya, C. Forcea, O. Sorlina

Zs. Dombrádib, L. Gaudefroyc, N.L. Achourid, J.C. Angéliqued

F. Azaieze, D. Bayborodinf , B. Bastind, R. Borceag, C. Bourgeoise

A. Butag, A. Bürgerh,i, R. Chapmanj, J.C. Dalouzyd, Z. Dlouhyf

A. Drouardh, Z. Elekesb, S. Franchooe, S. Iacobg, B. Laurentd

M. Lazarg, X. Liangj, E. Liénardd, J. Mrazekf , L. Nalpash, F. Negoitag

N.A. Orrd, Y. Penionzhkevichk, Zs. Podolyákl, F. Pougheone

P. Roussel-Chomaza, M.G. Saint-Laurenta, M. Stanoiue,g, I. Stefana

F. Nowackim, A. Povesn

aGrand Accélérateur National d’Ions Lourds (GANIL)
CEA/DSM-CNRS/IN2P3, Caen, France

bInstitute of Nuclear Research, 4001 Debrecen, Pf.51, Hungary
cCEA, DAM, DIF, 91297 Arpajon, France
dLaboratoire de Physique Corpusculaire

6 bd du Maréchal Juin, 14050 Caen Cedex, France
eInstitut de Physique Nucléaire, IN2P3-CNRS, 91406 Orsay Cedex, France

fNuclear Physics Institute, AS CR, 25068 Rex, Czech Republic
gInstitute of Physics and Nuclear Engineering IFIN-HH
P.O. Box MG-6, 077125 Bucharest-Magurele, Romania

hCEA Saclay, DAPNIA/SPhN, 91191 Gif-sur-Yvette Cedex, France
iHelmholtz-Institut für Strahlen- und Kernphysik, Universität Bonn

Nussallee 14-16, 53115 Bonn, Germany
jSUPA, School of Engineering, University of the West Scotland

Paisley PA1 2BE, Scotland, United Kingdom
kFLNR, JINR, 141980 Dubna, Moscow Region, Russia

lUniversity of Surrey, GU2 7XH Guildford, United Kingdom
mIReS, BP28, 67037 Strasbourg Cedex, France

nDepartamento de Física Teórica, Universidad Autónoma de Madrid
28049 Madrid, Spain

(Received February 21, 2011)

The results obtained from electron and in-beam spectroscopy experi-
ments reveal that the 44S nucleus is located in a transitional region between
the spherical 48Ca and the oblate 42Si. The comparison of the results with
Large Scale Shell Model calculations points towards prolate-spherical shape
coexistence where the ground state becomes the intruder configuration due
to quadrupole excitations across the Z = 14 and N = 28 shell gaps.
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1. Introduction

It is already several years since our understanding of nuclear structure
has changed. We no longer believe in the existence of universal magic num-
bers. On the contrary, thanks to new experimental data, it has been proven
that, when approaching the drip line, nuclei with magic numbers of neutrons
might lose their spherical character and become deformed. A clear example
of such phenomena is the 42Si nucleus with N = 28. The observation of a
low lying 2+

1 state was interpreted to be originated from quadrupole exci-
tations across the Z = 14 and N = 28 shell gaps; thus 42Si has an oblate
deformation [1]. This interpretation has been confirmed recently by the
B(E2 : 2+ → 0+) measurement [2]. In order to understand how deforma-
tion develops from the spherical 48Ca to the deformed 42Si, it is interesting
to study the transitional nucleus 44S. 44S has been previously studied in
Ref. [3, 4, 5]. All the experimental outcomes point to the shape-coexistence
character of this nucleus, although different interpretations concerning the
specific deformation were given. The new data provide a consistent picture
of this nucleus and reveal a most likely prolate-spherical shape coexistence
in 44S.

2. Experimental details

The 44S nucleus has been studied in two independent experiments at
the Grand Accélérateur d’Ions Lourds (GANIL) facility. The first one fo-
cused on electron spectroscopy and delayed γ-emission. 44S was produced
by fragmentation of a 48Ca primary beam at 60A MeV (I ∼ 2 eµA) in a
9Be target of 138 mg/cm2 thickness. The ions of interest were separated
in the LISE spectrometer by means of the Bρ–∆E–Bρ method. Isotope
identification was performed by a combined measurement of the energy loss,
magnetic rigidity and Time-of-Flight (TOF) in an event-by-event basis. Af-
ter separation, the ions came to rest in a kapton foil at the last focal point
of the spectrometer. Above and below the foil, a stack of four 4 mm thick
Si(Li) detectors was placed in order to record the delayed electrons within
a time window of 20 µs after implantation. Moreover, the delayed γ-rays
were measured in two high purity Ge clover detectors of the EXOGAM ar-
ray located at the side of the implantation foil. The second experiment
was dedicated to in-beam spectroscopy. In this case, 44S was produced in
a two-step reaction. A secondary beam of 45Cl was produced in the frag-
mentation of 48Ca at 60A MeV onto a 200 mg/cm2 C target and separated
in the ALPHA spectrometer at GANIL. The TOF measurement and ∆E
information necessary for the identification of the cocktail beam were pro-
vided by micro-channel plate and Si detector, respectively. The selected 45Cl
nuclei undergo fragmentation in a 195 mg/cm2 9Be target to produce the
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44S. The reaction residues were separated in the SPEG spectrometer and the
identification was performed using the standard detectors composed of drift
chambers and plastic scintillator. The prompt-γ radiation was recorded by
a stack of 74 BaF2 detectors of the Château de Cristal array placed in close
geometry surrounding the secondary target.
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Fig. 1. Left: Delay gamma spectrum following the 44S implantation. Background
lines are shown with *. The inset shows the time distribution of the 1362.5 keV elec-
trons emitted in the 0+

2 isomeric state decay to the ground state. Right: Prompt
radiation associated to the decay of 44S. Previously reported transitions are ob-
served and in addition high energy γ rays above ∼1700 keV were measured.

3. Results and discussion

The 0+
2 isomeric state in 44S at 1365 keV excitation energy decays by

internal conversion and internal pair formation to the ground state (g.s.). In
the first experiment, the delayed electron spectrum following implantation
was measured. The half-life (T1/2) of the isomeric state was extracted to
be 2.619(26) µs by fitting the time distribution of electrons with a single
exponential decay curve and it is in agreement with the previously reported
value in Ref. [5] (inset of Fig. 1, left). Additionally, a weak branch to the 2+

1
state (1329 keV excitation energy) was observed by the following 2+

1 → 0+
1

γ transition (Fig. 1, left) allowing a calculation of the decay branching ra-
tio (BR = λ(E2)/λ(E0)) of the 0+

2 state, yielding 0.163(13). Moreover,
the monopole strength and the B(E2 : 2+

1 → 0+
2 ) value were determined

by the combined measurement of BR and T1/2 to be 8.7(7) ×10−3 and
8.4(26) e2 fm4, respectively. The large difference between the previously
measured B(E2 : 0+

1 → 2+
1 ) value [3] and the B(E2 : 0+

2 → 2+
1 ) value ob-

tained in this experiment indicates a low mixing between the two 0+ states
and consequently points out the shape-coexistence character of 44S. This
interpretation is supported by the low measured ρ0, which is the smallest in
this mass region. Further information concerning the experimental outcome
can be found in Ref. [6]. In the second experiment, the prompt γ radiation
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associated to the decay of 44S was measured. The singles γ-ray spectrum
is shown in Fig. 1, right. The previously reported transitions at 1321, 965
and 288 keV are observed although the 2632 keV γ-ray [4] could not be con-
firmed from this work. A γγ-coincidence analysis was performed for the first
time in this nucleus. The spectrum gated on the 1321 keV γ line reveal the
existence of two well differentiated peaks at high energy indicating that the
γ distribution observed in the singles spectrum between 1700 and 2300 keV
is formed by three peaks where a γ-ray of about ∼ 2100 keV is not in coinci-
dence with the 2+

1 → 0+
1 transition. The latter γ-ray is tentatively assigned

to be the (2+
2 ) → 0+

1 transition. Indeed, the (2+
2 ) state mainly decays to

the g.s. of 44S due to the energy dependence of the reduced transition prob-
abilities. More details of the experimental outcome will be available in a
forthcoming publication [7].

The experimental data were compared to the results of Large Scale Shell
Model (LSSM) calculations using the SDPF-U interaction [8] and the full
sd(fp) valence space for protons (neutrons). Good agreement for the exci-
tation energy of the states and the reduced transition probabilities is found
between theory and experiment. Moreover, the shell model predicts the ex-
istence of a prolate band built on top of the g.s. which is connected by
large B(E2) values and same quadrupole moments (Q). In addition, the
LSSM calculations predict a 2+

2 state at 2140 keV with Q = −0.3 e fm2 on
top of the 0+

2 level which corresponds well with the experimentally tenta-
tively assigned (2+

2 ) state at ∼ 2100 keV. Considering the calculated reduced
transition probabilities from the shell model and the experimental excita-
tion energies, the 2+

2 state mainly decays to the g.s. with 83% branching
ratio. Therefore, it is concluded that 44S has a prolate-spherical shape co-
existence with the intruder configuration being the g.s. with deformation
β ' 0.25 and rather spherical structures of the 0+

2 and 2+
2 levels. The onset

of collectivity in 44S is caused by the combined action of proton–neutron
tensor forces leading to a compression of the energy difference between sin-
gle particle states; thus quadrupole excitations develop across the Z = 14
and N = 28 shell gaps.
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