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Ground state properties of odd-Z superheavy nuclei
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The ground state properties of odd-Z superheavy nuclei in the mass range ofZ597–115 andN
5140–190 are systematically investigated in deformed relativistic mean-field~RMF! theory. Special emphasis
is placed on nuclear shell effect aroundN5184. Calculations clearly show that the RMF model can reliably
reproduce the data of binding energy anda decay energy of known nuclei and can also be used to predict the
binding energy of unknown nuclei. It is found that deformation plays an important role for many superheavy
nuclei. ForN5184 isotones, the lighter ones are approximately spherical but the heavier ones are deformed.
Thea-decay energies ofN5184 isotones are lower than those of neighboring nuclei in some cases and higher
in other cases. This demonstrates that there is a complicated structural behavior forN5184 isotones.
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I. INTRODUCTION

Since the prediction of the existence of superheavy
lands in 1960s, the synthesis of superheavy elements
been a hot point in nuclear physics. Recent productions
the elementsZ5110–112, 114, 116@1–8# further promote
the development of this field. Some important data on
structure of heavy nuclei such asa-decay energy, deforma
tion, subshell structure, and isomers are available n
@9–14#. These measurements show that nuclei havingZ
'100 andN'152 have ground state deformation ofb2

'0.3 @11,12#. For nuclei havingZ'108 andN'162, it is
believed that deformation will lead to a subshell and
lifetime of these nuclei can be longer than expected@4#. The-
oretical calculations of some even-even nuclei in this m
range also suggest that these nuclei can be deformed@15–
19#. Therefore deformation cannot be neglected for theor
cal studies of superheavy nuclei in order to predict relia
the properties of superheavy nuclei and to investigate nuc
shell structure. Very recently, we systematically calcula
the properties of even-Z superheavy nuclei in the relativisti
mean-field ~RMF! model and tested the validity of thi
model@20,21#. For the completeness of researches we rep
on a systematic study of odd-Z superheavy nuclei in this
paper. We also extend our calculations from known nucle
unknown nuclei havingZ'113 andN'184. These include
the nuclei with proton numberZ597–115 and neutron num
ber N5140–190. It goes without saying that this is a rath
time-consuming calculation in computers due to the comp
structure of superheavy nuclei. This systematic calculatio
necessary in order to see the global behavior of a mode

This paper is organized in the following way. The nume
cal results and discussion are given in Sec. II. Section
presents a summary of this work.
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II. NUMERICAL RESULTS AND DISCUSSIONS
OF ODD-Z SUPERHEAVY NUCLEI

As this is a continuation of our study on superheavy n
clei @20,21#, here we briefly review the main ideas of th
RMF model. In the RMF approach, we start from a loc
Lagrangian density for interacting nucleons,s, v, and r
mesons, and photons@22–33#. Under the mean-field approxi
mation, we have a set of coupled RMF equations to desc
the static properties of nuclei@21#. By solving these coupled
equations we obtain the wave function, the binding ener
and the quadrupole deformation parameters of nuclei@21#. In
the present calculations we do not include the contribution
spacial vector current ofvm and rm

a for odd-A superheavy
nuclei because we are only interested in the average pro
ties of nuclei such as binding energies and deformation. T
approximation is reasonable for average quantities of su
heavy nuclei.

We carry out RMF calculations with two sets of forc
parameters, TMA@18# and NLZ2 @22#. They are typical
forces in the RMF model. The method of oscillator ba
expansions@18,25,27–29,31# 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 structural calculations. We
not make any adjustments on the current force paramete
on the pairing gaps. An axial deformation is assumed in c
culations. For the details of calculations, please see the
evant papers, Refs.@21,25,27,18,29#. The quantities that we
calculate are binding energies, quadrupole deformation
rameters,a-decay energies, and matter root-mean-square
dii of nuclear density distributions.

In our numerical calculations two approximations a
made in order to simplify the computational problem and
save computational time in computers. One is that the c
tribution of the vector current to the binding energy of oddA
nuclei is omitted in the RMF model. It is known that this
a very small quantity and its effect on average quantit
©2003 The American Physical Society02-1
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TABLE I. The binding energies,a-decay energies, and deformations of odd-even Bk isotopes with TMA and NLZ2. Columns 2–
the RMF results with TMA, and columns 6–9 are those with NLZ2.

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

237Bk 1786.15 10.12 0.24 0.25 1783.79 7.60 0.27 0.29 1783.80# 7.500
239Bk 1800.97 7.63 0.24 0.26 1798.70 7.24 0.29 0.30 1798.79# 7.20#
241Bk 1815.21 6.20 0.25 0.26 1812.72 7.18 0.30 0.31 1813.20# 6.86#
243Bk 1828.84 5.92 0.26 0.27 1826.11 6.89 0.30 0.31 1826.79 6.87
245Bk 1841.84 5.72 0.27 0.28 1839.00 6.36 0.31 0.32 1839.78 6.45
247Bk 1853.93 5.89 0.27 0.27 1850.94 6.29 0.31 0.32 1852.25 5.89
249Bk 1865.51 5.36 0.26 0.26 1861.84 6.50 0.31 0.31 1864.03 5.53
251Bk 1876.58 4.84 0.26 0.26 1872.23 6.25 0.31 0.31 1874.79 5.57#
253Bk 1886.72 4.99 0.25 0.25 1882.54 5.55 0.30 0.30 1885.36#
255Bk 1896.50 4.77 0.23 0.23 1892.70 4.97 0.29 0.29
257Bk 1906.29 4.59 0.22 0.22 1902.37 4.75 0.28 0.28
259Bk 1915.86 4.31 0.21 0.20 1911.41 4.73 0.26 0.27
261Bk 1925.12 4.23 0.19 0.19 1920.08 4.44 0.24 0.25
263Bk 1934.17 3.95 0.14 0.13 1928.71 4.14 0.22 0.22
265Bk 1943.89 3.69 20.12 20.11 1937.20 4.03 20.18 20.16
267Bk 1953.42 3.35 20.13 20.12 1946.73 2.96 20.16 20.15
269Bk 1962.41 3.31 20.13 20.11 1955.89 2.89 20.15 20.14
271Bk 1970.51 3.64 20.11 20.11 1964.72 2.84 20.13 20.12
273Bk 1978.36 3.52 20.10 20.09 1973.45 2.62 20.11 20.11
275Bk 1985.90 3.49 20.09 20.08 1981.77 2.73 20.10 20.09
277Bk 1992.67 3.88 20.06 20.06 1989.40 3.09 20.06 20.07
279Bk 1999.15 4.05 20.00 20.00 1996.84 3.22 0.00 0.00
281Bk 2005.79 4.27 0.00 20.00 2004.50 3.64 0.00 20.00
283Bk 2010.48 5.84 0.00 20.00 2008.85 6.58 20.00 0.00
285Bk 2015.40 4.95 20.04 20.06 2013.05 6.21 20.04 20.06
287Bk 2019.90 3.85 0.05 0.07 2018.40 3.40 0.10 0.11
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such as binding energy, decay energies, and deforma
can be omitted. The other is that we do not exactly inclu
the blocking effect of odd proton because we are only in
ested in the average quantities of the ground state. We
sume thata decay is a favored transition between the grou
state of mother nuclei and the ground state of daughter
clei. This approximation is often used in calculations of s
perheavy nuclei. Without these simplifications and appro
mations, the numerical calculation will be very difficult for
systematical study of many superheavy nuclei in deform
RMF model.

A. Binding energies,a-decay energies, and deformations
of odd-A Bk and Es isotopes

Binding energies are important quantities of nuclei a
they are directly related to the stability of nuclei and
a-decay energies. Whether a model can quantitatively re
duce the experimental binding energy is a crucial criterion
judge the validity of the model for superheavy nuclei.
first, let us make a detailed comparison on theoretical bi
ing energies and experimental ones ofZ597–115 isotopes
We calculate the total binding energyB and the average
binding energy of nucleons (B/A) for odd-A nuclei on the
isotope chain ofZ597–115. The theoretical binding energ
quadrupole deformation parameters of protons and neutr
06430
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and thea-decay energy are listed in Tables I–IX, togeth
with the available data of the binding energy anda-decay
energy. The variation of the average binding energy w
nucleon number of some isotopes is drawn in Figs. 1 an

The RMF results of odd-A nuclei on Bk and Es isotopic
chains with TMA and NLZ2 are listed in Tables I and II. I
Table I the first column marks the isotope. Columns 2
correspond to numerical results of TMA and columns 6
correspond to numerical results of NLZ2.B ~MeV! is the
theoretical binding energy. The symbolsbn andbp in Table
I denote the quadrupole deformations of neutrons and p
tons, respectively. Further, the symbolQa is the calculated
a-decay energy. The experimental binding energy a
a-decay energy are listed in the last two columns of
table. Experimental binding energies are obtained from
nuclear mass table@34# and the experimentala-decay ener-
gies can be deduced accordingly.

The neutron numbers of nuclei in Table I vary fromN
5140 toN5190. This is a wide range of this isotope cha
and all known data of binding energies of odd-A nuclei are
covered in our calculation. It is seen from Table I that t
theoretical binding energies with both TMA and NLZ2 a
very close to the experimental data. The data with symbo
are the estimated values by Audiet al. @34# according to the
trend of the experimental data. The average deviation
2-2
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TABLE II. The binding energies,a-decay energies, and deformations of odd-even Es isotopes with TMA and NLZ2. Columns 2–
the RMF results with TMA, and columns 6–9 are those with NLZ2.

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

239Es 1791.20 8.60 0.23 0.24 1788.03 8.58 0.27 0.28
241Es 1806.81 7.64 0.24 0.25 1803.67 8.42 0.28 0.30 1803.83# 8.26#
243Es 1821.81 7.47 0.25 0.26 1818.52 8.48 0.29 0.30 1819.02# 8.07
245Es 1836.29 7.21 0.26 0.27 1832.90 8.11 0.30 0.31 1833.59# 7.91
247Es 1850.13 7.01 0.27 0.27 1846.80 7.61 0.30 0.31 1847.56# 7.49#
249Es 1863.24 6.90 0.26 0.27 1859.72 7.58 0.31 0.31 1861.14# 6.94#
251Es 1875.77 6.46 0.26 0.27 1871.60 7.65 0.31 0.31 1873.95 6.60
253Es 1887.70 6.10 0.26 0.27 1882.96 7.18 0.30 0.31 1885.58 6.74
255Es 1898.56 6.31 0.26 0.26 1894.19 6.34 0.30 0.30 1896.65 6.44
257Es 1908.88 6.14 0.24 0.25 1905.21 5.63 0.29 0.29 1907.48# 6.17#
259Es 1919.27 5.53 0.22 0.23 1915.62 5.37 0.28 0.29
261Es 1929.39 5.19 0.22 0.22 1925.37 5.30 0.27 0.28
263Es 1939.15 5.01 0.20 0.20 1934.45 5.26 0.26 0.26
265Es 1948.55 4.86 0.16 0.16 1943.34 5.04 0.23 0.24
267Es 1957.82 4.65 0.13 0.13 1952.12 4.89 0.21 0.22
269Es 1967.80 4.39 20.14 20.13 1961.61 3.88 20.16 20.17
271Es 1977.36 4.36 20.14 20.13 1971.20 3.84 20.16 20.16
273Es 1986.15 4.56 20.15 20.14 1980.37 3.82 20.14 20.14
275Es 1994.17 4.64 20.12 20.12 1989.47 3.55 20.13 20.13
277Es 2002.23 4.44 20.12 20.11 1998.19 3.56 20.11 20.11
279Es 2009.83 4.38 20.12 20.12 2005.95 4.11 20.08 20.09
281Es 2016.45 4.52 20.12 20.12 2013.52 4.18 20.05 20.06
283Es 2022.61 4.84 20.09 20.09 2020.96 4.18 20.00 0.00
285Es 2028.59 5.50 20.08 20.09 2025.87 6.94 20.00 20.00
287Es 2033.95 4.83 0.06 0.08 2031.77 5.38 0.07 0.09
289Es 2039.73 3.97 0.07 0.09 2038.09 3.26 0.11 0.13
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tween the theoretical binding energy and the experime
one is approximately 2.0 MeV. The relative deviation is a
proximately 0.1%. This deviation is very small. It is co
cluded that the RMF model can precisely reproduce the d
of binding energies. This precision is achieved in calcu
tions without any additional adjustment on force parame
or on pairing gaps.

When we compare the two sets of RMF results with TM
and NLZ2 in Table I, we see that they are very close. T
average difference of binding energies between TMA a
NLZ2 is approximately 2 MeV. This is a small number as
is compared with the total binding energy around 1800 M
This shows that the RMF model is very stable even for
clei with a large neutron numberN5190. This is also true
for other nuclei. The global variation of average binding e
ergies with nucleon number is drawn in Fig. 1 where the fo
sets of results, i.e., Bk, Es, Md, Lr, are plotted. In Fig. 1, t
black points are experimental data. Two sets of theoret
results are represented by hollow triangles and hol
squares. Each set of theoretical results is connected
solid curve. Figure 1~a! is for Bk and Es isotopes and Fig
1~b! is for Md and Lr isotopes. The agreement between
model and the data is very impressive. It is interesting
note that the RMF results with TMA overestimate the dat
little, and those of NLZ2 underestimate the data a little. T
experimental data are known in a narrow window that is
06430
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by two sets of RMF results. This is useful for the predicti
of unknown binding energies.

After we compare the theoretical binding energies w
experimental ones, we are back to Table I again to see
variation of quadrupole deformation with nucleon numb
For Bk isotopes, the RMF model predicts that there is prol
deformation from237Bk (N5140) to 263Bk (N5166). The
quadrupole deformation parameter with TMA isbp'bn

50.28–0.13, and that with NLZ2 isbp'bn50.32–0.22.
This qualitatively agrees with the measurements that nu
having Z'100 andN'152 have ground state deformatio
of b2'0.3 @11,12,35#. In general, the deformation param
eters with two sets of RMF forces are very close, and th
with NLZ2 is slightly larger than those with TMA. The
variation of quadrupole deformation parameters w
nucleon number is very similar for two sets of forces. The
is a maximum deformation for the nuclei aroundN5152,
and this corresponds to the deformed subshell of heavy
clei. Then the prolate deformation decreases with the
crease of neutron number in Bk isotopes. The prolate de
mation changes to a small value for263Bk (N5166). From
265Bk (N5168) to 275Bk (N5176) a small oblate deforma
tion appears due to the shape coexistence of nuclei, an
decreases with the increase of neutron number. Around281Bk
(N5184) the nuclei are approximately spherical, which c
2-3
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TABLE III. The binding energies,a-decay energies and deformations of odd-even Md isotopes with TMA and NLZ2. Columns 2–
the RMF results with TMA, and columns 6–9 are those with NLZ2.

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

241Md 1794.15 9.08 0.22 0.23 1790.62 9.53 0.26 0.28
243Md 1810.63 8.86 0.22 0.23 1807.14 9.19 0.28 0.30
245Md 1826.31 8.80 0.23 0.24 1822.99 8.98 0.29 0.30
247Md 1841.53 8.58 0.25 0.26 1838.45 8.36 0.30 0.31 1838.50# 8.82#
249Md 1856.26 8.33 0.27 0.27 1853.41 7.80 0.30 0.31 1853.43# 8.46#
251Md 1870.30 8.13 0.26 0.27 1867.32 7.78 0.30 0.31 1867.83# 8.02#
253Md 1883.94 7.60 0.26 0.27 1880.24 7.78 0.30 0.31 1881.73# 7.71#
255Md 1896.89 7.18 0.26 0.27 1892.59 7.31 0.30 0.31 1894.33 7.91
257Md 1908.52 7.49 0.26 0.27 1904.71 6.55 0.30 0.30 1906.32 7.56
259Md 1919.78 7.08 0.21 0.21 1916.53 5.97 0.29 0.30 1917.84# 7.11#
261Md 1930.69 6.49 0.21 0.21 1927.62 5.89 0.28 0.29 1929.20# 6.58#
263Md 1941.38 6.19 0.21 0.21 1938.10 5.82 0.27 0.28
265Md 1951.78 5.91 0.20 0.20 1947.65 6.01 0.26 0.28
267Md 1961.76 5.69 0.18 0.18 1956.76 5.99 0.24 0.26
269Md 1971.25 5.61 0.16 0.16 1965.89 5.75 0.22 0.24
271Md 1980.84 5.29 0.12 0.13 1974.97 5.45 20.18 20.18
273Md 1990.96 5.14 20.15 20.15 1985.09 4.83 20.17 20.17
275Md 2000.61 5.06 20.17 20.16 1994.68 4.82 20.15 20.15
277Md 2009.18 5.27 20.16 20.15 2004.21 4.46 20.13 20.14
279Md 2017.51 4.96 20.14 20.14 2013.40 4.37 20.12 20.13
281Md 2025.68 4.84 20.13 20.13 2021.40 5.09 20.09 20.10
283Md 2033.10 5.03 20.14 20.14 2029.30 4.95 20.06 20.08
285Md 2039.59 5.17 20.13 20.13 2036.62 5.20 0.00 20.00
287Md 2045.92 4.98 20.10 20.11 2042.50 6.76 20.03 20.05
289Md 2052.01 4.88 20.09 20.11 2049.26 4.90 0.08 0.11
291Md 2058.37 3.88 0.09 0.11 2056.03 4.05 0.12 0.14
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be directly related to the spherical shell closure ofN5184.
The whole trend of the variation of the deformation para
eters in Bk isotopes is similar to that in lighter elemen
There is a prolate deformation at the beginning of an o
shell, and this prolate deformation decreases after the mi
of a shell. Then an oblate deformation appears and it tend
zero at the closure of a shell. It seems that the predic
variation of nuclear deformation by the RMF model is co
sistent with the known facts of nuclear deformation along
isotopic chains of lighter elements.

For Es isotopes the RMF model predicts that nuclear
formation is prolate from 239Es (N5140) to 267Es (N
5168) ~see Table II!. The deformation parameter is approx
mately bp'bn50.27–0.31 aroundN5152, and it qualita-
tively agrees with experimental facts@11,12,35#. From 269Es
(N5170) to 281Es (N5182) there is a small oblate defo
mation, and it decreases with the increase of neutron num
The nuclei around283Es (N5184) are approximately spher
cal.

It is seen from the variation of deformation that there m
be a spherical closure atN5184 for Bk and Es isotopes. A
conclusion on the shell closure can be drawn from the va
tion of a-decay energies or that of two-neutron separat
energy on an isotopic chain. The calculateda decay energy
is listed in Tables I and II, and the variation of thea-decay
energy is also drawn in Fig. 3. A plot of two-neutron sep
06430
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ration energy versus neutron number is given in Fig. 4. I
seen from Tables I and II that the calculateda-decay ener-
gies are close to the experimental ones for known nuclei.
good agreement between the theoretical decay energy
the experimental one is also seen in Fig. 3. For unkno
nuclei, there is a sudden increase ofa-decay energies atN
5186 (271Bk and 283Es). This indicates thatN5184 is ap-
proximately a spherical magic number for Bk and Es is
topes. This is confirmed by the plot of the two-neutron se
ration energy versus neutron number, where a maxim
appears atN5184 for Bk isotopes~see Fig. 4!. Actually we
also calculate the properties ofN5184 isotones and find tha
the N5184 isotones with low proton number (80,Z
<100) are approximately spherical and they have a sma
a-decay energy than neighboring nuclei~or a larger two-
neutron separation energy!. This means thatN5184 is ap-
proximately a spherical magic number for nuclei with prot
number 80,Z<100.

B. Binding energies,a-decay energies, and deformations
of odd-A Md and Lr isotopes

The numerical results of Md and Lr isotopes with TM
and NLZ2 are listed in Tables III and IV. Table III are th
results of Md isotopes where the range of neutron numbe
140–190. The theoretical binding energies with two sets
2-4
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TABLE IV. The binding energies,a-decay energies, and deformations of odd-even Lr isotopes with TMA and NLZ2. Columns 2–
the RMF results with TMA, and columns 6–9 are those with NLZ2.

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

247Lr 1829.23 9.70 0.23 0.24 1826.09 9.35 0.29 0.31
249Lr 1845.33 9.28 0.24 0.25 1842.66 8.63 0.30 0.31
251Lr 1860.77 9.06 0.25 0.25 1858.69 8.06 0.30 0.32
253Lr 1875.66 8.90 0.25 0.26 1873.72 7.99 0.30 0.32 1872.73# 8.99#
255Lr 1890.18 8.42 0.26 0.27 1887.72 7.90 0.30 0.32 1887.52 8.36
257Lr 1904.14 8.10 0.26 0.27 1901.03 7.51 0.30 0.31 1901.02# 9.01
259Lr 1916.71 8.48 0.26 0.27 1913.98 6.91 0.30 0.31 1913.96# 8.67#
261Lr 1928.90 7.92 0.21 0.22 1926.56 6.45 0.29 0.30 1926.42# 8.20#
263Lr 1940.70 7.38 0.26 0.27 1938.35 6.48 0.29 0.30 1938.41# 7.73#
265Lr 1952.03 6.96 0.21 0.21 1949.53 6.39 0.28 0.29 1950.12# 7.37#
267Lr 1963.09 6.59 0.20 0.21 1959.56 6.84 0.27 0.29
269Lr 1973.53 6.55 0.19 0.19 1968.94 7.02 0.26 0.28
271Lr 1983.47 6.59 0.17 0.17 1978.51 6.55 0.33 0.33
273Lr 1993.18 6.37 0.14 0.15 1987.72 6.46 0.20 0.22
275Lr 2003.13 6.00 20.16 20.16 1997.55 5.72 20.18 20.18
277Lr 2013.47 5.79 20.17 20.17 2007.63 5.76 20.16 20.16
279Lr 2022.57 6.33 20.16 20.16 2017.63 5.34 20.14 20.14
281Lr 2031.38 6.10 20.15 20.15 2027.33 5.19 20.13 20.13
283Lr 2040.10 5.70 20.14 20.14 2035.93 5.77 20.14 20.14
285Lr 2048.25 5.73 20.14 20.14 2044.03 5.67 20.07 20.08
287Lr 2055.37 6.03 20.14 20.14 2051.44 6.16 0.00 0.00
289Lr 2062.00 5.88 20.11 20.12 2058.09 6.83 0.04 0.06
291Lr 2068.75 5.47 20.10 20.11 2065.42 5.37 0.09 0.12
293Lr 2075.58 4.73 0.09 0.12 2072.57 4.99 0.12 0.15
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RMF forces agree well with the data of Md isotopes whe
the estimated value by Audiet al. @34# is denoted by the
symbol #. The variation of average binding energies of M
and Lr isotopes with nucleon number is also drawn in F
1~b!. This shows again that the good agreement of bind
energies between RMF model and the data is systematic.
previous discussions on binding energies of Table I hold t
for Table III and we do not repeat them here. It is interest
to point out that we have to use some estimated values o
binding energies anda-decay energies from Audiet al. @34#
in order to test the global behavior of the RMF model. Th
is because the experimental binding energies of heavy nu
are very poor. We denote those estimated values with #.
expected that those values should be reliable. For the da
a decay of 255Lr, it is taken from Ganet al. @13#.

The quadrupole deformation parameters of Md and
isotopes are listed in Tables III and IV. It is seen that ma
Md and Lr nuclei are deformed. There is a prolate deform
tion from 241Md (N5140) to 269Md. For 271Md there ap-
pears shape coexistence. There is a small prolate deform
in 271Md with TMA but there is an oblate deformation wit
NLZ2. From 273Md to 283Md there is an oblate deformatio
with both TMA and NLZ2. However the oblate deformatio
with TMA exists beyond283Md (N5184) for TMA, and the
deformation of 283Md with NLZ2 is approximately zero.
Therefore there is no spherical shell structure atN5184 with
TMA but there still exists spherical shell structure atN
5184 with NLZ2. This conclusion is further supported b
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theoreticala-decay energies of Md isotopes in Table III.
The theoreticala-decay energies of Md are close to th

experimental data for known nuclei. For unknown nuclei, t
predicted values by two sets of RMF forces are very close
quantity. However, the variation trends of decay energ
aroundN5184 are different for TMA and NLZ2. The deca
energy of 283Md with TMA is close to that of neighboring
nuclei, and it indicates that there is no shell effect atN
5184. The decay energy of283Md with NLZ2 is lower than
that of 285Md and it could indicate that there is still she
effect atN5184.

For Lr isotopes the conclusions on binding energies a
deformations of Md isotopes are also valid for those of
nuclei. We do not repeat these discussions. The nuclear
effect aroundN5184 disappears if we see the variation
a-decay energies on Lr isotopes. Thea decay energy atN
5184 is close to that of the neighboring nuclei. This conc
sion will be true for slightly heavier elements such as Db
Bh.

C. Binding energies,a-decay energies, and deformations
of odd-A Db and Bh isotopes

The theoretical results of Db and Bh isotopes are listed
Tables V and VI. Here most of the data in the last two c
umns are the estimated values. For the data ofa-decay en-
ergy of 259Db, it is taken from Ganet al. @13#. The agree-
ment between the model and the data is very good.
2-5
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TABLE V. The binding energies,a-decay energies, and deformations of odd-even Db isotopes with TMA and NLZ2. Columns 2–
the RMF results with TMA, and columns 6–9 are those with NLZ2.

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

253Db 1863.66 9.97 0.25 0.25 1861.86 9.10 0.30 0.32
255Db 1879.44 9.63 0.25 0.25 1877.79 9.20 0.30 0.32
257Db 1894.76 9.20 0.25 0.26 1892.80 9.22 0.30 0.32 1891.72# 9.31#
259Db 1909.54 8.94 0.26 0.26 1907.05 8.97 0.30 0.31 1906.12 9.47
261Db 1923.30 9.14 0.26 0.27 1920.89 8.44 0.29 0.31 1920.04# 9.27#
263Db 1936.37 8.64 0.26 0.27 1934.31 7.96 0.29 0.30 1933.22# 9.03#
265Db 1949.20 8.00 0.26 0.27 1946.99 7.87 0.28 0.30 1946.06# 8.66#
267Db 1961.16 7.84 0.21 0.22 1959.04 7.61 0.28 0.29
269Db 1972.95 7.38 0.21 0.21 1969.67 8.15 0.27 0.29
271Db 1984.12 7.27 0.19 0.20 1979.52 8.34 0.26 0.28
273Db 1994.38 7.45 0.18 0.18 1989.52 7.71 0.32 0.33
275Db 2004.37 7.40 0.16 0.16 1999.29 7.52 0.19 0.20
277Db 2014.55 6.93 0.13 0.14 2009.58 6.45 0.16 0.18
279Db 2024.97 6.46 20.17 20.17 2019.55 6.30 0.15 0.16
281Db 2034.63 7.14 20.17 20.16 2029.67 6.25 20.14 20.14
283Db 2043.93 6.94 20.15 20.15 2039.89 6.04 20.13 20.13
285Db 2053.19 6.49 20.14 20.14 2049.05 6.58 20.14 20.15
287Db 2061.99 6.41 20.14 20.15 2057.70 6.53 20.07 20.08
289Db 2069.79 6.77 20.15 20.15 2065.45 6.87 20.08 20.09
291Db 2077.05 6.63 20.16 20.16 2072.97 6.77 20.10 20.12
293Db 2084.19 6.11 20.10 20.11 2080.63 5.75 0.54 0.54
295Db 2091.53 5.52 0.10 0.13 2088.36 5.36 0.53 0.54
ls
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.
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variation of average binding energies of Db and Bh is a
drawn in Fig. 2. Two sets of theoretical results in RM
model agree even for neutron-rich nuclei aroundN5190. On
deformations of the isotopes of the above two eleme
06430
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there exists a slight difference. The quadrupole deforma
of Db isotopes with TMA is similar to that of Lr nuclei
There is a prolate deformation in lighter Db nuclei and the
is an oblate deformation in slightly heavier Db nuclei
5 are

#

TABLE VI. The binding energies,a-decay energies, and deformations of odd-even Bh isotopes with TMA and NLZ2. Columns 2–
the RMF results with TMA, and columns 6–9 are those with NLZ2.

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

259Bh 1898.01 9.74 0.25 0.26 1895.29 10.80 0.30 0.31
261Bh 1913.79 9.27 0.25 0.26 1910.46 10.64 0.29 0.30 1909.46# 10.56
263Bh 1928.26 9.58 0.25 0.25 1925.23 10.13 0.29 0.30 1924.18# 10.23
265Bh 1942.18 9.42 0.25 0.25 1939.56 9.62 0.28 0.30 1938.37# 9.97#
267Bh 1955.67 9.00 0.22 0.23 1953.30 9.32 0.28 0.29
269Bh 1968.73 8.77 0.22 0.22 1966.36 8.93 0.27 0.29
271Bh 1981.17 8.29 0.21 0.21 1977.75 9.59 0.27 0.28
273Bh 1992.91 8.34 0.20 0.20 1988.34 9.63 0.25 0.27
275Bh 2003.78 8.65 0.19 0.19 1998.94 8.88 0.21 0.22
277Bh 2014.14 8.55 0.18 0.18 2009.72 8.10 0.19 0.20
279Bh 2024.62 8.06 0.14 0.14 2020.48 7.11 0.17 0.18
281Bh 2035.16 7.69 20.17 20.17 2031.01 6.87 0.15 0.16
283Bh 2045.40 7.90 20.17 20.16 2041.34 6.51 0.48 0.47
285Bh 2055.19 7.74 20.15 20.15 2051.48 6.49 0.50 0.49
287Bh 2064.97 7.26 20.14 20.14 2061.17 7.02 0.51 0.50
289Bh 2074.34 7.15 20.14 20.14 2070.31 7.04 20.06 20.07
291Bh 2083.10 7.20 0.49 0.49 2078.91 7.09 0.51 0.50
293Bh 2091.35 6.74 0.48 0.48 2087.38 6.38 0.51 0.50
295Bh 2099.46 5.89 0.43 0.42 2095.70 5.57 0.51 0.50
297Bh 2107.86 4.63 0.42 0.41 2103.82 5.11 0.50 0.50
2-6
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TABLE VII. The binding energies,a-decay energies, and deformations of odd-even Mt isotopes with TMA and NLZ2. Columns 2–
the RMF results with TMA, and columns 6–9 are those with NLZ2. The last column is the quadrupole deformation paramete
Skyrme-Hartree-Fock model.

Nuclei B ~MeV! Qa bn bp B ~MeV! Qa bn bp b2 ~SHF!

265Mt 1931.19 10.89 0.24 0.25 1927.80 10.96 0.27 0.28 0.27
267Mt 1945.86 10.69 0.24 0.24 1942.79 10.73 0.27 0.28 0.25
269Mt 1960.19 10.29 0.22 0.23 1957.41 10.45 0.27 0.28 0.25
271Mt 1973.99 9.99 0.21 0.22 1971.50 10.10 0.26 0.27 0.23
273Mt 1987.23 9.79 0.21 0.21 1983.77 10.89 0.26 0.27 0.23
275Mt 1999.76 9.71 0.20 0.20 1995.62 10.43 0.22 0.23 0.21
277Mt 2011.32 9.89 0.19 0.19 2007.30 9.34 0.20 0.21 0.21
279Mt 2022.31 9.77 0.18 0.18 2018.82 8.42 0.19 0.20 0.42
281Mt 2033.61 8.82 0.43 0.43 2030.23 7.79 0.17 0.18 0.44
283Mt 2045.22 7.70 0.44 0.44 2041.31 7.48 0.15 0.17 0.44
285Mt 2056.06 7.39 0.45 0.44 2051.98 7.33 0.50 0.48 0.43
287Mt 2066.31 7.39 0.45 0.44 2062.70 6.94 0.50 0.49 0.44
289Mt 2076.25 7.24 0.46 0.45 2072.88 6.91 0.51 0.50 20.04
291Mt 2086.13 7.14 0.47 0.46 2082.43 7.04 0.51 0.50 0.00
293Mt 2095.82 6.82 0.48 0.47 2091.61 7.00 0.51 0.50 0.00
295Mt 2104.85 6.55 0.44 0.43 2100.62 6.59 0.50 0.49 0.00
297Mt 2114.01 5.63 0.43 0.42 2109.46 6.22 0.49 0.49 0.00
299Mt 2122.99 4.77 0.42 0.41 2118.12 5.88 0.48 0.48 0.50
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RMF model with TMA force. There is no spherical she
effect for 289Db (N5184) because its deformation is n
zero in the RMF model with TMA. The variation ofa-decay
energy in Fig. 3 does not support that there is a magic n
ber atN5184 for Db isotopes. The RMF model with NLZ
predicts that there is a prolate deformation in the lighter
nuclei and there is an oblate deformation in the sligh
heavier Db nuclei. There is no spherical shell effect
289Db (N5184) because its deformation is not zero in t
06430
-

b

r

RMF model with NLZ2. These agree with the conclusio
drawn by the TMA force. However, a superdeformed so
tion appears in the ground states of293Db and 295Db in the
RMF model with NLZ2. This is different from that with
TMA. But for heavier isotopes a superdeformed solution e
ists for many nuclei due to shape coexistence of nuc
structure. Especially, the existence of superderformed s
tions will be a common phenomenon for some superhe
nuclei. This is almost independent of the force parame
meter of

TABLE VIII. The binding energies,a-decay energies, and deformations of odd-evenZ5111 isotopes with TMA and NLZ2. Columns

2–5 are the RMF results with TMA, and columns 6–9 are those with NLZ2. The last column is the quadrupole deformation para
the Skyrme-Hartree-Fock model.

Nuclei B ~MeV! Qa bn bp B ~MeV! Qa bn bp b2 ~SHF!

271111 1962.42 11.75 0.21 0.22 1959.95 11.14 0.25 0.26 0.23
273111 1977.12 11.37 0.21 0.21 1974.85 10.86 0.25 0.25 0.21
275111 1991.40 10.89 0.20 0.20 1988.17 11.62 0.23 0.24 0.21
277111 2005.10 10.43 0.19 0.19 2001.23 10.85 0.21 0.22 0.42
279111 2017.61 10.45 0.18 0.18 2013.96 9.96 0.19 0.20 0.42
281111 2029.33 10.30 0.17 0.18 2026.33 9.27 0.18 0.19 0.43
283111 2041.19 9.42 0.44 0.45 2038.45 8.67 0.17 0.18 0.45
285111 2053.62 8.30 0.46 0.46 2050.19 8.34 0.15 0.16 0.45
287111 2064.99 8.52 0.46 0.47 2060.94 8.67 0.13 0.14 0.45
289111 2075.76 8.60 0.46 0.46 2072.36 7.92 0.52 0.52 0.46
291111 2086.30 8.31 0.46 0.46 2083.03 7.96 0.53 0.53 0.00
293111 2096.81 7.74 0.47 0.46 2093.10 8.07 0.54 0.54 0.00
295111 2107.07 7.36 0.48 0.47 2103.38 7.34 0.61 0.61 0.00
297111 2116.80 7.32 0.44 0.43 2112.17 7.74 0.51 0.50 0.00
299111 2126.53 6.62 0.43 0.42 2121.50 7.42 0.50 0.49 0.00
301111 2136.02 6.29 0.42 0.41 2130.62 7.14 0.49 0.48 0.50
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TABLE IX. The binding energies,a-decay energies, and deformations of odd-evenZ5113 andZ5115 isotopes with TMA and NLZ2.
Columns 2–5 are the RMF results with TMA, and columns 6–9 are those with NLZ2. The last column is the quadrupole defo
parameter of the Skyrme-Hartree-Fock model.

Nuclei B ~MeV! Qa bn bp B ~MeV! Qa bn bp b2 ~SHF!

277113 1993.96 11.45 0.19 0.19 1991.23 11.92 0.22 0.23 0.43
279113 2008.64 11.06 0.18 0.19 2005.30 11.17 0.20 0.20 0.43
281113 2022.12 11.28 0.18 0.18 2019.20 10.33 0.19 0.19 0.43
283113 2034.64 11.28 0.17 0.17 2032.49 9.76 0.17 0.18 0.45
285113 2047.31 10.32 0.47 0.48 2045.38 9.26 0.16 0.17 0.45
287113 2060.70 8.79 0.47 0.48 2057.80 8.95 0.15 0.16 0.45
289113 2072.59 9.32 0.48 0.48 2069.11 9.37 0.55 0.56 0.47
291113 2083.83 9.46 0.48 0.49 2080.84 8.39 0.54 0.56 0.00
293113 2094.91 9.15 0.48 0.49 2092.31 8.35 0.61 0.62 0.00
295113 2105.99 8.62 0.49 0.49 2103.45 7.88 0.61 0.61 0.00
297113 2116.81 8.30 0.49 0.49 2114.20 7.21 0.60 0.61 0.00
299113 2126.91 8.47 0.47 0.47 2123.84 7.84 0.61 0.61 0.01
301113 2137.00 8.09 0.44 0.44 2132.91 7.57 0.61 0.62 0.49
303113 2146.94 7.88 0.42 0.42 2141.42 8.38 0.50 0.50 0.50

285115 2037.50 12.92 0.17 0.18 2036.53 10.97 0.17 0.18 0.45
287115 2051.88 11.06 0.48 0.50 2050.18 10.61 0.16 0.17 0.45
289115 2066.01 9.60 0.48 0.50 2063.15 10.53 0.15 0.16 0.45
291115 2078.58 10.43 0.49 0.50 2075.93 10.17 0.55 0.57 0.46
293115 2090.96 9.93 20.22 20.22 2088.28 9.13 0.55 0.57 0.46
295115 2102.42 9.71 0.50 0.51 2100.22 8.92 0.60 0.61 0.00
297115 2114.15 9.07 0.51 0.51 2112.06 8.55 0.60 0.61 0.00
299115 2125.45 8.84 0.51 0.51 2123.35 8.40 0.60 0.61 0.00
301115 2136.01 9.10 0.55 0.55 2133.59 8.90 0.60 0.61 0.00
303115 2146.22 8.99 0.46 0.46 2143.26 8.88 0.61 0.61 0.47
305115 2156.45 8.86 0.42 0.42 2152.56 8.65 0.63 0.64 0.50
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that were used in RMF calculations. We will also point out
the following that other models such as the deform
Skyrme-Hartree-Fock model also find the existence of su
deformed solutions for superheavy nuclei.

Now let us see the details of the superdeformed soluti
in other isotopes. The results of Bh isotopes are presente
Table VI. For lighter nuclei on this chain there exists a p
late deformation in the ground state of these nuclei.
heavier Bh nuclei there is shape coexistence, and a supe
formed solution appears for some of them. This solution
comes the ground state of some nuclei. We also carry o
constraint RMF calculation and confirm the existence of t
solution.N5184 (291Bh) is not a magic number for Bh iso
topes. This is clearly seen from Figs. 3 and 4. The supe
formed solution is the ground state of nuclei291–297Bh with
TMA, and the superdeformed solution is the ground state
nuclei 283–287,291–297Bh with NLZ2. Although the results with
two sets of RMF forces are not exactly same on the de
mation of nuclei, it is common that there exist superd
formed solutions for superheavy nuclei. The total variat
of deformation parameters with nucleon number is sim
for two sets of forces in the RMF model. It is expected th
other forces of the RMF model show similar behavior f
superheavy nuclei.
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D. Binding energies,a-decay energies, and deformations
of odd-A ZÄ109, 111, 113, 115 isotopes

The numerical results ofZ5109–115 isotopes are give
in Tables VII–IX. The quantities in columns 1–9 have th
same meaning as those in the previous tables. The ave
binding energies ofZ5109 andZ5111 are plotted in Fig. 2.
For nuclei of these four elements the data of binding energ
and a-decay energy are unknown or very few. Therefo
there is no meaning to list them. Instead, we list in the l
column of Tables VII–IX the quadrupole deformation p
rameter of deformed Skyrme-Hartree-Fock~SHF! model
@36# for comparison.

It is seen from Tables VII–IX that there is prolate defo
mation in lighter nuclei of an isotopic chain but there
superdeformation in heavier nuclei in the RMF model. F
these four isotopic chains superdeformation appears aro
N5172 in the RMF model with TMA. With NLZ2 it appears
around N5176. This again shows that superdeformati
may be common in the RMF calculations of superheavy
clei. It is interesting to compare the RMF results of sup
heavy nuclei with those from deformed SHF model@36#. The
quadrupole deformation parameterb2 of the deformed SHF
model is given in the last column of Tables VII–IX.

For the Mt isotopes in Table VII it is seen that the SH
model predicts prolate deformation in ligher nucl
2-8
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experimental decay energy is de
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(265–277Mt). It predicts that there exists superdeformation
heavier nuclei (279–299Mt). The superdeformation in the SH
model appears aroundN5170. This number is very close t
the numberN5172 in the RMF model with TMA. For a
quantitative comparison of deformation between two mod
it is seen that the quadrupole deformation parameter
265–277Mt in SHF model isb250.27–0.21, and this is very
close to that of RMF model,b250.28–0.19. The deforma
tion parameter of 279–287,299Mt in SHF model is b2
50.42–0.44 in superdeformed cases. This is also close to
value of 285–299Mt b250.41–0.50 in the RMF model. A dif-
ference between two models is that the superdeformed s
tion exists untilN5190 in RMF model but it does not cor
respond to the ground state of289–297Mt in the SHF model.

For Z5111 isotopic chain~Table VIII!, the SHF model
predicts that there is a prolate deformation in lighter nuc
271–275111 and there is a superdeformed solution in hea
nuclei 277–289111. These are in qualitative agreement w
those in the RMF model. The nuclei291–289111 are approxi-
mately spherical in the SHF model, and this fact is differe
from the results of the RMF model.

For Z5113 and 115 isotopes~Table IX! there is superde
formation in many nuclei in the SHF model, and this is
qualitative agreement with that in the RMF model. But t
nuclei aroundN5184 are spherical in the SHF model, an
those are superdeformed in the RMF model. Although297113
and 299115 are spherical in the SHF model, there is no sh
structure according to two-neutron separation energies o
SHF model. For the RMF model there is a small deform
06430
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subshell structure at297113 and299115 (N5184) according
to thea-decay energy in Table IX~also see Fig. 3!. This is
seen more clearly from Fig. 4 where the variation of tw
neutron separation energy with neutron number is drawn
Z5115 isotopic chain. A decrease of the separation ene
appears atN5186, and it corresponds to a deformed su
shell closure. Therefore the spherical magic numberN
5184 exists in the RMF model for lighter elements (Z
<100), but it disappears for heavier elements (100,Z
,112) due to deformation. ForZ5113 andZ5115 isotopic
chains,N5184 may become a deformed magic number d
to superdeformation.

III. SUMMARY

We have calculated the ground state properties of odZ
superheavy nuclei in the mass range ofZ597–115 andN
5140–190 in the RMF model with TMA and NLZ2 forces
Calculations show that the theoretical binding energies
a-decay energies of the RMF model agree very well with
experimental data. This study demonstrates that the R
model is very stable even for nuclei with high neutron nu
ber N5190 because two sets of RMF results agree well
the unknown mass range. For known heavy nuclei aro
Z5100 andN5152, nuclear deformation predicted by th
RMF model agrees with the present data. ForN5184 iso-
tones there are varying structures for different proton nu
bers in the RMF model. The RMF model predicts thatN
5184 is a magic number forZ<100, and theN5184 iso-
2-10
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tones with Z<100 are approximately spherical. TheN
5184 isotones with 100,Z,110 are deformed and th
magic numberN5184 disappears. ForZ5113 andZ5115
isotopic chains,N5184 corresponds to a deformed subsh
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FIG. 4. The variation of two-neutron separation energy w
neutron number on Bk (Z597), Bh (Z5107), andZ5115 isotopic
chains. The upper part of Fig. 4 is the RMF result with TMA. T
lower part is that with NLZ2. The theoretical results of an isotop
chain are connected by solid curves. The experimental separ
energy is denoted by black points.
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l.

It is found by the RMF model that there is superdeformat
in some superheavy nuclei due to shape coexistence
nuclear structure. The deformation parameters of the R
model for unknown mass range are very close to those f
the deformed Skyrme-Hartree-Fock model@36# for some su-
perheavy nuclei. Importantly, there is also superdeforma
for some superheavy nuclei in the SHF model, and the m
nitude of the superdeformation is close to that of RMF mo
for some superheavy nuclei. This shows that two se
consistent mean-field models are in agreement in the glo
behavior of deformation.

Therefore deformation is important for superheavy nuc
and it should be included in the calculations of ground st
properties of these nuclei. The deformation plays a cru
role for the possible existence of shell structure. This pa
presents a systematic calculation on odd-Z superheavy nucle
with the RMF model, and is also a significant extension
our previous study to unknown mass range. The comp
comparison with various experimental data such as bind
energies,a-decay energies, and deformations is useful to t
the reliability of the RMF model. The predicted binding e
ergies,a-decay energies, and deformation of unknown m
range will be useful for future experimental study of sup
heavy nuclei.
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