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Relativistic Hartree-Bogoliubov description of sizes and shapes dA=20 isobars

G. A. Lalazissis;? D. Vretenar-® and P. Ring
Physik-Department der Technischen Univettsitainchen, D-85748 Garching, Germany
2Physics Department, Aristotle University of Thessaloniki, Thessaloniki GR-54006, Greece
3Physics Department, Faculty of Science, University of Zagreb, 10 000 Zagreb, Croatia
(Received 25 September 2000; published 9 February)2001

Ground-state properties @&=20 nuclei ¢°N, 2°0, 2°F, ?°Ne, ?°Na, and?°Mg) are described in the
framework of relativistic Hartree-Bogoliubov theory. The model usesNh& effective interaction in the
mean-field Lagrangian, and describes pairing correlations by the pairing part of the finite-range Gogny inter-
actionD1S. Binding energies, quadrupole deformations, nuclear matter radii, and differences in radii of proton
and neutron distributions are compared with recent experimental data.
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[. INTRODUCTION proton-rich nuclei, and the phenomenon of ground-state pro-
ton radioactivity[12,13.

Sizes, shapes, and binding energies are fundamental char- The relativistic mean-field theory is based on simple con-
acteristics of nuclei and reflect the basic properties of effeceepts[14]: nucleons are described as point particles, the
tive nuclear forces. The description of the generalized motheory is fully Lorentz invariant, the nucleons move indepen-
ments of the nuclear density distributions provides argently in mean fields that originate from the nucleon-nucleon
important test for nuclear structure models. In particular, gnteraction. Conditions of causality and Lorentz invariance
description of ground-state properties of an isobaric Sejmpose that the interaction is mediated by the exchange of
quence of nuclei tests the isovector channel of the effectivggintiike effective mesons, which couple to the nucleons at

nuclear force. The correct parametrization of this channel i$; 4| vertices. The single-nucleon dynamics is described by
essential for the description of structure phenomena in exoti{:ne Dirac equation

nuclei far fromg stability. In the present study we analyze
the sequence oA=20 nuclei: N, 2°0, %°F, ?%Ne, *Na,

and ?®Mg. Experimental data on nuclear-matter radii derived (1—14)

from the measured interaction cross section of these nucle{i_ia.v+ﬁ(m+ 0,0)+g,0’+ ngspg+e 3% A0 i

have been reported in Réfl]. Evidence has been found for 2

the existence of a proton skin f6PMg and of a neutron skin —e 1)
171

for 2°N. The largest difference in radii{0.2 fm) has been
reported for the mirror nuclef®0 and ?°Mg. This last result

has prompted several theoretical investigations, but the ex-

tremely small value for the matter radius 80 has not been whereo, , andp are the meson fields, denotes the elec-

reproduced in calculations that include the microscopictromagnet'c potential, and,, g,, andg, are the corre-

three-cluster model[2], the Hartree-Fock model with sponding coupling constants for th(_a mesons to the nucleon.
Skyrme interaction$3—6|, a single-particle potential model The lowest order of the quantum-field theory is thean-

[5], and the shell-modéB]. The experimental data on inter- field approximatiqn: the meson-field operators are replgced
action cross sections @f= 20 isobars were also reviewed in 2Y their expectation values. The sources of the meson fields

Ref.[7] by using a variety of phenomenological and semim-2'¢ defined by the nuck_aon der_lsities and cur_rents. The
icroscopic models. ground state of a nucleus is described by the stationary self-

In the present analysis of the=20 isobaric sequence we consistent solution of the coupled system of Dirac and Klein-

N : Gordon equations.
employ the relativistic Hartree-BogoliubofRHB) theory. a4 : , .
Baspedy on the relativistic mean-f%ald tr(l)((;Rory )and or): the [N addition to the self-consistent mean-field potential,
Hartree-Fock-Bogoliubov framework, the RHB theory pro- pairing correlations have to be included in order to describe
vides a unified description of mean-field and pairing correladround-state properties of open-shell nuclei. In the frame-

tions. It has been successfully applied to the description o¥V°”< dOf ttrt]e ;elauwsluc @Ha_rtree—Bogol;ugot;/ mOdel’dth?
nuclear structure phenomena, not only in nuclei along thdround state ot -a nuc eys) is represented by the produc

valley of B stability, but also of exotic nuclei close to the Of independent single-quasi_particlle states. These states are
particle drip lines. In particular, applications relevant to theS'genvectors of the generalized single-nucleon Hamiltonian

present study include: the halo phenomenon in light nucle}hat antaLnS two average potentials: the self—(?on3|stent
[8], properties of light nuclei near the neutron df), re-  Mean-fieldI" that encloses all the Iopg-range particle-hole
duction of the spin-orbit potential in nuclei with extreme (ph) correlations, and a pairing field that sums up the
isospin valueq10], the deformation and shape coexistenceparticle-particle pp) correlations. In the Hartree approxima-
phenomena that result from the suppression of the sphericéibn for the self-consistent mean field, the relativistic
N=28 shell gap in neutron-rich nucl¢l1], properties of Hartree-Bogoliubov equations read
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wherehp, is the single-nucleon Dirac Hamiltonidf), andm 5 150 .
. . . (0]
is the nucleon mass. The chemical poteniahas to be 5
determined by the particle number subsidiary condition in o 140 | ]
order that the expectation value of the particle number op- £
erator in the ground state equals the number of nuclebns. hEn 130 | ]
is the pairing field. The column vectors denote the quasipar- N O F Ne Na Mg
ticle spinors andg, are the quasiparticle energies. The RHB 120 Lu ,
equations are solved self-consistently, with potentials deter- 6 8 ) 10 12
Atomic number

mined in the mean-field approximation from solutions of
Klein-Gordon equations for the sigma meson, omega meson, FIiG. 1. Binding energies oA=20 nuclei calculated with the
rho meson, and photon field, respectively. NL3 + GognyD 1S effective interaction. The theoretical values are
compared with the experimental binding enerdieg|.
Il. GROUND-STATE PROPERTIES OF A=20 ISOBARS _ o
In Fig. 1 we compare the RHBIL3+ D1S binding ener-

The details of the ground-state properties of fe 20  gies of theA=20 nuclei €°N, 2°0, *°F, ?%Ne, *°Na, and
isobaric sequence will depend on the choice of the effectivéOyg) with experimental datfl7]. The agreement between
nuclear interaction. In the last few years several new angheory and experiment is very good. The self-consistent RHB
more accurate parameter sets of meson masses and mesgButron and proton ground-state density distributions for the
nucleon coupling constants for the effective mean-field La-a =20 isobaric sequence are shown in Fig. 2. We will even-
grangian have been derived. Due to large uncertainties in th@ally compare the calculated radii with experimental values,
experimental data, older effective interactions were not spepyt here we notice the trend: a pronounced proton skin is
cifically designed to describe ground-state isovector propefphserved in??Mg, it slowly disappears and the proton and
ties. Only more recently have isovector properties been inpeytron density distributions are almost identicafiNe, the
most accurate set of meson masses and meson-nucleon @y the existence of a proton skin f6PMg and of a neutron
pling constants iNL3 [15]. In most recent applications of gkin for 20N [1].
the RHB theory we have used the.3 effective interaction The calculated ground-state quadrupole deformations of
for the mean-field Lagrangian, and the pairing field has been — 20 isobars are shown in Fig. 3 as function of the isospin

described by the pairing part of the Gogny interaction withpgjectionT,. Except for °Ne and®Na, theA=20 nuclei
the D1S parameter sdtl6]. This force has been very care-

fully adjusted to the pairing properties of finite nuclei all
over the periodic table. In particular, the basic advantage of
the Gogny force is the finite range, which automatically
guarantees a proper cutoff in momentum space.

The RHB equations are solved self-consistently, with po- ~ 0.04
tentials determined in the mean-field approximation from so-
lutions of Klein-Gordon equations for the meson fields. The
Dirac-Hartree-Bogoliubov equations and the equations for’c
the meson fields are solved by expanding the nucleon spinor 3,
U(r) andV,(r), and the meson fields in terms of the eigen-
functions of a deformed axially symmetric oscillator poten-
tial. The calculations for the present analysis have been per
formed by an expansion in 12 oscillator shells for the
fermion fields, and 20 shells for the boson fields. We have
verified that identical results for the binding energies, rms
radii, and ground-state deformation parameters are obtaine
by expanding the fermion fields in 14 and 16 oscillator
shells. A simple blocking procedure is used in the calculation
of odd-proton and/or odd-neutron systems. The blocking cal-
culations are performed without breaking the time-reversal
symmetry. A detailed description of the relativistic Hartree-
Bogoliubov model for deformed nuclei can be found in Ref.  FIG. 2. Self-consistent RHB neutron and proton ground-state
[13]. density distributions oA=20 nuclei.
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] ] 1 1 1 1

tions of the isospin projectiofi,. Results of fully self-consistent
RHB calculations are compared with experimental daja

FIG. 3. Calculated ground-state quadrupole deformations of WhereRy is the half-density radius. The surface thickness
=20 isobars as a function of the isospin projection and diffuseness parameters quantify the proton and neutron
skins: for 2Mg s(p) =1.81 fm,s(n)=1.50 fm, and the cor-

are essentially sphericaf®Ne is strongly prolate deformed responding diffuiseness parametargp) =0.42 fm, a(n)

_ 3 20 _ _
(B8,=0.365), and an oblate ground state is calculated for_o'35 fm; for N S(p)=1.60 fm, s(n)=1.94 fm, a(p)

: _ =0.38 fm, a(n)=0.46 fm. For?®Ne the surface thickness

20, —_ 1

Na (B,=—0.153). The surface thickness a_nd d_|ffu_sen_essand diffuseness parameters of the proton and neutron distri-
parameters of the proton and neutron density d'smbu“o”ﬁutions are identical
(F'g' 1) are displayed in .F'g' 4 The Sl_Jrface thickness The calculated radii are compared with experimental data
defined to be the char_lge N rad|u§ reqwred to requed po [1,18] in Figs. 5 and 6. In Fig. 5 we display the nuclear
from 0.9 to 0._1 po is the density n the center of _the matter radii(left pane), and the differences between proton
nucleus. The diffuseness parameteris determined by fit-

. ) ' s ) and neutron radi{right panel of the A=20 nuclei as func-

ting the neutron density profiles to the Fermi distribution tions of the isospin projectiofi,. The theoretical values are

in good agreement with experimental data. The calculated
r—Ry|| ! matter radii reproduce the observed staggering between even

1+exp{ ” , (3 and odd values off,. Somewhat larger discrepancies are,

however, found forrNa and?%0. Since the calculated pro-

ton radii for these two nuclei reproduce the experimental

— values(6), it appears that the RHB model calculations over-

/ estimate the neutron radii. We have verified that the calcu-

p(r)=po

o
o

—0 neutron 5 lated radii do not depend on our choice of the pairing inter-
2 04
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FIG. 4. Surface thickness of the neutron and proton density FIG. 6. Theoretical values for the proton radii as a function of
distributions of theA=20 isobars, calculated with thRL3 + the isospin projectioil, (left), and for the matter radii as a function
Gogny D1S effective interaction. In the insert the corresponding of the binding energyright) of the A=20 isobaric sequence, in
values for diffuseness parameter are included. comparison with experimental dafth].
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action. In fact, even without pairing we calculate essentialyagreement with experimental data. In particular, the theoret-
the same values for the rms radii. The reason is that, foical values agree with the large differences found in nuclei
nuclei that are not really close to the drip line, in a self-with a large excess of neutron®), 0.33+0.15 fm) or pro-
consistent RHB calculation the mean field partly compentons ¢°Mg, 0.50+0.28 fm).
sates the omission of pairing correlations. For example, the Finally, in Fig. 6 theoretical and experimental values are
calculated rms radius of the neutron distributiond0 is  compared for the proton radii as function of the isospin pro-
2.925 fm, the pairing energy is 9.1 MeV, and the total bind-jection T, (left pane), and for the matter radii as function of
ing energy is 154.4 MeV. If the pairing interaction is not the binding energy. We notice a very good agreement for all
included in the calculation, the resulting neutron rms radiughe proton radii. The RHB model also reproduces, with the
is 2.923 fm and the total binding energy is 150.3 MeV. Theabove-discussed exception 6fO, the functional depen-
differences between the calculated and experimental mattefence of the matter radii on the binding energy of the
radii could perhaps be attributed to our choice of hie3 =20 nuclei.
effective interaction, which favors somewhat larger neutron
radii, although this seems not to be the case’ftMg, *°Ne,
and 2°F. It is also possible that, for these relatively light
nuclei, in some cases particle number projectinnt per- In this study we have applied the relativistic Hartree-
formed in the present analysibas a pronounced effect on Bogoliubov theory in an analysis of ground-state properties
the calculated ground-state properties. of nuclei that belong to thé\=20 isobaric sequence. The
For 2°0 the calculated matter radius is 2.79 fm, while theNL3 effective interaction has been used for the mean-field
experimental value is 2.68) [1]. However, as we have Lagrangian, and pairing correlations have been described by
already mentioned in the introduction, several theoreticathe pairing part of the finite-range Gogny interactiond S.
models have failed to reproduce this extremely small valudhis particular combination of effective forces in tha and
for the matter radius of%0 [3,4,2,9, and it was also sug- pp channels has been used in most of our recent applications
gested that the reported experimental value should be recoof the RHB theory. Theoretical predictions for binding ener-
sidered[5]. All theoretical calculations predict the matter gies, neutron and proton ground-state density distributions,
radius in the interval between 2.77 fm and 2.83 fm, in agreequadrupole deformations, nuclear matter radii, proton radii,
ment with the result of the present analysis. In fact, sinceand differences between proton and neutron radii 4,
most models predict overbinding for the O isotopé%0(  2°0, %F, °Ne, ?°Na, and*°Mg have been analyzed and
and even?®0, are bound nuclei in most model calculatipns compared with available experimental data. It has been
one would expect the theoretical value for the matter radiushown that theNL3 effective force provides a very good
in 2%0 to be smaller than the experimental one. We have alsdescription of the observed ground-state properties as func-
calculated the relative contributions of the valence orbitals tdion of the isospin projectio,. The results of the present
the rms radius of the neutron distribution. Without the inclu-analysis confirm that the isovector channel of bie3 inter-
sion of the pairing correlations, the four valence neutrons arection is correctly parametrized and that this effective force
in the 1ds), orbital, and they contribute 47% to the neutron can be used to describe properties of nuclei far figrsta-
rms radius. With the inclusion of the pairing interaction, alsobility.
the 2s,;, and the 45/, orbitals become fractionally occupied.
Their contribution to the neutron radius is, however, rela-

. SUMMARY

tively small: 2.7% for the 8,,, and 2% for T, orbital. ACKNOWLEDGMENTS
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