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Properties of the hypothetical spherical superheavy nuclei
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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 ele@erii84— 120 are considered. Certain conclusions are
also drawn for oddA and odd-odd superheavy nuclei. Results obtained earlier for even-even deformed super-
heavy nuclei withZ=104—114 are given for completeness. Equilibrium deformation, nuclear mass,
a-decay energyg-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 setf0556-28187)02208-3

PACS numbsgs): 25.85.Ca, 23.66-e, 21.10.Dr, 27.96:b

[. INTRODUCTION N close to 162. This is because the spontaneous-fission half-
life increases considerably due to the effect of an unpaired
In the last years considerable effort, both theoreticahucleon[42] while the a-decay half-life is much less sensi-
[1-21] and experimentd]22—36@, has been devoted to the tive to this effect[43]. The prediction of the dominance of
investigation of superheavy atomic nuclei, i.e., the verythe o decay for nuclei withZ=107 andN~162 has been
heavy nuclei which exist, or are expected to exist, only duesypported by experiments carried out at GSI-Darmstadt,
to shell effects. Since the potential energy calculated in §here new element&=110[28,29, 111[30], and 11231]

macroscopic modefi.e., a model without any shell effegts oy peen produced. The synthesized nu@®110,,,

forms a very small barrier or even no barrier f(_)r these nUCIe'271110161, 212111, ,, and 271112, decayed by the emission
[37], .W'thOI.Jt thesg effects superhea\_/y nuclei WOUIQ decayof the a-particle after time of the order of 0-11 ms. The

practlc_:ally immediately. Both theoretical and. eXpe”memaldiscovery of the new elements became possible when a level
investigations were concentrated on the nuclei expected from

theoretical considerations to be deformed and, thereforeOf detection sensitivity of 1 pb had been reached due to an

called “deformed superheavy nuclei.” Upgrade of t_he experimental setup at GSI—D_arms[tad}

Our theoretical results obtained so f&—6] have led to A thegretlcglt'advar}cél—(i]thas beefn a_chle\r/]e?f ?ue toa d
the prediction of enhanced stability against spontaneous figroper description of ‘spontaneous-ission hal-lives - an
sion ande decay for nuclei close to the not yet ObserVeda-decay energies for deformed superheavy nuclei. The cal-

nucleus 27°108,s, (7 *Hs ;). According to theoretical con- culations of spontaneous-fission half-lives based on the
62 162 Jdpacroscopic-microscopic method have been performed dy-

namically[45,46], i.e., the fission trajectory has been deter-
mined by the minimization of the action integral in a multi-

r1{jimensional deformation space. A metric in this space is
ed_efined by the tensor of inertia, calculated within the crank-
ing model, which takes into account the shell structure of a

nuclei, not only the physical properties but also the chemica ucleus47]. Resistance of a nucleus against shape changes,

ones, because some predicted half-lives exceed one seco (&nnec_:ted With_ the mo_tion along the pne-dimengional trgjec-
which is nowadays the lower limit for radiochemical inves- oryLina mu_lt|d|men§|onal deformation Space, 1S d(_escnbed
tigations[41] by the effective inertia. The latter quantity is defined as

Comparison of the calculated spontaneous-fission anff = B[“iL(S)]:EikBajak[aiL(S)][d“iL(s)/dS][dat(s)/dS] '
a-decay half-liveq3,4] have led to the conclusion that the where «; denotesith deformation parameteBajak[af'(S)]
a-decay mode should dominate for even-even nuclei withis the component of the tensor of inertia, and the parameter
Z=108 and the neutron number arouNe 162 at which the s specifies the position of a point on the trajectaryEffec-
deformed neutron shell is expecte8B—40,4. Although the tive inertia is more reliable than a phenomenological mass
calculations of Refs[3,4] have been performed for even- parameter. The latter has been applied in earlier static calcu-
even nuclei, the same conclusion is expected to hold for oddations, exploiting a trajectory along which the potential en-
A and odd-odd deformed superheavy nuclei vidth107 and  ergy is minimal[48—-51,1Q. The phenomenological mass pa-
rameter has at least one free parameter fitted to experimental
data and disregards the shell structure of a nucleus.
*Electronic address: smolan@fuw.edu.pl In the dynamical calculations of the spontaneous-fission

doubly magic nucleug38-40,3. The prediction of increased
stability of nuclei close t02"°108,6, (?’™Hs;6,) [2—6] has

been supported by the joint Dubna-Livermore experime
[22-27. These results opened new prospects for the synth
sis and investigation of properties of deformed superhea
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half-lives [1-4] for deformed superheavy nuclei both the RMF calculations[58,21]. However, different results were
macroscopic-microscopic potential energy and the tensor afbtained in Ref[20] by means of the HF method with the
inertia have been calculated individually for each nucleusSkP varian{59] of the Skyrme interaction. In the latter case
No averaging over proton and neutron numbers has beemlarger proton magic numbé&r=126 was obtained and the
used. A big enough deformation space has been applied. Aucleus®®.26,4, was predicted20] to be the spherical dou-
four-dimensional deformation space describing axially anddly magic one next to?®Ph;,. Also the calculations per-
reflection-symmetric shapes of nuclei has been used. Largéprmed in Ref.[19] by means of the HFB method with the
deformation space leads to a larger potential energy barrienonlocal Gogny force60] indicate thatZ=114 is not a
This is due to a stronger potential energy lowering aroundnagic number. Moreover, calculations exploiting the FDSM
the equilibrium point than at the top of the barrf@]. A model predict the region of spheric@r deformation sojt
value of 0.7 MeV was taken as the average zero-point vibrasuperheavy nuclei around the nucletf®114,¢, for which
tion energy in the fission degree of freedd. they give the minimal shell correction to the nuclear mass
Nuclear masses and, consequenthrdecay energies, [17].
have been calculated by means of the macroscopic- Our calculations [3-6] based on the macroscopic-
microscopic method in the four-dimensional deformationmicroscopic theory support the suggestion made in R,
space. Three of five parametd&52], appearing in terms that spherical superheavy nuclei probably do not form an
independent of deformation, have been readjusted to recefiisland” on the nuclear chart, separated from the “penin-
experimental datg53] for even-even nuclei witZ=82 and  sula” of known nuclei by a region of deep instability, as it
N=126. This readjustment was necessary because we usedvas believed earlier, .d61-65. Now we expect that, due
larger deformation space than the ones applied in othee the stabilization effect of the deformed shellsZat 108
macroscopic-microscopic calculations of nuclear massegndN=162, the peninsula of known nuclei should extend up
[54,40,11. to the island of spherical superheavy nuclei. In other words,
In Refs.[50,51], short spontaneous-fission half-lives havethe deformed superheavy nuclei located around the unob-
been obtained in static calculations, taking the nucleuserved nucleu$’108;4, (*’Hsyg,), and the spherical ones,
258 m, g as a model for heavier nuclei and assuming that theituated in the neighborhood of the nucleti&114,4,, con-
trajectory behind the fission barrier is short with the emerg-stitute a continuation of this peninsula on the nuclear chart.
ing fragments being nearly spherical and close to the doubljiowever, a completely different conclusion has been drawn
magic nucleus-?Sng,. The calculation$50,51] give no en-  recently from the study17]. According to the calculations
hancement of fission stability near the deformed shell af17] based on the FDSM model, the newly discovered nuclei
N=162 and are inconsistent with the data obtained in the®®*110.50 [28], 271106, [29], 2"?11116; [30] and, 27711265
joint Dubna-Livermore experimef2—-27. [31] are in the true island of spherical superheavy nuclei
Earlier static calculationt8,49,1Q have been performed Wwhich is shifted downward in neutron number.
in a smaller deformation space than the one applied pres- Many spherical superheavy nuclei discussed in the
ently, using the phenomenological mass parameter, and witbresent paper are located in, or close to, the arga sthbil-
the averaging of the potential energy of a nucleus ®vand ity and, thereforeq decay and spontaneous fission are the
Z numbers. A smaller deformation space, the potential enmain decay modes for these nuclei. However, for those
ergy, and the effective inertia averaging owerandZ have  spherical superheavy nuclei which are situated outside the
also been used in earlier dynamical calculatiffs]. These area ofg stability, and which have very large-decay and
simplifications produce large errors because the effective inspontaneous-fission half-liveg, decay may dominatg66].
ertia and potential energy of a nucleus appear in the expo- In Ref. [18], the approximate proton- and neutron-drip
nential in the formula for the spontaneous-fission half-lifelines have been determined by using the spherical HFB
and, therefore, they should be determined as precisely asethod with the SkP variafib9] of the Skyrme interaction.
possible. The even-even superheavy nuclei for which we obtained
Besides our calculatiorjd —6] based on the macroscopic- a-decay and spontaneous-fission half-lives greater than 1
microscopic theory, various macroscopic-microscopic modus in Ref.[4] and in the present paper are located on the
els [7-15], the extended Thomas-Fermi with Strutinsky- nuclear chart between these lines, close to the proton-drip
integral (ETFS) theory [16], the fermion dynamical line. Calculations performed in Rdfl6] by using the ETFSI
symmetry model (FDSM) [17] and the self-consistent theory also indicate that these nuclei are proton stable. The
Hartree-Fock-BogoliuboyHFB) [18,19, Hartree-FockHF)  analysis performed in Ref20] by means of the deformed
[20], and relativistic mean fieldRMF) [21] methods have HF+SkP method shows that some superheavy nuclei for
also been applied recently in order to describe various propwhich we calculatea-decay and spontaneous-fission half-
erties of known superheavy nuclei and also the “traditional” lives greater than Jus are proton unstable. However, their
ones which are unobserved so far. a-decay half-lives are much smaller than the corresponding
The traditional superheavy nuclei are expected to bdalf-lives with respect to proton emission and, therefore, the
spherical and are located on the nuclear chart around proton emission does not influence the total half-lives. The
spherical doubly magic nucleus next#Pb,,s. According  value of 1us is presently a lower limit for measurements of
to the considerations based on the Woods-Saxon singléhe half-life of a superheavy nucleus after its synthe&i.
particle potential 281144, is a spherical doubly magic su-  In forthcoming experiments the synthesis of spherical su-
perheavy nucleukb6]. The same conclusion has been drawnperheavy nuclei is planned. Using both stable target and
from an independent investigati¢b7] based on a nonlocal beam it is not possible to form the compound nucleus very
potential. This prediction is also supported by the recentlose to the spherical doubly mag#®114,g,, i.e., the one
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with N~ 184. Therefore, the nuclei with~ 114 and with the these shapes in the intrinsic frame of reference by the stan-
largest possible numbers of neutrons are to be prodi@®d dard even-multipolarity deformation parameterg, ,
A possibility of the production of nuclei very close to the A =2,4,6,8, appearing in the expression for the nuclear ra-
spherical doubly magic one may appear in the near futureius in terms of spherical harmonid§ (). The only ex-
due to the use of the neutron-rich radioactive ion beg885  ceptions are very few heaviest isotopes of elements
The aim of this study is to present theoretical results or.04— 110 for which reflection asymmetry must be taken into
the ground-state properties calculated for spherical isotopesccount. Equilibrium deformation and nuclear masses for
of elementsZ=104—120. For this purpose we use the modelthese nuclei are calculated in the seven-dimensional defor-
[1,4,6] which had some success in reproducing and predictmation spacdg,}, A=2,3,...,8.
ing the ground-state decay properties of deformed super- The potential energy of a nucleus and its dependence on
heavy nucle{2-6]. In the present work we consider nuclear deformation is calculated by using the macroscopic-
mass, ground state to ground statedecay properties: microscopic method. This method consists in adding a cor-
a-decay energy and half-life, as well as spontaneous-fissiorection, arising from shell effects, to the macroscopic part of
properties: dynamical fission barrier and spontaneous-fissiotme potential energy. The Yukawa-plus-exponential model
half-life. Theoretical results on the decay properties obtainefl54] is used for the macroscopic energy. Parameters appear-
earlier for deformed superheavy nuclei with=104—114  ing in this model are taken from Rd64] with the exception
[4] are also given for completeness. Moreoy@stability of ~ of the volume-asymmetry parametet,, the charge-
elementsZ=104—-120 is discussed. The calculations areasymmetry parameter,, and the constana, which are
performed for even-even nuclei. Certain conclusions are alsspecified below. The instability in this model, discussed in
drawn for oddA and odd-odd superheavy nuclei. The resultsRef. [75], does not appear in our calculations because the
on a-decay energy and-decay half-life for some spherical largest deformation parameter used has the multipolarity
superheavy nuclei given in the present paper have beexn=8. The Yukawa-plus-exponential model becomes un-
shown in Refs[5,6] and the results on the spontaneous-stable in the region of actinide and transactinide nuclei for
fission properties of spherical isotopes of the element 104>12.
have been presented in Ref70]. In Refs. [5,6,70, The microscopic energy is obtained by means of the
reflection-asymmetric shapes of the heaviest isotopes of th8trutinsky method76]. The single-particle-energy levels are
elements 104 110 have been disregarded. Reflection asymobtained by the diagonalization of the Woods-Saxon single-
metry of these nuclei is taken into account in the presenparticle Hamiltoniar{77] in the deformed harmonic oscilla-
calculations. tor basis. A version of the Woods-Saxon Hamiltonian with
In Sec. Il, a description of the calculation is given. Cal-the “universal” values of the constanf37], applicable, on
culated properties of superheavy nuclei are presented arile average, throughout the periodic table, is used. This
discussed in Sec. lll. Conclusions are drawn in Sec. IV.  Hamiltonian is diagonalized in the deformed-oscillator basis
with 19 harmonic oscillator shells for both neutrons and pro-
tons. At a given deformation, 550 neutron and 350 proton
Il. DESCRIPTION OF THE CALCULATION lowest lying states are taken into acco{#®]. The residual

The superheavy nuclei are expected to be axially and reoairing_inte_raction is calculated by means of the usual BCS
flection symmetric or spherical in their ground states. The2PProximation with the strength taken from Rp40]. The
reflection asymmetry at the ground state appears for |ightetpc_)tent|al energy is .calculated individually for each nucleus,
nuclei around Radium and Bariufii1,72 and for very few ~ Without any averaging ovef andN numbers. _
heaviest isotopes of elements 10210. We expect that the In_ the analysis of th_e spontaneous fission we descrlbe_the
deformed superheavy nuclei are also axially and reflectionlnertia of a nucleus with respect to changes of deformation
symmetric during tunneling through the potential energy barby the tensor of inertia which is calculated in the cranking
rier. This result has been obtained in REF] as a conse- @Pproach with the inclusion of pairing interactidiormula
quence of the dynamical treatment of the spontaneoubt-41ain Ref[47]). We determine the fission trajectory and,
fission, i.e., finding a one-dimensional fission trajectoryconseque”“y’ the spontaneous-fission half-life in a dynami-
which minimizes the action integral in a multidimensional €& way. It consists in a search for the dynamical fission
deformation space. Large effective inertia obtained for trairajectoryLqy, which fulfills the variational principle of the
jectories with nuclear shapes with broken axial or reflectior/e@st action. We use, instead of the full dynamics performed
symmetry prevent a fissioning nucleus from admitting sucH" the four-dimensional  deformation  spacg .},
shapeq1]. The reflection asymmetry is important only for A=2,4,6,8, the simpler one proposed in REf] and ex-
very few deformed isotopes of the element 104 in which itPloited in Refs[2—4]. It consists in a search for the dynami-
removes the small second hump of the potential energy bafal fission trajectory 4, in a four-dimensional deformation
rier [73]. The axial asymmetry of fissioning spherical andSubspacés,,B,,8s ,Bg}, whereBg andgg' denote the val-
transitional superheavy nuclei has been discussed in Refies of the deformation8g andBs, respectively, at which the
[74]. According to the results obtained in RT4], the in-  potential energyE(B.,B4;8¢,88) is minimal at a given
clusion of nonaxial shapes in the description of the tunnelingoint (8,,8,4). The simpler dynamics is a good approxima-
through the potential energy barrier plays some role only fotion to the full one because higher multipolarity deforma-
very few nuclei considered in the present paper. For the redions 85 and Bg are generally small and change rather slowly
sons given above we only take into account the axially anélong the fission trajectory, not increasing the effective iner-
reflection-symmetric shapes in the analysis of the groundtia of a nucleus much.
state decay properties of superheavy nuclei. We describe Since the model cannot be solved analytically, it is nec-
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essary to calculate the potential energy and all components ofF ™ + + ' ' T
of the tensor of inertia on a grid in a multidimensional de- W\ protons 1 1 neutrons
formation space. In order to get a properly dense grid and to 70108 298114 2L 708 298434
speed up the time-consuming calculations simultaneously, 0} 29~ 1 1 2
we calculate the potential energy and all components of the% ak 1_‘;_ _ 25* | —
tensor of inertia on the so called “basic” grid and then we X A - 4T 2e - 1
get the values of these quantities on a more dense grid by » 2[ 108 T [ 3h =

interpolating the respective values at the basic grid points by g ] S — ¥ {5 313 —_ — ¥
the third-order polynomials. We use the basic grid with the § b — — 5 | 162 —
stepsAB,=AB,=0.05 and the final one witlA 8,=0.01 7 2 e 97— 64
andA 8,=0.0025, the same ones as in Rf. ] . 1 '“';' oz o

We apply the semiclassical WKB approximation to deter- s} —uwr ] fr¥— —
mine the probability of the penetration through the potential T &
energy barrier along a one-dimensional fission trajectory in

the four-dimensional deformation spa¢@,,B.,8¢ 63} FIG. 1. Proton and neutron single-particle-energy spectra calcu-
The energy of a fissioning nucleus is taken as a sum of thigted for the deformed *108,s, (**Hsi) and spherical
equilibrium energy and the average value of the zero-poinf  +14s doubly magic superheavy nuclei. At each single-particle
vibration energy in the fission degree of freed¢per one level the absolute vz_ilue of the prqjectlon of sp)mzr;\ultlplled by 2,
degree of freedoin We use the value of 0.7 MeV for the ©N the symmetry axis, together with state pa“gy{ °108,¢y) or the
latter quantity for the reason discussed in Sec. Il C. Thetate parityr with the spinj, multiplied by 2 (11469, are indi-
spontaneous-fission half-lives for heaviest isotopes of elegated'
ments 104-110, 29292104, 2927294106, 29108, and
298110, which are reflection asymmetric in their ground Ill. RESULTS AND DISCUSSION
states, are calculated along trajectories obtained in the four-
dimensional deformation spadgs,,B4.85 .85} with the

energy of each fiSSioning nucleus calculated relative to the The proton and neutron sing|e_partic|e_energy Spectra for
equilibrium energy obtained in the seven-dimensional deforihe well deformed?7°108,5, (2"*Hs,s,) and the spherical
mation space 8}, A=2,3,...,8. The equilibrium energy 2914 nuclei are shown in Fig. 1. These spectra are ob-
Iowering for these nUCIei, due to the inclusion of the Odd'tained by means of the Woods-Saxon Sing]e_partide poten_
multipolarity deformations, is significantly smaller than 0.7 tj5] with the universal variant of parametdiz7].
MeV. _ Large energy gaps, betwegr= 114 and 115 in the proton
In the calculations of nuclear masses, the V0|UmeSpectrum, and betwedi= 184 and 185 in the neutron spec-
asymmetry parametety, the charge-asymmetry parameter yrym of the spherical nucleu®®1145,, both equal to 2.1
Ca, and the constard, were refitted to 77 experimentally \ev, create large shells. Filling up of large nuclear shells by
known masseg453] of even-even nuclei wittz=82 and  gyter nucleons takes place in magic nuclei. Therefore, we
N=126 because of the use of the largfaur-dimensional  expect that?®114,4, is the spherical doubly magic nucleus
deformation space than the ones used in other macroscopigaxt to 208Dy, .
microscopic calculationgb4,40,11. The obtained values are Similar but smaller energy gaps are obtained for the not
yet observed deformed nucleu€®108,q, (2"%Hs; ), be-
tweenZ=108 and 109 in the proton spectrum and between
xy=1.990, ¢c,=0.572 MeV, a,=11.0 MeV. (1)  N=162 and 163 in the neutron spectr88—40,3. The
deformations of the multipolaritieg, and Bg for protons
and B, and B¢ for neutrons contribute substantially to the

The q—decay energpa for each UUCIeUS is obtained by creation of these gaps. Both the proton and neutron energy
subtracting the theoretical mass of its daughter nucleus a ps are equal to 1.4 MeV. The effect of shell stabilization

the experimentally known mass of the particle from the ¢ "o qeformed nucleug’®08,,, (2Hsyq,) and for the
theoretical mass of a decaying nucleus. We calculate thﬁeighboring deformed ones leads to the appearance of an
a-decay half-lifeT, by means of the Viola and Seaborg rea of increased stability in the region where the deep in-
formula[43] with parameterss5, 6] stability was expected earlier, e.§61—65. This area con-
nects the peninsula of known nuclei with the hypothetical
island of stability around?®®114,5,. Therefore, we call
219086, (?""Hs; 4 the “deformed doubly magic nucleus”

in contrast to the “traditional” doubly magic one,
298114,4,, which is expected to be spherical.

A. Doubly magic superheavy nuclei

a=1.81040, b=-21.7199,

c=-0.26488, d=—28.1319, 2

B. Equilibrium deformation
adjusted to 58 even-even nuclei wifh>82 andN>126 for
which bothT, andQ, are measurefi78]. Previous adjust- The majority of the considered nuclei are prolate-shaped
ments ofa, b, ¢, andd [43,79 were done for a much (ﬁg>0) or spherical 5250). The oblate-shaped nuclei
smaller number of nuclei in comparison to the present one.(ﬁ(2’<0) are listed in Table | together with the prolate
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TABLE I. The calculated oblate deformation enel‘éyef, oblate equilibrium deformation paramefﬁg, and prolatgspherical-oblate
energy differenceAE for these superheavy nuclei which have the deeper oblate minimum and for which we catewdatay and
spontaneous-fission half-lives larger than p4.

z N B B2 AE z N B B0 AE
(MeV) (MeV) (MeV) (MeV)
104 174 1.36 —0.125 0.05 116 170 0.50 —0.112 0.11
104 176 0.94 —0.106 0.09 116 172 0.50 —-0.112 0.09
104 178 0.74 —0.099 0.47 116 174 0.34 —0.090 0.03
104 180 0.16 —0.057 0.11 116 176 0.20 —0.078 0.10
104 182 0.04 —0.042 0.01 116 178 0.04 —0.065 0.02
106 178 0.64 —0.098 0.34 118 170 0.72 —0.116 0.20
106 180 0.13 —0.052 0.07 118 172 0.74 —0.116 0.13
118 176 0.39 —0.088 0.09
108 178 0.46 —0.094 0.19 118 178 0.19 —0.080 0.15
108 180 0.09 —0.045 0.04
120 172 0.93 —0.123 0.27
110 178 0.23 —0.084 0.09 120 174 0.72 —0.115 0.06
120 176 0.45 —0.098 0.06
114 176 0.07 —-0.075 0.01 120 178 0.22 —0.088 0.19

(spherical-oblate energy difference. This table contains nu-well deformed. Most of nuclei wittZ=82—120 shown in
clei for which we calculate thex-decay and spontaneous- Fig. 2 are, or are expected to be, well deformed. The regions
fission half-lives larger than 0.Ls which is a value one of spherical Eg4r~0) and transitionalE = 2 MeV) nuclei
order of magnitude less than the smallest half-life possible tare located around the doubly magic nucf@#b,,s and
measure after the synthesis of a superheavy nucleus in 28114,4,. The unobserved nuclei¥$’108,4,, as well as the
present-day experimental setLfv]. superheavy nuclei synthesized so far, are predicted to be well
We indicate the scale of deformation of a nucleus by thedeformed. It is also clearly seen in Fig. 2 that the heaviest
deformation energ¥ ., defined as the difference between superheavy nucleus produced so faf112,4 [31], is lo-
the energies at the spherical and the equilibrium shapes: cated on the nuclear chart very close to the region of spheri-
0 cal superheavy nuclei. In this figure, the region of even-even
Ee(Z,N)=E(Z,N,00—E(Z,N, B)). (3 spherical superheavy nuclei with both calculateetiecay

. . . -fission half-li I h i
Figure 2 shows a contour map of this quantity for prolate orand spontaneous-fission half-lives larger than @.4 is

i . = shown.
spherical equilibrium shapes for even-even nuclei with

Z=82—-120. We consider the nuclei withy= 2 MeV as
C. Total shell correction energy

120 } ' ' ' ' ' ' '_ The total shell correction enerdy,, responsible for the
Edef (MeV) spherical stabilization of superheavy nu_cle|, is defined as the_ Q|f_fer—
superheavy ence between the total potential energy for the equilibrium
10 | \ nuclei N shape and the macroscopic part of the potential energy for

: the spherical shapgero deformation
oo} - 0
Es(Z,N)=E(Z,N,B)) ~ Emacrd Z,N,0). (4)

90 7 Since the spherical shape is the equilibrium point in the mac-

roscopic(i.e., without shell structupemodel, the total shell

s80f ) ‘ . ' g correction defined by Eq(4) is the gain in energy of a

130 .140 '150 l16.0 '170 80190 _nucleus due to its shell structure, including the effect of pair-

ing.
N Figure 3 shows a contour map of the total shell correction
FIG. 2. Contour map of the prolat@r spherical equilibrium ~ €N€rgyEg for prolate or spherical shapes of even-even nu-
deformation energfq for even-even nuclei with the atomic num- clei with Z=82—120. It is calculated for the same nuclei for
ber Z=82—120. Numbers at contour lines give energy in MeV. Which the deformation energlq is given in Fig. 2. Both
The energy difference between neighboring contour lines is equal t&qef and Eg, are obtained in the four-dimensional deforma-
2 MeV. Rhomb-shaped symbols denote the deformed superheadion space{B,}, A=2,4,6,8, for all nuclei except the
nuclei with Z=106 synthesized so far. reflection-asymmetric ones around radiuf1l] and
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- 1 1 1 1 v 1 1 Only the results for nuclei with both calculateddecay and
120 E. (MeV) T spontaneous-fission half-lives larger than .4 are given.
sh € Two minimal masses obtained for each isobaric chain of
1mk g even-even nuclides with=264 determine3-stable super-
heavy nuclei. This is because the neighboring odd-odd iso-
N bars have larger masses. We found that the superheavy nu-
100 | 1 clei 26427404  268-2801g  276-2861gg  282-29211(Q
288-2981 12 294302114 and3°% 39416 should bes stable.
90 1 However, there is a possibility of existence of more
B-stable superheavy nuclei because it may happen for some
80 F J isobaric chains of even-even nuclei that for more than two
—t nuclides with the smallest masses the neighboring odd-odd
130 140 150 l:]so 70 180 130 isobars will have larger masses.
FIG. 3. Contour map of the total prolater spherical shell E. a-decay energy

correction energ¥gg, for even-even nuclei witd =82—120. Num- ) _
bers at contour lines give energy in MeV. The energy difference, The a-decay energQ, for elementsZ=100-120 as a

between neighboring contour lines is equal to 1 MeV. Rhomb-funcuon of neutron numbeN is shown in Fig. 4. The effect

shaped symbols denote the deformed superheavy nuclei witRf the spherical neutron shell Bt=184 and the weaker one
Z>106 synthesized so far. of the deformed neutron shell Bit=162 are seen as minima

of Q, for particular elements at these neutron numbers. The
effect of the spherical proton shell 2 114 manifests itself
for nuclei with N~184 as a larger gap between the curves
. . ¢ o describingQ,, versusN for Z=114 and 116 in comparison
seven-dimensional deformation spdg}, A=2.3,. . ..8. to the gaps between other pairs of neighboring curves. This

Three minima ofEg, in the considered region of nuclei effect is com
P - : parable to that of the deformed proton shell at
are shown in Fig. 3. The deepest o= —14.32 MeVj is Z=108 for nuclei withN~ 162.

obtained at the spherical doubly magic nuclei?&b, .

The next one Ey=—7.15 Me\) appears at the deformed even-even nuclei78,23 are shown in Fig. 4 :

. 7 . - , g. 4 together with
doubly magic nucleus*”*108,,. The last minimum has the recently measured data for odsotopes of the element
%E)out the same _depthEgh=—7.16 MeV) as that at 110, 2°110,c4 [28], 2711061 [29], and 273110,45 [26]. The

0108|l‘52' It |shobta|;]1eo_l a': ;he Slucleu%‘_’ﬁl;%lé?, Wh'Chh'S a-decay energy from a repdi24] on the possible production
very close to the spherical doubly magic 1484- The ot the isotope?®7110;s is also shown. In Fig. 4, the increase

- 20 )
D i more aion e e st o Bt S pormentlacecay enero for e nuces
' 110,65 is against the trend seen for the lighter isotopes of
most shallow. . the element 110. This is in agreement with the tendency
Th? absolute Va'“e. %f 7.04 Mev s, obteyned forthe  ;ptained for our calculate@,, values and seems to confirm
spherical doubly magié**114,g, is about two times smaller that the deformed neutron shell appears exactlil at162.

than that calculated for the spherical doubly magfb In one of the twax-decay chains observed at GSI-Darmstadt
and close to the one for the deformed doubly magic

27 . . . after the synthesis of the nucleu$’’1124; [31], the
9108,4,. Therefore, in the calculations of the properties Ofa-decay energy of its daughter nucleus, which is again

spherical superheavy nuc_lei we use a value of 0.7 MeV for273110163 also shows the increase of thedecay energy at
the average zero-point vibration energy per one degree f=163 i’n agreement with the joint Dubna-Livermore ex-
freedom, the same one as in the case of deformed superheawgrimem[ze]

nuclei. However, a considerably larger value of the zero-
point vibration energy than the average one may appear for
the doubly magic nucleug®®114,¢,, as is observed in the
case of lighter spherical doubly magic nuclei. This possible Figure 5 shows the logarithm of the-decay half-life
significant increase of the zero-point vibration energy for theT , as a function of neutron numbbk. It is calculated for the
nucleus 281145, would decrease considerably its stability, same nuclei for which ther-decay energyQ,, is given in
as discussed in Sec. Il J. Fig. 4. The dependence of lgg ,(s) onZ andN is a con-
sequence of the dependence of thalecay energyQ, on
these quantities. Therefore, all shell effects see®jnin
Fig. 4 are clearly reflected in IqgT ,(s) in Fig. 5. It is worth
The mass of a nuclide is calculated as the mass excesstressing that the.-decay half-life calculated for the spheri-
i.e., [M(in u)—A], in MeV, whereu is the atomic mass cal doubly magic nucleu$®®114,g, (12 m) is not much
unit. The masses obtained for prolate or spherical equiliblarger than that obtained for the deformed doubly magic
rium shapes, as well as the calculated decay properties disucleus?’®108,4, (6 ).
cussed in the subsections below, are collected in Table Il. According to the present calculations based on the phe-
They are listed for even-even isotopes of elementsiomenological Viola and Seaborg formula with the param-
Z=104—-120 excluding the nuclei discussed in R4 eters(2) and oura-decay energies, the-decay half-life is

290-292104, 2927299106, 2%%108, and 2°°110. For the
reflection-asymmetric nuclek 4.; andEgy, are obtained in the

The experimentally known values far-decay energy for

F. a-decay half-life

D. Nuclear mass andB-stable superheavy nuclei
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TABLE Il. The calculated properties corresponding to the prolatespherical equilibrium shapes of nuclei specified in the first two
columns for which we calculate the-decay and spontaneous-fission half-lives larger tharnu@.1

z N Eqer B3 83" B BY" Esn 10g10Ts(S) M Q. l0g10T 4(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 34 -3.85 -0.55 144.37 5.55 15.00
104 176 0.85 0.092 0.13 0.68 35 -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 34 -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 35 -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 49 -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 57 -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 54 -6.14 -1.16 213.46 13.40 -6.51
120 178 0.03 0.039 0.09 0.61 55 -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 55 -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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FIG. 4. Calculatedx-decay energQ,, in MeV, as a function .

of neutron numbeN, for elements 108 120. Experimental values FIG. ?n mContour maps » of the potential energy
taken from Refs[78,23,26,28,29,34are indicated by full circles, '259(52734?,35 ,Bg) for the nuclei "°108,¢, [3].(Iower pary and
for even-even nuclei, and full triangles, for ofidisotopes of the 8_114134 (upper part The values of deformationgg and Bs, for
element 110. which the potential energy is minimal at the poin®.(54), are

denoted bygg and B3, respectively. The potential energy is cal-
smaller than Jus for even-even nuclei witd>120. Due to culated relative to the macroscopic energy at zero deformation.
the effect of an unpaired nucleon taedecay half-lives for ~NUmbers at contour lines give energy in MeV. The energy differ-
odd-odd and odd\ isotopes of the element 121 may be com-ENce bem{een the. ne.'ghbor'ng contour lines IS qual.to 2 Mev.
parable or even larger than those calculated for the neighborS-"’flO".e p?'mﬁ at1rr]e |nd||c_ated bly cror?ses. Dynanigg fission tra-
ing even-even isotopes of the element 120. Therefore, ghigctortes for both nucier are aiso shown.
element 121 is probably the heaviest one which may be de-
tected at present, if it were synthesized. It should be stresse
however, that the shell effect on thedecay half-life for

nuclei around the doubly magic nuclet®Pb, s is underes-
timated in phenomenological models, el@3], and, there- which it gives the right order of magnitude of thedecay

fore, the shell effect around the doubly magic nucleu . )
298114 ., may also be underestimated, giving too small Val_shalf-hves. Moreover, shell effects for spherical and deformed
superheavy nucleithe total shell correction energjeare

ues of thea-decay half-life. Inclusion of additional local omparable. Therefore. the-decay half-lives obtained in
parameters in the phenomenological model for describing th P : o y IVEsS al '
e present paper for spherical superheavy nuclei may not be

a-decay half-lives for nuclei around®®b,,s [83,84 im- ) .

proves the agreement with experiment but causes the loss Ba}r from their reala-decay half-lives.
generality. Moreover, there is no experimental data in the ) o )
region of spherical superheavy nuclei to fit local parameters G. Potential energy and fission trajectory

Figure 6 shows a contour map of the potential energy
E(B,,B4;8¢.88) for the deformed nucleug’®108,¢, and
the spherical oné®®114,4,. Deformationg8g and 33 denote
- the values of the deformation parametggsand Bg, respec-
tively, minimizing the potential energy at a given point
(ﬁ21B4)'

For these two nuclei, the dynamical fission trajectory
Lgyn, Which minimizes the action integral, is also presented
in Fig. 6. It is almost horizontal, i.e., with constant values of
B4 in a large part of the region inside the potential energy
barrier. Such dependence Bf on 8, together with a rather
slow variation of generally small deformatiogs and Bg
along the fission trajectory assures a small effective inertia.

For the nucleus’’®108,¢, the saddle point is located at
larger quadrupole ,[€§=0.490) and hexadecapole
(ﬂ;?: 0.077) deformations than in the case of the nucleus
2981144, (B5=0.230 andB3=0.005). The dynamical fis-

FIG. 5. Calculatedr-decay half-lifeT, , in seconds, as a func- SION trajectonyk g, for the nucleus™®114;¢, goes across the
tion of neutron numbeN, for elements 106 120. Experimental Saddle point because the saddle-point hexadecapole deforma-
values for even-even nuclei are indicated by full cir¢l#8,80-82.  tion ﬁi is very close to the equilibrium valu,ég.

r these nuclei. We used the Viola and Seaborg formula
with the parameter§2) and with oura-decay energies be-
cause the spherical superheavy nuclei are situated on the
nuclear chart not far from the deformed oriese Fig. 2 for

N
o

logoT4(s)
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FIG. 8. Contour map of the calculated dynamical fission-barrier
height B®" for even-even nuclei with the atomic number
Z=104-120. Numbers at contour lines give energy in MeV. The
- energy difference between neighboring contour lines is equal to 2
MeV. Rhomb-shaped symbols denote the deformed superheavy nu-
. clei with Z=106 synthesized so far.

00 01 02 03 04 05 06 0.7 08 |. Spontaneous-fission half-life

Bz The logarithm of both spontaneous-fission amdiecay
half-lives, calculated for isotopes of elements
FIG. 7. Dynamical fission barriers calculated for the nucleiz—104— 120, are given in Fig. 9. The experimental values
27%108,6,[3] (lower par) and ***114;5, (upper part The horizontal - [23 33,80-82,8pfor deformed superheavy nuclei are indi-

dashed lines indicate the energies of the fissioning nuclei. cated by full symbols. The detailed comparison of experi-
mental dat423,80—-82,85—89,780 our theoretical values of
H. Dynamical fission barrier the decay properties of transcalifornium nuclei has been

done in Refs[4,5].

) o i We obtained large spontaneous-fission half-lives for nu-
29 S : )
and ***1145,, calculated along the dynamical fission trajec clei close t027°108,¢, and still much larger ones for nuclei

tory Layn, is shown in Fig. 7. The horizontal dashed lines ;g g 29814, The local maxima of the spontaneous-
indicate thfa energies of the f|55|on|ng nuclei. The entranC@ggion half-life T, at N=162 are seen. They are a conse-
and the exit points of the barrier are locategsg=0.25[4]  quence of the deformed neutron shell at this number. The
and B5'=0.73 [4] for %7108, and at 85"=0.03 and much higher maxima of  at the spherical neutron magic
$*=0.68 for 2%2114,4,. The barrier heights are equal to 8.2 number N=184 indicate an enhanced fission stability of
[4] and 6.2 MeV, respectively. spherical superheavy nuclei. This is due to the considerably
The barrier obtained fof°®114,, is lower but consider- broader barriers and larger effective inertia obtained for them
ably broader than that calculated f8°108,¢,. There is also  in comparison to those calculated for deformed superheavy
a difference in barrier shape betweefi®108,, and nuclei around®’®108,4,, although the latter ones have higher
298114,,,. We obtained the barrier shape with two maximabgrriers(see Fig. Si For the spherical doubly magic nucleus
for the latter nucleus in contrast to the one-maximum barrier - 114sa We obtain the value of 4410 yr for Ty. The
shape for the former one. The dynamical fission trajectory@rgest value of 3.X10° yr for Ty is calculated for the

28 . .
and the barrier shape for the nucféP108,q, and 2%8114,, nucleus 2881044, with the closed spherical neutron shell at

are representative for the deformed and spherical superhea%: 184. For deformed superheavy nuclei very close to the

27
nuclei, respectively. nucleus?’°108,4,, the values of the order of 1 s — 1 h for

; - . T have been obtained in R4#].
.Contodur map of the calculatgd dynammal f|s§|on-barr|er SfSpontaneous fission Iimi;{s ]the area of spherical super-
height B¢ fo.r even-even nuclei with the atomic ngmber heavy nuclei to those with neutron numbers exceeding
Z=104-120 is given in Fig. 8. The shallow local maximum slightly the magic numbeN=184. The nuclei?®2104,4,

%ESZ%VXT thezgga_llzjge of 6.4 MeV is obtained for the nuclei 29406 0 2910855, 2%1105 221121, 30.211 .

and 8116 which are very close to the dou- 3021164, 3911855, and 3941205, are the heaviest even-

bly magic nucleus™®®114,4,. The greatest values, exceeding even isotopes of the elemenfs=104—120 living longer

8 MeV, have been calculated in R¢#] for the nuclei very  than 1us.

close to the deformed doubly magic nucle2J§108162. Al- According to the present calculations, we expect that for

though the barriers calculated for the nuclei close toeach even-even spherical isotope of the elements-108

2981144, are lower than the ones obtained for the nucleithe a-decay half-lifeT,, is much larger than the correspond-

around?’°108y4,, they are considerably broad@f. Table |  ing spontaneous-fission half-lif€ and, therefore, for al-

in Ref.[4] and Table Il in the present paper most all even-even spherical isotopes of these elements the
The main contribution to the barrier heigEil§jyn comes «a decay should not be observed. For even-even spherical

from the total shell correction enerds,. It is clearly seen isotopes of the element 110, is comparable td , except

when Figs. 3 and 8 are compared. These two maps arhe nucleus?®®110,55. T calculated for the latter is many

strongly correlated. orders of magnitude smaller than g . For almost all even-

The shape of the fission barrier for the nucfé?108,¢,
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even spherical nuclei witd=112—120 living longer than 1  shorter than 1 s. This means that due to the effect of an
us the spontaneous fission should not be observed. The exnpaired nucleon the investigations of chemical properties of
ceptions are the nuclei®®®112,, 302144, and elements up t&=115 should be possible, if they were pro-
304118,46. For the two former nuclei we calculate that the duced in experiment. The synthesis of these elements would
a-decay half-lives are much larger than the correspondingpen unique possibilities for atomic physics and chemistry
spontaneous-fission half-lives and we expect that the lattewhich have at disposal large experimental and theoretical
nucleus will decay by spontaneous fission or by emission obasis.

the « particle with about equal probability.

Shell stabilization aN=184 andZ=114 leads to the in- 20 ™ v T T
crease of the spontaneous-fission half-life for nuclei close to N
2981 14,4,. The spontaneous-fission half-lives for isotopes of \\\ N=18 4
the element 114 with the neutron number close to 184 are 15 \

larger than those obtained for corresponding isotopes of the
element 112 and the latter ones are larger than the ones cal ~
culated for corresponding nuclei with= 110, because of the Q 10
influence of the shell az=114. The effect of the proton —
shell atZ=114 in the spherical superheavy nuclei is respon- =
sible for the failure of the simple rule stating that the 8) 5
spontaneous-fission half-life decreases with increasing—
atomic numbe#Z due to the increase of Coulomb repulsion.
It is shown in Fig. 10 on the example of isotones with the
neutron number 184.

The properties discussed above for even-even nuclei with
the atomic number = 104— 120, excluding the nuclei inves- -5
tigated in Ref[4], are collected in Table Il. Only the results 1 1 /| 1
for nuclei with both calculatedv-decay and spontaneous- 106 10 116 120
fission half-lives greater than 04s are given. According to Z
the results listed in Table Il and shown in Fig. 9, many
superheavy nuclei might be stored for a long time, if they g1 10, Dependence of the logarithm of both the calculated
were synthesized. For example, the total half-life calculatedyontaneous-fission ane-decay half-lives, given in seconds, on
for the B-stable nucleus®’110;g,is equal to 51 yr. The total proton numbez, for isotones with the neutron number 184. The
half-lives obtained for manyB-stable even-even isotopes of horizontal dashed line indicates the smallest nuclear half-life equal
the elementZ=104— 114 are larger thal s while the even- to 1 us which can be measured in a present-day setup after the
even nuclei with larger atomic numbgrare expected to live synthesis of a superheavy nucleus.

o
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J. Sensitivity of the obtained results to various factors spherical ones have barriers with two maxima.

(5) The largest value of 3:210" yr for the spontaneous-
fission half-life T is obtained for the nucleu€®104,5, with
the neutron numbeN =184 at which the spherical neutron
shell is expected. For the spherical doubly magic nucleus
298114, 4, the value of 4.4 10° yr for T is calculated. These
values are much larger than the ones of the order of 1 s — 1
"h obtained fofT for deformed superheavy nuclei very close
to the deformed doubly magic nucled&108;4, (*’Hs;6) .
. ; Yhe large difference in the spontaneous-fission half-life be-
perheavy nuclei usually by 0.650.80 orders of magnitude. tween the spherical and deformed superheavy nuclei is due

“'d?c?‘y energy 1s caIcuI_ated between prol(a_nespherl- to the larger effective inertia and considerably broader barri-
cal) minima of the decaying nucleus and its daughter

| The i &l £ 1h d b ers obtained for the spherical superheavy nuclei.

nucieus. the mcrea_s( ecreasgof the a-decay energy by (6) For the spherical doubly magic superheavy nucleus
0.10 Me;é decreaseigncreasepthe a-decay half-life for the 298114 ., the value of 12 m for ther-decay half-lifeT
nucleu_s "1045, by about 0.95 orders of magnitude. The which is equal to the total half-life for this nucleus, is ob-
same increasédecreasg of the a-decay energy decreases

(increases the a-decay half-lives for spherical isotopes of tained. This value is not so much larger than the one of 6 s
a- - .
the element 120 only by about 0.2 orders of magnitude. for T, calculated for the deformed doubly magic superheavy

The i ¢ th it vibrati nucleus?’°108,¢, (?’°Hs,¢,). However, it is possible that a
€ increase ot the average zero-point vibration energ%igniﬁcam increase of the zero-point vibration energy for the

per one degree of freedom by 0.1 MeV decreases the fissio ubly magic nucleug®114,,, may considerably decrease
bammier by the same value and, consequently, decreases t §Ta. The increase of the total zero-point vibration energy

spontaneous-fission half-life usually by 0:66.80 orders of by 1 MeV for this nucleus decreases T by about three
magnitude. Thea-decay energy andv-decay half-life re- orders of magnitude

main urllcha_nged_ because we applied t.he same va!ue of the (7) Among the even-even spherical superheavy nuclei liv-
zero-point vibration energy for all considered nuclei. How—ing longer than 1us, T is much smaller thaif, for nuclei
ever, a possible significant increase of the zero-point Vibra\'/vith 7—104- 108 ayls i/fvell as foP®110; 300‘1112 and
tion energy for the spherical doubly magic nuclét14;q, 302114, 44. For evén-even spherical isoi?),pes of ﬁa’ element
would lead to the considerably smaller stability of this ;" =8\ e 7 o nuClel®418, o0, To~T.. For the

86y 'sf la-

nucleus againstr decay Whlch_|s expected to be its Only.r?maining even-even spherical nuclei with 112— 120, T,
ground-state decay mode. The increase of the total zero-poin
IS much larger thafT, .

vibration energy by 1 MeV for the nucleu§®114, would (8) The calculations described in this paper lead to the

gﬁﬁ&zase itse-decay half-life by about three orders of mag- .., sion that many superheavy nuclei might be stored for
' a long time, if they were synthesized. For example, the total
half-life calculated for theB-stable nucleus?®?110, is
equal to 51 yr.
(9) The total half-lives obtained for mang-stable even-
Below we summarize the main conclusions of the presengyen isotopes of the elemerts- 104— 114 are larger than 1
study. ] s while the even-even nuclei with larger atomic numBer
(1) The energy gaps equal to 2.1 MeV in the protongre expected to live shorter than 1 s. This means that due to
single-particle-energy spectrum betwegr=114 and 115 the effect of an unpaired nucleon investigations of chemical
and in the neutron spectrum betwelir=184 and 185 are properties of elements up tB=115 after their synthesis
obtained for the spherical doubly magic superheavy nucleushould be possible.
?%%114,5,. These gaps are 1.5 times larger than the corre- (10) The heaviest atomic nuclei possible to detect in a
sponding ones betweeZ=108 and 109 and between present-day experimental setup, i.e., those living longer than
N=162 and 163 calculated for the deformed doubly magicy us, are probably the nuclei witd=121 andN close to
superheavy nucleu$®108,¢, (>"Hs;)). 184.
(2) The large negative total shell correction enefgy, (11) The heaviest even-even isotopes of the elements
which is responsible for the stabilization of superheavy nuz—104— 120 possible to detect presently after their synthe-
clei, is about equal for the ones close to the both sphericalis gre the nuclef®?04, g5, 2°4106,g5, 29°108 g5, 2%%110;4g,

and deformed doubly magic superheavy nuclei. 300112, oa, 392114, 00, 39211605, 304118,4s, and 3°4120,q,.
(3 The nuclei 26427404, 263-28010g 276-28610g 168 e 1z e Qo

2827292110, 28&298112’ 2947302114, and 30(%304116 are ex-
pected to beB stable.

(4) The dynamical fission barriers calculated for the ACKNOWLEDGMENTS
spherical superheavy nuclei are lower but considerably
broader than those obtained for the deformed ones. There is Special thanks are due to Janusz Skalski for many valu-
also a difference in barrier shape between the spherical arable discussions. Support by the Polish Committee for Sci-
deformed superheavy nuclei. The one-maximum barrieentific ResearciKBN) through Grant No. 2 PO3B 156 08 is
shape is obtained for the deformed superheavy nuclei but thgratefully acknowledged.

For the nuclei listed in Table | oblate minimﬁg< 0) of
the potential energy are lower than the prolaﬁ@}O) or
spherical 625 0) ones. In spite of this fact we calculate the
energy of a fissioning nucleus relative to the prolébe
spherical minimum to obtain a lower value of the
spontaneous-fission half-life. The increase of the equilibriu
energy (the decrease of the fission barjidsy 0.10 MeV
decreases the spontaneous-fission half-life for spherical s

IV. CONCLUSIONS
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