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We investigate the structure of the potential energy surfaces of the superheavy nuclei158
258Fm100, 156

264Hs108,

166
278112, 184

298114, and172
292120 within the framework of self-consistent nuclear models, i.e., the Skyrme-Hartree-

Fock approach and the relativistic mean-field model. We compare results obtained with one representative
parametrization of each model which is successful in describing superheavy nuclei. We find systematic
changes as compared to the potential energy surfaces of heavy nuclei in the uranium region: there is no
sufficiently stable fission isomer any more, the importance of triaxial configurations to lower the first barrier
fades away, and asymmetric fission paths compete down to rather small deformation. Comparing the two
models, it turns out that the relativistic mean-field model gives generally smaller fission barriers.
@S0556-2813~98!05510-1#

PACS number~s!: 21.30.Fe, 21.60.Jz, 24.10.Jv, 27.90.1b
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I. INTRODUCTION

Superheavy nuclei are by definition those nuclei w
charge numbers beyond the heaviest long-living nuclei
have a negligible liquid-drop fission barrier; i.e., they a
only stabilized by shell effects@1,2#. The stabilizing effect of
the shell structure has been demonstrated in recent ex
ments at GSI@3,4# and Dubna@5#, where an island of in-
creased stability in the vicinity of the predicted doubly mag
deformed nucleus162

270Hs @6–8# has been reached.
The full potential energy surface~PES! of superheavy nu-

clei is of interest as it allows one to estimate the stabi
against spontaneous fission and to predict the optimal fu
path for the synthesis of these nuclei. Both features are
great importance for planning future experiments. There
numerous papers on the structure of the potential-energy
faces of superheavy nuclei in macroscopic-microscopic m
els ~see, e.g.,@8–10#!, but only very few investigations in
self-consistent models so far. A systematic study of the
formation energy of superheavy nuclei along the valley ob
stability in the region 100<Z<128 and 150<N<218 in
HFB calculations with the Gogny forceD1s under restric-
tion to axially and reflection symmetric shapes was presen
in @11#. The full potential energy surface in theb-g plane of
a few selected nuclei as resulting from Skyrme-Hartree-F
calculations in a triaxial representation is discussed in@12#.
This investigation stresses the importance of nona
shapes, which lower the fission barrier of some superhe
nuclei to half its value assuming axial symmetry. There
still no self-consistent calculation of the deformation ene
of superheavy nuclei allowing for reflection-asymmet
shapes.

In a series of papers we have demonstrated the uncer
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ties in the extrapolation of the shell structure to the region
superheavy nuclei within self-consistent models@13,14#. The
reasons for the different behavior of parametrizations t
work comparably well for conventional stable nuclei wh
extrapolated to large mass numbers can be traced to di
ences in the effective mass and the isospin dependence o
spin-orbit interaction@15#. It is the aim of this paper to in-
vestigate the important degrees of freedom of the poten
energy surface of superheavy nuclei for the example of a
selected nuclides, i.e.,158

258Fm100, 156
264Hs108, 166

278112, 184
298114,

and 172
292120, within the framework of self-consistent nucle

structure models, namely, the relativistic mean-field mo
~RMF; for reviews see@16,17#! and the nonrelativistic
Skyrme-Hartree-Fock~SHF! approach~for an early review
see@18#!, in both cases including also reflection-asymmet
shapes.

II. FRAMEWORK

The comparison of the calculated binding energies of
heaviest known even-even nuclei with the experimental v
ues@13,14# has shown that the Skyrme parametrization S
and the relativistic force PL-40 are to be among the prefer
parametrizations for the extrapolation to superheavy nuc
The nonrelativistic force SkI4 is a variant of the Skyrm
parametrization where the spin-orbit force is complemen
by an explicit isovector degree of freedom@19#. The energy
functional and the parameters are presented in the Appen
subsection 1. The modified spin-orbit force has a strong
fect on the spectral distribution in heavy nuclei and produ
a big improvement concerning the binding energy of sup
heavy nuclei@13,14#. The RMF parametrization PL-40@20#
aims at a best fit to nuclear ground-state properties wit
stabilized form of the scalar nonlinear self-coupling; see
Appendix, subsection 2, for details. It shares most proper
with the widely used standard nonlinear force NL-Z@21#.

Both models are implemented in a common framewo
sharing all the model-independent routines. The numer

r-
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PRC 58 2127POTENTIAL ENERGY SURFACES OF SUPERHEAVY NUCLEI
procedure represents the coupled SHF and RMF equa
on a grid in coordinate space using a Fourier definition of
derivatives and solves them with the damped gradient it
tion method @22#. An axial representation allowing fo
reflection-asymmetric shapes is employed in most of the
culations, while a triaxial deformed representation is used
investigate the influence of nonaxial configurations on
first barrier.

In both SHF and RMF approaches the pairing correlati
are treated in the BCS scheme using a delta pairing fo
@23# Vpair5Vp/nd(r12r2); see the Appendix, subsection
for details. This pairing force has the technical advanta
that the strengthsVp/n are universal numbers which hol
throughout the chart of nuclei, different from the widely us
seniority model, where the strengths need to be parametr
with A dependence, and therefore in the description o
fission process would have to be interpolated between
values for the initial nucleus and averaged values for
fission fragments.

Furthermore, a center-of-mass correction is performed
subtractinga posteriori Ec.m.5^P̂c.m.

2 &/(2mA) ~see@17,24#!,
as done in the original fit of the parametrizations. This tre
ment of the center-of-mass correction is a fair approxim
tion; its uncertainty for the heavy systems discussed her
smaller than 0.2 MeV@25#. The center-of-mass correction
however, has to be complemented by corrections for sp
ous rotational and vibrational modes as well. Their pro
implementation is a very demanding task, as it requires
appropriate cranking masses. As done in most other m
field calculations, we omit this detail. In the barrier heigh
which we will discuss here, only the variation of these c
rections with deformation enters. An estimate for these
fects can be taken from a two-center shell model calcula
of actinide nuclei@26,27#: the amplitude of the correction
increases with increasing deformation, lowering the first b
rier by approximately 0.5 MeV and the second barrier by
MeV. There is an uncertainty due to the numerical solut
of the equations of motion which is of the order of 0.1 Me
even for large deformations, thus negligible in our calcu
tions. The prescription of pairing adds another uncertainty
the calculated binding energies. We use the same pa
scheme and force for all calculations with an optimiz
strength for each mean-field parametrization. The use
local pairing force improves the description of pairing cor
lations within the BCS scheme compared to a constant fo
or constant gap approach@28#, and removes some problem
concerning the coupling of continuum states to the nucle
From possible variation of pairing recipes, we assume
uncertainty of the total binding energy of approximately
MeV @29#.

In the following, we will present deformation energ
curves calculated with a quadrupole constraint~for numerical
details see@30#!. In a constrained self-consistent calculati
all unconstrained multipole deformations~of protons and
neutrons separately! are left free to adjust themselves to
minimum energy configuration within the chosen symmet
Thus the self-consistent description of the potential-ene
surface takes many more degrees of freedom into acc
than the three to five shape parameters that can be han
within macroscopic-microscopic calculations. Th
macroscopic-microscopic models have the additional tec
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cal disadvantage that, for the description of a fission proc
several nucleon-number-dependent terms in both the pa
etrization of the macroscopic and the microscopic mo
have to be interpolated between the values for the compo
system and the fragments~see, e.g.,@8#!, leading to an un-
certainty of the binding energy in the intermediate region
is to be noted, however, that there remains some open
concerning shapes also in the self-consistent models as
might exist several local minima which are separated b
potential barrier. The numerical procedure solving the c
strained mean-field equations converges usually to the
local minimum, depending on the initial state. And it r
quires experience as well as patient searches to make
that one has explored all local minima in a given region.

The deformation energy curves presented in the follow
are shown versus the dimensionless multipole moment
the mass density which are defined as

b l5
4p

3Ar0
l ^r lYl0& with r 051.2A1/3 fm.

Note that theseb l are computed as expectation values fro
the actual mass distribution of the nucleus and need to
distinguished from the generating deformation parame
which are used in the multipole expansion of the nucl
shape in macroscopic models@31#. Besides the description in
terms ofb l , we will indicate the various shapes along th
paths in all figures, by the mass density contours atr0
50.07 fm23. Furthermore, when looking at potentia
energy surfaces, one should keep in mind that these are
the first indicators of the fission properties. A more detai
dynamical description requires also the knowledge of
collective masses along the path. This is, however, a v
ambitious task which goes beyond the aim of this contrib
tion. We intend here mainly a qualitative discussion of t
potential landscape.

III. RESULTS AND DISCUSSION

Figure 1 shows results of a Skyrme-Hartree-Fock cal
lation with SkI4 for 258Fm, a nucleus that is located at th
lower end of the region of superheavy nuclei. The stro
shell effect in the prolate ground state lowers the bind
energy of this nucleus by 19.3 MeV or 1% compared to
spherical shape, demonstrating the importance of conside
deformations for the calculation of the ground-state bind
energies in this region of the chart of nuclei. The first barr
is lowered from 11.8 MeV to 7.7 MeV when allowing fo
triaxial configurations. But the preference for triaxial shap
at the top of the barrier disappears when going to both lar
and smaller deformations. It is interesting to note that
axial solutions are not continuously connected from grou
state through first minimum when using a constraint on
quadrupole moment, but develop in two branches dis
guished by their hexadecapole moment. The ground-s
branch has a diamondlike shape with ab4 much larger than
the branch coming from outside. The continuous connec
is established by the intermediate triaxial shapes.

The PES of 258Fm shows some significant deviation
from the familiar double-humped fission barrier of the som
what lighter nuclei in the plutonium region@32#. There is no
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2128 PRC 58BENDER, RUTZ, REINHARD, MARUHN, AND GREINER
superdeformed minimum in the PES that can be associ
with a fission isomer because the second barrier vanishe
case of symmetric breakup. This is due to the strong s
effect of the closed sphericalZ550 shell in the two frag-
ments, which reaches far inside deformations as smal
b251.0, the usual location of the fission isomer. This
reflected in the evolution of shapes along the symme
path, which look like two intersecting spheres. At large d
formations aroundb2'1.5 a valley with finite mass asym
metry appears, which is separated from the symmetric va
by a small potential barrier, but 5 MeV higher in energy. T
occurrence of competing but well-separated valleys and
consequences for fission or fusion complies with the res
from macroscopic models; for a discussion see, e.g.,@8,33#.

Figure 2 shows the valleys in the PES of264Hs, at present
the heaviest known even-even nucleus@34#. Although the
fragments from a symmetric breakup of264Hs are far from
any shell closure, this channel of the PES keeps the cha
teristic structure of the PES of258Fm like the absence of a
fission isomer and the vanishing second barrier. The fiss

FIG. 1. Valleys in the PES of258Fm for SkI4 from calculations
in axial symmetry with~‘‘refl. sym.’’ ! and without~‘‘refl. asym.’’!
reflection symmetry. In the vicinity of the first barrier also the res
from a nonaxial calculation~‘‘triaxial’’ ! is shown. To give an im-
pression of the nuclear shapes along the path, mass density con
at r050.07 fm23 are drawn near the corresponding curves.

FIG. 2. Valleys in the PES of264Hs for SkI4, drawn in the same
manner as in Fig. 1.
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path will follow the reflection-symmetric solution, whic
gives a much narrower barrier than the asymmetric solut
Although the first barrier has similar width and height as t
first barrier of typical actinide nuclei, the absence of the s
ond barrier will lower the lifetime against spontaneous fi
sion dramatically. Like in the actinide region, the first barr
is a bit lowered if one allows for triaxial configurations. Th
reflection-asymmetric solution does not lower the over
barrier, but it coexists far inside the barrier. This is a n
feature occurring in the PES of many superheavy nuclei
was already found in macroscopic-microscopic calculatio
in the two-center shell model@35#. The asymmetric path con
nects the asymptotically separated combination210Po154Cr
with the ground state, and corresponds to the fusion p
This combination of projectile and target differs only slight
from the experimentally successful choic
207Pb(58Fe,n)264Hs @34#. It reflects the strong shell effect o
an asymmetric breakup with a heavy fragment in the reg
of doubly magic208Pb. It is interesting to compare that wit
the case of actinide nuclei: these have also a well-develo
asymmetric path which is, however, confined to large def
mations and reaches only down to the outer barrier@30#.

A calculation of the PES of264Hs in the RMF using
PL-40 gives qualitatively the same results~see Fig. 3!, but
there are some differences in details. The barrier is a
smaller in height and width than for SkI4. The lowering
the barrier for PL-40 is due to the smaller shell effect for t
ground-state configuration in this parametrization. While
SkI4 this nucleus has a deformed proton magic numb
PL-40 does not predict a shell closure forZ5108 at all; see
@14#. The effect of nonaxial configurations on the height
the barrier is of the same size as in SkI4.

As an example for a nucleus located at the upper bor
of the known chart of nuclei, Fig. 4 shows the valleys in t
PES of 166

278112, calculated with SkI4. This nuclide corre
sponds to the compound nucleus in the cold fusion reac
208Pb(70Zn,n)277112 which was used to synthesize the hea
est detected superheavy nucleus so far@4#. Although the pro-
ton number of this nucleus is close to the valueZ5114 for
the next spherical proton shell closure predicted by SkI4,
neutron number is quite far from the next predicted spher
neutron shell closureN5184 but close to the deformed she
closureN5162, which drives the nucleus to a strong prola

t

urs

FIG. 3. Valleys in the PES of264Hs for PL-40, drawn in the
same manner as in Fig. 1.
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PRC 58 2129POTENTIAL ENERGY SURFACES OF SUPERHEAVY NUCLEI
deformation withb250.22,b4520.09; see@14# for details.
The PES of166

278112 shares most overall features with the P
of 264Hs, like the one-humped structure and the lowering
the first barrier due to asymmetric configurations, but th
are some differences in detail. The~symmetric! fission bar-
rier is narrower and slightly smaller~7.3 MeV compared
with 10.6 MeV! than for 264Hs. We have checked the effe
of triaxial shapes and found that they are not effective
lower the first barrier for this superheavy nucleus. At sup
deformed shapesb2'0.5 a spurious minimum develops i
the symmetric barrier, which in reality is a saddle poi
since the potential drops for asymmetric deformations. N
that the barrier is very soft in mass asymmetry in this regi
Even at quadrupole deformations as small asb250.5 the
binding energy is nearly constant within the range 0,b3
,0.3. The asymmetric path shows a rich substructure. Th
is a shallow minimum atb2'0.9, while aroundb251.2, the
results show a transition between two solutions with sligh
different hexadecapole moment corresponding to sha
with differently pronounced ‘‘necks’’ but nearly consta
mass asymmetry. The asymmetric valley corresponds to
breakup210Po168Ni, which is quite close to the projectile
target combination used for the synthesis of this nuclide.

Axial- and reflection-symmetric calculations within th
semimicroscopic ‘‘extended Thomas-Fermi-Strutinski in
gral method’’ ~ETFSI! @36# that uses a Skyrme force, i.e
SkSC4, for the nuclear interaction as well, found super
formed minima in the PES of this and many other sup
heavy nuclei in the regionZ>112 with b2'0.45 and a
larger binding energy than the usual minima at small de
mations. Our results indicate that these superdeform
minima vanish or will have a rather small fission barr
when reflection-asymmetric shapes are taken into acco
Therefore the usual minimum in the PES at smallerb2 has to
be considered as the ground-state configuration, having a
sizable first barrier and thus the larger fission half-life
compared to the competing minimum.

All nuclei discussed so far are located in the region
known superheavy nuclei. Now we want to look at possi
candidates for the spherical doubly magic superhe
nucleus. As shown in@13–15#, the predictions for doubly
magic nuclei differ significantly between the SHF and RM

FIG. 4. Valleys in the PES of166
278112 for SkI4, drawn in the

same manner as in Fig. 1.
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approaches. The RMF approach predicts172
292120 to be doubly

magic, while the extended Skyrme force SkI4 prefers184
298114,

the nucleus that has been predicted to be the center o
island of superheavy nuclei for a long time@1,2#. Other
Skyrme forces, however, do not predict any doubly ma
spherical nuclei in this region at all or shift the center of t
island of superheavy nuclei to184

310126, for example the force
SkP @13#. The PES of this nucleus, calculated with SkP
lowing for triaxial shapes, is discussed in@12#. We now look
at the two other candidates.

Figure 5 shows the paths of minimum potential energy
the PES of 184

298114, calculated with SkI4~solid line! and
PL-40~dotted line!. While PL-40 shows only a weak neutro
shell closure for this nucleus,298114 is the spherical doubly
magic superheavy nucleus predicted from SkI4. Theref
both forces lead to a spherical ground state of this nucle
but with differently pronounced shell effects. In the figur
the PES from calculations with PL-40 is shifted with respe
to SkI4 in such a way that the~spurious! shallow symmetric
minimum atb2'0.6 has the same energy in both mode
For deformations larger thanb2'0.5, both forces coincide
in their prediction for the PES: The second barrier vanis
if asymmetric shapes are taken into account, but at la
deformations the symmetric path is energetically favor
Even the shell fluctuations that lead to steps in the symme
path are located at the same deformation for both forces.
significant difference between the potential energy surfa
occurs at small deformationsb2,0.5. The binding energy o
the spherical configuration, measured from the refere
point, is lowered by 7 MeV for SkI4, but raised by approx
mately 1.3 MeV for PL-40. Nevertheless, the spherical co
figuration is the ground state for both forces. It remains to
noted that aroundb2'0.3 the barrier is slightly lowered fo
triaxial shapes, for SkI4 by approximately 3 MeV, while fo
PL-40 the gain in energy is only a few hundred keV.

As a final example, we consider the nucleus172
292120 which

has a spherical ground state and is a doubly magic sys
when computed with PL-40. Figure 6 shows its PES

FIG. 5. Valleys in the PES of184
298114 for SkI4 and PL-40. Re-

sults from the calculations in different symmetries can be dis
guished by the mass density contours which are drawn near
corresponding curves. In the vicinity of the first barrier for Sk
also the result from a nonaxial calculation is shown, which low
the barrier.
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2130 PRC 58BENDER, RUTZ, REINHARD, MARUHN, AND GREINER
PL-40 and SkI4. The PES confirms the spherical minim
for PL-40 whereas SkI4 prefers a slightly prolate grou
state. It is to be remarked, however, that the actual gro
state includes some quadrupole fluctuations around the m
mum. In view of the weak deformation and small barrier
zero deformation it requires a more elaborate calculation
cluding correlations to decide whether the true ground s
will be spherical or deformed. A rather unexpected resul
that the first barrier for PL-40 is indeed much lower than t
for SkI4. This is a general result, which is also found f
actinide nuclei like240Pu. The fission half-lives from PL-40
will thus be generally smaller and therefore172

292120 will be
more stable within SkI4 than with PL-40 although the lat
predicts this as a doubly magic nucleus. Both forces pred
strongly competing second minimum which, however, c
not stabilize as a ground-state configuration~or serious iso-
mer! because the low second barrier makes it extremely
stable against fission. This was already found in the previ
examples and seems to be a general feature of superh
nuclei. The shell effects cease to be strong enough to co
terweight any more the strong decrease from Coulomb re
sion.

IV. CONCLUSIONS

We have presented results of constrained self-consis
calculations of superheavy nuclei within the Skyrm
Hartree-Fock and relativistic mean-field model. The glo
structure of the PES of superheavy nuclei shows some
nificant differences compared to the well-known doub
humped fission barrier of heavy nuclei 90<Z,100. The bar-
rier of superheavy nuclei is only single humped. For t
lighter superheavy nuclei we still find that triaxial config
rations lower the first barrier, i.e., the region between
ground state andb2'1.0. This effect vanishes for th
heavier nuclei in the region 114<Z<120 discussed here, bu
reappears in the heavier nuclei around184

310126 @12#. The sec-
ond minimum~the fission isomer in the actinides! loses sig-
nificance for all superheavy nuclei because it becomes
stable against~asymmetric! fission. Seen from the revers
side, it turns out that the shell structure of the final fragme
influences the PES down to small deformations, the as

FIG. 6. Valleys in the PES of172
292120 for SkI4 and PL-40, drawn

in the same manner as in Fig. 5.
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metric channel with 208Pb as one fragment thus carrie
through deep into the first barrier. This corresponds m
probably to the optimal fusion path whereas fission proce
preferably along the symmetric shapes. The global patte
of the paths are less model dependent than for the actini
Differences are most pronounced in the vicinity of t
ground states. They are caused by differences in the deta
shell structure and lead to dramatically different predictio
for shell closures and fission half-lives. The existence a
stability of superheavy nuclei is thus a most sensitive pro
for the present mean-field models.
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APPENDIX: DETAILS OF THE MEAN-FIELD MODELS

1. Skyrme energy functional

The Skyrme forces are constructed to be effective for
for nuclear mean-field calculations. In this paper, we use
Skyrme energy functional in the form

E5Ekin@t#1ESk@r,t,J#1EC@rp#2Ec.m.,

with

ESk5E d3r S b0

2
r22

b08

2 (
q

rq
21

b3

3
ra122

b38

3
ra(

q
rq

2

1b1rt2b18(
q

rqtq2
b2

2
rDr1

b28

2 (
q

rqDrq

2b4r¹•J2b48(
q

rq¹•JqD
and qP$p,n%. rq , tq , andJq denote the local density, ki
netic density, and spin-orbit current, which are given by

rq5 (
kPVq

vk
2ucku2, tq5 (

kPVq

vk
2u¹cku2,

Jq52
i

2 (
kPVq

vk
2@ck

†¹3ŝck2~¹3ŝck!
†ck#.

Densities without an index denote total densities, e.g.r
5rp1rn . Theck are the single-particle wave functions an
vk

2 the occupation probabilities calculated taking the resid
pairing interaction into account; see subsection 3, below.Ekin
is the kinetic energy,Ekin5@\2/(2m)#*d3r t, while EC is the
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Coulomb energy including the exchange term in Slater
proximation. The center-of-mass correction reads

Ec.m.5
1

2mA
^P̂c.m.

2 &, ~A1!

whereP̂c.m. is the total momentum operator in the center-
mass frame. The correction is calculated perturbatively
subtracting Eq.~A1! from the Skyrme functional after th
convergence of the Hartree-Fock iteration. The parametebi

and bi8 used in the above definition are chosen to give
compact formulation of the energy functional, the cor
sponding mean-field Hamiltonian, and residual interact
@37#. They are related to the more commonly used Skyr
force parameterst i andxi by

b05t0~11 1
2 x0!,

b085t0~ 1
2 1x0!,

b15 1
4 @ t1~11 1

2 x1!1t2~11 1
2 x2!#,

b185 1
4 @ t1~ 1

2 1x1!2t2~ 1
2 1x2!#,

b25 1
8 @3t1~11 1

2 x1!2t2~11 1
2 x2!#,

b285 1
8 @3t1~ 1

2 1x1!1t2~ 1
2 1x2!#,

b35 1
4 t3~11 1

2 x3!,

b385 1
4 t3~ 1

2 1x3!.

The actual parameters for the parametrization SkI4 use
this paper are

t0521855.827 MeV fm3, x050.405082,

t15473.829 MeV fm5, x1522.889148,

t251006.855 MeV fm5, x2521.325150,

t359703.607 MeV fm31a, x351.145203,

b45183.097 MeV fm5, b4852180.351 MeV fm5,

with a50.25. For the nucleon mass we use a value t
gives \2/(2mp)5\2/(2mn)520.7525 MeV fm2 for the
constant enteringEkin .

2. Relativistic mean-field model

For the sake of a covariant notation, it is better to prov
the basic functional in the relativistic mean-field model as
effective Lagrangian density, which for this study is defin
as

LRMF5LN1LM1LNM1Lem,

where
-

-
y

a
-
n
e

in

t

e
n

LM5 1
2 ~]mFs]mFs2Unonl!2 1

2 @ 1
2 ~]mFv,n2]nFv,m!]mFv

n

2mv
2 Fv,mFv

m#2 1
2 @ 1

2 ~]mFW r,n2]nFW r,m!•]mFW r
n

2mv
2 FW r,m•FW r

m#,

LNM52gsFsrs2gvFv,mrm2grFW r,m•rW m,

Unonl5
1
2 Dm2S dF2lnF dF21~Fs2F0!2

dF21F0
2 G1

2F0dF2Fs

dF21F0
2 D

1 1
2 m`

2 Fs
2 ,

Lem52 1
2 ~]mAn2]nAm!Amn2eAmrp

m ,

andLN is the free Dirac Lagrangian for the nucleons wi
nucleon massmN5938.9 MeV, equally for protons and
neutrons. The model includes couplings of the sca
isoscalar (Fs), vector-isoscalar (Fv,m), vector-isovector
(FW r,m), and electromagnetic (Am) field to the corresponding
scalar-isoscalar (rs), vector-isoscalar (rm), and vector-
isovector (rW m) densities of the nucleons.Unonl is the stabi-
lized self-interaction of the scalar-isoscalar field, behav
like the standard ansatz for the nonlinearity at typical nucl
scalar densities, but with an overall positive-definite curv
ture to avoid instabilities at high scalar densities@17,20#. The
actual parameters of the parametrization PL-40 are

gv512.8861, mv5780.0 MeV,

gr54.81014, mr5763.0 MeV,

gs510.0514,

m`
2 54.0 fm22, Dm253.70015 fm22,

F0520.111914 fm21, dF50.269688 fm21

~we follow the usual convention\5c51 such that
197.3 MeV[1 fm21). For the residual pairing interactio
and the center-of-mass correction the same nonrelativ
approximations are used as in the SHF model.

3. Pairing energy functional

Pairing is treated in the BCS approximation using a de
pairing force@23#, leading to the pairing energy functional

Epair5
1

4 (
qP$p,n%

VqE d3rxq
2, ~A2!

where xq522(kPVq.0f kukvkucku2 is the pairing density

including state-dependent cutoff factorsf k to restrict the
pairing interaction to the vicinity of the Fermi surface@28#.
vk

2 is the occupation probability of the corresponding sing
particle state anduk

2512vk
2 . The strengthsVp for protons

andVn for neutrons depend on the actual mean-field para
etrization. They are optimized by fitting for each parame
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zation separately the pairing gaps in isotopic and isoto
chains of semimagic nuclei throughout the chart of nuc
The actual values are

Vp52310 MeV fm3, Vn52323 MeV fm3

in the case of SkI4 and
S

H

Z.

H

K.
.
.

.
. J

C

p
s
ll

nd

.

A.
ic
i.

Vp52348 MeV fm3, Vn52346 MeV fm3

for PL-40. The pairing-active spaceVq is chosen to include
one additional oscillator shell of states above the Fe
energy with a smooth Fermi cutoff weight; for detai
see@28#.
R.

J.

S.

hn,

cl.

f

l.

ger,
is-

ys.

ys.

t.
@1# S. G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. Szymanski,
Wycech, C. Gustafson, I.-L. Lamm, P. Mo¨ller, and B. Nilsson,
Nucl. Phys.A131, 1 ~1969!.

@2# U. Mosel and W. Greiner, Z. Phys.222, 261 ~1969!.
@3# S. Hofmann, V. Ninov, F. P. Hessberger, P. Armbruster,

Folger, G. Münzenberg, H. J. Scho¨tt, A. G. Popeko, A. V.
Yeremin, A. N. Andreyev, S. Saro, R. Janik, and M. Leino,
Phys. A350, 277 ~1995!; 350, 281 ~1995!.

@4# S. Hofmann, V. Ninov, F. P. Hessberger, P. Armbruster,
Folger, G. Münzenberg, H. J. Scho¨tt, A. G. Popeko, A. V.
Yeremin, S. Saro, R. Janik, and M. Leino, Z. Phys. A354, 229
~1996!.

@5# Yu. A. Lazarev, Yu. V. Lobanov, Yu. Ts. Oganessian, V.
Utyonkov, F. Sh. Abdullin, A. N. Polyakov, J. Rigol, I. V
Shirokovsky, Yu. S. Tsyganov, S. Iliev, V. G. Subbotin, A. M
Sukhov, G. V. Buklanov, B. N. Gikal, V. B. Kutner, A. N
Mezentsev, K. Subotic, J. F. Wild, R. W. Lougheed, and K
Moody, Phys. Rev. C54, 620 ~1996!.

@6# Z. Patyk and A. Sobiczewski, Nucl. Phys.A533, 132 ~1991!.
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