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Quadrupole collectivity in N=28 nuclei
with the angular momentum projected generator coordinate method
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Properties of the ground and several collective excited states of selected neutrbir&éhisotones and
sulfur isotopes around“s are described in the framework of the angular momentum projected generator
coordinate method using the quadrupole moment as collective coordinate and the Gogny force, with the D1S
parametrization, as the effective interaction. Fairly good agreement with available experimental data is ob-
tained for the 2 excitation energies anB(E2) transition probabilities of th&l= 28 isotones. For the sulfur
isotopes an acceptable agreement is found and the isotopic trend is well reproduced. It is found khat the
=28 shell closure is not preserved in the proldslg, the oblate deformed?Si, and the shape coexistent
isotones*S and“®Ar, whereas it is preserve®n the averagein “Ca. The sulfur isotope& *?S are found
to be, to some extent, prolate deformed.
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[. INTRODUCTION On the other hand, the region @gFunstable nuclei near
the N=28 nucleus*'S has attracted particular interest be-

The study, both from the experimental and theoreticalcause these neutron-rich nuclei play an important role in the
point of view, of the properties of neutron-rich nuclei far nucleosynthesis of the heavy Ca-Ti-Cr isotopEl. Experi-
from stability is, nowadays, one of the most active areas ofnentally, 3-decay properties of**S have been studied in
research in nuclear physics. Our knowledge of the propertieRefs. [11,12], and it was concluded there that the ground
of these nuclei has enormously broadened thanks to the nesiate of*S is deformed. This conclusion has been confirmed
radioactive ion beam facilities and the development of veryin subsequent intermediate-energy Coulomb excitation stud-
sophisticated isotope and fragment separators. Among thies[13,14 that have revealed larg& E2) values in**S and
many interesting features found in the light neutron-rich nuin some other neutron-rich nuclei of this region. All these
clei, the breaking of shell closures in the=20 andN=28  results suggest a significant breaking of e 28 shell clo-
regions(associated with thé;,, subshell is one of the most  sure for nuclei neaf“S. More recent experimen{5,16| on
appealing to investigate due to the insight that could behe odd mass sulfur isotopes aroutf§ seem to indicate that
gained in the understanding of the effective interactions gov44s is a deformed nucleus but with strong shape coexistence
erning the dynamics of the nucleus. Usually, the breaking ofvhereas*’S can be considered as a well deformed system.
a shell closure is associated with the appearance of deformethese new results make the theoretical description of the
ground states and, in some cases, with the phenomenon géutron-rich nuclei in thél= 28 region even more challeng-
shape coexistence. The extra binding energy gained by déng.
forming the nucleus could help to extend thereby the neutron From a theoretical point of view, the ground state proper-
drip line far beyond what could be expected from sphericaties of nuclei aroundN=28 have been studied by Werner
shapes. Finally, the modifications of the nuclear decay propet al. [17,1§ with the Skyrme Hartree-FockHF) method
erties brought about by deformation can substantially chang@with the Skyrme interaction SlI[19]) as well as with the
our theoretical understanding of stellar nucleosynthesis prorelativistic mean fieldRMF) approachwith the NL-SH pa-
cesses and help us solve some of their mysteries. rameter sef20] for the mean field LagrangianThese stud-

It was in the neutron-rich nuclei of thBl=20 region ies have shown the onset of deformation aroled28. A
where the breaking of a semimagic shell closure was firslatter study based on the triaxial RMF approach without pair-
found[1]. The neutron-rich nuclei wittN~20 are spectacu- ing and the TM1 parameter sg21] predicted the neutron-
lar examples of shape coexistence between spherical and déeh sulfur isotopes to be deformed. Recently, the interplay
formed configurations and strong experimental evidencéetween deformed mean field and pairing correlations has
points towards the existence of a quadrupole deformetbeen taken into account in the framework of the RMF with
ground state in, for examplé?Mg [2,3]. From a shell-model the NL3 effective interaction for the mean field Lagrangian
point of view[4—6], the deformed ground state Mg is a  and the Brink-Boeker part of the Gogny interactiovith the
consequence of the strong correlation energy of som@l2  D1S parametrizationfor the pairing channel22]. Again,
neutron excitations from thed shell into thepf shell. Inthe  deformed shapes arourffS have been obtained. Another
framework of the mean field theory most of the calculationstheoretical study in the framework of the Dirac-Hartree-
carried out up to now have predicted a spherical ground statBogoliubov method 23] has also reached the same conclu-
for 32Mg. However, when the zero point rotational energysions as the previous relativistic studies. Surprisingly, in
correction is added to the mean field energy a well definedione of these mean field calculations has the zero point ro-
deformed minimum appears in the energy lands¢@pe 0.  tational energy correction been considered in spite of being a
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key ingredient for a proper description of the energy land-calculations have been done in different steps, which are
scape as a function of the quadrupole deformation in thipresented in different sections. In Sec. Il A, we present the
region. This is not the case, however, for the mean fieldesults of the underlying mean field studies. In Sec. Il B, we
calculations of Ref[24] with several parametrizations of the present the results coming from the angular momentum pro-
Skyrme interaction and for the calculation reported in Refjection after variation study of the potential energy surfaces
[25] in the framework of the Bohr Hamiltonian method with in these nuclei, and there we discuss the topological changes
the Gogny interaction. In both calculations, deformationintroduced in the mean field potential energy surfaces due to
around**S has also been found. The conclusion that can béhe exact restoration of the rotational symmetry. In Sec.
extracted from all the previous results is that in the28  1ll C, we show the results of the angular momentum pro-
region the occurrence of deformation does not depend on thiected configuration mixing calculations. In Sec. IV we com-
rotational energy correction as crucially as in fde=20 re-  pare the results for the 2 excitation energies anB(E2)
gion. In this respect, it can be said that tNe=28 shell  transition probabilities with the available experimental data
closure is more strongly broken than tNe=20 one. From and other theoretical calculations. Finally, Sec. V is devoted
the shell model point of view, the erosion of tNe=28 shell  to the conclusions.
closure in the sulfur isotopes has also been found in calcula-
tions with the fullsd shell for protons and the fulpf shell Il. THEORETICAL FRAMEWORK
for neutrong 26].

The purpose of this paper is the theoretical study of the To study the properties of the ground and several collec-
properties of som&l~28 nuclei focusing on their deforma- tive excited states of the nuclei considered in this paper we

tion properties at both=0 andl #0. The considered nuclei have used the angular momentum projected generator coor-

“OMg, 42Si, 44s, “6Ar, and “éCa) are typical examples of Ment as generating coordir_1ate. The same technique has
nuclei where the energy landscape as a function of the quadroven to successfully describe the phenomenology of other
rupole moment shows either a unique but rather flat minieutron-rich light nucle{30,31,33-3% In the AMPGCM,
mum or close-lying prolate and oblate minima, which are, inthe following ansatz for the&<=0 wave functions of the
some cases, practically degenerate in energy. Therefore, tg¥Stem is used:

correlation energies associated with the restoration of broken

symmetriegmainly the rotational symmetpnand/or the col- Iy _ [ Bl

lective quadrupole motion have to be considered. In the |\P‘T>_f d0z0f (G20 Podl #(G20))- @D
present paper both effects are accounted for in the frame-

work of the angular momentum projected generator coordiHere |¢(g,g)) is the set of axially symmetri¢i.e., K=0)

nate method using the Gogny interacti®v] with the pa- Hartree-Fock-BogoliuboHFB) wave functions generated
rametrization D1928]. The reason to carry out an exact by HFB mean field calculations with the corresponding con-
angular momentum projection is that the usual approximastraint on the mass quadrupole momeph={®(q,0)|z?
tions used to estimate the rotational energy correction stem- 3(x?+y?)|¢(q,0)) [45]. Extending the set of intrinsic
ming from the restoration of the rotational energy as well asstates to include triaxial configurations would be desirable

the B(E2) transition probabilities are not expectedpriori, but it would imply a full triaxial projection, which is com-
to work well for soft light nuclei like the ones considered putationally far too much time consuming compared to the
here. present approach. An additional restriction is that reflection

The use of the Gogny force in this study is supported nosymmetry has also been imposed as a self-consistent symme-
only by the fact that this interaction has been able to providery of the generating statds(q,)). Therefore, we are lim-
reasonable results for many nuclear properties all over thiged to the study of positive parity and even spin states. As it
periodic table, but also by the good description of the pheis customary, the integral of Eq2.1) has been discretized
nomenology of quadrupole collectivity in the regidh~20  with a step sizeAq,o of 10 fr?, which yields to typical
obtained recently in the same framework as the one used ioverlaps{¢(da0)| ¢(g20+ Adag)) of around 0.95.
the present studj29-31 as well as in the context of the The intrinsic wave functiong¢(q,)) have been ex-
Bohr collective Hamiltoniai25,32. Besides, recent results panded in a ten-major-shell harmonic oscillateO) basis
for the predicted superdeformed band®i® [33] also point  with equal oscillator lengths. The use of equal oscillator
towards the versatility of this effective interaction in regionslengths is not the optimal one but it is mandatory in order to
of the nuclear chart not yet sufficiently explored. As the re-maintain the basis closed under rotatidi®$,37. Adding
sults presented in this paper will show, this force is also wellbne more shell to the basis increases enormously the compu-
suited for the description of quadrupole collectivity i  tational time needed to evaluate the projected Hamiltonian
~28 nuclei. kernels (typically a factor of 10, from three days to one

The paper is organized as follows. In Sec. I, we brieflymonth in a typical workstation However, it is important
summarize the theoretical formalism used in the paper. Thigespecially for very neutron-rich nucjenb check the stability
formalism is the angular momentum projected generator coef the results with the size of the basis. To this end, we have
ordinate method with the axial quadrupole moment as theepeated the calculations for one of the nucf@Mg) with
generating coordinate and restrictedktie-0 configurations. eleven shells and found no significant differen¢sse be-

In Sec. Ill, we discuss the results of our calculations. Theséow) with the N,,= 10 case.
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The rotation operator in the HO basis has been computenh the density-dependent part of the interaction when the
using the formulas of Ref38]. The operatoPl, is the usual ~€valuation of the Hamiltonian kernel is required.

angular momentum project§89,40 with the K=0 restric- The HW equation provides, for each angular momentum
tion andf' (q,0) are the collective amplitudes which are so- !, the ground state =1) and also excited stateso (
lutions of the Hill-WheeleHW) equation =2,3,...)that, with the set of generating functions consid-

ered,|¢(q0)), could correspond to states with a deformation
, | , LA y el rt s different from the one of the ground stafghape isomejs
f ddzd ' (G20,020) — E-N ' (020,020 1T (020 = 0. and/or to quadrupole vibrational states.
(2.2 One of the main motivations for carrying out exact angu-
N lar momentum projected configuration-mixing calculations is
The quantities that they allow the exact evaluation of the electromagnetic
| , . ) transition probabilities. In addition, the Gogny force is de-
H ' (d20,920) = {#(d20 [HP oo ¢(A20)) (2.3 fined in the full configuration space, that is, not only the
valence particles but also the core ones have to be fully taken
into account. Therefore the introduction of effective charges
| Py a) p is not required in our formalism. A detailed derivation of the
N (020,020 = {#(I20) | Pool ¢ (0120)) 24 corresponding expressions will be presented in a subsequent

are the Hamiltonian and norm kernels, respectively. In ordePublication and here only the final result for the axially sym-

to account for the fact that the expectation value of the parMetric case and thB(E2) transition probability is given:

ticle number operator usually differs from the nucleus’ pro- o2
ton and neutron numbers, we have followed the usual recipe B(E2| o:— | :_U d / fl? /
of Refs.[29,30,33,41,4Pand replaced the Hamiltonian by (E2li0:=1sov) 21i+1 G208 Gzof 4, (20
H—\2(Z—Zo) —An(N—Np), where), and \y are chemi- i
cal potentials for protons and neutrons, respectively. X1 fq§0||Q2||qu20)f:fii(q20)
As it is well known, the GCM amplitudes' ?(qy0)
cannot be interpreted as probability amplitudes due to th
lack of orthogonality of the generating stafes(q,)), that
is, M020,920 =(¢(920 | ¢(A20)) # (20— d3) - In order to
define a probability amplitude, one has first to orthogonaliz A )
the generating states in order to get the set of orthogonélfQ2o||Q2|||iQ2o) are given by

and

2

2.7)

fn the above expression, the indicesand f stand for the

initial and final states an@zﬂ are the charge quadrupole
dnoment  operators. The reduced matrix elements

states R
(11020/| Qal[ 10120}
’ -2 ’ ’
|ﬁ(qu)>=f dazoV™*  (d20,020) | ©(d20)) (21;+1)(214+1) i ( l; 2 |f>
:—(—1 i~
2 n _ ! ! 0
and then expressP! ) as a linear combination of them, " R
m . 1
< ["apsind” ,(8)
|\I’|¢r>:f d 200, ( 20| 9(20)) 0 w0

with X(@(t30| Qa8 M @(0l20))- 29

| el 12 , In the same way we can compute the spectroscopic quad-
ga(QZo):f ddzof (A2 N (d20,020- (29 rupole momenQsPee(1, o) (for each of the statels¥! ) and
I=2), which is given by
The set of functiongl,(qzo) is orthonormal,

QSPEC“ ) 16W<| 2 I )fd Od ' fl*( )
,o)=e\/— o
f dqzogl{r*(%o)gl(rr(%o):5(;,”/- S\ 0 —I fed o o
- 2 | ’
and therefore its modulus squared can be interpreted as a X(1620| Qall1t20) o (A20). 2.9
probability amplitude.
For the density-dependent part of the Gogny force we Ill. DISCUSSION OF THE RESULTS

have used the prescription already discussed in Refs. . . ) )
[29,30,33-35,4R This prescription amounts to using the In this section we describe our results for the set of nuclei

density considered. The mean field approximation is our starting
point and will be described first while the many-body effects
o Se—iBly ’ beyond the mean fieldi.e, angular momentum projection
pa(r :<<p(q20)|p -5 |<P(q,20)> (2.6) and configuration mixing will be described in the later
(¢(az0]e™"# e(az0)) sections.
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A. Mean field description the structures found in the MFPES. Pairing correlations are

The most relevant quantities obtained in the mean fiel@ignificantly reduced in the vicinity of the minima due to the
calculations are shown in Figs. 1 and 2. In Fig. 1 the mea€duction of the single-particle level density and in some
field potential energy surfaceMFPES are shown for cases both proton and neutron pairing correlations become
38,40.424% in panel(a) and for Mg, “%Si, %S, “%Ar, “8Ca  zero at the minima of the MFPES. The unphysical collapse
in panel(b). The MFPES do not include the Coulomb ex- of pairing correlations clearly indicates that dynamical pair-
change energy. ing correlations could play an important role in the collective

We observe in panéh) of Fig. 1 that the nucleud®Sisa  dynamics of these nuclei. At present, dynamical pairing is
deformation soft system. Its ground state is prola@ ( notincluded in our treatment of the problem and this is prob-
=0.07) but is only 23 keV deeper than the spherical maxi-ably the most important drawback of our calculations. Work
mum. The nuclei*®4%S are also prolate deformed wiB, is in progress in order to incorporate the dynamical interplay
=0.24 and 0.25, respectively. Both nuclei also show oblatdetween the quadrupole and the pairing degrees of freedom.
local minima located at8,=—0.10 for “°S and B,= Another interesting piece of information coming from the
—0.16 for #°S and with excitation energies, with respect tomean field are the single-particle energies for protons and
the prolate ground states, of 979 keV and 1.17 MeV, respeaeutrons. In our calculations we are solving the HFB equa-

tively. On the other hand*S is found to be oblated,= tion and therefore the only quantities that can be properly
—0.20) with a prolate local minimum a,=0.23 with an  defined are the quasiparticle energies. However, in order to
excitation energy of 310 keV. have the more usual, Nilsson-like, single-particle energy dia-

In panel(b) of Fig. 1 we observe that the nucled®ig gram (which shows, for instance, which levels are occupied
has a prolate ground statg8{=0.33) and an oblate local and which ones are empfywe have chosen to plot the ei-
minimum (B8,=—0.25), which is 1.38 MeV higher. The genvalues of the Hartree-Fock Hamiltonias=T+1" as a
nucleus #’Si shows a well-defined oblate ground sta, ( function of the quadrupole deformation. As an illustrative
=—0.27) that is 2.65 MeV deeper than the spherical conexample, we show in Fig. 3 the single-particle diagrams for
figuration. Finally, both*®Ar and *°Ca are spherical systems protons and neutrons for the nucletfs.
and the nucleud®Ar shows a deformation soft behavior. From the SPE diagram we can understand in a qualitative

To check the stability of our calculations with the basisway (one has to keep in mind that the HF energy is given by
size we have carried out calculations with eleven shells fothe sum of the single-particle energies minus the interaction
the nucleus*Mg. The energy gain obtained by increasing energy:l;;) the behavior of the MFPES of the nuclei con-
the basis size depends on the quadrupole deformation arsidered. For instance, in going froffiMg to “°Si we occupy
ranges from 98 keV for the prolate minimum to almost 1the proton()=5/2 orbital from theds,, subshell, and, as this
MeV for the highest deformation attained. However, the en-orbital increases its energy as the quadrupole moment in-
ergy gain in the relevant interval around the miningy( creases, the prolate minimum #iMg is no longer present in
between—1.25 b and 1.75 never exceeds 200 keV. In the 4Si. Only the oblate minimum remains in the latter nucleus.
next section we will discuss the effect of increasing the basig\dding another two protonéo create**S) we occupy the
in the GCM calculations. 2s,,, orbital, which increases its energy, in the oblate side, as

The particle-particle  correlation  energiesE,,= the quadrupole deformation decreases. Therefore, the oblate
—1 Tr(A«*) for both protons and neutrons are presented irminimum present irf?Si is washed out irf*S. The addition
Fig. 2. As can be observed in the figure, the evolution of theof another two protons “fAr) populates thedg, orbital,
particle-particle correlation energies is well correlated withwhich increases its energy as the absolute value of the quad-
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the particle-particle channel. It is not the purpose of this
paper to compare the different results obtained up to date but
we would like to mention some characteristic features found
in all the mean field calculations: In most of the calculations
the nuclei*“Mg, 4°S, and“?S are clearly prolate deformed,
the nucleus*?Si is clearly oblate deformed, the nucléS

and %S show shape coexistence, and finally the nut4ar

and “8Ca are spherical.

At this point it has to be said that, as the results of the
next sections will show, the mean field is just a starting point
and additional correlations have to be incorporated in order
to properly describe the nuclei considered. The small energy
differences observed between the coexisting minima in the
MFPES and also the fact that the MFPES are very flat
around the corresponding minima clearly indicate that many-
body effects beyond the mean field, such as restoration of the
broken rotational symmetry and/or quadrupole fluctuations,
may change the conclusions extracted from the raw HFB
approximation. The restoration of the rotational energy leads
to an energy gaifthe so called rotational energy correction
which is proportional to the quadrupole deformation of the
intrinsic state and ranges from zegigpherical intrinsic staje
to a few MeV for typical well-deformed configurations in
this region of the periodic table. Therefore, taking it into
consideration can substantially modify the mean field energy
landscape as is discussed in the next section. In addition to
the rotational energy correction, it is important to consider
the effect of quadrupole mixing in those cases where coex-
isting quadrupole minima appear. The configuration mixing
can again substantially modify the deformation of the ground
and excited states.
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In this section we consider the effect of the restoration of
the rotational symmetry on the energy landscapes of the nu-
clei considered. In Figs. 4 and 5 we present the angular mo-
mentum projected potential energy surfa¢&MPPES,

i p B. Angular momentum projected description

o = N W Pk OO NO

-2.0-10 0 1.0 2.0 3.0 -20-10 0 1.0 2.0 3.0

Go0(D) Gzo(b) H'(020,920)
I — - A
FIG. 2. Mean field particle-particle correlation energies for pro- & (A0 N'(onﬂzo) 7

tons(solid line) and neutrongdashed lingfor the nuclej®840:42:4§

40, 42q; 46 48,
i%a::)els on the leftand Mg, TSI, TAr, TCa (panels on the as a function ofy,q, for spinsl =0, 2, 4, 6, and 8 and all the

nuclei studied. Before discussing the physical contents of the
rupole deformation increases, and therefore the MFPES onlfMPPES of Figs. 4 and 5, we have to mention that for
has a spherical minimum. The addition of another two pro-#0 several values around the spherical configuratiamch
tons (8Ca) completely populates thiy, subshell and there- is already a pure 0 statg have been omitted. They corre-
fore the situation is similar to the one f8Ar. spond to intrinsic configurations with very small values of
On the neutron side, adding two neutrons*ts implies  the projected normiV'(g,,0,0) for which the evaluation of
occupying theQ)=7/2 orbital from thef,,, subshell. As the the projected energies is vulnerable to strong numerical in-
energy of this orbital increases as the quadrupole momergccuracies. Fortunately, these configurations do not play a
increases, the prolate minimum #4S disappears ift*S. For  role in the configuration mixing calculation and therefore can
the nuclei®®S and “°S the situation is not so clear and here be safely omitted29,30,33,3%
the role of the interaction energy determines the appearance In both figures we observe that fé.=0 the AMPPES
of the minima. considerably differ from the MFPES, reflecting the impor-
In the literature there are many mean field calculations oriance of considering the effect of the restoration of the rota-
the nuclei considered in this paper that have explored a vdional symmetry on the energy. In all the cases we observe a
riety of interactions in the particle-hole chanribbth rela- prolate and an oblate minimum separated by a barrier with
tivistic and nonrelativisticas well as a variety of choices for its maximum atg,,=0. In the four sulfur isotopes studied
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FIG. 3. Proton and neutron
single particle diagrams as a func-
tion of the quadrupole deforma-
tion for the nucleus?S. Full
(dashedl lines correspond to posi-
tive (negative parity levels. The
Fermi levels are represented as
thick dotted lines. Also shown are
the spherical quantum numbers at

020=0.

FIG. 4. Angular momentum
projected potential energy sur-
faces for the nuclef®4%424& (full
lines) along with the mean field
results(dashed curves|In all the
nuclei the angular momentum of
the curves correspond, from bot-
tom to top, tol =0, 2, 4, 6, and 8.
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FIG. 5. Same as Fig. 4 but for
the nuclei *®™Mg, #?Si, “éAr, and
“8Ca.
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the prolate and oblate minima lie very close in energylfor concerning®‘s, “®Ar, and “®Ca as shape coexistence could
=0 but are separated by a rather high barrier. Therefore, it ie a very important ingredient. In the panel corresponding to
difficult to assert beforehand whether the effect of configu-40vig we have also included the=0 results obtained with
ration mixing (i.e., tunneling through the barrjeis impor-  eleven shell§dashed ling We observe no noticeable differ-
tant or not. In the next section we will discuss such effectsence between the results with ten and eleven shells in the
and we will come to the conclusion that configuration mixingrelevant regions around the minima.
is very important indeed for the description of the=0 As a general rule we observe that as the spin increases the
ground state of the sulfur isotopes considered. On the othgjrolate and oblate wells are deeper and the barriers separat-
hand, we observe that for spin valués=2 the prolate ing them become higher, making the corresponding minima
minima, as compared to the oblate ones, become deeper thatore stable against axially symmetric quadrupole fluctua-
for 1=0 in 34945 For example, the energy difference be-tions. The ground state band fAAr and “8Ca is oblate up to
tween the prolate and the oblate minima 8 at spinl spin1=6 and then it is crossed by the prolate band, which
=2 is around 2 MeV while for spimn=8 this difference is becomes yrast. Both°Mg and “Si are dominated by defor-
around 4 MeV. However, inf“S both thel=0 and thel  mations of the same tyggrolate in“*°Mg and oblate in*?Si)
=2 AMPPES show an absolute minimum corresponding taall over the considered spin range.
oblate deformations, but one should note that at $pid a
band crossing takes place and the prolate band becomes
yrast. The present calculations suggest that all the sulfur iso-
topes studied are dominated by prolate deformations as the As it was previously discussed, the AMPPES for some
spin is increased. angular momentum values and nuclei show the phenomenon
The corresponding results for tie=28 isotones are pre- of shape coexistence, and therefore configuration mixing is
sented in Fig. 5. From this plot we conclude that&t0 and needed to disentangle the structure of the states. Even in
owing to the barrier heights separating the prolate and oblatdhose situations where the potential energy curves show a
minima, the ground state dMg will be prolate deformed relatively well-pronounced minimum, it is always interesting
and that of*%Si will be oblate deformed. Nothing can be said to check the results of the configuration mixing calculations.

C. Angular momentum projected configuration mixing
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FIG. 6. The collective amplitudelsy’ (q0)|?
(thick lineg for 0=1 ando=2 and spin values
=04, ...,81 for the nuclei 3840424&  The
AMPPES for each spin value are also plotted.
The y-axis scales are in energy units and always
span an energy interval of 13 Melhinor ticks
are 0.5-MeV apajt The collective wave func-
tions |g!(g,0)|? have also been plotted against
the energy after a proper scaling and shifting, that
is, the quantityE! +15/g' (q,0)|? is the one actu-
ally plotted. With this choice for scales we can
read from the figure the energy gain due to the
quadrupole fluctuations by considering the posi-
tion of the wave functions’ tail relative to the
AMPPES.

E(MeV)

-15 0 15 3.0-15 0 15 30-15 0 15 3015 0 15 3.0
G (D) G (b) G (D) G (D)

The reason is that not only the potential energy plays a rolground state band remains prolate. The ground state bands of
in the description of the dynamics of the system but also the!Ar and “éCa remain oblate deformed up te-6 and they
collective inertia has to be considered. If the collective iner-become prolate foF=8.

tia shows sudden changes as a functioggfit might influ- Concerning the first excited states£2) we notice that
ence more strongly the collective dynamics than the potentighe o and 2§ states in334%424& contain an admixture of

energy surface. Therefore, we have performed angular mQpe gpjate and prolate configurations. For spins higher than
mentum projected generator coordinate mettadPGCM) | =4 the first excited statesr=2) in both %S and*S are

calculat@ons along the Iines_ de;scribed In Sec. |l using as thSlmost located inside the oblate wells. Fer4 the first ex-
%?tgfrggl?/?ngcciﬁredEﬁﬁ;ﬁ;ﬁgﬁ”g}'gﬁaﬁgfﬁéuFZO S]T;n?;% cited band in %8S shows a behavior reminiscent of a
S momentur we ot a st of sites i energes 111071 ba 1 ocated e e prlte el i
E, and collective amplltudekga(qzo)l - In Figs. 6 a”f' TWe  collective wave function attains its maximum value. How-
show the COII?CW? wave functions squadgﬂ,(qzo)l [see ever, this excited band cannot be considered as a pure
Eq. (2.5] obtained in the AMPGCM calculations for the two B—vit;rational band since the corresponding collective wave

lowest solutionsoc=1 and o=2, the range of spind L .

=0, ...,8 and all theuclei considered in the previous sec- function is not symmetric around the node. The same pattern
tion. To guide the eye we also show in each panel thdsS also seen if°S but thep-like band in this case appears at
AMPPES for the corresponding spin. | =6. The excited bands if’Mg and “’Si are located inside

We observe that the;0 ground states ir?®44246 and the oblate and prolate wells, respectively. The §tates in
also in “éAr and “éCa contain a significant admixture of both “°Ar and “®Ca and also the 2 state in“*°Ar contain a sig-
the prolate and oblate configurations. On the other hand, theificant admixture of the oblate and prolate configurations.
0; collective wave functions of®Mg and “’Si are located ~For the spin valué¢ =8 the excited bands ifi°Ar and “Ca
inside the prolate and oblate wells, respectively. For spinbecome oblate.
higher than =0 the collective wave functions of the ground  For a more quantitative understanding of the AMPGCM
state band are mostly localized inside the prolate wells focollective wave functions discussed above, the averaged
384045 For the nucleu$’s the 2 collective wave function  quadrupole momerdy defined as
shows, like its ground state, a significant admixture of the
oblate and prolate configurations. A band crossing takes o | 5
place at the spin value=4 in *S and from there on the 9o _f d0lz0/g(d20) |20
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Opg 42g; 44,

FIG. 7. Same as Fig. 6 but for the nuclei
“OMg, 4%si, “®Ar, and *Ca.

E(MeV)

-15 0 15 30-15 0 15 3015 0 15 3.0-15 0 15 3.0
Gop (D) G (D) Gz () Gog (D)

is introduced. It provides us with a measure of the quadruclosure in“®Ca. This clearly indicates that tié=28 magic
pOle deformation of the intrinsic state associated with each qf]umber still persists in the very neutron-rich regime near
the AMPGCM state$¥, ). In Table | we give the numerical 48ca, in good agreement with the shell model predictions
values(in barng for all the states considered. (see, for example, Ref26]). Another interesting aspect of
We observe that the j0 ground state in**S is nearly  our results is that the doubly magic spherical ground state of
spherical withq3i=0.12 b (3,=0.04) and the absolute “!Ca is described in our framework in terms of an intrinsic
value of deformation increases in sulfur isotopes up to thestate, which is a linear combinatidwith nearly the same
value [q34=0.41 b (B,]=0.12) in *S. The deformation weighty of prolate and oblate configurations, which is
values in%Mg, “2Si, %Ar, and “Ca areagblzl.ﬂ b &, spher:lgal only on tht_a average. In spite of that, we still con-
—o1 - sider “°Ca to be a(highly correlatedl closed shell nucleus.
=0.35), 0gx=-093 b (8,=-0.27), 0q3=-0.30 b The reason is that the collective wave function for the
(B,=—0.08), andag'ol=0.0 b, respectively. From these re- ground state is localized in the interval of quadrupole defor-
sults we conclude that the absolute values of the deformatiomation between-1 and 1 b. In this interval, the intrinsic
in the N=28 isotones decrease towards the spherical sheWave functions correspond to configurations in which all the

TABLE I. The average intrinsic quadrupole momept in b for the nuclei®®#%424& and“iMg, **Si,
46Ar, and *Ca.

Nucleus o3 o ok 9%  d%  dx 9% 9 gk o3
385 0.12 0.61 0.52 —-0.17 0.74 1.06 1.03 1.37 1.52 1.76
405 0.33 0.49 0.72 0.00 0.86 0.18 0.93 0.91 0.97 1.40
423 0.35 0.27 0.73 —-0.44 0.86 —0.76 092 -1.13 095 -1.38
443 -0.41 0.79 -0.44 0.71 1.10 -0.85 1.23 -1.00 1.27 -1.05
“OMg 117 -0.69 1.22 -0.87 1.24 —-0.93 1.25 -0.97 1.27 —1.00
42gj -0.93 091 -1.01 121 -1.03 1.27 -1.06 1.33 -1.08 1.42
48ar -0.30 0.07 -0.72 0.89 -0.84 1.33 —-0.92 1.49 1.64 —0.99
“8Ca 0.00 0.38 —0.61 0.88 -0.93 142 -0091 1.43 1.79 —-1.17
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TABLE 1. Spectroscopic quadrupole momentsardm? for 1=2,4, 6,8 ando=1 ando=2 for the
nuclei 38404246 and“\vg, “2Si, “6Ar, and “®Ca. Each column entry corresponds to the phje].

(2,9 2,2 4,1 4,2 (6,2 (6,2) (8,2 (8,2
38g -13.63 525 —2249 —3292 —3343 —48.35 5444 —62.86
405 —-16.76 051 —24.02 -959 —27.47 —-31.35 —2959 —50.24
42g —-16.01 1050 —22.72 16.87 —25.31 28.80 —26.71 37.09
44g 9.64 —14.17 —25.80 20.12 —30.87 24.76  —33.09 26.12
“OMg —20.74 1459 —26.64 19.53 -31.01 2327 —33.22 25.00
42gj 19.23 —-23.12 24.01 -29.21 2756 —34.62 30.22 —39.76
48Ar 16.70 —17.81 2255 —35.42 25.28 —45.13 -53.78 26.90
“8Ca 13.84 —19.57 26.05 —42.26 2750 —47.96 —60.19 36.53

orbitals of the doubly magic configuration with=20 and of bands. To this end, we have plotted in Figs. 8 and 9 the
N=28 are fully occupied. Therefore, the ground state waveenergies of the AMPGCM staté?a in a diagram of energy
function does not contain admixtures op-2h excitations  versus quadrupole moment. Each eneHlyis placed at a
that would correspond to occupying orbitals from the sub
shells above th&@=20, N=28 shell closure.

(o8

g, vValue corresponding ta'z*o . In addition, we have plotted

. the AMPPES for each angular momentum and nuclei to
For =2 the grour_1d—_state band itfS becomea45tf0ng|y guide the eye. Although all the features observed in these
prolatf deformed. This is also the case fBF_QS' In**Sboth {0 figures have already been discussed in detail in the pre-
the Of and the Z states are oblate with deformations yioys paragraphs, the advantage of such a representation is
~—0.4 b and for higher spin values the ground state banghat the band structures of each specific nucleus can be seen
becomes strongly prolate deformed Wab(}%l b. For in-  at a glance.

creasing spin values the ground state band®$Am and “8Ca To finish this section we will make a few comments on
become strongly oblate deformed uplte 6 and then they the results obtained for the nucle@®g with the basis in-

become strongly prolate with3=1.64 b and 1.79 b, re- creased by one more shelle., Nos=11). The excitation
spectively. energies of the members of the ground state rotational band

The situation is very interesting in bofiMg and 42Si as ~ increase by around 10 keV in going from tNg.= 10 to the

the values ot_q'z'(;’ (and also the values for the spectroscopicN.OSCZ 11 calculation. On the other hand, the excitation ener-

quadrupole moments anB(E2J—I—2) transition prob- 9'¢S of the members of the excited rotational band decrease

abilities) suggest the existence of well-defined prolate and" the average by 50 keV. Concemmg BE2) transition .
oblate bands in both nuclei. The occurrence of an oblaté)rc.)bab'“t'ez’ tl?ey dtohnot substl?nnally charllgde V\;Eep the baIS'S
ground state band if?Si is of particular relevance as ground :S Increased. ”rom esedresu S, We COEC% € that our calcu-
state oblate bands are usually an exception and not the rulg‘.tlons are well converged concerning the basis size.

In Table Il we show the results for the exact spectroscopic
quadrupole moments for each of the wave functipirs)

(no effective charges have been usetithe nuclei consid- The experimental data available in this region are scarce.
ered andr=1 ando=2. The spectroscopic moments of the Typically, the binding energy is a known quantity and in
ground bands are all negativgositive) in “°Mg (*Si), in-  some cases the excitation energy of the lowest-lyifigsate
dicating prolate(oblatg intrinsic deformations in the whole as well as theB(E2) transition probability connecting it to
spin rangd =2-8. Negative values are also obtained in thethe ground state is also known. In the next sections we will
considered spin range for the ground bands%®*%5. The  compare our results with the experimental data and in some
values obtained for the spectroscopic quadrupole moments g@istances we will make predictions for some relevant quan-
the 2/ states in*°S and*?S are—16.76 and—16.01efm?. tities like the excitation energies of the lowest-lying @x-
They compare well with the shell model resu[®6] of cited states.

—17.1 and—19.2 e fm? for these nuclei. Using the spectro-

scopic momentQ°***(I,o) we can compute the total intrin- A Excitation energies andB(E2) transition probabilities

sic quadrupole moments through the usual expr'esakéh In this section we compare our results for the excitation
= —(21+3/21)(A1Z)Q**1, o) based on the rotational 8p- gnargy of some relevant states as well asB(E2) transi-
proximation. The intrinsic quadrupole moments Ob'@[ned tion probabilities among them with the available experimen-
this way are in good agreement with the average valiJ§'s tal data. The calculated excitation energies of thes2ates
of Table Il although, as expected, some deviations appear fqbpen circles along with the experimental datéull circles)
near spherical states. taken from Refs[13,14 are plotted in pandk) of Fig. 10 as
Finally, the values obtained for the quadrupole moments, function of the mass number for the sulfur isotopes. Our
a[z'(‘,’ of the intrinsic states can be used to classify each of thealculations reproduce quite well the isotopic trend, but the
physical states obtained in the AMPGCM approach in terms&bsolute values come out too high as compared with the

IV. COMPARISON WITH EXPERIMENTAL RESULTS
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FIG. 8. The AMPGCM ener-
giesE! for o=1 and 2 and =0,
2, 4, 6, and 8 are plotted in an
energy versus quadrupole moment
diagram for the sulfur isotopes.
The quadrupole moment of each
GCM state is given by the average
quadrupole momentghy. The
AMPPES forl=0, 2, 4, 6, and 8
are also plotted to guide the eye.
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experiment. In Ref[30] we also noticed the same behavior drops below that of the 2 state(1.41 MeV). This is a con-
in some Mg isotopegour predictions were systematically sequence of the strong shape coexistence obtained for the
too high as compared to the experimeand attributed it to  ground state of this nucleus, and therefore the appearance of
the lack of time oddK#0 components in our ansatz for the such an excited state located at a rather low excitation energy
wave function. By using the cranking model we estimatedcan be considered as a fingerprint of shape coexistence. Such
that the effect of incorporating the missing correlationsa |ow-lying 0; excited state has also been obtained in the
amounts to the use of a quenching factor of 0.7 for the enshell model calculations of Reff26] at an excitation energy
ergies of the rotational bandgshat is, our results for the of 1.51 MeV, which is in reasonable agreement with our
excitation energies of the 2states should be quenched by result. Besides the theoretical predictions, there is experi-
such a factor If the same quenching factor is used for the mental evidence for shape coexistence in the neighbdfag
nuclei considered here we obtain an overall improvement ifisotope that has been obtained in recent intermediate energy
the comparison with the experimental data. However, on€&gulomb excitation experimenf45,16 (see Ref[43] for a
has to be cautious about the use of an overall quenchinghe|l model calculation
factor here because it can only be justified for well-deformed Concerning theB(E2) transition probabilities shown in
prolate rotational bands with strong pairing correlations. Ob‘panel(b) of Fig. 10 we notice that they also follow rather
viously, this is not the situation for the sulfur isotopes con-pjcely the isotopic trend although they show up a little bit too
sidered here and probably a proper treatment of the missingigh. The agreement with experiment is rather satisfactory,
correlations will lead to quenching factors depending on thesspecially taking into account that no refitting of the force
nucleus under consideration. For this reason we have deCid%rameters has been carried out, and also taking into account
not to incorporate any quenching factor in our results for thehat with the same set of parameters as the ones used here,
excitation energies. one can reproduce in a very satisfactory way lots of proper-
In addition to the 2 excitation energies, we have also ties of heavy nuclei. Finally, it has to be mentioned again that
plotted in panela) of Fig. 10 the calculated excitation ener- our calculations of th&(E2) transition probabilities do not
gies of the § statesiopen squargsFor the % %%S isotopes  involve any kind of effective charge.
we obtain rather high values for those energiasound 3 In Fig. 11 we show the same quantities as in Fig. 10 but
MeV) but for 44S the excitation energy of the;01.07 MeV)  for the N= 28 isotonic chain. As observed in this figure, we
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reproduce quite well both the,2excitation energiefpanel  jected wave functions or the HFB ones, the energy of the
(a)] of *&Ca, “®Ar, and %S, and theiB(E2) transition prob- AMPGCM ground state is going to be lower than that for the
abilities [panel(b)]. Concerning the prolate deformédVlg  other two approaches. The energy gain at SpiD with
and the oblate deformetfSi isotones, where no experimen- respect to the AMP minimum is 0.68, 1.19, 1.17, and 0.74
tal data are available, our results are comparable with thosgleV for 38S, 49S, 425 and“#*S and 0.52, 0.41, 0.96, and
of the shell model calculations of Ref,26] and the more  0.44 MeV for “Mg, *2Si, “°Ar, and “éCa, respectively. As
recent of Ref[43]. In the later reference, new experimental the energy gain due to AMPGCM is different for each
data obtained for°Si have been used to readjust the mono-nycleus, it will affect the predictions for the two neutron and
pole part of the shell model interaction. Most of the resultsyyo proton separation energies.

with the new interaction are similar to the old on26] In Table Ill we show the results obtained for the two
except for the case d¥Si where the g state has. an excita- neutronS,, and two protonS,, separation energies in the
tion energy that is lowef1.49 MeV with the new interaction ,clej considered for the different approximations used in
versus 2.56 MeV with the old opeand a biggerB(E2) e present study. In the determination of the valueSaf

transition probability to the ground state. The new sheIIand S,, the Coulomb exchange contribution has been con-

model results are in better agreement with ours and confirng. : . .
. . idered at the end of the calculations in a perturbative fash-
that *2Si has to be considered as an oblate deformed nucleus P

In the *8Ca nucleus there is also an experimentally observed" [33]. First we can observe that the valuesSph and Sy,

0; excited state at an excitation energy of 4.283 MeV. Ourdo not change significantly with the different theoretical ap-

. . . 48,
prediction for such a stat€8.41 MeV) is a little bit lower proaches considered with the exception of $g for “Ca,

. . . .. which is reduced by almost 2 MeV in going from the HFB to

than experiment, but nevertheless the result is quite satlsfa%ﬁ . . . .

) e AMPGCM approach. This reduction brings the theoreti-
tory owing to the parameter-free character of the calcula- . 28
. cal prediction(AMPGCM) for “°Ca in much closer agree-
tions. . . .
ment with the experimental result. Finally, the results ob-
tained with the AMPGCM agree rather well with the
available experimental data of Refg44,16. Again, the
It is obvious that, as the AMPGCM ground state waveagreement with the experimental data gives us some confi-

function is more general than the angular momentum proédence on the suitability of both the technique and the inter-

B. Two neutron separation energies
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FIG. 10. In panela) the excitation energies of the lowest-lying FIG. 11. Same as Fig. 10 but for tiN= 28 isotones.

states of the sulfur isotopes are shown. THeeXcitation energies
are plotted as circleffull, experimental data; open, theoretical re-
sults from our AMPGCM calculations and the results for the
AMPGCM excitation energies of the excited Gtate are plotted as
open squares. ThB(E2,0f —27) transition probabilities in units
of €2 fm* are shown in pandb) for the sulfur isotopegfull circles:
experimental data; open ones: AMPGCM results

late, whereas the excited band is prolate.*$ we find
strong shape coexistence in the ground state that reflects it-
self in the appearance of a very-low-lying Gexcited state.
The nucleus®Ar can also be considered as a, not so clear,
example of shape coexistence wheré®ga is found to be
spherical. For the sulfur isotopes we fift, 4°S, and*’S to
Pe slightly prolate deformed. A good agreement between the
computed and experimentally observed two-neutron and
two-proton separation energies is also found.

Another important conclusion is that the mean field de-
scription of these nuclei is substantially modified by the ef-

We have studied the properties of the lowest-lying collecfect of restoring the rotational symmetry and also by the
tive states of the neutron-rich nuc|gi_44s andAOMg, 428i, correlations induced by the mixing of configurations with
“5Ar, and “8Ca with the angular momentum projected gen-different quadrupole moments. Therefore, we find rather in-
erator coordinate method and the quadrupole moment as caPpropriate the use of a mean field description for the nuclei
lective coordinate. The Gogny force with the D1S set ofconsidered here.
parameters has been used. The agreement of the theoretical
results for excitation energies ar®(E2) transition prob-
abilities with the available experimental data is fairly good,
taking into account the parameter-free character of the cal- One of us(R.R.-G) kindly acknowledges the financial
culation. In Mg we find a prolate ground state rotational support received from the Spanish Instituto de Cooperacio
band and an oblate excited rotational band*38i the situ-  IberoamericandCl). This work was supported in part by the
ation is reversed and the ground state rotational band is ofGICyT (Spairn) under Project No. PB97/0023.

action used in this paper for the description of the physics o
neutron-rich light nuclei.

V. CONCLUSIONS
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TABLE lIl. Two neutronS,, and two protors,, separation energigs MeV) for the nuclei considered.
The experimental values have been taken from Ré#16.

SZn 4OS 428 44S S2p 425i 445 46Ar 48Ca

HFB 11.79 10.06 7.50 HFB 48.20 38.54 34.55 30.77
AMP 11.80 10.26 7.88 AMP 48.80 38.10 34.00 29.17
AMPGCM 12.31 10.22 7.46 AMPGCM 48.70 38.42 34.23 28.65
Expt. 12.13 10.53 7.61 Expt. - - 35.18 29.07
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