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Carbon isotopes near drip lines in the relativistic mean-field theory

M. M. Sharma, S. Mythili, and A. R. Farhan
Physics Department, Kuwait University, Kuwait 13060

~Received 13 August 1998!

We have investigated the ground-state properties of carbon isotopes in the framework of the relativistic
mean-field~RMF! theory. RMF calculations have been performed with the nonlinear scalar self-coupling of the
s meson using an axially symmetric deformed configuration. We have also introduced the vector self-coupling
of the v meson for the deformed mean-field calculations. The results show that the RMF predictions on radii
and deformations are in good agreement with the available experimental data. It is shown that several carbon
isotopes possess a highly deformed shape akin to a superdeformation. The single-particle structure of nuclei
away from the stability line has been discussed with a view to understand the properties near the neutron drip
line. Predictions of properties of carbon isotopes away from the stability line are made.
@S0556-2813~99!07002-8#

PACS number~s!: 21.10.2k, 21.60.2n, 27.20.1n, 27.30.1t
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I. INTRODUCTION

Radioactive beams are being used increasingly to prod
nuclei at the limits of the stability@1–5#. Nuclei near the
neutron and proton drip lines are becoming accessible
experiments. Abnormally large reaction cross sections
unstable nuclei near drip lines have been interpreted as p
of the existence of a large tail of neutron density in the
terior of nuclei. Consequently, the so-called halo of partic
has been hypothesized for nuclei near drip lines. The cas
11Li has attracted widespread attention@6#. On the one hand
properties of nuclei with halos and neutron skins are be
synthesized and studied experimentally; these properties
providing a test bench to probe various theories and mod
on the other hand. Descriptions of very light nuclei in term
of a core and a set of valence particles hovering around
core are proving to be generally successful@7#. For nuclei
with a larger number of particles, theories with an avera
field are being used increasingly. Thus, the study of nu
with a large range of isospin puts various theories and in
actions to a test of their validity. At the same time, it shou
become possible to discern the isospin dependence of
nuclear force by studying nuclei at the extreme limits.

Relativistic mean-field~RMF! theory is one of the more
successful ones in recent times for describing nuclei wit
large range of isospin@8–12#. Earlier, the importance of the
r-meson coupling and hence a proper asymmetry energy
emphasized by Sharmaet al. @13#. Consequently, the RMF
force NL-SH proved to be very successful in describing va
ous facets of nuclear structure. Owing to a proper spin-o
interaction in the RMF theory, it became possible to descr
the anomalous isotope shifts of Pb nuclei@14#. It was shown
@15–17# that ground-state properties of nuclei such as bi
ing energies, charge and matter radii, and deformation p
erties of nuclei over a large part of the periodic table are v
well described within RMF theory using the nonlinear sca
self-coupling ofs mesons. The Dirac-Lorentz structure
the nuclear force and the nuclear saturation based upon
attractive component due tos mesons and a repulsive com
ponent fromv mesons make RMF theory an attractive to
PRC 590556-2813/99/59~3!/1379~12!/$15.00
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to study nuclear properties. An inherent spin-orbit interact
arising from the Dirac-Lorentz structure of nucleons giv
rise to appropriate shell effects. Such shell effects are d
responsible to explain the behavior of isotope shifts in
and other nuclear chains@14,15#. Based upon the isospin
dependence of the spin-orbit interaction in RMF theory,
modified Skyrme ansatz~MSkA! @18# was proposed. Herein
the spin-orbit potential was proposed to contain only a o
body contribution. The MSkA@18# was shown to exhibit
shell effects which are in accordance with the experimen
data. Consequently, isotope shifts in Pb nuclei could be w
reproduced with in the MSkA.

With RMF theory having been developed to possess s
eral advantages over nonrelativistic theories, we study h
the ground-state properties of the chain of carbon isotop
The carbon isotopes away from the stability line have be
the focus of experimental study whereby interaction cr
sections for heavier carbon isotopes have been meas
@19#. The matter and hence neutron radii of very neutron-r
isotopes have thus been deduced. The nuclear structu
nuclei away from the stability line and especially those in t
vicinity of drip lines is not yet fully understood. A few at
tempts have been made to explore theoretically the grou
state properties of the carbon isotopes@20#. In the present
work, we use RMF theory to investigate systematically t
nuclear structure of even-even carbon isotopes from the
ton drip line to the neutron drip line. We employ the nonli
ear scalar potential of thes meson as well as the model wit
the nonlinear self-coupling of both thes andv mesons. We
will discuss the nuclear structure of carbon nuclei away fr
the stabiliy line. A comparison will also be made with som
results obtained using the relativistic Hartree-Bogolieub
approach. It will be interesting to see to what extent t
mean-field approach will be able to describe the propertie
known light nuclei such as carbon isotopes. In Sec. II,
present the formalism of RMF theory and associated mod
of the s and v meson potentials. The ensuing section p
vides details of the RMF calculations. In Sec. IV we pres
the results and in the last section we will summarize o
conclusions.
1379 ©1999 The American Physical Society
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II. RELATIVISTIC MEAN-FIELD THEORY

The starting point of RMF theory is a Lagrangian dens
@8# where nucleons are described as Dirac spinors which
teract via the exchange of several mesons. The Lagran
density can be written in the following form:

L5c̄~ i ]”2M !c1
1

2
]ms]ms2U~s!2

1

4
VmnVmn

1
1

2
mv

2 vmvm1
1

4
g4~vmvm!22

1

4
RmnRmn1

1

2
mr

2rmrm

2
1

4
FmnFmn2gsc̄sc2gvc̄v” c2grc̄r”tc2ec̄A”c.

~1!

The meson fields included are the isoscalars meson, the
isoscalar-vectorv meson, and the isovector-vectorr meson.
The latter provides the necessary isospin asymmetry.
boldfaced letters indicate the isovector quantities. The mo
contains also a nonlinear scalar self-interaction of thes me-
son:

U~s!5
1

2
ms

2s21
1

3
g2s31

1

4
g3s4. ~2!

The scalar potential~2! introduced by Boguta and Bodme
@21# has been found to be useful for an appropriate desc
tion of surface properties, although several variations of
nonlinears andv fields have recently been proposed@22#.
We have also included the vector self-coupling of thev
meson introduced by Bodmer@23#. The corresponding term
in the Langrangian is represented by the coupling cons
g4 . HereM, ms , mv , andmr denote the nucleon-, thes-,
the v-, and the r-meson masses, respectively, wh
gs , gv ,gr , and e2/4p51/137 are the corresponding co
pling constants for the mesons and the photon.

The field tensors of the vector mesons and of the elec
magnetic field take the following form:

Vmn5]mvn2]nvm,

Rmn5]mrn2]nrm2gr~r3r!,

Fmn5]mAn2]nAm. ~3!

The variational principle gives rise to the equations of m
tion. Our approach includes the time reversal and the cha
conservation. The Dirac equation can be written as

$2 ia¹1V~r !1b@M1S~r !#%c i5e ic i , ~4!

whereV(r ) represents thevectorpotential

V~r !5gvv0~r !1grt3r0~r !1e
11t3

2
A0~r !, ~5!

andS(r ) is thescalar potential,

S~r !5gss~r !, ~6!

the latter giving rise to the effective mass as
n-
an

he
el

p-
e
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-
ge

M* ~r !5M1S~r !. ~7!

The Klein-Gordon equations for the meson fields are tim
independent inhomogenous equations with the nucleon d
sities as sources:

$2D1ms
2%s~r !52gsrs~r !2g2s2~r !2g3s3~r !,

$2D1mv
2 %v0~r !5gvrv~r !2g4v0

3~r !,

$2D1mr
2%r0~r !5grr3~r !,

2DA0~r !5erc~r !, ~8!

wherev0(r ) and r0(r ) are the timelike components of th
v- andr-meson fields. The corresponding source terms

rs5(
i 51

A

c̄ ic i ,

rv5(
i 51

A

c i
†c i ,

r35 (
p51

Z

cp
†cp2 (

n51

N

cn
†cn ,

rc5 (
p51

Z

cp
†cp , ~9!

where the sums are taken over the valence nucleons onl
the the present approach we neglect the contributions
negative-energy states~no-sea approximation!; i.e., the
vacuum is not polarized. The Dirac equation is solved us
the oscillator expansion method@24#.

The center-of-mass correction to the total energy is
cluded by taking the center-of-mass energy based upon
harmonic oscillator prescription as given by

Ec.m.5
3

4
\v530.75A21/3. ~10!

The c.m. correction amounts to 13.4 MeV for12C and 11.0
MeV for 22C according to this prescription.

III. DETAILS OF THE CALCULATIONS

The RMF calculations have been performed in a cylind
cal basis where axial symmetry has been maintained.
fermionic and bosonic wave functions are expanded in a
sis of harmonic oscillator. For the expansion, we have ta
12 shells for the fermionic as well as bosonic wavefunctio

The pairing has been included using the BCS formalis
We have used constant pairing gaps which are obtained
ing the prescription of Mo¨ller and Nix @25# as given by

Dn5
4.8

N1/3
,

Dp5
4.8

Z1/3
. ~11!
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Only a few empirical data on the pairing gaps are av
able in this chain. The pairing gaps obtained for a few nuc
from the experimental binding energies are found to be c
sistent with the above prescription. The center-of-mass
rection@Eq. ~10!# is included by using the zero-point energ
of a harmonic oscillator as in Ref.@24#

We have used the RMF force NL-SH@13# for the La-
grangian with the nonlinear scalar coupling. This force h
been employed widely to describe properties of seve
chains of nuclei. It is known to provide excellent results f
nuclei on both the sides of the stability line. This force h
been found to be especially useful for nuclei far away fro
the stability line.

For the Lagrangian with the vector self-coupling, we ha
used the force TM1@26#. We have also used a newly deve
oped force NL-SV1@27# which has been obtained by a
exhaustive study of the ground-state properties of nu
within the framework of the nonlinear scalar and nonline
vector self-coupling. The details about NL-SV1 will be pr
vided elsewhere. The parameters and coupling constan
the forces we have used are given in Table I.

IV. RESULTS AND DISCUSSION

A. Binding energies

The binding energies of carbon isotopes in the deform
RMF calculations with the nonlinear scalar force NL-SH a
with the nonlinear scalar-vector forces TM1 and NL-SV1 a
shown in Table II. The values correspond to the lowest
ergy for the ground state. As carbon isotopes are perceive
be deformed, the RMF minimization was performed both
a prolate and an oblate shape. The corresponding defo
tion for the lowest minimum and a secondary minimum~if
existent! will be discussed below. The binding energies f
the secondary minimum are given in parentheses. Exp
mental values from the mass compilation of Audi and Wa
stra @28# are also shown for comparison.

It is seen that the force NL-SH describes the binding
ergies of light carbon isotopes well. For the heavier isotop
the force NL-SH gives a slight overbinding. In compariso
the force TM1 gives an equally good description for t
lighter nuclei. It is observed that NL-SH which is a forc
with a scalar self-coupling ofs mesons only and TM1 which
includes also the self-coupling ofv mesons produce bindin

TABLE I. The Lagrangian parameters of the forces NL-S
TM1, and NL-SV1 used in the RMF calculations.

NL-SH TM1 NL-SV1

M 939.0 938.0 939.0
ms 526.05921 511.198 510.03488
mv 783.0 783.0 783.
mr 763.0 770.0 763.
gs 10.44355 10.0289 10.12479
gv 12.9451 12.6139 12.72661
gr 4.38281 4.6322 4.49197
g2 26.90992 27.2325 29.24058
g3 215.83373 0.6183 215.388
g4 0.0 71.5075 41.01023
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energies which are very close to each other for light as w
as medium-heavy carbon nuclei. While NL-SH lends an
ditional binding of about 1–2 MeV to the heavier carbo
isotopes as compared to the experimental values, TM1
vides a stronger overbinding to heavier carbon nuclei
compared to the NL-SH results as well as the experime
values.

The scalar-vector force NL-SV1, on the other hand, u
derestimates the binding of the very light carbon isotop
slightly. For the other carbon isotopes, the agreement of
NL-SV1 binding energies with the experimental values
qualitatively better than those of NL-SH and TM1. A com
parison of predictions of various forces with the experime
tal data shows that the RMF theory provides a good desc
tion of the binding energies of carbon isotopes.

B. Quadrupole deformation

The quadrupole deformationb2 and the quadrupole mo
mentQ2 obtained from the relativistic Hartree minimizatio
with various forces are shown in Fig. 1. Theb2 and Q2
values are given in Table III. The deformation parameters
NL-SH @Fig. 1~a!# show that in the lowest-energy state th
nucleus10C is highly prolate (b2;0.54). This nucleus also
exhibits a secondary minimum with an oblate shape (b2;
20.16). The behavior ofb2 using forces with the scalar
vector coupling is very different for this nucleus. Both th
forces TM1 @Fig. 1~b!# and NL-SV1 @Fig. 1~c!# predict a
well-deformed oblate shape withb2;20.29 and b2;
20.21, respectively, for this nucleus. It can be seen fr
Table III that a highly deformed~akin to superdeformation!
secondary minimum is also exhibited by this nucleus w
TM1 (b2;0.64) and NL-SV1 (b2;0.58).

The stable nucleus12C is described as oblate shaped
all the three forces. It is shown to be less deformed w
NL-SH as compared with TM1 and NL-SV1. TM1, in pa
ticular, gives this nucleus a strongly deformed oblate sh
(b2;20.39). While TM1 and NL-SV1 give a single well
defined oblate minimum for12C, NL-SH also predicts a
spherical secondary minimum only about 100 keV above
lowest minimum ~see Table II!. A comparison of theb2
values from RMF theory with the available experimental
formation will be in order. The quadrupole deformation f

, TABLE II. The binding energies~in MeV! of even-even C iso-
topes obtained for the lowest-energy state with the forces NL-
TM1, and NL-SV1. The empirical values~Expt.! available are also
shown for comparison. The numbers in parentheses indicate
existence of a secondary minimum in the vicinity of the lowe
energy ground state.

A NL-SH TM1 NL-SV1 Expt.

10 260.4~259.8! 260.2~259.3! 257.9~257.4! 260.3
12 289.6~289.5! 290.1 287.6 292.2
14 2106.6 2106.9 2104.4 2105.3
16 2112.3 2112.4 2109.6 2110.8
18 2117.0~2116.9! 2118.6 2114.4 2115.7
20 2121.8 2123.4 2118.5 2119.2
22 2122.7~2122.4! 2123.9 2118.6 2120.3
24 2122.3 2122.7 2116.6
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FIG. 1. The quadrupole deformationb2 ~upper! and the corresponding quadrupole momentQ2 ~lower! of the lowest-energy ground stat
in RMF theory with~a! NL-SH, ~b! TM1, and ~c! NL-SV1. Theb2 andQ2 ~mb! values of the shape-coexistent secondary minimum
shown by a circle enclosed by a square. Theb2 values for12C from Ref.@29# ~diamond!, Ref. @30# ~triangle up!, and from Ref.@31# ~open
circle! are also shown for comparison.
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12C has been estimated using various experimental pro
Analysis of an inelastica scattering experiment@29# led to a
value ofb2;20.29. However, another experiment@30# with
inelastic a scattering reported a value ofb2520.40. In
comparison, a value ofb2;20.41 has been deduced@31#
using the inelastic scattering of a triton beam. Similar obl
deformations have also been deduced from inelastic elec
scattering@32#. All these experiments demonstrate unequiv
cally that 12C has an oblate shape in its ground state. R
theory with both the scalar self-coupling as well as w
scalar-vector self-coupling models describes the deforma
of 12C very well. The deformations predicted by the scal
s.

e
on
-
F

n
-

vector coupling models support several experimental ded
tions.

The nucleus14C with the magic neutron numberN58
and its neighbor16C are both shown to be spherical with a
the three forces. However, for nuclei aboveN510, the in-
fluence of the magic numberN58 diminishes rapidly and
consequently the nuclei18C, 20C, and 22C take up a well-
deformed oblate shape in RMF calculations with all the th
forces. It is seen that there is an abrupt onset of deforma
as two neutrons are added to the spherical nucleus16C. The
resulting deformation for18C is predicted to be less than th
for 20C for any given force. The nucleus20C with N514 is
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TABLE III. The quadrupole deformationb2 and the quadrupole momentQ2 ~mb! obtained in RMF
theory for the C isotopes.

b2 Q2

A NL-SH TM1 NL-SV1 NL-SH TM1 NL-SV1

10 0.536~20.161! 20.294~0.643! 20.213~0.584! 85.5~225.7! 246.9~102.6! 233.9~93.1!
12 20.23~0.005! 20.388 20.328 250.6 ~0.9! 283.9 270.9
14 0.000 0.011 0.005 0.14 0.3 0.14
16 20.005 20.006 0.004 21.6 22.2 1.2
18 20.316~0.387! 20.354 20.325 2134.3~164.3! 2150.4 2137.9
20 20.405 20.444 20.418 2205.3 2224.7 2211.6
22 20.308~0.029! 20.367 20.336 2183.2~17.1! 2217.9 2199.3
24 20.006 20.16 20.07 24.0 2112.8 249.4
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well in the middle of the shell where the largest value ofb2
is obtained~see Table III!. A further addition of a pair of
neutrons also brings about a well-deformed oblate shape
22C. The magnitude ofb2 for 22C is lower than that for20C.
As the magic numberN520 approaches, nuclei assume
spherical shape.

A comparative look at the values ofb2 andQ2 among the
three forces shows that for nucleiA518–22, the force
NL-SH produces the lowest deformation, whereas TM1
shown to provide the largest value. The force NL-SV1,
the other hand, gives a value ofb2 which lies between tha
of NL-SH and TM1. While TM1 and NL-SV1 predict shap
coexistence only for10C, NL-SH is shown to give a second
ary minimum with another shape for several nuclei.

A comment on the deformation properties of carbon i
topes in various mean-field theories will be appropriate
make here. Mean-field theories, in particular, those of
density-dependent Skyrme type, have generally give
spherical shape to the nucleus12C. This nucleus is widely
perceived to be oblate shaped. RMF theory predicts su
shape and especially the scalar-vector model gives a hi
deformed oblate quadrupole deformation for12C.

C. Neutron-proton deformations

The difference in the quadrupole deformation of the n
tron and proton densities is shown in Fig. 2. The figu
shows that for10C the deformation for neutrons and proto
is the same with NL-SH, although theb2 value is very large
(;0.54) in the lowest-energy state. The model with t
scalar-vector self-coupling does show a difference in the
formation of neutrons and protons. As discussed abo
forces TM1 and NL-SV1 with these models predict an obl
shape for12C. Both these forces also show the differen
bn2bp as positive. This implies that the proton field is mo
deformed than the neutron field. TM1 predicts this differen
(;0.05) to be slightly higher than NL-SV1.

The bn2bp is close to zero for12C with all the three
forces although TM1 and NL-SV1 predict a stronger obl
shape than NL-SH. The nuclei14C and 16C are spherical and
hence there is a vanishingbn2bp . For the nuclei18C, 20C,
and 22C, a marked difference in the deformations of neutr
and proton fluids is seen. All these nuclei are neutron r
and predicted to be oblate shaped with significantly largeb2
values. A large negative value ofbn2bp for these nuclei
means that neutron deformation is considerably larger t
or
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the corresponding proton deformation. The neutron num
for these nuclei is 12, 14, and 16, respectively. The neut
deformationbn is accentuated by these numbers being in
middle of the neutron shell. The onset of the deformation
A518 corresponds closely to a significant occupation of
Vp5@202#3/21 orbital. At the same time, there is a substa
tial lowering of this level asA518 (N512) approaches. De
tails of the single-particle structure will be discussed in S
IV E.

D. Nuclear radii and densities

The rms radii for neutron, charge, and nuclear matter
the carbon nuclei are shown in Fig. 3. The values of radii
presented in Tables IV and V. The charge radius is obtai
by folding the rms proton radius with the finite proton siz
Experimental matter radii deduced from total reaction cr
sections and neutron radii deduced therefrom@19# are also
given in Table IV. The radii shown in the figures correspo
to the shape for the lowest-energy state.

The charge radius of carbon isotopes shows a roug
constant value for most of the nuclei with all the forces. On

FIG. 2. The differencebn2bp in the quadrupole deformation
of the neutron and proton mean fields. Points with a second
minimum are shown by a square.
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for 10C is there a significant increase in the charge radius
compared to12C. This is due to the onset of a proton dr
line in going to the more neutron-deficient isotopes. For i
topes heavier than12C, the charge radius shows only a ma
ginal increase as pairs of neutrons are added. Such a be
ior is common to most isotopic chains.

The charge radii predicted by the various RMF forces
given in Table V. Charge radii of12C and 14C from elastic

FIG. 3. The rms neutron, matter, and charge radii of C isoto
in RMF theory obtained with the force~a! NL-SH with the scalar
self-coupling. The neutron radius from RHB calculations of R
@34# is also shown.~b! radii with TM1 and~c! radii with NL-SV1
with the scalar and vector self-coupling.
s

-

av-

e

electron-scattering data@33# are also shown in the table. Th
experimental value of the charge radius is estimated at 2
60.02 fm for 12C and at 2.5660.05 fm for 14C. In compari-
son the force NL-SH predicts the charge radius for12C as
2.66 fm and both TM1 and NL-SV1 give it at about 2.7 fm
Thus, RMF theory overestimates the charge radius of12C
slightly. An explicit center-of-mass correction might im
prove the predicted value.

The rms neutron radius shows a steady increase fromA
510 to A514 for all the forces~see Fig. 3!. However, for
nuclei aboveA514 there is a sudden increase in value. T
increase in the neutron radius is shown to be phenomena
16C as compared to14C in all the models. Such an increas
in the rms neutron radius by;0.5 fm is obviated by a major
shell gap atN58. The increase in the neutron radius for t
isotopes heavier than16C is modest with a successive add
tion of a pair of neutrons. This increase in the neutron r
radius increases the neutron skin of the heavier carbon
topes. It is seen that the neutron radius of24C is only mar-
ginally larger than its lighter neighbor22C. The magnitude
of the increase in the rms neutron radius of24C or of any of
its neighbors is not so much as to characterize this as a
tron halo. It may be noted that24C is predicted to be near th
neutron drip line in all the forces. Thus, it is concluded th
the neuron halo is not present in the carbon isotopes nea
neutron drip line.

The matter radii as shown in Fig. 3 reflect much the b
havior of the neutron radii. It is noteworthy that the featur
presented by various rms radii for the carbon isotopes
similar for both the models with scalar self-coupling as w
as with the scalar-vector self-coupling. There is also a si
larity between the results of TM1 and NL-SV1.

A comparison of the predictions of RMF matter and ne
tron radii with the experimental values~Table IV! shows that
the RMF values describe the data very well. Predictions
all the forces are within the error bars. Even for the heav
carbon isotopes such as16C and 18C the RMF values show a
very good agreement with the experimental data. Thus, R
theory is able to provide reliable predictions of the propert
away from the stability line.

In Fig. 3~a!, we also show neutron radii taken from
spherical relativistic Hartree-Bogoliubov~RHB! calculations
@34# using the force NL3. Herein, finite-range Gogny pairin
was included. The RHB calculations take into account
effect of states near the continuum appropriately. As
force NL3 is known to give results very close to those
NL-SH, a comparison of the NL3 results with those
NL-SH is worthwhile. The comparison of the RHB neutro
radii with the RMF1BCS results shows that the RHB value
are very similar to the RMF1BCS ones. Especially, fo
spherical nuclei such as16C and24C, the agreement betwee
our results and those of the RHB is remarkable. This s
gests that the effect of the continuum on the carbon nu
near neutron drip line may not be significant. It is, howev
not clear why the RHB calculations underestimate the n
tron radius of12C.

The L50 component of the vector (rv) and scalar (rs)
neutron density for the carbon isotopes is shown in Fig. 4
the forces NL-SH, TM1, and NL-SV1. Both the vector an
scalar densities show a similar behavior. The scalar dens
are slightly smaller than the corresponding vector~baryonic!

s

.
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TABLE IV. The rms neutron radiir n and matter radiir m ~in fm! as obtained in RMF theory for variou
RMF forces. The experimental values@19# deduced from total reaction cross sections are also shown
comparison.

r n r m

A NL-SH TM1 NL-SV1 Expt. NL-SH TM1 NL-SV1 Expt.

10 2.49 2.49 2.48 2.69 2.69 2.67
12 2.50 2.57 2.56 2.4960.16 2.52 2.59 2.57 2.4860.08
14 2.57 2.59 2.60 2.7060.10 2.54 2.56 2.56 2.6260.06
16 3.01 3.03 3.04 2.8960.09 2.83 2.85 2.85 2.7660.06
18 3.18 3.22 3.24 3.0660.29 2.98 3.01 3.02 2.9060.19
20 3.32 3.37 3.35 3.11 3.16 3.13
22 3.47 3.52 3.54 3.25 3.30 3.31
24 3.59 3.63 3.66 3.35 3.40 3.42
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densities. The difference in the vector and scalar densitie
representative of the relativistic effects in the nuclear str
ture.

The increase in the radial extension of the densities
seen clearly as the neutron number increases. The increa
the densities of heavier carbon isotopes above14C is mostly
in the exterior of nuclei, thus contributing to an increasing
large neutron skin as more neutrons are addded. Howe
for the highly deformed carbon nuclei a considerable par
densities lies in the exterior of the quadrupole (L52) com-
ponent. Figure 5 shows theL52 component of the neutro
vector densityrv obtained with the RMF forces for the thre
oblate deformed nuclei18C, 20C, and 22C. The negative
density implies that the neutron matter is missing at the po
as compared to a spherical shape. The corresponding m
is accumulated along the equatorial plane.

As shown above the nuclei18C, 20C, and 22C are pre-
dicted to be oblate shaped with all three forces. As we h
seen, there are slight differences in predictions of the m
nitude of the quadrupole deformation between vario
forces. TheL52 component of the density is sensitive
these differences in the deformation. TheL52 densities
show a negative peak which changes its position sligh
about 2.5 fm from one nucleus to another.

The densities given in Fig. 5~a! for the force NL-SH show
that the nucleus18C, which hasb2;20.32, has the smalles
L52 component as compared to20C which has b2;
20.41. For22C theL52 peak is smaller than that for20C as

TABLE V. The charge radiusr c ~fm! obtained with various
RMF forces. The experimental values for12C and 14C from the
electron-scattering data@33# are also shown.

r c

A NL-SH TM1 NL-SV1 Expt.

10 2.93 2.92 2.91
12 2.66 2.73 2.71 2.4760.02
14 2.62 2.64 2.63 2.5660.05
16 2.62 2.64 2.63
18 2.64 2.67 2.66
20 2.66 2.7 2.68
22 2.67 2.72 2.7
24 2.66 2.72 2.69
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b2 for 22C is ;20.31 which is smaller than that for20C.
However, the peak for22C is bigger than that for18C due to
a larger quadrupole moment for the latter.

A comparison of theL52 densities for the various force
shows that except for a slight variation in the depths of
peaks due to varyingb2 values and quadrupole moments, t
features of theL52 densities are very similar. This is pr
marily due to the reason that all the three forces conside
here predict an overwhelmingly oblate shape for these nu
and that the variation in the deformation in various models
similar from one nucleus to another.

We show in Fig. 6 theL50 component of the proton
vector density for8C, 10C, and 12C. The lighter nuclei10C
and 8C are proton rich and it is interesting to see how t
proton density changes as one approaches the proton
line. Calculations with the force NL-SH@Fig. 6~a!# show that
the proton density in the interior of the nucleus10C decreases
as compared to that in12C. The decrease in the central de
sity in interior of 8C over its heavier counterparts is seen
be substantial. This takes place at the expanse of the pr
density at the surface. However, the spatial extension of
proton density is not so much as to characterize it as a pro
halo. This is due to the Coulomb barrier which inhibits fo
mation of a proton halo.

The behavior of the proton density for the forces TM1 a
NL-SV1 with the scalar-vector self-coupling is not very di
ferent from that of NL-SH. Because of slightly different pr
dictions of deformation for12C and 10C by these forces as
compared to NL-SH~see Table III!, the densities of these
two isotopes with scalar-vector forces are only slightly d
ferent than with NL-SH. The behavior of the density of8C is
similar with all three forces. It may be pointed out that t
densities of8C are presented here only for a qualitative co
parison.

E. Single-particle levels

In order to visualize the single-particle levels contributi
to the evolution of the properties of carbon isotopes a
function of neutron number, we show the single-particle le
els for NL-SH and NL-SV1 in Figs. 7 and 8, respectivel
The upper panel shows the levels just below the continu
In the lower panel, we show only a few levels which are n
so deep lying. The levels are identified by the quantum nu
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FIG. 4. TheL50 component of the neutron vector~baryonic! densityrv ~upper! and scalar densityrs ~lower! with ~a! NL-SH, ~b! TM1,
and ~c! NL-SV1.
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ber Vp consistent with the Nilsson scheme@35#. The num-
bers in parentheses indicate the quantum numbers@NnzL#.
Occupancy in the few highest-lyingV orbitals is shown in
Fig. 9 for NL-SH and NL-SV1. Here we show a comparis
only between NL-SH and NL-SV1 which represent the sca
self-coupling and scalar-vector self-coupling models, resp
tively. The single-particle properties of the force TM1 a
expected to be similar to that of NL-SV1.

The lower panel of Fig. 7 shows that for the nuclei10C
and 12C which are predicted to be deformed~see Table III!,
the level p3/2 splits into @101#3/22 and @110#1/22. The
nucleus10C being predicted as highly prolate with NL-SH
the orbital @101#3/22 lies higher than@110#1/22. As one
moves to 12C, the two orbitals cross and the orbit
@101#3/22 is suppressed in energy as a consequence of
r
c-

he

oblate shape of this nucleus as predicted by NL-SH. Th
two orbitals are degenerate for14C and 16C, both of which
are spherical. The degeneracy in the two orbitals is lif
again for the heavier carbon isotopes18C, 20C, and 22C
which are all predicted to be oblate shaped. The splitt
between the twoV partners amounts to about 10 MeV fo
these nuclei. Interestingly, the@110#1/22 orbital is lifted up
significantly as compared to its degenerate~unperturbed! po-
sition.

The behavior of the orbital@101#1/22 corresponding to
the p3/2 level, is seen to be influenced considerably by t
presence of deformation. For the deformed nuclei and p
ticularly those with an oblate shape, the orbital@101#1/22 is
lowered significantly in energy as compared to the posit
in spherical case. For the prolate-shaped nucleus10C the
opposite is true.
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For the force NL-SV1, the behavior of the three orbita
below 210 MeV is very similar to that for NL-SH, as
shown in the lower panel of Fig. 8. As both10C and 12C are
predicted to be oblate, the crossing of@101#3/22 and
@110#1/22 is not observed. Moreover, the splitting betwe
these two levels is proportionate to theb2 values20.21 and
20.33 for 10C and 12C, respectively, as can be notice
readily from the figure.

For nuclei up toA514 (N58), orbitals corresponding to
the levels 1s1/2, 1p3/2, and 1p1/2 are filled successively. Fo
nuclei above14C, the levels in the next shell start filling. Th
upper panel of Figs. 7 and 8 show the single-particle lev
in this shell. These levels lie in the neighborhood of t
Fermi surface which is shown by the dotted line. The lev
include V orbitals for 1d5/2, 2s1/2, and 1d3/2. As the pre-

FIG. 5. TheL52 component of the neutron vector densityrv
for a few deformed nuclei near neutron drip line with~a! NL-SH,
~b! TM1, and~c! NL-SV1.
ls

s

dictions of NL-SH and NL-SV1 on the deformations forA
.16 are similar, the single-particle structure in both Figs
and 8 is similar.

The threeV components for the 1d5/2 level are shown by
the dotted curve. These are degenerate for the sphe
shape atA516. It is seen that as the deformed shape evol
for A518, 20, and 22 on adding neutrons toA516, the
orbital @202#5/21 corresponding to 1d5/2 with the largestV
value is suppressed. Part of this lowering is also expec
from the increase in the depth of the potential well for nuc
richer in neutrons. The counterparts with lowerV values,
e.g.,@211#3/21 and@220#1/21, are, on the other hand, lifted
up in energy for the deformed isotopes18C, 20C, and 22C.
The threeV components converge for24C which is close to
being spherical. The@200#1/21 component corresponding t
2s1/2 level is close to being degenerate with the 1d5/2 level
for the nucleus16C. The orbital@200#1/21 follows a mild
lowering in energy with an increase inA.

The V orbitals @202#3/21 and @211#1/21 for 1d3/2 level
also show a significant splitting for the deformed nuclei, t
larger V orbital being lowered in energy. The consequen
of the splitting between variousV orbitals shown in the up-
per panel of Figs. 7 and 8 is that there is a gap of about 3

FIG. 6. TheL50 component of the proton vector densityrv
compared for proton-rich nuclei with~a! NL-SH, ~b! TM1, and~c!
NL-SV1.

FIG. 7. The neutron single-particle levels with the force NL-S
The lower panel shows the deeper lyingV orbitals, whereas the
upper panel shows levels in the vicinity of the Fermi surface.



in
s

e
-
al
e

.
e

ar
m
r o
1
n

e
p

e

he
up
the

ed
he

he
dis-
dary
d
It

icle
are

or

the

L-

els

so-
state
e

ts

tate

are

1388 PRC 59M. M. SHARMA, S. MYTHILI, AND A. R. FARHAN
MeV in the energy levels, which persists forA518–22.
Figures 7 and 8 show how the Fermi energy is chang

with neutron number. For16C, the Fermi energy decrease
rapidly as compared to14C. This is due to the onset of th
next shell for neutrons. Above16C, the Fermi energy de
creases slowly and approaches the vanishingly small v
for 24C. This indicates the onset of the neutron drip lin
Such a behavior is similar for NL-SH as well as NL-SV1

We show in Fig. 9 the occupation probabilities for som
of the orbitals close to the Fermi energy. The obitals
arranged in order of increasing energy. Owing to the si
larities in the predictions of the deformations, the behavio
the occupation numbers is similar for NL-SH and NL-SV
for the levels which are significant only for the very neutro
rich carbon isotopes. The level@202#5/21 is filled up signifi-
cantly already atA518. The neighboring levels@200#1/21

and @202#3/21 ~see Figs. 7 and 8! also show a considerabl
occupancy atA518 and are being filled up increasingly u
to A522. The bunch of three levels@202#5/21, @200#1/21,

FIG. 8. The neutron single-particle levels with the force N
SV1. The details are the same as for Fig. 7.

FIG. 9. The occupation probabilities for the highest five lev
in the vicinity of the Fermi surface, for~a! NL-SH and~b! NL-SV1.
g

ue
.

e
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and @202#3/21 is responsible for maintaining a very larg
oblate deformation for carbon isotopes withA518, 20, and
22. The levels@211#1/21 and @211#3/21 play only a lesser
role for these nuclei. The latter is filled up only forA524
which is predicted to be spherical. The population of t
orbital @202#3/21 in 24C is quenched as this levels comes
again near the continuum in its unperturbed position for
spherical shape.

In Fig. 10 we show the shapes of a few highly deform
oblate and prolate configurations of carbon isotopes. T
vertical axis in each figure is the axis of symmetry. T
nucleus10C has an oblate shape in the ground state as
cussed above. This nucleus is also shown to give a secon
minimum with a highly prolate shape. Both NL-SV1 an
TM1 forces give a similar prediction for the deformation.
is instructive to compare the single-particle structure of10C
for the oblate and the prolate shapes. The single-part
structure for the two shapes is shown in Fig. 11. As there
only four protons in10C, two protons go inevitably to the
1s1/2 level. The other two protons go to the second shell. F
the oblate shape, theVp53/22 orbital is lower in energy
and the splitting between theVp53/22 and Vp51/22 is
small. For the prolate shape, the lowerVp51/22 orbital is
suppressed in energy and contains a sizable fraction of

FIG. 10. The shapes of a few strongly deformed carbon i
topes. The upper panel shows the shape for the lowest-energy
of 10C and 20C. In the lower panel the prolate deformation for th
secondary minimum for10C is shown. The vertical axis represen
the axis of symmetry.

FIG. 11. The single-particle structure of the lowest-energy s
~oblate! and the highly deformed secondary minimum~prolate! for
10C using the force NL-SV1. The particle occupation numbers
given in parentheses.
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nucleon occupancy. The splitting between the twoVp orbit-
als is obviously larger for the case of the prolate shape~due
to a larger value ofb2) than the oblate case. The gap betw
the 1s1/2 level and the next shell is about 17.5 MeV for th
prolate shape. The large deformationb250.59 achieved us-
ing the force NL-SV1 and a larger valueb250.64 obtained
for TM1 correspond to the so-called superdeformation of
clei whereby a 2:1 ratio of the axes are achieved within
harmonic oscillator scheme. This also leads to a creatio
new shells in the deformation space@35#. The oscillator fre-
quenciesv' :vz for the prolate shape are in the ratio 1.76
1, which lies in the vicinity of the ideal value 2:1 for th
oscillator potential. Thus,12C seems to conform to a supe
deformed configuration in the secondary minimum.

The nucleus20C which is highly oblate deformed (b25
20.44) with the force TM1 is also shown in Fig. 10. Th
value of the oblate deformation is close to the 2:3 ratio of
axes, whereby the axis of symmetry is accordingly shorte
this ratio.

In Fig. 11 we compare single-particle levels for10C for
the lowest-energy state with those of the second minimum
energy for NL-SV1. As the second minimum state is ve
close in energy~only ;0.5 MeV above the lowest energy!,
it is instructive to see the difference in the single-parti
structure of a shape-coexisting highly prolate and an ob
shape. For the highly prolate shape (b2;0.59), both theV
components of 1p3/2 level, i.e., @110#1/22 and @101#3/22,
contribute to the prolate deformation, whereby the le
@110#1/22 plays a significant role. For the oblate shape,
orbital @101#3/22 along with@101#1/22 of 1p1/2 contributes
to the deformation. Here the role of the level@110#1/22 for
the oblate shape becomes minimal. It is interesting to se
readjustment of variousV orbitals for two very different
shapes but with almost the same total energy.

V. SUMMARY AND CONCLUSIONS

We have investigated the ground-state properties of
bon isotopes in the framework of relativistic mean-fie
theory using the self-couplings ofs andv mesons. Calcula-
tions performed in the axially deformed configuration sh
that many carbon isotopes except those with magic neu
numbers are significantly deformed. The force NL-SH w
the scalar self-coupling is shown to give a highly deform
prolate shape for10C in the lowest-energy state. Howeve
the forces NL-SV1 and TM1 with the scalar and vector se
couplings predict an oblate shape for this nucleus. An ob
shape for10C is also shown to occur with NL-SH, howeve
in the secondary minimum. For12C, the quadrupole defor
mation obtained with the various RMF forces is in go
agreement with the values obtained from various exp
ments.

For all other isotopes aboveA516, predictions on the
-
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deformation of nuclei are similar in the scalar self-coupli
and scalar-vector self-coupling models. Both the models p
dict an oblate shape for the heavier carbon nuclei. The
topes 18C, 20C, and 22C are predicted to be well deformed
The relative magnitude of the quadrupole deformations
quadrupole moments is largest for TM1 and it is seen t
deformations produced by NL-SH are slightly smaller th
those of NL-SV1. It is observed that NL-SH exhibits th
phenomenon of shape coexistence for several carbon
topes whereas such a feature is presented by TM1 and
SV1 only for 10C where this nucleus is predicted to posse
a very large prolate deformation in the secondary minim
lying only 0.5 MeV above the lowest-enery state with N
SV1 and 0.9 MeV above the lowest-energy state with TM

The relative quadrupole deformations of the neutron a
proton mean fields show that for lighter carbon isotopes
neutron and proton fields have almost comparable defor
tions in all the models. However, isotopes aboveA516
show significant differences in the deformations of the n
tron and proton mean fields. The quadrupole deformation
neutrons is found to be larger than the corresponding pro
deformation for the heavier carbon isotopes. The magnit
of the difference in the neutron and proton deformations
higher with the forces with the scalar-vector self-coupli
than with the scalar self-coupling alone.

The rms matter and neutron radii obtained with the sca
and scalar-vector self-coupling model in RMF theory ag
well with the experimental values on the matter and neut
radii deduced from the total reaction cross sections. The n
tron radii for the carbon isotopes show a gradual incre
with an increase in the neutron number. Such a behavio
predicted by all the forces we have employed. However,
increase in the neutron radius and consequently the ra
extension of neutrons in space for very neutron-rich carb
nuclei are not so much as to characterize it as a neutron h
This conclusion is in accordance with the earlier results
tained on carbon nuclei using spherical relativistic Hartr
Bogoliubov calculations@34#. A similar statement can be
made for carbon nuclei in the vicinity of the proton drip lin
that the proton halo for these nuclei is suppressed.

The single-particle structure and the occupancy of lev
near Fermi surface show that in the midst of a large de
mation for the nuclei18C, 22C, and 22C, there is a pro-
nounced gap in the shell structure. We have also looked
the levels which contribute significantly to a large value
deformation in these nuclei. It is shown that the magnitude
deformation in some carbon isotopes is akin to a superde
mation. The isotope20C in its lowest-energy state and10C in
the secondary minimum exemplify this behavior. Such la
deformations are produced predominantly in the sca
vector self-coupling model. These predictions of deformat
properties change only a little from the force NL-SV1
TM1.
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