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Systematic calculations of the ground state properties of superheavy nuclei
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We investigate the ground state properties of the nuclei with proton numberZ594–110 within the frame-
work of deformed relativistic mean-field~RMF! theory. A systematic comparison between calculated binding
energies and experimental data is made. The calculated binding energies are in good agreement with experi-
mental ones. The reliability of the RMF model for superheavy nuclei has been tested by this comparison. The
experimental data of alpha-decay energies and half-lives are reasonably reproduced by calculations. Calculated
results further show that a prolate deformation is important for the ground state of these nuclei. The properties
of some unknown nuclei are predicted and these are useful for future experimental researches of superheavy
nuclei.
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I. INTRODUCTION

The possible existence of long-life superheavy eleme
was predicted in 1960s by nuclear theoreticians. Since t
the search of superheavy elements in nature has becom
exciting project for scientists. Both physicists and chem
participated in the project for studies on superheavy e
ments. Various methods are used to identify new eleme
After much work was done, it was gradually realized th
nuclear synthesis is indeed a reliable way to produce a
element. The elementsZ5105–108 were successfully iden
tified by this method and both physicists and chemists ag
on the existence of these elements although their half-l
are not very long. Because it is very difficult to detect a fe
atoms that are produced by nuclear reactions in many d
the progress of synthesizing new elements is slow for a l
period. However situations changed recently; more and m
large laboratories participated in researches of new eleme
During 1995–1996, the elementsZ5110–112 were pro-
duced by Hofmannet al. at GSI in Germany@1–3#. This
progress is very quick because the three elements were
duced within 2 years. Such a situation speeds up the
searches on superheavy nuclei both experimentally and t
retically @4–7#. A breakthrough appeared at Dubna in Russ
the elementZ5114 was produced by Oganessianet al. @5,6#
in 1999. One year later it was again reported thatZ5116
was synthesized at Dubna@8#. At present, many large labo
ratories in the field of nuclear physics focus on the prod
tion of new superheavy nuclides@1,5,10,12,9#. Some inter-
esting results are reported very recently.270Hs was produced
at GSI in collaboration with people from PSI@10#. 270110
was also identified at GSI@11#. 259Db was produced at Lan
zhou@12#. Another piece of good news on superheavy nuc
is that the experiments on confirmation of elements 111
112 were performed in 2000 as these elements were
duced again@13#. The present situation shows that curre
study on superheavy nuclei has been well grounded.

*Electronic address: zren@nju.edu.cn; zren99@yahoo.com
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Theoretically there are some studies on superheavy nu
based on the self-consistent mean-field models
macroscopic-microscopic mass models@14–26#. The Frank-
furt group tested the relativistic mean-field~RMF! model for
a single nucleus264Hs @14#. Cwiok et al. investigated the
ground state properties of nuclei on the alpha-decay ch
289114 within the framework of the Skyrme-Hartree-Foc
Bogoliubov model@15#. Ren and Toki systematically calcu
late the properties of superheavy nuclei on the decay chai
Z5110–112 andZ5114 in the RMF model@20#. Shape
coexistence is predicted in the ground state of superhe
nuclei and deformation can be an important cause for
stability of superheavy nuclei based on a constraint R
calculation@20#. Although there are some theoretical calc
lations, there still exists a gap between experimental data
theoretical calculations. A systematic comparison betw
theoretical binding energies and experimental data is mis
in publications due to the fast growth of this field. This com
parison is important to see the global behavior of a mo
and is also useful for the prediction of unknown nuclei. A
other important problem in the study of superheavy nucle
to calculate the production cross section of superheavy
clei before experiments. For the prediction of the product
cross section of superheavy nuclei, the reliable binding e
gies must be inputted for reaction calculations. A part
study on this problem was completed by one of us@21#.

In this long paper we report the systematic calculation
the properties of nuclei with proton numberZ594–110 and
N5132–172. These cover all heavy nuclei whose bind
energies are known (Z>94). Now these nuclei are possibl
produced in many laboratories.270Hs and 270110 have been
synthesized at GSI@10,11#. After 259Db was observed a
Lanzhou in China@12#, it is planned to investigate the prop
erties of nuclei withZ5108 experimentally soon. The nucle
in this range also bridge the gap from the known actiniu
series to the unknown superheavy nuclei. Especially th
are some indications that deformations may be importan
this range.

This paper is organized in the following way. Section II
the formalism of the RMF model. The numerical results a
©2002 The American Physical Society06-1
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discussions of even-even nuclei are given in Sec. III. T
result of even-odd nuclei is presented in Sec. IV. Section V
a short summary.

II. THE FORMALISM OF THE RELATIVISTIC
MEAN-FIELD THEORY

In the RMF approach, we start from the local Lagrang
density for interacting nucleons,s, v, and r mesons, and
photons@27–37#

L5C~ igm]m2M !C2gsCsC2gvCgmvmC

2grCgmrm
a taC1 1

2 ]ms]ms2 1
2 ms

2s22 1
3 g2s32 1

4 g3s4

1 1
4 c3~vmvm!22 1

4 VmnVmn1 1
2 mv

2 vmvm2 1
4 Ramn

•Rmn
a

1 1
2 mr

2ram
•rm

a 2 1
4 FmnFmn2eCgmAm 1

2 ~12t3!C ~1!

with

Vmn5]mvn2]nvm, ~2!

Ramn5]mran2]nram, ~3!

Fmn5]mAn2]nAm, ~4!

where the meson fields are denoted bys, vm , andrm
a and

their masses are denoted byms , mv and mr , respectively.
The nucleon field and rest mass are denoted byC andM. Am
is the photon field which is responsible for the electrom
netic interaction,e2/4p51/137. The effective strengths o
the coupling between the mesons and nucleons are, res
tively, gs , gv , andgr . g2 andg3 are the nonlinear coupling
strengths of thes meson.c3 is the self-coupling term of the
v field. The isospin Pauli matrices are written asta, t3

being the third component ofta.
The equations of motion for the fields are easily obtain

from the variational principle@27–31,20#. In order to de-
scribe the ground state properties of nuclei we need s
solution of the above Lagrangian. For this case the me
field and photon fields are assumed to be classical fields
they are time independent (c numbers!. The nucleons move
in classical fields as independent particles~mean-field ap-
proximations!. The Dirac field operator can be expanded
terms of single particle wave functionsC5( i f iai whereai
is a particle creation operator@27,28# and f i is the single
particle wave function. For actual calculations, we omit t
contribution of the Fermi-sea under no-sea approximatio
The sum on single particles states runs on physical bo
states, i.e., the occupied shell model states. Symmetries
simplify the calculations considerably. Time reversal symm
try is used and therefore the spacial vector components
vm , rm

a , and Am are zero. Charge conservation guarant
that only the third component of the isovector field (r0

0)
survives@27–30#. We denote simplyr0

0 as r0. Finally we
have the following Dirac equations for nucleons and
Klein-Gordon equations for meson fields~for details see
Refs.@27–30#!:
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@2 i a¹1bM* ~r !1V~r !#f i~r !5e if i~r !, ~5!

where the effective massM* (r )5M1gss(r ). The poten-
tial V(r ) is a timelike component of a Lorentz vector,

V~r !5gvv0~r !1grtar0
a~r !1e„~12t3!/2…A0~r !, ~6!

~2D1ms
2 !s~r !52gsrs~r !2g2s2~r !2g3s3~r !, ~7!

~2D1mv
2 !v0~r !5gvrv~r !2c3v0

3~r !, ~8!

~2D1mr
2!r0~r !5grr3~r !, ~9!

2DA0~r !5erp~r !, ~10!

wherers , rv , andrp are, respectively, the densities of sc
lar, baryon, and proton.r3 is the difference between the neu
tron and proton densities. They will bec numbers by taking
expectation values. Their expressions are as follows:

rs~r !5(
i 51

A

f i~r !f i~r !, ~11!

rv~r !5(
i 51

A

f i
1~r !f i~r !, ~12!

r3~r !5(
i 51

A

f i
1~r !t3f i~r !, ~13!

rp~r !5(
i 51

A

f i
1~r !„~12t3!/2…f i~r !. ~14!

Now we have a set of coupled equations for mesons
nucleons and they will be solved consistently by iteratio
After a final solution is obtained, we can calculate the bin
ing energies, root-mean-square radii of proton and neu
density distributions, single particle levels, and quadrup
deformation. An axial deformation is assumed in our calc
lations for superheavy nuclei. The details of numerical c
culations are described in Refs.@20,27–30#. The main pre-
sentation of this paper is based on deformed RM
calculation. Some constraint RMF results are given as
explanation to the deformed RMF results.

III. NUMERICAL RESULTS AND DISCUSSIONS OF
EVEN-EVEN SUPERHEAVY NUCLEI

We carry out RMF calculations with two sets of forc
parameters, TMA@20# and NLZ2 @16,22#. They are typical
forces in the RMF model. The method of harmonic ba
expansions@20,29,31–33,35# is used in solving the coupled
RMF equations. The number of bases is chosen asNf5Nb
520. This space is enough for the calculations here. T
inputs of pairing gaps areDn5Dp511.2/AA MeV and this
is a standard input in nuclear structure calculations. We
not make any adjustments on the current force paramete
on the pairing gaps. An axial deformation is assumed
6-2
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TABLE I. The binding energies, deformations and alpha-decay energies of even-even Pu and Cm i
with TMA and NL-Z2.

Nuclei B ~MeV! bn bp Qa B ~MeV! bn bp Qa B~Expt.! ~MeV! Qa~Expt.!

234Pu 1775.2 0.23 0.25 5.48 1773.8 0.26 0.28 5.50 1774.8 6.31
236Pu 1788.6 0.24 0.25 5.16 1787.1 0.28 0.29 5.18 1788.4 5.87
238Pu 1801.1 0.25 0.26 4.72 1799.7 0.29 0.29 4.98 1801.3 5.59
240Pu 1813.7 0.26 0.27 4.45 1811.6 0.29 0.30 4.83 1813.5 5.26
242Pu 1825.5 0.28 0.28 4.05 1822.9 0.30 0.30 4.25 1825.0 4.98
244Pu 1836.2 0.27 0.28 4.47 1833.7 0.30 0.30 3.95 1836.1 4.67
246Pu 1846.4 0.26 0.26 4.29 1843.5 0.30 0.30 4.27
248Pu 1856.3 0.25 0.24 3.94 1852.8 0.30 0.30 4.22
250Pu 1865.7 0.22 0.21 3.88 1862.1 0.29 0.29 3.74
252Pu 1875.1 0.20 0.18 3.56 1871.3 0.28 0.28 3.34
254Pu 1884.2 0.19 0.17 3.44 1880.1 0.27 0.27 3.33
256Pu 1893.2 0.18 0.16 3.22 1888.2 0.24 0.24 3.68

236Cm 1782.9 0.23 0.25 6.59 1781.0 0.27 0.29 7.04
238Cm 1797.2 0.24 0.25 6.25 1795.5 0.28 0.30 6.55 1796.5 6.62
240Cm 1811.0 0.25 0.26 5.83 1809.1 0.29 0.31 6.34 1810.3 6.40
242Cm 1824.2 0.26 0.27 5.49 1822.0 0.30 0.31 6.04 1823.4 6.21
244Cm 1836.9 0.27 0.28 5.09 1834.4 0.30 0.31 5.50 1835.9 5.90
246Cm 1848.8 0.27 0.27 5.41 1845.9 0.31 0.31 5.36 1847.8 5.48
248Cm 1859.5 0.26 0.26 5.00 1856.3 0.31 0.31 5.65 1859.2 5.16
250Cm 1870.2 0.25 0.25 4.52 1866.3 0.30 0.31 5.49 1869.7 5.17
252Cm 1880.0 0.24 0.24 4.60 1876.2 0.30 0.30 4.91
254Cm 1889.6 0.22 0.21 4.35 1886.0 0.29 0.29 4.42
256Cm 1899.1 0.20 0.20 4.23 1895.3 0.27 0.28 4.30
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calculations. For the details of calculations please
@29,31,20,33#.

A. Binding energy of superheavy nuclei

At first let us focus on the global behavior of the RM
model. We calculate the total binding energy~B! and the
average binding energy of nucleons (B/A) for even-even nu-
clei on the isotope chain ofZ594–110. The theoretica
binding energy, quadrupole deformation parameters of p
tons and neutrons, and the alpha-decay energy are liste
Tables I–IV, together with the available data of the expe
mental binding energy and alpha-decay energy. The varia
of the average binding energy with nucleon number of so
isotopes is drawn in Fig. 1.

The RMF results of Pu and Cm (Z594,96) isotopes with
TMA and NLZ2 are listed in Table I. In Table I the firs
column is for nuclei. Columns 2–5 correspond to numeri
results of TMA and the columns 6–9 correspond to num
cal results of NL-Z2.B ~MeV! is the theoretical binding
energy. The symbolsbn andbp in Table I denote the quad
rupole deformations of neutrons and protons, respectiv
Further, the symbolQa ~MeV! is the calculated alpha-deca
energy. The experimental binding energy and alpha-de
energy are listed in the last two columns of the table. Exp
mental binding energies are obtained from the nuclear m
table @38# and the experimental alpha-decay energies can
deduced accordingly.
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It is seen from Table I that the theoretical binding energ
with both TMA and NL-Z2 are very close to the experime
tal data. The average difference between the theoretical b
ing energy and experimental one is approximately 1.0 M
This shows that the RMF model can give a reliable bind
energy for the above nuclei. The relative difference betwe
the theoretical binding energy and the data is approxima
0.06%. This difference is very small. The maximum diffe
ence is 3.4 MeV. Because the total binding energy is aro
1800 MeV, the maximum relative difference is approx
mately 0.2%. This is the predicting precision of the RM
model for the binding energy of nuclei near stability. Ther
fore we can say that the experimental binding energy can
very well reproduced by the RMF model. Especially we
not introduce any adjustments on the pairing strength or
the effective force parameters when we carry out calcu
tions.

When we compare the two sets of RMF results with TM
and NL-Z2 in Table I, we see that the RMF results with TM
overestimate the data a little and the RMF results w
NL-Z2 underestimate them a little. The experimental data
neutron deficient nuclei agree well with NLZ2, where
heavier isotopes agree better with TMA. The experimen
data are known in a narrow window which is set by two s
of effective forces in the RMF model. Because this windo
is narrow, we can use the RMF model to predict the u
known binding energy of nuclei reliably. This will be mor
6-3
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TABLE II. The binding energies, deformations and alpha-decay energies of even-even Cf and F
topes with TMA and NL-Z2.

Nuclei B ~MeV! bn bp Qa B ~MeV! bn bp Qa B~Expt.! ~MeV! Qa~Expt.!

242Cf 1818.9 0.25 0.26 6.64 1815.79 0.29 0.30 8.02 1817.3 7.52
244Cf 1832.9 0.26 0.26 6.40 1829.67 0.30 0.31 7.73 1831.3 7.33
246Cf 1846.3 0.26 0.27 6.24 1843.07 0.30 0.31 7.23 1844.8 6.86
248Cf 1859.0 0.26 0.26 6.26 1855.50 0.30 0.31 7.18 1857.8 6.36
250Cf 1871.0 0.26 0.26 5.73 1866.87 0.30 0.31 7.30 1870.0 6.13
252Cf 1882.4 0.25 0.26 5.34 1877.75 0.30 0.31 6.89 1881.3 6.22
254Cf 1892.9 0.25 0.25 5.55 1888.51 0.29 0.30 6.09 1892.1 5.93
256Cf 1903.0 0.23 0.23 5.36 1899.10 0.28 0.29 5.39
258Cf 1912.9 0.22 0.22 5.02 1909.14 0.27 0.28 5.12
260Cf 1922.7 0.21 0.21 4.70 1918.53 0.26 0.27 5.03
262Cf 1932.2 0.20 0.19 4.60 1927.41 0.25 0.25 4.85
264Cf 1941.5 0.15 0.14 4.39 1936.16 0.22 0.23 4.59

246Fm 1839.1 0.25 0.26 8.07 1835.8 0.29 0.30 8.25 1837.2 8.37
248Fm 1853.4 0.26 0.27 7.80 1850.3 0.30 0.31 7.72 1851.6 8.00
250Fm 1867.0 0.26 0.27 7.61 1863.7 0.30 0.31 7.71 1865.5 7.56
252Fm 1880.0 0.26 0.26 7.20 1876.1 0.30 0.31 7.74 1878.9 7.15
254Fm 1892.5 0.26 0.26 6.80 1887.9 0.30 0.30 7.27 1891.0 7.31
256Fm 1903.7 0.25 0.26 7.00 1899.6 0.29 0.30 6.45 1902.5 7.03
258Fm 1914.5 0.25 0.25 6.77 1911.0 0.28 0.29 5.80
260Fm 1925.0 0.21 0.21 6.22 1921.8 0.28 0.28 5.63
262Fm 1935.5 0.21 0.21 5.75 1931.9 0.27 0.28 5.56
264Fm 1945.5 0.20 0.20 5.51 1941.2 0.26 0.27 5.64
266Fm 1955.2 0.17 0.16 5.28 1950.2 0.23 0.25 5.52
268Fm 1964.6 0.14 0.14 5.15 1959.1 0.21 0.23 5.34
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Figure 1 demonstrates the variation of the average bind

energy (B/A) with nucleon number for Pu, Cm, Cf, Fm, No
Rf (Z594–104) isotopes. Figure 1 can be divided into th
parts. Figure 1~a! is the results for Pu and Cm isotopes~the
left part of Fig. 1!. Figure 1~b! is the results for Cf and Fm
isotopes~the middle part of Fig. 1!. Figure 1~c! is the results
for No and Rf isotopes~the right part of Fig. 1!. Two sets of
the theoretical average binding energies are represente
hollow triangles and hollow squares. We connect each se
theoretical results by a curve. For an isotope chain, the up
curve is the RMF result with TMA and the lower curve
that with NLZ2. Experimental average binding energies
denoted by black points. It is seen from Fig. 1 that the
perimental points lie between two theoretical curves. T
global agreement between the model and the data is
impressive. Therefore we can use the RMF model to pre
the unknown binding energy reliably. This can be useful
future experimental study.

In Table II we list the RMF results of Cf and Fm isotop
with TMA and NL-Z2 forces. Similar notations to Table I ar
used. The theoretical binding energies are very close to
data. The theoretical value is approximately 0.1% off. T
good agreement between model and data is seen again
maximum difference is 0.2%. This is rather good for t
model. When we compare numerical results with two sets
forces, it is concluded again that the RMF results with TM
06430
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overestimate the data a little and the RMF results w
NL-Z2 underestimate the data a little. So we shows ag
that the RMF model is reliable and can be used to estim
the binding energy of unknown nuclei. This conclusion c
be seen more clearly in Fig. 1~b!. The experimental averag
binding energies lie between two theoretical curves.

For the nuclei on the isotope chain of No and Rf, t
available experimental data of binding energies are less
those of Cf and Fm. In order to make a detailed compari
with available information, we also list the estimated bindi
energy from Audiet al. @38# and denote it with a symbol #
The numerical results are given in Table III and Fig. 1~c!. For
binding energies it is seen that the theoretical results fol
experimental data well when nuclei becomes heavier. Pr
ous discussions on Tables I and II are suitable for Table
and we do not repeat here. The previous conclusions
hold true.

For heavy nuclei with proton numberZ5106 ~Sg!, 108
~Hs!, and 110, only the binding energies of260Sg and264Hs
are known. The calculated binding energy and other qua
ties are listed in Table IV. The agreement for binding en
gies is still nice even for heavy nuclei withZ5106 andZ
5108.

Aside the detailed comparison on theoretical binding
ergies and experimental data, we conclude that the R
model can reproduce all available data well. In the followi
6-4
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TABLE III. The binding energies, deformations and alpha-decay energies of even-even No and R
topes with TMA and NL-Z2.

Nuclei B ~MeV! bn bp Qa B ~MeV! bn bp Qa B~Expt.! ~MeV! Qa~Expt.!

252No 1873.2 0.26 0.26 8.57 1870.7 0.30 0.31 7.86 1871.3 8.55
254No 1887.2 0.26 0.27 8.11 1884.1 0.30 0.31 7.82 1885.6 8.27
256No 1900.7 0.26 0.27 7.68 1897.0 0.30 0.31 7.38 1898.6 8.58
258No 1912.9 0.26 0.27 7.91 1909.6 0.29 0.30 6.68 1911.1# 8.20
260No 1924.6 0.26 0.26 7.49 1921.7 0.29 0.30 6.18 1923.1# 7.70
262No 1935.8 0.20 0.21 7.01 1933.1 0.28 0.29 6.17 1934.7# 7.32
264No 1946.8 0.20 0.20 6.56 1944.0 0.27 0.28 6.09
266No 1957.5 0.20 0.20 6.25 1953.8 0.26 0.28 6.41
268No 1967.8 0.18 0.18 6.05 1963.0 0.25 0.26 6.49

256Rf 1892.6 0.25 0.25 8.85 1890.7 0.30 0.31 8.26 1890.7 8.95
258Rf 1907.0 0.26 0.26 8.53 1904.5 0.30 0.31 7.94 1904.6# 9.25
260Rf 1920.1 0.26 0.27 8.84 1917.9 0.29 0.30 7.41 1917.9# 9.00
262Rf 1932.7 0.21 0.21 8.48 1930.8 0.29 0.30 6.98 1930.8# 8.60
264Rf 1944.9 0.21 0.21 8.00 1943.0 0.28 0.29 7.01 1943.2# 8.27
266Rf 1956.7 0.21 0.21 7.37 1954.6 0.27 0.29 6.87 1955.2# 7.78
268Rf 1968.1 0.20 0.20 6.98 1964.9 0.27 0.28 7.39
270Rf 1979.0 0.19 0.19 6.86 1974.5 0.26 0.28 7.61
272Rf 1989.0 0.17 0.17 7.04 1984.4 0.32 0.32 6.95
274Rf 1998.8 0.14 0.15 6.90 1993.8 0.34 0.34 6.66
276Rf 2008.9 0.12 0.12 6.54 2003.7 0.16 0.18 5.71
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we will discuss the RMF results on quadrupole deformatio
on alpha decay energy and on alpha decay half-life.

B. Quadrupole deformation in the ground state of heavy nuclei

It was considered for many years that superheavy nu
may be spherical. It is still unknown whether it is right. He
we see available experimental information on deformation
heavy nuclei and theoretical predictions on the ground s
deformation of these nuclei.

The experimental quadrupole deformation parameter
238,240,242,244Pu are known@40# and their values are approx
matelyb250.29. The quadrupole deformation parameters
above nuclei from TMA arebp50.26–0.29 and those value
from NL-Z2 are bp50.29–0.30~Table I!. The agreemen
between theoretical quadrupole deformation and experim
tal one is very satisfying.

The measured quadrupole deformation parameters
244,246,248Cm areb250.30 @40#. Two sets of theoretical one
from TMA and NL-Z2 ~Table I! arebp50.26–0.28 andb2
50.31, respectively. A good agreement is also obtained
Cm isotopes.

For Cf isotopes the quadrupole deformation parame
are 0.30 for 250,252Cf @40#. They are close to two sets o
theoretical values 0.26 and 0.31~Table II!.

Recently the deformation of254No is measured to beb2
50.2760.02 @41#. It is in good agreement with the calcu
lated valuesbp50.27 andbp50.31 ~Table III!. This good
agreement strengthens the predicting power of the R
model on nuclear deformation. It is also the reason of
appearance of the deformed subshell atN5152.
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For Rf isotopes there is no experimental datum on th
deformation. Two sets of theoretical values on deformat
agree well for lighter isotopes but a difference gradually a
pears with the increase of neutron number. The differe
becomes large for some heavier nuclei nearN5172. It is not
fully clear why this phenomenon happens. We try to give t
reasonable explanations on this in the following. The curr
force parameters of the RMF model are established by fit
the data of nuclei near stability. So there may be a differe
when they are extended to neutron-rich nuclei. Some isos
dependent factors may be in charge of this difference~such
as the coupling strength of ther meson and asymmetry en
ergy of nuclear matter!. Another cause is that complex phe
nomenon of nuclear structure can appear with the increas
neutron number. There exist some solutions which have v
close energies but with different deformations. For examp
there are two solutions with very close energies in274Rf
when NL-Z2 is used. One solution corresponds to the gro
state in Table III (B51993.8,bN50.34,bp50.34). Another
solution corresponds to a very low excited state with a bi
ing energyB51993.6 MeV andbN50.20,bp50.22. This is
shape coexistence and it occurs when neutron numbe
close toN5172. It could lead to a difference of deforma
tions when different forces are used. It is interesting to stu
this problem in detail in future.

For heavy nuclei withZ5106 ~Sg!, 108 ~Hs!, and 110
~Table IV!, experimental deformation is unknown. Som
models predicted their quadrupole deformations are aro
0.2–0.3@23,25,26#. The RMF model with two set of typica
forces predicts there are prolate deformations in these nu
6-5
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TABLE IV. The binding energies, deformations and alpha-decay energies of even-even Sg, HsZ
5100 isotopes with TMA and NL-Z2.

Nuclei B ~MeV! bn bp Qa B ~MeV! bn bp Qa B~Expt.! ~MeV! Qa~Expt.!

260Sg 1911.9 0.25 0.26 9.08 1909.0 0.30 0.31 10.02 1908.96 9.9
262Sg 1925.9 0.25 0.26 9.38 1923.4 0.29 0.30 9.45
264Sg 1939.3 0.22 0.23 9.03 1937.3 0.29 0.30 8.92
266Sg 1952.4 0.22 0.22 8.57 1950.5 0.28 0.29 8.67 8.66
268Sg 1965.1 0.21 0.21 8.08 1963.0 0.27 0.28 8.31
270Sg 1977.2 0.20 0.21 7.78 1974.0 0.26 0.28 8.91
272Sg 1988.7 0.19 0.19 7.71 1984.1 0.25 0.27 9.05
274Sg 1999.3 0.18 0.18 7.93 1994.3 0.23 0.25 8.46
276Sg 2009.5 0.16 0.16 7.86 2004.7 0.19 0.20 7.99
278Sg 2019.8 0.13 0.14 7.35 2015.2 0.16 0.18 6.95

260Hs 1899.0 0.25 0.26 9.96 1895.9 0.29 0.30 11.15
262Hs 1915.3 0.25 0.25 9.59 1911.5 0.28 0.29 11.08
264Hs 1930.2 0.24 0.25 9.98 1926.6 0.28 0.29 10.68 1926.72 10.5
266Hs 1944.5 0.24 0.24 9.74 1941.4 0.28 0.29 10.30 10.18
268Hs 1958.4 0.22 0.22 9.15 1955.6 0.27 0.28 9.96
270Hs 1971.8 0.21 0.22 8.90 1969.2 0.26 0.28 9.54 9.30
272Hs 1984.6 0.20 0.21 8.79 1981.1 0.26 0.27 10.23
274Hs 1996.6 0.19 0.20 8.89 1992.1 0.24 0.26 10.16
276Hs 2007.8 0.18 0.19 9.23 2003.3 0.20 0.21 9.13
278Hs 2018.3 0.17 0.17 9.32 2014.4 0.18 0.20 8.17
280Hs 2029.2 0.23 0.23 8.63 2025.5 0.16 0.18 7.47

268110 1946.7 0.23 0.24 11.77 1943.9 0.26 0.27 11.02
270110 1961.4 0.22 0.22 11.37 1958.9 0.26 0.26 10.78 10.9
272110 1975.7 0.21 0.22 11.06 1973.3 0.25 0.26 10.58
274110 1989.4 0.20 0.21 10.67 1986.1 0.24 0.24 11.45
276110 2002.5 0.19 0.20 10.36 1998.7 0.21 0.22 10.65
278110 2014.6 0.18 0.19 10.36 2010.9 0.20 0.21 9.52
280110 2026.0 0.17 0.18 10.08 2022.8 0.18 0.19 8.81
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The parameter of quadrupole deformation (bn and bp) is
approximately 0.2–0.3 for nuclei studied here. A constra
RMF calculation is carried out for nuclei264,270Hs @32#. The
variation of the energy of264,270Hs with quadrupole defor-
mation parameter is plotted in Fig. 2. The minimum in Fig
corresponds to a ground state solution of a nucleus. Fig
2~a! is the result for264Hs where TMA force is used. There i
a prolate deformation in the ground state of264Hs. This con-
firms that the numerical results in Table IV are correct. F
ure 2~b! is the results for270Hs. Here the number of the
bases is chosen asNf5Nb518 for saving computationa
time and NLZ2 is used. It is seen clearly that there exist
minimum aroundb250.27. This corresponds to the groun
state of 270Hs in Table IV. By the way it is known from
macroscopic-microscopic calculations that hexadecupole
formation may be important for the stability of nuclei in th
mass range. However it is not sure whether it is right up
now. For the moment there are no experimental data on
hexadecupole deformation. According to previous inform
tion on medium nuclei, quadrupole deformation is the m
important one in all modes of deformations. Hexadecup
deformation may be important if there is a very small qua
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rupole deformation or it may play a role with the quadrupo
deformation together. We have not calculated the param
of hexadecupole deformation in this paper. It is interesting
calculate it in future studies.

C. Alpha-decay energy and half-life in ground states

Because many of superheavy nuclei are identified by
observation of a series of alpha decays, alpha decay pla
key role for the study of superheavy nuclei. It is also e
pected that other information such as deformation and
mers can be extracted by the measurement of diffe
branching ratio of alpha decays. In this section we conc
trate on alpha decays that occurred in the ground state
even-even nuclei. This is the most important branch of alp
decays in even-even nuclei.

Theoretical alpha-decay energies can be calculated by
binding energy difference of parent nucleus and daugh
nucleus. They are listed in columns 5 and 9 of Tables I–
The experimental decay energies are taken from nuc
mass table and are listed in the last column.

For the alpha-decay energies it is seen from Tables I–
that the theoretical value is close to the experimental o
6-6
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FIG. 1. The comparison of theoretical and experimental average binding energy (B/A) for Pu, Cm, Cf, Fm, No, Rf isotopes. Thi
includes all available data of binding energy for even-even nuclei on these isotope chains. It is interesting to note that the experim
lie between two sets of the RMF results. The TMA and NL-Z2 forces are used in calculations.
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The theoretical value is only 0.1–0.8 MeV off in many cas
Usually the difference of theoretical binding energy and
perimental one is more than 1 MeV for a heavy nucle
Considering that the alpha-decay energy is the subtractio
two big quantities~the subtraction of the binding energies
parent and daughter nuclei!, the RMF results on the deca
energies is good. Therefore the RMF model can be used
predictions of the alpha-decay energies.

The variation of alpha-decay energies with nucleon nu
ber for some isotopes is plotted in Fig. 3. In Fig. 3, the bla
points are for experimental data. The two sets of RMF res
are denoted by hollow triangle and hollow square and e
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set is connected by a curve. For the nuclei on the isot
chain of Pu and Cm@Fig. 3~a!#, the RMF model slightly
underestimates the data but the deviation is less than
MeV. For Cf isotopes, the data is between two sets of R
results @the lower part of Fig. 3~b!# and theoretical results
follow experimental trend well. For Fm isotopes, the dev
tion between model and data is less than 0.6 MeV@the upper
part of Fig. 3~b!#. Figure 3~c! shows the variation of the
decay energy with nucleon number for No and Rf isotop
The RMF model slightly underestimates the data. We sho
stress here that above results are obtained without any
justments on the force parameters or on the pairing stren
ted by
for
FIG. 2. The variation of the energy of264,270Hs with quadrupole deformation. The points are numerical results and they are connec
solid lines. A minimum appears around the deformation parameter 0.25 in~a! and it corresponds to the deformation of the ground state
264Hs. A minimum appears around the deformation parameter 0.27 in~b! and it corresponds to the deformation of the ground state for270Hs.
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FIG. 3. The variation of the alpha-decay energy of Pu, Cm, Cf, Fm, No, Rf isotopes with nucleon number (A). The two sets of theoretica
results are connected by solid curves.
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in the RMF model.
At present experimental physicists hope that theoret

physicists can give more accurate value on alpha decay
ergies. They consider that the deviation of theoretical a
experimental alpha-decay energy should be less than
06430
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n-
d
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MeV in order to arrange experimental setup of new nuclid
suitably. It is interesting to emphasize that it is difficult
keep the deviation less than 0.5 MeV in mean-field mod
without any adjustments. If people introduce some artific
adjustments on pairing strengths, it is possible to give a m
vailable
ical results
FIG. 4. The comparison of theoretical half-life and experimental one for Pu, Cm, Cf, Fm, No, Rf isotopes. This includes a
ground-state half-lives of alpha decays for even-even nuclei on these isotope chains. It is interesting to note that two sets of theoret
are close to experimental data.
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TABLE V. The binding energies, deformations, alpha-decay energies of odd-A Pu and Cm isotopes with
TMA and NL-Z2.

Nuclei B ~MeV! bn bp Qa B ~MeV! bn bp Qa B~Expt.! ~MeV! Qa~Expt.!

233Pu 1768.276 0.23 0.24 1766.821 0.26 0.27
235Pu 1781.921 0.24 0.25 5.388 1780.527 0.27 0.28 5.341 1781.020 6.0
237Pu 1795.072 0.25 0.25 4.912 1793.534 0.29 0.29 5.057 1794.275 5.7
239Pu 1807.626 0.26 0.26 4.546 1805.724 0.29 0.30 4.937 1806.922 5.2
241Pu 1819.687 0.27 0.28 4.212 1817.320 0.30 0.30 4.568 1818.697 5.1
243Pu 1830.988 0.28 0.28 4.190 1828.401 0.30 0.30 4.020 1830.041 4.7
245Pu 1841.310 0.27 0.27 4.503 1838.695 0.30 0.30 4.076
247Pu 1851.429 0.26 0.26 4.051 1848.166 0.30 0.30 4.331
249Pu 1861.032 0.24 0.24 3.937 1857.450 0.30 0.29 3.979
251Pu 1870.435 0.21 0.19 3.589 1866.712 0.29 0.28 3.489
253Pu 1879.637 0.19 0.18 3.537 1875.737 0.28 0.27 3.278
255Pu 1888.687 0.18 0.17 3.320 1884.172 0.26 0.26 3.495
257Pu 1897.555 0.17 0.16 3.167 1892.284 0.23 0.22 3.523

235Cm 1775.502 0.23 0.24 6.507 1773.506 0.26 0.28 7.214 1773.610 7.2
237Cm 1790.110 0.24 0.25 6.466 1788.335 0.28 0.29 6.786 1788.530 6.8
239Cm 1804.194 0.25 0.26 6.027 1802.412 0.29 0.30 6.415 1802.860 6.4
241Cm 1817.691 0.26 0.27 5.681 1815.610 0.30 0.31 6.224 1816.386 6.1
243Cm 1830.686 0.27 0.28 5.240 1828.264 0.30 0.31 5.760 1829.049 6.1
245Cm 1842.771 0.27 0.28 5.216 1840.251 0.30 0.31 5.369 1841.369 5.6
247Cm 1853.980 0.26 0.26 5.308 1851.218 0.31 0.31 5.483 1852.984 5.3
249Cm 1864.908 0.26 0.26 4.702 1861.336 0.30 0.31 5.659
251Cm 1875.199 0.25 0.25 4.530 1871.250 0.30 0.30 5.216
253Cm 1884.816 0.23 0.23 4.516 1881.104 0.29 0.29 4.646
255Cm 1894.404 0.21 0.20 4.331 1890.684 0.28 0.28 4.328
257Cm 1903.846 0.20 0.19 4.091 1899.668 0.27 0.27 4.369
259Cm 1913.114 0.19 0.18 3.873 1908.197 0.24 0.24 4.275
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accurate value on alpha-decay energies. But in this c
people should explain why the pairing strengths change.

Another very difficult task is to predict the alpha-dec
half-life of nuclei reliably. Here we use the Viola-Seabo
formulas to calculate the half-life according to theoretic
decay energy. Their expressions are given in the followin

log~Ta!5~aZ1b!~Qa!21/21~cZ1d!1hlog , ~15!

whereTa is given in second andQa in MeV, andZ is the
proton number of the parent nucleus. This formula is usu
used to estimate the half-life of alpha decays by the de
energies@23,39#. The constants in this expression have be
determined asa51.661 75,b528.5166,c520.202 28,d
5233.9069, hlog50.0 for even-even nuclei. These valu
are obtained by fitting the experimental data of middle a
heavy nuclei@23,24,26,39#.

Experimental half-life of alpha decays is also taken fro
Audi et al. @38#. Theoretical half-life is calculated accordin
to the Viola-Seaborg formulas@23,39#. The numerical results
for half-life is plotted in Fig. 4. The ratio between theoretic
half-life and experimental one is less than 104 in many cases.
This is acceptable in theory. It is well known that the half-li
is very sensitive to the decay energy. A small difference
decay energy will lead to a large difference of half-life. F
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example, the difference of decay energy 0.5 MeV can ind
a difference of half-life 105 times or more. Up to now we do
not have a good model to calculate the alpha-decay en
and binding energy very accurately. This leads to that
cannot reproduce experimental half-life accurately. In futu
it is useful to develop theoretical models for improving t
calculations of binding energies.

IV. NUMERICAL RESULTS AND DISCUSSIONS OF SOME
ODD-A SUPERHEAVY NUCLEI

After we discuss the ground state properties of even-e
nuclei, we present some numerical results for odd-N nuclei
of above even-Z isotopes. We call these nuclei as oddA
nuclei for convenience. For a detailed calculation of oddA
nuclei, the vector current of thev meson and the blocking
effect of the last odd nucleon should be taken into accou
Especially some special quantities may be sensitive to th
effects. In this paper we are interested in the average p
erties of nuclei such as the binding energy, alpha-decay
ergy, quadrupole deformation. These quantities are not
sitive to the vector current of thev meson and the blocking
effect of the last odd nucleon. In the following we omit the
effects in order to simplify the calculations for superhea
nuclei. Without this simplification the calculations for supe
6-9
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TABLE VI. The binding energies, deformations, alpha-decay energies of odd-A Cf and Fm isotopes with
TMA and NL-Z2.

Nuclei B ~MeV! bn bp Qa B ~MeV! bn bp Qa B~Expt.! ~MeV! Qa~Expt.!

239Cf 1796.657 0.23 0.25 7.145 1793.824 0.27 0.29 7.982 1794.090 7.81
241Cf 1811.635 0.24 0.25 6.775 1808.668 0.29 0.30 7.967 1809.160 7.66
243Cf 1825.974 0.25 0.26 6.520 1822.774 0.29 0.30 7.938 1823.760 7.39
245Cf 1839.711 0.26 0.27 6.280 1836.459 0.30 0.31 7.451 1837.426 7.25
247Cf 1852.710 0.26 0.27 6.276 1849.406 0.30 0.31 7.158 1850.818 6.52
249Cf 1865.035 0.26 0.26 6.036 1861.308 0.30 0.31 7.243 1863.370 6.29
251Cf 1876.800 0.26 0.26 5.480 1872.332 0.30 0.31 7.186 1875.104 6.17
253Cf 1887.812 0.25 0.26 5.396 1883.136 0.30 0.30 6.500 1886.081 6.12
255Cf 1897.939 0.24 0.25 5.560 1893.854 0.29 0.29 5.696 1896.740 5.72
257Cf 1907.956 0.22 0.22 5.160 1904.195 0.28 0.28 5.209
259Cf 1917.846 0.21 0.21 4.858 1913.919 0.27 0.27 5.065
261Cf 1927.554 0.20 0.20 4.592 1923.012 0.26 0.26 4.956
263Cf 1936.802 0.16 0.15 4.612 1931.788 0.23 0.24 4.709
265Cf 1946.039 0.13 0.12 4.283 1940.485 0.21 0.22 4.532
267Cf 1955.386 0.10 0.09 3.986 1949.010 0.19 0.20 4.427

243Fm 1816.667 0.23 0.24 8.290 1813.335 0.28 0.29 8.789 1813.700 8.6
245Fm 1831.706 0.24 0.25 8.229 1828.422 0.29 0.30 8.546 1829.030 8.4
247Fm 1846.361 0.26 0.27 7.913 1843.143 0.29 0.30 7.931 1843.860 8.1
249Fm 1860.285 0.26 0.27 7.726 1857.079 0.30 0.31 7.680 1857.910 7.8
251Fm 1873.588 0.26 0.26 7.422 1869.965 0.30 0.31 7.741 1871.689 7.4
253Fm 1886.368 0.26 0.26 6.967 1882.017 0.30 0.31 7.591 1884.469 7.1
255Fm 1898.247 0.26 0.26 6.853 1893.760 0.29 0.30 6.872 1896.159 7.2
257Fm 1909.124 0.25 0.26 6.988 1905.371 0.29 0.29 6.065 1907.513 6.8
259Fm 1919.699 0.23 0.24 6.540 1916.482 0.28 0.29 5.672 1918.540 6.4
261Fm 1930.267 0.21 0.21 5.989 1926.901 0.27 0.28 5.594
263Fm 1940.575 0.21 0.21 5.571 1936.642 0.26 0.27 5.577
265Fm 1950.396 0.18 0.17 5.458 1945.670 0.25 0.26 5.642
267Fm 1959.953 0.16 0.15 5.149 1954.682 0.22 0.24 5.406
269Fm 1969.390 0.12 0.12 4.949 1963.535 0.20 0.22 5.250
ed
le

C

in
vi
–

ng
te
e
n

un
ic
a
v

ts
f

s,
on
t
of

n-

on
t-
The
ious
ing
by
ron
as
r a
heavy nuclei will become very complicated.
We calculate the ground state properties of odd-A nuclei

for Pu, Cm, Cf, Fm, No, Rf isotopes using the deform
RMF model. The numerical results are listed in Tab
V–VII and Fig. 5.

Table V shows the ground state properties of Pu and
isotopes. The same symbols as in the preceding tables
used. It is seen from Table V that the experimental bind
energies are very well reproduced by the model. The de
tion between theory and experiment is approximately 1
MeV. This is very small as compared with the total bindi
energy which is as high as 1700–1900 MeV. The calcula
alpha-decay energy is in good agreement with the exp
mental data. The deviation for decay energies is less tha
MeV. There are also quadrupole deformations in the gro
state of these nuclei. This is in agreement with the theoret
result for even-even nuclei. In order to see the global beh
ior of the variation of the binding energies, we plot the a
erage binding energy of Pu and Cm isotopes in Fig. 5~a!. It is
noted again that the experimental data is between two se
theoretical results. So the RMF model can also be used
06430
s

m
are
g
a-
2

d
ri-

1
d
al
v-
-

of
or

the prediction of the binding energy of odd-A nuclei.
For odd-A nuclei on the chain of Cf, Fm, No, Rf isotope

the variation of the average binding energy with nucle
number is plotted in Figs. 5~b! and 5~c!. It is seen again tha
the RMF model is very reliable for the binding energy
these nuclei. The numerical results of odd-A Cf, Fm, No, Rf
isotopes are also listed in Tables VI and VII. Previous co
clusions on even-even nuclei still hold true for odd-A nuclei
here. We do not repeat them.

V. SUMMARY

We have investigated the structure of nuclei with prot
numberZ594–110 in the RMF model without any adjus
ment on current force parameters or on pairing gaps.
global agreement between the theoretical results and var
data is very impressive. The experimental data of bind
energy are known in a narrow window which is formed
two sets of RMF results. The experimental data of neut
deficient nuclei agree well with the force NL-Z2, where
heavier isotopes agree better with TMA. This is useful fo
6-10
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FIG. 5. The comparison of theoretical and experimental average binding energy (B/A) for odd-A Pu, Cm, Cf, Fm, No, Rf isotopes. Thi
includes all available data of binding energy for odd-A nuclei on these isotope chains. It is interesting to note that the experimental da
between two sets of the RMF results. The TMA and NL-Z2 forces are used in calculations.

TABLE VII. The binding energies, deformations, alpha-decay energies of odd-A No and Rf isotopes with
TMA and NL-Z2.

Nuclei B ~MeV! bn bp Qa B ~MeV! bn bp Qa B~Expt.! ~MeV! Qa~Expt.!

249No 1851.210 0.25 0.25 8.796 1848.598 0.29 0.31 8.124
251No 1865.983 0.26 0.26 8.678 1863.583 0.30 0.31 7.860 1863.280 8.890
253No 1880.224 0.26 0.26 8.361 1877.526 0.30 0.31 7.853 1877.770 8.440
255No 1894.042 0.26 0.27 7.846 1890.614 0.30 0.31 7.651 1891.540 8.445
257No 1906.909 0.26 0.27 7.759 1903.271 0.29 0.30 7.046 1904.310 8.450
259No 1918.726 0.26 0.27 7.821 1915.691 0.29 0.30 6.369 1916.550 7.910
261No 1930.150 0.21 0.21 7.274 1927.524 0.28 0.29 6.147 1928.320 7.490
263No 1941.293 0.20 0.20 6.706 1938.652 0.27 0.29 6.130 1939.760 7.080
265No 1952.202 0.20 0.20 6.365 1949.011 0.27 0.28 6.190
267No 1962.702 0.19 0.19 6.173 1958.392 0.26 0.27 6.550
269No 1972.686 0.17 0.17 6.010 1967.669 0.23 0.25 6.301

249Rf 1838.383 0.24 0.24 9.916 1835.625 0.29 0.31 9.262
251Rf 1854.611 0.24 0.25 9.546 1852.493 0.30 0.31 8.570
253Rf 1870.189 0.24 0.25 9.321 1868.555 0.30 0.31 8.343
255Rf 1885.261 0.24 0.25 9.022 1883.587 0.30 0.31 8.296 1882.270 9.300
257Rf 1899.863 0.25 0.26 8.661 1897.689 0.30 0.31 8.137 1896.820 9.250
259Rf 1913.673 0.26 0.27 8.669 1911.218 0.29 0.31 7.696 1910.730 9.110
261Rf 1926.433 0.21 0.22 8.776 1924.428 0.29 0.30 7.143 1923.800 8.810
263Rf 1938.815 0.21 0.21 8.211 1937.012 0.28 0.30 6.979 1936.400 8.450
265Rf 1950.806 0.21 0.21 7.644 1948.887 0.28 0.29 6.937 1948.740 7.880
267Rf 1962.457 0.20 0.21 7.136 1959.910 0.27 0.29 7.042
269Rf 1973.598 0.19 0.20 6.904 1969.708 0.27 0.28 7.603
271Rf 1984.098 0.18 0.18 6.904 1979.489 0.31 0.32 7.203
273Rf 1993.907 0.16 0.16 7.079 1989.108 0.33 0.33 6.861
275Rf 2003.899 0.13 0.13 6.627 1998.675 0.17 0.19 6.260
064306-11
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good estimate of the binding energies and decay prope
on unknown nuclei. The RMF results show that there is p
late deformation in these nuclei and deformation plays
important role for the ground state of these nuclei. The t
oretical deformation parameters agrees well with experim
tal data. The theoretical alpha-decay energy also agrees
with the data. For alpha-decay half-life the ratio betwe
experimental data and theoretical ones is less than 105 in
many cases. This is a first systematic calculation on su
heavy nuclei based on the RMF model and is also a comp
comparison with various experimental data such as bind
energies, deformation, alpha-decay energies, and half-li
This complete comparison is necessary to test the globa
havior of a model for a new mass range such as superh
elements. The merits and drawbacks of a model can be
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clearly. This will be helpful for further developments of th
model.
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