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Shell structure of superheavy nuclei in self-consistent mean-field models

M. Bender-?3K. Rutz! P.-G. Reinhard;® J. A. Maruhnt® and W. Greiner®
nstitut fir Theoretische Physik, Universtt&rankfurt, Robert-Mayer-Strasse 10, D-60325 Frankfurt, Germany
2Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599-3255
3Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996
“4Institut fr Theoretische Physik II, Universit&rlangen-Nunberg, Staudtstrasse 7, D-91058 Erlangen, Germany
5Joint Institute for Heavy-lon Research, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831
(Received 26 March 1999; published 11 August 1999

We study the extrapolation of nuclear shell structure to the region of superheavy nuclei in self-consistent
mean-field models—the Skyrme-Hartree-Fock approach and the relativistic mean-field model—using a large
number of parametrizations which give similar results for stable nuclei but differ in detail. Results obtained
with the folded-Yukawa potential which is widely used in macroscopic-macroscopic models are shown for
comparison. We focus on differences in the isospin dependence of the spin-orbit interaction and the effective
mass between the models and their influence on single-particle spectra. The predictive power of the mean-field
models concerning single-particle spectra is discussed for the exampfBlaind the spin-orbit splittings of
selected neutron and proton levels'fid, *%Sn, and?%®Pb. While all relativistic models give a reasonable
description of spin-orbit splittings, all Skyrme interactions show a wrong trend with mass number. The spin-
orbit splitting of heavy nuclei might be overestimated by 40%—-80%, which exposes a fundamental deficiency
of the current nonrelativistic models. In most cases the occurrence of spherical shell closures is found to be
nucleon-number dependent. Spherical doubly magic superheavy nuclei are foigiilas 295120, or 310126
depending on the parametrization. TAe-114 proton shell closure, which is related to a large spin-orbit
splitting of proton Z states, is predicted only by forces which by far overestimate the proton spin-orbit
splitting in 2°%Pb. TheZ=120 andN= 172 shell closures predicted by the relativistic models and some Skyrme
interactions are found to be related to a central depression of the nuclear density distribution. This effect cannot
appear in macroscopic-microscopic models or semiclassical approaches like the extended Thomas-Fermi-
Strutinski integral approach which have a limited freedom for the density distribution only. In summary, our
findings give a strong argument f@?ﬁlzo to be the next spherical doubly magic superheavy nucleus.
[S0556-28189)02708-9

PACS numbgs): 21.30.Fe, 21.60.Jz, 24.10.Jv, 27:90.

[. INTRODUCTION half-lives due to the stabilizing effect of the spherical shell
closure which significantly increases the fission barfigfs-
The extrapolation of nuclear shell structure to superheav?2].

systems has been discussed since the early days of the shellAlthough modern macroscopic-microscopic models quite
correction method1-5|, when spherical proton shell clo- successfully describe the bulk properties of known nuclei
sures atZ=114 andZ=126 and a spherical neutron shell throughout the chart of nuclei, their parametrization needs
closure atN=184 were predicted. Shell effects are crucial preconceived knowledge about the density distribution and
for the stability of superheavy nuclei which by definition the nuclear potentials which fades away when going to the
have a negligible liquid-drop fission barrier. Recent experi-limits of stability. Like the mean-field models based on the
mental progress allowed the synthesis of three new supeshell correction method, self-consistent mean-field models
heavy elements witd=110-112[6-10], but these nuclides have been used for the investigation of superheavy nuclei
are believed to be well deformed. The experimental data ofrom the earliest parametrizatiofi23,24] to the most recent
these nuclei and their decay products-decay half-lives ones[25-33.
and Q, values—agree with the theoretical predictidil— In two previous articles we have discussed the occurrence
16] of a deformed neutron shell &t=162 which has a sig- of spherical[31] and deformed32] shell closures in super-
nificant stabilizing effecf10,17. The experimental proof of heavy nuclei for a large number of parametrizations of self-
the deformed shell by a measurement of the deformation isonsistent nuclear structure models, namely, the Skyrme-
beyond the current experimental possibilities. As a first stegartree-FocKSHF approach 34] and the relativistic mean-
in this direction the ground-state deformation ©fNo,,  field (RMF) model[35-37. Spherical proton shell closures
was deduced from its ground-state rotational band in a recetre predicted forZ=114, Z=120, andZ=126, depend-
experiment{18]. The ultimate goal is to reach the expecteding on the parametrization, while neutron shell closures
island of spherical doubly magic superheavy nuclei. Moreoccur at N=172 and N=184, respectively. Only one
refined parametrizations of macroscopic-microscopic modelparametrization—the Skyrme interaction Skl4—confirms the
[13-16 confirm the older finding that it is located around prediction of macroscopic-microscopic models for a doubly
298114, These nuclei, although even heavier than the heavimagic 7a3l14; other parametrizations—the Skyrme forces
est nuclides known so far, are expected to have much long&kM* and SkP—predict333126, while yet others—the
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Skyrme interaction Ski3 and most of the relativistic forces—sity of single-particle levels. In Sec. V we compare the pre-
give a new alternative witf§3120. Several interactions pre- dictions of the various mean-field models with known single-
dict no doubly magic spherical superheavy nucleus at all. Iparticle energies in*®Pb and experimental spin-orbit
self-consistent models, the proton and neutron shells strongplittings in*°0, ¥%Sn, and®*®Pb and study the shell struc-
affect each othef31]. Small details of the shell structure ture of the potential spherical doubly magic nucfgil14,
have a strong influence on the potential energy surfaces 6hs120, andisel26 and the predicted nucleon-number depen-
superheavy nuclei in the vicinity of the ground-state defor-dence of theZ=120 proton shell and thél=172 neutron
mation, leading to dramatic differences in the fission barriesshell in some detail. Section VI summarizes our findings. In
heights and therefore in the fission half-lives, while the prethe Appendix we present the details of the mean-field and
dictions of different models and forces are similar at largepairing models necessary for our discussion.
deformationg 33].

Superheavy nuclei differ from stable nuclei by their Iarger Il FRAMEWORK
charge and mass numbers. The strong Coulomb potential in-
duces significant changes in the proton shell structure: The Skyrme force was originally designed as an effective
single-particle states with large angular momentum andwo-body interaction for self-consistent nuclear structure cal-
small overlap with the nuclear center only are lowered com<ulations. It has the technical advantage that the exchange
pared to smali- states; see Figs. 1 and 2 of REg§0] and the  terms in the Hartree-Fock equations have the same form as
discussion therein. While this effect occurs already in nonthe direct terms and therefore the numerical solution of the
self-consistent models, polarization effects of the density disSkyrme-Hartree-Fock equations is as simple as in case of the
tribution due to the high charge number can be described iklartree approach, while the solution of the Hartree-Fock
self-consistent models only. The Coulomb interaction pushesquations using finite-range forces like the Gogny fdR%&
protons to larger radii, which changes the density distributioris a numerically challenging task. The total binding energy
and the single-particle potentials of both protons and neuean be formulated in terms of an energy functional which
trons in a complicated manner. On the other hand, the largdepends on local densities and currents only; see the Appen-
mass number of superheavy nuclei leads to a high averagbx. This links the Skyrme-Hartree-Fock model to the effec-
density of single-particle levels. Therefore the search fotive energy functional theory in the Kohn-Sham approach
shell effects in superheavy nuclei probes the detailed relaxhich was originally developed for many-electron systems.
tions among the single-particle states with extremely highThe Hohenberg-Kohn theoref89] states that the nondegen-
sensitivity. erate ground-state energy of a many-fermion system with

The question arises of which features of the effectivelocal two-body interactions is a unique functional of the local
mean-field models are most decisive for the single-particlelensity only. The Kohn-Sham schenj40] relies on the
structure. The three most crucial ingredients in this respedtiohenberg-Kohn theorem but keeps the full dependence on
are, first, the effective nucleon mass and its radial deperthe single-particle wave functions for the kinetic energy
dence which determines the level density near the Fermi suwhich allows us to preserve the full shell structure while
face; second, the spin-orbit potential which determines themploying for the rest rather simple functionals in a local-
energetic distance of the spin-orbit partners; and third, thelensity approximation. This point of view can be carried
density dependence of potential and effective mass whichver to the case of nuclei where, however, the nonlocal two-
has an influence on the relative position of the states. Wbody interaction requires an extension of the energy func-
perform here a comparison of various parametrizations frontional by a dependence on other densities and currents, e.g.,
the SHF as well as RMF approach with emphasis on theithe spin-orbit current. In any case, there is no need for a
spin-orbit properties. The effective masgesth one excep- fundamental two-body force in an effective many-body
tion) are comparable in all forces. The density dependencetheory, but one can start from an effective energy functional
are similar among the SHF forces and among the RMPRwhich is formulated directly at the level of one-body densi-
forces, but differ significantly between the SHF and RMFties and current¢ésee, e.g.[41] and references thergin
forces. The largest variations in the sample of parametriza- The relativistic mean-field model can be seen from the
tions occur indeed for the spin-orbit part of the forces wheresame point of view as a relativistic generalization of the non-
we have three classes, the standard SHF models, SHF modelativistic models using a finite-range interaction formulated
with extended spin-orbit force§Ski3 and Skl4, and the in terms of effective mesonic fields. Relativistic kinematics
RMF models. The present paper concentrates predominantplays no role in nuclear structure physics, but the RMF
on this given variation of the spin-orbit force. It is the aim of model naturally describes the spin-orbit interaction in nuclei,
this paper to explain the contradicting results of self-which is a relativistic effect that has to be added phenom-
consistent models mentioned above and to find the most reenologically in nonrelativistic models. This will be discussed
liable prediction for the next spherical doubly magic super-in Sec. Ill in more detail.
heavy nucleus. For both SHF and RMF models there are numerous pa-

In Sec. Il the properties of the mean-field models and theametrizations in the literature. We select here a few typical
parametrizations used are discussed. In Sec. Ill the details samples of comparabléigh) quality, mostly from recent
the spin-orbit interaction and the differences between thdits. For the nonrelativistic Skyrme-Hartree-Fock calcula-
various models used are explained, while Sec. IV discussdsons we consider the Skyrme forces SkN¥2], SkP[43],
briefly the relation between effective mass and average derSLy6, SLy7[44,45, Ski1, SkI3, and Skl446]. For the RMF
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TABLE I. Compilation of nuclear matter properties for the parameter sets used in this BEitfdgnd p,
denote the equilibrium energy per nucleon and density the compression modulusy*/m the effective
mass in units of the free mafsote that we provide two values for the relativistic models where the value in
brackets isn*/m(kg) at the Fermi surface and the otherkat O [64]], ag,, the asymmetry coefficient, and
« the sum-rule enhancement factor.

Force E/A[MeV] po[fm~3] K..[MeV] m*/m Bsym K

SkP —16.04 0.163 202 1.000 30.0 0.35
SkM* —16.01 0.160 217 0.789 30.0 0.53
SLy6 —15.92 0.159 230 0.690 32.0 0.25
SLy7 —15.90 0.158 230 0.688 32.0 0.25
Skil —15.93 0.160 243 0.693 375 0.25
Ski3 —15.96 0.158 258 0.577 34.8 0.25
Skl4 —15.92 0.160 248 0.650 29.5 0.25
NL3 —16.24 0.148 272 0.598).659 374 0.68(0.53
NL-Z —16.18 0.151 173 0.58®.648 41.7 0.72(0.55
NL-Z2 —16.07 0.151 172 0.58®.648 39.0 0.72(0.55
NL-VT1 —16.10 0.150 179 0.60(0.663 39.0 0.66(0.51)

model we consider NL347], NL-Z [48], and two com- analogy to the RMF model, whereas Skl4 was fitted allowing
pletely new forces NL-Z2 and NL-VT1. All forces are de- free variation of the isovector spin-orbit force. The modified
veloped through fits to given nuclear data, but with differentspin-orbit force has a strong effect on the spectral distribu-
bias. Of course, the basic ground-state properties of sphericibn in heavy nuclei and thus even more influence for the
nuclei (energy, radiusare always well reproduced. Small predictions of shell closures in the region of superheavy nu-
variations appear with respect to further demands. The palei.

rametrization SkM is the oldest in the list here. It was the  The forces headed by “NL” belong to the domain of the
first Skyrme force with acceptable incompressibility as wellRMF model. The parametrizations NL-Z, NL-Z2, and NL3
as fission properties and remains to date a reliable parametiise the standard nonlinear ansatz for the RMF model,
zation in several respects. The Skyrme force SkP was develvhereas NL-VT1 additionally considers a tensor coupling of
oped around the same time with the aim of allowing thethe vector mesons. The parametrization NIL3B] aims at a
simultaneous description of the mean field and pairing chanbest fit to nuclear ground-state properties along the strategy
nel. Moreover, it was decided here to use the effective massf [49]. It is a refit of the popular force NL1 with a micro-
m*/m=1.0. (Remember that all other forces in our samplescopic treatment of the correction for spurious center-of-
have smaller effective masses around <0G /m mass motion. NL-Z2 and NL-VT1 are new parametrizations
=<0.8.) The forces SLy6 and SLy7 stem from a series ofdeveloped for the purpose of these studies to match exactly
fits where it was successfully attempted to cover the properthe same enlarged set of data including information on exotic
ties of neutron matter together with normal nuclear groundfuclei like the Skk Skyrme forces. This should allow a bet-
state properties. In SLy6 the contribution of the kinetic termster comparison between the RMF and Skyrme models. The
of the Skyrme force to the spin-orbit potential is discardedforce NL3, finally, results from a recent fit including neutron
which is common practice for nearly all Skyrme parametri-rms radii. It gives a good description of both nuclear ground
zations, e.g., Sk and the Skt forces in the sample here. states and giant resonances. Details of the RMF Lagrangian
SLy7 is fitted exactly in the same way as SLy6, but theseand the actual parametrizations are discussed in Appendix
additional contributions to the spin-orbit force are consid-A 2.

ered; see the discussion in Sec. Il A for details. The forces The nuclear matter properties of the forces are summa-
Ski1, Ski3, and Ski4 stem from a recent series of fits alongized in Table I. These are to be considered mainly as ex-
the strategy of49] where additionally key features of the trapolations from finite nuclei to the infinite system. There a
nuclear charge form factor were included, providing infor-few exceptions because in some cases the one or the other
mation on the nuclear surface thickness. For these, furthenuclear matter property has entered as a constraint into the
more, information from exotic nuclei was taken into accountfit. These cases are the effective maggm=1 for SkP, the

in order to better determine the isotopic parameters. Theompressibility K.,.=230MeV and asymmetry coefficient
force Skl is a fit within the standard parametrization of theas,,,=32.0 MeV for the SLx forces, and the sum-rule en-
Skyrme forces. This performs very well in all respects, ex-hancement factok=0.25 in the case of the Skyand Skk

cept for the isotopic trends of the charge radii in the leadforces. Table | shows that most Skyrme forces share the
region. To cover these data, one needs to extend the spibasic nuclear matter properties close to the phenomenologi-
orbit functional by complementing it with an additional is- cal values like binding energy per nucleoic/A
ovector degree of freedof@6] as will be discussed in Sec. ~—16MeV, equilibrium densitypy~0.16 fm 3, incom-

[l A in more detail. SkI3 uses a fixed isovector part built in pressibility K=210+30MeV [50], asymmetry energy
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30 MeV=agy,<=32MeV, and a low sum-rule enhancement 1. SPIN-ORBIT INTERACTION IN NUCLEAR
factor 0<«x=<0.25. A phenomenological value for the effec- MEAN-FIELD MODELS
tive mass ofm*/m~0.8 can be drawn from the position of A. Spin-orbit field

the giant quadrupole resonance in heavy nyég]. And we ) . o L .
see that the mean-field results for the effective mass vary in 1h€ Spin-orbit interaction is an essential ingredient of ev-
a wide range 0.58 m*/m=1.0 about this value. This is a bit €Y model dealing with nuclear shell structure to explain the

disquieting because the effective mass is a feature which h&f€ll closures of heavy nuclei beyoht=2=20[53,54. It -
a strong impact on spectral properties, influencing, in turnWas already noted in the first explorations with the modified
the predictions for superheavy nuclei. oscillator model that different fits of the spin-orbit coupling

The nuclear matter properties of the relativistic parametri-CO”Sta”t lead to contradicting predictions for the next major

zations differ significantly from those of Skyrme forc&sA shell closgres in superhqavy nucléb. . o

is usually slightly larger ang, somewhat smaller than the The spin-orbit Interaction emerges ”at“Ta”y n re"”?“‘."s“.c
values for Skyrme interactions. The predictions for the in-M0dels and the explanation of the large spin-orbit splitting in
compressibility K differ systematically from those of the NUClei was one of the first prominent successes of the rela-
nonrelativistic models; in the case of NL3 it is somewhat!iVistic mean-field approachi56]. The spin-orbit potential
larger and in the case of the other RMF forces smaller thaf&" be deduced in the nonrelativistic limit of the RMF model

the average result for Skyrme forces. But all parametriza@nd is given up to order?/c? by [36]

tions stay within the accepted bounds of this rather uncertain he

guantity. The asymmetry coefficient and the sum-rule en- WRMP) V(Sq— Vo), 2)
hancement factor are substantially larger than in case of the a (2mg+Sq=Vy)

Skyrme forces. But all RMF forces agree in their rather low .
value for the effective mass. 0.58n* /m=<0.6. It is to be WhereS andV are the scalar and vector potentials, respec-

noted, however, that the effective mass in the RMF modefiVely; see Appendix A2 for details. While the usual poten-
depends on the momentum as tial is given by the sum of the large negative scalar potential
S and the large positive vector potenti&l which cancel
nearly to give the usual shell-model potential, the difference
m* (ke) \/ m*(0)\2 [Kp|2 m*(0)) 2 of scalar and vector potential enters the expression for the
= ( ) + (—) ~ \/( ) +0.08, spin-orbit field, explaining its large strength. The occurrence
m m m of the derivative of the fields in Eq2) indicates that the
spin-orbit field is peaked in the nuclear surface region and
that its strength will depend on the surface thickness of the

where m* (0) is the value ak=0 usually handled as the Particular nucleus. _ ,
effective mass in the RMF model and where we assumed in, 10 ¢ompare with the corresponding expression for
the second step a typickk~1.35/fm. Table | thus shows Skyrr_ne mterac'tlong, one has to evaluate @&§jin the local-
two values fom*/m in case of the RMF model, at momen- 9€nsity approximation

tum zero and in brackets the more relevant vahiéd m(kg)

at the Fermi surface. The latter value is larger by about 10% W(RMF)
and comes visibly closer to the results for the Skyrme forces. .

In view of the application to superheavy nuclei, it is
worthwhile to check the performance of all these forces inwhereC=C,+C,—C, andC’'=2C, are combinations of
our sample with respect to already known superheavy nucleRMF parameters witlC;=g?/m?. The isospin dependence
This was done in Ref32]. It turns out that SkI3, Ski4, and of the spin-orbit potential is rather weak for typical RMF
the relativistic forces perform best in that respect, although iparametrizations which give€’~0.1C.
is to be mentioned that all relativistic forces show a wrong In the framework of nonrelativistic models the zero-range
isotopic trend; se¢32] for details. It is noteworthy that the two-body spin-orbit interaction proposed by Bell and
extended Skyrme functionals Ski3 and Ski4 perform mucHSkyrme[57,58 is widely used. Examples are all standard
better in the region of superheavy nuclei than the SkyrmeéSkyrme interactions like Sk¥ SkP, the SLy forces, or
parametrizations with the standard spin-orbit interactionSki1 and other nonrelativistic effective interactions like the
This indicates that an extended spin-orbit interaction is arGogny force[38]. The corresponding spin-orbit potential,
essential ingredient for the description of heavy systems. is given by

In both SHF and RMF models the pairing correlations are
treated in the BCS scheme using a delta pairing force; see Wﬁf“”z ba(Vp+Vpg). 4
Appendix A 3 for details.

The numerical procedure solves the coupled SHF andhere are two fundamental differences between the relativ-
RMF equations on a grid in coordinate space with theistic and nonrelativistic expressions for the spin-orbit poten-
damped gradient iteration methd82]. The codes for the tial: the isospin dependence and the missing density depen-
solution of both SHF and RMF models have been imple-dence in case of the nonrelativistic models.
mented in a common programming environment sharing all When deriving the single-particle Hamiltonian from an
the crucial basic routines. underlying Skyrme force there appears an additional contri-

.Y

X
(2my—Cp-—

Clp )2(CVp+C,qu)v (3)
q
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bution to the spin-orbit field which arises from the kinetic term can be neglected in very good approximation
momentum-dependent terms in the two-body Skyrme forcewhen calculating the spin-orbit splittingA e, s= €)1
— €150 Of two statesp; with the same radial quantum num-
WgJ)=b4(Vp+qu)+clJ—c1Jq. (5) belrlzand orbital angular momentumn but different j=1I
1/
The calculation of the spin-orbit curredtis somewhat cum-

bersome in deformed codes and its contribution to the total - ” 1 3 2
binding energy rather small. Therefore ttledependent AELSNMTL drrWo,| I+ 2 I+ 2 |11
terms in Eq.(5) are discarded in most parametrizations of the

Skyrme interaction and Eq4) is used instead. SkP and _ |+} by 142 ®)
SLy7 are two exceptions in this investigation. 2! vA

In the Hohenberg-Kohn-Sham interpretation of the

Skyrme interaction outlined above, there is no need for arf € spin-orbit splitting scales withl2-1 and depends sen-
underlying two-body force, but one can start from an effec_smvely on the overlap of the smgle-part_lcle wave functions
tive energy functional which is formulated directly at the With Wq, /r. The shape oW, . /r—which is usually peaked
level of local one-body densities and currents. This relaxedt the nuclear surface—depends itself on the variation of the
the fixed isotopic mix(4) in the spin-orbit functional and @actual density distribution in the nucleus which changes go-
allows more freedom for its parametrization which was usednd along isotopic or isotonic chains, especially when the
to complement the spin-orbit interaction by an explicit is-density distribution becomes diffuse going towards the drip
ovector degree of freedom in the fit of the extended Skyrméines or when it develops a central depression—as happens in

functionals SkiI3 and Ski4: some superheavy nuclei; see Sec. VD.
Equation (8) holds as well for the non-self-consistent
WgeXt’:b4Vp+ b4Vpq- (6) single-particle models which are used in the framework of

macroscopic-microscopic models. There the spin-orbit po-

The additional isospin degree of freedom enables the reprd€ntialW is assumed to be proportional to the gradient of the
duction of the kink in the isotope shifts of charge mean-Single-particle potentidl. In the simplest case of the modi-
square radii in lead, which is not possible with standardfi€d oscillator model—which was used in the first studies of

Skyrme forces employing Ed4) [46,59,60, while the ex- the shell structure of superheavy nudl2j3]—the spin-orbit
perimental data are reproduced by most RMF forces. Th&otentialW/r has no radial dependence, and the amplitude of

parameter®, andb, in Ski3 and Skl4 are adjusted to repro- the spin-orbit _Sp”“"ﬁg is s_imply proportio_nal td.% 1 see
duce the spin-orbit splittings of protons and neutron®® [55] for a detailed discussion. In more refined single-particle
and the isotope shifts of charge mean-square radii in lead. A, odels like the foIded-Yykawe:FY) mod_el[_61] or Woods-

a result of the fit the approximate relatibp~ — b, emerges axon mode[62]_ th? spin-orbit pot_ent|al is peaked at the
for SKi4: see also Table Il in Appendix A 1 Thig means thatnuclear surface like in the self-consistent models; see Appen-

for Ski4 the spin-orbit potential of one kind of nucleons dix A4 for details.

depends mainly on the density profile of the other kind of

nucleons. The force SkI3 was adjusted with the same fit'V' EFFECTIVE MASS AND AVERAGE LEVEL DENSITY
strategy but with a fixed isovector pasf=0 analogous to The average density of single-particle levgls) in the
the RMF model in the sense that the spin-orbit potentials oficinity of the Fermi energy can be estimated using the
protons and neutrons are approximately equal. Howevelrermi gas model in a finite potential well. In the case of
there remain differences between SkiI3 and the RMF modehonrelativistic particles one obtaif€3]

all RMF potentials have a finite range and the spin-orbit

interaction has a small but nonzero isospin dependence and a SHE 3 2mg
strong density dependence. Jq (€rq)~ ZNq(hkF,q)f' ©)

*

The relativistic generalization of formul@) is simply ob-
tained by inserting the effective mass' (ki) at the Fermi

In nonrelativistic models the spin-orbit term in the equa-surface; see Eq1) and the values in brackets in Table I.
tion of motion of the radial wave functions in case of spheri- The average level densiw rises |inear|y with partic|e

B. Spin-orbit splitting

cal symmetry is given by number—the single-particle spectra of superheavy nuclei are
1 3 therefore much denser than those of lighter stable nuclei.
W =it D) =Tt 1) = =| (1), (7)  This makes the shell structure of superh'ea\./y nuclei very sen-

r 4 sitive to details of the spin-orbit interaction; differences of a

few 100 keV in the spin-orbit splitting of two given orbitals
whereW,, , is the radial component of the spin-orbit poten- can create or destroy shell closures.
tial and ¢(r) the radial part of the single-particle wave func-  The level density depends linearly on the effective mass
tion y(r). For well-bound single-particle states, the radialm* as well. This causes a dramatic difference when compar-
wave functionse, . 1/, entering Eq(7) are only slightly dif-  ing the predictions of interactions with small effective mass,
ferent. Therefore the contributions from the potential and thee.g., SkI3 withm*/m=0.574, and parametrizations with
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large effective mass like SkP witlh*/m=1.0 in the region Only interactions which reproduce the experimental val-
of superheavy nuclei. As said before, a phenomenologicales of the first single-particle state below and above the
value of m*/m~0.8 for the isoscalar effective mass can beFermi surface will give the correct binding energies around
determined from the position of the isoscalar quadrupole gi€losed shell nuclei. This can be read the other way around as
ant resonances which is just in between the extremewell: Only interactions which reproduce the binding energies
spanned by our choice of mean-field models. But a word ofiround shell closures give a good description of at least the
caution is in place here. The value of 0.8 is appropriate fofirst single-particle state below and above the shell closure,
the effective mass in the nuclear volume. But the value mayut the bulk properties give no information on single-particle
be larger at the surface or Fermi surface, respectii@4y. states away from the Fermi energy. This demonstrates
This is, admittedly, a feature which is not yet built into nicely, however, that the total binding energy and properties
nowadays mean-field models. A thorough exploration of thiof single-particle states are connected in self-consistent

aspect is a task for future research. mean-field models. This is very different in macroscopic-
microscopic models where the bulk properties and single-
V. SPHERICAL MAGIC NUMBERS particle spectra are described in separate models.

One has to be careful when comparing experimental and

A. Relation of single-particle spectra and bulk properties calculated single-particle spectra. Experimental single-
At closed shells, one observes a sudden jump in the twopa_rticle energies of even-even nuclei are deduced from excij
nucleon separation energis,: tation energy measurements of adjacent odd-mass nuclei.
The binding energy of odd-mass nuclei is affected by polar-

Soq(Ng) =E(Nq—2) —E(Ng). (10 ization effects induced by the odd nucleon; $68] for a

discussion of these effects in the framework of the RMF
Ng and the number of the other kind of nucleons are assumeghodel. The polarization effects are important for the com-
to be even. The two-nucleon separation energy is a bettgarison of calculated and experimental single-particle ener-
tool to quantify shell effects than the single-nucleon separagies. But they do not affect the relation between the single-
tion energy due to the absence of odd-even effects. It is particle spectra and the bulk properties in even-even nuclei
very good approximation for twice the negative Fermi en-discussed here.

ergy:

Syq(N,Z)~ —2N\((N,2). (11 B. Single-particle spectra in known nuclei

Before extrapolating the models to the regime of super-

In doubly magic nuclei—in which the BCS pairing model . S
breaks down—the Fermi energy is simply given by theheavy nuclei we want to test the predictive power of the
mean-field models looking at®Pb, the heaviest known

single-particle energy of the last occupied state. Deviations . . . .
between the calculated and experimental values for thgph.erICaI doubly ;‘;‘g‘g'c nucleu_s. Figure 1 shovys the single-
single-particle energy of the last occupied state in doubI;Part'CIe spectra of**Pb as obtained from spherical calcula-

magi nucll are terefore comcied by @) wih an 107 U 18 mearfeld fies oe dcated. The upper
error in the two-nucleon separation energies below the shelt P P ’ P

closure. Although slightly influenced by pairing correlations,g;;hﬁbg?iﬁtrogja Eﬁilgixg(reg?ﬁgvtvﬂ EEC;La;'?gﬂe;Z;g}i? |Cr:)rt]:1_e
this holds in a good approximation also for the first unoccu- 9 9

pied state above the Fermi surface and the two-nucleon Sepggrlgon; the data aie taken friﬁﬁ]' The gaps in t_h(_a single-
ration beyond the shell closure. particle spectra af=82 andN=126 are clearly visible, but

The size of the gap in the single-particle spectrum is giveﬁhﬁ. fr?rces obwgu.slythdo f!:otfag”ree for tTS statble nuclzleu?j,
by half the difference in Fermi energy when going from avhich was used in the fit of all parameter sets employe

h > .~ here.
closed shell nucleus to a nucleus with two additional like . . .
nucleons. But from Eq(11) it follows that this is in very As already discussed in Sec. V A, the difference between

I the calculated and experimental energies of the first single-
gic;foeorlearl]rézr%?mgu&?] deizr?ua;ntgrthe shell gag,, the second particle state above and below the shell closure reflects the
9 9y, quality of the description of the total binding energies in the

5o (NI=E(N.+2)—2E(N.)+E(N.—2 vicinity of a shell closure. There are large differences be-
29(Ng) =E(Ng+2) (Ng) +E(Ng—2) tween the forces in their predictions for states farther away
~—2[Ng(Ng+2)—Ng(Ng) ], (120  from the Fermi surface. The spectrum predicted by SkP is

much too dense and the ordering of proton states below the
which was used ifi31] to quantify the magicity of a nucleus. Fermi surface not reproduced. A natural explanation for this
Going away from closed shells, there is a non-negligiblemight be the too large effective mass of SkP, but one has to
contribution from the residual pairing interaction; thereforebe careful: The effective mass determines the average level
S,q and 6,4 lose their direct relation to the single-particle density only but not the level density in an actual nucleus.
levels. The two-nucleon gaps,, represent the size of the The difference in energies between thgg2+ and 1y,
gap in the single-particle spectra, but they do not contaimeutron states is, for example, by far too large when calcu-
information about the actual location of the single-particlelated with SkP and SkM, leading to a subshell closure at
energies. N=136 in contradiction to experimental data. In the RMF
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2 - istic forces and SkiI3 give a wrong level ordering; thie,,2-
“*Pb '\_/ —\—/\3"3/2_ state lies too low in energy in all cases. Standard Skyrme
0 jffgjz forces work slightly better in that respect; e.g., SKkP predicts
-2 b1t otr/% 2fg,- to be the second-to-last state below the Fermi surface,
7/2— but interchanges the@,,- and 1i13»+ States instead, and the
9/2 —

% -4 1h9/2 latter one is again pushed up too much in energy like all
E other states with large angular momentum. It is remarkable
S -6 that the non-self-consistent FY model is the only one which

8 1/2: w - reproduces the level ordering of all states in the vicinity of
32 = %w/f the Fermi energy for both protons and neutrons. Like the

A0} e/~ 1h11/4 self-consistent models, however, it is not able to reproduce
i f\_Wzds/z* the values of the single-particle energies or even their rela-
-12 _— N tive distance.
Fd3ad3a82 23 £ To conclude our findings so far, the comparison between
0 z — predictions of various current mean-field models and experi-
g w w 272 mental Qata shows'that the models are not able to reproduce
- 5/2*\% 3ds/2" all Q(-_:‘tans of 'expgnment'al single-particle spectra and sh_ow
15/2 = 1i11/2] additionally significant differences among each other which
Ll 28/2 are related to effective mass and details of the spin-orbit
= o2/ interaction. _ _
§ 6 ] Shell closures of heavy nuclei are related to the spin-orbit
= 17\_ splitting of states with large orbital angular momentum.
& 5/2

= e N S Therefore it is interesting to compare the predictions of the

81 yr= 3p3/2 | mean-field models with experimental data on spin-orbit split-
+ - 1i13/2 . . R . .

. 13/2 m%mﬁ tings in known nuclei. Figure 2 shows the relative errors in

A0y percent (%) of the spin-orbit splittings of neutron levels

=
" 5/2+FI AA [ (lower panel and proton level§upper panélnear the Fermi

L% 385528338 ¢ surface in'®0, 132Sn, and®®®Pb. Negative errors denote the-
FreFadanatagg ; oretical values which are too small. The spin-orbit splittings

are calculated from the single-particle energies as they come

FIG. 1. Single-particle spectrum of the protoagper pangl  out from a spherical mean-field calculation. As already men-
and neutronglower panel in 2°Pb calculated with the mean-field tioned, the experimental single-particle energies are mea-
forces as indicated. sured as separation energies between adjacent nuclei, where

polarization effects have a visible influence. The error bars in

and extended Skyrme forces this difference is by far todrig. 2 represent the uncertainty of the spin-orbit splittings
small; NL3 predicts even a wrong ordering of these two lev-due to polarization effects as they are found4s).
els. The relativistic forces and the relativistic corrected All RMF forces reproduce the experimental spin-orbit
Skyrme force SkiI3 overestimate the gap between the protogplittings fairly well, although there are deviations up to 20%
lhg;- and 2f;,- states above the Fermi surface which leadswhich are scattered around zero. The errors from all RMF
to a pronounced subshell closureZat 92 which again is in  forces are similar and therefore it is likely that these errors
contradiction with experiment. represent the standard RMF Lagrangian, not specific param-

The RMF models and the modern Skyrme forces withetrizations. Although the tensor couplings of the vector me-
small effective mass push thg 1, with an experimental sons in NL-VT1 change the relative distance of the single-
single-particle energy o= —2.51 MeV too much up in the particle energies compared to NL-Z&ee Fig. 1, they have
spectrum, e.g., toe=-—0.418MeV in NL-VT1, while no visible influence on the spin-orbit splittings compared to
Skyrme forces with a large effective mass like SkMnd  the standard Lagrangian. It is interesting that the errors of the
SkP work slightly better in this respect. The differences inspin-orbit splittings of the neutrongBand 2 states in”°Pb
average level density due to the actual value of the effectivlave the largest values but different signs whif® and
mass scale only the deviation from the experimental valuet*sn are described very well. There is only one splitting
States with large orbital angular momentum systematicalliknown for protons irf%Pb (if one excludes splittings across
lie too high in the single-particle spectrum for all forces; seethe Fermi surface which have a large theoretical uncertainty;
also the proton i3+ state. As this problem appears for all see[65]), so one has no information how the error depends
parametrizations of both SHF and RMF models and for allon the angular momentum of the state as in the case of neu-
nuclei throughout the chart of nuclg$7,68, we conclude trons. But, however, the RMF gives a very good overall de-
that this is not a problem of actual fits but it indicates thescription of spin-orbit splittings throughout the chart of nu-
need for improved effective interactions beyond the currentlei without any free parameters adjusted to single-particle
energy functionals. data.

All forces have problems to reproduce the neutron single- The reproduction of the experimental data with the
particle energies below the Fermi energy as well. All relativ-Skyrme functionals is by far not as good as for the relativis-
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100 -8 igf;él(g)m protons g Z=114 - g‘]gi
O “°Pb (2d) . —— SLy6
%0 ) iy //\;ﬁ
< & = 3
g, 608 ¢ 1 “a \
© S 2 o b —
§4o-g Ty NS 1 L [ R LI ITIITOT
556-"‘ g 5 I I 0
<207 Tee o] 160 180 200 220 240
& 0 ¢ l . 1 I I l 111 Neutron Number N
l : R FIG. 3. Two-proton gap in the chain &= 114 isotones calcu-
-20 l 1 | lated with the forces as indicated.
r Lt 2% 55 33Y8¢E
EEEEEEREN s 5 forces and the RMF model. Ski3 gives bad results for neu-
— z trons and protons and shows surprisingly large differences in
100 F 8208 neutrons - the relativistic forces. This is somewhat unexpected because
g0 12 iﬁigggg) | Ski3 was constructed with the isospin dependence of the
5 N spin-orbit force which appears in the relativistic models. This
g\;so ) ; a ° . indicates that the isospin dependence is not the only impor-
3 g ° g tant difference between the relativistic and nonrelativistic
40 o a ] models; the density dependence or finite range of the RMF
%20 4 ; i . g i potentials might play a much larger role for the single-
& l L1 J I %[ AI o o particle spectra. S_kl4 gives the best results for_the neutrons
20 T S S - of all nonrelativistic models, but at the same time it gives
20 1 %[ ) ? g ¢ 2] also the worst description for the proton spin-orbit splittings
among all interactions investigated here; the errors have val-
T3 :25833331%8¢ ues up to 80% for the@level in 2°%Pb. The predictions for
w e z g heavy nuclei might be too large by a factor of nearly 2,

which makes the unique prediction of this force of a proton
FIG. 2. Relative error §eis— dei”)/deg" in percent of the  shell closure =114, caused by large spin-orbit splitting,
spin-orbit splitting of proton(upper panel and neutron(lower ot very reliable. This will be discussed in more detail in
pane) single-particle states close to the Fermi surfac®@® '*Sn,  gac v C
and?%®Pb calculated from the mere mean-field single-particle ener- T.he fc;lded-Yukawa model shows a similar behavior as
gies with the parametrizations as indicated. the SHF forces, but like in the case of SkP the errors are

. . L scattered around zero.
tic models. There is a clear trend which is the same for all

standard Skyrme forces: for neutrons the error of tipe 1
splitting in %0 has the smallest value; then comes the split-
ting of the 3 state in2°%Pb, the 2 state in'3%Sn and then The nucleusiagl14 is the “traditional” prediction for the
the splitting of the 2 state in?°®Pb. Like in the case of the spherical doubly magic superheavy nucld@s3,59 from
RMF model, the splittings of thef2and 3 neutron states in macroscopic-microscopic models which was confirmed in
208p are not reproduced with the same quality; the error fomore recent models of this typgl4—-16. As shown in
the 2f state is always much larger compared to the experit30,31, most modern parametrizations of self-consistent
mental value than for the8state. models shift this property to larger proton numbers and/or
It is very unlucky that the parameters of the spin-orbitsmaller neutron numbers, depending on the parametrization.
interaction in nonrelativistic models are usually adjusted toOnly for the extended Skyrme functional Ski4 dog§114
data in®0, which are at the lower end of a systematic trendremain the doubly spherical magic nucleus in the superheavy
increasing with mass number. Choosing one or severdegion.
heavier nuclei for the fit, however, does not cure the problem Figure 3 shows the two-proton shell gag,, the indica-
of the wrong trend, but it gives a better overall description oftor for shell closures derived from total binding energies, for
spin-orbit splittings as can be seen from SkP, which gives théhe chain ofZ=114 isotopes calculated with the mean-field
best possible compromise for a standard Skyrme force: thforces as indicated. Only Ski4 predicts a shell closureZfor
differences between the data points are similar to those frons 114; all other forces give rather smal,. In contrast to
the other standard Skyrme forces, but they are centeretthe proton shell closures at higher charge numievghich
around zero. The other standard Skyrme forces SkSLy6,  will be discussed in the following, thé= 114 shell is stable
SLy7, and SKI1 give similar predictions, with large errors for for varying neutron number.
the 2d states in*3?Sn and the neutronf2and proton 2 state We want to see now how the different predictions for the
in 2%pp. shell gapd;, in the potential doubly magic nucleu$#114
The predictions of the extended Skyrme forces SkI3 andire reflected in its single-particle spectra; see Fig. 4. The
Skl4 deviate significantly from both the standard Skyrmepossible shell closure &= 114 is located between two spin-

C. Shell structure of 235114
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has disappeared for most of the forces when reaching this
proton number.

In the single-particle spectrum for the neutronﬁﬁlm
the differences between the various mean-field forces are
much smaller than for the protons. All forces show a gap in
the single-neutron spectrum [dt= 184, but for the relativis-
tic parametrizations the amplitude of this gap is smaller than
for the Skyrme forces and even decreases with increasing
effective mass. Therefore, in NLhe RMF force with the
largest effective magshe major shell closure 8= 184 has
vanished.

The single-particle spectra of both protons and neutrons
from the non-self-consistent FY model look very different
compared to all self-consistent models. In particular, the
spin-orbit splitting of all proton states is much larger com-
pared to all self-consistent models with the exception of
Skl4. At the Fermi surface, thei o+ proton state, which is
the last filled state in all standard Skyrme forces, is pushed

577 iy

§ sas/2* w1yt down below the 2,,- state by the large spin-orbit splitting.
=6 m/r%mm This creates the large gap in the single-particle spectrum at
v 3as/2" z=114.

Although the non-self-consistent FY model preditis
=184 to be magic as well, the ordering of the neutron states
below theN=184 shell closure is very different. The large
spin-orbit splitting in the FY model pushes the3+ state
above the 4,,,+ state and the &+ below the 2j,,,+ state.
Another difference in the self-consistent models is the large

FIG. 4. Single-particle spectra df5114 for protons(top) and  level density above the gap &t=184. Three states with
neutrons(bottom) at spherical shape for the mean-field forces aslarge angular momentum, i.e.h2;>-, 1j13/>-, and XKy7;+,
indicated. are close together which explains that the maximum of the

corresponding shell correction is shifted to nuclei with the

orbit coupled states, thetf2,27 and 2.5/2T levels. Addition- somewhat smallefand nonmagic neutron number around
ally, the 1i15,+ state which has a similar energy as thie 2 N=178[16]

states has to be pushed down. Therefore it is immediately
clear thatz=114 is only magic in the case of a large ampli- D. 7 =120 shell
tude of the spin-orbit splitting. A strong=114 shell ap- T
pears only for Skl4, the force with the largest proton spin- In self-consistent models, the occurrence of a spherical
orbit splitting in this nucleus of all forces under proton shell closure with gived can change with varying
investigation. But it is to be remembered that Skl4 overestineutron numbeN, and similarly the neutron shell closures
mates the spin-orbit splitting of the protons?#Pb by 80%. can vary with changing proton numbers, while for light nu-
This makes the prediction of a large spin-orbit splitting in clei this happens only at the limits of stability, e.g., the van-
298114, leading to a strong shell closure, very doubtful. ishing of theN=28 shell for proton numbe< 20 which is

SkP, the force with effective mass*/m=1.0 and there- hinted at experimentall)f70-73 and predicted by self-
fore a large density of single-particle levels, shows no sig<consistent mean-field moddlg4,75. In the region of super-
nificant shell structure at the Fermi surface of the protons aheavy nuclei the nucleon-number dependence of shell clo-
all. For all other forces there is at least a subshell closure aures is a common feature in the predictions of self-
Z=114. But only for Ski4 is the gap in the single-proton consistent modelg31,32.
spectrum large enough to be interpreted as a major shell The most important example is the spherit 120
closure. For all standard Skyrme forces thigzh+ state is  shell; see Fig. 5 which shows the two-proton shell ggpof
located between thef2states, which significantly reduces the Z=120 isotones for some of the forces under investiga-
theZ=114 gap. tion. All parametrizations except SKMand SkP predict a

In some of the other forces with smaller spin-orbit split- peak in thed,, at N=172 which is followed by a steep
ting, like SkI3 and the RMF parametrizations, there is a gaglecrease ob,, when going towards larger neutron numbers.
in the spectrum aZ =120, indicating the major shell closure The &,, are largest in the relativistic parametrizations and
of these forces, while in all Skyrme forces there appears ¢he extended Skyrme functional SkI3 with the RMF-like
gap atZ=126, hinting at another potential spherical magicspin-orbit interaction, but even most of the standard Skyrme
proton number. But as we will see in what follows the gap atforces, i.e., those with small effective mass, show an en-
Z=126 becomes smaller with increasing proton number anttanceds,, aroundN=172 as well.
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FIG. 5. Two-proton gap in the chain &= 120 isotones calcu- — -2 3d8/2*
lated with the parametrizations as indicated. > 4 1he/2" i
-E- 3s1/2%
. $ g L 2g9/2"
To understand the origin of the neutron-number depen- 232" Lo
dence, Fig. 6 shows the single-proton spe¢ioaver panel 8 | Hz oy
and the corresponding,, (upper panelof the Z=120 iso- 10 T
tones calculated with SkI3. The quantity of interest is the gap -
in the spectrum aZ=120. First of all it is to be noted that -12

the single-particle spectrum is indeed relatively dense. 140 160 180 200 220 240 260 280
Therefore already minimal relative changes of the proton Neutron Number N

levels produce a regime of higher level density at the proton

Fermi surface around =184, the neutron number where the FIG. 7. The same as in Fig. 6, but computed with Skl4.
proton shell gap is lowest. The relative changes of the levels. ) , .
are due to changes in the amplitude of the spin-orbit splitSingle-particle spectrum, in the upper panel of Fig. 6 the
ting. The shell closure a=120 can appear only when the difference in energW e between the last single-particle state
spin-orbit splitting between thef2proton states below the b?'OW and th? first state above the Fermi energy is shown
Fermi energy and theBstates above the Fermi energy is with a dotted I|n_e. As can be clearly seévg is always larger
small. In nuclei for which the spin-orbit splitting of these than 52_9’ _showmg _that the_shell gaps,, calculat_e-_d from_
levels is large, e.g., arounl=184, the gap in the single- total binding energies are influenced by the pairing, which
particle spectrum aZ =120 vanishes. smears out the shell effects.

To demonstrate the relation between the shell gap calcu- For Ski4 the sp|n-9r_b|§ splitting of the single-proton levels
n superheavy nuclei is in general larger than for Ski3; see

lated from total binding energies and the actual gap in th ig. 7. Therefore the magic numb&e114 appears, corre-
sponding to a large gap between thes2ngle-proton levels.
172 184 %8 As for Ski3, the spin-orbit splitting of the levels in the vicin-
B e ity of the Fermi energy is largest arouht=184. While this
effect weakens the shell gap A& 120 in SkI3 and Skl4, it
amplifies the gap in the single-proton spectrunzat114 in
Skl4. The magiZ=120 appears for Ski4 only for isotopes
with relatively small spin-orbit splitting in the vicinity of the
Fermi energy, i.e., at large neutron numbers.

The single-particle spectra of the protons look very differ-
ent for forces with large effective mass, e.g., SkP; see Fig. 8.
Owing to the large average level density at the Fermi surface
there are no distinct shell effects at all for tAe- 120 iso-
topes. Additionally, there are only slight changes of the level
structure with varying neutron numbkl. This confirms our
previous finding that a large effective mass washes out most
of the shell structure in superheavy nuclei. In this case, the
proton shell gaps,, and the last single-particle level below
the Fermi energy and the first level above are in good agree-
ment.

62p [MeV]
(= (-] B ONDWRGIS

140 160 180 200 220 240 260 280
Neutron Number N

E. Shell structure of 232120
FIG. 6. Single-proton levels in the vicinity of the Fermi energy .
for the isotopes o = 120 (lower panel and two-proton shell gap The occurrence of the proton shell closureZat 120 is
85p (Upper panglversus the neutron number, computed with Ski3. coupled to at least a subshell closurdat 172. Therefore it
The dotted line in the upper panel is twice the difference betweenS interesting to take a detailed look at the single-particle
the 3p,,- and 25, levels; the dashed line is twice the difference spectra Of%%lZO, which are shown in Fig. 9. The upper
between the ;- and X5, levels. panel shows the proton levels; the lower one shows the neu-
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Neutron Number N FIG. 10. Density distributior{upper panéland radial compo-

nent of the spin-orbit potentidlower panel of protons(right) and

neutrons(left) for 293120, calculated with the forces as indicated.
he total density is plotted in the upper panels as well. The density
istributions calculated from the single-particle wave functions as

FIG. 8. The same as in Fig. 6, but computed with SkP.

tron levels. As already discussed in Sec. V D, the occurrenc
of the shell closure af =120 depends on the amplitude of they come out in the FY model are drawn for comparison. All

the spin-orbit splitting of the B states above the Fermi level models except SkP show a central depression in the density distri-

and the Z levels below the Fermi energy. It appears onlyysion, which has a visible impact on the spin-orbit potential.
when the level density at the Fermi energy is small and the

spin-orbit splitting is weak, but this is the case for all forces The level ordering of the proton states above the Fermi
under investigation except SkP and SkMhe forces with  |evel for the RMF forces NL-Z, NL-Z2, and NL-VT1 is quite
the largest effective mass and therefore largesterag¢  unusual; the B state with small total angular momentum is
level density. It has to be noted that for almost all forces thidocatedabovethe state with large angular momentum. This
nucleus is located near the two-proton drip line since the firsphenomenon is related to the unusual shape of the density
unoccupied proton level has a positive single-particle energyistribution of this nucleus; see the upper panel of Fig. 10.
The large dip at the nuclear center, where the density is
reduced to 2/3 of its nuclear matter value, leads to a region
aroundr ~ 3 fm where the spin-orbit potential has the oppo-
site sign; see the lower panel of Fig. 10. Therefore, jfor
states with large occupation probability in this region the
amplitude of the spin-orbit splitting is dramatically reduced
or even has the opposite sign as it is the case for NL-Z,
NL-Z2, and NL-VT1. Additionally, this density distribution
strongly affects the shape of the single-particle potentials,
which are reduced at the nuclear center by approximately the
same factor as the density. Orbitals with large angular mo-

€, [MeV]

EEEEEREREERFEE- mentum, e.g., theilstates, are pushed down in the spectrum
0 = a compared to stat(_as with rather small angula_r momentum like
4p3/2'M aheyz the 3p states. This leads to a completely different level or-
-2 | 37 1a7/2] dering above th&z=120 proton shell in case of the RMF
211/2] forces.
= ;”11,72{ 18/2 The same effect occurs in the neutron spectrum as well.
g . pu11/2 w2 The level ordering of the @ states is reversed for the RMF
& %:jﬁj ot forces; see the lower panel of Fig. 9. Again, for SkP, the
g | @ force which gives the less pronounced dip of the density
/2 —_ distribution, the spin-orbit splitting of thed3neutron states

-10 me is largest. States with large angular momentum and therefore

=5 TR 2L small overlap with the center of the nucleus, i.e., tlipd?
2Edd22d% 23 3 1j states, show the common spin-orbit splitting.
The details of this effect as they appear in the nonrelativ-
FIG. 9. The same as in Fig. 4, but 635120. istic SkI3 are shown quantitatively in Fig. 11 for selected
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2'2' "23 FIG. 12. Distribution of the mass density from spherical calcu-
;-4 r 14 § lations with SkI3 in the region of th&@=120, N=172, andN
et 1-6 =184 shells.
-0 5 r[?m} 5 10 15 densities and/or single-particle potentials, where one has a

very restricted variational freedom of the density profile only
FIG. 11. Radial density distributiofupper pané| integral ker-  (ETFSI) or no degree of freedom in the density distribution
nel of the spin-orbit splitting8) (middle pane), and radial compo- and single-particle potentials at all(macroscopic-
nent of the spin-orbit potentiad, for the 2f and 3 proton states microscopic mode)s Looking at the spectrum calculated
(right) and 2y and 3 neutron states 33120, calculated with  with the FY model, the spin-orbit splitting is indeed much
Ski3. The probability distribution is shown for the state with larger larger than in self-consistent models, especially for tipe 3
total angular momentum only. proton and 2 neutron states which are crucial for the
=172 shell closure. Comparing Fig. 9 with Fig. 4 f6¥114
neutron (left) and proton(right) states, in both cases one one immediately sees that the change in the single-particle
level with large and one with small orbital angular momen-spectra of both protons and neutrons predicted by FY is
tum close to the Fermi energy. The upper panels show thewuch smaller when going frori®®114 to 2°2120 than in all
radial density distributions #r?|¢(r)| of the 2g and 3 self-consistent models.
neutron states andf2and 3 proton states, where(r) is Figure 12 shows the profile of the total density in even-
the radial component of the single-particle wave functioneven nuclei in the region of th#=120, N=172, andN
Y(r). The radial density is shown for the state with larger=184 shells as they result from spherical calculations with
total angular momentum only. The middle panels shows th&kl3. This demonstrates that the density profiles are coupled
integrand  r Wy (1 +3)[(1+3)| 1+ 12°— (1= 3)|_1J%]  to the shell closuregand vice versp At large neutron num-
which enters the calculation of the spin-orbit splittit§), = bersN>184 all nuclei have the usual density profiles, while
while the radial component of the spin-orbit potenti] is  going belowN= 184 the nuclei immediately show a central
shown in the lower panels. Besides the familiar attractivedepression that is most pronounced for nuclei vidth 120.
peak at the surface of the nucleus, the central depression @fis noteworthy from Fig. 12 that the central depression of
the density leads to a repulsive peak of the spin-orbit potenthe density distribution is coupled to the neutron number—it
tial aroundr~3 fm. The total spin-orbit splitting now de- disappears for all neutron numbers abde 184, while the
pends sensitively on the location of the radial wave func-density profiles of nuclei with constant neutron number but
tions. The neutron @ and proton P states with three nodes different proton number look very similar. The reason for
but small angular momentum have large overlap with bottthis is that the last filled neutron levels below tNe=172
the repulsive and the attractive part of the spin-orbit potentiajap—2yg/5+, 1j15-, and Zy;,+—all have large orbital an-
(note that small radii are suppressed only withdid not as gular momentum and are therefore mainly located at the
usual with 1¢?), leading to nearly vanishing spin-orbit split- nuclear surface. Going frotN=172 toN=184 only levels
ting, while the neutron § and proton 2 states with only two  with small angular momentum—e3,,+, 3ds,+, and
nodes feel only the spin-orbit potential at the nuclear surfacds,,,+—are occupied which have a large probability distri-
(and have much larger overlap with this than the small-bution at small radii. This means that the unusual density
angular-momentum statesshowing the usual spin-orbit distribution of nuclei aroun@%lzo is simply caused by the
splitting. filling of the neutron levels which have the same ordering in
Note that this is a polarization effect that is naturally in- all models investigated here. This effect thus should occur in
cluded in the self-consistent description of nuclei but cannohon-self-consistent models as well. And indeed the densities
occur in semimicroscopic approaches like the “extendectalculated from the FY modéplotted in the upper panel of
Thomas-Fermi-Strutinski integrallETFS) method[76,77] Fig. 10 show the same behavior as the densities from the
or macroscopic-microscopic mode[§9] with prescribed self-consistent models, although the effect is weaker here.
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FIG. 13. Single-neutron levels in the vicinity of the Fermi en-

ergy for the isotones oN=172 versus the proton number, com-
puted with SkI3.
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FIG. 14. Two-proton gap in the chain @=126 isotones cal-
culated with the parametrizations as indicated.

Figure 14 shows the two-proton shell gap, for the
chain of Z=126 isotopes calculated with the forces as indi-
cated. For SkP and SkMtwo Skyrme forces forces which
both have a large effective mass this is a major spherical
shell closure. As in case aZ=120 the shell closure is
neutron-number dependent; it fades away when going to
neutron numbers beyond=184. For most other Skyrme
forces there is only a slight enhancementdgf in a small
vicinity around N=184 which cannot be interpreted as a
shell closure. The forces with “relativistic” spin-orbit cou-

But unlike the non-self-consistent models with prescribeob”ng, i.e., all RMF forces and Ski3, predict very small shell
potentials, the densities in self-consistent models are fe aps only.

back into the potentials, which amplifies the effect by driving™ This is reflected in the single-particle spectra; see Fig. 15.

the wave functions to larger radii. Additionally the self-

Contrary to the appearance of the=114 andZ=120 shell

consistent spin-orbit potentials are influenced which in turn,gsures. which can be explained simply by looking at the

causes th& =120 proton shell closure.
The same effect which creates the- 120 proton shell is

responsible for the appearance of a magic neutron number 4 A —‘—/fff;;
N=172. The gap aN=172 depends sensitively on the am- 269/2" ©
plitude of the spin-orbit splitting of the & neutron levels 2 11’1115/: r_/—\\J_L\_/_-mw
above this gap. Therefore it occurs again only for the RMF 0 3p1/2‘w3p1/2:
parametrizations and the generalized Skyrme functional }: 303/2 apa/?
SkI3. It can be expected that this neutron shell closure is S -2 */* z:;:
restricted to nuclei with a prominent central depression of the :;_4 zm{%nwf
density like theZ=120 proton shell closure. Figure 13 1‘11:9//22
shows the single-particle energies of the neutrons in the -6 )
chain of N=172 isotones calculated with Ski3. THg o/ 169/2
=172 gap is largest faZ =120, in agreement with our find- -8 mm_/x\ 3s1/2"
ings for thed,, in [31]. Although all theseN= 172 isotones FEEEEEEEEEEE
show a central depression of the density distribution, for PEadadat gy %
those those around= 120 the decrease in density when go- 0 - =
ing to small radii is steepest. This gives the largesisitive) :S;zw ‘&;zif!h
peak in the spin-orbit potential and therefore the smallest 2 boveyr s1/%
spin-orbit splitting of the neutron @ levels which in turn ar/r e/7
gives the largest gap in the spectrum. S :::Z
<D +
F. Shell structure of 332126 2, ] 1;;17;/22 1113/2
The question of whethez =114 orZ=126 is the next & 2:://; e
spherical shell closure beyond the experimentally kn&wvn 8 4s1/2+/5\_‘=/——\_ﬁ3d3/2+
=82 is as old as the first extrapolations of nuclear shell 272 ads/2"
structure to superheavy nuclei in simple models. Wizle MS/Z*H- 2e1/2*
=126 corresponds to the largest experimentally known -10  h e e~ & =T 8 aNa o
magic neutron numbeZ=114 has no counterpart for the “EFagada 2 2 2 E
-4

neutrons. A large number of self-consistent models predict

Z=120 to be the next proton shell closure, but there are

some parametrizations predictidg=126 as an alternative.

FIG. 15. The same as in Fig. 4, but f&§3126.
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19126 (3p)

&

on the amplitude of spin-orbit splitting but on the relative
distance of levels with different orbital angular momentum
as well, although all relativistic forces with overall small
spin-orbit splitting show no shell closureat 126. Remem-
bering that states with large angular momentum have sys- v

spin-orbit splitting of adjacent proton levels, the situation is 0.5 protons
more complicated for th&=126 shell closure. Theil, - O 114 (2f)
proton state which lies above tie= 126 gap is widely sepa- 0.4 r E] Zzzgg gf)) 1
rated from the deeply bound 1.+ state. Therefore the ap- m 2120 (3p)
pearance of the magic numhée= 126 does not depend only 03r <’> 28 (20 1

86,/ (20+1) [MeV]

e
=
T
w

) ]
) ]

tematically too small single-particle energies and that the 0.0 —
spin-orbit splitting predicted by the standard Skyrme forces E 552 %333338¢
and Skl4 is too large in heavy nuclei—both would reduce the B B Z g q

Z=126 gap—the occurrence of a proton shell closur& at 0.5
=126 is very questionable.

neutrons

O 114 (29

Comparing the single-proton spectra ;114 (Fig. 4) 04} ® 3331;3%”'
and 333126 one sees immediately that the gapZat126 B =10 08
becomes much smaller with increasing proton number. An 0.3 ¢ :iﬁgggi))

exception is the non-self-consistent FY model; here the rela-
tive distances of all proton and neutron have only slightly
changed. This gives a further example for the strong depen-
dence of the shell structure of superheavy nuclei on the
nucleon numbers in self-consistent models. e
For all forces the Fermi energy is positive which means
that 329126 is predicted to be unstable against proton emis-
sion. However, owing to the large Coulomb barrier in super-
heavy nuclei we expect that this nucleus decays through
other more common channels. FIG. 16. Amplitude of the spin-orbit splitting of several super-
heavy nuclei as predicted by the mean-field forces as indicated. The
spin-orbit splitting is weighted with 1/(2- 1) to remove the trivial
dependence on the orbital angular momentum. This shows nicely
We have seen that the predictions of self-consistent modhat in self-consistent models the spin-orbit splitting has an addi-
els for the spin-orbit splitting in superheavy nuclei show ational state dependence that does not occur in simple potential mod-
pronounced dependence on the nucleon numbers and the eifs like FY (in the modified oscillator model the splitting is simply
bital angular momentum of the single-particle states. This ighe « parameter in the potentja@nd that is related to the shape of
summarized in Fig 16. The upper panel shows the spin-orbithe density distribution.
splitting of the ¥ (white markery and 3 (black markers

proton states, while the lower panel shows the splitting of the  There is a difference between protons and neutrons.
2g (white markersand 3 (black markersneutron states in - while the splitting of the g neutron state is comparable in

trivial trend with the orbital angular momentuinof the  the differences with mass number for the @roton states is
states is removed dividing byl 2 1; see Eq(8). much more pronounced.

While in the non-self-consistent FY model all states have There are |arge differences between the various forces.

nearly the same renormalized spin-orbit splitting, there arerhe parametrizations can be divided into three groups which
large differences between the self-consistent models. Thgitfer in the isospin dependence of the spin-orbit interaction:
predictions of the forces for certain states in certain nuclekiandard Skyrme forceSkP-Ski, extended Skyrme forces
differ as such, but there are clearly visible trends With(sk|3, Skl4, and RMF forcegNL3, NL-Z, NL-Z2, and NL-
nucleon number and orbital angular momentum which occu/T1). The standard Skyrme forces in most cases predict
for all parametrizations. Picking out one force, one sees iffarger spin-orbit splittings than the RMF forces. As in the
most cases the same pattern: The spin-orbit splitting of @ase of the known nuclei, the predictions of the extended
given state in333126 is larger than injgg114, while it is  Skyrme forces Ski3 and Ski4 do not stay in between the
smallest in £95120. The (renormalizedl splitting of states predictions of standard Skyrme forces and the RMF model.
with large orbital angular momentum is always larger thanAgain, SkI3 gives much larger spin-orbit splittings than the
the splitting of states with small orbital angular momentum.RMF forces with a similar isospin dependence of the spin-
As already discussed above, this is related to the shape of tlegbit interaction, while Skl4 stays in between standard
nuclear density distribution and the effect is largest inSkyrme forces and RMF forces for neutrons, but gives the
f?z 20, for which most self-consistent forces predict a pro-Hargest splittings for proton levels. For SkP, the force with

nounced central depression in the density. large effective massm*/m=1.0 and the smallest spin-orbit

e,/ (20+1) [MeV]

e
—
T

.
*

.
!

e
(=4
[

»

FY
SkP
SkM*
SLy6
SLy7
Ski1
Ski4
SkI3
NL3
NL-Z
NL-Z2
NL-VT1

G. Spin-orbit splitting in superheavy nuclei
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parameterb,, the results look somewhat different as waslevel ordering of spin-orbit coupled states is even reverted.
already the case for the known nuclei discussed in Sec. VB; The change of the single-particle spectra of both protons
the spin-orbit splitting of the large angular momentum state@ind neutrons when varying proton and neutron number is
and the dependence of the amplitude of the renormalizethuch larger in all self-consistent models than in non-self-
spin-orbit splitting on the orbital angular momentum areconsistent approaches, which was shown on the example of
smaller than in other standard Skyrme forces. the folded-Yukawa model.

The predictions for shell closures are sensitive on the The only self-consistent force which prediéts- 114 for
isospin dependence of the spin-orbit interaction and the isdn® next spherical magic proton number is the extended
scalar effective mass. But there are additional dependenceXYme force Ski4. Although Ski4 gives a very good de-
of the spin-orbit splitting than the already mentioned ones aflcnptlon of the binding energies in knon(_iefo.rmed super-
can be seen by comparing Ski3 and the RMF forces, whic eavy nuclei[32] and reprodq_cgs the kink in the Isotopic
have similar effective mass and isospin dependence of th%h'fts of the mean-square rgd_u in heavy lead nuclel_, It over-
spin-orbit interaction. estlm{:\tes the spin-orbit gplltt!ngs of proton states in heavy

nuclei by 60%—-80%. This discrepancy between this very
good description of bulk properties and a rather poor descrip-
tion of details of the single-particle spectra is yet to be un-

We have investigated the influence of the isospin dependerstood. Since a possible proton shell closurg=atl14 is
dence of the spin-orbit force and the effective mass on théaused by a large spin-orbit splitting, the unique prediction
predictions for spherical shell closures in superheavy nuclePf Skl4 is very questionable. On the other hand, all RMF

We have introduced two new RMF forces: NL-Z2 and forces, which are in very good agreement with experimental
NL-VT1, both employing the standard nonlinear ansatz fordata for spin-orbit splittings throughout the chart of nuclei,
the Lagrangian, but NL-VT1 is complemented with tensorPredict a magicZ=120.
couplings of the isoscalar and isovector vector fields. Both In summary this gives a strong argument that the next
are fitted to the same set of experimental data as the receftagic proton number i€= 120, coupled with a magic neu-
Skyrme parametrizations Skl The tensor coupling changes tron numbeMN=172, still a far way to go from the heaviest
the relative distances between the single-particle states, butpresently known nucleugia12.
has no visible influence on spin-orbit splittings in heavy and
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fect can be explained in terms of single-particle spectra as a
coupling of the spin-orbit field to the profile of the density AppPENDIX: DETAILS OF THE MEAN-FIELD MODELS
distribution (of protons and neutrons separajelyhich un-
dergoes dramatic changes in superheavy nuclei. This is an 1. Skyrme energy functional
effect of self-consistency; it cannot occur in models where The Skyrme energy functionals are constructed to be ef-
the density distribution has only a restricted degree of freefective interactions for nuclear mean-field calculations. For

dom like the semimicroscopic ETFSI approach or has evegven-even nuclei, the Skyrme energy functional used in this
no degree of freedom at all like in the case of macroscopicpaper,

microscopic models. In the region aroudgh120 all forces

with small effective mass predict a deep central depression E=Einl T1+Esd p 7.3+ Eclppl = Eem.s (A1)
of the nuclear density, which induces an unusual shape of the

spin-orbit potential that causes an additional state deperis composed of the functional of the kinetic eneigy,, the
dence of the spin-orbit splitting. In some cases the usuatffective functional for the strong interacticfy,, and the

VI. SUMMARY AND CONCLUSIONS
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Coulomb interactiorf: including the exchange term in the
Slater approximation and the correction for spurious center-
of-mass motiort, ,, . The energy functionals are the spatial

integrals of the corresponding Hamiltonian densittés

E[pmJ]=J dr H[p(r),7(r),I(r)]. (A2)
The actual functionals are given by
ﬁZ
Hiin =50 (A3)
e pp(Npp(r’)  3e?( 3|1
_ 3.1 7P p 4/3
Hc—ffde‘T 7 Pe (A%
by b, bs
Hsi=— p*+bipr— = pAp+ —p*
bo , b, by
—Eq: 5 PatbipaTa™ 5 pelpgt 5 P PG|+ His,
(A5)

with various possibilities for the spin-orbit interaction:

H(Lsstd)=—b4(pV-J+§ qu~Jq), (A6)
HL=H+ clJZ—q; 22, (A7)
HO= —b4pV-J—bg§ pqV-Jq. (A8)

HZ is reproduced fronH(2? settingb,=b,.
The local densityp,, kinetic densityr,, and spin-orbit
currentJ, entering the functional are given by

Pq= kEQ Vﬁ| ¢k|21

€%%q

Tq— 2 VE|V¢k|2!
ke Q

€%%q

i
Jo= =5 2 ViUV X a— (VX090 i, (A9)
€%
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bo=to >

1
1+—x0),

1
1+ EXl

1
b]_:Z tl

1
+it,| 1+ EXZ

1
=+X,

1] (1
bl:Z tl §+X1

1 1 1
b2:— 3t1 1+ EX]_ _t2 1+ EXZ

8

1
§+X2

1 1

1
1+ _X3

b3:Zt3 2

1
§+X3 ,

L1

1
Ci=— §(t1X1+t2X2),

!

1
ci=—g(ti—ty). (A10)
The actual parameters for the parameterizations used in this
paper are summarized in Table II.
The single-particle Hamiltonian is derived variationally
from the energy functional. One obtains

hy=—V-BV+U—iW, VX8, (A11)
with the mean fields

B—&S U—65 W—&S Al2

q_5_7'q’ q_5_pqy q_ﬁq- ( )

For all forces, a center-of-mass correction is employed. For
the Skk and SLy forces it is calculated perturbatively by
subtracting

1

Eem= m< |E%m) (A13)

from the Skyrme functional after the convergence of the

with g e {p,n}. Densities without an index denote total den- Hartree-Fock equations, while for SkMand SkP only the
sities, e.9.p=p,+pn. The ¢y are the single-particle wave giagonal direct terms in Eq(A13) are considered self-
functions andv§ the occupation probabilities calculated tak- consistently in the variational equati¢ag]. For all but the

ing the residual pairing interaction into account; see AppensSLyx forces this is the procedure used in the original fit. For
dix A3. The parameterb; andb; used in the above defini- SLy6 and SLy7 the microscopic correctioA13) was con-
tion are chosen to give a most compact formulation of thesidered in the variational equations and therefore gives a
energy functional, the corresponding mean-field Hamil-contribution to the single-particle energy. However, for large
tonian, and residual interactid@8]. They are related to the nuclei as discussed here the contribution of &{.3) to the

more commonly used Skyrme force paramete@ndx; by

single-particle energies is negligible because the matrix ele-
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TABLE Il. Parameters of the Skyrme energy interactions. The;, b,, b;, anda are the parameters of the Skyrme functioffss);
#2/2m is the constant in the calculation of the kinetic enetag).

Parameter SkM SkP Ski1 SkI3 Skl4 SLy6 SLy7

to [MeV fmd] —-26450  —-2931.70 —1913.619 —1762.88 —1855.827 —2479.50 —2480.80

t; [MeV fm®] 410.0 320.662 439.809 561.608 473.829 462.180 461.290
t, [MeV fm°®] —135.0 —337.41 2697.594 —227.090 1006.855 —448.610 —433.930

t; [MeV fm3*¢] 15595.0 18708.97 10592.267 8106.2 9703.607 13673.0 13669.0
Xo 0.09 0.29215 —0.954536 0.3083 0.405082 0.825 0.848

X1 0.0 0.65318 —5.782388 -1.1722 —2.889148 —0.465 —0.492

X2 0.0 —0.53732 1.287379 —1.0907 1.325150 -1.0 -1.0

X3 0.0 0.18103 —1.561421 1.2926 1.145203 1.355 1.393

b, [MeV fm*#] 65.0 50.0 62.130 94.254 183.097 61.0 62.5

bj, [MeV fm*#] 65.0 50.0 62.130 0.0 —180.351 61.0 62.5

@ 1/6 1/6 0.25 0.25 0.25 1/6 1/6
#2/2m [MeV fm?] 20.733983 0.733983 20.7525 20.7525 20.7525 20.73552985 20.73552985

-

ments are weighted with 1/(2A) compared to the contribu- Lam=—0oP,p— g P, p*—0 ® pH
o¥ o 0¥ o,u pPE P ’

tions from the energy functional. We have therefore omitted
this feature and follow the suggestion[db] to use the per- _
turbatively calculated correction from EGA13) instead. Lnon=Usol Pol,

2. Relativistic mean-field model 1
) o ) Lem=— 7 FuF*"—eApp. (Ale)
For the sake of a covariant notation, it is better to provide 4

the basic functional in the relativistic mean-field model as an

effective LagrangiarC. For the present version of the RMF The model includes couplings of the scalar-isoscadby)(
model used in this study, we can summarize it as vector-isoscalar®,, ,), vector-isovector @, ), and elec-
tromagnetic A ) fields to the corresponding scalar-isoscalar

Lrur=LnF L+ Lym+ Loonrt Lem, (AL4) (ps), vector-isoscalar ), and vector-isovectorg®) den-
whereLy is the free Dirac Lagrangian for the nucleons with Sities of the nucleons as well as the proton densjty which
nucleon massny, equally for protons and neutrons: are defined as

_ Pt —
En= k;Q Vi, 0" = M) . (AL5) Ps= kEQ Ve,

The Lagrangians of the fields and their couplings to the
nucleons are given by

ph= >, Vﬁlﬂkmlﬂk:

1 ke Q
Ly==(,D "D, —m2D?)
M 2\YuTa o o

- 27 =
P”ZKEQ V™Y ks
€

1[1 ,
500,00, =0, D, ,) "Dy —MD, D

2
B VP SR SRS SRR o SR 3 o= VZhy, . (A17)
2 2( w¥pyv v p,M)' p” M Pp Pl P KeQy "

TABLE Ill. Parameters of the RMF forces used in this investigation. The mass of the isovector vecton fiet63 MeV is not fitted
and is the same for all forces.

My m, m,, gp
Force (MeV)  (MeV) (MeV) 9, 9. (fm™1 b, bs
NL3 939.0 508.194 782.501 10.2170 12.8680 4.47400-10.4310 —28.8850
NL-Z 938.9 488.67 780.0 10.0553 12.9086 4.84944—-13.5072 —40.2243
NL-Z2 938.9 493.150 780.0 10.1369 12.9084 4.55627—-13.7561 —41.4013
NL-VT1 938.9 484.307 780.0 9.81307 12.6504 4.63432—-13.2808 —38.0773 f,/g,=—0.102703

f,/g,=—4.71143
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U,, is the nonlinear self-interaction of the scalar-isoscalar TABLE IV. Pairing strengthv,, for the neutrons an¥/, for the

field. All forces used in this paper employ the standard anprotons for the mean-field forces used in this stua§/m is the
satz[36] isoscalar effective mass in infinite nuclear matter. Note that the

absolute value of the pairing strength decreases with increasing ef-

1 1 fective mass.
Uyp=— §b3<1>f;— Zb@i. (A18)
Force m*/m V, [MeV fm?] V, [MeV fm?]
In case of the parameter set NL-VT1 also a tensor coupling* 0.789 —276 —292
between the nucleons and the vector fields is consideredyp 1.0 —oa1 265
which can be written as Ski1 0.693 —320 —1305
£ SkI3 0.574 —340 —351
t w P F - _ _
L= mq)wp{ur H(DP'”"){L’ (A19)  Ski4 0.650 310 324
N N SLy6 0.689 —308 —320
with the densities SLy7 0.688 —308 —320
NL3 0.595 —329 —342
— NL-Z 0.583 —349 —351
H— aJ V2 24
P ”gb kWi e NL-Z2 0.583 ~343 ~350
NL-VT1 0.600 —340 —346

ﬁé‘=avk29 VEh TP R, (A20)

semimagic nuclei throughout the chart of nuclei. The actual
wherea”"=(i/2)[ y*,y"]. The masses) and coupling con-  values can be found in Table IV. The pairing-active space
stants of the fields are the free parameters of the RMF modeg),, is chosen to embrace one additional shell of oscillator
which have to be adjusted to experimental data. The actuajtates above the Fermi energy with a smooth cutoff weight;
parameters of the parametrizations used here are given ee[81] for details.
Table Ill. The equation of motion of the single-particle states
is derived from a variational principle

4. Folded-Yukawa single-particle potential

=[—jy- Iz
ey =[ =1y Vimyt Sty Vi, (A21) We present here only the details needed for our discus-
FtleA,(l sion. A more detailed discussion of the parametrization of
Ly he potentials can be found {I69] and references therein.

he single-particle Hamiltonian of the folded-Yukawa

ingle-particle model has the same structure as the one of the

kyrme-Hartree-Fock modéA11), but instead of calculat-
ing the potentials self-consistently from the actual density
distributions, a parametrized guess for the functional form of
the potentials is used. The nucleons have an effective mass
of m*/m=1 without any radial dependence; theref@ds
simply given byB=7%2/2m. The single-particle potentidl
is calculated from the folding of a Yukawa function with the
sharp nuclear surface,

where S=g,®, and V,=g,®,, ,+39,9,,
+79) are the scalar and vector fields, respectively. A mor
detailed description of the model can be found36].

For the residual pairing interaction and the center-of-mas
correction the same nonrelativistic approximation is used a
in the SHF model, for NL-Z, NL-Z2, and NL-VT1 by sub-
tracting perturbatively the full microscopic correctiohl3),
while for NL3 the harmonic oscillator estimat&,,,
=341A"®MeV is subtracted as done in the fit of these
parameter sets.

3. Pairing energy functional

Pairing is treated in the BCS approximation using a delta e-lr—r'lia

VO 3,7
pairing force[79,80, leading to the pairing energy func- Uqg(r)=— Amas Jvd r [r—r’[/a"
tional

(A23)

pair:% _E qu d3r)(§, (A22) vvhere the inte_gratio_n is perf_ormed.over the nuclear v_olume.

a={p.n} Finally, the spin-orbit potential is given by the derivative of
the nuclear potential

where Xq=—22kenq>0fkukvk| ¥ J? is the pairing density

including state-dependent cutoff factofg to restrict the

pairing interaction to the vicinity of the Fermi surfag@l].

vﬁ is the occupation probability of the given single-particle

state anduf=1—-v{. The strengths/, for protons andv,

for neutrons depend on the actual mean-field parametriza-

tion. They are optimized by fitting for each parametrizationwith the coupling constanta ,=28.0+ 6.0A/240 and\,,

separately the pairing gaps in isotopic and isotonic chains of 31.5+4.5A/240.

h 2
Wq(r)z—)\q(A)(ﬁ) VU, (A24)
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