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Shape coexistence in even-even superheavy nuclei
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The structures of the even-even superheavy nuclei with proton nuAwd00-114 are systematically
investigated using self-consistent relativistic mean-field theory. The calculated binding energies are in good
agreement with all available experimental data. The experimental alpha decay energies and lifetimes of the
newly discovered superheavy nuclei are also reasonably reproduced by the model. Large scale calculations
with a quadrupole moment constraint clearly show the variation of energy with the quadrupole deformation
parameter. It reliably demonstrates that there is shape coexistence in superheavy nuclei. In some cases the
configuration with superdeformation may be the ground state of superheavy nucl@-n&ad andN=174.
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For a long time it was believed that the existence of sunote the quadrupole deformations of neutrons and protons,
perheavy nuclei is due to their spherical shell structure. Howrespectively. Further, the symbao®,(theor) andQ (expt)
ever, it is known experimentally that the heavy nuclei of theare used for the calculated alpha-decay energies and experi-
actinium series £=93-103) are well deformed. This fact mental data. The experimental binding enerddgg, are ob-
strongly suggests that deformed configurations are as impotained from the nuclear mass tapls] and the experimental
tant as the spherical one for stability of superheavy nucleialpha decay energies can be deduced accordingly. They are
Bohr and Mottelsol] also pointed out that deformation can listed in the last two columns for comparisons.
increase the stability of the heavy nuclei. In this communi- |t is seen from Table | that the theoretical binding energies
cation we study the ground state properties of all knowrare very close to the experimental data. The average differ-
even-even superheavy nucl@+<100-116)[2—-7] and their  ence between the theoretical binding energy and the experi-
neighboring nuclei. We put emphasis on the role of deformamental one is approximately 2 MeV. This corresponds to a
tion on the structure of superheavy nuclei. relative difference of 0.1%. The maximum difference is 3.45

At present, although there exist some self-consistenieV for 264108 and it corresponds to a relative difference of
mean-field calculations on superheavy nu¢&+12), a sys-  0.2%. Considering the predicting ability of the RMF model
tematic comparison between theoretical binding energies angh the binding energy of spherical nucféD, 404&ca, %zr,
experimental data is still missing due to the fast growth of116.125,  and2%%pp is approximately 0.2%, we can say the
this new field[2,4,5. This comparison is needed to test the RMF model works well for the binding energy of the super-
reliability of the nuclear models and is also useful in predict-heavy nuclei studied here. The theoretical alpha decay ener-
ing unknown superheavy nuclei. The Frankfurt group suggies agree well with the experimental ones within 1 MeV.
gested that one should test a model for a known nucleushis ensures the good predicting ability of the RMF model
26108 before studying superheavy nucféB]. We extend for the alpha decay properties. Calculations show that there
their idea and test our model for all even-even nuclei withis a prolate deformation in the ground state of these nuclei.
Z=100-108 where the experimental binding energy data argh order to confirm the deformation, we have carried out a
available. This approach can avoid the accidental agreemegbnstraint calculation and found that this is really the ground
between model and experimental data that may occur for atate of this nucleus.
single nucleus. This ensures the reliability of the systematic Taple Il is the RMF results with NLZ2 force. It is seen
behavior of a model. Accordingly we first calculate the bind-again that the theoretical results agree well with the experi-
ing energies and alpha decay energies of known even-evefiental binding energies and alpha decay energies. The pre-
nuclei with Z=100-108. Then we investigate the groundcision of the force NLZ2 is as good as the force TMA. A
state properties of the newly discovered superheavy nuclejuadrupole deformation in the ground state of these nuclei is
around?°110([5], 288114 [3], and ?°116[4]. also obtained for NLZ2. Its value is close to that of TMA

The theoretical results are listed in Tables | and Il, whereforce. This indicates that the RMF model is stable in this
the deformed relativistic mean-fiellRMF) codes in har- mass range. All previous discussions on Table I hold true for
monic base$10,11,14 are used. The force parameters TMA Table II.

[10] and NLZ2[9] are treated as input, and the number of \When we compare Tables | and Il together, we notice that
bases is chosen to & = N,= 20. The inputs for the pairing the experimental binding energy is between the theoretical
gaps ared,=A,= 11.2/A MeV. An axial deformation is value with TMA and that with NLZ2. It seems that the ob-
assumed in all calculations. For the details of the calculationtined value with TMA sets the upper limit of the binding
please see the relevant publicati¢t®,11,14,1% energy and the obtained value with NLZ2 sets the lower

In Tables | and I, the first column is for nucld,, is  limit. This is very useful for the prediction of properties of
the theoretical binding energiR, andR,, are the root-mean- superheavy nuclei because both obtained values with TMA
square radii for the proton- and neutron-density distributionsand NLZ2 are very close. Therefore the theoretical results
respectively. The symbolg, and 3, in Tables | and Il de- can be used for a guide of future experiments of superheavy
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TABLE I. The ground-state properties of even-even superheavy nuclei witlk ZGthd 156<N. The TMA force is used as input in the
deformed RMF calculation. The last two columns are the experimental alpha decay energy and binding energy.

Nuclei Btheor (MeV) IBH IBp Rn Rp Qa(theor) Qa(expt) Bexpt (MeV)
250Fm 1867.01 0.26 0.27 6.15 5.96 7.59 75601 1865.480.01
25Fm 1880.07 0.26 0.27 6.17 5.97 7.18 7H®01 1878.8%0.01
2%m 1892.47 0.26 0.27 6.19 5.98 6.80 7301 1890.93:0.01
256 m 1903.71 0.26 0.26 6.21 5.99 7.03 7R01 1902.49:0.01
2No 1873.17 0.26 0.27 6.15 5.98 8.59 845301 1871.25:0.01
2No 1887.22 0.26 0.27 6.17 5.99 8.09 82a.02 1885.540.02
28No 1900.69 0.26 0.27 6.19 6.00 7.68 8:50.01 1898.66:0.01
28No 1912.85 0.26 0.27 6.21 6.01 7.92
256Rf 1892.63 0.25 0.26 6.17 6.01 8.84 896.03 1890.5¢:0.03
258Rf 1906.98 0.26 0.27 6.20 6.02 8.54
260Rf 1919.99 0.23 0.23 6.21 6.02 9.00
26Rf 1932.67 0.22 0.22 6.23 6.03 8.48
2605 1911.85 0.25 0.26 6.20 6.04 9.08 9+gR04 1908.96:0.04
2625 1925.90 0.25 0.26 6.22 6.06 9.38
2645 1939.26 0.22 0.23 6.23 6.06 9.03
2665 1952.40 0.22 0.22 6.25 6.07 8.57
26445 1930.17 0.24 0.25 6.23 6.07 9.98 109130 1926.72:0.30
2665 1944.46 0.24 0.24 6.24 6.08 9.74 10+1R02
2685 1958.42 0.22 0.23 6.26 6.09 9.14
21s 1971.80 0.22 0.22 6.28 6.10 8.90
2110 1961.39 0.22 0.22 6.26 6.11 11.34 11-@B05

TABLE Il. The ground-state properties of even-even superheavy nuclei witke ZGhd 156<N. The NLZ2 force is used as input in the
deformed RMF calculation. The last two columns are the experimental alpha decay energy and binding energy.

Nuclei Biheor (MeV) Bn Bp R, Ry Q,(theor) Q. (expt) Bexpt (MeV)
25%Fm 1863.65 0.30 0.31 6.27 6.04 7.71 7EB01 1865.48 0.01
25%Fm 1876.03 0.30 0.31 6.30 6.06 7.75 H®01 1878.8%0.01
24em 1887.90 0.30 0.31 6.32 6.07 7.24 73101 1890.93:0.01
256Em 1899.60 0.29 0.30 6.35 6.08 6.43 T0B01 1902.4¢:0.01
2No 1870.69 0.30 0.32 6.27 6.07 7.86 856,01 1871.25%:0.01
2No 1884.14 0.30 0.32 6.30 6.08 7.81 8:28.02 1885.54:0.02
2o 1896.98 0.30 0.31 6.33 6.09 7.35 8450.01 1898.66:0.01
2o 1909.53 0.30 0.31 6.35 6.11 6.67
250Rf 1890.73 0.30 0.32 6.30 6.10 8.26 8:96.03 1890.59:0.03
259t 1904.50 0.30 0.31 6.33 6.11 7.94
260Rf 1917.87 0.30 0.31 6.35 6.13 7.41
26Rf 1930.84 0.29 0.30 6.38 6.14 6.99
2605 1909.01 0.30 0.31 6.33 6.14 10.02 9:gB04 1908.96:0.04
2625 1923.35 0.29 0.30 6.35 6.15 9.45
2645 1937.25 0.29 0.30 6.38 6.16 8.92
2665 1950.47 0.28 0.29 6.40 6.17 8.67
2644s 1926.63 0.28 0.29 6.35 6.17 10.68 10:5430 1926.72:0.30
2665 1941.35 0.28 0.29 6.38 6.18 10.30 10-1802
26%s 1955.59 0.27 0.28 6.40 6.19 9.96
21s 1969.22 0.27 0.28 6.42 6.20 9.55
2110 1958.86 0.26 0.26 6.40 6.21 10.79 11-@B05
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nuclei. By the way, there are many sets of force parametensioments in the RMF mod€l10,15. It is a rather time-
in the RMF model. The behavior of many force parameterssonsuming calculation for superheavy nuclei. This kind of
for superheavy nuclei is similar to that of the TMA force. calculation is very scarce for superheavy nuclei as far as we
They also set the upper limit of the binding energy of aknow. Figure 1 is the result of the TMA force. It is seen from
superheavy nucleus. Therefore TMA is a typical force for theFig. 1 that the curve of the quadrupole deformation energy of
upper limit of the total binding energy and NLZ2 is a typical 22110, 284112, 288114, and?°®114 is more complex than
force for the lower limit. that in light nuclei. There are three or four minimums in the
Very recently it was reported that the nuclet’®110 is  curve of 280110, 264112, %8114, and ?°®114 (the nucleus
produced at Darmstadf] and 2’°108 is produced at Paul 2%114 is chosen because it was considered as a spherical
Scherrer Institut¢6]. The nuclei?®114 and?®?116 are pro- magic nucleus The lowest one should correspond the
duced at Dubn43,4]. The binding energy and alpha decay ground state of a superheavy nucleus. #8110, the ground
energy of 2°110 and?’°108 are given in Tables | and Il, state is a configuration with a prolate deformatj@y=0.17.
together with those of the nuclei on its alpha decay chainThe other solutions of8%110 are higher in energy. With the
The theoretical values are very close to the experimentahcrease of proton number arbr) neutron number, the so-
data. On the properties of superheavy nuclei arodnd lution with a superdeformatiom,~0.5 becomes lower in
=114, we plot their quadrupole deformation energies in Figenergy and can be finally the ground state of a superheavy
1 and list the numerical results in Tables Il and IV. nucleus. The valley around this superdeformed minimum is
At first let us focus on the lengthy constraint RMF resultswider and deeper with the increase of proton number and
on the quadrupole deformation energy &110, 284112,  (/or) neutron number. The superdeformed solution may be
288114, and?®®114 in Fig. 1. The black points are numerical the ground state of®%112 and?8114. For nuclei neaZ
results and they are connected by solid lines. This constraint 114 andN= 184, the superdeformed solution can become
calculation is carried out with a constraint on quadrupolethe ground state of superheavy nuclei because the valley
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TABLE Ill. The binding energies, deformations, nuclear radii, alpha decay energies, and lifetimes of superheavy nuclei on the alpha
decay chain of?°116. The last two columns are experimental decay energies and lifetimes. The input pairingAgans;,
=11.2 MeV//A. The TMA force is used. The excited solutions are denoted by * and **.

Nuclei B(MeV) Bn Bp R, R, Q. T, Q. (expt) T (expt)
2216 2080.89 0.49 0.51 6.62 6.46 11.01 14.3 ms 0015 331 ms
292116 2080.51 -0.21 -0.21 6.45 6.27
292116+ 2077.73 0.25 0.26 6.48 6.30
288114 2063.60 0.48 0.49 6.58 6.41 9.12 876.47 s 98405 1.9°38 s
288 14 2061.97 -0.18 —-0.19 6.41 6.23
2881 14+ 2060.67 0.26 0.27 6.45 6.27
8412 2044.42 0.46 0.47 6.54 6.36 9.83 121s 2005 9.8"3%
28912 2043.47 0.27 0.29 6.43 6.25
284 12+ 2042.64 -0.17 -0.17 6.38 6.19
280110 2025.95 0.17 0.18 6.36 6.15 10.08 0.05s 75354 s
289110 2025.41 0.26 0.26 6.39 6.20
28011 0% 2025.09 0.41 0.41 6.48 6.28
280110 2025.30 -0.12 -0.12 6.34 6.14
around it is very wide and deep. Therefore the nuclei at the logo(T,)=(aZ+ b)(Qa)‘1’2+(cZ+ d), )

center of superheavy islands may be superdeformed nuclei.

After we know the variation of the energy with the defor- whereT,, is given in seconds an@, in MeV, andZ is the
mation parameter, we carry out axially deformed RMF cal-proton number of the parent nucleus. This is a well-known
culations near these minimums. The properties of nucleformula and it is often used to estimate the lifetime of alpha
280110, 284112, 288114, 292116 produced at Dubna are listed decays by the decay energig7,18. The constants in this
in Tables 1l and IV for two sets of force parameters. Weexpression have been determined as=1.66175, b
show all solutions which correspond to the minimums of the= —8.5166,c= —0.20228,d= — 33.9069 for even-even nu-
energy surface in Fig. 1. The solutions with labels * and ** clei. These values are obtained by fitting the experimental
are the excited solutions. Table Il is the RMF result with thedata of middle and heavy nuclgi7-19.

TMA force. Similar notations to Table | are used. Because It is concluded from Tables Il and IV that there is shape
the lifetime is also measured at Dubna, we list the expericoexistence in superheavy nuclei. In some cases the superde-
mental lifetimeT ,(expt) in the last column. The theoretical formed solution can be the ground state of a nucleus. The
lifetime T,(theor) is calculated according to the Viola- experimental alpha decay energy and lifetime are listed in
Seaborg formul§17,18 the last two columns for comparison. It is seen that theoret-

TABLE IV. The binding energies, deformations, nuclear radii, alpha decay energies, and lifetimes of superheavy nuclei on the alpha
decay chain of?°?116. The last two columns are experimental decay energies and lifetimes. The input pairingAgaps;,
=11.2 MeVA/A. The NLZ2 force is used. The excited solutions are denoted by * and **.

Nuclei B(MeV) Bn Bp R, Rp Q. T, Q.(expt) T (expt)
292116 2078.65 0.55 0.57 6.79 6.59 10.92 24.2 ms 10015 33°12° ms
292116 2076.77 0.06 0.06 6.53 6.31
2921 16* 2076.60 —-0.05 —-0.05 6.53 6.30
28114 2060.87 0.15 0.16 6.54 6.30 9.51 50.29 s 9.8405 19733 s
288 14+ 2060.27 0.56 0.58 6.77 6.56
2881 1 gr* 2057.15 -0.20 -0.20 6.55 6.33
28412 2042.08 0.16 0.17 6.51 6.27 9.02 373.14 s 20D5 9.83% s
28412+ 2041.30 0.58 0.60 6.77 6.54
284 12+ 2037.76 -0.18 -0.18 6.50 6.26
280110 2022.80 0.18 0.19 6.49 6.25 8.81 360.86 s 7535 s
280110 2021.66 0.56 0.58 6.72 6.49
2801 10+* 2017.64 -0.18 -0.18 6.49 6.24
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ical alpha decay energies are very close to the data. Thelei around?’°108 are deformef20]. This agrees with our
biggest difference between the theoretical value and the dataonclusions on even-even nuclei of this paper and on odd
is less than 1.0 MeV. We see in Table Il that the calculatechuclei [10]. Extracting information of deformation experi-
alpha decay energies agree well with the experimental dat@entally will be useful to test these views. One possible way
for the nuclei withZ=110-116 produced at Dubna. We cal- is to investigate the rotational bands and another way is to
culate the corresponding lifetimes of these nuclei by using’_ook for the isomer of superheavy nuclei. These will shed
the Viola-Seaborg formula. The ratio of theoretical lifetime light on deformation of superheavy nuclei.
to experimental one is between T0and 1§. Usually the In summary we have investigated the structure of even-
ratio between the experimental lifetime and the theoreticafVeN Superheavy nuclei with proton numisr 100-116 in
one is around 10or even larger. Therefore we can say that"¢ RMF model. This is the first systematic comparison be-
the RMF prediction on lifetime is good. tween the theoretical binding energies of the RMF model and
Now let us make a short discussion on the difference 01avallable data. The calculated binding energy agrees well

force parameters in the RME models. As we stated befor with the data. The biggest difference is 0.2% and this is also
he b ph . ¢ : ¢ is simil ’ Vr\: f1h TMAe[he precision of the RMF model for stable nuclei. The calcu-
the behavior of many forces Is similar to that of the lations also set an upper limit and a lower limit for the bind-

force. There is also shape coexistence _of superheavy nuclmg energy based on the comparison with present data. This
for NLZ2 force. However, there is a slight difference be- 5" ,seful for guiding future experiments on superheavy nu-
tween the TMA force and NLZ2 force. The superdeformedge; The RMF results show that there is shape coexistence in
solution sets in a little late for the NLZ2 force with the in- superheavy nuclei and deformations can appear for many
crease of the nucleon nqmber. We Iist. the results of NLZ2 ir‘superheavy nuclei. In some cases the superdeformed con-
Table IV as an explanation of this. It is seen that the supergq,ration is the ground state of superheavy nuclei, especially
deformed solution becomes lower with the increase Ok, clej aroundz=114 andN=174. The RMF results are
nucleon number. This is similar to that of TMA. The alpha i, 5504 agreement with the experimental alpha decay ener-
decay energies and lifetimes from NLZ2 are also very CIOS‘ngies and lifetimes. Extracting information of deformation in
to experimental data. But fof**114 the superdeformed so- superheavy nuclei is very useful for the understanding of the

lution with NLZ2 is still higher than the prolate solution with i\t /re of superheavy nuclei and may be also possible with
B,=0.17. Finally the superdeformed solution may becomepresent facilities.

the ground state of superheavy nuclei suctf%$16.
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is due to the spherical shell closure. Here we demonstratsuka, Professor H. Toki, Professor W. Q. Shen, Professor H.
that there is shape coexistence in superheavy nuclei. Defo®. Zhang, and Professor Z. Qin for kindly communicating
mations may exist for many superheavy nuclei, even for dis new progress related to superheavy nuclei. This work was
nucleus %114, In view of the fact that the nuclei in the supported by the National Fund for Outstanding Young
actinium series are deformed, our conclusions are compatibleeople of China under Contract No. 10125521 and by the
with present data on superheavy nuclei. Very recently MunMajor State Basic Research Development Program in China
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