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Properties of the hypothetical spherical superheavy nuclei

Robert Smolan´czuk*
Sołtan Institute for Nuclear Studies Hoz˙a 69, PL-00-681 Warszawa, Poland
and Gesellschaft fu¨r Schwerionenforschung D-64220 Darmstadt, Germany
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Theoretical results on the ground-state properties of the hypothetical spherical superheavy atomic nuclei are
presented and discussed. Even-even isotopes of elementsZ51042120 are considered. Certain conclusions are
also drawn for odd-A and odd-odd superheavy nuclei. Results obtained earlier for even-even deformed super-
heavy nuclei with Z51042114 are given for completeness. Equilibrium deformation, nuclear mass,
a-decay energy,a-decay half-life, dynamical fission barrier, as well as spontaneous-fission half-life are con-
sidered.b-stability of superheavy nuclei is also discussed. The calculations are based on the macroscopic-
microscopic model. A multidimensional deformation space describing axially symmetric nuclear shapes is
used in the analysis of masses and decay properties of superheavy nuclei. We determined the boundaries of the
region of superheavy nuclei which are expected to live long enough to be detected after the synthesis in a
present-day experimental setup.@S0556-2813~97!02208-5#

PACS number~s!: 25.85.Ca, 23.60.1e, 21.10.Dr, 27.90.1b
ca
e
r
u

n

cle
a
ta
ro
or

fi
ed
-
m

en
th
av
ic
c
s-

an
e
it

-
d

half-
ired
i-
f

dt,

n

evel
an

a
nd
cal-
the
dy-
r-

ti-
is
k-
f a
ges,
jec-
ed
as

eter

ass
lcu-
n-

a-
ntal

ion
I. INTRODUCTION

In the last years considerable effort, both theoreti
@1–21# and experimental@22–36#, has been devoted to th
investigation of superheavy atomic nuclei, i.e., the ve
heavy nuclei which exist, or are expected to exist, only d
to shell effects. Since the potential energy calculated i
macroscopic model~i.e., a model without any shell effects!
forms a very small barrier or even no barrier for these nu
@37#, without these effects superheavy nuclei would dec
practically immediately. Both theoretical and experimen
investigations were concentrated on the nuclei expected f
theoretical considerations to be deformed and, theref
called ‘‘deformed superheavy nuclei.’’

Our theoretical results obtained so far@2–6# have led to
the prediction of enhanced stability against spontaneous
sion anda decay for nuclei close to the not yet observ
nucleus 270108162 (270Hs162). According to theoretical con
siderations, this system should have features of the defor
doubly magic nucleus@38–40,2#. The prediction of increased
stability of nuclei close to270108162 (270Hs162) @2–6# has
been supported by the joint Dubna-Livermore experim
@22–27#. These results opened new prospects for the syn
sis and investigation of properties of deformed superhe
nuclei, not only the physical properties but also the chem
ones, because some predicted half-lives exceed one se
which is nowadays the lower limit for radiochemical inve
tigations@41#.

Comparison of the calculated spontaneous-fission
a-decay half-lives@3,4# have led to the conclusion that th
a-decay mode should dominate for even-even nuclei w
Z>108 and the neutron number aroundN5162 at which the
deformed neutron shell is expected@38–40,2#. Although the
calculations of Refs.@3,4# have been performed for even
even nuclei, the same conclusion is expected to hold for o
A and odd-odd deformed superheavy nuclei withZ>107 and
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N close to 162. This is because the spontaneous-fission
life increases considerably due to the effect of an unpa
nucleon@42# while thea-decay half-life is much less sens
tive to this effect@43#. The prediction of the dominance o
the a decay for nuclei withZ>107 andN'162 has been
supported by experiments carried out at GSI-Darmsta
where new elementsZ5110 @28,29#, 111 @30#, and 112@31#
have been produced. The synthesized nuclei269110159,
271110161, 272111161, and 277112165 decayed by the emissio
of the a-particle after time of the order of 0.121 ms. The
discovery of the new elements became possible when a l
of detection sensitivity of 1 pb had been reached due to
upgrade of the experimental setup at GSI-Darmstadt@44#.

A theoretical advance@1–6# has been achieved due to
proper description of spontaneous-fission half-lives a
a-decay energies for deformed superheavy nuclei. The
culations of spontaneous-fission half-lives based on
macroscopic-microscopic method have been performed
namically @45,46#, i.e., the fission trajectory has been dete
mined by the minimization of the action integral in a mul
dimensional deformation space. A metric in this space
defined by the tensor of inertia, calculated within the cran
ing model, which takes into account the shell structure o
nucleus@47#. Resistance of a nucleus against shape chan
connected with the motion along the one-dimensional tra
tory L in a multidimensional deformation space, is describ
by the effective inertia. The latter quantity is defined
B [ B@a i

L(s)#5( jkBa jak
@a i

L(s)#@da j
L(s)/ds#@dak

L(s)/ds# ,

wherea i denotesi th deformation parameter,Ba jak
@a i

L(s)#

is the component of the tensor of inertia, and the param
s specifies the position of a point on the trajectoryL. Effec-
tive inertia is more reliable than a phenomenological m
parameter. The latter has been applied in earlier static ca
lations, exploiting a trajectory along which the potential e
ergy is minimal@48–51,10#. The phenomenological mass p
rameter has at least one free parameter fitted to experime
data and disregards the shell structure of a nucleus.

In the dynamical calculations of the spontaneous-fiss
812 © 1997 The American Physical Society
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56 813PROPERTIES OF THE HYPOTHETICAL SPHERICAL . . .
half-lives @1–4# for deformed superheavy nuclei both th
macroscopic-microscopic potential energy and the tenso
inertia have been calculated individually for each nucle
No averaging over proton and neutron numbers has b
used. A big enough deformation space has been applie
four-dimensional deformation space describing axially a
reflection-symmetric shapes of nuclei has been used. La
deformation space leads to a larger potential energy bar
This is due to a stronger potential energy lowering arou
the equilibrium point than at the top of the barrier@1#. A
value of 0.7 MeV was taken as the average zero-point vib
tion energy in the fission degree of freedom@1#.

Nuclear masses and, consequently,a-decay energies
have been calculated by means of the macrosco
microscopic method in the four-dimensional deformati
space. Three of five parameters@6,52#, appearing in terms
independent of deformation, have been readjusted to re
experimental data@53# for even-even nuclei withZ>82 and
N>126. This readjustment was necessary because we u
larger deformation space than the ones applied in o
macroscopic-microscopic calculations of nuclear mas
@54,40,11#.

In Refs.@50,51#, short spontaneous-fission half-lives ha
been obtained in static calculations, taking the nucl
258Fm158 as a model for heavier nuclei and assuming that
trajectory behind the fission barrier is short with the eme
ing fragments being nearly spherical and close to the dou
magic nucleus132Sn82. The calculations@50,51# give no en-
hancement of fission stability near the deformed shell
N5162 and are inconsistent with the data obtained in
joint Dubna-Livermore experiment@22–27#.

Earlier static calculations@48,49,10# have been performed
in a smaller deformation space than the one applied p
ently, using the phenomenological mass parameter, and
the averaging of the potential energy of a nucleus overN and
Z numbers. A smaller deformation space, the potential
ergy, and the effective inertia averaging overN andZ have
also been used in earlier dynamical calculations@55#. These
simplifications produce large errors because the effective
ertia and potential energy of a nucleus appear in the ex
nential in the formula for the spontaneous-fission half-l
and, therefore, they should be determined as precisel
possible.

Besides our calculations@1–6# based on the macroscopic
microscopic theory, various macroscopic-microscopic m
els @7–15#, the extended Thomas-Fermi with Strutinsk
integral ~ETFSI! theory @16#, the fermion dynamical
symmetry model ~FDSM! @17# and the self-consisten
Hartree-Fock-Bogoliubov~HFB! @18,19#, Hartree-Fock~HF!
@20#, and relativistic mean field~RMF! @21# methods have
also been applied recently in order to describe various p
erties of known superheavy nuclei and also the ‘‘traditiona
ones which are unobserved so far.

The traditional superheavy nuclei are expected to
spherical and are located on the nuclear chart aroun
spherical doubly magic nucleus next to208Pb126. According
to the considerations based on the Woods-Saxon sin
particle potential,298114184 is a spherical doubly magic su
perheavy nucleus@56#. The same conclusion has been dra
from an independent investigation@57# based on a nonloca
potential. This prediction is also supported by the rec
of
.
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RMF calculations@58,21#. However, different results were
obtained in Ref.@20# by means of the HF method with th
SkP variant@59# of the Skyrme interaction. In the latter cas
a larger proton magic numberZ5126 was obtained and th
nucleus310126184 was predicted@20# to be the spherical dou
bly magic one next to208Pb126. Also the calculations per-
formed in Ref.@19# by means of the HFB method with th
nonlocal Gogny force@60# indicate thatZ5114 is not a
magic number. Moreover, calculations exploiting the FDS
model predict the region of spherical~or deformation soft!
superheavy nuclei around the nucleus278114164 for which
they give the minimal shell correction to the nuclear ma
@17#.

Our calculations @3–6# based on the macroscopic
microscopic theory support the suggestion made in Ref.@49#
that spherical superheavy nuclei probably do not form
‘‘island’’ on the nuclear chart, separated from the ‘‘peni
sula’’ of known nuclei by a region of deep instability, as
was believed earlier, e.g.,@61–65#. Now we expect that, due
to the stabilization effect of the deformed shells atZ5108
andN5162, the peninsula of known nuclei should extend
to the island of spherical superheavy nuclei. In other wor
the deformed superheavy nuclei located around the un
served nucleus270108162 (270Hs162), and the spherical ones
situated in the neighborhood of the nucleus298114184, con-
stitute a continuation of this peninsula on the nuclear ch
However, a completely different conclusion has been dra
recently from the study@17#. According to the calculations
@17# based on the FDSM model, the newly discovered nuc
269110159 @28#, 271110161 @29#, 272111161 @30# and, 277112165
@31# are in the true island of spherical superheavy nuc
which is shifted downward in neutron number.

Many spherical superheavy nuclei discussed in
present paper are located in, or close to, the area ofb stabil-
ity and, therefore,a decay and spontaneous fission are
main decay modes for these nuclei. However, for tho
spherical superheavy nuclei which are situated outside
area ofb stability, and which have very largea-decay and
spontaneous-fission half-lives,b decay may dominate@66#.

In Ref. @18#, the approximate proton- and neutron-dr
lines have been determined by using the spherical H
method with the SkP variant@59# of the Skyrme interaction.
The even-even superheavy nuclei for which we obtain
a-decay and spontaneous-fission half-lives greater tha
ms in Ref. @4# and in the present paper are located on
nuclear chart between these lines, close to the proton-
line. Calculations performed in Ref.@16# by using the ETFSI
theory also indicate that these nuclei are proton stable.
analysis performed in Ref.@20# by means of the deformed
HF1SkP method shows that some superheavy nuclei
which we calculatea-decay and spontaneous-fission ha
lives greater than 1ms are proton unstable. However, the
a-decay half-lives are much smaller than the correspond
half-lives with respect to proton emission and, therefore,
proton emission does not influence the total half-lives. T
value of 1ms is presently a lower limit for measurements
the half-life of a superheavy nucleus after its synthesis@67#.

In forthcoming experiments the synthesis of spherical
perheavy nuclei is planned. Using both stable target
beam it is not possible to form the compound nucleus v
close to the spherical doubly magic298114184, i.e., the one
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814 56ROBERT SMOLAŃCZUK
with N'184. Therefore, the nuclei withZ'114 and with the
largest possible numbers of neutrons are to be produced@68#.
A possibility of the production of nuclei very close to th
spherical doubly magic one may appear in the near fu
due to the use of the neutron-rich radioactive ion beams@69#.

The aim of this study is to present theoretical results
the ground-state properties calculated for spherical isoto
of elementsZ51042120. For this purpose we use the mod
@1,4,6# which had some success in reproducing and pred
ing the ground-state decay properties of deformed su
heavy nuclei@2–6#. In the present work we consider nucle
mass, ground state to ground statea-decay properties
a-decay energy and half-life, as well as spontaneous-fis
properties: dynamical fission barrier and spontaneous-fis
half-life. Theoretical results on the decay properties obtai
earlier for deformed superheavy nuclei withZ51042114
@4# are also given for completeness. Moreover,b stability of
elementsZ51042120 is discussed. The calculations a
performed for even-even nuclei. Certain conclusions are
drawn for odd-A and odd-odd superheavy nuclei. The resu
on a-decay energy anda-decay half-life for some spherica
superheavy nuclei given in the present paper have b
shown in Refs.@5,6# and the results on the spontaneou
fission properties of spherical isotopes of the element
have been presented in Ref.@70#. In Refs. @5,6,70#,
reflection-asymmetric shapes of the heaviest isotopes of
elements 1042110 have been disregarded. Reflection asy
metry of these nuclei is taken into account in the pres
calculations.

In Sec. II, a description of the calculation is given. Ca
culated properties of superheavy nuclei are presented
discussed in Sec. III. Conclusions are drawn in Sec. IV.

II. DESCRIPTION OF THE CALCULATION

The superheavy nuclei are expected to be axially and
flection symmetric or spherical in their ground states. T
reflection asymmetry at the ground state appears for lig
nuclei around Radium and Barium@71,72# and for very few
heaviest isotopes of elements 1042110. We expect that the
deformed superheavy nuclei are also axially and reflect
symmetric during tunneling through the potential energy b
rier. This result has been obtained in Ref.@1# as a conse-
quence of the dynamical treatment of the spontane
fission, i.e., finding a one-dimensional fission trajecto
which minimizes the action integral in a multidimension
deformation space. Large effective inertia obtained for
jectories with nuclear shapes with broken axial or reflect
symmetry prevent a fissioning nucleus from admitting su
shapes@1#. The reflection asymmetry is important only fo
very few deformed isotopes of the element 104 in which
removes the small second hump of the potential energy
rier @73#. The axial asymmetry of fissioning spherical a
transitional superheavy nuclei has been discussed in
@74#. According to the results obtained in Ref.@74#, the in-
clusion of nonaxial shapes in the description of the tunne
through the potential energy barrier plays some role only
very few nuclei considered in the present paper. For the
sons given above we only take into account the axially a
reflection-symmetric shapes in the analysis of the grou
state decay properties of superheavy nuclei. We desc
re
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these shapes in the intrinsic frame of reference by the s
dard even-multipolarity deformation parametersbl ,
l52,4,6,8, appearing in the expression for the nuclear
dius in terms of spherical harmonicsYl0(q). The only ex-
ceptions are very few heaviest isotopes of eleme
1042110 for which reflection asymmetry must be taken in
account. Equilibrium deformation and nuclear masses
these nuclei are calculated in the seven-dimensional de
mation space$bl%, l52,3, . . . ,8.

The potential energy of a nucleus and its dependence
deformation is calculated by using the macroscop
microscopic method. This method consists in adding a c
rection, arising from shell effects, to the macroscopic part
the potential energy. The Yukawa-plus-exponential mo
@54# is used for the macroscopic energy. Parameters app
ing in this model are taken from Ref.@54# with the exception
of the volume-asymmetry parameterkV , the charge-
asymmetry parameterca , and the constanta0 which are
specified below. The instability in this model, discussed
Ref. @75#, does not appear in our calculations because
largest deformation parameter used has the multipola
l58. The Yukawa-plus-exponential model becomes u
stable in the region of actinide and transactinide nuclei
l.12.

The microscopic energy is obtained by means of
Strutinsky method@76#. The single-particle-energy levels ar
obtained by the diagonalization of the Woods-Saxon sing
particle Hamiltonian@77# in the deformed harmonic oscilla
tor basis. A version of the Woods-Saxon Hamiltonian w
the ‘‘universal’’ values of the constants@77#, applicable, on
the average, throughout the periodic table, is used. T
Hamiltonian is diagonalized in the deformed-oscillator ba
with 19 harmonic oscillator shells for both neutrons and p
tons. At a given deformation, 550 neutron and 350 pro
lowest lying states are taken into account@40#. The residual
pairing interaction is calculated by means of the usual B
approximation with the strength taken from Ref.@40#. The
potential energy is calculated individually for each nucle
without any averaging overZ andN numbers.

In the analysis of the spontaneous fission we describe
inertia of a nucleus with respect to changes of deformat
by the tensor of inertia which is calculated in the cranki
approach with the inclusion of pairing interaction~formula
IX.41a in Ref.@47#!. We determine the fission trajectory an
consequently, the spontaneous-fission half-life in a dyna
cal way. It consists in a search for the dynamical fiss
trajectoryLdyn which fulfills the variational principle of the
least action. We use, instead of the full dynamics perform
in the four-dimensional deformation space$bl%,
l52,4,6,8, the simpler one proposed in Ref.@1# and ex-
ploited in Refs.@2–4#. It consists in a search for the dynam
cal fission trajectoryLdyn in a four-dimensional deformation
subspace$b2 ,b4 ,b6

m ,b8
m%, whereb6

m andb8
m denote the val-

ues of the deformationsb6 andb8, respectively, at which the
potential energyE(b2 ,b4 ;b6

m,b8
m) is minimal at a given

point (b2 ,b4). The simpler dynamics is a good approxim
tion to the full one because higher multipolarity deform
tionsb6 andb8 are generally small and change rather slow
along the fission trajectory, not increasing the effective in
tia of a nucleus much.

Since the model cannot be solved analytically, it is ne
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56 815PROPERTIES OF THE HYPOTHETICAL SPHERICAL . . .
essary to calculate the potential energy and all compon
of the tensor of inertia on a grid in a multidimensional d
formation space. In order to get a properly dense grid an
speed up the time-consuming calculations simultaneou
we calculate the potential energy and all components of
tensor of inertia on the so called ‘‘basic’’ grid and then w
get the values of these quantities on a more dense grid
interpolating the respective values at the basic grid points
the third-order polynomials. We use the basic grid with t
stepsDb25Db450.05 and the final one withDb250.01
andDb450.0025, the same ones as in Ref.@4#.

We apply the semiclassical WKB approximation to det
mine the probability of the penetration through the poten
energy barrier along a one-dimensional fission trajectory
the four-dimensional deformation space$b2 ,b4 ,b6

m ,b8
m%.

The energy of a fissioning nucleus is taken as a sum of
equilibrium energy and the average value of the zero-p
vibration energy in the fission degree of freedom~per one
degree of freedom!. We use the value of 0.7 MeV for th
latter quantity for the reason discussed in Sec. III C. T
spontaneous-fission half-lives for heaviest isotopes of
ments 1042110, 2902292104, 2922294106, 296108, and
298110, which are reflection asymmetric in their grou
states, are calculated along trajectories obtained in the f
dimensional deformation space$b2 ,b4 ,b6

m ,b8
m% with the

energy of each fissioning nucleus calculated relative to
equilibrium energy obtained in the seven-dimensional de
mation space$bl%, l52,3, . . . ,8. The equilibrium energy
lowering for these nuclei, due to the inclusion of the od
multipolarity deformations, is significantly smaller than 0
MeV.

In the calculations of nuclear masses, the volum
asymmetry parameterkV , the charge-asymmetry paramet
ca , and the constanta0 were refitted to 77 experimentall
known masses@53# of even-even nuclei withZ>82 and
N>126 because of the use of the larger~four-dimensional!
deformation space than the ones used in other macrosc
microscopic calculations@54,40,11#. The obtained values ar

kV51.990, ca50.572 MeV, a0511.0 MeV. ~1!

The a-decay energyQa for each nucleus is obtained b
subtracting the theoretical mass of its daughter nucleus
the experimentally known mass of thea particle from the
theoretical mass of a decaying nucleus. We calculate
a-decay half-life Ta by means of the Viola and Seabo
formula @43# with parameters@5,6#

a51.81040, b5221.7199,

c520.26488, d5228.1319, ~2!

adjusted to 58 even-even nuclei withZ.82 andN.126 for
which bothTa and Qa are measured@78#. Previous adjust-
ments of a, b, c, and d @43,79# were done for a much
smaller number of nuclei in comparison to the present o
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III. RESULTS AND DISCUSSION

A. Doubly magic superheavy nuclei

The proton and neutron single-particle-energy spectra
the well deformed270108162 (270Hs162) and the spherica
298114184 nuclei are shown in Fig. 1. These spectra are
tained by means of the Woods-Saxon single-particle po
tial with the universal variant of parameters@77#.

Large energy gaps, betweenZ5114 and 115 in the proton
spectrum, and betweenN5184 and 185 in the neutron spe
trum of the spherical nucleus298114184, both equal to 2.1
MeV, create large shells. Filling up of large nuclear shells
outer nucleons takes place in magic nuclei. Therefore,
expect that298114184 is the spherical doubly magic nucleu
next to 208Pb126.

Similar but smaller energy gaps are obtained for the
yet observed deformed nucleus270108162 (270Hs162), be-
tweenZ5108 and 109 in the proton spectrum and betwe
N5162 and 163 in the neutron spectrum@38–40,2#. The
deformations of the multipolaritiesb4 and b8 for protons
and b4 and b6 for neutrons contribute substantially to th
creation of these gaps. Both the proton and neutron ene
gaps are equal to 1.4 MeV. The effect of shell stabilizat
for the deformed nucleus270108162 (270Hs162) and for the
neighboring deformed ones leads to the appearance o
area of increased stability in the region where the deep
stability was expected earlier, e.g.,@61–65#. This area con-
nects the peninsula of known nuclei with the hypotheti
island of stability around298114184. Therefore, we call
270108162 (270Hs162) the ‘‘deformed doubly magic nucleus’
in contrast to the ‘‘traditional’’ doubly magic one
298114184, which is expected to be spherical.

B. Equilibrium deformation

The majority of the considered nuclei are prolate-shap
(b2

0.0) or spherical (b2
0>0). The oblate-shaped nucle

(b2
0,0) are listed in Table I together with the prola

FIG. 1. Proton and neutron single-particle-energy spectra ca
lated for the deformed 270108162 (270Hs162) and spherical
298114184 doubly magic superheavy nuclei. At each single-parti
level the absolute value of the projection of spinV, multiplied by 2,
on the symmetry axis, together with state parityp (270108162) or the
state parityp with the spinj , multiplied by 2 (298114184), are indi-
cated.
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TABLE I. The calculated oblate deformation energyE° def , oblate equilibrium deformation parameterb̊2
0, and prolate~spherical!-oblate

energy differenceDE for these superheavy nuclei which have the deeper oblate minimum and for which we calculatea-decay and
spontaneous-fission half-lives larger than 0.1ms.

Z N E° def b̊2
0 DE Z N E° def b̊2

0 DE

~MeV! ~MeV! ~MeV! ~MeV!

104 174 1.36 20.125 0.05 116 170 0.50 20.112 0.11
104 176 0.94 20.106 0.09 116 172 0.50 20.112 0.09
104 178 0.74 20.099 0.47 116 174 0.34 20.090 0.03
104 180 0.16 20.057 0.11 116 176 0.20 20.078 0.10
104 182 0.04 20.042 0.01 116 178 0.04 20.065 0.02

106 178 0.64 20.098 0.34 118 170 0.72 20.116 0.20
106 180 0.13 20.052 0.07 118 172 0.74 20.116 0.13

118 176 0.39 20.088 0.09
108 178 0.46 20.094 0.19 118 178 0.19 20.080 0.15
108 180 0.09 20.045 0.04

120 172 0.93 20.123 0.27
110 178 0.23 20.084 0.09 120 174 0.72 20.115 0.06

120 176 0.45 20.098 0.06
114 176 0.07 20.075 0.01 120 178 0.22 20.088 0.19
u
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~spherical!-oblate energy difference. This table contains n
clei for which we calculate thea-decay and spontaneou
fission half-lives larger than 0.1ms which is a value one
order of magnitude less than the smallest half-life possibl
measure after the synthesis of a superheavy nucleus
present-day experimental setup@67#.

We indicate the scale of deformation of a nucleus by
deformation energyEdef, defined as the difference betwee
the energies at the spherical and the equilibrium shapes

Edef~Z,N!5E~Z,N,0!2E~Z,N,bl
0!. ~3!

Figure 2 shows a contour map of this quantity for prolate
spherical equilibrium shapes for even-even nuclei w
Z5822120. We consider the nuclei withEdef* 2 MeV as

FIG. 2. Contour map of the prolate~or spherical! equilibrium
deformation energyEdef for even-even nuclei with the atomic num
ber Z5822120. Numbers at contour lines give energy in Me
The energy difference between neighboring contour lines is equ
2 MeV. Rhomb-shaped symbols denote the deformed superh
nuclei with Z>106 synthesized so far.
-

to
a

e

r

well deformed. Most of nuclei withZ5822120 shown in
Fig. 2 are, or are expected to be, well deformed. The regi
of spherical (Edef'0) and transitional (Edef& 2 MeV! nuclei
are located around the doubly magic nuclei208Pb126 and
298114184. The unobserved nucleus270108162, as well as the
superheavy nuclei synthesized so far, are predicted to be
deformed. It is also clearly seen in Fig. 2 that the heav
superheavy nucleus produced so far,277112165 @31#, is lo-
cated on the nuclear chart very close to the region of sph
cal superheavy nuclei. In this figure, the region of even-e
spherical superheavy nuclei with both calculateda-decay
and spontaneous-fission half-lives larger than 0.1ms is
shown.

C. Total shell correction energy

The total shell correction energyEsh, responsible for the
stabilization of superheavy nuclei, is defined as the diff
ence between the total potential energy for the equilibri
shape and the macroscopic part of the potential energy
the spherical shape~zero deformation!:

Esh~Z,N!5E~Z,N,bl
0!2Emacro~Z,N,0!. ~4!

Since the spherical shape is the equilibrium point in the m
roscopic~i.e., without shell structure! model, the total shell
correction defined by Eq.~4! is the gain in energy of a
nucleus due to its shell structure, including the effect of pa
ing.

Figure 3 shows a contour map of the total shell correct
energyEsh for prolate or spherical shapes of even-even n
clei with Z5822120. It is calculated for the same nuclei fo
which the deformation energyEdef is given in Fig. 2. Both
Edef and Esh are obtained in the four-dimensional deform
tion space $bl%, l52,4,6,8, for all nuclei except the
reflection-asymmetric ones around radium@71# and
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2902292104, 2922294106, 296108, and 298110. For the
reflection-asymmetric nuclei,Edef andEsh are obtained in the
seven-dimensional deformation space$bl%, l52,3, . . . ,8.

Three minima ofEsh in the considered region of nucle
are shown in Fig. 3. The deepest one (Esh5214.32 MeV! is
obtained at the spherical doubly magic nucleus208Pb126.
The next one (Esh527.15 MeV! appears at the deforme
doubly magic nucleus270108162. The last minimum has
about the same depth (Esh527.16 MeV! as that at
270108162. It is obtained at the nucleus296114182, which is
very close to the spherical doubly magic one298114184. The
minimum at 208Pb126 is the most steep, the one
270108162 is more shallow, and the last one at296114182 is the
most shallow.

The absolute value of 7.04 MeV forEsh obtained for the
spherical doubly magic298114184 is about two times smalle
than that calculated for the spherical doubly magic208Pb126
and close to the one for the deformed doubly ma
270108162. Therefore, in the calculations of the properties
spherical superheavy nuclei we use a value of 0.7 MeV
the average zero-point vibration energy per one degre
freedom, the same one as in the case of deformed superh
nuclei. However, a considerably larger value of the ze
point vibration energy than the average one may appea
the doubly magic nucleus298114184, as is observed in the
case of lighter spherical doubly magic nuclei. This possi
significant increase of the zero-point vibration energy for
nucleus 298114184 would decrease considerably its stabilit
as discussed in Sec. III J.

D. Nuclear mass andb-stable superheavy nuclei

The mass of a nuclide is calculated as the mass exc
i.e., @M (in u)2A#, in MeV, whereu is the atomic mass
unit. The masses obtained for prolate or spherical equ
rium shapes, as well as the calculated decay properties
cussed in the subsections below, are collected in Table
They are listed for even-even isotopes of eleme
Z51042120 excluding the nuclei discussed in Ref.@4#.

FIG. 3. Contour map of the total prolate~or spherical! shell
correction energyEsh for even-even nuclei withZ5822120. Num-
bers at contour lines give energy in MeV. The energy differen
between neighboring contour lines is equal to 1 MeV. Rhom
shaped symbols denote the deformed superheavy nuclei
Z>106 synthesized so far.
c
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Only the results for nuclei with both calculateda-decay and
spontaneous-fission half-lives larger than 0.1ms are given.

Two minimal masses obtained for each isobaric chain
even-even nuclides withA>264 determineb-stable super-
heavy nuclei. This is because the neighboring odd-odd
bars have larger masses. We found that the superheavy
clei 2642274104, 2682280106, 2762286108, 2822292110,
2882298112, 2942302114, and3002304116 should beb stable.
However, there is a possibility of existence of mo
b-stable superheavy nuclei because it may happen for s
isobaric chains of even-even nuclei that for more than t
nuclides with the smallest masses the neighboring odd-
isobars will have larger masses.

E. a-decay energy

The a-decay energyQa for elementsZ51002120 as a
function of neutron numberN is shown in Fig. 4. The effec
of the spherical neutron shell atN5184 and the weaker on
of the deformed neutron shell atN5162 are seen as minim
of Qa for particular elements at these neutron numbers. T
effect of the spherical proton shell atZ5114 manifests itself
for nuclei with N'184 as a larger gap between the curv
describingQa versusN for Z5114 and 116 in comparison
to the gaps between other pairs of neighboring curves. T
effect is comparable to that of the deformed proton shel
Z5108 for nuclei withN'162.

The experimentally known values fora-decay energy for
even-even nuclei@78,23# are shown in Fig. 4 together with
the recently measured data for odd-N isotopes of the elemen
110, 269110159 @28#, 271110161 @29#, and 273110163 @26#. The
a-decay energy from a report@34# on the possible production
of the isotope267110157 is also shown. In Fig. 4, the increas
of the experimental a-decay energy for the nucleu
273110163 is against the trend seen for the lighter isotopes
the element 110. This is in agreement with the tende
obtained for our calculatedQa values and seems to confirm
that the deformed neutron shell appears exactly atN5162.
In one of the twoa-decay chains observed at GSI-Darmsta
after the synthesis of the nucleus277112165 @31#, the
a-decay energy of its daughter nucleus, which is ag
273110163, also shows the increase of thea-decay energy at
N5163 in agreement with the joint Dubna-Livermore e
periment@26#.

F. a-decay half-life

Figure 5 shows the logarithm of thea-decay half-life
Ta as a function of neutron numberN. It is calculated for the
same nuclei for which thea-decay energyQa is given in
Fig. 4. The dependence of log10Ta(s) on Z andN is a con-
sequence of the dependence of thea-decay energyQa on
these quantities. Therefore, all shell effects seen inQa in
Fig. 4 are clearly reflected in log10Ta(s) in Fig. 5. It is worth
stressing that thea-decay half-life calculated for the spher
cal doubly magic nucleus298114184 ~12 m! is not much
larger than that obtained for the deformed doubly ma
nucleus270108162 ~6 s!.

According to the present calculations based on the p
nomenological Viola and Seaborg formula with the para
eters~2! and oura-decay energies, thea-decay half-life is

e
-
ith
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TABLE II. The calculated properties corresponding to the prolate~or spherical! equilibrium shapes of nuclei specified in the first tw
columns for which we calculate thea-decay and spontaneous-fission half-lives larger than 0.1ms.

Z N Edef b2
0 b2

en b2
ex Bf

dyn Esh log10Tsf(s) M Qa log10Ta(s)

~MeV! ~MeV! ~MeV! ~MeV! ~MeV!

104 170 2.53 0.163 0.21 0.66 3.6 -3.60 -4.07 131.62 6.56 9.35
104 172 1.83 0.139 0.19 0.67 3.4 -3.61 -2.78 137.88 6.02 12.18
104 174 1.31 0.107 0.16 0.67 3.4 -3.85 -0.55 144.37 5.55 15.00
104 176 0.85 0.092 0.13 0.68 3.5 -4.18 2.19 151.19 5.17 17.56
104 178 0.27 0.061 0.11 0.68 3.6 -4.34 4.03 158.59 5.09 18.13
104 180 0.05 0.032 0.08 0.69 4.0 -4.77 7.67 166.15 4.63 21.74
104 182 0.03 0.001 0.05 0.71 4.3 -5.20 11.15 174.11 4.42 23.57
104 184 0.03 0.001 0.04 0.75 4.6 -5.58 14.99 182.54 4.23 25.28
104 186 0.22 0.001 0.04 0.71 3.3 -4.37 7.74 192.93 5.57 14.88
104 188 0.60 0.004 0.02 0.67 2.1 -3.30 0.66 203.57 5.08 18.25

106 172 1.86 0.133 0.19 0.67 3.3 -4.06 -2.38 141.06 7.02 8.03
106 174 1.38 0.107 0.16 0.67 3.3 -4.30 -0.01 146.79 6.48 10.62
106 176 0.95 0.087 0.13 0.67 3.4 -4.60 2.72 152.89 6.09 12.74
106 178 0.30 0.065 0.11 0.67 3.6 -4.65 3.84 159.67 6.06 12.94
106 180 0.06 0.029 0.08 0.68 4.1 -4.97 6.74 166.60 5.58 15.85
106 182 0.03 0.001 0.06 0.69 4.4 -5.33 9.75 173.91 5.33 17.53
106 184 0.03 0.001 0.04 0.71 4.6 -5.61 13.61 181.70 5.16 18.71
106 186 0.13 0.001 0.04 0.67 3.3 -4.36 5.34 191.42 6.46 10.77
106 188 0.44 0.002 0.04 0.62 2.1 -3.24 -3.70 201.39 6.04 13.03

108 174 1.33 0.105 0.16 0.67 3.4 -4.81 1.08 150.88 7.39 7.17
108 176 0.92 0.094 0.13 0.67 3.7 -5.08 3.47 156.26 7.05 8.73
108 178 0.27 0.066 0.11 0.67 4.0 -5.06 4.23 162.37 7.06 8.69
108 180 0.05 0.030 0.08 0.67 4.4 -5.35 6.98 168.60 6.51 11.40
108 182 0.03 0.001 0.06 0.68 4.8 -5.64 9.69 175.25 6.23 12.92
108 184 0.03 0.001 0.03 0.69 4.9 -5.82 12.01 182.41 6.08 13.73
108 186 0.04 0.001 0.05 0.66 3.5 -4.52 4.09 191.46 7.34 7.43
108 188 0.21 0.000 0.05 0.52 2.2 -3.31 -5.41 200.83 6.99 9.02

110 176 0.76 0.088 0.13 0.67 4.3 -5.59 4.69 161.32 8.02 5.40
110 178 0.14 0.062 0.11 0.67 4.5 -5.55 5.20 166.71 8.02 5.37
110 180 0.04 0.018 0.08 0.67 4.9 -5.88 8.40 172.16 7.36 8.11
110 182 0.03 0.001 0.05 0.68 5.2 -6.10 10.43 178.15 7.12 9.23
110 184 0.03 0.001 0.03 0.69 5.3 -6.19 12.15 184.68 7.01 9.73
110 186 0.04 0.001 0.04 0.65 3.9 -4.94 4.50 192.97 8.13 4.96
110 188 0.08 0.001 0.05 0.51 2.6 -3.63 -5.23 201.72 7.84 6.12

112 176 0.39 0.088 0.13 0.66 4.8 -5.97 5.27 168.20 9.06 2.35
112 178 0.05 0.014 0.10 0.67 5.2 -6.15 6.95 172.62 8.87 2.98
112 180 0.05 0.009 0.07 0.67 5.7 -6.51 10.29 177.30 8.17 5.56
112 182 0.05 0.006 0.05 0.68 5.8 -6.67 11.92 182.63 8.05 6.02
112 184 0.04 0.005 0.03 0.68 5.7 -6.65 12.99 188.56 7.99 6.26
112 186 0.05 0.002 0.04 0.65 4.5 -5.46 5.64 196.07 8.96 2.70
112 188 0.08 0.001 0.05 0.52 3.1 -4.17 -3.76 204.09 8.70 3.59

114 176 0.06 0.001 0.12 0.66 5.3 -6.28 5.57 176.80 10.08 -0.16
114 178 0.07 0.001 0.08 0.67 5.9 -6.76 9.18 180.19 9.57 1.38
114 180 0.08 0.001 0.06 0.67 6.4 -7.07 11.80 184.20 9.15 2.73
114 182 0.03 0.001 0.04 0.68 6.4 -7.16 12.92 188.86 9.13 2.77
114 184 0.04 0.001 0.03 0.68 6.2 -7.04 13.14 194.17 9.11 2.84
114 186 0.04 0.001 0.04 0.65 5.0 -5.90 6.33 200.91 9.93 0.28
114 188 0.05 0.001 0.04 0.51 3.6 -4.62 -3.04 208.22 9.73 0.87

116 168 0.70 0.176 0.21 0.63 3.1 -5.25 -4.70 180.55 12.96 -6.57
116 170 0.39 0.079 0.19 0.63 3.5 -5.36 -3.26 181.68 12.34 -5.26
116 172 0.41 0.077 0.16 0.64 4.3 -5.82 0.39 182.94 11.56 -3.48
116 174 0.31 0.075 0.13 0.65 5.1 -6.20 2.87 184.76 11.17 -2.51
116 176 0.10 0.048 0.12 0.65 5.6 -6.47 5.16 187.16 11.07 -2.26
116 178 0.02 0.001 0.08 0.66 6.1 -6.81 7.89 189.96 10.74 -1.40
116 180 0.02 0.001 0.06 0.66 6.4 -7.07 10.13 193.29 10.68 -1.25
116 182 0.03 0.001 0.05 0.66 6.4 -7.09 10.80 197.30 10.68 -1.24
116 184 0.03 0.001 0.03 0.66 6.1 -6.88 10.34 201.97 10.69 -1.26
116 186 0.03 0.001 0.04 0.61 4.9 -5.81 2.93 207.94 11.35 -2.96
116 188 0.04 0.001 0.05 0.40 3.7 -4.56 -6.69 214.50 11.17 -2.52

118 170 0.52 0.079 0.17 0.62 3.7 -5.37 -4.80 196.09 13.11 -6.39
118 172 0.61 0.080 0.13 0.63 4.6 -5.86 -1.32 196.57 12.46 -5.02
118 174 0.56 0.077 0.12 0.63 5.3 -6.25 1.57 197.63 12.27 -4.61
118 176 0.30 0.070 0.11 0.64 5.7 -6.44 3.13 199.38 12.19 -4.42
118 178 0.04 0.033 0.09 0.63 5.9 -6.56 4.12 201.66 12.07 -4.15
118 180 0.01 0.005 0.07 0.63 6.1 -6.73 5.93 204.35 11.96 -3.90
118 182 0.01 0.001 0.05 0.63 6.0 -6.70 6.22 207.68 11.97 -3.91
118 184 0.02 0.001 0.04 0.62 5.7 -6.41 4.76 211.72 11.99 -3.98
118 186 0.02 0.001 0.04 0.39 4.6 -5.40 -4.35 216.92 12.52 -5.15

120 172 0.66 0.082 0.13 0.61 4.5 -5.59 -4.40 212.10 13.59 -6.88
120 174 0.66 0.082 0.12 0.61 5.1 -5.99 -1.97 212.41 13.42 -6.55
120 176 0.39 0.077 0.11 0.61 5.4 -6.14 -1.16 213.46 13.40 -6.51
120 178 0.03 0.039 0.09 0.61 5.5 -6.10 -1.56 215.17 13.36 -6.43
120 180 0.00 0.000 0.07 0.61 5.7 -6.22 -1.25 217.17 13.09 -5.87
120 182 0.01 0.000 0.05 0.59 5.5 -6.14 -1.94 219.84 13.07 -5.83
120 184 0.01 0.000 0.04 0.38 5.1 -5.79 -3.49 223.23 13.12 -5.93
120 186 0.01 0.000 0.04 0.36 4.1 -4.81 -6.35 227.68 13.53 -6.76
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smaller than 1ms for even-even nuclei withZ.120. Due to
the effect of an unpaired nucleon thea-decay half-lives for
odd-odd and odd-A isotopes of the element 121 may be co
parable or even larger than those calculated for the neigh
ing even-even isotopes of the element 120. Therefore,
element 121 is probably the heaviest one which may be
tected at present, if it were synthesized. It should be stres
however, that the shell effect on thea-decay half-life for
nuclei around the doubly magic nucleus208Pb126 is underes-
timated in phenomenological models, e.g.,@83#, and, there-
fore, the shell effect around the doubly magic nucle
298114184 may also be underestimated, giving too small v
ues of thea-decay half-life. Inclusion of additional loca
parameters in the phenomenological model for describing
a-decay half-lives for nuclei around208Pb126 @83,84# im-
proves the agreement with experiment but causes the los
generality. Moreover, there is no experimental data in
region of spherical superheavy nuclei to fit local parame

FIG. 4. Calculateda-decay energyQa , in MeV, as a function
of neutron numberN, for elements 1002120. Experimental values
taken from Refs.@78,23,26,28,29,34# are indicated by full circles,
for even-even nuclei, and full triangles, for odd-N isotopes of the
element 110.

FIG. 5. Calculateda-decay half-lifeTa , in seconds, as a func
tion of neutron numberN, for elements 1002120. Experimental
values for even-even nuclei are indicated by full circles@78,80–82#.
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for these nuclei. We used the Viola and Seaborg form
with the parameters~2! and with oura-decay energies be
cause the spherical superheavy nuclei are situated on
nuclear chart not far from the deformed ones~see Fig. 2! for
which it gives the right order of magnitude of thea-decay
half-lives. Moreover, shell effects for spherical and deform
superheavy nuclei~the total shell correction energies! are
comparable. Therefore, thea-decay half-lives obtained in
the present paper for spherical superheavy nuclei may no
far from their reala-decay half-lives.

G. Potential energy and fission trajectory

Figure 6 shows a contour map of the potential ene
E(b2 ,b4 ;b6

m,b8
m) for the deformed nucleus270108162 and

the spherical one298114184. Deformationsb6
m andb8

m denote
the values of the deformation parametersb6 andb8, respec-
tively, minimizing the potential energy at a given poi
(b2 ,b4).

For these two nuclei, the dynamical fission trajecto
Ldyn, which minimizes the action integral, is also presen
in Fig. 6. It is almost horizontal, i.e., with constant values
b4 in a large part of the region inside the potential ener
barrier. Such dependence ofb4 on b2 together with a rather
slow variation of generally small deformationsb6 and b8
along the fission trajectory assures a small effective iner

For the nucleus270108162 the saddle point is located a
larger quadrupole (b2

S50.490) and hexadecapol
(b4

S50.077) deformations than in the case of the nucle
298114184 (b2

S50.230 andb4
S50.005). The dynamical fis-

sion trajectoryLdyn for the nucleus298114184 goes across the
saddle point because the saddle-point hexadecapole defo
tion b4

S is very close to the equilibrium valueb4
0.

FIG. 6. Contour maps of the potential energ
E(b2 ,b4 ;b6

m ,b8
m) for the nuclei 270108162 @3# ~lower part! and

298114184 ~upper part!. The values of deformationsb6 andb8, for
which the potential energy is minimal at the point (b2 ,b4), are
denoted byb6

m and b8
m , respectively. The potential energy is ca

culated relative to the macroscopic energy at zero deformat
Numbers at contour lines give energy in MeV. The energy diff
ence between the neighboring contour lines is equal to 2 M
Saddle points are indicated by crosses. DynamicalLdyn fission tra-
jectories for both nuclei are also shown.
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820 56ROBERT SMOLAŃCZUK
H. Dynamical fission barrier

The shape of the fission barrier for the nuclei270108162

and 298114184, calculated along the dynamical fission traje
tory Ldyn, is shown in Fig. 7. The horizontal dashed lin
indicate the energies of the fissioning nuclei. The entra
and the exit points of the barrier are located atb2

en50.25@4#
and b2

ex50.73 @4# for 270108162 and at b2
en50.03 and

b2
ex50.68 for 298114184. The barrier heights are equal to 8

@4# and 6.2 MeV, respectively.
The barrier obtained for298114184 is lower but consider-

ably broader than that calculated for270108162. There is also
a difference in barrier shape between270108162 and
298114184. We obtained the barrier shape with two maxim
for the latter nucleus in contrast to the one-maximum bar
shape for the former one. The dynamical fission traject
and the barrier shape for the nuclei270108162 and 298114184

are representative for the deformed and spherical superh
nuclei, respectively.

Contour map of the calculated dynamical fission-barr
height Bf

dyn for even-even nuclei with the atomic numb
Z51042120 is given in Fig. 8. The shallow local maximu
of Bf

dyn with the value of 6.4 MeV is obtained for the nucl
2942296114 and2962298116 which are very close to the dou
bly magic nucleus298114184. The greatest values, exceedin
8 MeV, have been calculated in Ref.@4# for the nuclei very
close to the deformed doubly magic nucleus270108162. Al-
though the barriers calculated for the nuclei close
298114184 are lower than the ones obtained for the nuc
around270108162, they are considerably broader~cf. Table I
in Ref. @4# and Table II in the present paper!.

The main contribution to the barrier heightBf
dyn comes

from the total shell correction energyEsh. It is clearly seen
when Figs. 3 and 8 are compared. These two maps
strongly correlated.

FIG. 7. Dynamical fission barriers calculated for the nuc
270108162 @3# ~lower part! and 298114184 ~upper part!. The horizontal
dashed lines indicate the energies of the fissioning nuclei.
-

e

r
y

vy

r

o
i

re

I. Spontaneous-fission half-life

The logarithm of both spontaneous-fission anda-decay
half-lives, calculated for isotopes of elemen
Z51042120, are given in Fig. 9. The experimental valu
@23,33,80–82,85# for deformed superheavy nuclei are ind
cated by full symbols. The detailed comparison of expe
mental data@23,80–82,85–89,78# to our theoretical values o
the decay properties of transcalifornium nuclei has be
done in Refs.@4,5#.

We obtained large spontaneous-fission half-lives for
clei close to270108162 and still much larger ones for nucle
around 298114184. The local maxima of the spontaneou
fission half-life Tsf at N5162 are seen. They are a cons
quence of the deformed neutron shell at this number. T
much higher maxima ofTsf at the spherical neutron magi
number N5184 indicate an enhanced fission stability
spherical superheavy nuclei. This is due to the considera
broader barriers and larger effective inertia obtained for th
in comparison to those calculated for deformed superhe
nuclei around270108162, although the latter ones have high
barriers~see Fig. 8!. For the spherical doubly magic nucleu
298114184 we obtain the value of 4.43105 yr for Tsf . The
largest value of 3.13107 yr for Tsf is calculated for the
nucleus288104184 with the closed spherical neutron shell
N5184. For deformed superheavy nuclei very close to
nucleus270108162, the values of the order of 1 s – 1 h fo
Tsf have been obtained in Ref.@4#.

Spontaneous fission limits the area of spherical sup
heavy nuclei to those with neutron numbers exceed
slightly the magic numberN5184. The nuclei292104188,
294106188, 296108188, 298110188, 300112188, 302114188,
302116186, 304118186, and 304120184 are the heaviest even
even isotopes of the elementsZ51042120 living longer
than 1ms.

According to the present calculations, we expect that
each even-even spherical isotope of the elements 1042108
thea-decay half-lifeTa is much larger than the correspon
ing spontaneous-fission half-lifeTsf and, therefore, for al-
most all even-even spherical isotopes of these elements
a decay should not be observed. For even-even sphe
isotopes of the element 110,Tsf is comparable toTa except
the nucleus298110188. Tsf calculated for the latter is man
orders of magnitude smaller than itsTa . For almost all even-

i

FIG. 8. Contour map of the calculated dynamical fission-bar
height Bf

dyn for even-even nuclei with the atomic numbe
Z51042120. Numbers at contour lines give energy in MeV. T
energy difference between neighboring contour lines is equal
MeV. Rhomb-shaped symbols denote the deformed superheavy
clei with Z>106 synthesized so far.
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FIG. 9. Dependence of the logarithm of th
calculated spontaneous-fission~sf! and alpha-
decay (a) half-lives, given in seconds, on neu
tron numberN, for elements 1042120. Experi-
mental values@23,33,80–82,85# are indicated by
full symbols.
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even spherical nuclei withZ51122120 living longer than 1
ms the spontaneous fission should not be observed. The
ceptions are the nuclei 300112188, 302114188, and
304118186. For the two former nuclei we calculate that th
a-decay half-lives are much larger than the correspond
spontaneous-fission half-lives and we expect that the la
nucleus will decay by spontaneous fission or by emission
the a particle with about equal probability.

Shell stabilization atN5184 andZ5114 leads to the in-
crease of the spontaneous-fission half-life for nuclei close
298114184. The spontaneous-fission half-lives for isotopes
the element 114 with the neutron number close to 184
larger than those obtained for corresponding isotopes of
element 112 and the latter ones are larger than the ones
culated for corresponding nuclei withZ5110, because of the
influence of the shell atZ5114. The effect of the proton
shell atZ5114 in the spherical superheavy nuclei is resp
sible for the failure of the simple rule stating that th
spontaneous-fission half-life decreases with increas
atomic numberZ due to the increase of Coulomb repulsio
It is shown in Fig. 10 on the example of isotones with t
neutron number 184.

The properties discussed above for even-even nuclei
the atomic numberZ51042120, excluding the nuclei inves
tigated in Ref.@4#, are collected in Table II. Only the resul
for nuclei with both calculateda-decay and spontaneou
fission half-lives greater than 0.1ms are given. According to
the results listed in Table II and shown in Fig. 9, ma
superheavy nuclei might be stored for a long time, if th
were synthesized. For example, the total half-life calcula
for theb-stable nucleus292110182 is equal to 51 yr. The tota
half-lives obtained for manyb-stable even-even isotopes
the elementsZ51042114 are larger than 1 s while the even-
even nuclei with larger atomic numberZ are expected to live
x-
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to
f
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-

g
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th
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d

shorter than 1 s. This means that due to the effect of
unpaired nucleon the investigations of chemical propertie
elements up toZ5115 should be possible, if they were pro
duced in experiment. The synthesis of these elements w
open unique possibilities for atomic physics and chemis
which have at disposal large experimental and theoret
basis.

FIG. 10. Dependence of the logarithm of both the calcula
spontaneous-fission anda-decay half-lives, given in seconds, o
proton numberZ, for isotones with the neutron number 184. Th
horizontal dashed line indicates the smallest nuclear half-life eq
to 1 ms which can be measured in a present-day setup after
synthesis of a superheavy nucleus.
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J. Sensitivity of the obtained results to various factors

For the nuclei listed in Table I oblate minima (b2
0,0) of

the potential energy are lower than the prolate (b2
0.0) or

spherical (b2
0>0) ones. In spite of this fact we calculate th

energy of a fissioning nucleus relative to the prolate~or
spherical! minimum to obtain a lower value of th
spontaneous-fission half-life. The increase of the equilibri
energy ~the decrease of the fission barrier! by 0.10 MeV
decreases the spontaneous-fission half-life for spherica
perheavy nuclei usually by 0.6520.80 orders of magnitude

a-decay energy is calculated between prolate~or spheri-
cal! minima of the decaying nucleus and its daugh
nucleus. The increase~decrease! of the a-decay energy by
0.10 MeV decreases~increases! thea-decay half-life for the
nucleus 288104184 by about 0.95 orders of magnitude. Th
same increase~decrease! of the a-decay energy decrease
~increases! the a-decay half-lives for spherical isotopes
the element 120 only by about 0.2 orders of magnitude.

The increase of the average zero-point vibration ene
per one degree of freedom by 0.1 MeV decreases the fis
barrier by the same value and, consequently, decrease
spontaneous-fission half-life usually by 0.6520.80 orders of
magnitude. Thea-decay energy anda-decay half-life re-
main unchanged because we applied the same value o
zero-point vibration energy for all considered nuclei. Ho
ever, a possible significant increase of the zero-point vib
tion energy for the spherical doubly magic nucleus298114184
would lead to the considerably smaller stability of th
nucleus againsta decay which is expected to be its on
ground-state decay mode. The increase of the total zero-p
vibration energy by 1 MeV for the nucleus298114184 would
decrease itsa-decay half-life by about three orders of ma
nitude.

IV. CONCLUSIONS

Below we summarize the main conclusions of the pres
study.

~1! The energy gaps equal to 2.1 MeV in the prot
single-particle-energy spectrum betweenZ5114 and 115
and in the neutron spectrum betweenN5184 and 185 are
obtained for the spherical doubly magic superheavy nuc
298114184. These gaps are 1.5 times larger than the co
sponding ones betweenZ5108 and 109 and betwee
N5162 and 163 calculated for the deformed doubly ma
superheavy nucleus270108162 (270Hs162).

~2! The large negative total shell correction energyEsh,
which is responsible for the stabilization of superheavy
clei, is about equal for the ones close to the both spher
and deformed doubly magic superheavy nuclei.

~3! The nuclei 2642274104, 2682280106, 2762286108,
2822292110, 2882298112, 2942302114, and3002304116 are ex-
pected to beb stable.

~4! The dynamical fission barriers calculated for t
spherical superheavy nuclei are lower but considera
broader than those obtained for the deformed ones. The
also a difference in barrier shape between the spherical
deformed superheavy nuclei. The one-maximum bar
shape is obtained for the deformed superheavy nuclei bu
u-

r

y
on
the

the
-
-

int

nt

us
-

c

-
al

ly
is

nd
r

he

spherical ones have barriers with two maxima.
~5! The largest value of 3.13107 yr for the spontaneous

fission half-lifeTsf is obtained for the nucleus288104184 with
the neutron numberN5184 at which the spherical neutro
shell is expected. For the spherical doubly magic nucl
298114184 the value of 4.43105 yr for Tsf is calculated. These
values are much larger than the ones of the order of 1 s
h obtained forTsf for deformed superheavy nuclei very clos
to the deformed doubly magic nucleus270108162 (270Hs162).
The large difference in the spontaneous-fission half-life
tween the spherical and deformed superheavy nuclei is
to the larger effective inertia and considerably broader ba
ers obtained for the spherical superheavy nuclei.

~6! For the spherical doubly magic superheavy nucle
298114184, the value of 12 m for thea-decay half-lifeTa ,
which is equal to the total half-life for this nucleus, is o
tained. This value is not so much larger than the one of
for Ta calculated for the deformed doubly magic superhea
nucleus 270108162 (270Hs162). However, it is possible that a
significant increase of the zero-point vibration energy for
doubly magic nucleus298114184 may considerably decreas
its Ta . The increase of the total zero-point vibration ener
by 1 MeV for this nucleus decreases itsTa by about three
orders of magnitude.

~7! Among the even-even spherical superheavy nuclei
ing longer than 1ms, Tsf is much smaller thanTa for nuclei
with Z51042108, as well as for298110188, 300112188, and
302114188. For even-even spherical isotopes of the elem
110 and also for the nucleus304118186, Tsf'Ta . For the
remaining even-even spherical nuclei withZ51122120,Tsf
is much larger thanTa .

~8! The calculations described in this paper lead to
conclusion that many superheavy nuclei might be stored
a long time, if they were synthesized. For example, the to
half-life calculated for theb-stable nucleus292110182 is
equal to 51 yr.

~9! The total half-lives obtained for manyb-stable even-
even isotopes of the elementsZ51042114 are larger than 1
s while the even-even nuclei with larger atomic numberZ
are expected to live shorter than 1 s. This means that du
the effect of an unpaired nucleon investigations of chem
properties of elements up toZ5115 after their synthesis
should be possible.

~10! The heaviest atomic nuclei possible to detect in
present-day experimental setup, i.e., those living longer t
1 ms, are probably the nuclei withZ5121 andN close to
184.

~11! The heaviest even-even isotopes of the eleme
Z51042120 possible to detect presently after their synth
sis are the nuclei292104188, 294106188, 296108188, 298110188,
300112188, 302114188, 302116186, 304118186, and 304120184.
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@8# P. Möller and J. R. Nix, inProceedings of the Internationa

Conference on Actinides-93, Santa Fe, New Mexico, 1993@ J.
Alloys Compd.213/214, 43 ~1994!#.
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