
Vol. 32 (2001) ACTA PHYSICA POLONICA B No 9
QUADRUPOLE COLLECTIVITYIN THE Si ISOTOPES AROUND N = 20�R.R. Rodríguez-Guzmán, J.L. Egido and L.M. RobledoDepartamento de Físi
a Teóri
a C-XIUniversidad Autónoma de Madrid, 28049 Madrid, Spain(Re
eived Mar
h 23, 2001)The angular momentum proje
ted generator 
oordinate method usingthe quadrupole moment as a 
olle
tive 
oordinate and the Gogny for
e asthe e�e
tive intera
tion is used to des
ribe the properties of the groundand low-lying ex
ited states of the neutron ri
h light nu
lei 32;34;36Si. It isfound that the ground state of the nu
leus 34Si is spheri
al. However, thisis not due only to the N = 20 shell 
losure, sin
e the ground state of 34Si
ontains a signi�
ant amount of the intruder f7=2 neutron orbital. A rathergood agreement with experimental data for many observables is obtained.PACS numbers: 21.60.Jz, 21.60.�n, 21.10.Re, 21.10.Ky1. Introdu
tionIn nu
lear physi
s the mean �eld approximation is always the �rst stepto understand the properties of the ground and lowest-lying ex
ited states.The mean �eld approximation provides the 
on
ept of magi
 numbers as wellas the 
on
ept of spontaneous symmetry breaking. For nu
lei with protonand/or neutron numbers 
lose to the magi
 ones, one expe
ts symmetry-
onserving (i.e., non super
ondu
ting and spheri
al) ground states. On theother hand, for nu
lei away from the magi
 
on�gurations, one expe
tsa strong symmetry breaking and an appearan
e of deformed ground statesthat generate, e.g., rotational bands.The experimental studies of light nu
lei away from the stability lineN=Z seem to imply that for those (usually neutron ri
h) nu
lei some of theproperties asso
iated to magi
 numbers are not preserved. The most strikingexample is the experimental eviden
e towards the existen
e of quadrupole� Invited talk presented at the High Spin Physi
s 2001 NATO Advan
ed Resear
hWorkshop, dedi
ated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001. (2385)



2386 R.R. Rodríguez-Guzmán, J.L. Egido, L.M. Robledodeformed ground states in the neutron-ri
h nu
lei around the magi
 num-ber N=20. In addition, the extra binding energy 
oming from deformation
an help to extend thereby the neutron drip line in this region far beyondwhat 
ould be expe
ted from spheri
al ground states. Among the varietyof available experimental data, the most 
onvin
ing eviden
e for a deformedground state in the region around N = 20 is found in the 32Mg nu
leuswhere both the ex
itation energy of the lowest lying 2+ state [1℄ and theB(E2, 0+ ! 2+) transition probability [2℄ have been measured. Both quan-tities are fairly 
ompatible with the expe
tations for a rotational state. Atthe mean �eld level, the ground state of 32Mg is spheri
al. However, whenthe Zero Point Rotational Energy (ZPRE) 
orre
tion is 
onsidered, the en-ergy lands
ape as a fun
tion of the quadrupole moment 
hanges dramati
allyand 32Mg be
omes deformed [3�9℄.A more 
areful analysis of the energy lands
ape in
luding the ZPRE 
or-re
tion reveals that, in fa
t, there are two 
oexistent 
on�gurations (prolateand oblate) with 
omparable energy indi
ating thereby that 
on�gurationmixing of states with di�erent quadrupole intrinsi
 deformation has to be
onsidered. Therefore, an Angular Momentum Proje
ted Generator Co-ordinate Method (AMPGCM) 
al
ulation with the quadrupole moment as
olle
tive 
oordinate is 
alled for. We have applied this method in Ref. [10℄to the study of the nu
lei 30�34Mg . The Gogny for
e [11℄ (with the D1Sparameterization [12℄) has been used in the 
al
ulations. We have obtainedprolate ground states for 32�34Mg indi
ating that the N = 20 shell 
losureis not preserved for the Mg isotopes. Moreover, a good agreement withthe experimental data for the 2+ ex
itation energies and B(E2) transitionprobabilities was obtained. The purpose of this paper is to extend those
al
ulations to the study of the nu
lei 32�36Si whi
h are obtained by addingtwo protons to the 30�34Mg nu
lei. These nu
lei were re
ently studied exper-imentally [13℄, and their ground states seem to be spheri
al and, therefore,preserve the N = 20 shell 
losure. Therefore, our intention is to 
he
kwhether our method and intera
tion is not only able to predi
t a deformedground state in 32Mg (Z = 12) but also to predi
t a spheri
al one in 34Si(Z = 14). 2. Theoreti
al frameworkThe AMPGCM with the mass quadrupole moment as generating 
oordi-nate is used as the theoreti
al framework. As we restri
t ourselves to axiallysymmetri
 
on�gurations, we use the following Ansatz for the K = 0 wavefun
tions of the system���I�� = Z dq20f I�(q20)P̂ I00 j'(q20) i : (1)



Quadrupole Colle
tivity in the Si Isotopes Around N=20 2387In this expression j'(q20)i is the set of axially symmetri
 (i.e. K = 0)Hartree�Fo
k�Bogoliubov (HFB) wave fun
tions generated by 
onstrainingthe mass quadrupole moment to the desired values q20 = h'(q20)jz2 � 1=2(x2 + y2) j'(q20)i. The quasiparti
le operators asso
iated to theintrinsi
 wave fun
tions j'(q20)i have been expanded in the Harmoni
 Os
il-lator (HO) basis 
ontaining 10 major shells and with equal os
illator lengthsto make the basis 
losed under rotations [14℄. The operatorP̂ I00 = (2I + 1)8�2 Z d
dI00(�)e�i�Ĵze�i�Ĵye�i
Ĵz (2)is the usual angular momentum proje
tor with the K = 0 restri
tion [15℄and f I�(q20) are the �
olle
tive wave fun
tions� solution of the Hill�Wheeler(HW) equationZ dq;20HI(q20; q;20)f I�(q;20) = EI� Z dq;20N I(q20; q;20)f I�(q;20) : (3)In the equation above we have introdu
ed the proje
ted normN I(q20; q;20) = h'(q20)j P̂ I00 j'(q;20)i (4)and the proje
ted Hamiltonian kernelHI(q20; q;20) = h'(q20)j ĤP̂ I00 j'(q;20)i : (5)As the generating states P̂ I00 j'(q20)i are not orthogonal, the �
olle
tive am-plitudes� f I�(q20) 
annot be easily interpreted. Instead, one usually intro-du
es [16℄ the �
olle
tive� amplitudesgI�(q20) = Z dq020f I�(q020)N I(q20; q020)1=2� (6)whi
h are orthonormal, R dq20(gI�)�(q20)gI0�0(q20) = ÆI;I0Æ�;�0 , and, therefore,their modules squared have the meaning of probabilities.The B(E2) transition probabilities are 
omputed using the AMPGCMwave fun
tions asB(E2; Ii!If )= e22Ii+1 �����Z dqi20dqf20f If��f (qf20)hIfqf20 jj Q̂2 jj Iiqi20if Ii�i(qi20)�����2:(7)As we are using the full 
on�guration spa
e no e�e
tive 
harges are needed.Further details of the 
omputational pro
edure 
an be found in Ref. [10℄.
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ussion of the resultsIn Fig. 1 we show the HFB Potential Energy Surfa
es (PES) for the threenu
lei 
onsidered (dashed line) along with the proje
ted energiesEI = HI(q2; q2)=N I(q2; q2) for I = 0; 2; 4; 6 and 8 (full lines). The HFBPES shows a very pronoun
ed spheri
al minimum in 34Si, a shallow spheri
alminimum in 36Si, and, �nally, a very shallow oblate minimum in 32Si. Theseresults are rather di�erent from the ones obtained for the 
orresponding Mgisotopes with the same neutron number [10℄. The reason for su
h di�eren
esis that the Si isotopes have the proton d5=2 shell 
ompletely o

upied and,therefore, the up-slopping K = 5=2 level of the proton d5=2 orbital preventsthe appearan
e of the prolate deformation. At the mean �eld level, we 
ansay that the Si isotopes around N = 20 retain the 
losed shell propertiesasso
iated to the N = 20 shell 
losure. However, as it has already been re
-ognized, the e�e
t of the restoration of the rotational symmetry in the HFBstates 
an be very important, and it 
an substantially modify the 
on
lusionsextra
ted from the mean �eld results. In the three nu
lei 
onsidered here,the Angular Momentum Proje
ted (AMP) PES (Fig. 1) show two minima,prolate and oblate, for all the angular momenta 
onsidered. However, theprolate and oblate minima lie rather 
lose in energy in almost all the 
asesand, therefore, we expe
t strong mixing of the two 
on�gurations. Takinginto a

ount this fa
t, and also the fa
t that the amount of mixing is notonly determined by the AMP PES but also by the �
olle
tive inertia�, theamount of mixing 
an only be disentangled when the 
on�guration-mixing
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Fig. 1. The HFB potential energy surfa
es for the three nu
lei 
onsideredin the present study (dashed lines) together with the proje
ted energies forI = 0; 2; 4; 6 (full lines).
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al
ulation is 
arried out. We have also 
arried out 
on�guration mixing(in the framework of the GCM) 
al
ulations taking into a

ount angularmomentum proje
ted wave fun
tions and the quadrupole 
onstrained HFBwave fun
tions as generating intrinsi
 states. The solution of the HW equa-tion provides us with energies EI� and 
olle
tive wave fun
tions f I�(q20). Asmentioned in Se
. 2, the amplitudes f I� are not well suited for a physi
al in-terpretation and, therefore, one 
onsiders the 
olle
tive amplitudes gI�(q20)instead. In terms of these amplitudes one 
an de�ne an �averaged� intrinsi
quadrupole moment (q20)I� = R dq20 q20 ��gI�(q20)��2 for ea
h of the AMPGCMsolutions.
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Fig. 2. Same as in Fig. 1, but with added solutions of the HW equation, see text.In Fig. 2 we show, along with the angular-momentum proje
ted PES(plotted again to guide the eye), the energies EI� obtained by solving the HWequation for � = 1 and 2 and angular momenta I = 0; 2; 4; 6; and 8. Ea
henergy has been pla
ed at the value of the quadrupole moment 
orrespondingto the �averaged� intrinsi
 quadrupole moment (q20)I�. From Fig. 2 we seethat in 32Si the two 0+ states shown are spheri
al, the 2+1 and 4+1 are oblatewhereas the 2+2 , 4+2 , 6+2 and 8+1 are prolate deformed states. The 6+2 state isalmost degenerate in energy with the nearly spheri
al 6+1 state and this 
ouldexplain the anomalous quadrupole moment of the former state. A nearlyidenti
al pattern is also seen in the nu
leus 34Si, ex
ept for the position ofthe 0+2 state that lies below the 2+1 . In the nu
leus 36Si, the ground state isspheri
al and a prolate deformed 0+2 state is obtained. The 2+ and 4+ statesare all of them almost spheri
al whereas the 6+1 and 8+1 are prolate and the6+2 and 8+2 states are oblate. We observe that in the three nu
lei 
onsidered,the ground state is spheri
al due to the 
on�guration mixing between theprolate and oblate minima. The rest of the spe
tra shows rather un
lear
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an only be elu
idated by looking at the �
olle
tive amplitudes�gI�(q20). In Fig. 3, the 
olle
tive wave fun
tions squared ��gI�(q20)��2 for thetwo lowest solutions � = 1 and 2 obtained in the AMPGCM 
al
ulationsare depi
ted. We also show in ea
h panel the proje
ted energy for the
E
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Fig. 3. The 
olle
tive amplitudes jgI�(q20)j2 (thi
k lines) for � = 1 (full) and2 (dashed) and spin values of I = 0~; : : : ; 8~ for the nu
lei 32Si, 34Si and 36Si.The proje
ted energy 
urve for ea
h spin is also plotted (thin line). The y-axiss
ales are in energy units and span an energy interval of 13MeV. The 
olle
tiveamplitudes have also been plotted against the energy s
ale after a proper s
alingand shifting, that is, the quantity EI� +15� jgI�(q20)j2 is the one a
tually plotted.
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orresponding spin. We observe that the 0+1 ground state wave fun
tionsof the three nu
lei 
ontain signi�
ant admixtures of both the prolate andoblate 
on�gurations. Looking into the single parti
le diagram of 34Si (notshown here) it is observed that the neutron f7=2 shell, that is empty atq20 = 0 and 5.78MeV higher than the d3=2, 
rosses the Fermi surfa
e at thedeformation of q20 = �0:5b on the oblate side (the K = 7=2 level) andq20 = 0:5b on the prolate side (the K = 1=2 level). Therefore, the intrinsi
states with q20 > 0:5b and q20 < �0:5 b have (at least) two parti
les inthe intruder f7=2 orbital. As the ground state 
olle
tive amplitude in 34Si(and in the other two nu
lei) is not negligible in the intervals q20 > 0:5 band q20 < �0:5b we 
on
lude that the ground states of the three nu
lei
ontain signi�
ant amounts of the intruder f7=2 neutron 
on�guration inspite of being spheri
al. To make the argument more quantitative we have
omputed the quantity 1�R 0:5�0:5 dq20 ��gI=0� (q20)��2 that gives us an idea of theper
entage of the �
olle
tive� amplitude outside the q20 interval between �0:5and 0.5 b (i.e., the interval where the intrinsi
 states 
ontain the intruderf7=2 
on�guration). This quantity is roughly 0.35 for � = 1 in the threenu
lei 
onsidered and it 
orresponds roughly to 0.7 parti
les in the neutronf7=2 sub-shell. Therefore, we 
on
lude that the ground state of 34Si doesnot 
orrespond to a pure 
on�guration with N = 20 a
ting as a 
losed shell.Similar 
on
lusions have been obtained in shell model 
al
ulations [17℄ andalso in the Shell Model Monte Carlo 
al
ulations of [18℄.The 
olle
tive amplitude of the 0+2 ex
ited state of 34Si is rather unusual,being 
on
entrated around q20 = 0. This unusual behavior is probablyresponsible for the low ex
itation energy of this state (see below). In the32Si and 34Si nu
lei and I = 2 and 4 the 
olle
tive amplitudes are welllo
ated inside the 
orresponding prolate and oblate minima. For I = 6we have a

identally 
oexisting prolate and oblate minima, and for I = 8the prolate minimum be
omes the lowest one. In the nu
leus 36Si, at I = 2and 4 we have shape 
oexisten
e between the prolate and oblate minima and,therefore, the 
olle
tive amplitudes are equally distributed among them; thenet result being that these states are, on the average, spheri
al. For I = 6and 8 the prolate minimum be
omes dominant and the 
olle
tive amplitudesare lo
alized around the minima.Now, we want to 
ompare our results with the available experimentaldata. The �rst pie
e of information we 
an 
ompare to is the two neutronand two proton separation energies. The two neutron separation energies(S(2n)) for 34Si and 36Si are 11.83MeV and 9.6MeV, respe
tively. Thesenumbers have to be 
ompared with the experimental data [19℄: 12.018MeVand 8.587MeV, respe
tively. We observe a reasonably good agreement withexperiment for both nu
lei. Con
erning the two proton separation energies



2392 R.R. Rodríguez-Guzmán, J.L. Egido, L.M. Robledo(S(2p)) we have used the previous results [10℄ for the magnesium isotopesto obtain 28.70, 32.72, and 36.26MeV for 32�36Si, respe
tively. The 
or-responding experimental values [19℄ are 29.777, 33.737, and 35.430MeV.The agreement between theory and experiment is again rather reasonable.TABLE ICal
ulated and experimental results for ex
itation energies (in MeV) andB(E2, 0+�1 ! 2+�2) transition probabilities (in e2fm4). The 
olumns marked (a),(b) and (
) 
orrespond to 0+1 � 2+1 , 0+1 � 0+2 and 0+1 � 2+2 , respe
tively. The onesmarked (d), (e) and (f) 
orrespond to 0+1 �2+1 , 0+2 �2+1 and 0+1 �2+2 , respe
tively.Energies (MeV) Exp. B(E2) e2fm4 Exp.(a) (b) (
) (a) (d) (e) (f) (d)32Si 2.34 3.60 5.95 1.941 82.18 0.01 28.00 113� 3334Si 2.92 2.52 5.62 3.327 108.99 50.41 76.92 85� 3336Si 2.63 3.24 4.32 1.399 211.55 65.44 48.81 193� 59In Table I the energy splittings between di�erent states and the B(E2)transition probabilities among some of them are 
ompared with the availableexperimental data. Con
erning the B(E2, 0+1 ! 2+1 ) transition probabilitieswe �nd a quite good agreement with the experiment. In fa
t, our 
al
ulationreprodu
es the in
rease of the B(E2) values in going from 34Si to 36Si. Theother transition probabilities are mu
h smaller than the 0+1 ! 2+1 ones ex
eptin 34Si. On the other hand, the theoreti
al values for the 2+1 ex
itationenergies agree reasonably well with the experimental data for 32Si and 34Sibut show a dis
repan
y of 1.2MeV in the 
ase of 36Si. This dis
repan
y 
anbe attributed to many sour
es, like not taking into a

ount triaxial intrinsi

on�gurations or not dealing with pairing 
orrelations in a �beyond mean�eld� framework. Another sour
e of the dis
repan
y 
ould be related to thefa
t that our 
al
ulation is of the Proje
tion After Variation (PAV) typeinstead of a more 
omplete Proje
tion Before Variation (PBV). Usually, thePBV method yields the rotational bands with moments of inertia that arelarger than those in the PAV method [20,21℄. In Ref. [10℄ we estimated thee�e
t of 
onsidering PBV in 
al
ulations similar to the ones performed herebut for some deformed magnesium isotopes. The 
on
lusion was that themoment of inertia gets enhan
ed by a fa
tor 1.4 and, therefore, the ex
itationenergies have to be quen
hed by a fa
tor 0.7. Unfortunately, the method
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tivity in the Si Isotopes Around N=20 2393used in [10℄ for the mentioned estimation 
annot be applied here as we aredealing with spheri
al ground states as well as with nearly spheri
al ex
itedstates.On the other hand, shell model 
al
ulations [13,17,22℄ predi
t the se
ondex
ited 0+2 state in 34Si with the ex
itation energy (2MeV in [13℄, 3MeVin [17℄ and 2.6MeV in [22℄) whi
h is below the ex
itation energy of the2+1 state. In the experimental work of Ref. [13℄, su
h ex
ited state was notobserved but it was argued that, with the given experimental setup, it wasquite di�
ult to dete
t it. However, in the experiment reported in [22℄,the mentioned ex
ited 0+ state was observed at a tentative ex
itation en-ergy of 2.1MeV. In our 
al
ulations we also observe a se
ond 0+ state in34Si (spheri
al in 
hara
ter) whi
h lies at the ex
itation energy of 2.52MeV.Our predi
ted B(E2) transition probability 0+2 ! 2+1 is 50:41 e2fm2 whi
h isa fa
tor four smaller than the one obtained in the shell model 
al
ulationsof [13, 17℄ and a fa
tor of six smaller than the predi
ted value of [22℄. InRef. [22℄, an experimental indire
t estimate of the B(E2) transition proba-bility of 444(210) e2 fm2 is given. At this point it has to be re
alled that theB(E2) transition probabilities are more sensitive to the 
olle
tive wave fun
-tions than the ex
itation energies. Therefore, a relatively small 
hange in the
olle
tive wave fun
tions 
an alter drasti
ally the transition probabilities. Inour 
ase the 
olle
tive amplitude of the 0+2 state (see Fig. 3) is 
on
entratedaround the spheri
al intrinsi
 
on�guration (result whi
h is not 
onsistentwith the shell model expe
tations of [17,22℄). This spheri
al intrinsi
 
on�g-uration has zero pairing 
orrelations in our HFB 
al
ulations and, therefore,it 
an be expe
ted that the in
lusion of pairing 
orrelations in a �beyondmean �eld� framework 
an modify the properties of the quadrupole dynam-i
s around this point. To elu
idate this and other de�
ien
ies, a simulta-neous proje
tion on angular momentum and parti
le number (like the oneperformed in [8℄ with the Skyrme intera
tion) is 
alled for.4. Con
lusionsIn 
on
lusion, we have performed angular momentum proje
ted genera-tor 
oordinate method 
al
ulations with the Gogny intera
tion D1S and themass quadrupole moment as the generating 
oordinate in order to des
ribequadrupole 
olle
tivity in the nu
lei 32Si, 34Si and 36Si. We obtain a spher-i
al ground state in 34Si (in opposition to the nu
leus 32Mg) but it 
ontainssigni�
ant admixtures of the intruder 
on�guration with two neutrons in thef7=2 orbital. We also �nd in 34Si the �rst ex
ited 0+ state with the ex
itationenergy of 2.5MeV. In all the nu
lei 
onsidered the ex
itation energy of thelowest 2+ state is rather well reprodu
ed. Moreover, the B(E2) transition



2394 R.R. Rodríguez-Guzmán, J.L. Egido, L.M. Robledoprobability from the ground state to the 2+ state is also well reprodu
ed inthe three 
ases. Other quantities like two neutron and two proton separationenergies also 
ompare well with experimental data.One of us (R.R.-G.) kindly a
knowledges the �nan
ial support re
eivedfrom the Spanish Instituto de Coopera
ión Iberoameri
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