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Shape evolution in heavy sulfur isotopes and erosion of the =28 shell closure
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The structure of neutron-rici®#24% nuclei has been investigated through in-begsray spectroscopy
using the fragmentation reaction of a 60 MeV*#Ca beam on a thin Be targd., , |, yy-coincidence, and
v-ray angular distributions were measured for each produced fragment. The level schemes previously contain-
ing only a singley transition were extended, and spin values were proposed for the new states. The experi-
mental results were interpreted by use of microscopic collective-model and large-scale shell-model calcula-
tions. The results of the model calculations are consistent with each other, and give a reasonable description of
the experimental results. Both models predict an erosion of\th&8 shell closure aZ =16 and suggest a
deformed ground state fd**% and a spherical-deformed mixed configuration 8.
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[. INTRODUCTION at shell closures have gaps in their single-particle energy of
the order of 4-5 MeV and are classified as magic analogous
A major breakthrough in nuclear physics was the discovio noble gas configurations in atoms. The magic numbers
ery of the shell structure in nuclei and the explanation ofexpected for a harmonic oscillator mean field potential
magic numbers in the framework of the shell model. Nuclei(2,8,20,40,0 . ..) areperturbed in the nucleus by a strong
spin-orbit interaction, which pushes the highest spin state out
of a major oscillator shell towards the lower ones. As a re-
*Present address: INFN-Laboratori Nazionali del Sud, via S. Sofisult, new magic humbers such as 28, 50, and 82 do appear,
44, 1-95123 Catania, Italy. while some of the harmonic oscillator magic numbersg.,
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70) completely disappear. These magic numbers are well esensity delivered by the accelerator complex at GANIL. The
tablished close to the valley of stability. emerging fragments were detected and identified at the focal
In the case of neutron-rich sulfur isotopes, the spin-orbitplane of the SPEG spectrometer operated in a dispersive
interaction is expected to lower tHig, neutron orbit justinto mode. At the focal plane a plastic scintillator was used to
the middle of the gap between thed and fp oscillator  determine the total energy of the fragments, while ionization
shells, resulting in a magic number it=28. Even a rela- and drift chambers provided information on their energy loss
tively small change in the shape of the mean field may pusland position. The time of flight was derived from the timing
the vf,, orbit up or down slightly and in this way may signal of the plastic scintillator with respect to the cyclotron
reduce the gap energy above or belowtthesubshell. If the  radio frequency. It was corrected for the position of the frag-
energy gap above thg,, subshell is reduced to some extent, ments in the focal plane of SPEG in order to obtain a better
nuclei with 28 neutrons may become midshell nuclei with atime resolution and subsequently a better fragment identifi-
possible deformed shape. In the case of heavy sulfur isotop@sition. y rays, emitted in flight by the excited fragments,
a weakening of the spin-orbit interaction is also expefldd were detected in an array of 74 BaErystals and 3 seg-
which may further reduce thid=28 neutron gap. mented Ge clover detectors. The BaWetectors were
From pB-decay studies oN=28 nuclei (P, ¢S, and mounted symmetrically above and below the target at a mean
‘SCI) an onset of the quadrupole deformation beléica distance of 16 cm to cover about 80% of the total solid angle
was suggestefP]. This idea was soon confirmed by the de- giving a full energy peak efficiency of 25% at 1.33 MeV. The
termination of B(E2) values for the heavy sulfur isotopes segmented clover Ge detectors with an efficiency of 0.4% at
using the Coulomb-excitation method, where a large deforl.33 MeV were located at 15 cm from the target at angles of
mation of 8,~0.3 was deduced for these nucJ&i4]. Ina  85°, 122°, and 136° with respect to the beam direction. The
recent measurement at GANIL a low-energy isomeric statéime signal from the plastic scintillator was used as the trig-
was found in*3S [5], with a lifetime suggesting a spherical- ger. Atotal of about 2.5 10’ fragments was detected in four
deformed shape coexistence in this nucleus. All these me&lays of beam time.
surements suggest an erosion of Me 28 shell closure. Due to the large fragment velocity(c=0.34), they
Large-scale shell-model calculations indicate deformedsPectra had to be corrected for Doppler shift. Doppler broad-
ground states fof®% and a strongly correlated one for the €ning, arising mainly from the finite solid angle of the detec-
closed-shell nucleué’s [4,6,7], indicating that theN=28  tors, was decreased by exploiting the segmentation of the
shell closure is somewhat eroded at a large neutron excesgover detectors. Consequently, the full width at half maxi-
According to these calculations, the increaseB¢E2) val- ~ mum for ay ray of 1577 keV energy was-35 keV. The
ues in heavy sulfur isotopes may arise from an enhancemeapalysis of they yields from fragments with known level
of the proton collectivity induced by the decrease of theschemes showed that the ratio of the tatahtensity feeding
g Sy, energy differencg, ). the ground state to the number of the fragments produced is
Relativistic mean field calculationis,9,10, as well as nearly constant and independent of the reaction channel. The
Hartree-Fock-Bogolyubov ~ calculations  with  different Placement of transitions in level schemes using the ,BaF
Skyrme forceg11,12], and with Gogny interactiofl3—15, coincidence spectra was found to be possible only for the
predicted both prolate and oblate deformed minima in théstrongest transitions of the most abundant fragments. For
potential-energy surfac®ES calculated for thdN=28 %45~ Wweaker transitions, an alternative method basedyenay
isotope. Reinhareét al.[12] have shown that only the effec- multiplicity was used. It consists of the comparisomefay
tive interactions predicting a lo2—3 MeV) f,,-ps, energy  SPectra gated on low and highmultiplicities, respectively.
difference result in well pronounced prolate and oblate deTransitions with increased intensities in the high multiplicity
formations. Including the dynamical part of the collective Spectra are expected to be connected to the ground state
Hamiltonian, nuclei with both prolate and oblate minimathrough other transitions, while those stronger in the low
may havey-soft, triaxial, or coexisting prolate and oblate Multiplicity spectra are assigned to feed the ground state
shapes depending on the depths of the two minja@j.  directly [18].

Energies of higher-lying states, as well as thgibranching Nonisotropic angular distributions were observed for
ratios, may provide information on which of the above pos-Some of the strongest rays indicating an angular momen-
sibilities have been realized. tum orientation in the fragmentatlon reaction at an interme-

The in-beamy spectroscopy of fragmented projectilelike diate energy. Since the clover detectors were placed at three
nuclei has been shown to be an efficient method for studyinglifferent angles, we could deduceray intensity ratios for
excited states in light-neutron-rich nuclgl6,17. In the two pairs of angles. These ratios were normalized to that of
present case, we apply this method to explore the structure i€ 1577 keV stretcheB2 transition of *°Ar [3,19]. Transi-
neutron-rich nuclei close to thd=28 shell C|osure, and re- tions from all the fragments were analyZEd and the obtained
port on results obtained for th@r42~4‘s nuclei. aniSOtrOpy ratios were found to form two groups. All known

stretchedE2 transitions cluster within one group, while

some transitions in odd fragments have anisotropy ratios
Il. EXPERIMENTAL METHODS within a second group. We interpret this as a distinction be-

tween stretched quadrupole and stretched dipole transitions.

A °Be target of 2.76 mg/cfthickness was bombarded The calculated theoretical values of the anisotropy ratios for
by a *Cal®" beam of 60.3 MeV A energy and 15 enA in- stretched quadrupole and dipole transitions have been found
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FIG. 1. Ge and Bajf y-ray
spectra of*%424% obtained by in-
beam gamma spectroscopy using
the fragmentation of 4%Ca beam
on a °Be target. The 288 keV
transition of /S having a small
width because of small Doppler
broadening is also shown in a dif-
ferent binning as an inset in the
Ge spectrum.
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to be in agreement with the measured ones assuming anray is observed in the Ge spectrum.
orientation of the order of 30%—-70%. Anisotropy ratios obtained for the two strongest transi-
tions of 909 and 904 keV ift’S and 4%S, respectively, are
IIl. RESULTS shown in Fig. 2. These anisotropy ratios are consistent with
- the stretchedE2 nature deduced from the Coulomb-
A. The y transitions excitation experimenit3]. In the case of*S, the anisotropy

The y-ray spectra obtained fot®#?#% are shown in Fig. ratios for each transition of the 1821-1875 keV doublet
1. The spectra obtained from the Ge detectors are on the le¢ould not be determined separately. However, if one of the
hand side, and those from the Baffetectors are shown on transitions would have a stretched dipole nature, it would
the right hand side. In order to confirm the presence of theéhift the average anisotropy ratio towards the dipole area, as
low-energy 288 keV line, for which the Doppler broadening
is small, the low-energy Ge spectrum Y8 is also shown in | | | |
an inset with a smaller binning. All but the 288 keV transi-
tion detected by the Ge detectors have their counterparts i
the Bak spectra. The 288 keV transition is missing in the
BaF, spectra due to a higher-energy threshold.

We assigned twoy rays to *°S, as shown in Fig. 1. The ?o L5 =
909 keV transition has also been observed in the Coulombv
excitation experimenit3], and both transitions were seen in
the B-decay study of*°P [20].

In the y-ray spectra of*?S, four y lines were observed. 40
Only the 904 keVy ray is previously known3]. Both from [ @ | u 423
linewidths and line shapes with different multiplicity condi- 5| A1=0,2 .455
tions, it appears that a doublet of two transitidd821 and 1821+1870 k¥ A Ar
1875 keV is involved in they decay of*?S. A weakery ray *4
with an energy of 1466 keV is also visible in the spectra of | N | | |
42, 05 1.0 1.5 2.0 25

*s is the most neutron-rich fragment observed in this L,(85°)1, (136°)
experiment and consequently the correspondifgy spec-
tra have lower statistics. However, in addition to the previ- FiG. 2. Anisotropy ratios deduced for the transitions'df% as
ously known 2°—0" 1350 keV transitior{4], two othery  well as for someAl =1 transitions. The hatched areas show typical
lines (988 and 2632 keyare seen, though barely, both in the uncertainties observed for the strongddt=2 andAl=1 transi-
Ge and Bak spectra. Furthermore, a low-ener(®88 ke\)  tions in the reaction.
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the two transitions have comparable intensities. Since thecheme. Since they have the same intensities, it is possible to
angular distributions for the stretched quadrupole transitiongexchange the order of these transitions. This would result in
Al=2 and the nonstretched dipole transitioA$=1 are a new state at 3712 keV instead of 1917 keV. For the second

similar, we cannot distinguish between them. Thus, from theyoint, although we cannot rule out the spin assignment of the
anisotropy measurement we can conclude that the 1356 key2+ state, we would, however, be in favor of thé 4ssign-

t_ransmoqzof “°S, as well as the 1821 and 1875 keV transi-ment because of the yrast argument. This assignment does
tions of *“S connect states having a spin difference of 2 or,ot contradict the results obtained in tRedecay study, and

Ot is also supported by the fact that the direct decay of the 2255

keV state to the ground state is not observed in any of the

two experiments.

The level schemes of®424%5 deduced from the present  In #2S, the high intensity of the 904 keV line implies that
data are shown in Fig. 3. The 909 and 1356 keV transitiond feeds the ground state, in agreement with the previous
in 4°S were observed to be in coincidence. Since the 909 ke\Coulomb-excitation resulfs]. The 1821-1875 keV doublet
v line has a higher intensity, we have placed the 1356 keMvas seen in coincidence with the 904 keV transition, sug-
transition on top of it, in accordance with the results of thegesting that they both feed the 904 keV state. The intensity
Coulomb-excitatior{3] and thep-decay studie$20]. Both  of the 1875 and 1466 key lines are enhanced in the high
from the previoug16-18 and the present experiments we multiplicity y-gated spectra, indicating that they are mem-
have noticed that the fragmentation reaction favors yraspers of a longer cascade. Because the 1466 keV transition's
states. Hence spin paritf=(4") was assigned to the state intensity is lower, it has been placed on top of the 1875 keV
at 2.265 MeV in*’s, although 2 and 4" values are allowed  transition. The analysis of the anisotropy ratios suggests that
by the anisotropy ratio obtained for the 1356 keV transition.poth the 1821 and 1875 keV transitions connect states with 0

A level scheme of*°S has recently been published by or 24 spin differences. Since these states are connected to a
Wingeret al.[20] where for the lowest three states A &ate 2+ state, spins 0, 27, or 4" are therefore expected. From
was indicated at 904 keV, a {3 at 1917 keV, and a () the asymmetry of the 18211875 keV doublet it is seen that
state at 2255 keV. One can find two discrepancies betweethe 1821 keV line is somewhat stronger than the 1875 keV
that and the present level schemes: First, in the present casae. Keeping in mind that yrast states are favored in a frag-
the 1013 keVy line, which deexcites the 1917 keV level, mentation reaction, we assign the higher spiri (4o the
was not observed. Our experience shows that we should hawtate at 2725 ke\Wwhich decays through the stronger 1821
seen the 1917 keV level, if it would have been the yrast 4 keV line), and a lower spin (2) to the state at 2779 keV.
state. Second, we have observed the 226911 MeV In 443, the placement of the 1350 keV transition is fixed
level, which corresponds to the level at 2255 keV in Ref.by the Coulomb-excitation experimept]. In contradiction
[20], but we rather assigned & 4pin to it. To solve the first to the case irf%4%, the intensity of this transition does not
discrepancy, we suggest an alternative to the level scheme o#rry all the feeding intensity estimated from the number of
Wingeret al. Transitions with 1013 keV and 2808 keV decay nuclei produced. The missing intensity has to be found in an
from and to the 1917 keV state, respectively, in the decaydditional transition, which decays directly from an excited

B. The level schemes
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state to the ground state. A good candidate for that is théures, which is different from that of the ground state and the
2632 keV transition, which has the right intensity. This tran-2;" state.

sition has not been seen in the Coulomb excitation, possibly Two different models have been applied to interpret the
because of the lower probability to excite the 2632 keVlevel schemes of the neutron-rich sulfur isotopes: the micro-
level. The 288 and 988 keV transitions were not seen eithescopic collective modelCM) and the shell model.

suggesting that they are not directly connected to the ground For the description of the collective states, the micro-
state. The energies of the 288, 988, and 1350 keV transitionscopic CM calculation$21], with configuration mixing in-
add up to 2626 keV, which overlaps the energy of the 263Z:|uded in the space of the Hartree-Fock-Bogolyubov states,
keV transition. This indicates that the 2632 keMray may  (HFB) has been applied. As a first step, the potential-energy
be a crossover transition within the uncertainties in the surfaces(PES$ are determined by the constrained HFB
energies. Both the 288 and 988 keV lines have stronger inmethod [13], which gives qualitative information on the
tensities in the high multiplicity spectra, which means thatstructure of these nuclei. Figure 4 shows the obtained PESs
they are members of longer cascades. These facts supportfor 4%424% in the (8-y) plane. The*’S surface shows a
the placement of the three lower-energy transitions on top ofrolate minimum, while thé“S surface displays two minima
each other. The ordering of the transitions is determined bwf similar energy at prolate and oblate deformations sepa-
their intensities. The spin of the 2632 keV state is con-rated by a barrier of about 2 MeV. THES surface exhibits
strained to 1, 2, and less likely 3 by the fact that it is an intermediate;-soft situation. Similar conclusions were
directly connected to the ground state. The relatively lowobtained in Refs[12,15. In addition to the potential-energy
energy of this state and the missing transition to the fifst 2 surfaces, other collective-model inputs are the vibrational in-
state makes the spin/parity assignment\&ry unlikely. A ertia parameters and the moments of inertia. The model as-
spin 2 has been chosen on the basis of the yrast argumentgsmes that moments of inertia, calculated at zero rotational
tion. The systematics of even-even nuclei suggests spin 0 dfequency, do not change with increasing frequency. This
4 for a low-lying second excited state. According to the feed-assumption is verified in heavy rotorlike nuclei at low spin. It
ing pattern, the 1638 keV second excited state is unlikely tds. however, not the case in the sulfur isotopes. To check this,
be yrast. Thus, we have tentatively assigned spif)(@nd ~ We have performed, for each of the three sulfur isotopes, a

(0%) to the 2632 and 1638 keV states, respectively. self-consistent crank_ed HF[EM_f] calculation at the minimum
of the PES of the various excited states. E¥8, the moment

of inertia changed by a factor of 1.4 from spin 0 to spin 2 and

by 2.3 from spin 0 to spin 4. These factors are 1.13 and 1.4,
Simple nuclear models can be used to give a qualitativéespectively, for*?sS, and 1.05 and 1.3, respectively, f§5.

interpretation of the level schemes. For instance, the colled=0r that reason, the collective Hamiltonian has been solved

tive behavior of these nuclei can be deduced from the eneRY increasing all moments of inertia by average fact@rfor
gies of the low-lying 2, 25 , and 4 states. 405, 1.25 for#?s, and 1.1 for*’S). It is interesting to note

In 49S theE,+ /E,+ ratio was found to be-2.5, which that the strong variation of these moments of inertia is a
I 11 " consequence of the softness of these nuclei aggiresid y
qualitatively suggests a transitional grsoft rotor nature for  geformations. The results of the calculations are compared
this nucleus. IS, the value of thé&,; /E;; ratio is~3.0,  jth the experimental results in Fig. 3. It can be seen that the
which is quite close to the rigid rotor value. Th¢ 4at 2725 agreement with the experiment is fairly good except for the

keV) and the 2 (at 2779 keV excited states are almost (0;) state in**S. The energy of the 2 state in the*’S
degenerate. Furthermore, thg 20; transition is unob- nucleus, interpreted as the band head of yhband in the
served due to its very weak intensityz @0% relative inten- CM is found to be close to the experimental value. In the full
sity). These characteristics are in accordance with the predid=M calculation, triaxial shapes are obtained for ¢S
tions of they-unstable rotor model, according to which the nuclei with a mean value of thg deformation for the ground
3* member of they band should be at an excitation energy states of 20°, 22°, and 26°, respectively. For tjedlates,

of Ez+=4.5X E,; =4068 keV. The excited state at 4245 thesey deformations are 18°, 12°, and 14°, respectively,

keV decaying to the 2 state may be a candidate for thé 3 while the 0 states are on the oblate side of the PES with
v-vibrational state. y~36°. ) )

The experimentay deformation in the case dfS can be Most recently properties of sulfur isotopes arouNd
estimated by use of the triaxial rotor model in which the =28 have been calculated in the framework of a similar
E,+/E,+=3.1 energy ratio corresponds to a triaxial Sh(.memoqel, where the angular mqmentum _prOJected generator co-

2 1 : ordinate method was used with the axial quadrupole moment
with y=23" deforinatmn. _ _ applied as collective coordinate and the Gogny force, with

In the case of'“S the branching ratio from the £3 state  he 1S parametrization as the effective interactipts).
at 2632 keV suggests that the 2:0; transition has a rela-  Although, as a result of the angular momentum projection, a
tively low probability, as the observed intensity of the 2632|arger (3—4 MeV) barrier develops between the prolate and
keV transition is mainly due to thE’, energy factor in the oblate minima of the potential-energy surfaces, the dynami-
y-decay intensity. This suggests that the excitefl)(tate at  cal part of the collective Hamiltonian mixes the two shapes
1638 keV and the (2) state at 2632 keV have similar struc- at low spin values ir*®4% nuclei in this description. Thus,

IV. DISCUSSION
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calculations showed the persistence of Mwe 28 shell clo-
sure. Taking into account the new data 6t8i [22], the
f1-pa)o effective single-particle energy differencg®3] are
now known as 4.35, 3.75, and 3.25 MeV fCa, “°Ar, and
443, respectively24]. These numbers are in reasonable ag-
greement with those obtained in the CM calculatidAs/,
4.2, and 3.9 MeV, respectively13], as well as those ob-
tained by Lalazissigt al. from relativistic mean field calcu-
lations[10] (3.8 MeV for “°Ar and 3.6 MeV for#S). These
calculated values for the=28 gap show an erosion, which
is not large enough to wash out the effects of the spherical
shell closure completely. As a result, a remnant of kthe
=28 gap may be found if*S, which possibly exhibits a
mixed spherical-deformed shape.

The results of the new large-scale shell-model calculation
for 40424% are compared with our experimental data in Fig.
3. It can be seen that the energies of the firstanhd 4
states characterizing the collective properties of the ground
state are well described in all three nuclei. The existence of a
v band, aAl =1 sequence of states, is also predicted by the
model.

In 44S, the second excited state is calculated within the
shell model to have an energy close to the experimental one,
and it is predicted to be a™Ostate. The calculated energy
difference between the;0and 2 states is also close to the
experimental value. According to this calculation, thg 2
state, which is connected by a transition of a laB(&2)
value to the ground state, has a large negative quadrupole
moment Q=—17.4 efnf) corresponding to a prolate
ground state deformation, while thg Ztate connected by a
transition with a largeB(E2) value to the § state has a
small positive quadrupole momenQE 2.6 efnf), which
implies a close-to-spherical, slightly oblate shape of tie 0
state. In spite of the differences in the quadrupole moments,
the members of the two sets of states are also connected by
transitions with substantidB(E2) values. The shell model
therefore predicts a sizeable mixing of states with different
shapes, in accordance with the collective-model calculations.

In the shell model, the deformation driving force is the
pseudo-SB) symmetry of the protonrs,,-mwdg, orbits[6],
which are approximately degenerate in the neutron-rich sul-
fur isotopes. In this framework, the ground state Y8,
which has two protons in thie=1 pseudospin orbit, obeys a
prolate deformation®®Ar, which contains four proton&wo
proton holes in it, would be slightly oblate. Excitations of

FIG. 4. HFB potential-energy surfaces 8246 in the g-y  the two core protons of“S to the pseudo-S@) orbit would
plane. result in an“®Ar-like, slightly oblate excited § state. Thus,
the differences between the quadrupole fields associated with
I,the proton configurations may be responsible for the devel-
opment of two shapes iff'S. In the large-scale calculations
}Eese shapes become mixed by the effective interaction.

for these nuclei qualitative conclusions were drawn simila
to the ones discussed above. F88 this model predicts a
clear shape coexistence with an oblate ground state, which
to be compared with our mixed shape ground and low-spin
states. y . . V. CONCLUSIONS

A more sensitive test of the single-particle aspects of the
structure of these nuclei can be obtained by comparing the In-beamy spectroscopy with fragmentation reactions at
experimental results with those of the shell-model calculaintermediate energies made possible the extension of the
tions. In previous studies, where tlfig,-ps,» energy differ-  level schemes in neutron-rich sulfur isotop@s<(40, 42, 44
ence in®°Si could not be fixed unambiguously, shell-modelto higher-lying excited states. Collective-model and shell-
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model calculations are in very good agreement with the exelosure. As a result, a mixed shape configuration is expected
perimental level schemes. It is found th8 and *>S are  for the ground state of?Si [24]. Straightforward and more
deformed,y-soft nuclei, while**S exhibits a shape mixing in precise information on thél=28 shell gap could be ob-
the low-energy states, which suggests the erosion of\the tained from transfer reactions, where the single-particle en-

=28 spherical closed shell. The microscopic model calculaergies can be deduced from the energies and spectroscopic
tions performed show that although tNe=28 shell gap has factors of the excited states.

decreased with decreasing Z, it has not disappeared at
=16. On the other hand, according to the shell model, the
Z=16 subshell effect present &=20 is completely lost
when adding neutrons up t8=28. As a result of the near
degeneracy between thes,, and wdg, orbitals, the quadru- The experiment using in-beam spectroscopy with frag-
pole field of the pseudo-SB) configuration could polarize mentation reactions benefited from the smooth running of the
the neutron core to such an extent that a permanent quadreecelerator by the GANIL crew. The use of segmented clover
pole deformation evolved & =24-28. detectors was made possible thanks to the EXOGAM Col-

From these models it is expected that Me 28 shell gap  laboration. This work has been supported by the European
still decreases af =14. However, the proton configuration Community Contract No. HPRI-CT-1999-00019, and also
of the Si isotopes is more rigid against quadrupole deformafrom Grant Nos. OTKA-D34587, T30497, PIQN2P3
tions compared to the S isotopes due to Zel4 subshell 1171, INTAS 00-0043, and RFBR N96-02-17381a.
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