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Abstract

The Relativistic Hartree-Bogoliubov model is applied in the analysis of ground-
state properties of light nuclei with 4 < Z < 11. The model uses the NL3 effective
interaction in the mean-field Lagrangian, and describes pairing correlations by the
pairing part of the finite range Gogny interaction D1S. Neutron separation 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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1 Introduction

The last decade a large quantity of data on light nuclei with 4 < Z < 12
has become available. Measurements of interaction cross sections by using
radioactive nuclear beams at intermediate and relativistic energies, have pro-
vided important data on nuclear radii [1-9]. The nuclear radius is a fundamen-
tal quantity which, in principle, provides information on the effective nuclear
potential, shell effects and ground-state deformation. For exotic nuclei with
extreme values of neutron to proton ratio, particularly important is the isospin
dependence of nuclear radii which can signal the onset of new phenomena like,
for example, the formation of skin and halo structures.

The Relativistic Hartree-Bogoliubov (RHB) model has been applied recently
(10] in the analysis of ground-state properties of Be, B, C, N, F, Ne and



Na isotopes. Based on the relativistic mean-field theory and on the Hartree-
Fock-Bogoliubov framework, the RHB model provides a unified description
of mean-field and pairing correlations. A detailed description of the model
can be found in Ref. [29]. The theory has been successfully applied in the
description of nuclear structure phenomena in exotic nuclei far from the valley
of 3- stability and of the physics of the drip lines (for a recent review see Ref.
[11].

In this paper results for isotopic chains of light nuclei with odd Z are re-
ported. In section 2, the results are presented and discussed, while section 3
summarizes the main conclusions.

2 Ground-state properties of deformed light nuclei

In the present work we apply the RHB model, with the NL3+D1S effective
interaction, in the analysis of ground state properties of B, N, F, and Na iso-
topic sequences. We perform deformed RHB calculations and compare radii,
separation energies and quadrupole deformations with available experimental
data and with the predictions of the finite range droplet model (FRDM) [42].
Of course, when the RHB equations are solved in the configuration space of
harmonic oscillator basis states, for nuclei at the drip lines one does not ex-
pect an accurate description of properties that crucially depend on the spatial
extension of the wave functions of the outermost nucleons, especially on the
neutron-rich side. In Fig. 1 we display the proton, neutron and matter radii,
ground-state quadrupole deformations, and one-neutron separation energies
of Boron isotopes, calculated with the NL3 4+ Gogny DIS effective interac-
tion. The calculated matter radii are in excellent agreement with the recent
experimental data [6,7] for "B and '°B, while they are larger than the older
experimental values [1] for B and '*B. Unlike in the case of Be, the calcu-
lated proton radii for these two nuclei agree well with the empirical values,
but the theoretical neutron radii are much larger. The RHB calculation also
predicts “B and B to be spherical in the ground state, while the heav-
ier Boron isotopes are strongly prolate deformed. We find a sudden onset
of strong deformation at A = 17. The experimentally observed Q-moments
change rather smoothly from |Q(**B)| = 36.9 mb over |Q(**B)| = 38.0 mb to
|Q(*®*B)| = 38.8 mb. This can be explained as a deficiency of mean field theory,
which shows always very sharp phase transitions reflecting the properties of
infinite systems where fluctuations can be neglected. In such light nuclei fluc-
tuations play an important role and therefore the experimental quadrupole
moments change usually much more smoothly than those predicted by mean
field calculations. The separation energies agree with the empirical values [43],
and we note that both '*B and '®B are predicted to be neutron unbound.



T T T T T T T T T T T T

A Suzuki et al

w
'S
T

E

= = 3.4 ImTanihata et al

Baol ] £

= oO—Or, = ,o—‘i
[ n S -

S 3.0 f - 5
8 o—dar, g _0" i

a 26 g -

§ Easf © 1
322 E u

£ ' 1

-

14 15 16 17 18 19

L] Ll T L T T 4.0 LI Ll L Ll Ll T
04 g
S 20¢F .
[}
&0.2F 4 s /\
"o &
0.0 | E
0.0 | .
1 1 1 1 i 1 1 1 1 1 1 1
14 15 16 17 18 19 14 15 16 17 18 19
A A

Fig. 1. Proton, neutron and matter radii, ground-state quadrupole deformations
and one-neutron separation energies of Boron isotopes, calculated with the NL3
+ Gogny DI1S effective interaction. The theoretical values are compared with the
experimental radii [1,6,8] and separation energies [43].

The RHB results for Nitrogen isotopes are shown in Fig. 2. The proton radii
are compared with the experimental values from Ref. {46]. The calculated
matter radii reproduce the global trend of the experimental data [8], but not
the sudden increase of the radii at N=15. In the recent measurement of the
interaction cross sections for =23N, 19=24Q and '®~2F on Carbon targets at
relativistic energies [8], a sharp increase of matter radii at N=15 was observed
in all three isotopic chains (see also Fig. 3). The deduced matter radii for 22N,
%0, and *F are much larger than those of their respective neighbors with
one neutron less, and the deduced nucleon density distributions show a long
neutron tail for these nuclei, comparable to that in !*Be. It was therefore con-
cluded that these three nuclei exhibit a one-neutron halo structure. Since they
are spherical, the halo structure should result from the odd neutron occupying
the 2s,/; orbital. The absence of the centrifugal barrier for an s-orbital facili-
tates the formation of the long tail of the wave function, i.e. the halo structure.
However, in Ref. [8] it was also noted that the one-neutron separation energies
for 22N, 220, and 2*F are larger than 1 MeV (1.22 + 0.22 MeV, 2.74 & 0.12
MeV and 3.86 4+ 0.11 MeV, respectively), and much larger than in 'Be and
C. In a recent analysis [49] it has been pointed out that the conventional
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Fig. 2. The RHB theoretical proton, neutron and matter radii, skin thicknesses,
and one-neutron separation energies of Nitrogen isotopes, compared with the ex-
perimental radii [46,2,8] and separation energies [43].

fixed core-plus-neutron model for halo nuclei is unable to explain the observed
enhanced cross section for these nuclei with any selection of neutron orbitals,
and therefore a possibility of an enlarged core structure has been suggested.
Experimental evidence of core modification in the near-drip nucleus 22O has
been recently reported in Ref. [50]. The present RHB calculation reproduces
. the empirical one-neutron separation energies [43]. In particular, for 22N we
even obtain a slightly lower one-neutron separation energy, and the theoret-
ical matter radius coincides with the one deduced from the experimental in-
teraction cross section. Also for °N, the calculated and empirical separation
energies coincide, and the theoretical matter radius is only slightly below the
large experimental error bar. The main difference is in the matter radii of
the lighter isotopes (a similar situation also occurs for the Fluorine isotopes,
see Fig. 3). The calculated radii are somewhat larger than the experimental
values and therefore at N=15 do not display the sharp discontinuity which,
in Ref. 8], is taken as evidence for the formation of the neutron halo. In the
present calculation the gradual increase of matter radii reflects the formation
of the neutron skin. This is shown in the upper right panel of Fig. 2, where the
values of r, — r, are plotted as function of the neutron number. It should be
pointed out, however, that the formation of the halo structure can only be ob-



served if calculations were performed in coordinate space. Moreover, particle
number projection might be necessary in order to reproduce the sharp increase
of matter radii. Finally, we note that the RHB NL3+D1S calculation predicts
the heaviest particle stable Nitrogen isotope to be 22N, in excellent agreement
with recent data on the neutron drip-line [12]. Very similar results are obtained
for the Fluorine isotopes. In Fig. 3 we compare the RHB theoretical proton,
neutron and matter radii, and one-neutron separation energies with the exper-
imental radii [2,8,46] and separation energies [43]. The calculated matter radii
do not reproduce the discontinuity at N=15, though for the heaviest isotopes
they are found within the experimental error bars. The calculated one-neutron
separation energies reproduce the staggering between even-N and odd-N val-
ues. It is interesting to note that, like in the case of Nitrogen, the RHB model
with the NL3+4D1S effective interaction correctly predicts the location of the
drip-line [12]: the last bound isotope of Fluorine is *'F. Therefore, in agree-
ment with experimental data, we obtain that the neutron drip-line is at N=16
for Z=7, and at N=22 for Z=9. On the other hand, none of the standard
RMF effective interactions reproduces the location of the drip-line for Oxy-
gen. It has been argued that the sudden change in stability from Oxygen to
Fluorine may indicate the onset of deformation for the neutron-rich Fluorine
isotopes [12]. In the present calculation, however, all Fluorine isotopes up to
3IF turn out to be essentially spherical. The ground-state properties of the
Na isotopic sequence are illustrated in Fig. 4. The one-neutron separation en-
ergies are shown in comparison with experimental data [43]. The calculated
values reproduce the empirical staggering between even- and odd-A isotopes,
although for A > 24 the theoretical separation energies are systematically
somewhat larger for the even-N isotopes. The calculated radii are compared
with the experimental data: matter radii [5], neutron radii [3], and charge
isotope shifts [51]. An excellent agreement between theory and experiment is
obtained. For the matter and neutron radii the only significant difference is at
A=22, but this dip in the experimental sequence has recently been attributed
to an admixture of the isomeric state in the beam [5]. Except for the lightest
isotope shown, i.e. Na, the calculated charge isotope shifts reproduce the
empirical A-dependence. A significant difference between the theoretical and
experimental values is observed only for A > 29. The calculated ground-state
quadrupole deformations of the Na isotopes are compared with the predictions
of the finite-range droplet model [42]. We note that, while the FRDM predicts
all Na isotopes with A < 28 to be strongly prolate deformed, the result of
the RHB calculation is the staggering between prolate and oblate shapes, in-
dicating the onset of shape coexistence. In particular, ??"Na are predicted to
be oblate, while prolate ground-state deformations are calculated for 28?°Na.
Very recent experimental data on quadrupole moments of ?6=2°Na [52] confirm
this prediction.
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Fig. 3. The RHB theoretical proton, neutron and matter radii, skin thicknesses, and
one-neutron separation energies of Fluorine isotopes, compared with the experimen-
tal radii [46,2,8] and separation energies [43].

3 Summary

This work presents an analysis of ground-state properties of B, N, F, Na iso-
topes in the framework of the Relativistic Hartree-Bogoliubov (RHB) model.
The present analysis covers a region which is probably at the low-mass limit of
applicability of the mean-field framework. This work is also a continuation of
our previous applications of the RHB model of Ref. [20] and [31]. The present
calculation has been performed in the configuration space of a deformed har-
monic oscillator basis states. The NL3 effective interaction has been used for
the mean-field Lagrangian, and pairing correlations have been described by the
pairing part of the finite range Gogny interaction D1S. The calculated neu-
tron separation energies, quadrupole deformations, nuclear matter radii, and
differences in radii of proton and neutron distributions have been compared
with very recent experimental data. For the neutron-rich Boron isotopes, the
calculated matter radii reproduce the recent experimental data [6] for !B and
9B. This is an important result, since '*B (T, = 9/2) has one of the largest
N/Z values known at present in the low-mass region of the nuclear chart. The
RHB model with the NL3+D1S effective interaction predicts the location of
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Fig. 4. One-neutron separation energies, radii, charge isotope shifts and ground-s-
tate quadrupole deformations of Sodium isotopes. The RHB calculated values are
compared with the experimental data: one-neutron separation energies [43], mat-
ter radii [5], neutron radii 3], charge isotope shifts [51], and with the S values
calculated in the finite-range droplet model [42].

the neutron drip-line in Nitrogen and Fluorine in agreement with recent exper-
imental findings [12]: the heaviest particle stable isotopes are 2N and *'F. The
calculated matter radii of the neutron-rich Nitrogen and Fluorine isotopes are
in agreement with very recent experimental data [8]. The sudden increase of
the radii at N=15, which was taken as evidence for the formation of the neu-
tron halo, is not reproduced by the present calculation. For the Na isotopic
sequence the calculated radii are in excellent agreement with experimental
data on matter radii [5], neutron radii [3], and charge isotope shifts [51]. The
calculated ground-state quadrupole deformations are confirmed by the recent
experimental data on quadrupole moments of 26=2Na [52].
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