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Beyond mean field description of shape coexistence in neutron-deficient Pb isotopes
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The angular momentum projected generator coordinate method, with the axially symmetric quadrupole
moment as generating coordinate, has been applied to study the shape coexistence and quadrupole collectivity
in the neutron-deficient isotopé&-1°Ph. The finite range and density dependent Gogny interaction, with the
parametrizationD1S, hasheen used in the calculations. A good qualitative agreement with the available
experimental results is found. Our results indicate thaB2 remains, on the average, as a magic proton
number for the considered nuclei and also support the experimental evidences for rotational bands built on
coexisting low-lying states of oblate and prolate shapes.
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I. INTRODUCTION become more and more difficult when going to the lighter
The low-lying states in neutron deficient lead isotopesSCtOPeS since the production cross sections for the Po iso-
have been studied theoretical and experimentally during thi?P€S in fusion-evaporation reactions are getting smeiied
last three decades. The interest in this region is due to th&'€ fission background largeand at the same time, the
presence of three*Gstates within 1 MeV excitation energy in 9ecay half-lives decrease down to milliseconds, complicating
several even-even lead isotopes. The spheritagiound the separation process. There_fo‘r@;Pb is so far the lightest
state is associated with tH&=82 magic number while the PP iSotope for which two excited”Gstates could be estab-

other two excited 0 are associated with prolate and oblatehsr]rehdé uestion if there were stronaly deformed nuclei near
configurations based on particle-hole excitations. NucIeE: q gy

= e . . . ) 82 was already raised in Ref21,22. At the mean field
aroundZ=82 exhibit a variety of coexisting configurations level there have been calculations using the Strutinsky

[1-14. In particular, neutrqn-deflment Pb isotopes are SP€Ciethod which have found low-lying deformed minima in Pb
tacular examples'of coexistence between oblate, sphericaj,q Hg isotopeg23—25. In Refs.[26-29 the relativistic
and prolate low-lying Ostates. On the other hand, the recentmean field approximation was used to study shape coexist-
discovery that the magicity of th=20 andN=28 is more  gnce in Pt, Hg, and Pb nuclei. The results of these studies
fragile than expected, see, for example, R&6], has moti-  \ere in contradiction with experimental data, especially the
vated the study of a possible erosion of proton shell closuresnes concerning deformed ground states in Pb and those of
In this direction, recent studig46-18 have provided valu-  superdeformed ground states in Hg isotopes. Zh82 shell
able information about nuclei neZr82 and have motivated closure in neutron-deficient Pb isotopes has been studied in
an active investigation of the possible loss of magicity of thisRef. [30] using both relativistic and nonrelativisti§kyrme
proton shell. mean field models and again deformed ground states were
Experimentally, yrast and near-yrast states in the neutrorpredicted. All these results clearly indicate that the standard
deficient Pb isotopes have been extensively studied usingplativistic mean field forcef31-34, and also some of the
fusion-evaporation reactions. In the lighter isotopesSkyrme forces, do not reproduce the ground state properties
184,186,18pp around the neutron midshell nucléd® b, rota-  of at least some neutron-deficient nuclei in this region. Very
tional bands have been observed in these experiments whichcently[35], the new relativistic effective interaction NLSC
were associated with prolate deformed shg@ek9|. Crucial  has been introduced to describe ground state properties in Hg
for the study of shape coexistence in these nuclei is the iderand Pb nuclei. Other Skyrme parametrizatif®6—423) also
tification of excited 0 states some hundreds of keV abovereproduce properly these states.
the ground state which is not possible in fusion-evaporation It is clear that a detailed description of the very rich struc-
reactions. The first excited*Gtates in'®>-2°Pb were iden- ture of the energy landscapes in Pb and other nuclei of this
tified in B-decay experiments using on-line isotope separaregion requires the inclusion of correlations beyond the mean
tors already fifteen years ag6,12]. For the lighter isotopes, field (see, for example, Ref§36—42). First, due to the pres-
however,a decay becomes more and more probable relativeénce of coexisting minima a configuration mixing calculation
to B decay and therefore decay of Po isotopes combined is called for. Second, symmetry restoration brings important
with conversion electron spectroscopy to detect the EO detopological changes in the corresponding mean field energy
cays from the excited*Ostates to the ground state is the ideallandscapegsee, for example, Ref41]). Furthermore, the
tool to study excited D states in'8618819p This type of states of the systems considered are probably the result of the
experiments have recently been performed for all three isosubtle dynamical interplay between fluctuations in the collec-
topes mentioned aboy8,4,20. However, these experiments tive parametergmainly the quadrupole deformatipand the
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zero point motion associated with the restoration of brokereach intrinsic statgp(qyy)) were expanded in an axially sym-

symmetriegmainly the rotational symmetyyand this inter-  metric harmonic oscillatofHO) basis containing thirteen

play should be accounted for within a unified formalism.  major shells and the two length parameters of the basis
The purpose of this paper is to perform a systematic studgnd b, were chosen to be always equal to keep the basis

of the quadrupole collectivity in the neutron-deficient iso-closed under rotationgs3,55 (this is also the reason to in-

topes 182-19pp. This set of nuclei is very challenging and clude full HO major shells in the bagisThe same oscillator

attractive since, as mentioned, the experimental ftd4] length was used for all the quadrupole deformations consid-

give evidences for strong shape coexistence between diffeered in order to avoid completeness problems in the configu-

ent low-lying configurations. Therefore, an accurate descripration mixing calculationg55].

tion of them, for different spin values, can be considered as a The amplitudesf! (g, as well as the energies, of the

good testing ground for both effective forces and theoreticaAMPGCM states|<I>i,) are obtained through the solution of

approximations. Besides this, we can also check the stabilitshe Hill-Wheeler(HW) equation

of theZ=82 proton shell closure, both at the mean field level

and beyond, under extreme conditions associated with a very

neutron-deficient regime. In the present study both configu- f dopoH' (20,00 i (G20 = Ey f dopoM (G20, G0) f1(20)

ration mixing and angular momentum projection are taken

into account in the framework of the angular momentum 2

projected generator coordinate metf@dPGCM) [43]. We o ) _

have used in our calculations the Gogny interacfief] with ~ Which is given in terms of the projected norm

the parametrization D1$45]. As it has been shown, this R

force is not only well suited to provide reasonable results for N (G0,50) = {2(020)|Pod (Gr0)) (3)

many nuclear properties all over the nuclear chart, but also to

supply a good description of the phenomenology of theand the projected Hamiltonian kernel

quadrupole collectivity in the regiod~ 20 [43,46-52 and

N=~281[48,49 within a free parameter framework similar to [ 1y = O ol /

the one used in the present paper. The quadrupole collectivity H(020620) = (@(coo)| HPog #(Ga0))- “@

around Z~82 has been previously considered with ther, account for the fact that the mean value of the particle’s

Gogny force in the framework of the collective Hamiltonian ,,mper operator usually differs from the nucleus’ proton and
[39], within the GCM[40] without angular momentum pro-  eytron numbers, we followed the usual recipee, for ex-

jection, and also at the mean field ley84]. . ~
The paper is organized as follows. In Sec. Il we brieﬂyamqle’ Refs[56,57) and replaced in Eq4) the operatoH

describe the theoretical formalism used in this study. Thi®y H=Nz(Z=Zp)=A(N=-No) whereX; and \y are average
formalism is the AMPGCM[43,47,48,50-5pwith the axi- chemical potentials for protons and neutrons, respectively.
ally symmetric quadrupole moment as generating coordinatelhe averaging procedure is performed among all chemical
The results of our mean field, angular momentum projectiorpotentialsk(d,o), see Ref[57] for further details.

(AMP) and configuration mixing calculation®dAMPGCM) As the functions‘{,(qzo) cannot be interpreted as probabil-
for the isotopest®~1°Pb are discussed in different subsec-ity amplitudes, we introduced the collective wave functions
tions of Sec. lll. Finally, Sec. 1V is devoted to some conclud-
ing remarks.

0o = [ Aot LGN @y, (9

Il. THEORETICAL FRAMEWORK which are orthonormal and their module squared has, there-

As in previous workg43,47,48,50-5R we have used a fore, the meaning of a probability.
mean field based procedure where the underlying mean field The B(E2) transition probabilities and the spectroscopic
is determined first and then additional correlations are inguadrupole moment®°*P*{1,o)(I=2) are given by
cluded through the AMPGCM with the mass quadrupole mo-
ment as generating coordinate. We have restricted ourselves e T
to axially symmetric configurations and used the following B(EZ/li— 19 = ol +1 quzodq?ofvf (G20
ansatz for th&K=0 AMPGCM wave functions: '

2
’

(6)

Iy = | 2 X('fQé&@zH'i%o)flii(%o)
@)= | daof (G20 Pogl (G20)). (1)

where P'00 is the angular momentum projector operator re- oo 167 (1 2 | et
stricted toK=0 states. The set of intrinsic wave functions ~Q1l.0)=e 5 \| 0 - fd%odcbof' (G20)
lo(0,0)) was generated by solving the full Hartree-Fock- A

Bogoliubov(HFB) equations constrained to the desired mass X {1950| Qallla20 "7 (d20) (7)
quadrupole moment  p0={Qy0) =(@(00) 2%~ 1/2(x?

+y?)|e(gy0). The quasiparticle operators associated withwith

054319-2



BEYOND MEAN FIELD DESCRIPTION OF SHAPE. PHYSICAL REVIEW C 69, 054319(2004)

182pp 184py FA 186pp,

FIG. 1. Mean field potential
energy surfacescontinuous thick
line) as well as the absolute value
of the pairing energies for neu-
trons (dashed ling and protons
(continuous thin ling for the nu-
clei 182-19%p considered as func-
tions of the axially symmetric
quadrupole moment. The energy
scale is the same for all curves.

Gool(b) Goolb) Goo(b)
( quHQ (e L2 2 eral oblate and prolate competing minima appear at very low
2 P20 li207 ( ! f)f dg sin gd' o(B) energy, reflecting a pronounced shape coexistence. The first
@i+D@+1) F\=p p 0/Jg . 0* excited states in the light isotopé®-18Pb are prolate
- - and the second ones oblate with deformation paramgkers
X{(@(050)| Q2,8 (020, =0.29, 0.32, and 0.293,=-0.18, —0.18, and —0.20re-

H 188-19 H H H . :
where the indices andf stand for the initial and final states spectively. In Pb, the situation is reversed: the first

- excited states are oblate with deformation parameggrs
andQ,, are the charge quadrupole moment operators. As Weg 20, -0.20, and -0.17 while the second ones are prolate

are using a large, no core configuration space no effectivgjith 3,=0.28, 0.25, and 0.22, respectively. The spherical,
charges are needed. Further details on the computational preblate, and prolate states are practically orthogonal, the larg-
cedure can be found in Re#3]. est norm overlap is 0.0066, corresponding to the spherical
and oblate states of the nucle®Pb. This orthogonality
Il. RESULTS guarantees that the energies of these states can be used to

calculate excitation energies. Experimentally the shape
This section presents the results of our calculations. Sincehange of the first and second excited states takes place in

the mean field approximation is our starting point, it will be ¥%b, two mass units earlier than in our calculations. The
discussed first in Sec. lll A. Calculations beyond the mearexcitation energies of the three minima as well as their quad-
field are considered in Sec. Il B to consider the effect of the'upole moments are given in columns 3 and 4 of Table I. The
angular momentum projection. In Sec. Ill C the effect ofagreement with the experimental resyilts14], shown in the
configuration mixing and angular momentum projection isfirst column of the same table, is very good if one takes into
discussed. Partial results for some lead isotopes at the meagcount that no additional fitting of the interaction has taken
field level[41] and within the GCM approad0] (but with-  place.

out angular momentum projectiptave been already dis-  In Fig. 1 the proton and neutron pairing energies are also
cussed elsewhere, therefore, in the corresponding subsectioBgown. As expected, the proton pairing energies vanish at
we shall just concentrate on the discussion on aspects arald around the spherical shape because ofZth82 shell
nuclei either not discussed before or relevant for the underclosure. The neutrons, on the contrary, display very large

standing of the AMPGCM approximation. pairing energies around these shapes. These results explain
the fact that two quasiparticle states are not found at energies
A. Mean field approximation (MFA) below the collective prolate or oblate minima. At largpp

values the neutron pairing energies decrease very sharply
The results of they,g-constrained HFB calculations are while the proton ones rise at the same extend. Neither the

displayed in Fig. 1, where we shofthick lineg the mean proton nor the neutron pairing energies change very much
field potential energy surface@VIFPES for the isotopes with the mass number. Other mean field quantities, like
182-19pph as functions of the axially symmetric quadrupolesingle particle energies, for example, can be found in
momentq,. All these nuclei have spherical ground states, aRRef. [41].

a clear indication of the strong signature of #=82 proton Though our HFB results provide a reasonable description
shell closure at the mean field level. On the other hand, sewf the known excitation energies for thé 8tates in these
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TABLE |. Excitation energies and intrinsic quadrupole moments‘oéfcited states it®?-1°Pb. The quadrupole moment is defined as
q=(Q,¢. The quadrupole moments of thé Bxcited states are not known experimentally. States designated as (@lotdtde in experi-
mental papers are put on the oblgbeolate line.

Experiment MFA AMP AMPGCM GCM
Nucleus E(MeV) E(MeV) q(b) E(MeV) q(b) E(MeV) q(b) E(MeV) q(b)
182pp 0.000 0.000 0.0 0.0 0.00 0.22 0.0 0.00
0.817 0.788 10 0.761 11 1.13 10.45 0.970 10.6
2.20 -6 2.23 -7 2.50 -5.93 1.78 -0.22
184pp 0.000 0.000 0.0 1.4 0.00 0.22 0.0 0.00
0.610 0.490 11 0.421 11 0.850 10.74 0.68 10.3
1.60 -6 1.52 -7 1.90 -5.50 1.61 -3.6
186pp 0.000 0.000 0.0 0.0 0.00 0.23 0.0 0.0
0.532 1.04 -7 1.03 -7 1.44 -6.46 1.28 -6.2
0.600 0.512 10 0.538 11 0.89 10.30 0.79 10.0
188pp 0.000 0.000 0.0 0.0 0.00 0.15 0.0 0.0
0.600 0.787 -7 0.802 -7 1.25 -2.60 1.04 -6.4
0.710 0.871 10 0.876 10 1.33 5.95 1.15 9.23
190pp 0.000 0.000 0.00 0.0 0.00 0.12 0.00 0.00
0.658 0.861 -7 0.810 -7 1.31 -6.09 1.12 -6.3
1.020 1.81 9 1.71 10 2.12 8.77 1.67 0.4
192pp 0.000 0.000 0.0 0.0 0.00 0.32 0.0 0.00
0.77 1.04 -6 1.01 -7 1.29 -6.56 1.34 -5.15
2.96 8 2.86 9 2.79 6.49 1.69 -1.03

nuclei, this raw mean field approximation can only be con-reinforce this tendency, i.e., the projected PES are broader
sidered as zero order treatment because additional correlthan the MFA ones. Foi"=0" the general behavior of the
tions may modify the results already described. Because dirojected surfaces is rather similar in all isotopesgi=0,

the very pronounced shape coexistence it is really difficult t®?S €xpected, one does not obtain any rotational energy cor-

assertbeforehando which extent this will happen. rection to the spherical mean field. At approximately -3 b
and +3 b, two nearly degeneratbe energy differences be-

tween them are 59, 67, 64, 60, 63, and 67 keV18ri°®h)
minima appear. The origin of these two peaks can be traced
back to the peculiar behavior Witﬁ}o of the matrix elements
Before considering the full AMPGCM it is instructive to (¢(da0)| HJ7| @(dzo)) and(e(dz0)| ] ¢(dz0)) for closed shell
look into the angular momentum projected potential energywuclei, see Ref[58]. These matrix elements enter in the

B. Correlations beyond the mean field:
Angular momentum projection

surfaceyAMPPES defined as semiclassical expression of the rotational energy correction.
| The minima at £3 b are separated by the spherical barrier

| _ H (020,020 which is around 3 MeV in all cases. As we will see later on,
E(on)-M—(qzquz&- ®  these two additional AMP minima, though bringing such a

significant topological change with respect to the MFPES, do

These quantities are the diagonal terms of the AMPGCMhot provide new physical configurations because they aver-
matrix and provide very useful information because it givesage to produce a highly correlated spherical ground state. For
the energy gained by angular momentum projection as guadrupole moments with absolute values larger than 3 b the
function of the quadrupole moment. This energy is in manyAMPPES look rather similar to the MFPES, but shifted, on
cases the most important part of the interaction and whernthe average about 4 MeV. The main characteristic of the
ever the AMPPES shows a well pronounced minimum theMIFPES, i.e., the coexisting prolate and oblate minima, is
probability distribution[Eqg. (5)] concentrates around it. In maintained by the AMPPES. The excitation energies of these
Fig. 2, the quantitiesE'(qyy) are plotted for the nuclei AMP prolate and oblate Ominima as well as their quadru-
182-19pp andI™=0%, 2%, 4*, 6%, and 8. For details about pole moments are displayed in columns 5 and 6 of Table I.
the omitted points around,,=0 see Ref[43]. The corre- Concerning the quadrupole moment of the lowestv@e do
sponding MFPESdashed linesare also included for com- not quote any value because there are two almost degenerate
parison. minima at £3 b. We observe that the AMP excitation ener-

In the MFA we observe that with decreasing neutron num-gies(and also thej, intrinsic deformationsare very similar
ber, i.e., as we approach the drip line, the PES’s get wider. ito the mean field results. Notice that the energy difference
is interesting to observe that the effect of the AMP is toE(03)—-E(0;) is independent of the origin of energies, i.e.,
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E(MeV)

O = N WA NO®OOO 2NWHAODOENX®O©O

FIG. 2. Angular momentum
projected potential energy sur-
faces (full lines) for the nuclei
182-199p and for the spin values
I™=0%,2%,4%,6%, and &, plotted
as a function of the axially sym-
metric quadrupole momentyq.
The mean field potential energy
surfaces(dashed lines are also
plotted for comparison. In each
nucleus, the energies are referred
to thel™=0* ground state.

—_

E(MeV)

-10 0 10 20 30 -10 0 10 20 30
Qz0(b) 9x(b)

independent of our choice (ﬁ(ODv and it also agrees very C. Correlations beyond the mean field: Angular momentum
well with the corresponding difference in the MFA. projected configuration mixing

‘For17=2", 4", €', and &, the lowest energy deformed  From the results already described in Secs. Il A and
minima of the AMPPES irt®>~'Pb are prolate with intrinsic ||| B e realize that not only the MFPES but also the
deformations of 11 b. I*Pb we observe a very strong AMPPES, for different nuclei and spin values, show the phe-
competition between the oblate minimum at ~7 b and th&,omenon of shape coexistence. Consequently, a configura-
prolate ground state at 10 b fof=2", the energy difference oy mixing calculation is needed for a better understanding
amounts only to 16 keV. This shape coexistence is alsgf the structure of the states under discussion as well as to
present for the spin valudS=4" and17=6" for which the  check the stability of a given minimum when quadrupole
energy differences are 224 and 540 keV, respectively. Thg,ctyations are taken into account. With this in mind, we
COVIGSP%‘d'”g energy difference rgacbes 872 keV Ifor  haye carried out AMPGCM calculations along the lines de-
=8". In *%%b for the spin values”=2",4", and 6, the ab-  gcribed in Sec. II. The intrinsic axial quadrupole momest
solute minima of the AMPPES are oblate with intrinsic de-\yith values -20 <0y <30b and with a meshAgy
formations around -7 b but fof"=8" a shape transition =100 fn?, has been chosen as generator coordinate.
takes place and the ground state becomes prolate with an e ground state energy gain, with respect to the AMP

intrinsic deformation of 10 b, the corresponding energy dif'approach, by the configuration mixing amounts to
ference between the prolate and oblate wells amounts only to1 532 MeV, -1.081 MeV, -1.025MeV, -1.091 MeV,

95 keV. On the other hand, the lowest energy minima of_1 143 MeV, and —-0.924 MeV for the nucl&f2-19%b, re-

*9%Pb for all spin values are always oblate. spectively. One could also ask, for comparison, for the en-
ergy gain by allowing shape mixing in the wave functions in
the pure GCM approximation, i.ewithout angular momen-
tum projection. See also Rd#0] for further details on the
calculations: The energy gains, with respect to the HFB so-
775 | 1 lution, are -0.819 MeV, -0.859 MeV, -0.921 MeV,
-0.931 MeV, -0.959 MeV, and -0.941 MeV for the

7.7

E sl ] 182-199p nuclide, respectively. It is interesting that these
§ "1 o HFB numbers, though somewhat smaller, are comparable to the
2 fﬁ?," AMPGCM ones. In Fig. 3 we show the binding energy per
7851 o AMPGCM
m EXP _
The calculations shown in this paper are similar to the ones of
-7.9 . . . . . . . L
98 100 102 104 106 108 110 112 Ref. [40], the small discrepancies in both results are due to the fact

N that in the results presented in this work we have included in the

HFB and in the GCM calculations the term corresponding to the

FIG. 3. Binding energies per particle as a function of the neutrortiwo body kinetic energy which was neglected in the earlier calcu-
number. lations.
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FIG. 4. Band diagrams for the
nuclei 182-19%p obtained by solv-
ing the Hill-Wheeler equation of
the AMPGCM. The |7
=0" AMPPES is also plotted to
guide the eye. See text for further
details.

-12 0 12 24 12 0 12 24 12 0 12 24

particle in the different approximations as well as the experiprolate or oblate character of thé &nd G, see Table |, is the
mental valueg59]. We find the very satisfactory results that same as in the MFA and in the AMP approaches. In fact, with
the degree of agreement with the experiment increases witlhie exception of the nucleu$%b, whose quadrupole mo-

the sophistication of the theory. Notice that the largest energ{?€nts are only in qualitative agreement with the ones calcu-
gain, about 3 MeV, is provided by the AMP, ated in MFA and AMP, for all other isotopes the agreement

In Fig. 4 we have plotted the AMPGCM energiE$,, of the_qzovalues obtgingd with thg AMPG_CM,AMP, and the
obtained by solving the HW equatiofEq. (2)], for the MFA_ls even quantitative. Looking in Fig. 6, at thﬁgsgvave
groundo=1, the firsto=2, and second=3 excited states in fﬁnctmns of thc?. 9 and qutate.S’ Wﬁ find that onlyl|( b
each nucleus foi™=0", 2*, 4*, 6", and &. Each energy the corresponding wave functions have a two peak structure,
level has been placed along the deformation axis accordinthIS mixing being not possible either in a MFA or in the AMP
to its “average intrinsic quadrupole moment” defined as gpproach. In the AMPGCM theory the isotof#PD is the
one where the change of the oblate and prolate character of
the first excited states of tH&2-19%b isotopes takes place. It
is, however, surprising that after the mixing most of the
states remain rather pure: Thg §tates are a very specific
linear combination of “cuasispherical” shapes, and with the
a;,g: f dq20|g!r(q2&|2q20_ (9) exception of the nucl_eu%sé_‘Pb the § and g are eithe_r pro-
late or oblate. In a situation of strong shape coexistence at
the MFA one would expect, in general, strong mixing of the
wave functions at a configuration mixing approach. In regard
to the excitation energies and the comparison with the avail-
The values ofj;g are given in column 8 of Table | for the' 0  aple experimental data we observe how the oblate minimum
states and for the other spin values in Table II. In order tds pushed up in energy for the lightest isotopes and mini-
gain a deeper insight about the structure of the states, wizes its excitation energy at a larger mass numer
have also plotted in Fig. 6 the corresponding collective wave-188) than suggested by the experimet=186) [1]. On
functions squaredty (q,0)|? for =04, 2%, 4%, and 6. the other hand, the prolate minimum is pushed up for the
Let us first discuss the*Ostates. In columns 7 and 8 of heaviest isotopes and minimizes its excitation energyAfor
Table | the energies and intrinsic quadrupole moments of184. It is interesting to note how il¥%Pb, the excitation
these states are given. The first noticeable fact in this table isnergy of the prolate minimum agrees very well with the
that in the configuration mixing calculations the groundexperimental one for the corresponding Siate but, on the
states, ©, of all nuclei are practically spherical. As we can other hand, the excitation energy of the oblatesfate is
see in Fig. 6, this is due to the fact that prolate and oblateverestimated considerably. Similar results have been ob-
configurations at +3 b have almost the same weight in the Otained in Refs[41,42.
collective wave functions. Consequen#fi=82 remains on Concerning the comparison of the different theoretical
the average a magic proton number for these nuclei. Theredictions for the excitation energies of the @nd G we
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TABLE II. Intrinsic and spectroscopic quadrupole momefitse b) for |7=2*, 4*, 6*, and § and o
=1,2,3, for the set ohuclei considered in this paper.

Nucleus () 55 (Qgpec 55 “(Qgpen 5 (Qpen
182 2 10.52-2.69 -1.090.29 -3.931.00
4 10.66-3.49 -7.032.29 11.58-3.79

6 10.84-3.91) 14.97-5.39 -9.003.26

8 11.03-4.18 17.47-6.64 -10.814.12

184 2 10.88-2.79 -4.1%(1.05 0.11(-0.03
4 11.0G-3.58 -6.842.23 12.60-4.09

6 11.21-3.99 14.08-5.02 -7.562.69

8 11.46-4.30 15.20-5.70 -9.11(3.42)

186 2 10.41-2.63 -6.671.69 9.36-2.36
4 10.61-3.40 -7.162.29 14.57-4.69

6 10.88-3.84 14.73-5.19 ~7.462.64)

8 11.31-4.20 14.67-5.45 ~7.902.94)

188 2 3.88-0.96 -0.530.13 0.18-0.05
4 10.04-3.19 -7.122.26 14.08-4.47)

6 10.28-3.59 ~7.442.59 15.07-5.23

8 10.52-3.89 ~7.742.86 15.57-5.72

190 2 -6.161.51) 5.01-1.24) 4.27-1.03
4 -6.9712.19 9.55-3.00 -0.390.14)

6 -7.282.52 9.86-3.40 15.87-5.49

8 9.98-3.69 ~7.422.70 19.07-6.96

192 2 -6.581.62 1.05-0.26 7.25-1.79
4 -6.832.15 8.59-2.69 0.32-0.10

6 ~7.0G2.40 9.23-3.19 -8.542.90

8 -7.242.63 9.66-3.49 21.90-7.89

observe in Table | that the AMPGCM values are, in generalto the MFA is to increase the excitation energy of thestate
larger than in the MFA and the AMP methods, and the agreeand to lower the one of thejGtate, favoring in several cases
ment with the experiment deteriorates to some extent. Noticthe agreement with the experiment. The inclusion of the pro-
that this behavior is the opposite to the one found for thgection, i.e., the AMPGCM approach, produces a general
binding energy of the Dstate. To disentangle AMP effects stretching of the spectrum, and, as mentioned above, the
from configuration mixing effects we can look to the pure overall agreement with the experiment is, paradoxically, not
configuration mixing calculation mentioned above, i.e.,as good as the MFA, the AMP, or the GCM theory.

GCM without angular momentum projection. The quadru-  Often it is argued that the degree of freedom should be
pole moments as well as the excitation energies of thécluded in these type of calculations. As a matter of fact,
ground states and the two lowest excited states for the nucléglculations with the Gogny force by Delaroche and co-
182-19Pp are presented in columns 9 and 10 of Table I. Thevorkers[39] have shown that in the neighbor Hg isotopes
prediction of the GCM concerning quadrupole moments rethe triaxial shapes play an important role. To verify the effect
confirm the MFA and the AMP results, i.e., the ground stateof y deformation in our calculations we have solved as an
are spherical and the first and second excited states are obl&gample the (8, y)-constrained HFB equations for the
or prolate depending on the nuclei. The only exceptions areucleus'®Pb. The corresponding energy contour plots are
the second excited states ¥PPb and!®?Pb which in MFA  shown in Fig. 5. Here we can clearly see along the axial axis
and AMP are predicted to be prolate and in the GCM apthe three minima depicted in Fig. 1 as well as a rather soft
proach they are more spherical than deformed ones. In thgurface in they direction. In fact, the triaxial barrier connect-
GCM calculation the prolate state appears as the third exng the prolate and the oblate minima amounts to 1.25 MeV,
cited one. With respect to the excitation energies of the prosmaller than the one connecting both minima through axial
late and oblate states we find that the GCM values are closshapeg1.75 MeV). This is an indication that considering the
to the MFA and AMP results than the AMPGCM ones. The y degrees of freedom could change our conclusions. One
agreement with the experimental data on the average is alstould consider, however, that this is an static estimation. At
good. With the exception of the nuclE®¥Pb, where there the GCM level the dynamics at thgg,y) plane should be

is mixing, the general trend of the GCM results as comparedonsidered and in the AMPGCM, additionally, the effect of
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terms of the proton mass distribution whereas the intrinsic
quadrupole moments are the total ones. As can be readily
checked from Table | and II, the quadrupole moments ob-
tained from the spectroscopic ones agree rather well with the
corresponding averagc%g for the spin values considered in
this study.

The above mentioned results allow us to group some of
the levels provided by the AMPGCM as members of bands.
In the lightest isotope$®>-18Pb, the @, 27, 47, 67, and §
states can be considered as members of a prolate rotational
band. Moreover, the 24;,65,8; states in*®Pb and the
2;,45,65,85 in both 18218Ph are oblate and together with
the G} state could be the members of oblate deformed bands
in these nuclei.

The G, 2;,47,6;,8; states and the;02;,4;,6;,8; states
could be associated as members of prolate and oblate bands
in 1¥Ppb which show irregularities at”=0* and |7=2*
caused by the significant admixture of the oblate and prolate
wells (see Fig. 6 in the corresponding02; and G, 2; col-
lective wave functions leading to a reduction of the average

FIG. 5. Energy contour plot in th&o, y) plane for the nucleus  deformation in these states as compared with the other mem-
18%Pb, with Qo= \ G5+ 03, and tany=0o/ Gpo From ~1446.75 MeV  pers of the bands.
up to —1442.75 MeV each contour line increases by 0.25 MeV and  The oblate band in'Pb has the sequence of states
from —1442 MeV on by 1 MeV. The contours f_rom —1446.75 MeV O+,21',4I,61,8§ while the prolate band with the members
up to —1445.25 MeV have been done alternating dashed and d°“?5§,2§,4§,6§,8§ shows an irregularity at™=2* which can

lines. again be traced back to the significant admixture of oblate

and prolate configurations in thé 2ollective wave function.

the AMP will significantly change the(B,y) energy tne gpjate and prolate bands #2Pb have the members
dependencé.For a realistic estimation of the importance of 5+ 27.4%.6}.8 and G, 25,45,65,8;.

. . "2
this degree of freedom the calculations should be performed;” ¢ excitation energies of the predicted prolate and oblate
work in this direction is in progress.

_ bands are compared with the available experimental data
In Table I, we show the average deformaycﬁig correé- 1114 in Fig. 7. The excitation energies of the lowest mem-
sponding to ther=1,2,3collective \ivavtf functions of F_lg. 6 pers of the prolate bands #§2-18Pb are close to the experi-
for the spin value$”=2". The 2, 4;, 6;, and § collective  enia| values. On the other hand, for the oblate bandhead in
wave functions int82-18Pb are well inside the prolate wells. 186pp e have obtained an excitation energy of 1.44 MeV
The 2 wave function in'*®Pb still contains a significant \yhich largely overestimates the experimental one of
admixture of the oblate and prolate wells but tie 8;, and  ( 53 Mev. The same is also true for the oblate bandheads in
8; states are well prolate deformed.f¥Pb, the Z, 47, and  18s-19%5},
6 collective states are well inside the oblate wells but @  consistent with the experimental data and also with other
shape transition takes place figi= §+ an the ground state heoretical predictiongsee, for example, Ref25]), the pro-
becomes prolate. I¥%Pb, the 2, 47, 6], and § states are  |ate bandhead dominates the structure in the lightest isotopes,
oblate. Det_alls concerning the very interesting pattern Sh_OWPninimizing with respect to the spherical ground state Nor
by the excited states witt"=2" can also be seen from this < 104. we observe that, our predictions overestimate the ex-
table. ) o perimental excitation energies, i.e., our spectrum is more
A more precise definition of the quadrupole moment forgiretched than the experimental one. This can be traced back
protons for each of the AMPGCM states can be obtainedy many reasons: the free parameter character of our calcu-
from the results of the exact spectroscopic quadrupole MQgytions or the fact that other degrees of freedom not taken
mentsQ*P*{l, o) for protons(no effective charges have been jnio account in the calculationgriaxilities, pairing fluctua-
Used 7. The values obtained for each of the wave funCtiOHQionS, etc) may p|ay a r0|e_ A nice result iS that our Ca'cu'a_
|®,,) are given in Table Il. We can also compute the totaltions still follow the experimental isotopic trend and support
intrinsic quadrupole moments from the spectroscopic onege interpretation of the experimental data in terms of shape
using the expressionqgi;y=—[(21+3)/21](A/Z)Q°**{l,0)  coexisting oblate and prolate bands.
where theK=0 restriction has been taken into account and Concerning transition probabilities, very recently there
also the fact that our values gfg are, by definition, half of have been some measurements by Dewtldl. [61] in
the usual ones. The factéy/Z is used to take into account 188pp. They have measured the valuE2, 4y — 2))
that the spectroscopic quadrupole moments are given ia160(80) W.u(Weisskopf unij—from this value they ex-
tract a deformation parametg=0.2—andB(E2,2; — 0;)
2In general, the energy gain by AMP is larger, for fixcefor- ~ =5(3) W.u. In our calculations, see Fig. 4, the lowest lying
mation, for triaxial shapes than for the axial orjé6). 2] and 4 states have prolate deformation and the second
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1=6

[
;

FAd Y FIG. 6. Collective wave functions squared for
F——t—— the ground states=1 (continuous thick lingand

3 first 0=2 (thick dashed ling and secondo=3

6 (thin dashed ling excited states of the isotopes
182-199pp. The wave functions are given foF
=0", 2, 4", and 6. The corresponding pro-
jected energy curve is also plotted for each spin
value. They-axix scales are in energy units and
E always span an energy interval of 15 Méviinor

6 ticks are 0.5 MeV apayt The collective wave
functions have also been plotted against the en-
ergy scale after proper scaling and shifting, that
is, the quantityE! +15x g} (q,0)|? is the one ac-
tually plotted. With this choice of the scales we
——t—— can read from the figure the energy gain due to
6
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quadrupole fluctuations by considering the posi-
E tion of the wave functions’ tail relative to the pro-
jected curve.
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ones, 2 and 4, an oblate one. While the*Ztates are rather
mixed and energetically close to each other, see Fig. 6,the 4
ones have a clear prolate or oblate character. In our calcula-
tions we obtain B(E2,4; —27)=262 W.u. andB(E2,4;
—2,)=142 W.u.—the intrinsic deformations being(2])
=0.12 andB(47)=0.28—indicating that our4states are not
enough mixed as compared with the experimental ones. For
the E2 transition to the ground state we obta®(E2, 2]
—07)=1.4 W.u. andB(E2,2,—07)=8.7 W.u., indicating
again that our wave functions are not enough mixed.
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IV. CONCLUSIONS A

We have performed several calculations, starting from the F|G. 7. Rotational bands i#2-19%b. Prolatgoblate bands are
naive mean field approach up to the very sophisticated angyepresented by filledempty) symbols. The circlegsquares corre-
lar momentum projected generator coordinate method witpond to experimeritheory). To guide the eye, states with the same
the finite range density dependent Gogny force. The fousgpins in different nuclei have been connected with continuous
approaches analyzed provide the same underlying basic pi¢theory) dashedexperiment lines.
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ture of strong coexisting spherical, oblate, and prolate Of course, one should not only think about missing cor-
shapes. relations but also keep in mind that the parameters of the
The overall agreement with the experiment is very satisforce were adjusted at the mean field level. That means, a
factory, provided the free parameter character of our calcufine tuning of the force could be necessary in case that even
lations. For the ground states energies the agreement with thgking into account relevant missing correlations the agree-
experiment increases with the quality of the theoretical apment with the experiment does not get better. We think that

proximation, a quantitative agreement being only achieved ifne three coexisting'Ostates could be used to elucidate this
the AMPGCM. This is not the case for the excited statespoint_

where we obtain a rather stretched spectrum even in the

AMPGCM. The experimental transition probabilities are in

between of the theoretical predictions for prolate and oblate ACKNOWLEDGMENTS

states. These last two facts seems to indicate that although
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