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Description of quadrupole collectivity in N=20 nuclei with techniques beyond the mean field
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Properties of the ground and several collective excited states of the light ibiéfeiMg are described in
the framework of the angular momentum projected generator coordinate method using the quadrupole moment
as collective coordinate and the Gogny force as the effective interaction. The calculated excitation energies and
B(E2) transition probabilities agree reasonably well with experiment. The results clearly indicate that both the
restoration of the rotational symmetry and the quadrupole dynamics are key ingredients for the description of
the properties of the above-mentioned nuclei.

PACS numbse(s): 21.60.Jz, 21.10.Re, 21.10.Ky, 27.30.

I. INTRODUCTION we have used the Gogny forf&0] (with the D1S parametri-
zation[11]) which is known to provide reasonable results for
Nowadays, the region of neutron-rich nuclei aroudd many nuclear properties such as ground-state deformations,
=20 is the subject of active research both in the experimenmoments of inertia, fission barrier parameters, etc., all over
tal and theoretical side. The reason is the strong experimentie periodic table. As the results presented in this paper will
evidence towards the existence of quadrupole deforme8how, this force is also suited for the description of quadru-
ground states in this region. The existence of deforme@gle co.IIect|V|ty in N%ZO. nuple|. Additional results for
ground states implies that=20 is not a magic number for Mg with older parametrizations of the Gogny force are
the nuclei considered, opening up the possibility for a bettef!SC discussed. Finally, let us mention that similar calcula-
understanding of the mechanisms behind the shell structufiPns to the ones discussed here using the Skyrme interaction
in atomic nuclei. In addition, the extra binding energy com—have recently been reportgti2].
ing from deformation can help to extend thereby the neutron
drip line in this region far beyond what could be expected

from spherical ground states. Among the variety of available T compute the properties of the ground and several col-
experimental data, the most convincing evidence for a detective excited states of the nuclei considered in this paper
formed ground state is found in tféMg nucleus where both we have used the angular momentum projected generator
the excitation energy of the lowest lying Ztate[1] and the  coordinate methodAMP-GCM) with the mass quadrupole
B(E2,0"—2") transition probability[2] have been mea- moment as generating coordinate. To this end, we have used
sured. Both quantities are fairly compatible with the expecthe following ansatz for th&=0 wave functions of the
tations for a rotational state. Theoretically, from a shell-system:
model point of view, the deformed ground states are a
consequence of the lower energies of some intruder 2 [ :J' [ Bl
—2h neutron excitations into thip shell as compared to the o) A%0f (G20 Pool ¢(Gz0))- @
puresd configuration[3]. In terms of the mean-field picture
of the nucleus, a quadrupole deformed ground state only a|
pears after taking into account the zero-point rotational en
ergy correction to the mean-field enerigi-8g|.

In a previous papef9] we have computed angular mo-
mentum projecteAMP) energy landscapes, as a function of
the mass quadrupole moment, for the nucl&i®**Mg and

Il. THEORETICAL FRAMEWORK

n this expressior¢(dy,0)) is the set of axially symmetric
(i.e.,K=0) Hartree-Fock-Bogoliubo(HFB) wave functions
generated by constraining the mass quadrupole moment to
the desired valuesto=(¢(0z0)|2°— 1/12(x*+y?)| ¢(d20))
(please, notice that this definition is a factor of 1/2 smaller
than the usual definition of the intrinsic quadrupole moment
32-385j, We have found that the projection substantiaIIyThe intrinsic wave functionfe(da,)) have been expanded in
changes the conclusions extracted from a pure mean-field ha”‘?O”'C OSC'"atO_(HO) basis containing ten major shells
calculation. In all the nuclei considered, with the exceptionand with equal oscillator Iengths to make. the basis cIo_sed
of 3*Mg, two coexistent configurationgrolate and oblate under rotationg13]. The rotation operator in the HO basis

have been found with comparable energy indicating thereb{)aS been computed using the formulag bf].
that configuration mixing of states with different quadrupole The operator

intrinsic deformation had to be considered. The purpose of
this paper is to study the effect of such configuration mixing
for the nuclei 3° **Mg. The Si isotopes have been disre-
garded in this work as there are indicati¢@$that triaxiality
effects could be relevant for the description of their groundis the usual angular momentum projector with #e 0 re-
states and, for the moment, our calculations are restricted ttriction [15] and f! (q,0) are the “collective wave func-
axially symmetric K=0) configurations. In our calculations tions” solution of the Hill-WheelefHW) equation

~ 21+1 s s
Poo= 82 fdeBO(,B)e"“JZe*'BJye*'VJZ 2)

0556-2813/2000/68)/0543198)/$15.00 62 054319-1 ©2000 The American Physical Society



R. R. RODR'BUEZ-GUZMAN, J. L. EGIDO, AND L. M. ROBLEDO PHYSICAL REVIEW G52 054319

It has to be kept in mind that the solution of the HW
f daeH' (020, G50) F (020 equation for each value of the angular momentudeter-
mines not only the ground state-€ 1), which corresponds
| , S el to the yrast band, but also excited states=@,3, . . . ) that,
:Evf ddzo\" (d20,20 F (G20 - ) with the set of generating wave functions used in these cal-
culations, could correspond to solutions with a different de-
In the equation above we have introduced the projected norformation from the one of the ground state and/or to quad-
N'(t20,050 =(# (20| Pod ¢(az0), and the projected rupole vibrational bands.
Hamiltonian kernel H'(on,QQo)=<<P(qu)||:|IE’BO|<,D(QQO)>- Finally, let us mention that, as the intrinsic wave func-

. A tions |¢(d,0)) are determined before the projection onto an-
As the generating statd%{)ohp(qzo)) are not orthogonal, the gular momentum, the procedure described above is of the

“collective_ amplitudes” fl,(qzo) ca_nnot be easily _inter- “projection after variation” (PAV) type. It is well known
preted. This drawback can be easily overcome by mtroducElG] that the PAV method yields the wrong moments of in-

ing [16] the so-called “natural” states ertia, at least in the translational case, and a way to cure this
deficiency is to consider a “projection before variation”
|kl>:(nb—1/2j d GogUi (G20 Phd ©(A20)), (PBV) which is much more difficult to implement because

the intrinsic wave functions have to be determined for each

. . . . value of the angular momentuimusing the Ritz variational
W,h'Ch are deflr:ed in terms of the.e|genstat¢$q20) and principle on the projected energsee] 20] for the application
eigenvalues  ny | of th? | projected  norm, Q... of pBV with small configuration spacesTo illustrate the
JdazoN " (020, G20 Ui(G20) = MiUi(Clz0) - The correlated wave  consequences of the PBV method it is convenient to consider
functions|<I>'(,) are written in terms of the natural states as a strongly deformed intrinsic configuratide(qyg)), as in
this case it is possible to obtajti6] an approximate expres-
|q)|">=§k: gg,l|kl>, sion for the(PAV) projected energy

(3% KA(1+1)
where the new amplitudegy"' have been introduced. In Epav(l)=(H _ﬁ+7’
terms of the amplitudeg‘k"I the collective wave functions
where Jv is the Yoccoz(Y) moment of inertia. In this ex-
pression we recognize the rotational energy correction

<52>/2jy and the usual rotorlike expression for the energy of
the band4?l(1+1)/27% . It was shown in[21] (see also
are defined. They are orthogonal and therefore their modulg2]) that starting from the projected energy and making an
squared has the meaning of a probability. The introduction ohpproximate projection before variatig®BV) one obtains
the natural states also reveals a particularity of the HW equdor the energy of the rotational band the following expres-
tion: if the norm has eigenvalues with zero value they havesion:
to be removed for a proper definition of the natural states
(i.e., linearly dependent states are removed from the basis (52) R21(1+1)
In practical cases, in addition to the zero value eigenvalues Epsv(l)=(H)— 20T T2

. . Y TV
also the eigenvalues smaller than a given threshold have to
be removed to ensure the numerical stability of the solutionsvhere 77y, is the Thouless-Valatin moment of inertia. This
of the HW equation. In order to account for the fact that theimplies that for the determination of the zero-point rotational
mean value of the number of particles operg(mtr|NT|cp'U> energy correctioriwhich is very important as it can dramati-
(7=, v) usually differs from the nucleus’ proton and neu- cally change the energy landscape as a function of the quad-
tron numbers, we have followed the usual redip@, 1§ of ~ rupole moment one has to use the Yoccoz moment of iner-
replacing the Hamiltonian byF—x_(N_—2)—x (R, tia (i.e., PAV is good but for the moment of.mertla of t.he
—N), where\ . and\, are chemical potentials for protons band, one has to use the'ThouIess—VaIatln expression or
and neutrons, respectively. carry out a full PBV calculation.

Concerning the density-dependent part of the Gogny force Taking into account that, in the limit of strong deforma-

we have use the usual prescription already discussed in Refion the PBV for the restoration of the rotational_symmetry
[18,9,19. It amounts to using the density yields to the well-known self-consistent crankin@CQO
T method, a possible way to improve the AMP-GCM would be

~ L —ipd / to consider for the intrinsic states a set of wave functions
p(r)= (#(dz0lpe : l¢(920) (5)  |#'(d20) as the solution of the SCC-HFB equations for each
(e(dz0)]e™ P o(as) spin |. However, this would lead to a triaxial projection
. _ _ _ which is extremely time consuming and also to the issue of
in the density-dependent part of the interaction when theéow to handle configurations witt,, values close to sphe-
evaluation of<<p(q20)|I:Ie*‘ﬁJy|<p(q§0)) is required in the ricity where the SCC-HFB is no longer a good approxima-
calculation of the projected Hamiltonian kernels. tion to the PBV theory.

gL(qzo>=; 97" (20 (4)
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In order to explore the effect of the PBV in our calcula- calculation (the associated norm eigenvalues are very
tions we will restrict ourselves to performing SCC-HFB cal- small) and therefore can be safely omitted.
culations for selected configurations and compare the results Coming back to the projected energy surfaces, we observe
with those of an AMP calculation on those configurations inthat forl =04 and 2& a prolate and an oblate minima appear
order to extract the SCC and Yoccoz moments of inertia. Thevith almost the same energy for the nucleidMg whereas
result of the comparison is that the AMPray energies are the prolate minimum becomes deeper than the oblate one for
typically a factor of 1.4 bigger than the self-consistent ones’>34\g. For increasing spins either the prolate minimum
and therefore a way to incorporate the effects of PBV woulthecomes significantly deeper than the oblate one or the ob-
be to quench the bands generated by the AMP-GCM by #ate minimum is washed out. The prolate minima are located,
factor 1/1.4=0.7. From a physical point of view it is rather for all nuclei and spin values, aroumgy,=1b which corre-
simple to understand why the AMP rotational band energiesponds to g3 deformation parameter of 0.4. On the other
are higher than the SCC ones. For the sake of simplicity wéand, the HFB energy curves show a behavior rather differ-
will concentrate on the 0 and 2" states. The effect of the ent from thel=0% projected curves showing a spherical
PBV on the 0 state is to incorporate into the correspondingminimum for 3*3\g and a prolate one fo#*Mg.
intrinsic state admixtures of two, four, etc., quasiparticle To disentangle the relevant configurations of the intrinsic
configurations coupled tk =0. For the 2 state we can also wave functions we have computed their spherical orbit occu-
mix K=1 andK=2 multiquasiparticle configurations that pancies which are given by
make the variational space bigger and therefore leads to a
higher energy gain for the 2 state as compared to the en-
ergy gain of the 0 state reducing thereby the corresponding
2" vy ray energy.

V(”'j):<¢(Q2o)|% CrijmCnijml €(d20)), (6)

wherec,;, are the annihilation operators corresponding to

IIl. DISCUSSION OF THE RESULTS spherical harmonic oscillator wave functions. In the nucleus
_ _ _ 32Mg the neutronv(1f;,) occupancy is zero fog,,=0
A. Mean-field and angular momentum-projected energies whereas it is almost 2 at the minimum of the projected en-

In Fig. 1 we have plotted the=0f, 24, 4%, 6, and &  €rgy (i.e., 4= 1b). The conclusion is clear, the zero-point
projected energie€' (q.0) = H' (Uz0,020)/ N (020,020 as a  €NErgy associated Wl.th the. restoration of the rotational sym-
function of g, for the nuclei%323Mg. The HFB energies Metry favors the configuration in which a couple qf neutrons
have also been plotted for comparison. The projected energjave been promoted from tisal shell to thef, orbit. This
curves can be regarded as the potential energies felt by tH& in good agreement with the shell-model picture of defor-
quadrupole collective motion and therefore give us indica/mation in these nucléi]. . .
tions of where the collective wave functions will be concen-__ Through exhaustive mean-field studies of the nucleus
trated. 32Mg with several parametrizations of the Skyrme interac-

Before commenting on the physical contents of the curvedion [8] it has become clear that the occurrence of deforma-
we have to mention that, except for the 0% curves, several tion in this nucleus is correlated to the relative position be-
values around,o=0 are omitted. They correspond to intrin- tween thefz, and ds, neutron orbitals. In our casé1S
sic configurations with a very small value of the norm parametrization of the Gogny interactjothe so-calledsd
N'(020.020, that is, to configurations whosel —pf spherical shell gap for neutrons in the nucl_e°ﬁMg,
=2#,4h, ... contents are very small. As a consequence, thwhich is given byAe; _q  =er, —eq, , (With € being the
evaluation of the projected energies in these cases is vulnesingle-particle energies of the spherical configuratitekes
able to strong numerical inaccuracies. Fortunately, the smalthe value 5.4 MeV. This value is compatible with the results
ness of their projected norms guarantees that these configaf [8] and also with the value given [23]. Furthermore, the
rations do not play a role in the configuration mixing f;,— ps;, spherical energy gap is only 1.8 MeV and there-
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fore we expect strong quadrupole correlations between these
two orbits. The values for other parametrizations of the
Gogny force will be discussed in the last subsection. Finally,
let us mention that the quantir;/asfm,da/2 is not well defined

for the 3®g and **Mg nuclei as in these two cases we have
appreciable neutron pairing correlations and only the quasi-
particle energies are meaningful.

B. Angular momentum-projected generator coordinate
calculations

In Fig. 2 the collective wave functions squared(d,0) |
[see Eq.(4)] for the two lowest solutiongr=1 and 2 ob-
tained in the AMP-GCM calculations are depicted. We also
show in each panel the projected energy for the correspond-
ing spin. We observe that the/ Oground-state wave func-
tions of the®*Mg and **Mg nuclei contain significant admix-
tures of the prolate and oblate configurations whereas for
3Mg the wave function is almost completely located inside
the prolate well. At higher spins, however, the ground-state
wave functions are located inside the prolate well in all the
nuclei studied. Concerning the first excited states-@) we
notice that in the nucleus*Mg and for spins higher than
zero the collective wave functions show a behavior reminis-
cent of ap vibrational band: they are located inside the :
prolate wells and have a node afjg, value near the point ssssslinsiss el bl ssssss s bssson Lo ssss s sssssissssed
where the ground-state collective wave functions attain their -1.0 0 1.0 20-100 1.0 20-100 10 2
maximum values. Contrary to the case of a p@rband, the Ao (b) dzo (b) dzo (b)
Coleciue Wave Unclons of i, 2 a1 ol sy sound i, 2. Th coletue ampldll (" (i e (o
. ) S 24 : o=1 (full) and 2(dashegland spin values df=0%, . .. ,8 for the
wbrquons. On the other hand, thg 'Ostate' of Mg is an [ clei 30\Mg, Mg, and3Mg. The projected energy curve for each
admixture of prolate and oblate configurations and cannot bgpin, is also plottedthin line). They-axis scales are in energy units
considered as ﬁ vibrational state. The same pattern is alSOand a|WayS span an energy interval of 13 M@'Mnor ticks are 0.5
seen in the other two nuclei but with slight differences: themev apan. The collective wave functionsg' (q,0)|2 have also
B-like bands appear at spins 4 and 6 f8Mg and *®Mg,  been plotted against the energy scale after a proper scaling and
respectively. shifting, that is, the quantit§’ + 15X |g' (q,0)|? is the one actually

It is also worth pointing out that from the position of the plotted. With this choice of scales we can read from the figure the
tails of the collective wave functions relative to the projectedenergy gain due to the quadrupole fluctuations by considering the
energies(see figure caption we can read the energy gain position of the wave functions’ tail relative to the projected curve.
due to considering the quadrupole fluctuations. The energy
gain is maximal at =04 (0.9, 1, and 0.7 MeV for’™Mg,  perimental values of 8.056 and 6.896 MeV.
Mg, and *Mg, respectively and quickly decreases with ~ |n order to understand in a more quantitative way the

increasing spin reflecting the narrowing of the projectedcollective wave functions just discussed it is convenient to
wells with spin. TheS(2n) separation energies are now 7.8 analyze the quantities

and 6.13 MeV for®Mg and **Mg, respectively, to be com-
pared to the values obtained with the angular momentum — |

i - (920 5= | d0209,(020)|°a (@)
projection[9] alone(7.65 and 6.39 MeYand with the ex- 0o 20195112071 120,

E(MeV)

1
1
1
]
!

TABLE I. The average intrinsic quadrupole momeqsd)'. and fluctuation&! = \/(q2,)", in barns for the
three nuclei considered.

3OM g 32M g 34M g

(Q2o)|1 Ell (Q20)|2 ElZ (Q20)I1 Ell (CI20)|2 E|2 (qZO)ll Ell (Q2o)|2 2|2

0.091 0.558 0.626 0.685 0.436 0.692 0.396 0.601 0.788 0.691 0.440 0.723
0.579 0.588 0.092 0.750 0.885 0.482 0.393 0.859 1.052 0.455 0.644 0.658
0.962 0.387 0.215 0.716 1.012 0.388 1.041 0.723 1.136 0.387 0.819 0.573
1.087 0.300 0.581 0.557 1.084 0.363 1.264 0554 1.188 0.354 0.860 0.528
1.131 0.289 1470 0562 1.151 0.368 1.293 0.515 1.226 0.332 0.926 0.560

oo A~ADNO —
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TABLE II. Spectroscopic quadrupole momentseifim? for | =2%, 4k, 6k, and 8 ando=1 and 2 for
the three nuclei considered in this paper.

o=1 o=2
2 4 6 8 2 4 6 8
30mg -13.79 -27.01 —3243 —35.36 -311 -10.07 -—21.48 -38.35
32Mg -19.15 -26.31 —30.09 -31.75 —-8.63 —23.07 —27.22 —29.01
3Mg -20.78 —-2759 —-31.27 —33.70 —15.16 —21.58 —2534 —26.1

which gives us a measure of the average deformation of thtactor A/Z is used to take into account the fact that the spec-

underlying intrinsic states, and troscopic quadrupole moments are given in term of the pro-
ton mass distribution whereas the intrinsic quadrupole mo-
20 _ I 2,42 PENEY ments are the total ones. As can be readily observed from
=|d — , 8 y
(G20) f Ga0l 91 (G20 |“G0~ [(G20) @® Table Il the intrinsic quadrupole moments obtained from the

. . . . ectroscopic ones agree rather well with the correspondin
which serves as an estimation of the wave functions’ spreads—p cop 9 P 9

— | for | i i 20% f
ing. The values ofd,0)', and=! =[ (g3, ]"? corresponding gv%raé%e G20, for low spins and deviate up to a 20% for

to the collective wave functions of Fig. % are given in Table In Table Ill the energy splittings between different states
. We observe that the}Oz_and 22_+States of*Mg are spherical 5 theE2 transition probabilities among them are compared
(but with strong fluctuations in the,, degree of freedoin it the available experimental data. Concerning the
whereas the 2 state 5 deformgd[{:O.ZS). On the other g2 0F —.2+) transition probabilities we find a very good
hand, the § states of*Mg and **Mg are deformed withB  agreement with the only known experimental value and with
values of 0.16 and 0.3, respectively and hav&iavalue the theoretical predictions of Utsunet al. [23] using the
rather high, possibly due to the small oblate hump. For spin§tonte Carlo shell modelMCSM). The 2 excitation ener-
higher tharl =0% in *2*Mg andl =44 in *Mg the ground-  gies rather nicely follow the isotopic trend but they are larger
state band is strongly deformed. The spreading of the wavghan the experimental values by a factor of roughly 1.5. This
functions gets smaller for increasing spins as expected. Thgiscrepancy could be the result of using angular momentum
excited bands also get more deformed for increasing spirprojection after variation(PAV) instead of the more com-
but their 8 values never coincide with that of the ground- plete projection before variatiofPBV) that will require for
state band. Obviously, their spreadings are bigger than fagach value of the angular momentum the calculation of the
the ground-state band. generating states from the variational principle on the pro-
A more precise definition of the quadrupole moment forjected energysee Sec. )l Usually, the PBV method yields
protons for each of the AMP-GCM states can be obtaineqp rotational bands with moments of inertia larger than the
from the results of the exact spectroscopic quadrupole mopAv ones[17,20.
mentsQ,(1) for protons(no effective charge has been used A full PBV is, unfortunately, extremely costly to imple-
The values obtained for each of the wave functighs) are  ment with large configuration spaces. Therefore, to estimate
given in Table Il for the three nuclei studied ame-1 and 2.  the effect of PBV in our results, we have resorted to the
All the spectroscopic moments are negative indicating proself-consistent cranking method which is an approximation
late intrinsic deformations. to PBV in the limit of large deformations. We have chosen
We can also compute the total intrinsic quadrupole mothe intrinsic state withy,,=1b as the most representative
ments from the spectroscopic ones through the formul@onfiguration (it approximately corresponds to the prolate
(qgg 'g= —[(21+3)/2]Q,(1)A/Z where theK=0 restric-  minima in all the nuclei considerg¢énd computed the pro-
tion has been taken into account and also the fact thadjgur jected energies. In addition, self-consistent cranking calcula-
values are, by definition, a factor 0.5 smaller tf@g. The tions with the constraintg,o=1b in the quadrupole moment

TABLE lll. Calculated and experimental results for excitation energiesBa(rEjZ,Oljlazgz) transition
probabilities. In the experimental data columns values marked witli* arcorrespond to Monte Carlo
shell-model results taken from R¢R23]. The experimental data for the excitation energies have been taken
from [1] for the Mg nucleus and fromi25] for **Mg. TheB(E2) transition probability has been taken from

[2].
Calc. energiegMeV) Expt. Calc.B(E2)e? fm* Expt.
0/-2; 0/-0, 2/-2, 0;-2;f 0;—2; 0;=2, 0,-2, 0;—2]
30mg 2.15 2.30 1.60 1.482 229 3 218 30D
$2Mg 1.46 1.77 3.35 0.885 395 3.4 199 4528
S4Mg 1.02 2.35 3.31 0.75) 525 0 290 580r)
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10 - 10 - 10
5 — 6" __8* 7
o g | . oI
84 6" 4 —* 8] 4 a*_6+ 8 3 _s FIG. 3. Collective bands for
- 73 . - 7 3 " the three nuclei studied. Ban¢®
. —6 — —8 and (b) correspond to the AMP-
8 6+—4 6 - —4 6] & & GCM results for the ground and
E 5 o o 5 o & 5 - first excited band(c) is the ex-
o § — ot . perimental band(in the case of
43 — o e ] —2" 4 —5_o Mg the MCSM prediction of
3 - R . 34 _ 4+ [23] has been used Finally,
_ o+ 0" —0 e —0" o bands(d) and (e) are the AMP-
2 o2t 2y _»—" —o 27 - GCM results quenched by the fac-
14 14 2 14 —2 o o tor 0.7 discussed in the text.
0d ot _o_0 od_o0 _o_o 0d _or _o__o
a b ¢ d e a b ¢ d e a b)) <o d e

and (J,)=I(1+1) in the angular momentum have beenexpect big changes both in the collective wave functions
performed. The cranking results for the excitation energies ofl! (q,o) and in theB(E2) transition probabilities that depend
the 2" state are 0.548, 0.591, and 0.571 MeV f8Mg, on them.
32mg, and *Mg, respectively, whereas the corresponding Finally, the band energy diagrams for the three nuclei
projected quantities are 0.753, 0.873, and 0.895 MeV. Theonsidered are shown in Fig. 3 for states with excitation
cranking excitation energies of the" Xtate are a factor of energies smaller than 10 MeV. For each nuclei, the bands
0.7 smaller than the projected ones and therefore, the effetabeled(a) and (b) correspond to the AMP-GCM result for
of PBV is to increase the moment of inertia as compared tdhe yrast and excited bands, the band labétedccounts for
the PAV method. If we consider the reduction factor as sigthe experimental data if"Mg and *2Mg and for the MCSM
nificative (the g, value chosen roughly corresponds to theresult in **Mg and finally, bandgd) and (e) stand for the
position of the maxima of the collective wave functipasd GCM bands quenched by the factor of 0.7 previously dis-
apply it to our GCM results for the 0—2; energy differ-  cussed.
ences we obtain the values 0.71, 1.02 and 1.50 MeV for o
Mg, ¥Mg, and ®Mg, respectively. The new energy dif- C. Results for other parametrizations of the Gogny force
ferences are in much better agreement with the experimental The occurrence of quadrupole deformation in atomic nu-
values and the MCSM results than the uncorrected oneglej is the result of the competition between two effects;
Also the corrected energy obtained for thg dtate of*Mg  namely, the surface energy which prevents deformation and
is in good agreement with the excitation energy of 2.3 MeVthe quantal shell effects which, depending on the nucleus,
of a state of this nucleus which is a firm candidate to be théavor quadrupole deformation. It is therefore highly interest-
4% state belonging to the yrast “rotational ban{24]. ing to analyze the effect of these two aspects in the results
Although the previous estimation can be criticized inwe have obtained for the nucleddg. To this end we have
many ways we think it may serve as an indication that a fullcarried out calculations with two old parametrizations of the
PBV will improve the results obtained here. Concerning theGogny force; namely, the D1 and Dparametrization§10].
B(E2) transition probabilities, the main effect of the PBV The D1 parametrization was the one originally proposed by
will be to shift down the =27, . .. projected energy curves Gogny and the only difference with Dlis the spin-orbit
keeping its shape mostly unaffected. Therefore, we do nastrength which is smaller for D1. As a result one can expect

D1 =)
-220 {1 220 -220
D1’
i ] ] i D1 ] .
-225 D1s] —228 D1 1 -225 FIG. 4. HFB (right pane] and
s D1’ Dt angular momentum-projected en-
2 —230} -230( {1 -230f 1 ergy curves (=07 middle panel,
) D1S D1s | =2# left pane) as a function of
D
5 _as| _o35| 1 _oasf ] the mass quadrupole moment for
the nucleus®Mg and the three
parametrizations of the Gogny
-240¢ —240} 1 -240f 1 .
force considered.
_245_ 1 1 1 1 1 ] _245> 1 1 1 1 _245_ 1 1 1 1 1
10 0 10 20 30 10 0 10 20 30 10 0 10 20 30
Gz (b) Az0(b) Gz0(b)
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TABLE IV. Results of the AMP-GCM calculations fo?tzMg and the parametrizations D1, Q&and D1S
of the Gogny interaction. The average quadrupole momeT@t,ﬁ'a(for the ground-state band and spins 0 and
2 are given, in barns, in the first two columns. In the third columnBIGE2) transition probabilities in
e? fm* are given. In the fourth column the excitation energy of tiesate with respect to the ground state
is given in MeV. Finally, in the last two columns the energy gaAgs

S o sy andA €f,, by, AT given in MeV.
— — + +
(on)g (QZo)i B(E2,0, —2;) EOI*ZI A€f7/2*d3/2 Aefwz’ P32
D1 0.185 0.785 138 2.25 6.37 1.56
D1’ 0.381 0.869 299 1.67 5.37 1.91
D1S 0.436 0.885 385 1.46 5.37 1.80

that D1 will lead to a higheAefm_ds/Z: €., €d,, ENErgy being the results of Dland D1S in reasonable agreement.

gap than Dl as it turns out to be the case: the value ofThe final conclusion of this Comparison is that the enel’gy
A€ g, is 6.37 MeV for D1 and 5.37 MeV for D1On  9aPAer, —q,, Se€ms to be a relevant parameter in order to

the contrary, the value afe_, . for D1 gets reduced from reproduce the properties dfMg.

the 1.91 MeV we obtain for D1to the value 1.56 MeV. On
the other hand, D1S has the same spin-orbit strength as D1

(the values ofer, g , andAer, . given in the previ- In conclusion, we have performed angular momentum
ous paragraph for Dlare very close to those of D1S given projected generator coordinate method calculations with the
in a previous subsectiomut its surface energy coefficient is Gogny interaction D1S and the mass quadrupole moment as
smaller than in D1 The need for a reduction of the surface generating coordinate in order to describe rotational like
energy coefficient in D1lwas evident when the fission bar- states in the nuclef®Mg, Mg, and *Mg. We obtain a
riers for 2*%Pu [11] were computed with the Gogny force: very well deformed ground state #Mg, a fairly deformed
they came out too high and the new D1S parametrizatioground state in2Mg and a spherical ground state #iVg.
was proposed to cure this deficiency of the former Pa-  |n the three nuclei, states with spins higher or equatz
rametrization. are deformed. The intrabar(E2) transition probabilities

In Fig. 4 we have plotted the HFB energy curv@sft  agree well with the available experimental data and results
pane) and the AMP energies fdr=07% (middle paneland  from shell-model-like calculations. The*2excitation ener-
I=2% (right pane] for the three parametrizations of the gies follow the isotopic trend but come out a factor of 1.5 too
Gogny force just mentioned. We observe that the results obhigh as compared with the experiment. We attribute the dis-
tained for D1S and Dlare, apart from the overall 4 MeV crepancy to the well-known deficiency of projection after
shift, very similar. This similarity is a clear indication that variation calculations of providing small moments of inertia.
the value of the surface energy parameter has no influence afowever, we consider the agreement with experiment to be
the results. The HFB result for D1 shows a shouldegqat  remarkable taking into account that the same force used in
=1b which is located much higher in energy than the cor-this calculation is also able to give reasonable values for
responding shoulder for D1S and DAs a consequence, the such different quantities as fission barrier heights, moments
| =07 projected energy curve obtained with D1 shows aof inertia of superdeformed bands, the energy of octupole
very shallow minimum afy,,=0.5b. However, thel =27% vibrations, etc., in heavy nuclei. The sensitivity of the results
projected energy curves are very similar for the three paramto other parametrizations of the Gogny interaction is also
etrizations. The differences found between the D1 results angihalyzed and the conclusion is that the D1 parameter set fails
the ones with the two other parametrizations clearly indicat@o reproduce the properties 3fMg the spin-orbit strength
the sensitivity of the quadrupole properties Mg to the being responsible for such failure.
relative position of the orbits involved. Note added in proofUpon completion of this work, new

Finally, we have carried out the AMP-GCM calculation experimental results from RIKEN concerning the nucleus
for the D1 and D1 parametrizations of the force and the 3*Mg have become availab[@6]. The measured 2and 4°
most important quantities obtained are summarized in Tablexcitation energies are 0.67 MeV and 2.13 MeV, respec-
IV. As expected from the projected energy curves of Fig. 4tively, and our predictions are in good agreement with them.
we obtain a rather small average quadrupole mOWEﬂJDX We would like to thank Professor A. Poves for pointing out
for c=1 andl =0% with the D1 parametrization and bigger t0 us the results of Ref26].

ones for the two other parametrizations. However, ﬂ[}g@){,
for o=1 andl =2# are rather similar in the three cases. The

smaller value of @,)9 for the D1 parameters gets reflected
in a much smalleB(E2) transition probabilities than for the R.R.-G. kindly acknowledges the financial support re-
two other parametrizations. Finally, the excitation energy ofceived from the Spanish Instituto de Cooperacion Ibe-
the 2, state with respect to the ground state turns out to beoamericangICl). This work has been supported in part by
significantly bigger for D1 than for the other parameter setsthe DGICyT (Spain under Project No. PB97/0023.
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