

View

Online


Export
Citation

RESEARCH ARTICLE |  AUGUST 14 2014

Shape coexistence at N=20 and N=28: Study of  states in 
 and  

S. Grévy; F. Rotaru; F. Negoita; C. Borcea; R. Borcea; A. Buta; S. Calinescu; C. Petrone; M. Stanoiu; J. Mrazek;
S. Lukyanov; Y. Penionzhkevich; L. Cáceres; F. De Oliveira; C. Force; D. Lebhertz; O. Sorlin; C. Stodel;
J. C. Thomas; R. Chevrier; J. M. Daugas; L. Gaudefroy; Zs. Dombrádi; D. Sohler; F. Nowacki; A. Poves;
F. Azaiez; I. Stefan; N. L. Achouri; J. C. Angélique; B. Bastin

AIP Conf. Proc. 1609, 167–172 (2014)
https://doi.org/10.1063/1.4893271

0
+

2
34 Si 44S

 24 April 2024 06:51:22

https://pubs.aip.org/aip/acp/article/1609/1/167/881876/Shape-coexistence-at-N-20-and-N-28-Study-of-02
https://pubs.aip.org/aip/acp/article/1609/1/167/881876/Shape-coexistence-at-N-20-and-N-28-Study-of-02?pdfCoverIconEvent=cite
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1063/1.4893271&domain=pdf&date_stamp=2014-08-14
https://doi.org/10.1063/1.4893271
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2372065&setID=592934&channelID=0&CID=872268&banID=521836448&PID=0&textadID=0&tc=1&scheduleID=2290750&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Facp%22%5D&mt=1713941482295584&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Facp%2Farticle-pdf%2F1609%2F1%2F167%2F11754180%2F167_1_online.pdf&hc=a3d77f459ff4f03d0a017dd0174adef99722b3bc&location=


Shape coexistence at N=20 and N=28 : study of 0+2 states in
34Si and 44S

S. Grévy∗, F. Rotaru, F. Negoita, C. Borcea, R. Borcea, A. Buta, S. Calinescu, C.
Petrone, M. Stanoiu†, J. Mrazek∗∗, S. Lukyanov, Y. Penionzhkevich‡, L. Cáceres, F.

De Oliveira, C. Force, D. Lebhertz, O. Sorlin, C. Stodel, J. C. Thomas§, R.
Chevrier, J. M. Daugas, L. Gaudefroy¶, Zs. Dombrádi, D. Sohler‖, F. Nowacki††, A.

Poves‡‡, F. Azaiez, I. Stefan§§ and N. L. Achouri, J. C. Angélique, B. Bastin¶¶

∗Centre d’Etudes Nucléaire de Bordeaux Gradignan, CNRS/IN2P3, Chemin du Solarium, 33175 Gradignan
Cedex, France

†Horia Hulubei National Institute for Physics and Nuclear Engineering, IFIN-HH, P.O.B. MG-6, 077125
Magurele, Romania

∗∗Nuclear Physics Institute, AS CR, CZ-25068 Rez, Czech Republic
‡FLNR, JINR, 141980 Dubna, Moscow region, Russia

§Grand Accélérateur National d’Ions Lourds (GANIL), CEA/DSM - CNRS/IN2P3, Bd Henri Becquerel, BP
55027, F-14076 Caen Cedex 5, France

¶CEA, DAM, DIF, Bruyères-le-Châtel, F-91297 Arpajon Cedex, France
‖Institute of Nuclear Research, H-4001Debrecen, Pf.51, Hungary

††IPHC, Université de Strasbourg, IN2P3/CNRS; BP28, F-67037 Strasbourg Cedex, France
‡‡Departamento de Física Teórica and IFT-UAM/CSIC, Universidad Autónoma de Madrid, E-28049 Madrid,

Spain
§§IPNO, Université Paris-Sud 11, CNRS/IN2P3, Orsay, France

¶¶LPC Caen, ENSICAEN, Université de Caen, CNRS/IN2P3, Caen, France

Abstract. It is well known that the nuclear shell structure changes for the most exotic nuclei. One of the consequences of
this phenomenon is the modification of the "classical" magic numbers, as experimentally observed at N = 20 and N = 28.
Nevertheless, the mechanisms responsible for such changes are still under discussion and more experimental information is
needed to better constrain the theoretical models. In these proceedings, we report on the discovery and the experimental study
by precise spectroscopy experiments of the 0+2 state in 34Si and 44S. The 34Si is located between the magic spherical 36S and

the deformed 32Mg, member of the so-called island of inversion, whereas 44S is located between the magic spherical 48Ca
and the deformed 42Si. Therefore, the structure of these nuclei, and in particular the phenomenon of shape coexistence, is
of crucial importance to understand how the intruder configurations progressively dominate the ground state structure of the
most exotic nuclei at both N = 20 and N = 28.

PACS: 23.35.+g, 23.40.-s, 23.20.Lv, 25.70.Mn, 27.30.+t, 27.40.+z, 29.30.Kv

DISCOVERY OF THE O+
2 STATE IN 34SI

It has been shown in the last decades that the interaction
between the valence protons and neutrons in neutron-
rich nuclei can lead to a significant modification of the
single particle energies resulting in the disappearance of
the spherical magic numbers and the appearance of new
ones [1]. It is in particular the case in the so called "is-
land of inversion" centered around the N=20 32Mg [2].
It has been ascribed to the effect of the monopole part
of the tensor force which act differentially between the
πd5/2 orbital and the νd3/2 and ν f7/2 orbitals [3], reduc-
ing the N=20 shell gap to the profit of N=16. As a conse-
quence, intruder configurations with neutrons located in

the ν f7/2 orbital progressively dominate the ground state
structure of the most neutron rich N=20 isotones. Never-
theless, questions remain concerning the boundary of the
island of inversion and the transition between the normal
ground state configuration of the spherical magic 36

16S20

and the intruder deformed one of 32
12Mg20 is not yet fully

understood. Moreover, the relative importance between
the intruder and normal configurations are still under de-
bate and therefore it is important, from an experimental
point of view, to be able to follow the evolution of the in-
truder configurations from the stable nuclei towards the
Island of Inversion where they form the ground state of
these nuclei. The 0+ states are the good candidates for
this purpose. Indeed, as illustrated on the Fig. 1, the 0+
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FIGURE 1. Position of the first and second 0+ states in the isotopes of Mg and in the N=20 isotones towards 32Mg.

state corresponding to neutron excitations above N=20
is located around 5.7 MeV in 28Mg, it has been located
recently in an experiment performed at ISOLDE around
1.8 MeV [4] and it forms the ground state of 32Mg. In
this nucleus, the "spherical" 0+ state, in which the nor-
mal configurations dominate, has been observed even
more recently, again at ISOLDE, at an energy of 1058
keV [5]. Therefore, we do observe a very steep decrease
of the intruder configurations of 4 MeV between N=16
and N=18 and again 3 MeV from N=18 to N=20. For the
N=20 isotones, the ground state of 36S at Z=16 is spher-
ical whereas the 0+ state build on neutron excitations is
located around 3.3 MeV. In between S and Mg, the ob-
servation of the 0+2 state in 34Si would therefore repre-
sent a strong step forward to better describe the struc-
tural changes observed in this region. Being predicted to
be located below the 2+1 state, an isomeric transition by
pair creation or conversion electron is then the expected
decay mode.

Many experiments tried to observe the 0+2 state in 34Si.
A candidate has been proposed at 2133 keV in [6] but
following experiments were not able to confirm this re-
sult [7, 8, 9]. In [9], excited states of 34Si were populated
by deuteron inelastic scattering and a new candidate has
been proposed at 1846 keV. In the present work, the en-
ergy of the 0+2 state in 34

14Si20 has been unambiguously
determined making the hypothesis that this state could
be populated in the β -decay of a predicted low-lying 1+

isomeric state in the 34
13Al21 [10].

Experimental setup and results

The experiment was carried out at the GANIL facil-
ity. A primary beam of 36S at 77.5 A·MeV impinged
onto a 240 mg/cm2 Be target with a mean intensity of
2 μA to produce neutron-rich fragments. They were sep-
arated by the LISE3 spectrometer [11] using an achro-
matic 197 mg/cm2 Be degrader. The magnetic rigidity
was set to optimize the transmission of the 34Al nuclei,
produced at a rate of 600 sec−1, with a momentum ac-

ceptance of 1.48% and a purity of 93%. Fragments were
identified on an event by event basis by means of their en-
ergy loss and time-of-flight (TOF) values. The selected
nuclei were implanted in a 50 μm kapton foil tilted at
20 degrees with respect to the beam axis. Before the foil,
a stack of Si detectors was used to adjust the implanta-
tion depth and a double sided strip Si detector located
downstream to the implantation foil was used to control
the beam centering in the transversal plane. The detectors
dedicated to the registration of the decay events were sur-
rounding the Kp foil in a very close geometry. Two Ger-
manium clover detectors from the EXOGAM array for
the γ-rays were placed left and right whereas four tele-
scopes of large area Si detectors were used for electrons
and positrons, each pair consisting in one 50x50 mm2,
1 mm-thick Si detector followed by one 45x45 mm2,
4.5 mm-thick Si(Li) detector. The total geometric cov-
erage was therefore 40% of 4π , providing a similar ef-
ficiency for single electron detection. The Si detectors
timing signals were the unique acquisition triggers dur-
ing "beam-off" periods. During the "continuous beam"
runs they were considered as good β -triggers only in the
absence of incident ions. Within this class of β -decay
events, those having three detectors fired are plotted in
the right insert in Fig. 2.

The oblique line corresponds to events in which the
energy sum is constant. They are interpreted as events
in which a positron hits one telescope and the accom-
panying electron hits a second telescope while the β -
trigger was given by another telescope. Therefore, these
events clearly correspond to the observation of a pair
creation emitted in a 0+→0+ transition. The peak in
the energy sum of the two detectors, including the en-
ergy loss in the Si(Li) detectors behind them, is cen-
tered at 1688(2) keV. Detailed GEANT4 [12] simula-
tions showed that the peak of energy sum is shifted down
by about 9 keV due to energy losses in the foil. Includ-
ing this correction with 10% error, we conclude that the
energy of the E0 transition is 2719(3) keV and that it
corresponds to the excitation energy of the 0+2 state in
34Si. The lifetime of the state 0+2 was determined to be
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FIGURE 2. insert right : Energy in one telescope versus energy in another one for a pair of electron/positron emitted in the EO
decay by pair creation of the 0+2 state in 34Si with a Si multiplicity equal to 3. Main: Sum of the two energies showing a peak at
1688(2) keV. The left inset corresponds to the time spectra between the β -decay electron and the electron/positron. The adjustment
gives a half-life of 19.4(7)ns for the 0+2 state.

19.4(7) ns both from Si detectors timing signals (see
left inset Fig. 2) and from the γ-times (relative to the
beta-triggers) of 511 keV photons, many of them fol-
lowing the annihilation of positrons originating from E0
transition. Based on tabulated [13, 14, 15] electronic
factors ΓIC=3.68x107 s−1 and ΓIPF =2.69x109 s−1, the
monopole strength ρ2(E0,0+2 →0+1 )=13.0(0.9) 10−3 is
extracted. A 607 keV gamma peak corresponding to the
transition from the 2+1 state at 3326 keV to the 0+2 state is
observed with a very small intensity in the gamma spec-
trum with a multiplicity higher than 2 for the Si detec-
tors. This condition assures a reduction factor of about
30 for γ-rays not in coincidence with E0 pairs, due to the
low probability of β and β -γ events to fire more than one
Si detector. On the same spectra, we observe the known
591 keV transitions in 34Si.

Despite a limited statistics and the high level of back-
ground, the branching ratio for the decay of the 2+1 state
to the 0+2 and 0+1 states has been extracted taking into ac-
count the gamma efficiencies and the relevant Si detec-
tor efficiencies : R(2+1 →0+1 /2+1 →0+2 )=1380(717). There-

fore, a B(E2,2+1 →0+2 )=61(40) e2fm4 is obtained, based

on B(E2,2+1 →0+1 )=17(7) e2fm4 measured in an interme-
diary energy Coulomb excitation experiment [16].

The total number of emitted electron-positron pairs
has been estimated to be Npairs=3.106 whereas the num-
ber of 2+1 →0+2 transition has been extracted to be around
one order of magnitude smaller. Moreover, despite the
large statistics for the decay of the 0+2 state, no gammas
are observed in coincidence with the E0 decay events,
except a large number of 511 keV due to positrons
annihilation. Even a very high energy gamma ray that
would significantly feed the 0+2 state, such as the 5.33

MeV transition reported in [17] and observed also in our
total gamma spectrum, would produce a peak with few
tens counts. We can therefore conclude that the 0+2 state

in 34Si is predominantly directly feed in the β -decay of
34Al. Furthermore, the ground-state of 34Al is 4− and
therefore cannot decay into a 0+ state with the observed
probability. Consequently, an unknown long-lived low-
spin β -isomer has to be supposed in 34Al. Shell model
calculations in [10] predict indeed an 1+ state at less than
200 keV above the ground state. With such an energy, an
E3 transition hindered also by structural differences, can
be much slower than β -decay process. The experimental
confirmation for the new isomer in 34Al is obtained from
the analysis of β -times spectra gated on γ-energies and
on delayed electron detectors signals. Indeed, the fit with
an exponential function of the background subtracted
β -time spectra gated on 926 keV and 511 keV gamma
give very different results: a period of T1/2=54.4(5) msec
is obtain in coincidence with the 926 keV transition and
is in agreement with the half-life reported in [6]. On the
other hand, the gate on the 511 keV line gives a smaller
value of T1/2=26(1) msec for the new 1+ isomer in 34Al.
The effect of the two β -times mixture is clearly visible
in the data : β -times obtained with different gates on
γ-spectrum varies between 25 and 53 msec. Even after
background subtraction, the β -times corresponding to
the 3326 keV and other known transitions in 34Si show
intermediate values, suggesting that these states are
populated (directly or indirectly) from both 34Al ground
state and isomer.
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TABLE 1. Comparison between the experimental and shell model energies (in
keV) and reduced transition probabilities (in e2fm4) for 34Si, 32Mg and 30Mg.

34Si 32Mg 30Mg
exp. s.m. exp. s.m. exp. s.m.

E(0+2 ) 2719(3) 2570 1058(2) 1282 1788.2(4) 1717

E(2+1 ) 3326(1) 3510 885.3(1) 993 1482.8(3) 1642

B(E2:2+1 →0+1 ) 17(7) 11 91(16) 85 48(6) 59

B(E2:2+1 →0+2 ) 61(40) 67 ≤109 15 11(1) 9

Discussion

Most of the theoretical approaches describe the 0+2
state in 34Si as an intruder deformed state build on 2p-
2h configurations. In a single particle picture, the en-
ergy of such a state can be obtained by summing the
excitation energies of the states corresponding to (1p-
2h)[(2p-1h)] configurations in the (N-1)[(N+1)] isotopes,
respectively. As matter of example, the 0+2 state in 36S,
described as a 2p-2h state in shell model calculations,
has an excitation energy of 3346(1) keV. This value is
very similar to the energy sum (3389 keV) of the 7/2−
excited state in 35

16S19 (1991.3 keV) and the 3/2+ ex-

cited state in 37
16S21 (1397.5 keV), both corresponding to

the excitation of a neutron from the d3/2 to the f7/2 or-

bital above the N=20 gap. For the Si isotopes, the 3/2+

excited state in 35
14Si21 (974 keV) and the 7/2− excited

state in the 35
16S19 (1435 keV) give an energy sum of

2409 keV, to be compared to E(0+2 )=2719(3) keV re-
ported here. In this simple single particle picture, we
can also extract information on the mixing and on the
deformation of the 0+ states in 34Si using a two level
mixing model assuming spherical and deformed config-
urations, as it has been done for example in [18]. Using
the relation B(E2:2+1 →0+1 )/B(E2:2+1 →0+2 )∼tan2θ (eq. 2

of [19]), a mixing amplitude cos2θ=0.22(7) is deduced
from the experimental B(E2) values. The magnitude of
the monopole matrix element can be written as a function
of the mixing amplitude and of the difference of shapes,
βS and βD, between the two configurations before mix-
ing [20], ρ2(E0)=(3Ze/4π)2sin2θcos2θ(β 2

D-β 2
S )

2. Us-
ing the experimental mixing amplitude in this equation,
the experimental monopole strength is reproduced when
deformations βD �0.22 and βS=0 are assumed.

As discussed in the introduction, the major pillars to
understand the Island of Inversion are the 0+1,2 states in
30Mg, 32Mg and 34Si. A good theory should therefore be
able to reproduce the shift of 3 MeV of the deformed
0+ states in the Mg isotopes and the one of 4 MeV in
the N=20 isotones. Concerning the Shell Model calcula-
tions, one of the available interactions for this region was
the SDPF-U-SI [21] in which the valence protons are in
the sd shell whereas the valence neutrons are either in
the sd or the pf shells. The sd → pf neutron excitations

where not considered and therefore it was not possible
up to now to describe nuclei in which these excitations
are important, such as in the Island of Inversion. In or-
der to account for this type of excitations, two ingredi-
ents have to be added : -i- the off diagonal cross shell
sd-p f matrix elements; they have been taken from the
Lee-Kahana-Scott-G matrix [22] and scaled as for the de-
scription of the superdeformed states in 40Ca [23] that are
similarly built on multiparticles-multiholes excitations, -
ii- the second ingredient are the neutron single particle
energies for the sdpf shells on a core of 16O. For the
sd one, the standard USD [24] are used whereas for pf
the choice was done in order to -i- reproduce the results
of previous SDPF interaction in the limit of no excita-
tion and -ii- to reproduce the energy of the 0+2 state in
30Mg to ensure a correct slope towards 32Mg. The ener-
gies of the 2+1 and 0+2 states and the associated reduced
transition probabilities are compared to the experimen-
tal results in table 1. The agreement is excellent, all the
energies being reproduced within 200 keV. In particular,
we can notice that the steep decreases of the deformed
0+ states between 30Mg and 32Mg (2846 keV experi-
mentaly, 2999 in the calculation) and between 34Si and
32Mg (3767 keV experimentaly, 3852 in the calculation)
are well reproduced.

DECAY OF THE O+
2 STATE IN 44S

The region of N=28 has been very intensively studied
in the last 15 years, in particular at the GANIL labo-
ratory. In this region two effects have to be considered
to understand the evolution of the shell structure. First,
the addition of neutrons in the f7/2 orbital from 40Ca to-

wards 48Ca leads to a compression of the s1/2 and d3/2
proton orbitals. This effect can be illustrated by the rel-
ative position of the 1/2+ and 3/2+ states in the odd-A
39−47K isotopes. Second, the removal of sd-protons from
48Ca leads to a reduction of the N=28 gap itself by almost
300 keV per pair of protons. This reduction has been ex-
perimentally measured between 49Ca and 47Ar in a (d,p)
transfer reaction at GANIL [25]. These two effects com-
bined together finally leads to a well deformed 42Si as it
has been illustrated by our measurement at GANIL of its
2+ energy at 770(19) keV [26]. This experiment has been
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FIGURE 3. Left : Energy in one telescope. The peak correspond to the conversion electron emitted in the EO decay 0+2 →g.s.

in 44S. The insert corresponds to the time spectrum between the implantation of 44S and the decay by the EO transition. Right :
Delayed energy spectrum in the Ge detectors in which a peak at 1329 keV is observed. The insert shows its deconvolution from the
1332 keV transition arising from 60Co.

repeated recently at RIKEN using the new RIBF facility
which gives a spectacular gain in the production rate and
the GANIL results have been confirmed. Moreover, the
statistics was large enough to observe without ambigu-
ity the 4+ state at 1.4 MeV above the 2+ and therefore
the ratio E(4+)/E(2+) has been extracted. This ratio is
increasing in the neutron-rich Si isotopes towards N=28,
being close to the limit for a rigid rotor in 42Si [27], con-
firming the strong deformation of this isotope.

In between the spherical 48Ca and the well deformed
42Si, shape coexistence is therefore expected to take
place in 44S. It has predicted by different theoretical ap-
proaches, shell model calculations [28] or mean field the-
ories, see [29, 30] for example. In 2004, indeed, we ob-
served at GANIL a low lying 0+2 state at an excitation
energy of 1.36 MeV [7]. This observation has been in-
terpreted as a first indication of shape coexistence. To go
farther and obtain the mixing of the 0+ states and better
characterize the deformation, we have performed an iso-
mer spectroscopy experiment with an experimental setup
similar to the one described above for the 34Si. Neverthe-
less, since the 0+2 is, contrary to the case of 34Si, located
few tens of keV above the 2+ (1329 keV), it can there-
fore decay either by E0(0+2 →0+1 ) or E2(0+2 →2+1 ) transi-
tions. For the E0, both internal pair creation and internal
conversion have been observed, this latest being the most
important decay channel.

Results

The energy spectrum obtained in the Si(Li) detectors
is reported on the left part of Fig. 3. A single peak at
1365 keV corresponding to the 0+2 →0+1 decay by in-
ternal conversion is observed. The internal pair creation

process gives rise to the continuous part of the spectrum
up to 343 keV corresponding to the remaining part of the
energy after the pair creation (1365-1022). This 0+2 →0+1
transition is delayed, as illustrated by the time spectrum
displayed on the left insert of Fig. 3, the half-life being
2.6μs. Concerning the E0 decay, part of the energy spec-
trum obtain in the Ge detectors is displayed on the right
part of Fig. 3 (with a zoom in the insert). The peak at
1329 keV corresponds to the delayed 2+1 →0+1 transition
which follows the E2 transition between the 0+2 and the
2+1 , this latest being too small (35 keV) to be detected
with the present experimental setup.

The monopole strength between the 0+ states is ex-
tracted from the half-life and an extremely small value
of 8.7(7) mu is obtained, pointing towards a small mixing
between the 0+ states. As in the study of 34Si, by com-
bining the known B(E2:0+1 →2+1 ) [31] and the branch-
ing ratio for the decay of the 0+2 towards the 2+1 and the

ground state, a B(E2:0+2 →2+1 ) of 42(13) e2fm4 has been
extracted. Gathering all this information and using a two
levels mixing model, a small mixing of cos2(θ )=0.88(5)
is obtain for the 0+ states and a deformation parameter
β2=0.27 for the ground state is deduced assuming that
the 0+2 is spherical.

Discussion

The above results have been compared to shell model
calculations using the SDPF-U-SI [21] interaction and
both the energies and B(E2) values are well reproduced,
as it can be seen from table 2. Moreover, a deformed
band build on the 0+1 ground state is predicted [18]. It
is characterized by strong B(E2) transitions up to the
6+ state and nearly constant intrinsic and quadrupole
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TABLE 2. Experimental and shell model values for the excitation energies,
in MeV, and reduced transition probabilities B(E2), in e2fm4, of 44S.

E 2+1 0+2 2+2 B(E2) 2+1 →0+1 2+1 →0+2

exp. 1.329(1) 1.365(1) 2.335(39) exp. 63(18) 8.4(26)
SM 1.172 1.137 2.140 SM 75 19

moments corresponding to an prolate deformation with
β +0.25. On the contrary, no deformed structure being
built on the 0+2 state and the calculated 2+2 state having
small quadrupole moments, the 0+2 state is deduced as
originating from the spherical configuration. Therefore,
in agreement with the phenomenological approach, the
emerging picture for the structure of 44S corresponds to
a spherical-prolate shape coexistence, the deformed 0+

being the ground state [18].

CONCLUSIONS

In this paper, we have reported on the discovery and the
study of two 0+2 states, one in 34Si (at N=20), and another

one in 44S (at N=28). These two regions are known to
have a modified shell structure due to the proton-neutron
interaction that modify the position of the single particle
orbitals as compared to the valley of stability. In both,
it results in deformed configurations which dominate the
ground state structure of the most neutron-rich N=20 and
N=28 isotopes, 32Mg and 42Si respectively. In between
the spherical and deformed regions, shape coexistence
takes place and can be characterized by the study of the
0+2 states. In these works, we have proved that for both
34Si and 44S, the configurations have a very small mixing
leading to spherical-deformed shape coexistence.
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