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Superheavy nuclei in a relativistic effective Lagrangian model
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Isotopic and isotonic chains of superheavy nuclei are analyzed to search for spherical double shell closures
beyondZ=82 andN=126 within the new effective field theory model of Furnstahl, Serot, and Tang for the
relativistic nuclear many-body problem. We take into account several indicators to identify the occurrence of
possible shell closures, such as two-nucleon separation energies, two-nucleon shell gaps, average pairing gaps,
and the shell correction energy. The effective Lagrangian model prédici¥2 andZ=120 andN=258 and
Z=120 as spherical doubly magic superheavy nuclei, wheMegk84 andZ=114 show some magic character
depending on the parameter set. The magicity of a particular ne(iroton) number in the analyzed mass
region is found to depend on the number of protémsutron$ present in the nucleus.
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I. INTRODUCTION and the unknown superheavy elements. With the advent of
In the last thirty years a continuing effort has been de-More experimental data, a commendable endeavor has been

voted to the investigation of superheavy nuclei both in ex-Undertaken in nuclear structure reseaf6/i2—-23 aimed at
erifying the reliability of the present theoretical models in

periments and in theoretical research. A fascinating challeng\ff1 - ; o ;
in the study of these nuclei is the quest for the islands of ' "égime of the heavier actinides and of the discovered

stability where the next magic numbers beydwd 126 and superheavy nuclei around=110, which requires deformed

Z=82 may be located. Experiments made at GSI, Dubna an Iculations. The fact that many of the observed data for

Berkeley have allowed the synthesis and detection of somg"IE are for odd-even decay chains renders the calculations
superheavy nuclei. For instance, light isotopes of the ele@nd the comparison with experiment even more complicated,

mentsZ=110. 111. and 112 have been obtained at GSI anaince the deformed level density is high and the observed

-’ : o . .. _huclei may be in isomeric states. Calculations with self-
Dubna[1-3]. They have been identified by their characteris consistent models of somedecay chaing20], deformation

%[%ei'ecii%"x rffgg}saxh'ef(h eI?:?E? d tt% zlereglg% rt;]g;vncéi(;ﬁgtr)eenst. nergy curves along the fission pg#%], and shell structures
P ’ %] find that there is a gradual transition from well-deformed

with the predicted occurrence of a deformed magic shell cloy, e around the deformed=108 andN=162 shell clo-
sure aZ=108 andN=162(see, e.g., Ref§4—6)). Firstdata g re5 o spherical shapes approaching larger superheavy nu-
of some heavier and more neutron-rich isotopes of atomig|ei around the putativhl=184 magic neutron gap, in quali-
number Z=112(N=171), Z=114(N=173-173, and Z  taiive agreement with the earlier studies in mac-mic and
=116(N=176) produced by means of fusion reactions havesemiclassical models. Still, the Hartree-Fock model mass
also been measured at Dubjm. formula of Ref.[26] predicts large deformations in many of
Theoretical predictions made at the end of the sixtieghe isotopes oZ=114 and in almost all of th&=120 iso-
pointed towards the existence of an island of long-lived sutopes. As pointed out in some recent works, the description
perheavy element$SHE) centered aroundN=184 andZ of deformed SHE may require to consider triaxial deforma-
=114 [8-11. The nuclei around the hypothetical doubly tions and reflection-asymmetric shajés,27,28 (Ref. [29]
magic elemen£®®114 were expected to be nearly sphericalpioneered the relativistic mean field triaxial calculatipris
with longer half-lives. Such superheavy nuclei, having a negis even possible that there exist isolated islands of stability
ligible liquid-drop fission barrier, would be stabilized mostly associated with exoti¢gsemibubble, bubble, toroidal, and
by quantal shell effects. Many of the more recent theoreticabandlike topologies in nuclei with very large atomic num-
works on superheavy nuclei are based on the nuclear mediers[20,30,31.
field approach and can be classified in two main groups. On Another long-standing goal of the nuclear structure stud-
the one hand, we have the macroscopic-microscopic modelss in the field of superheavy nuclei has been to establish the
which include a liquid-drop contribution for the part of the location inN and Z of the nextspherical doubleshell clo-
energy which varies smoothly with the numb&rof nucle-  sures for elements heavier th&iPb, and of the largest shell
ons, and a shell correction contribution obtained from a suiteffects which are a necessary condition for the stability of
able single-particle potential for the fine tuning. On the othelSHE against fission. In this context, most of the calculations
hand, there are the self-consistent Hartree-Fock or Hartreggublished in the literature are performed in spherical symme-
calculations based on Skyrme forces or on the relativistidry. It is well established that the macroscopic-microscopic
nonlinearo—w model, respectively. calculations predict spherical shell closuresZat114 and
The nuclei in the range arourgl~ 110 already detected N=184[4]. In self-consistent calculations, however, the pro-
in experiments bridge the gap between the known actinidewn and neutron shell structures strongly affect each other
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and otheN andZ values can appear as candidates for shelkituations. To solve the equations of motion that stem from
closures depending on the model interaction. For exampléhe constructed effective Lagrangian one applies the relativ-
Hartree-Fock calculations with a variety of Skyrme forcesistic mean field approximation in which the meson fields are
show the most pronounced spherical shell effectsZat replaced by their classical expectation values.
=124,126, andN=184[32-3§. As an exception to this rule, EFT and DFT are bridged by interpreting the expansion of
Skyrme parametrizations such as SkI3 and Skl4 which havehe effective Lagrangian as equivalent to an expansion of the
a modified spin-orbit interaction prefé@=120 andZ=114, energy functional of the many-nucleon system in terms of
respectively, for the proton shell closuf83,34. Hartree- nucleon densities and auxiliary meson fields. The RMF
Fock-Bogoliubov calculations with the finite range Gogny theory is then viewed as a covariant formulation of DFT in
force predicz=120,126 andN=172,184 as possible spheri- the sense of Kohn and Shaf0]. That is, the mean field
cal (or nearly sphericalshell closureg30,3]. At variance  model approximates the exact, unknown energy functional of
with Skyrme Hartre-Fock, the relativistic mean figRMF)  the ground-state densities of the nucleonic system, which
theory with the conventional scalar and vector meson fieldncludes all higher-order correlations, using powers of auxil-
couplings typically preferZ=120 andN=172 as the best iary classical meson fields. This merger of EFT and DFT
candidates for spherical shell closuri@2-3¢. Of course, provides an approach to the nuclear problem which retains
the different nature of the spin-orbit interaction in the the simplicity of solving variational Hartree equations with
Skyrme and RMF models is pivotal in deciding the locationthe bonus that further contributions, at the mean field level or
of the stronger shell effects. Detailed comparisons betweeheyond, can be incorporated in a systematic and controlled
Skyrme Hartree-Fock and RMF calculations of SHE can bananner.
found in Refs.[33] and[35]. If the chiral effective Lagrangian is truncated at fourth
The discrepancies in the predicted spherical shell closuresrder, in mean field approach one recovers the same cou-
for SHE motivate us to reinvestigate them using the moreplings of the usual nonlineas—» model plus additional
general RMF model derived from the chiral effective La- nonlinear scalar-vector and vector-vector meson interactions,
grangian proposed by Furnstahl, Serot, and T@&71g-39. In besides tensor coupling88,39. The free parameters of the
this first attempt to apply the effective field theofFT) resulting energy functional have been fitted to ground-state
model to the region of superheavy nuclei we will restrict observables of a few doubly magic nuclei. The fits, param-
ourselves to analyze the occurrence of double shell closurester sets named G1 and G28], do display naturalness and
and the shell stabilizing effect in spherical symmetry, asare not dominated by the last terms retained; an evidence
done, e.g., in Ref§32-36. We want to learn whether in this which confirms the usefulness of the EFT concepts and vali-
respect the EFT approach shows a different nature comparethtes the truncation of the effective Lagrangian at the first
to the usual RMF theory or not. The possible extension of théower orders. The ideas of EFT have been fruitfdl],
calculations to deformed geometries and the subsequent aproreover, to elucidate the empirical success of previous
plication of the EFT model to the heavier actinides and theRMF models, like the originab-—» model of Waleckd42]
lighter transactinides where experimental data have beeand its nonlinear extensions with cubic and quartic scalar
measured is left for future consideration. self-interactions[43]. However, these conventional RMF
The relativistic model of Ref§37-39 is a new approach models truncate the effective Lagrangian at some level with-
to the nuclear many-body problem which combines the modeut further physical rationale or symmetry arguments. The
ern concepts of effective field theory and density functionalintroduction of new interaction terms in the effective model
theory (DFT) for hadrons. An EFT assumes that there existpursues an improved representation of the relativistic energy
natural scales to a given problem and that the only degrees @finctional [38,39.
freedom relevant for its description are those which can un- Previous works have shown that the EFT model is able to
ravel the dynamics at the scale concerned. The unresolvatkscribe in a unified manner the properties of nuclear matter,
dynamics corresponding to heavier degrees of freedom iboth at normal and at high densitig$4,45, as well as the
encoded in the coupling constants of the theory, which ar@roperties of finite nuclei near and far from the valley®f
determined by fitting them to known experimental data. Thestability [46,47], with similar and even better quality to stan-
Lagrangian of Furnstahl, Serot, and Tang is intended as atgiard RMF force parameters. With this positive experience at
EFT of low-energy QCD. As such, its main ingredients arehand, in the present paper we want to investigate the predict-
the lowest-lying hadronic degrees of freedom and it has t@bility of the new effective Lagrangian approach to the
incorporate all the infinite(in general nonrenormalizable nuclear many-body problem in extrapolations to superheavy
couplings consistent with the underlying symmetries ofnuclei. Concretely, we shall focus on analyzing the model
QCD. To endow the model with predictive power the La- predictions for spherical shell closures. Our calculations will
grangian is expanded and truncated. Terms that contribute be performed in spherical symmetry. Though deformation is
the same level are grouped together with the guidance dain important degree of freedom for SH%,6,14,18,2h we
naive dimensional analysis. Truncation at a certain order ofire searching for spherical shell stability arodgil 14 and
accuracy is consistent only if the coupling constants eventu%%lZO where deformation is expected to be small and where
ally exhibit naturalnessi.e., if they are of order unity when the shell structure has often been analyzed in the spherical
in appropriate dimensionless foynin the nuclear structure approximation[5,32—3§. For exploration, we also compute
problem the basic expansion parameters are the ratios of thwgperheavy nuclei around~ 258 which spherical calcula-
scalar and vector meson fields and of the Fermi momenturtions have found to correspond to a possible region of in-
to the nucleon masM, as these ratios are small in normal creased shell stabilityy36]. Deformation would certainly
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change the picture in the details and add deformed shell clder the detailed expressiondVe solve the Dirac equation in
sures, e.g., like those predicted aroufrd108 andN=162 coordinate space by transforming it into a Schrédinger-like
[4—€], but it should not change drastically the predictions forequation.
the values olN andZ where the strongest shell effects show In this work we shall employ the EFT parameter sets G1
up already in the spherical calculation. Of course, for a quanand G2 of Ref[38] that were fitted by a least-squares opti-
titative discussion, one needs to account for deformation efmization procedure to 29 observablésinding energies,
fects which will serve to extend the island of shell stabilizedcharge form factors, and spin-orbit splittings near the Fermi
superheavy nuclei and to decide on the specific form of thesurface of the nuclei'®0, “°Ca, “éCa, 88Sr, and?%%Pb. A
ground-state shapes of these nuclei. satisfactory feature of the set G2 is that it presents a positive
Our analysis uses the EFT parameter sets G1 an8&2 value ofk,, as opposed to G1 and to most of the successful
The results are compared with those obtained with the NLRMF parametrizations such as NL3. We note that the value
parameter sg#8], taken as one of the best representatives obf the effective mass at saturatiovi,/M in the EFT sets
the usual RMF model with only scalar self-interactions. The(~0.65 is somewhat larger than the usual value in the RMF
paper is organized as follows. In Sec. Il we briefly summa-jparameter seté~0.60), which is due to the presence of the
rize the RMF model derived from EFT and our modified tensor couplingf, of the o meson to the nucleof#6,50.
BCS approach to pairing. Section Ill is devoted to the studyAlso, the bulk incompressibility of G1 and G2 i&K
of several properties of superheavy nuclei such as two=215 MeV, while the NL3 set hak=271 MeV.
particle separation energies and shell gaps, average pairing
gaps, single-particle energy spectra, and shell corrections.

The summary and conclusions are laid in Sec. IV. B. Pairing
In order to describe open-shell nuclei the pairing correla-
Il. FORMALISM tions have to be explicitly taken into account. The most
popular approach for well-bound isotopes has been the BCS
A. The model method. However, the BCS approximation breaks down for

The EFT model used here has been developed in RegXotic nuclei near the drip lines because it does not treat the
[38]. Further insight into the model and the concepts undercoupling to the continuum properly. This difficulty is dis-
lying it can be gained from Ref§37,39,41,49 For our pur- Posed of either by the nonrelativistic Hartree-Fock-
poses, the basic ingredient is the EFT energy density fund3ogoliubov theory, with Skyrmgs1] and Gogny[52] forces,

tional for finite nuclei. It read$38,39 or by the relativistic Hartree-BogoliuboyRHB) theory
[53-54.
: 1 1+ Pairi lati ther i tant ingredient in
- ] _ 4L 3 airing correlations are another important ing
£r) % (p“{ - V4 S(M = @) + W+ 27-3R+ 2 A the study of superheavy elements. Furthermore, some of the

predicted regions of shell stability in superheavy nuclei lie
close to the drip point and a suitable treatment is required.

i 1 1
- N’Ba ' (f”VW+ Ef”73VR+ AVA) " 2M2('8S Many calculations of SHE have often used a zero-range two-

1 ka®  ky @2\l body pairing force Vi, =Vopndr—r’), with adjustable
+ B, m)AA [ @, + <_ +8 = 4 __2)_2q)2 strengths for pro;ons and neutrofsee Refs:[33,35]). A
2 3M 4AIM7/ g5 study of SHE using the RHB approach, with the NL-SH
41 1 o 1 o parameter set, was carried out in Ri&7].
- = SWH —2<1 + al—)(VCI>)2— —2<1 + az—) To deal with the pairing correlations we use here a sim-
4'g; 295 M 2g, M plified prescription which we have previously found to be in
, 1 O 9, d2\mP 1 , acceptable agreement with RHB calculati¢a8]. The pro-
X (VW)= - > 1+ g + PRYE A —(VR) cedure is similar to the one employed for Skyrme forces in
9 29, Ref. [58]. For each kind of nucleon we assume a constant
1 1)) TZ 1 5 pairing matrix elemenG,, which simulates the zero range of
- §<1+ 77pM) ngz‘g(VA) + 39,9 AAW the pairing force, and we include quasibound levels in the
p Lade BCS calculation as done in Rg58]. These levels of posi-
1 tive single-particle energy, retained by their centrifugal bar-
+ @AAR' 1) rier (neutron$ or by their centrifugal-plus-Coulomb barrier

(protong, mock up the influence of the continuum in the
The coupling constants have been written so that in theairing calculation. The wave functions of the considered
present form they should be of order unity according to theyuasibound levels are mainly localized in the classically al-
naturalness assumption. The indexuns over all occupied |owed region and decrease exponentially outside it. As a con-
nucleon statesp,(r) of the positive energy spectrum. The sequence, the unphysical nucleon gas which surrounds the
meson fields ar@ =gspo(r), W=g,Vo(r), andR=g,by(r),  nucleus if continuum levels are included in the normal BCS
and the photon field isA=eAy(r). Variation of the energy approach is eliminatef46]. We restrict the space of states
density(1) with respect tap! and the meson fields gives the involved in the pairing correlation to one harmonic oscillator
Dirac equation fulfilled by the nucleons and the Klein- shell above and below the Fermi level, to avoid the unreal-
Gordon equations obeyed by the mes¢ese Refs[38,44]  istic pairing of highly excited states and to confine the region
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of influence of the pairing potential to the vicinity of the 82q(Ng) = Spq(Ng) = Spq(Ng + 2)

Fermi level.
As described in Ref46], the solution of the pairing equa- =E(Ng+2) = 2E(Ng) + E(Ng - 2). 3)

tions allows us to find the average pairing gapfor each  This quantity measures the size of the step found in the two-
kind of nucleon. Wg write the pairing matrix_elements asnucleon separation energy and, therefore, it is strongly
Gy=C,/A. We have fixed the constar@y by looking for the  peaked at magic shell closures.

best agreement of our calculation with the known experi- (3) The neutron and proton average pairing gapsof
mental binding energies of Ni and Sn isotopes for neutronsgpen-shell nuclei can be related to the odd-even mass differ-
and ofN=28 andN=82 isotones for protor{SlG] The values ence, from where the empirica| latv~ 12/\Z can be de-
obtained from these fits areC,=21MeV and C,  rived [59]. However, for closed shell nuclei, should van-
=22.5 MeV for the G1 setC,=19 MeV andC,=21 MeV  jsh. Thus, we shall use the vanishing of the average pairing
for the G2 set, and€C,=20.5 MeV andC,=23 MeV for the  gap obtained from our calculations as another signal for
NL3 interaction. identifying closed shell nuclei.

In Ref.[46] we applied this improved BCS approach with e next calculate the above observables for the isotopic
the G1 and G2 parametrizations to study one- and twochain of Z=120 and for several isotonic chains, assuming
neutron (proton separation energies for several chains ofspherical symmetry. We employ the parameter sets G1 and
isotopes(isotones from stability to the drip lines. We found G2 due to the EFT formalism and compare the results with
a reasonable agreement with the available experimental daigyose obtained from the standard RMF parametrization NL3,
similar to the one obtained using the NL3 set. The analysigyhich is well established as a successful interaction for nu-
showed that the parameters sets based on EFT are able dRij at and away from the line g8 stability.
describe nuclei far from thg-stability valley when a pairing It is to be mentioned that the previous indicators corre-
residual interaction is included. spond to energy differences between neighboring nuclei.
However, they do not have a direct connection with the shell
corrections which stabilize a giver{N,Z) superheavy
nucleus against fissioi35]. The shell corrections are related

Traditionally a large gap in the single-particle spectrumto the difference between the nuclear binding energies and
has been interpreted as an indicator of a shell closure, at lea$te predictions of a liquid-drop model. As a complementary
for nuclei of atomic numbeZ <100. However, for a large study, after our search for spherical shell closures, we shall
nucleus such as a superheavy element, it may not be suff@nalyze the shell corrections for the discussed chains of SHE.
cient to simply draw the single-particle level scheme and to
look for the gaps, due to the complicated structure of the
spectrum and the presence of levels with a high degree of
degeneracy. Moreover, in a self-consistent calculation, a We first consider the chain of isotopes with atomic num-
strong coupling between the neutron and proton shell strudder Z=120, which is found as a magic number in recent
ture takes place. Therefore, when dealing with SHE it isrelativistic mean field calculations of nuclei in the super-
imperative to look for other quantities to reliably identify the heavy mass regiof82-35. Figure 1 collects the results ob-
shell closures and magic numbers, apart from the analysis ¢&ined with the EFT parameter set G2. The two-neutron sepa-

IIl. RESULTS AND DISCUSSION

A. Isotopic chain of Z=120

the single-patrticle level structure. ration energiess,, are displayed in the upper panel of this
Here we shall consider the following observables as indifigure. TheS,, graph shows a smooth decrease with increas-
cators for shell closures. ing neutron numbeN throughout the whole chain except for
(1) A sudden jump in the two-neutraitwo-proton) sepa- the sudden jumps after the neutron numblirs172, 184,
ration energies of even-even nuclei, defined as and 258. These jumps indicate the possible occurrence of a
shell closure at these neutron numbers. Using By.we
Sq=E(Ng—=2) —E(Ny), (2) calculate the two-nucleon shell gap for neutrons for the same

isotopic chain, and present the result in the middle panel of
whereN, is the number of neutron@rotong in the nucleus  Fig. 1. Sharp peaks i®,, are found at the same neutron
for g=n (gq=p). A sharp drop inS,,; means that a very small numbers 172, 184, and 258. It is seen that the peaks of
amount of energy is required to remove two more nucleons172 andN=258 are more marked than the peak Mf
from the remnant of the parent nucleus. Thus, the parent184. Actually, the height of the peak Bt=184 is around
nucleus is more stable which is a character of magicity. Thionly one third of that of the peak &=172. One may note
observable is an efficient tool to quantify the shell effectthat the amplitude of the jumps &, for shell closures is
because of the absence of odd-even effg23s. smaller in the SHE region than in the region of normal mass
(2) The size of the gap in the neutr@proton spectrum nuclei. This is expected due to the increase of the single-
is determined by half of the difference in Fermi energy whenparticle level density with increasing mass number. For ex-
going from a closed shell nucleus to a nucleus with twoample, for?°®Pb and for the doubly magic isotopes of tin and
additional neutrongprotong. This quantity is very well ac- calcium we find values 0d,, between some 5 and 10 MeV.

counted for by the two-neutraitwo-protor) shell gap which The average pairing gap, is representative of the
is defined as the second difference of the binding energgtrength of the pairing correlations. The curve for the neutron
[32,33: pairing gaps, displayed in the bottom panel of Fig. 1, shows
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FIG. 1. The change with the neutron numbérof the two- FIG. 2. Same as Fig. 1 but for the relativistic parameter set

neutron separation enerd¥,, the two-neutron shell gap,,, and  G1.

the neutron average pairing gay, for Z=120 isotopes obtained . . .
from spherical calculations with the relativistic parameter set G2the spherical calculation. Only a deformed calculation could

The proton average pairing gay, vanishes in the whole isotopic definitively decide in such cases the appropriate ground-state
chain. shape. Nevertheless, the spherical solution gives a first hand

and overall view of the sequence of spherical shell closures,

a structure of arches that vanish onlyN&172, 184, and which we have obtained from indicators which imply differ-
258. Since the proton pairing gdy, is zero throughout the ences of energies but not their absolute values.
wholeZ=120 chain, we have not plotted it. Although we use In order to analyze the force dependence of the location of
a simplified prescription for the calculation of the pairing gapthe shell closures for the superheavy nuclei, we calculate the
[46], our value forA, can be considered as an average of thequantitiesS,,, &,,, andA,, with the EFT set G1 and with the
different state-dependent single-particle gaps which wouldNL3 parameter set for the same isotopic chZmn120 and
be obtained if one had used a zero-range pairing force, adisplay the results in Fig. 2 and 3, respectively. As in the case
done, e.g., in Refd.33,35. of the G2 set, the proton pairing gay, vanishes for the

Therefore, all of the three analyzed observables are poinwhole chain ofZ=120 isotopes and it is not drawn. The
ing to the same neutron numbers as the best candidates fglobal nature of the curves of Figs. 2 and 3 is quite similar to
shell closures foZz=120 with the G2 parametrization. The that observed previously with the G2 set. Abrupt jumps in
magic character of the proton numlir 120 in combination S, and 8,,, and the vanishing of the average neutron pairing
with N=172, 184, and 258 is tested in the calculations forgapA,, indicate shell closures &=172 and 258 in both of
isotonic chains that we present in the following section. Inthe G1 and NL3 sets. The height of the peakssgf at N
analyzing the shell effects from a spherical calculation it is to=172 and 258 is very similar between the G1 and G2 sets,
be kept in mind that only for doubly magic nuclei one canwhile they attain the largest values in the NL3 set. For the
guarantee a spherical shape, when protons as well as neN=184 systemS,, and &,, show only a moderate jump in
trons experience a spherical shell closure. For open-shell niboth G1 and NL3, indicating a weaker shell closure than for
clei the spherical solution does not always correspond to thBl=172 and 258. Moreover, the neutron pairing gepdoes
ground state. Inclusion of deformation might add extra stanot vanish atN=184 with the G1 and NL3 sets, indicating
bility for some Z=120 nuclei other thar®2120,3%4120, and that the occupancy of the single-particle levels is diffused
878120, and perhaps additional peaks would develop with reacross the Fermi level, contrarily to the case of G2.
spect to the neighboring background in the curve &gy, One expects a relatively large energy gap to appear be-
apart from the sudden jumps we have detected by means ofeen the last occupied and the first unoccupied single-
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20 ' ' ' is in agreement with our previous discussions of the other
Z=120 NL3 indicators.

15 ¢ ] Inspecting theN=258 level spectrum one can appreciate
S another visible energy gap across the neutron numbers
g 10 £ E =228 (1ky7, level) and N=198 (1j,3, level) in all of the
"& parameter sets. In spite of this, no distinct indications for a
w5 E shell closure were found fdd=228 orN=198 in the curves

of S, &y, andA, in Figs. 1-3. If one compares the spectra
for the three systemN=172, 184, and 258, it can be noted
that the gap between two particular levels is strongly modi-
fied along the isotopic chain. Consequently, an analysis of

- 30t ] the spectra alone would not suffice and the use of the dis-
% cussed energy indicators becomes mandatory in order to
= 20¢ E make predictions for shell closures in superheavy nuclei.
OON
10 ¢ E B. Isotonic chains
0.0 Lo . ' : ] = We now proceed to discuss the isotonic chains of the neu-
tron numbers which we have detected as candidates for
spherical shell closures in the preceding study of the isotopic
10 ] chain ofZ=120. We start with th&\=172 isotonic chain in
S Fig. 5, which displays the two-proton separation enesgy
= the two-proton shell gag,,, and the average pairing gajg
05+ ] andA, in the superheavy region fro@=100 up to the pro-
ton drip line, for the EFT model G2 and for the conventional
RMF model NL3. For brevity we do not present the results
m 1%6 e ‘250‘ ‘25‘)0 P from the' Gll set, since .the preceding section ha§ shown that
N the predictions of G2 differ from NL3 more than in the case
of G1.
FIG. 3. Same as Fig. 1 but for the relativistic parameter set From Fig. 5 one realizes that all the indicators signal a
NL3. very robust shell closure &@=120, and a much weaker shell

closure atZ=114. The proton gaps,, (~5 MeV) of the
particle levels for the neutron numbers corresponding to tha@ucleus?°2120 is nearly twice as large as the corresponding
shell closures detected above. Let us now look into the neuleutron gapd,, (~3 MeV, Figs. 1 and B8 For the NL3 set,
tron single-particle spectra, displayed in Fig. 4, for thein addition, a little jump inS,, and a small peaked structure
292120,%04120, and®*"®120 nuclei. All the three parameter sets in &,, indicates the possibility of a weak shell closure taking
G2, G1, and NL3 show a large gap above the Fermi energplace atZ=106. It is nevertheless known that the region
for N=172 and 258. But for the neutron numbde=184, aroundZ=106 is deformed36] and thus the spherical solu-
there appear only moderate gaps across the Fermi level féion does not correspond to the ground state. Moreover, from
the G2 and G1 sets, and the gap is still smaller for NL3. Thighe bottom panel of Fig. 5, we see that the neutron pairing
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% a, 7 v T M, — = = N — in the vicinity of the Fermi level for the super-
= 5 A R N e 451’:’ _ - _ ] heavy isotope€92120, 304120, and378120 com-
oF 6, ¥ ¥ X| 2, — _ _— | M, — _ — puted with the relativistic interactions G1, G2,
e T T T and NL3.
;jgl:: = - = ;Jg:s: : = - 2, — _ bl
12 + G2 NL3 Gl | 4, — — ~— ]
%, — — -
Yoo =T G2 NL3 G1
Wy —  — =
3py,, — = -
_yg [ N=172 G2 N3 Gl N84 N=258
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N=172

FIG. 5. The change with the proton numlof the two-proton
separation energg,, the two-proton shell gap,,, and the proton
A, and neutrorA, average pairing gaps fdd=172 isotones ob-

PHYSICAL REVIEW C 69, 044315(2004)

N=258

A-h-A

122

&

114

130 138

FIG. 7. Same as Fig. 5 but for the isotones\sf 258.
with the jump observed faiN=172,2=120) in Fig. 5. In the

tained from spherical calculations with the relativistic parametercase of the NL3 parameter set there is some evidence for a

sets G2(left panel$ and NL3(right panels.

gapA, vanishes fronz=110 till the proton drip point, but it

weak shell closure aZ=114 only, because the neutron pair-
ing gap forZ=120 does not vanish which prevents the com-
bination(N=184,2=120) from representing a doubly magic

is nonzero for smaller atomic numbers. The nonvanishingycleus. The results fdi=258 neutrons are shown in Fig. 7.

neutron pairing gap for théN=172 =106 combination

We again find a strong signature for a shell closureZat

tells us that this cannot be a doubly closed shell nucleus=120 in both the G2 and NL3 parameter sets, whereas the

Therefore, the neutron numbiir=172 exhibits a strong shell
closure for the proton numbet=120 but this magicity is
washed out foZ=<110. In conclusion, in the region of su-

indications for a shell closure @&=114 are much weaker.
One also observes prominent jumps $, and J,, at Z
=132 (NL3) andZ=138 (NL3 and G3. But in this region,

perheavy nuclei the magicity of a particular neutron numbeiclose to the proton drip line, the neutron pairing gap does not

depends on the number of protons present in the nucleus.
We next analyze the shell closures fNi=184 andN
=258 in combination with different proton numbers. In Fig.
6 we display the results for th&l=184 isotonic chain.
Curves are somewhat similar to those fox172. In the G2
parametrization one identifiés=114 andZ=120 as possible
shell closures though the size of the jumpdg, which is
similar for both proton numbers, is small if we compare it

N=184

106 114 122

Fig. &

FIG. 6. Same as Fig. 5 but for the isotones\of 184.

vanish. This implies that only the combination Nf=258
with proton numbersZ=114 andZ=120 may exhibit a
double shell closure character.

Figure 8 depicts the proton single-particle spectra ob-
tained with the G2 and NL3 parametrizations for the illustra-
tive examples of th&®6114, 22120, 2%8114, and**4120 nu-
clei. Looking at the proton spectra for the systems wiith
=172, a very large gap can be observed for 120 protons
(between the &, and 34, levels for G2, and between the
2fs, and 1,45, levels for NL3. Instead, practically no gap
exists for 114 protongbetween the &, and %5, levels,
specially for the NL3 set. This is consistent with the very
weak signals of magicity oZ=114 in the case of thé&l
=172 isotonic chain shown by tHg&,, and &, indicators in
Fig. 5.

With the addition of only 12 neutrons, the proton spectra
for the systems witiN=184 exhibit a different pattern than
for N=172 near the Fermi enerdgf. Fig. 8. The gaps oc-
curring between the levels corresponding to 114 protons and
to 120 protons are now comparable in magnitude. This fact is
in agreement with the relatively magic character of the
298114 and3°*120 nuclei predicted by the indicators plotted
in Fig. 6. In any case, even fa¥=184, the magicity oz
=114 is always smaller than the one showny120, as
one can see from the comparison®f, and 9, in Figs. 5
and 6. This discussion shows again the strong dependence of
the proton(neutron shell closures of SHE on the neutron
(proton numbers and thus the importance of using the en-
ergy indicators.
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N=172 T e | N=184
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thy, — I FIG. 8. Single-particle spectrum of protons in
2 St - 2t -y - ] the vicinity of the Fermi level for the superheavy
= 31’: = - — isotones 288114 and 2°2120 (left pane), and
e thy _ N —_ h, — 298114 and®°4120 (right pane) computed with
38y __ w the relativistic interactions G2 and NL3.
- = _
-10 | 24, __ 1.:; [ - 1
2. - 38, — 2d,, —
o= - G2 — i, —
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NL3 S NL3
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-15
C. Shell corrections state$ with occupation numbers, smoothed by an aver-
o

aging function[59]. The shell correctiot,e is computed

as the difference of the exact energy to that average part.
The Strutinsky smoothing procedure requires the use of
veral major shells. This faces the problem of the treatment

The stability of superheavy elements with an atomic num
ber larger tharz ~ 100 is possible thanks to the shell effects.
In the liquid droplet model picture these superheavy nuclege

are unstable against spontaneous fission because the laige o continuum when realistic finite depth potentials are

Coulomb repulsion can no longer be compensated by thgynioved34,36,62,68 Our strategy here, working in coor-
nuclear surface tension. However, SHE may still exist beyinate’space, and consistently with our approach to the treat-
cause the quantal shell corrections generate local minima ighent of pairing, is to perform the Strutinsky smoothing in-
the nuclear potential energy surface which provide additionag|yding the quasibound levels which are retained by their
stabilization. _ centrifugal barrie(centrifugal-plus-Coulomb barrier for pro-

In our context the shell correction energy is also useful agong. We have taken seven major shells above the Fermi
a different test for checking the robustness of the shell clognergy i.e., states up to around 50 MeV above the Fermi
sures. For experimentally known shell closures, i.e., Up tQeyel) and have considered curvature corrections upNb 2
Z=82 andN=126, the shell corrections are strongly peaked=10 [59]. We have found that the plateau condition of the
around the magic numbersee, e.g., Refl60]), providing  ayeraged energfs9] is fulfilled for a smoothing parameter
enhanced binding for magic nuclei. However, in the super-, 1 3_1.6 MeV for both protons and neutrons. As we have
heavy mass region, instead of displaying sharp jumps, thgiscussed, the quasibound levels included in our calculation
shell corrections depict a landscape of rather broad areas gf not depend on the size of the box where the calculation is
shell stabilized nuclefid4,3§. Still, in these areas the closed performed. These levels, usually with high angular momen-
shell nuclei show a larger stabilizatigne., more negative ,m jie close in energy to the RHB canonical levigl§]. Of
shell correctionpthan their neighbors. In the present sectioncoyrse, one limitation of our approach is that some resonant
we want to study the shell corrections around our selectegbyels with low angular momentum can be missed, more eas-
nuclei withZ=114 andZ=120, andN=172, 184, and 258. jly for neutrons, and then their contribution is shared among

The calculation of the shell correction energy is based Ofne higher angular momentum levels which we include in the
the Strutinsky energy theorefi1l] which states that the total ~z|culation.

quantal energy can be divided in two parts: The total (neutron-plus-proton shell corrections stem-
- ming from our calculations for the isotopic chains with
E =E+ Egpenr (4) =114 andZ=120 are displayed in Fig. 9. The equivalent

_ graph for the isotonic chains witN=172, 184, and 258 is

The largest piec& is the average part of the energy which presented in Fig. 10. Again, we point out that our calculation
depends in a smooth way on the number of nucleonss performed in spherical symmetry and thus the calculated
(namely, the part well represented by the liquid dropletshell corrections represent in general an upper bound to the
mode). The smaller piece, the shell correctid;e, has actual ones. Stronger shell stabilization could still be pro-
instead an oscillating behavior. The oscillations are due taided by deformation. The magnitude of the shell correction
the grouping of levels into shells and display maxima atenergyEg,.;is dictated by the level density around the Fermi
the shell closures. According to the idea of Strutinsky, thdevel. A high level density in the vicinity of the Fermi energy
average part of the ground-state energy of a shell modslields a positive shell correction reducing the binding en-
potential can be obtained by replacing the Hartree-Foclergy, whereas a low level density gives a negative shell cor-
occupation numbers,, (1 or O for occupied or empty rection which increases the binding energy. The shell correc-
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The curves of the shell correction for thie=258 hyperheavy
nuclei (lower panel of Fig. 1pare overall very much flat in
comparison to those for the isotonic chainsMf172 and
N=184. The absolute minimum again appearsZatl120.
There is also a very small kink at=114. The comparison of
the curves in the three panels reveals thafafi20 all the
curves show the most prominent minima. A&£114, the
shell corrections foN=172 have no dip at all, but they dis-
play a small kink forN=184 andN=258.

From the analysis of the shell correction energy we see
that the location of the minima in the shell stabilized regions
i of SHE is in good agreement with the conclusions about the
shell closures that we inferred from the study of the previous
indicators. Due to the fact that the minima in the shell cor-
rections for superheavy nuclei are often not very pro-

nounced, but rather shallow, we note the usefulness of ana-
—14 s s s s s lyzing the shell corrections as a complementary means to
166 170 174 1K18 182 186 190 assess the predictions made on the basis of the energy indi-
cators.

EsheII (MeV)

-9 |

FIG. 9. The change of the total shell correction engiglym of
the neutron and proton contributionaith the neutron numbeN
for the isotopes oZ=114 andZ=120 in spherical calculations with
the G2 and NL3 models.

IV. SUMMARY AND CONCLUSIONS

We have investigated the predictions of the G1 and G2
parametrizations of Ref38] obtained from the modern ef-
tions obtained with the G2 and NL3 sets are rather similafective field theory approach to relativistic nuclear phenom-
for the investigated isotopic and isotonic chains. This is s@nology for the occurrence of spherical double shell closures
because the single-particle levels around the Fermi surface
essentially show the same ordering with both parameter set~ ' '

and there are only small differences in the spin-orbit split- 0r ]
tings, as it can be realized from Figs. 4 and 8. The results for
the set G1 are also similar to those of G2 and NL3 and thus 5[ ]
we do not display them in Figs. 9 and 10.

In Fig. 9 the isotopic chain a=120 shows a large nega-
tive shell correction aN=172, due to the presence of low -10 ¢ ]
angular momentum levels near the Fermi energy for both
neutrons(4s;,,, 3ds,, and s, levely and protons(3py, -15 ; ; ; ; ; ; ;
and 33, levels. These levels imply a comparatively lower ol ]
level density and thus a more negative shell correction. The
isotopic chain also shows another local minimum arodthd <
=182-184, but in this case the shell correction energy is les2 S ]
negative than foN=172. The pattern exhibited by the total —
shell correction for th&=120 isotopes looks very similarto |, % -10 .
that of the neutron shell correction displayed in Fig. 5 of Ref.
[34] for the NL3 parameter set, which was computed by 15 ‘ ‘
means of the Green’s function procedure. Looking at the ol ' ' ‘ ‘ 1

curves for thez=114 isotopic chain represented in Fig. 9 one
realizes that the shell corrections are globally weaker thar
that for Z=120 chain, which means less stability. They also -5 r
present minima aN=172 and atN=184, although in this
case the situation is reversed and the largest corrections co
respond toN=184 instead ofN=172.

In the upper panel of Fig. 10 the shell corrections for the 5
N=172 isotonic chain clearly show only one minimum at - ' , ‘ : : : :
Z=120. TheN=184 chain(middle panel displays one more 106 110 114 118 2122 126130 134
local minimum atZ=114, though the magnitude of the shell
correction obtained foZz=114 is smaller than foZ=120. FIG. 10. The change of the total shell correction engsyym of
Our total shell corrections fdd=172 andN=184 show simi-  the neutron and proton contributigngith the proton numbeZ for
lar patterns to the proton shell corrections of NL3 which arethe isotonic chains oN=172, N=184, andN=258 neutrons in
depicted in Fig. 6 of Ref.34] for these same isotonic chains. spherical calculations with the G2 and NL3 models.
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and the shell stabilizing effect in superheavy nuclei. WithinN=184 the more negative shell corrections appearZ at
an isotopic or isotonic chain of SHE the possible shell clo-=120, although a smaller peak shows u@atl14 pointing
sures are identified by a simultaneous occurrence at a givasut the relatively stable character of this nucleus, at least
Z or N of a large jump in the corresponding two-nucleon compared with the immediate neighbors. The curve of the
separation energg,,, a pronounced peak in the two-nucleon shell corrections for the isotones K258 is mostly flat, but
shell gapd,,, and the vanishing of the average pairing gapsagain a depression can be recognized aramd20.
A, and Ap._To treat the pairing correlations we have em- T symmarize, in previous workg5,46 we showed that
ployed an improved BCS model that was used successfuly,e narameter sets derived from the effective field theory
in Ref. [4_6] in calculations of isotopic and isotonic chains approach to the low-energy nuclear many-body probj&gh
W|th.mag|c Eroton or .neutrr]on' numbersr.l . hich work nicely for bothg-stable ands-unstable nuclei. This is
is f';l:ﬁ:jvfg bea\z/ierr?ztal;;ij(l;er?utrngelf?rgop?rlgv(i:oS;nF?l\illllzz(?él\(l;vuI;ions.in additi_o_n to their ability to yield a realistic equation of state
Neutron shell closures arise dt=172 andN=258 in all the at dengmes abpve saturation which compares very favqrably
considered parameter sé@1, G2, and NLR In the particu- with microscopic Dirac-Brueckner-Hartree-Fock calculations
lar case of the G2 setl=184 appears as another possible[dﬂ' In'the present stgdy we have. applied the EFT quE| to
neutron shell closure, though it is not as robust asNor deal with the thec_JretlcaI d_escrlptlon of some properties of
superheavy nuclei. In particular, we have seen that the G1

=172 orN=258. The magic character @120 is supported
by the fact that the average proton pairing gaspvanishegnd G2 parameter sets reproduce the strong double shell clo-

along the whole isotopic chain. Next we have investigated‘Sure atN=172 andz=120 predicted by the standard RMF

the isotonic chains withN=172. 184 and 258 for>100  Parametrizations, as well as a double shell closureNat

From this analysis the candidates to proton shell closure§258 andZ=120. Interestingly enough, the new parameter

have been found to be&z=114 (weakly) and Z=120 set G2 shows some evidence for a double shell closure of the

(strongly. Other possible candidates different fras114 - 184, Z=114 nucleus tra(;jitlionally F?lfedicgedth bySkthe
andZ=120 present a nonvanishing neutron pairing gap. Wi ?Crosélcoplg—kl;rxcroscopm models, as well as by the Skyrme
conclude that the parameter sets G1 and G2 derived from tH8'€raction '

S e . The results presented here are a first prospect of the per-
effective field theory approach clearly point out towards the ) >
doubly magic character of théN=1727=120 and (N formance of the EFT model in the description of SHE. Our

_ _ o ST . calculations have been restricted to spherical shapes. As we
_2582._120) combinations, which is in agreement with the have discussed, this is not an impeding drawback for the
predictions of the NL3 set.

g - effects investigated in this work. However, for comparisons
A minimum condition for a superheavy nucleus to be

with the measured data on the heavier actinides and the ex-

stable against fission is that the shell effects must be able tf))erimentally synthesized SHE arou@E110, one defini-

r:)rr?]\gdri ?ﬂgil;%hamggmg rgozzmgiﬁa;?efgrt(;[hneorﬁgleng((:)lgtﬁveIy needs to perform deformed calculations. In future it
P gp ' P: will be worthwhile trying to include deformation degrees of
where the large negative shell corrections are peaked at tf}?

magic numbers, the SHE display broad areas of shell stab reedom into the EFT model to extend the study to deformed

lization around the possible shell closures. We have combuCIeI of the SHE island.
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