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Abstract  The magic number and halo and /or skin (neutron) of the nuclei at or near neutron drip-line are studied using 
axially deformed relativistic mean field model with NL3 and NL3* parameter sets. The density profiles of some of selected 
nuclei in the light mass region of nuclear landscape are plotted for the purpose. A considerable difference in the densities of 
neutron and proton can be seen easily in all the cases studied. Also, single particle energy levels show the visible shell gaps at 
N = 28 and 40 which corresponds the sudden decrease in the two neutron separation energy. The two results are consistent 
with each other, while the shell gaps corresponding to the numbers N = 32 and 34 seem not to be supporting the magicity at 
these numbers in the isotopes considered here. 
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1. Introduction 
The study of neutron-rich nuclei with unusually large N/Z 

ratios is challenging the conventional view of nuclear 
structure. In the recent decades nuclear structure physics has 
made a considerable progress by the discovery of new 
phenomena and the emergence of new frontiers. The 
availability of more energetic beams of short-lived 
(radioactive) nuclei of the rare isotopes or exotic nuclear 
beams, has opened up the way for the exploration of the 
structure and dynamics of nuclei in drip-line regions, where 
very limited information is available. The advancement in 
the radioactive ion beam facilities enables us to study the 
behavior of nuclei near or even beyond the neutron and 
proton drip-lines and to investigate the emergence of new 
modes of nuclear behavior. 

The most fascinating phenomena found in exotic nuclei 
are the nuclear halo, skin and the new sequence of magic 
numbers than the nuclei on the beta-stability line of the 
nuclear landscape. The other interesting features in nuclei 
close to neutron drip-line are for example largely extended 
spatial density distribution, coupling of the bound states to 
the continuum, the Borromean structure etc. The 
experimental observation of large nuclear matter distribution 
of 11Li[1] nucleus started the chapter of the exotic properties 
of the nuclei in the region away from beta-stability line. This 
new phenomenon was termed as the halo. The definition of a 
halo nucleus is still being debated, but at least three basic 
conditions must be fulfilled[2]: (i) low separation energy of 
the valance particle (or particle clusters); (ii) a wave function  
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be in a low relative angular momentum state (preferably 
s-wave); (iii) decoupling from the core. The halo structure in 
nuclei can develop when the system approaches the 
threshold and the relative motion is not constrained by a 
strong long-range repulsive force. As a result the tail of the 
wave function extends out well beyond the region of nuclear 
interaction, generating an unusual outer region of low 
nuclear density. The physics of neutron-rich nuclei is one of 
the current topics in nuclear science. In the past, several 
theoretical model in relativistic kinematics such as Hartree 
Bogoliubov with or without the Fock term, Relativistic mean 
field model with hartree approximation have been developed 
for a self-consistent description of spherical as well as 
deformed halo nuclei[3,4].  

The reaction cross sections of certain nuclei 6,8He, 11Li[1] 
and 11,14Be[5] have been found anomalously large. The 
matter radius of such nuclei is much larger than that of 
neighboring nuclei. These are the two neutron halo nuclei. 
Recently, the measurement of nuclear reaction cross-section 
for 19,20,22C[6] shows that the drip-line nucleus 22C has halo 
structure. Also, the isotopes of 42,44Mg nuclei close to 
neutron drip-line also have been predicted[7, 8] to be halo. 
The nucleus 11Be, 19C, 31Ne are the examples of one-neutron 
halo nucleus[9, 10]. The density distribution showing an 
extended tail with a diffused neutron skin and neutron halo 
can be seen in references[11, 12]. 

The change in magic number is another interesting feature 
of the nuclei in the drip-line region. It is now established that 
the dynamic effects of nucleon-nucleon interaction result in 
the evolution of shell structure and hence the new magic 
number sequence in drip-line region. The motivation for the 
present work is the investigation of dynamism of the magic 
numbers in neutron drip-line to the conventional ones at 
stability line. The halo structure of nuclei is another property 
of the nuclei at neutron drip-line. The extent of halo 
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character in the isotopes is varying for different calculations.  

2. Formalism 
We use axially deformed relativistic mean field (RMF) 

model to study the properties of the nuclei. The RMF model 
has been proved to be a very powerful tool to explain the 
properties of finite nuclei and infinite nuclear matter[13, 14, 
15] for the last two decades. We start with the relativistic 
Lagrangian density for a nucleon-meson many-body system, 

(1) 

The field for the σ-meson is denoted by σ, that for the 
ω-meson by Vμ and for isovector ρ-meson by Rμ. Aμ denotes 
the electromagnetic field. The ψi are Dirac spinors for 
nucleons whose third component of isospin is denoted by τ3i. 
Here gs, gw, gρ and e2/4π =1/137 are the coupling constants 
for σ, ω, ρ mesons and photon, respectively. g2, g3 and c3 are 
the parameters for the nonlinear terms of σ- and ω-mesons. 
M is the mass of the nucleon and mσ, mω and mρ are the 
masses of the σ, ω and ρ-mesons, respectively. Ωμν, Bμν and 
Fμν are the field tensors for Vμ, Rμ and photon fields, 
respectively[4]. 

From the relativistic Lagrangian we get the field equations 
for the nucleons and mesons. These equations are solved by 
expanding the upper and lower components of Dirac spinors 
and the Boson fields in a deformed harmonic oscillator basis 
with an initial deformation. The set of coupled equations is 
solved numerically by a self-consistent iteration method. The 
centre-of-mass motion is estimated by the usual harmonic 
oscillator formula Ec.m.=3/4(41A-1/3). The quadrupole 
deformation parameter β2 is evaluated from the resulting 
quadrupole moment[4] using the formula, 
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Where, R=1.2A1/3. The total binding energy of the system 
is, 
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where Epart is the sum of the single-particle energies of the 
nucleons and Eσ, Eω, Eρ, Ec and Epair are the contributions of 
the mesons fields, the Coulomb field and the pairing energy, 

respectively. For the open shell nuclei, effect of pairing 
interactions is added in the BCS formalism. The pairing gaps 
for proton (Δp) and neutron (Δn) are calculated from the 
relations[16], 
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where r=5.72 MeV, s=0.118, t=8.12, b_s=1 and 
I=(N-Z)/(N+Z).  

3. Results and Discussion 
In the present calculations we make use of axially 

deformed relativistic mean field (RMF) model with NL3 
(non-linear coupling) and NL3* parameter sets. There are a 
number of parameter sets used in RMF, out of which NL3[17] 
and newer set NL3*[18] are found to be producing better 
results for the calculations of the ground state properties of 
nuclei. The detail of the parameter sets is shown in Table 1. 
The parameters are obtained by fitting the nuclear matter 
properties for closed sell nuclei such as 16O, 40Ca, 48Ca and 
208Pb etc. 

Table 1.  NL3 and NL3* parameter sets 

Parameter NL3 NL3* 
M (MeV) 939.0 939.0 
mσ (MeV) 508.1941 502.5742 
mω (MeV) 782.501 782.6 
mρ (MeV) 763.0 763.0 

gσ 10.2169 10.0944 
gω 12.8675 12.8065 
gρ 4.4744 4.5748 

g2 (fm-1) -10.4307 -10.8093 
g3 -28.8851 -30.1486 

We have taken few representative cases (Ca, Si, Mg and C) 
in the light mass region near the neutron drip-line of nuclear 
landscape to study the halo and /or skin and the magic 
numbers. The outcome of the calculations is discussed as 
under: 

The density profile, two-neutron separation energy and 
single particle energy are plotted in the figures. 

The Fig. 1 shows the neutron and proton density 
distribution of 50-56Ca nuclei with neutron numbers N = 30, 
32, 34, 36. There is a considerable difference between the 
neutron density and the proton density at the tail part of these 
isotopes. The difference increases with the increase in the 
neutron number. The extended tail in the neutron density 
gives the indication of halo or neutron skin. This exotic 
phenomenon was first measured experimentally in 1985 by I. 
Tanihata et al.[1] in 11Li a nucleus of very light mass region 
and was termed as halo for the first time. Now, other nuclei 
having halo and/or skin of the neutrons are found. The 
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different models show slight difference in the magnitudes of 
neutron and proton densities at the tail part of the density 
profile. 

Another phenomenon of particular interest is the magicity 
at proton/ neutron number N = Z = 28 and N = 32 and 40 near 
the neutron drip-line in Ca and Ni-isotopes, which has been a 
center of discussion for sometimes now (see Ref.[19], and 
the references therein). The measurements showed some 

surprising changes in the nuclear shell structure as a function 
of proton and neutron numbers in light nuclei. These 
observations triggered numerous theoretical investigations, 
which in turn made new predictions that some magic 
numbers disappear and new shell gaps appear in certain 
regions of the nuclear chart[20] away from the beta-stability 
line. 

 
Figure 1.  The density distribution of 50-56Ca nuclei with NL3 parameter set 

 
Figure 2.  The two neutron separation energy for Si and Ca-isotopes using NL3 parameter set 
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The first evidence for N = 16 to be magic number in 
oxygen was observed from an evaluation of neutron 
separation energies on the basis of measured masses[21]. 
The new magic number at N = 32 has been observed 
experimentally by Kanungo et al. 54Ca[22] recently. But 
theoretically, shell model with new effective interaction 
GXPF1 (G-matrix effective interaction for pf-shell nuclei) 
and monopole component of tensor interaction, predict the 
shell closure at N = 34[23]. However, the well-established 
interactions KB3G[24] (an effective interaction, the detail 
can be found in ref.[25]) and the spherical Hartree-Fock 
calculations with the semi-realistic NN interactions[26] give 
the shell closer at N = 32. Therefore, it is interesting to 
investigate the shell closer at N = 32 and 34 for 54Ca isotope 

using RMF model. The shell gaps at these particular numbers 
are not pronounced in the present calculations as is clear 
from the Fig. 2 and Fig. 3. The two neutron separation energy 
for Si and Ca-isotopes are plotted in Fig. 2. The sudden fall 
in the two-neutron separation energy at any number shows 
extra stability at that particular number. From the figure it is 
clear that the sharp decrease in separation energy is at N = 14, 
20 and 28 in case of Si and at N = 20, 28 and 40 in case of Ca.  

The change in magic numbers in nuclei of light mass 
region close to drip-lines is experimentally observed[21, 22]. 
In order to visualize the shell arrangement of the nucleons, 
single particle energy levels for 52, 60Ca isotopes are plotted in 
Fig. 3. The shell gaps at these numbers correspond to the 
sharp fall in separation energy as shown in Fig. 2.   

 
Figure 3.  The single particle energy levels of neutrons and protons for 52,60Ca nuclei using NL3 parameter 

 
Figure 4.  The density distribution of 22C, 42Mg and 48Si nuclei with NL3 parameter set 
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The density distribution of 48Si nucleus is shown in Fig. 4, 
which clearly shows the considerable difference in the 
neutron and proton densities. Recently, the observation of 
new halo 22C nucleus has further added another dimension to 
the nuclear structure. This case is of special interest because 
an isotope 21C inside the drip-line is unstable. Also, 19C is 
one neutron halo and can be treated as two body halo. The 
nuclei such as 6He and 11Li are three-body halos and their 
properties make them Borromean type nuclei. In case of 22C, 
there are 16 neutrons i.e. N = 16, which is new magic number 
in neutron-rich systems. The density profile of 22C, 42Mg and 
48Si nuclei shown in Fig. 4, clearly indicate the halo structure 
owing to the considerable difference in the neutron and 
proton densities at the tail. 

4. Conclusions 
In conclusion, we investigate the quite dramatic changes 

in the shell structure on nuclei in the neutron drip-line region 
using axially deformed relativistic mean field model with 
NL3 and NL3* parameter sets. Here, we investigate the halo 
character and the magic number in the nuclei close to or on 
the neutron drip-line. The density profiles show that the 
nuclei considered here are having considerable difference in 
the densities of neutron and proton, which is a clear 
indication of halo structure. The other part of investigation is 
magic number in this mass region. The figure 3, shows the 
single particle energy levels of 52Ca and 60Ca for both 
neutron and proton. There are visible shell gaps at N = 28 and 
40 which correspond to the sudden decrease in two neutron 
separation energy in figure 2. The two results are consistent 
with each other. The shell gap corresponding to the numbers 
N = 32 and 34 seem not to be supporting the magicity in 
these isotopes. The shells at N = 32 or 34 are separated by 
energy ~1.6 MeV only, as compared to the gaps of ~4.5 MeV 
at N = 28. The shell gap of ~1.6 is small enough to create the 
stability required for the number to be a magic number. 
Therefore, these numbers do not seem show the magic 
number character.  
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