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Structure of superheavy elements suggested in the reaction of86Kr with 208Pb
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The structure of superheavy elements claimed to have been discovered in the recent208Pb(86Kr,n) reaction
at Berkeley is systematically studied in the relativistic mean field~RMF! approach. It is shown that various
usually employed RMF forces, which give a fair description of normal stable nuclei, give different predictions
for superheavy elements. Among the effective forces we tested, TM1 seems to be the best candidate to describe
superheavy elements. The binding energies of the293118 nucleus and itsa-decay daughter nuclei obtained
using TM1 agree with those of FRDM within 2 MeV. A similar conclusion, that TM1 is the best interaction,
is also drawn from the calculated binding energies for Pb isotopes with the relativistic continuum Hartree-
Bogoliubov ~RCHB! theory. Using the pairing gaps obtained from the RCHB and taking into account the
blocking effect for neutrons, RMF calculations with deformation are carried out for the structure of superheavy
elements. The binding energy, shape, single particle levels, and theQ values of thea-decayQa are discussed,
and it is shown that the pairing correlation, blocking effect, and deformation are essential to properly under-
stand the structure of superheavy elements. TheQa values are calculated for the ground-state–to–ground-state
transitions and for those respecting the angular momentum selection rule, and are compared with data.

PACS number~s!: 21.60.Jz, 21.65.1f, 21.10.Gv, 27.90.1b
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I. INTRODUCTION

Following the discovery ofa-decay isotopes of elemen
Z5110, 111, and 112 at GSI@1–3#, an isotope of elemen
118, 293118, and several of itsa-decay daughter nuclei wer
announced to have been discovered at Berkeley Lab’s
Inch Cyclotron with the newly constructed Berkeley ga
filled separator by bombarding a lead target with an inte
beam of krypton ions of 449 MeV@4#. The sequence o
decay events is consistent with the long-standing theore
prediction that there exists an ‘‘island of stability’’ aroun
114 protons and 184 neutrons and activates once again
study of superheavy elements.

The study of superheavy elements has been a hot topi
the last two decades. Recent works on the collisions, st
ture, and stability of heavy and superheavy elements ca
found in Refs. @5–11#. In a recent paper, Smolanczu
claimed that the reaction208Pb(86Kr,n) should have a par
ticularly favorable production rate@12#. This motivated the
experiment at Berkeley. According to the authors, the s
thesized superheavy element293118 decays by emitting ana
particle within less than a millisecond, leaving behind t
isotope of element 116 with mass number 289. This daug
nucleus is also radioactive,a decaying to an isotope of ele
ment 114. The chain of successivea decays continues unti
element 106.

Smolanczuk discussed also the properties of superhe
elements in this mass region under the constraint of a sph
cal shape based on a macroscopic-microscopic appr
@13#. In contrast to his approach, here we study the struc
of the superheavy element293118 and of the daughter nucle
in the sequence ofa decays in the relativistic mean fiel

*Electronic address: meng@ihipms.ihip.pku.edu.cn
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~RMF! theory. Microscopic study is essential to discussinga
decay, because the macroscopic-microscopic approach
lows us to discuss only the ground-state–to–ground-state
cay, which is not obvious as we discuss later. The effects
deformation and pairing correlation as well as the block
effect will be taken into account. The pairing gaps for d
formed RMF calculations are taken from the spherical re
tivistic continuum Hartree-Bogoliubov~RCHB! theory @14#,
which is an extension of the relativistic mean field and t
Bogoliubov transformation in the coordinate representat
@15#. As the spin-orbit splitting which governs the she
structure and magic number is naturally obtained in the R
theory, we expect that the structure of superheavy elem
can be understood properly once the deformation, pair
correlation, and blocking effect are taken into account. W
investigate the binding energy, deformation, theQ values of
thea decay, the effect of pairing correlation, blocking effec
shell structure, and the structure of single-particle levels
protons and neutrons.

The paper is organized as follows. In Sec. II, we pres
the results of deformed RMF calculations without pairi
correlation for several standard forces, which give a fair
scription of normal stable nuclei. We thus discuss the app
priate force to describe superheavy elements by compa
the results of ground-state properties with those suggeste
the FRDM. In Sec. III the spherical RCHB theory is used
investigate the pairing correlation in these superheavy
ments. The RCHB provides not only a unified description
mean-field and pairing correlation but also a proper desc
tion for the continuum and the coupling between the bou
state and the continuum@14#. We then perform in Sec. IV the
study by a deformed RMF1BCS approach using the pairin
gaps supplied by RCHB for protons and neutrons. We su
marize the paper in Sec. V.
©2000 The American Physical Society19-1
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TABLE I. The binding energyE of the superheavy element293118 and of itsa decay daughter nucle
calculated in the RMF theory with effective interactions TM1, NL1, NL3, and NLSH. TheK quantum
number and the parity of the last filled neutron orbit are also included. The prediction of FRDM is giv
the last column.

Nucleus TM1 NL1 NL3 NLSH FRDM
AZN E ~MeV! Vp E ~MeV! Vp E ~MeV! Vp E ~MeV! Vp E ~MeV!

265104161 1949.2 7/21 1953.0 11/22 1951.1 3/21 1950.5 7/21 1950.0
269106163 1970.2 7/21 1974.1 5/21 1970.5 7/21 1977.5 7/21 1970.5
273108165 1990.2 13/22 1992.8 3/21 1990.7 13/22 1997.9 13/22 1989.4
277110167 2007.9 5/21 2010.5 13/22 2009.0 5/21 2016.1 5/21 2007.0
281112169 2026.2 3/21 2029.8 1/21 2027.7 3/21 2034.7 3/21 2025.2
285114171 2041.3 3/22 2051.8 1/21 2045.1 1/21 2048.7 5/21 2044.1
289116173 2058.2 5/22 2068.7 9/21 2062.1 9/21 2065.6 5/21 2061.1
293118175 2074.7 3/21 2088.9 3/21 2079.8 3/21 2080.5 3/21 2077.2
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II. EXAMINATION OF VARIOUS RMF PARAMETER SETS

There are many parameter sets for RMF calculatio
which provide nearly equal quality of description for stab
nuclei. Therefore, we wish to find at first which effectiv
force in RMF is more suitable to describe superheavy e
ments. As claimed in Ref.@11# the results are strongly inter
action dependent. For this purpose we perform RMF ca
lations that include deformation but ignore pairin
correlations with different effective forces in the axially sym
metric case. The details of the method can be found in R
@16#. The coupled Dirac equation for nucleons and the Kle
Gordon equations for mesons and electromagnetic fields
solved self-consistently by expanding the Dirac spinors
the fields with harmonic oscillator bases up toNF5NB514
shells.

Table I compares the binding energiesE of superheavy
element 293118 and itsa decay daughter nuclei calculate
with effective forces TM1@17#, NL1 @18#, NL3 @19#, and
NLSH @20#. TheK-quantum number and the parity of the la
filled neutron orbit are also shown. For comparison, the
sults of the phenomenological FRDM calculations are giv
in the last column@21#.

The results of TM1 are nearly the same as those of FR
for 265104, 269106, 273108, 277110, and 281112. They are
within 1 MeV from each other. The difference between TM
and FRDM results gets larger for285114, 289116, and293118,
but is still smaller than 3 MeV. Though NL1, NL3, an
NLSH give similar results as TM1, TM1 agrees most clos
with FRDM.

One important difference between the RMF calculatio
with TM1 and FRDM is that the additional gain of the bin
ing energy when one moves from281112 to 285114 is much
less in the RMF calculations. In other words,Z5114 has a
weaker meaning as a magic number in the RMF calculatio
Though, strictly speaking, it may not be adequate, let us
this effect the change of the shell structure or the ma
number property atZ5112. As we shall see shortly, a sim
lar effect appears in theZ dependence of the nuclear shap

Table II shows theQ values of the ground-state–to
ground-statea decay sequence,Qa5E(4He)1E(Z22,N
22)2E(Z,N) ~MeV!, for RMF calculations with different
06431
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forces and by FRDM. TheQ values given by TM1 and
FRDM are quite similar except for285114, where the differ-
ence is 3.8 MeV. This large difference is caused by
change of the shell structure mentioned above.

Table III shows the corresponding deformation parame
b in the ground state. TM1 predicts a stable prolate def
mationb;0.2 for all the nuclei listed in the table, taking th
minimum at 281112. NLSH gives similar results as TM1
though the minimum deformation is shifted to289116 for
NL3. The NL1 predicts a spherical shape for293118, NL3
predicts a spherical shape for289116 and 293118, while
FRDM almost spherical shape for281112, 285114, 289116,
and 293118. The shift of the atomic number, where the d
formation becomes minimum, fromZ5114 to 112 corre-
sponds to what we already mentioned as evidence of
change of the shell structure concerning the binding ene

Table IV compares the corresponding charge-radiiRc . In
contrast to the large difference seen in the binding ene
the charge-radiiRc for different forces lie within 1% from
each other.

III. PAIRING CORRELATION IN SUPERHEAVY
ELEMENTS: DESCRIPTION BY RCHB

In this section we study the effects of pairing correlati
in superheavy element293118 and itsa decay daughter nu

TABLE II. The Q values of the ground-state–to–ground-statea
decay for superheavy element293118 and itsa decay daughter nu-
clei. We used the experimental value 28.3 MeV for the bind
energy of thea particle.

AZN TM1 NL1 NL3 NLSH FRDM

269106163 8.3 7.2 8.7 1.3 7.8
273108165 8.3 9.6 8.1 7.9 9.4
277110167 10.6 10.6 10.0 10.1 10.7
281112169 10.0 9.0 9.6 9.7 10.1
285114171 13.2 6.3 10.9 14.3 9.4
289116173 11.4 11.4 11.3 11.4 11.3
293118175 11.8 8.1 10.6 13.4 12.2
9-2
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STRUCTURE OF SUPERHEAVY ELEMENTS SUGGESTED . . . PHYSICAL REVIEW C61 064319
clei by using the self-consistent and fully microscopic RCH
theory @14# under the constraint of a spherical shape. W
the pairing gap obtained in this way, a self-consistent a
more complete RMF calculation including deformation w
be carried out in the next section.

Before applying the RCHB theory to superheavy e
ments, we examine once again which effective force is m
suitable to describe them by using lead isotopes as test c

The details of the calculations closely follow Ref
@14,15#. With the step size of 0.1 fm and using proper boun
ary conditions, the RCHB equations are solved in a spher
box of radiusR520 fm. As shown in Refs.@14,15# the re-
sults do not depend on the box size forR>20 fm. A density-
dependent force of zero range,

V~r1 ,r2!5
V0

2
~11Ps!d~r12r2!F12rS r11r2

2 D Y r0G ,
~1!

is used for the pairing interaction as in Refs.@14,15#. Since
we use a pairing force of zero range we have to limit
number of levels by a cutoff energy. For each spin-pa
channel 15 radial wave functions are taken into accou
which correspond roughly to a cutoff energy of 120 MeV f
R520 fm. For fixed cutoff energy and for fixed box radiusR
the strengthV0 of the pairing force for neutrons is dete
mined so as to reproduce the pairing energy in202Pb given
by the RCHB calculation using the finite range part of t

TABLE III. The deformation b of the superheavy elemen
293118 and itsa decay daughter nuclei calculated with effecti
interactions TM1, NL1, NL3, and NLSH. The prediction of FRDM
is also given in the last column.

AZN TM1 NL1 NL3 NLSH FRDM

265104161 0.2656 0.2687 0.2528 0.2513 0.220
269106163 0.2059 0.2576 0.2030 0.2073 0.222
273108165 0.2021 0.2438 0.2000 0.2068 0.221
277110167 0.1857 0.2279 0.1749 0.1914 0.173
281112169 0.1681 0.2072 0.1650 0.1741 0.089
285114171 0.2118 0.1593 0.1575 0.2316 -0.096
289116173 0.2373 0.1548 0.0653 0.2566 0.080
293118175 0.2340 0.0600 0.0601 0.2946 0.080
06431
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Gogny D1S force@22#. The strengthV0 of the pairing force
is then fixed for all the later calculations including supe
heavy elements. The same pairing force has been assu
for protons and neutrons. Forr0 we use the nuclear matte
density 0.152 fm23. Our pairing interaction thus contains n
free parameter~see Refs.@23,14,15# for details!.

The binding energies of six Pb isotopes calculated
RCHB in this way with four different effective forces ar
compared with experimental data in Table V. Although
the calculations reproduce well the experimental binding
ergies of the Pb isotopes, TM1 gives the best reproductio
the data. Therefore, we expect that the RMF calculati
with TM1 and pairing correlation will give a good descrip
tion of superheavy elements. The rms radii for neutronsRN ,
protonsRP , matterRM , and charge radiiRC calculated by
the RMF with TM1 are given in the last four columns
Table V.

We have then calculated the binding energyE, matter and
charge rms radiiRm andRc , neutron and proton pairing gap
for superheavy elements in the RCHB with TM1 and NL
The blocking effect for neutrons is taken into account in t
same way as in Ref.@14#, i.e., the blocking orbital for neu-
trons is the last filled neutron orbital. The results are sho
in Table VI. The matter rms radiusRm is larger than the
charge rms radiusRc for all nuclei due to the neutron exces
The proton pairing gap parameter is around 1 MeV, wh
the neutron pairing gap parameter is relatively small due
the blocking effect. The calculation for86Kr, 208Pb, and
294118 are also given for reference to understand the fus
barrier to synthesize the element294118.

TABLE IV. Comparison of the charge-radiiRc of superheavy
element 293118 and itsa decay daughter nuclei calculated wit
different parameter sets.

AZN TM1 NL1 NL3 NLSH

269106163 6.146 6.153 6.122 6.104
273108165 6.174 6.176 6.150 6.134
277110167 6.197 6.203 6.178 6.158
281112169 6.226 6.228 6.200 6.188
285114171 6.282 6.248 6.227 6.250
289116173 6.332 6.272 6.243 6.303
293118175 6.360 6.276 6.261 6.355
4
eutron,

.479

.487

.495

.505

.525

.544
TABLE V. Comparison of the binding energiesE of Pb isotopes calculated in RCHB theory with
different parameter sets with experimental data. The last four columns are the root-mean-square n
proton, matter, and charge radii calculated with the TM1 parameter set.

A~Pb! Expt. ~MeV! TM1 NL1 NL3 NLSH RN RP RM RC

202 1592.20 1592.91 1596.60 1592.69 1596.00 5.629 5.420 5.545 5
204 1607.52 1609.18 1611.35 1608.84 1611.35 5.656 5.429 5.566 5
206 1623.40 1623.78 1625.73 1624.58 1626.11 5.683 5.437 5.586 5
208 1636.45 1637.76 1639.72 1639.48 1639.99 5.713 5.447 5.609 5
210 1645.57 1646.92 1646.78 1647.06 1648.34 5.743 5.467 5.636 5
212 1654.52 1655.73 1653.57 1654.52 1656.43 5.772 5.486 5.663 5
9-3
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TABLE VI. The binding energyE, matter and charge rms radiiRm andRc , neutron and proton pairing
gaps in RCHB with TM1 and NL3 for the superheavy element293118 and itsa decay daughter nuclei. The
results for86Kr, 208Pb, and294118 are also given.

AZN TM1 NL3
AZN E Rm Rc Dn /Dp E Rm Rc Dn /Dp

86Kr50 750.2 4.221 4.182 -0.010/-1.304 748.6 4.211 4.171 -0.011/-1.26
208Pb126 1637.6 5.649 5.541 20.000/20.000 1639.5 5.631 5.517 20.000/20.000
265104161 1944.4 6.175 6.099 20.622/21.173 1940.0 6.164 6.088 20.415/20.724
269106163 1965.6 6.202 6.131 20.421/21.146 1961.9 6.189 6.118 20.036/20.577
273108165 1986.8 6.228 6.160 20.283/21.133 1983.0 6.214 6.144 20.013/20.734
277110167 2007.2 6.255 6.189 20.380/21.092 2003.2 6.240 6.172 20.281/20.771
281112169 2027.1 6.281 6.218 20.338/21.030 2023.3 6.266 6.200 20.259/20.740
285114171 2046.8 6.308 6.247 20.030/20.948 2043.3 6.293 6.228 20.033/20.680
289116173 2065.2 6.333 6.273 20.013/20.841 2062.0 6.318 6.253 20.014/20.595
293118175 2082.1 6.356 6.296 20.315/20.696 2079.0 6.341 6.276 20.237/20.466
294118176 2088.8 6.364 6.299 20.442/20.702 2085.8 6.349 6.279 20.331/20.466
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In Figs. 1 and 2, the neutron and proton single-parti
levels in the canonical basis in292118 are given, respec
tively. In order to avoid the complexity due to the blockin
effect, we give the single-particle levels in292118 instead of
293118. The potential~the thick solid line! is the sum of the
vector and scalar potentials. The Fermi surface for neutr
and protons is given in each figure by the dashed line.
Fermi level for neutrons in293118 is atl526.304 MeV,
while that for protons atl521.916 MeV. Although the
Fermi level for protons is very close to the continuum, t
wave functions of all the protons are well localized in a sm
region because of the Coulomb barrier.

Figure 1 indicates that, after the subclosed shell aN
5164, the next closed or subclosed shells occur atN5198
and N5210, while Fig. 2 indicates that the closed or su
closed shells for protons occur atZ5106, Z5114, andZ
5120. The magicity of a particular atomic or the neutr
number depends, however, on theN or Z numbers, and also
on deformation or vise versa. Figures 3 and 4 show
change of the single-particle neutron and proton levels n
the Fermi surface along thea-decay chain from293118.
Similarly to Figs. 1 and 2, we give the single-particle leve
for the neighboring even-even nuclei in order to avoid
irregularity due to the blocking effect. Adding ana particle
always raises the proton single-particle levels and lowers
neutron single-particle levels. There are distinct gaps
about 2 MeV atN5164 and 172 and of about 3 MeV atN
5198 for neutrons.

IV. THE DESCRIPTION OF SUPERHEAVY ELEMENTS
BY RMF¿BCS

Using the pairing gap for protons and neutrons fro
spherical RCHB calculations in Sec. III, we now perform t
RMF 1 BCS calculations by including both deformation a
pairing correlation. The blocking effect for neutrons is tak
into account. The results for the binding energyE, the
a-particle energy for the ground-state–to–ground-state
cay Qgg , matter and charge radii, and the neutron, prot
06431
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and matter deformation parameters are given in Tables
and VIII for the TM1 and NL3 forces, respectively. Th
calculated binding energies for86Kr, 208Pb, and294118 are
also given. Each binding energy increases by 0.3–2 M
with the pairing correlation, and can noticeably alter t
atomic number dependence ofQa . The K-quantum number
and the parity of the last neutron does not change from th
in the calculations without pairing correlation for the grou
state and are the same as those given in Table I.

One important aspect of thea decay of odd mass nuclei i
a selection rule imposed by quantum numbers, e.g.,
ground state~g.s.! to g.s.a decay will sometimes be struc
turally forbidden since the g.s. properties of the parent a
daughter nuclei differ dramatically as indicated by t
K-quantum number and the parity in Table I.

There are many possibilities to block levels. As exampl
Table IX shows the binding energiesE and the correspond
ing Qa values calculated in the RMF theory with TM1 an
NL3 forces when thea decay chain follows theK-quantum

FIG. 1. The single-particle levels in the canonical basis for n
trons in 292118 calculated by RCHB with TM1. The neutron pote
tial VV(r )1VS(r ) is represented by the solid line and the Fer
level by a dashed line.
9-4
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number eitherVp51/21 or 3/21. As mentioned before, the
calculations have been performed by using the pairing
from RCHB for protons and neutrons, while the blockin
levels for neutron are the 1/21 and 3/21 levels, respectively.
The blocking in the levels 3/21 and 1/21 is chosen, becaus
3/21 is the ground state for all interactions and 1/21 is the
first excited state for the TM1 force in293118. For TM1 and
NL3, the binding energiesE and theQ values for thea
decay given by both blockingVp51/21 and 3/21 may have
a difference of 2 MeV in some cases.

In Fig. 5, thea-decay energyQa calculated by the RMF
with TM1 and NL3 is shown as a function of the atom
number along the decay chain from293118. The results for
TM1 ~NL3! are represented by filled~open! symbols and
connected by solid~dashed! lines. The diamonds are th
ground-state–to–ground-stateQ valuesQgg , while the tri-
angles up or down are those when the 1/21 or 3/21 neutron
level is blocked. The observed data taken from Fig. 4 in@4#,
the prediction of FRDM@21#, and the calculation of RMF
with NLZ2 parameter sets for the ground states@24# are also
shown.

FIG. 2. The same as Fig. 1, but for protons.

FIG. 3. The single-particle levels for neutrons near the Fe
surface calculated in the RCHB with TM1. They are shown for
neighboring even-even nuclei to the superheavy elements in
a-decay chain from293118.
06431
p
The comparison between the triangles and diamo

clearly shows a noticeable discrepancy of the atomic num
dependence and of the magnitude of theQ values for the
ground-state–to–ground-statea decay and for the deca
along a fixedK-quantum number. This is common in th
RMF calculations with TM1 and NL3 forces. One also n
tices a clear difference of theQ values for the ground-state–
to–ground-statea decayQgg between the RMF calculation
with TM1 and FRDM, despite that the TM1 force was ch
sen among different RMF parameter sets because of its
global agreement with the prediction of the FRDM. A sha
difference is thatQgg takes a local minimum atZ5114 in
FRDM, while it takes a peak there in the RMF calculation
This reflects the shift of the magicity in two approach
which we discussed before. It is interesting to notice that
experimental data also shows a slight peak atZ5114. How-
ever, it will be premature to compare theoretical calculatio
with the data. Experimentally, it is not clear at all wheth
the decay proceeds along the ground state. Furthermore
decay sequence can move to other places in the nuc

i

he

FIG. 4. The same as Fig. 3, but for protons.

FIG. 5. Comparison of the theoreticala-particle energiesQa

with the observed data.
9-5
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chart, because none of the observeda matches with known
decay.

V. SUMMARY

We made a systematic study of the structure of sup
heavy elements recently claimed to have been discovere
Berkeley Lab’s 88-Inch Cyclotron by the reaction86Kr
1208Pb at 449 MeV in the framework of the relativist
mean field~RMF! approach. We have shown that usua
used various RMF forces, which provide a fair description
normal stable nuclei, give different predictions for sup
heavy elements. Among them TM1 is found to be the b
candidate to describe superheavy elements.

We have shown that the binding energy obtained fr
TM1 agrees with that of FRDM within a difference of
MeV. The same conclusion that TM1 is a good interact
has been drawn from the calculations of the binding ene
of Pb isotopes using the relativistic continuum Hartre
Bogoliubov ~RCHB! theory. We then performed RMF ca
culations of superheavy elements which include both
pairing correlation and deformation by using the pairing ga
obtained from RCHB for protons, and using the filling a
proximation for neutrons to simplify the blocking effect.

Our calculations suggest that the superheavy elem

TABLE VII. The binding energyE, a-decayQ valueQgg , mat-
ter and charge radii, and neutron, proton, and matter deforma
parameters calculated in the RMF1BCS theory with TM1.

AZN E Qa Rm Rc bn bp b

86Kr50 751.0 4.222 4.189 0.003 0.005 0.00
208Pb126 1636.8 5.650 5.544 0.000 0.000 0.00
265104161 1951.067 6.207 6.116 0.213 0.210 0.21
269106163 1971.674 7.69 6.233 6.148 0.209 0.208 0.2
273108165 1990.846 9.13 6.255 6.174 0.194 0.194 0.1
277110167 2009.211 9.93 6.278 6.202 0.178 0.178 0.1
281112169 2027.032 10.48 6.303 6.228 0.165 0.166 0.1
285114171 2043.601 11.73 6.324 6.252 0.149 0.152 0.1
289116173 2059.075 12.83 6.345 6.274 0.132 0.135 0.1
293118175 2077.022 10.04 6.354 6.289 0.062 0.058 0.0
294118176 2081.3 6.429 6.365 0.224 0.229 0.22
06431
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293118 and itsa decay daughter nuclei have finite deform
tion, having minimum deformation atZ5112, and also that
the element293118 has a small proton separation energy. W
also discussed theQ values of thea decay sequence for bot
ground-state–to–ground-state transitions and for the de
along a fixedK quantum number. One interesting observ
tion is that the predictedQ value has a peak atZ5114 in
contrast to a minimum suggested by FRDM. This is a co
sequence of the shift of the magic number from 114 to 1
Unfortunately, one cannot compare theoretical results w
experimental data, because it is not clear whether the
serveda correspond to ground-state–to–ground-state dec
or transitions to excited states. Even the location of the
quence might move in the nuclear chart, because all the
serveda ’s do not match with the knowna. Theoretically, it
is very challenging to perform reliable predictions of the d
cay scheme, the correspondingQ values, and the lifetime of
the a decays from the superheavy elements, not only th
suggested by the experiment at Berkeley, but also those f
well-acceptedZ5112 @3# and those suggested by the expe
ments in Ref.@26#.

After we completed our study, we noticed a paper
Cwiok et al. @25#, which discusses the properties of the sa
sequence of superheavy elements and theira decay proper-
ties in nonrelativistic HFB calculations. It is interesting
notice that their nonrelativistic calculations predict quite d
ferent properties from what we obtained using the RMF

n
TABLE VIII. The same as Table VII, but with NL3.

AZN E Qa Rm Rc bn bp b

86Kr50 743.899 4.276 4.234 0.280 0.283 0.28
208Pb126 1639.48 5.631 5.517 0.000 0.000 0.00
265104161 1951.983 6.199 6.103 0.254 0.259 0.25
269106163 1970.990 9.29 6.214 6.128 0.215 0.218 0.2
273108165 1990.928 8.36 6.234 6.150 0.195 0.197 0.1
277110167 2009.688 9.54 6.256 6.176 0.175 0.176 0.1
281112169 2028.479 9.51 6.277 6.200 0.154 0.157 0.1
285114171 2045.400 11.38 6.287 6.220 0.057 0.062 0.0
289116173 2062.713 10.98 6.309 6.242 0.051 0.053 0.0
293118175 2080.174 10.84 6.330 6.262 0.058 0.053 0.0
294118176 2085.92 6.340 6.266 0.063 0.059 0.06
60
50
92
02

.43

.09

.69
TABLE IX. The binding energyE and theQ value for thea decayQa for theVp51/21 or 3/21 level
blocking in RMF with TM1 and NL3.

Nucleus TM1 NL3
AZN E(1/21) Qa E(3/21) Qa E(1/21) Qa E(3/21) Qa

265104161 1951.043 1949.174 1950.531 1951.983
269106163 1969.509 9.834 1969.841 7.633 1970.887 7.944 1971.223 9.0
273108165 1989.665 8.144 1989.948 8.193 1990.150 9.037 1990.473 9.0
277110167 2008.168 9.797 2008.395 9.853 2009.115 9.335 2009.381 9.3
281112169 2026.871 9.597 2027.031 9.664 2028.308 9.107 2028.479 9.2
285114171 2042.520 12.65 2042.454 12.88 2045.405 11.20 2045.353 11
289116173 2060.127 10.69 2059.358 11.40 2060.999 12.71 2062.561 11
293118175 2076.876 11.55 2077.022 10.64 2080.044 9.255 2080.174 10
9-6
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proach. They predict systematically much smaller deform
tion for all nuclei and also claim that the deformatio
monotonically decreases towardsZ5118. Reflecting the dif-
ferent prediction concerning the deformation in our calcu
tions and in Ref.@25#, the K-quantum numbers of the las
neutron are very different in the two studies. This differen
will lead to quite different predictions for thea decay prop-
erties. Further studies are certainly needed to understand
the properties and the decay scheme of superheavy elem
cl.

ir,

n

n-

v,

06431
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-
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