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Structure of exotic nuclei and superheavy elements in a relativistic shell model
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Department of Mathematics and Theoretical Physics, Atomic Energy Authority, P.O. 13759, Cairo, Egypt

~Received 17 May 2000; published 2 March 2001!

We have carried out a study of the structure of heavy exotic nuclei and superheavy elements in the frame-
work of the relativistic mean field~RMF! theory, adopting a new relativistic force,~NL-RA1!. Pairing corre-
lations, are treated in the Bardeen-Cooper-Schrieffer formalism with a constant gap approximation, adopting a
new model for the energy gap, where a Gaussian shape distribution depending on the particle numbers is
assumed. This pairing model is found to successfully describe heavy open shell nuclei. The new relativistic
force NL-RA1 successfully reproduced the ground state properties of finite nuclei as well as nuclear matter.
This force is used to study the structure of Sn and Pb isotopic chains, while considering extreme values of
isospin. It is found that the binding energies, neutron and proton rms radii, and neutron skins are fairly
described. Furthermore, the charge rms radii, and the anomalous kind in the isotopic shifts of the charge radii
of the Pb isotopic chain are also well described by the NL-RA1 force. In comparison with other relativistic
forces like, TM1, NL-SH, and NL1 it is found that the TM1 force could describe the binding energy, while it
overestimates the charge radii of Pb isotopes. The NL-SH produced larger binding in the lighter side of208Pb
and smaller charge radii. The NL1 force shows systematic discrepancies in both the binding energies as well
as the charge radii, due to their larger symmetry energies. Other relativistic forces, like NL-Z and NL-Z2, have
also been tested and found to largely overestimate the charge radii of Pb isotopes. We also investigated the
ground state properties of superheavy elements in the regionZ>98 and it is found that the NL-RA1 force
fairly described the binding energy. The element184

298114 is predicted to be the next spherically doubly magic
superheavy nucleus to208Pb, where a large stable two-proton gap for theZ5114 proton shell on the order of
3 MeV, depending on the effective interaction and pairing model, has been predicted. We also found strong
evidence of other spherically doubly magic superheavy elements, such as the element172

292120.

DOI: 10.1103/PhysRevC.63.044303 PACS number~s!: 21.60.Cs, 24.10.Jv
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I. INTRODUCTION

The study of exotic nuclei is one of the main frontiers
nuclear structure research@1–5#. It can provide more basic
data, now for increasingly unstable systems, that will help
answering the open questions in the nuclear structure the
ranging from the understanding of the interaction betwe
nucleons in the nuclear medium and its relationship to
underlying fundamental interactions to the understanding
the many-body manifestations of the nucleus as a system
correlated fermions. A prominent example is the better
derstanding of shell structure reached by seeing how clos
can develop as proton and neutron numbers change. Inv
gations at the limits of existence, at and even beyond the
lines, have developed a new completely unforeseen struc
They present interesting problems in themselves and lea
a deeper comprehension of the nucleus in general.

For nuclei far from stability a very interesting aspect is
increase of their radial dimension with decreasing part
separation energies@6–10#. Extreme cases are halo nucle
loosely bound few-body system, and the existence of neu
skins. These skins change the nuclear properties, such a
rapid increasing in the nuclear radii, and on the other h
can provide an opportunity for studying the behavior of a
normal nuclear matter with very large isospin. This could
helpful in improving the reliability of calculations of neutro
star properties. The weak binding and corresponding loo
ness of the particle continuum, together with the need for
explicit treatment of few-body dynamics, makes the theo
ical study of these subjects both extremely interesting
0556-2813/2001/63~4!/044303~12!/$20.00 63 0443
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difficult @2#. A better theory for nuclear many-body system
should handle the new phenomena of exotic nuclei as we
of superheavy elements.

The study of superheavy elements has been a hot topic
the last two decades. Evidence of several new elements
the atomic numbersZ5109–112@11–13#, the new isotopes
265106, 266106, 273110 @14–17#, and, more recently, the el
ement293118 and several of itsa-decay daughter nuclei@18#
have added to the momentum of the activity in the pursui
the superheavy nuclei@19–25#. These discoveries were ce
tainly the outstanding highlights at the top of the period
table, and on the other hand, have clearly demonstrated
existence of shell-stabilized nuclei.

An interesting theoretical approach that recently proved
be very powerful for an effective microscopic description
nuclear systems is the relativistic mean-field~RMF! theory
@26–48#. The RMF theory explicitly includes mesonic de
grees of freedom and describes the nucleons as Dirac
ticles. Nucleons interact in a relativistic covariant mann
through the exchange of the isoscalar scalar self-couplins
meson, the isoscalar vectorv meson, the isovector-vectorr
meson, and the photon. The model is based on the one-b
exchange description of the nucleon-nucleon interaction.
RMF theory has the advantage that, with the proper rela
istic kinematics and with the mesons and their proper
already known or fixed from the properties of nuclear mat
and of a small number of known nuclei, the method giv
excellent results for the binding energies, root mean squ
~rms! radii, quadrupole and hexadecapole deformations,
other nuclear properties of nuclei. The role of relativity in t
short-ranged region of nuclear force and its effect in prod
©2001 The American Physical Society03-1
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ing saturation at the correct density and binding energy
nuclear matter is now being recognized@49#. Another major
attractive feature of the RMF approach is that the spin-o
interaction and the associated nuclear shell structure co
out naturally as arising from meson-nucleon interactio
The inclusion of ther meson takes care of the neutron pr
ton asymmetry. Recently, the pseudospin symmetry of
nuclear shell model has been understood as a relativ
symmetry@38#.

The RMF theory has been used by many authors to st
stable, unstable, and superheavy nuclei@6,21–48#, employ-
ing different RMF forces. However, various usually em
ployed RMF forces, which give a fair description of norm
stable nuclei, give quite different predictions for unstab
nuclei @39# and superheavy elements@22–25#. For example,
Greiner and collaborators@22–24# perform detailed compari
sons of various RMF parametrizations~as well as various
nonrelativistic Skyrme parametrizations! for the superheavy
nuclei. They found that total energies are less well rep
duced and the forces show different isotopic and isoto
trends, even for the known superheavies@22,23#. Further-
more, shell closures, deformations, and stability have b
found to depend strongly on the parametrization. A sim
conclusion has been obtained in@25# when investigating the
new element 118 and several of its alpha-decay daug
nuclei, through various RMF forces.

In this work we study exotic nuclei and superheavy e
ments in the framework of the RMF theory, adopting a n
relativistic force. Pairing correlations are treated through
Bardeen-Copper-Schrieffer~BCS! formalism by introducing
a new model for the energy gap. This paper is organized
follows. Section II presents a summary of the RMF approa
with results of our new force for nuclear matter and clos
shell nuclei in comparison with different RMF forces. In Se
III pairing correlations are discussed in detail. Numerical c
culations of the ground state properties of Sn and Pb isot
chains are presented and discussed in Sec. IV, with a c
parison of the available experimental data as well as w
various RMF forces. The predictions for superheavy e
ments are presented and discussed in Secs. V and VI w
comparison of other theoretical predictions. Finally, Sec.
presents a summary and conclusion.

II. THEORY

The Lagrangian density for Dirac nucleons interacti
with the scalar self-couplings-meson fieldF, the self-
coupling neutral vectorv-meson fieldVm(m50,1,2,3), the
isovector-vectorr-meson fieldrW m, and the electromagneti
fields Am, is written as@22–48#

L5c̄ i~gmi ]m2M !c i1
1

2
]mF]mF2

1

2
ms

2F22
1

3
b2F3

2
1

4
b3F42gsc̄ ic iF2

1

4
VmnVmn1

1

2
mv

2 VmVm

1
1

4
c3~VmVm!22gvc̄ ig

mc iVm2
1

4
B¢ mnB¢ mn1

1

2
mr

2rW mrW m

2grc̄ ig
mtWc irW m2

1

4
FmnFmn2ec̄ ig

m
11t3i

2
c iAm . ~1!
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Vectors in isospin space are denoted by arrows. The D
spinorc i represents the nucleon with massM. ms , mv , and
mr are the masses of thes meson, thev meson, and ther
meson, respectively. The meson-nucleon coupling consta
gs , gv , andgr , and the meson masses are parameters
justed to fit nuclear matter data and some static propertie
finite nuclei.Vmn,B¢ mn, andFmn are field tensors@26–36#. t3
is the third component of the isospin.

To describe the ground-state properties of finite nuclei
need a static solution of the above Lagrangian. For this c
the meson and electromagnetic fields are time independ
whereas the nucleon wave functions oscillate with the sing
particle energye i . Further due to time-reversal symmet
the vector~spatial! parts of the vector and electromagne
potentials vanish. The charge conservation implies that o
the third component of the isovector-vector fieldr0 contrib-
utes to the interaction with nucleons. Under these conditi
variation of the action integral give the following Eule
Lagrange field equations for the nucleon, meson, and pho
fields

F2 i a¢ •“W 1bM ~r !*1gvV0~r !1grt3r0~r !1e
11t3

2
A0~r !G

3c i~r !5e ic i~r !, ~2!

d2F0~r !

dr2
1

2

r

dF0~r !

dr
2ms

2F0~r !

5gsrs~r !1b2F0
2~r !1b3F0

3~r !, ~3!

d2V0~r !

dr2
1

2

r

dV0~r !

dr
2mv

2 V0~r !52gvrv~r !1c3V0
3~r !,

~4!

d2r0~r !

dr2
1

2

r

dr0~r !

dr
2mr

2r0~r !52grrr~r !, ~5!

d2A0~r !

dr2
1

2

r

dA0~r !

dr
52erc~r !. ~6!

We have neglected the contribution of antiparticle
M (r )* „5M1gsF0(r )… is the effective mass of the nucleon

The Lorentz scalar, baryonic, isovector, and charge d
sities,rs ,r,rr , andrc are given by

rs~r !5(
i 51

G

ni c̄ i~r !c i~r !, ~7!

r~r !5(
i 51

G

ni c̄ i~r !g0c i~r !, ~8!

rr~r !5(
i 51

G

ni c̄ i~r !g0t3ic i~r !, ~9!
3-2
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rc~r !5(
i 51

G

ni c̄ i~r !g0
11t3i

2
c i~r !, ~10!

where the occupation probabilityni is introduced to allow
for a pairing treatment of open shell nuclei. The size of
valence space,Gp or Gn , is chosen to include all occupie
states up to the magic shell just being opened; thus for m
nuclei there will be no pairing. The total binding energy
the system derived from the above RMF Lagrangian is gi
by @26–30#

E5Epart1Es1Ev1Er1Ec1Epair2Ec.m.. ~11!

The Epart is the sum of the single-particle energies of t
nucleonse i , weighted by the pairing probabilityni . Es ,
Ev , Er , Ec , and Epair are the contributions of the meso
fields s, v, andr, the Coulomb field, and pairing energ
The effect of pairing interaction has been added for op
shell nuclei in the BCS formalism with a constant gap a
proximation. Pairing will be discussed in detail in the ne
section. TheEc.m.5

3
4 41A21/3, is the nonrelativistic approxi-

mation for the center-of-mass energy.
The coupled field equations~2!–~10! are solved self-

consistently employing different RMF forces. As discuss
in Sec. I, most of the RMF parameter sets, which satisfa
rily described stable nuclei, give different predictions f
both exotic nuclei and superheavy elements. This could
due to the fact that the parameters of these different rela
istic forces have been adjusted to reproduce some prope
of stable nuclei and nuclear matter, which could be insu
cient to determine a well definite RMF parameter set. Mo
over, the compressibilityK of nuclear matter, which is no
determined well in experiment, increases the ambiguitie
the determination of the RMF parameters.

It is worth mentioning that in@34#, we have studied the
ability of removing some of the ambiguities in the determ
nation of the RMF parameter sets by deriving a RMF for
NL-RA, from Dirac-Brueckner-Hartree-Fock~DBHF! calcu-
lations of nuclear matter@49–53#, which on the other hand
is a better account of nuclear correlations. However,
force could not describe unstable nuclei and superhea
better than some other RMF forces. In the DBHF calcu
tions the two-body correlations are exactly included, by su
ming over all second-order ladder diagrams. However, o
many-body effects such as three-body forces and the e
of quantum vacuum are important and should be explic
included. Thus the determination of a unique realistic RM
parameter set is very difficult and tedious. At present, o
could determine a good RMF parameter set by investiga
most of the present sets in describing many different p
nomena of nuclear systems. In fact, this is one of the m
goals of studying nuclei far from stability as well as sup
heavy elements, where the isotopic properties of differ
nuclear forces can be tested. In@22–25# more investigations
have been performed on various RMF parameter sets,
as NL1 @29,32#, NL-Z @29,32#, PL-40 @29#, NL-SH @35#,
TM1 @37#, and the two recent forces NL-Z2@24# and NL-
VT1 @24# ~as well as nonrelativistic Skyrme parametrizatio
@24#!, in describing finite nuclei and superheavy elemen
04430
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Although, these forces have been found to describe the p
erties of finite nuclei within acceptable errors, there are s
nificant differences between them which, as expect
greatly affected the predictions of superheavy eleme
These differences can be summarized as follows. There
differences in surface properties. Most forces perform v
well in that respect, but the forces NL-SH and TM1 produ
a too small surface thickness and do not work as well
fission calculations. There are differences in the effect
mass. The forces NL-Z, PL-40, and NL-Z2 have low effe
tive mass, which is expected to affect the level density a
shell structure for large systems@24#. There are differences
in the equation of state. The forces NL-Z, PL-40 and t
more recent ones NL-Z2 and NL-VT1 produce a very s
equation of state with too small incompressibility. For e
ample, the PL-40 force hasK5166 MeV, which is much
smaller than the lowest value deduced from the experime
data ('200 MeV). There are differences in the symmet
energy. The forces NL1, NL-Z, PL-40, NL-Z2, and NL-VT
have much larger symmetry energy than the others. There
differences in describing the energy levels and all the re
tivistic forces have problems in describing single-particle e
ergies below the Fermi energy as well, especially for lar
systems@24#. There are differences in the spin-orbit splittin
although most of the RMF forces perform well in that r
spect. There are differences in the description of neutron
nuclei as well as superheavy elements, which will be d
cussed in detail in the next sections.

In this work we introduce a new relativistic force, NL
RA1, which could better describe the isotopic properties
nuclei as well as most of the other nuclear properties.
also perform a detailed comparison between the predict
of different RMF parameter sets for nuclear matter, sta
and unstable nuclei, as well as superheavy elements. In
determination of the new relativistic parameters NL-RA1 w
fix the masses of the nucleon,v meson, andr meson to their
experimental values and fit the mass of thes meson, which
is not well determined from experiments, and the coupl
constants in order to simultaneously reproduce the cor
ground state properties of a wider range of finite nuclei
well as the saturation properties of nuclear matter. The
tained parameter set, NL-RA1, is listed in Table I, with
predictions for nuclear matter~see also Fig. 1!. For compari-
son we presented in Table I and Fig. 1 results for NL
NL-SH, and TM1 forces, which currently used in RMF mo
els @22#. The results for the binding energies and charge r
radii as well as the single-particle energies of closed s
nuclei ranged from16O to 208Pb, which are obtained by
solving the relativistic mean field equations~1!–~11!, em-
ploying the new NL-RA1 force, which are presented
Tables II and III. These tables present results for NL-SH a
TM1 forces for comparison.

For the case of nuclear matter, Fig. 1 and Table I sh
that all forces give almost similar binding energy per parti
and saturation density but they give different compressib
ties. The NL1 gives a softer equation of state withK
5211.7 MeV. The NL-RA1 and TM1 forces give equatio
of states withK5285 and 281 MeV, respectively. The valu
of K deduced from the breathing mode is aboutK5210
3-3
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M. RASHDAN PHYSICAL REVIEW C 63 044303
630 MeV, while recent investigations@54# deduced larger
values ofK'300630 MeV. Thus both NL-RA1 and TM1
forces predicted the recent values ofK, while NL1 predicted
that of the breathing mode, which is smaller. The NL-S
gives a stiffer equation of state with larger compressibili
K5355 MeV. Another major difference comes from th
asymmetry parameter, which is important in describing
asymmetry prosperties of nuclear systems. The NL1 fo
produced a much larger valueasym'43 MeV, and thus pro-
duces lager symmetry energies, while the other forces
duced a reasonable value'36 MeV, which is closer to the
empirical value'32 MeV.

One also notices that both the NL-RA1 and TM1 forc
predict almost similar binding energy per nucleon up
nuclear matter densities less than and around 0.2 fm23, as
seen from Fig. 1. For densities larger than 0.2 fm23 the TM1

TABLE I. The new relativistic NL-RA1 parameter set with it
predictions for nuclear matter in comparison with the NL-SH, NL
and TM1 parameter sets@20#.

Parameter NL-RA1 NL-SH NL1 TM1

M ~MeV! 939 939 938 938
ms ~MeV! 515.7 526.059 492.25 511.198
mv ~MeV! 783 783 795.25 783
mr ~MeV! 763 763 763 770
gs 10.362 31 10.4436 10.138 10.0289
gv 12.921 154 12.945 13.285 12.6139
gr 4.405 879 5 4.383 4.976 4.6322
b2 (fm21) 210.059 947 26.909 91 212.172 27.2325
b3 227.5565 215.8337 236.265 0.6183
c3 0 0 0 71.3075

M* /M 0.6 0.6 0.57 0.634
asym ~MeV! 36.1 36.1 43.6 36.9
K ~MeV! 285 354.95 211.7 281
r0(fm23) 0.1466 0.146 0.154 0.145
E/N ~MeV! 16.15 16.4 16.328 16.3

FIG. 1. The binding energy per nucleon in nuclear mat
against nuclear matter density calculated by NL-RA1 force in co
parison with NL-SH, NL1, and TM1 forces.
04430
,

e
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force predicted larger binding due to the self-interaction te
of the v-meson exchange. This is one of the main diffe
ences between the TM1 force and the other relativis
forces. This term, which on the other hand increases the
rameters of the RMF model, gives more binding at high

,

r
-

TABLE II. The binding energy per particle and charge radii
stable nuclei calculated, by solving the relativistic field equatio
@1–11#, employing the relativistic NL-RA1 force in compariso
with the NL-SH and TM1 forces and with experiments.

NL-RA1 NL-SH TM1 Expt.

16O E/A ~MeV! 28 27.933 28.06 27.98
r ch ~fm! 2.66 2.64 2.65 2.760.05

40Ca E/A ~MeV! 28.55 28.5 28.62 28.55
r ch ~fm! 3.44 3.46 3.43 3.45

48Ca E/A ~MeV! 28.67 28.66 28.666 28.67
r ch ~fm! 3.42 3.41 3.424 3.47

56Ni E/A ~MeV! 28.65 28.66 28.59 28.64
r ch ~fm! 3.7 3.7 3.73 3.75

100Sn E/A ~MeV! 28.3 28.32 28.3 28.26
r ch ~fm! 4.46 4.46 4.48 —

132Sn E/A ~MeV! 28.37 28.39 28.36 28.36
r ch ~fm! 4.69 4.68 4.71 —

208Pb E/A ~MeV! 27.87 27.9 27.88 27.87
r ch ~fm! 5.5 5.48 5.52 5.5

TABLE III. ~a! Proton and~b! neutron single-particle energie
and spin-orbit splittings calculated by NL-RA1 in comparison w
NL-SH and TM1 forces and experimental values.

NL-RA1 NL-SH TM1 Expt.

~a!
16O 1s1/2 ~MeV! 237.52 237.86 236.52 24068

1p3/2 ~MeV! 218.08 218.34 217.73 218.4
1p1/2 ~MeV! 211.53 211.6 212.16 212.1
des.o. ~MeV! 6.55 6.74 5.57 6.3

40Ca 1s1/2 ~MeV! 245.43 245.33 243.5 25068
1p3/2 ~MeV! 230.32 230.66 229.44 23465
1p1/2 ~MeV! 225.9 226.35 225.95 23466
1d5/2 ~MeV! 215.57 215.9 215.18 21462
2s1/2 ~MeV! 29.43 28.83 29.11 21061
1d3/2 ~MeV! 28.87 29.04 29.5 2761

~b!
16O 1s1/2 ~MeV! 241.72 242.08 240.7 245.7

1p3/2 ~MeV! 221.98 222.3 221.63 221.8
1p1/2 ~MeV! 215.4 215.4 216.01 215.7
des.o. ~MeV! 6.58 6.9 5.62 6.1

40Ca 1s1/2 ~MeV! 253.58 253.5 251.6 261.5
1p3/2 ~MeV! 238.12 238.5 237.22 261.5
1p1/2 ~MeV! 233.71 234.2 233.74 242.1
1d5/2 ~MeV! 223.03 223.4 222.64 223.6
2s1/2 ~MeV! 216.8 216.2 216.45 218.2
1d3/2 ~MeV! 216.24 216.48 216.91 215.6
3-4
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densities. This is also seen in Table II, where larger bindi
are obtained for16O ~129 MeV! and 40Ca ~845 MeV!, since
these nuclei have relatively large central densities. In fact
TM1 force has been designed for nuclei withZ larger than
20, while for Z<20 another parameter set, TM2, has be
introduced@37#, which presents some kind of discontinui
in the RMF parameters.

Tables II and III show that the binding energies, radii, a
single-particle energies are well described by NL-RA1 for
The NL-SH gives lower binding for40Ca, while the TM1
force gives larger binding for16O and 40Ca. These two
forces give larger binding for208Pb. A slightly smaller
charge radius for208Pb is predicted by the NL-SH force
while TM1 predicts a slightly larger radius. The results of t
energy levels and spin-orbit splitting are also quite intere
ing. The NL-SH and TM1 forces predicted a wrong prot
and neutron level ordering for40Ca, where the levels2s1/2
and 1d3/2 are interchanged, while the NL-RA1 force predic
the correct level ordering, as seen from Table III~a! and~b!.
This table also shows that the NL-RA1 force better descri
the spin-orbit splittingdes.o.(5 1p1/22

1p3/2) in 16O, where
the relative errors,udes.o.

cal2des.o.
exptu/des.o.

expt, in percent for NL-
RA1, NL-SH, and TM1 are about 4, 7, and 12, respective
for protons and 8, 13, and 8 for neutrons.

III. PAIRING CORRELATION

For open shell nuclei pairing correlations are usua
treated by the BCS formalism or by a density depend
approach. For example, Ring and collaborators@29,41–46#
treated pairing correlation self-consistency through the r
tivistic Hartree-Bogoliubov approach. In that approach
two-body force for pairing correlation, such as the pheno
enological finite-range Gogny force@55#, has been used.

In the present work pairing correlations are treated by
BCS formalism by introducing a new model for the ener
gap. In the BCS formalism the occupation probability
given by

ni5
1

2 F11
e i2l

A~e i2l!21D2G , ~12!

wherel is the Fermi energy for neutrons or protons det
mined by imposing the condition

(
i 51

G

ni5Nn or Np . ~13!

This pairing contributes a quantity to the energy

Epair52D(
i 51

G

Ani~12ni !. ~14!

In the following we consider two approximations for th
energy gapD. The first is the usual empirical average fo
mula of Bohr and Mottelson@56#

Dn5Dp5D511.2/AA MeV. ~15!
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We denote this approximation forD by model I, or shortly,
D I. One can also use the empirical mass difference form
for the energy gapsDn,p @56# in order to describe odd an
even proton or neutron numbers. However, the experime
masses are not available for most of drip-line nuclei, es
cially that with extreme values of isospin, as well as most
the superheavy elements. In this work we approximateDn,p
by the following Gaussian distribution model:

Dn,p5H an,p exp2S Nc

Nn,p
D 2

for Nn,p<Nc ,

an,p exp2S Nn ,p

Nc
D 2

for Nn,p.Nc,

~16!

where

Nc5 1
2 ~Nc11Nc2!. ~17!

Nc1 andNc2 are taken to be the two nearest magic numb
of Nn or Np , i.e.,Nc1,Nn,p,Nc2 . an,p is a strength scaling
parameter which should, in principle, depend on the part
numbers as well as the effective interaction. In this work
consider, as an approximation, a constant value of this
rameterap5an55 ~5.5! MeV for odd ~even! neutron or
proton numbersNn or Np . We denote this model of the
energy gap by model II or shortly,D II.

Model II for the energy gap has been tested for open s
nuclei and it is found to better describe heavy nuclei. F
example, for238U we get for the binding energy, employin
the relativistic force NL-RA1, the value21800.5 MeV,
which is very close to the experimental bindin
21801.7 MeV. Model I gives the value21793 MeV. The
corresponding values of the energy gap obtained from E
~15! and ~16! are Dp5Dn50.726 MeV in model I andDp
51.53 MeV andDn51.65 MeV in model II. For90Zr model
I gives 783 MeV for the binding energy, while model
gives 784.6 MeV, which is closer to the experimental va
;784 MeV. In this caseDp increases from 1.18 MeV in
model I to 1.92 MeV in model II. The changes in the rm
radii are found to be small, especially for stable nuclei. F
example, for238U both the charge and proton radii are foun
to have very small changes and the neutron radiusr n is
slightly increased from 6.056 fm in model I to 6.065 fm
model II. This slight change in the neutron radii increases
neutron skin,r n2r p , from 0.264 to 0.276 fm.

For pairing model II has also been tested for the availa
experimental binding for nuclei heavier than238U and it is
found to well describe the binding energies. However,
order to better describe the separation energy for superhe
est, withZ>98, the parametersNc1 , Nc2, andan are modi-
fied. For the case of protons withNp>98 we consider the
values 82, 114, and 126 forNc1 and the corresponding val
ues ofNc2 are considered to be 126, 228, and 228, resp
tively. For neutronsNc1 is assumed to take the values 12
172, and 184 and the corresponding values ofNc2 are taken
to be 216, 216, and 238. The parameteran is increased, only
for the case of neutrons, to 6~6.5! MeV for odd ~even! neu-
tron numbersNn . This modification of the parameters of th
3-5
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pairing model II are only considered for superheavy e
ments that will be discussed in detail in Secs. V and VI.

IV. EXOTIC NUCLEI

In this section we are interested with exotic nuclei in t
heavy region, such as Sn and Pb isotopes. The Sn isot
are of particular interest for nuclear structure and also as
physical questions because of the closure of theZ550 pro-
ton shell. The known isotopes cover the range from the p
ton dripline at 100Sn to the doubly magic132Sn nucleus
which is alreadyb unstable. Here, we are mainly interest
in investigating the isotopic properties of the relativistic e
fective interaction NL-RA1, and as a more general aspec
test relativistic interactions, determined from symmet
nuclear matter and stable nuclei in regions far off stabilit

Relativistic mean-field calculations employing the N
RA1 force and experimental binding energies are compar
Figs. 2 and 3 for Sn and Pb isotopes. The separation ene
for Sn isotopes are shown in Fig. 4. As shown from the
figures the NL-RA1 force gives a fair description of the e
perimental binding for both Sn and Pb isotopes, especi
with model II pairing. Figures 2 and 3 also show that arou

FIG. 2. The binding energy per particle for Sn isotopes,E/A,
against mass numberA calculated by NL-RA1 force and usin
model II ~solid! and model I~dashed! for pairing.

FIG. 3. The same as Fig. 2 but for Pb isotopes.
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50Sn, 132Sn, and 208Pb the binding energies calculated b
modelsD I andD II are close together, since nuclei at the
regions are almost spherical. The strongest binding is
tained for the case of Sn isotopes, at116Sn, consistent with
experiments. The experimental minimum of208Pb isotopes is
also reproduced, as shown from Fig. 3. At the magic shel
strong sudden decrease is observed in the two-neutron s
ration energy, as expected~see Fig. 4!. The magic jump in
the two-nucleon separation energy

S2n~N,Z!5E~N22,Z!2E~N,Z!,

S2p~N,Z!5E~N,Z22!2E~N,Z! ~18!

is of quite some interest since it can be used for measu
shell closures in the superheavy element, as will be discus
in Sec. VI.

In comparison with the other relativistic forces we foun
that the NL-SH and TM1 forces predict a relatively larg
binding for Sn and Pb isotopes. The results for Pb isoto
calculated using NL-SH, TM1, and NL1 are shown in Fig
5, 6, and 7, respectively. The NL1 force shows a system
deviation, where it predicts a larger binging for isotop
lighter than212Pb, while it predicts a much smaller binding
where the binding energy decreases more and more with
creasing neutron numbers, for isotopes heavier than212Pb, as
shown from Fig. 7. This great discrepancy of NL1 is inev
tably due to the large asymmetry energy predicted by

FIG. 4. The two neutron separation energies of Sn isotopes

FIG. 5. A comparison between NL-RA1~see Fig. 2! and NL-SH
for the binding energies of Pb isotopes.
3-6
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force. The NL-SH and TM1 forces predict slightly larg
binding, especially for isotopes around and lighter th
208Pb.

Neutron density distributions for several Sn and Pb i
topes are displayed in Figs. 8 and 9, calculated by NL-R
using model II for pairing. Figures 10 and 11 display prot
and neutron rms radii for Sn and Pb isotopes. The neu
densities show a more drastic evolution. For Sn isotop
beyond 132Sn an extremely thick neutron skin builds u
leading to a sudden jump in the neutron rms radii. The n
tron skin thickness is more clearly visible in Fig. 12 for S
isotopes, where the difference of the proton and neutron
radii is shown. The densities of Pb isotopes also show a th
neutron skin is building up for isotopes beyond208Pb. The
saturation of the rms values aroundA5132 in the case of Sn
isotopes and aroundA5208 in the case of Pb isotopes are
indication of the double magic nature of132Sn and 208Pb.
The increase is directly related to the shell structure in
heavy isotopes. For example, in the case of Sn isotope
A5132 the 1h11/2 shell is filled and pairing does not contrib
ute. At larger masses the neutron 3p subshells become popu
lated. Weak binding and the low angular barrier allow a la
extension of valence wave functions into the exterior, th
causing this extremely thick neutron skin.

A quite interesting observation is made from Fig. 12
the neutron-poor side. At the neutron-rich side the exc

FIG. 6. The same as Fig. 5 but for TM1 force.

FIG. 7. The same as Fig. 5 but for NL1 force.
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neutrons become less bound because of increasing repu
from the isovector potential. Sincep states and states wit
larger angular momentum are involved they are stored p
dominantly in the surface and tail region in the nucleus.
heavy isotopes the isovector interaction acts attractively
the proton sector and thus balances to a large extent
Coulomb repulsion. Since for nuclei with neutron and prot
numbers close together the isovector part of the mean-fi
becomes strongly suppressed the repulsion is no longer c
pensated and Coulomb effects become visible. Hence,
proton skin in the neutron-poor Sn nuclides is caused so
by the Coulomb interaction.

Finally, we investigate the anomalous behavior of t
charge radii of the isotopic chain of Pb isotopes. The cha
radii of Pb isotopes and their isotope shifts have been a m
ter of detailed discussion within the framework of nonre
tivistic @57# and relativistic mean fields@39,48#. The isotopic
chain of Pb nuclei exhibits a well-known kink in the beha
ior of the empirical isotope shifts. On the nonrelativistic sid
it has been found that most of the old Skyrme forces that
describe the isotope shifts on the lighter side of208Pb, using
a density-dependent pairing, cannot reproduce the iso
shifts of the heavier counterparts@57#. On the relativistic
side, the charge radii and isotope shifts of208Pb have been

FIG. 8. Neutron density distributions of several Sn isotop
ranging fromA5112 to 160, calculated by the NL-RA1 force an
using model II of pairing.

FIG. 9. The same as Fig. 8 but for Pb isotopes ranging fr
A5200 to 260.
3-7



H
t
ns
d
m
b

ic
la
ift
r
e

so
on
c-
,
nd
pe
ta
o
y
y
s

ced
i-
ller
r

is
ll

.
r
on-

duc-
,

f
n
e
nts

avy

of

te

the
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approximately reproduced by the relativistic force NL-S
@39#. Reinhard and Flocard@48# show that these differen
behaviors of the relativistic and nonrelativistic interactio
for the isotope shifts are related to the spin-orbit term use
the parametrization, where the nonrelativistic Skyrme para
etrization can approximately produce the isotope shifts
modifying the spin-orbit contribution to the nonrelativist
Skyrme energy density functional. In that work the nonre
tivistic Skyrme force SkI4 has reproduced the isotope sh
of Pb isotopes near the magic shells. However, more
cently, it has been shown, that the Skyrme force SkI4 ov
estimated the spin-orbit splitting of the protons in208Pb by
80% @24#.

Since most of the Pb isotopes close to208Pb are almost
spherical, it is interesting to study the charge radii and i
tope shifts of Pb isotopes within the present spherical c
figuration, employing the new relativistic effective intera
tion NL-RA1. Other relativistic forces like TM1, NL-SH
NL1, NL-Z, and NL-Z2 are also employed. Figures 13 a
14 show the charge radii and isotope shifts of Pb isoto
calculated by NL-RA1 in comparison with the experimen
data@58#. The isotope shifts are calculated using the meth
described in@39#. Results for the charge radii calculated b
TM1, NL-SH, and NL1 forces are plotted in Fig. 15 and b
NL-Z and NL-Z2 in Fig. 16. As shown from these figure

FIG. 10. Neutron and proton rms radii of Sn isotopes, calcula
by the NL-RA1 force and using model II for pairing.

FIG. 11. The same as Fig. 10 but for Pb isotopes.
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both the charge radii and isotope shifts are fairly reprodu
by the relativistic interaction NL-RA1. The TM1 overest
mates the charge radii, while the NL-SH predicts sma
radii. The NL-Z and NL-Z2 forces predict much large
charge radii, as shown from Fig. 16. Model II for pairing
found to slightly modify the radii in the lighter side as we
as in the heavier counterparts of208Pb, as shown from Fig
13. Around 208Pb models II and I for pairing give simila
radii, since these nuclei are almost spherical and pairing c
tributions are negligible.

V. SUPERHEAVY ELEMENTS

Recent years have witnessed great strides in the pro
tion of the heaviest nuclei. Notably, three new elementsZ
5110, 111, and 112, were synthesized at GSI@11–13#, Ber-
keley @14,15#, and Dubna@16,17#. More recently evidence o
the elementZ5118 and itsa-decay chains may have bee
observed at Berkeley@18#. These newly developed and th
coming experimental facilities produce more new eleme
and isotopes and the expected magicZ5114 seems to be in
reach.

In this work we are interested in these new superhe
elements as well as the new isotopes in the regionZ
5106–111. We also investigate the possible existence

d
FIG. 12. The same as Fig. 10 but for the neutron skin.

FIG. 13. The charge rms radii of Pb isotopes, calculated by
NL-RA1 force and using models I~dashed! and II ~solid! for pair-
ing in comparison with the experimental data.
3-8
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spherically doubly magic superheavy nuclei heavier th
208Pb. Theoretical estimates on the basis of the macrosco
microscopic approaches predicted the element184

298114 to be
the next spherical doubly magic superheavy nucleus to208Pb
@20,21#. On the other hand, most modern parametrization
self-consistent models shifted this property to larger pro
and smaller neutron numbers, where the nucleus172

292120 has
been predicted to be the next spherical doubly magic su
heavy nucleus@24#. It is thus quite interesting to perform
more investigations into superheavy elements within
present microscopic self-consistent model, employing
new relativistic interaction NL-RA1 as well as various rel
tivistic forces. First we test the NL-RA1 force for the bindin
energy of the known heaviest nuclei. Following@23# we used
the heaviest known nuclei starting withZ598 as a bench-
mark to estimate the predictive value of the forces and m
els. The most important, and for most superheavy nuclei
only quantitatively known, global ground-state property
the binding energy. The relative error of the binding ene

dE5
Ecal2Eexpt

Eexpt
~19!

in percent for the heaviest known nuclei calculated with N
RA1 force is plotted in Fig. 17. We also calculateddE,

FIG. 14. The same as Fig. 13 but for the isotopic shifts.

FIG. 15. The same as Fig. 13 in a comparison with NL-S
TM1, and NL1 forces.
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employing the forces NL-SH, TM1, and NL-Z2 for compar
son. Model II of pairing is used in these calculations.
shown from this figure the NL-RA1 force better describ
the isotopic trend, where the absolute value of the maxim
error is around 0.2%. One also notices that this force p
dicted reasonable slopes of the errors. The NL-Z2 force p
dicts a trend similar to the NL-RA1 force, also on the neg
tive side, but with larger errors. The NL-SH and TM1 forc
overestimate the binding energy. In@23# the relativistic
forces PL-40 and NL3 have been tested and they have b
found to predict a wrong isotopic trend, where relative
large positive and negative errors in the slopes have b
obtained. Slopes on the negative side have been obtaine
@23# only with the nonrelativistic Skyrme forces and the be
ter slopes have been predicted by the Skyrme force S
which, on the other hand, largely overestimates the spin-o
splitting in 208Pb.

In the next step we calculate the binding energies of
new elements and isotopes in the regionZ5106–111@22#.
Figure 18 shows the binding energies of the elements256104,
258105, 260106, 262107, 264108, 266109, 269110, and271111
calculated by the relativistic force NL-RA1, using model

FIG. 16. The same as Fig. 13 in a comparison with NL-Z a
NL-Z2 forces.

FIG. 17. The relative error in the binding energy in percent
the isotope chains of the heaviest known nuclei, calculated w
NL-RA1, NL-SH, TM1, and NL-Z2 forces.

,

3-9
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for pairing, in comparison with NL-SH, TM1, and NL-Z2
forces. The experimental data are listed in@20#. As shown
from Fig. 18 the NL-RA1 force gives a fair description of th
binding energy of all considered superheaviest nuclei. E
the trend of the experimental data, which includes a ben
Z5109, are exactly reproduced. The forces NL-SH a
TM1 produce larger binding, as in@22#, while the NL-Z2
force underbinds the binding energy, as shown in Fig. 18

VI. THE STRUCTURE OF THE ELEMENT 184
298114

All the heaviest elements found recently are believed
be well deformed. However, spherically doubly magic sup
heavy elements are still expected, such as the elem

184
298114, which was predicted phenomenologically and c
firmed recently by macroscopic-microscopic approac
@20,21# to be the next spherical double magic superhe
nucleus. In Fig. 19 we show the proton and neutron sing
particle levels of184

298114 calculated by the relativistic forc
NL-RA1 in comparison with NL-SH, TM1, and NL-Z2
forces. As indicated from this figure several spherically
perheavy nuclei could be predicted at the shell closureZ
5114, 120, and 138, and atN5164, 172, 184, 198, and 228
A small gap atZ5126 is predicted by NL-Z2. A quantity
which is important for measuring the magicity, is the tw
nucleon energy gap. The two-proton or neutron gap

d2p~N,Z!5E~N,Z12!22E~N,Z!1E~N,Z22!

d2n~N,Z!5E~N12,Z!22E~N,Z!1E~N22,Z! ~20!

are related to the two-nucleon separation energies and th
fore they can be used to quantify the magicity. At mag
shells a pronounced peak can be shown in the two-nuc
gap@23,24#. The two-proton gapd2p is shown in Fig. 20 for
the chainZ5114 and in Fig. 21 for theZ5120 isotopes.
These figures indicate a shell closure atZ5114 with a small
peak atN5184, and atZ5120 with a large peak atN

FIG. 18. The negative of the binding energies of the new sup
heavy elements and isotopes calculated by the NL-RA1 force
using model II for pairing in comparison with NL-SH, TM1, an
NL-Z2 forces. The experimental data~bold dots! are taken from
@20#.
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5172, depending on the effective interaction and pair
model. At the proton shellZ5114 the gap is stable. Model I
for pairing predicted gaps larger than 3 MeV for all forces,
seen from Fig. 20, which gives strong evidence of the e
ment 184

298114 as being the next doubly magic superheavy
ement. Although model I of pairing gives smaller gaps, as

r-
d

FIG. 19. Single-particle spectra of184
298114 for protons~top! and

neutrons~bottom! in a spherical shape predicted by NL-RA1, NL
SH, TM1, and NL-Z2, and using model II of pairing.

FIG. 20. Two-proton gap in the chain ofZ5114 isotopes cal-
culated with the relativistic forces NL-RA1, NL-SH, TM1, and NL
Z2, and with models I and II for pairing.
3-10
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STRUCTURE OF EXOTIC NUCLEI AND SUPERHEAVY . . . PHYSICAL REVIEW C63 044303
@23,24# at the proton shellZ5114, the forces NL-RA1 and
NL-SH predicted a two-proton gap slightly larger than
MeV, at N5184, which also indicates the element184

298114.
The present microscopic self-consistent calculations

consistent with those of the macroscopic-microscopic
proaches@20,21#. In comparison with the microscopic non
relativistic and relativistic calculations of@24# one finds that
in @24# the large gap has only been predicted for the elem

184
298114 by the Skyrme force SkI4, which largely overes
mated the spin-orbit splitting in208Pb. These different pre
dictions between our work and that of@24# are obviously due
to the effective interactions and pairing models. As indica
from the shell structure of the element184

298114, the possible
shell closure atZ5114 has been located between two sp
orbit coupled stats: the 2f 7/2 and 2f 5/2 levels. Thus a rela-
tively large spin-orbit splitting is required in order to in
crease the gap between the two 2f states. Additionally the
1i 13/2 state, which has a similar energy to the 2f states, has
to be pushed down. In this work, most of the relativis
forces~which almost predict a reasonable spin-orbit splitti
for finite nuclei! predicted a relatively large spin-orbit spli
ting between the two 2f proton states of184

298114. Further-
more, the 1i 13/2 state is localized below the 2f states, as see
from Fig. 19, which increases the gap atZ5114. Further-
more, the pairing model II, which has been found to be
describe the binding and separation energies, increase
two-nucleon energy gap at the proton shellZ5114 and the
neutron shellN5184, especially with a better choice of th
parameters of this model.

Finally, it is important to note that the element172
292120 is

also predicted in this work to be a spherically doubly ma
superheavy nucleus, consistent with@23,24#. This is shown
in Fig. 21, where a large pronounced peak is observed fo
forces and for models I and II of pairing, atN5172 for the
chainZ5120 isotopes~see also Fig. 19!.

VII. SUMMARY AND CONCLUSION

We have carried out a study of exotic nuclei and sup
heavy elements in the framework of the relativistic mea
field theory, which is very powerful for a microscopic d
scription of nuclear systems. We have introduced a n

FIG. 21. The same as Fig. 20 but at the proton shellZ5120.
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relativistic force, NL-RA1, which well describes finite nucle
and nuclear matter. Pairing correlations are treated by
BCS formalism by introducing a new model for the ener
gap. This model has been found to be important in describ
exotic nuclei as well as superheavy elements. Studying
nuclei far from stability and superheavy elements is qu
interesting since they provide a good test for effective int
actions and models derived from nuclear matter and sta
nuclei. The new relativistic NL-RA1 force has been found
give a fair description of Sn and Pb isotopes, where the bi
ing and separation energies, the proton and neutron radii,
the neutron distributions are better described. For Sn isoto
beyond 132Sn and for Pb isotopes beyond208Pb the neutron
densities and rms radii show an extremely thick neutron s
is building up, leading to a sudden jump in the neutron ra
The isotope shifts in208Pb isotopes and the charge radii a
also found to be fairly described by the NL-RA1 force. Di
ferent relativistic forces have been tested and they are fo
to give different predictions. For example, the NL1 for
showed great discrepancies, where it neither describes
binding energies of Pb isotopes nor the charge radii well,
to their larger symmetry energy. The TM1 force overes
mated the charge radii of Pb isotopes, while the NL-SH p
dicted smaller radii. The NL-Z and NL-Z2 forces overes
mated the radii larger than TM1.

The NL-RA1 force is used to study the well known s
perheavies in the regionZ>98 and the new superheavy el
ments and isotopes in the regionZ5106–111. Both the
binding energy and the isotopic trend are better described
NL-RA1, where the maximum error in the binding energ
has found to be less than 0.25%. The other relativistic for
present larger errors. We also investigated the possible e
tence of doubly magic superheavy elements that are hea
than 208Pb. The NL-RA1 as well as most of the relativist
forces, like the NL-SH force, gave strong evidence of t
element 184

298114 to be the next spherical doubly mag
nucleus, consistent with the predictions of macroscop
microscopic approaches. Several spherical doubly magic
perheavy elements are also predicted such as172

292120, consis-
tent with the microscopic calculations of Benderet al. @24#.
However, in@24# the element184

298114 has only been predicte
by the nonrelativistic Skyrme force SkI4 which, on the oth
hand, overestimates the proton spin-orbit splitting in208Pb
by 80% @24#. The relativistic forces used in this work hav
been tested for the spin-orbit splitting of finite nuclei a
they are found to give a quite good description, within
acceptable error. For example, the spin-orbit splitting for
proton 1g level in 208Pb predicted by the forces NL-RA1
NL-SH, TM1, and NL-Z2 are about 4.2, 4.3, 3.4, and 4
MeV, respectively. In comparison with the experimental d
~4 MeV!, the forces NL-RA1, NL-SH, and NL-Z2 overest
mate the proton spin-orbit splitting of this level by abo
5%, 7.5%, and 2.5%, while the TM1 force underbinds th
level by about 15%.

The pairing model used in this work~model II! has been
found to better describe the binding and separation energ
A quite interesting result of this model is that it can increa
3-11
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the two-nucleon gap at the proton shellZ5114 ~to be on the
order of 3.5 MeV, depending on the interaction! as well as
the neutron shellN5184 ~to be on the order 2.5 MeV!,
which is important for the evidence of the element184

298114.
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Thus both the effective interaction as well as pairing cor
lation are very important and should be treated carefully
order to better describe superheavy elements and nucle
from stability.
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