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Abstract: The stability of super heavy nuclei (SHN) from Z=104 to Z=126 is analyzed systematically, associated
with the following theoretical mass tables: FRDM2012 [At. Data Nucl. Data Tables 109-110(2016)], WS2010 [Phys.
Rev. C 82, 044304(2010)], WS-LZ-RBF [J. Phys. G: Nucl. Part. Phys. 42, 095107(2015)] and the updated
experimental data AME2016 [Chinese Physics C 41, 040002(2017)]. The nucleus with the biggest mean binding
energy in each isotopic chain shows systematic regular behavior, indicating that the mean binding energy is a good
criterion to classify SHN by their stability. Based on binding energy, the a-decay energy Q., two-proton separation
energy Sop, and two-neutron separation energy So, are extracted and analyzed. It is found that N=152 and N=162
are sub-magic numbers, N =184 is a neutron magic number, and Z =114 is a proton magic number, which may

provide useful information for the synthesis and identification of SHN.
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1 Introduction

The existence of the island of super heavy nuclei
(SHN) has attracted considerable attention since the
1960s [1]. In the last three decades, SHN with Z =
107—112 have been successfully synthesized by using cold
fusion reactions at the GSI laboratory [2, 3|, while SHN
with Z =113—118 have been synthesized by using hot
fusion reaction at Dubna and RIKEN [4-10]. Investiga-
tions of the properties of these nuclei and exploring the
position of the island of stability of SHN are extremely
fascinating, and can help us to understand new nuclear
features as well as the mass and charge limitations.

It is well known that the binding energy plays an
important role in nuclear stability. With rapid develop-
ment in theoretical methods, many models can reproduce
the measured nuclear mass systematically to an excel-
lent precision. These models include the Hartree-Fock-
Bogoliubov (HFB) mass model [11, 12], the finite-range
droplet model (FRDM) [13] and the Weizsécker-Skyrme
(WS) model [14-16]. The models have different predic-
tion abilities, but in general, with the growing under-
standing of nuclear properties, the precision of the theo-
retical predictions has been continuously improved. Re-
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cently, a WS-type model which considers isospin, mass
and deformation dependence, as well as mirror nuclei
constraints and residual corrections, has been further de-
veloped. Strutinsky’s method [17] is employed to deal
with the shell and pairing effects simultaneously [18],
which has greatly improved the precision of the theo-
retical calculation. More precise estimations for nuclear
mass can be very helpful to explore the magic numbers
for SHN. However, modern theoretical models disagree
on the positions of the magic numbers. In Refs. [19, 20],
Z =114 and N =184 are predicted to be the shell closures
by the macroscopic-microscopic method (MMM) and its
modification [21-24]. Z=124, 126 and N =184 were pre-
dicted to be the magic numbers by Skyrme-Hartree-Fock
and Z=120, N=172 and Z=120, N =184 were predicted
by the relativistic mean field model [25-29]. In short, dif-
ferent models give different properties of SHN, and even
the same model with different interactions might give
different predictions.

The mean binding energy (Biaa), the a-decay energy
(Q.), and the nucleon separation energy are the funda-
mental physical quantities which define a SHN. The nu-
cleus with the maximum By;,q or the minimum @, of
an isotopic chain is the most stable against o decay in
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that chain. The nucleon separation energy can provide
us with useful information on the evolution of isotopic
chains or isotonic chains as well as being a key input
for theoretical studies on the origin of the heavy nuclei.
So the motivation of this work is to explore the island
of stability or the doubly magic nuclei in terms of these
physical quantities for super heavy nuclei (SHN) from
7 =104 to Z =126 associated with the updated experi-
mental data AME2016, as well as the newest theoretical
predictions.

2 Mean binding energy of even-even iso-
topic chains from Z =104 to 126

The mean binding energy is a good criterion to clas-
sify SHN by their stability. Figure 1 gives Byi.q for a

set of even-even nuclei of isotopic chains from Z=104 to
Z =126 based on the four data tables FRDM2012 [32],
WS2010 [15], WS-LZ-RBF [31], and AME2016 [30]. For
these isotopic chains, the nuclei with the maximal By;,q
are shown in Table 1. The numbers of the first column
are proton numbers from 104 to 126, and the numbers of
the rest of the columns are the neutron numbers of the
most stable nuclei, which come from the three models by
comparing By,q, corresponding to the proton number of
the first column. The nucleus with the maximum By;ng
in each of the isotopic chains from WS-LZ-RBF is more
consistent with the experimental data than the other two
theoretical calculations, indicating that the WS-LZ-RBF
model is better able to reproduce the experimental data
than the other two models.
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(color online) The mean binding energy Bpina of isotopic chains from Z=104 to Z=126. The red squares

show the experimental data. The green circles, blue stars and dark cyan triangles show the theoretical results
calculated from FRDM (2012), WS4, and WS-LZ-RBF, respectively.

The neutron number of the stable nucleus for isotopic chains Z =104 ~ 126 from the three theoretical

Table 1.
models and experimental data.
models 104 106 108 110 112
FRDM 152 154 160 162 164
WS4 152 154 160 162 164
WS-LZ-RBF 152 154 156 162 164
EXP 152 154 156 162 164

114 116 118 120 122 124 126
168 172 174 178 180 190 188
170 172 174 178 182 184 188
166 172 174 176 180 182 186
172 174 176 - - - -
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For the isotopic chains of Z=104, 106, 110 and 112,
the most stable nuclei are the same against the biggest
Bying from the three theoretical mass tables and the ex-
perimental data. The corresponding neutron numbers
are 152, 154, 162 and 164, respectively. For Z = 108
isotopes, the most stable nucleus associated with Bying
from FRDM and WS4 is 2%8Hs, but the most stable nu-
cleus from WS-LZ-RBF is 26*Hs, which is consistent with
the results from experiment. This difference is mainly
due to WS-LZ-RBF adopting the conventional Struti-
nsky method to first evaluate shell and pairing effects
simultaneously, then including the RBF approach.

For the isotopic chain of Z=114, none of the theoret-
ical calculations can reproduce the experimental results,
and actually there is not enough experimental data to
select the most stable nucleus. For the isotopic chains of
Z =116 and Z=118, the three theoretical models predict
the most stable nuclei are #3116 and 2°2118, respectively.
These could be synthesized in near future experiments
since they not only have relatively large predicted cross
sections but also can be identified via a-decay chains [33].

3 Q. of even-even nuclei for Z=104 to
126 isotopic chains

Nuclei with magic nucleon numbers should be rela-
tively stable against a-decay, as they have smaller @,

than that of neighboring nuclei. Figure 2 shows @, for
even-even nuclei in the isotopic chains Z = 104 ~ 126.
When Z = 104,106,108, N = 152,162,184, the @, de-
creases sharply, implying the neutron magic number may
be located at N = 152,162,184 for those isotopes. For
7 =110,112,114, however, neutron magic numbers only
exist at N =162 and N =184. For 116 < Z <120, only
N =184 shows an obvious sharp decrease. If we check the
figure carefully, we find that N =178 also shows the sim-
ilar, but weaker behavior, which indicates that N =178
may be a sub-magic number, but this phenomenon is
inconspicuous.

Up to now, many models have shown that Z=1141is a
proton magic number [19, 20, 25]. In this isotopic chain,
it is shown that ), decreases with increasing neutron
number up to N=162, after which @, increases rapidly.
The increment is about 1 MeV between N = 162 and
N =164. Then it decreases again until N =184. When
N =186 the @, increases sharply and then decreases with
increasing neutron number. So it is clearly demonstrated
that N=162,184 are neutron magic numbers against a-
decay and that 275114, 2°8114 are double magic nuclei.

For the isotopic chain of Z =118, in the region of
N =168 to 186, @, from WS-LZ-RBF decreases with
increasing neutron number up to N=184. @, from WS4
decreases with increasing neutron number up to N =178
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Fig. 2.

(color online) The a-decay energy Q. of even-even isotopic chains from Z =104 to Z =126 as a function

of neutron number N. The red squares show the experimental data. The green circles, blue stars and dark cyan
triangles show the theoretical results calculated from FRDM (2012), WS4, and WS-LZ-RBF, respectively.
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and then increases sharply at N = 180, after which it
decreases up to N=184. ), from FRDM decreases up
to N =178, and then increases slowly up to N = 184,
then at V=186 it increases dramatically (the increment
is about 0.77 MeV, which is larger than the increment
between N =178 and 184). Overall, although the shell
effect of N =178 is weaker than N =184, we can infer
that N=178 is a sub-magic neutron number for Z=118
isotopes. As far as we know, the new element ?°*118 has
been synthesized by experiment, so we may predict that
296118 will be synthesized in the near future.

For Z =120 and 122, from Fig. 2, @), suddenly in-
creases at N = 186, but the experimental data is not
available and the precision of the theoretical models is
not high enough to draw any conclusions.

4 Two-neutron separation energy Ss,, of
the even-even isotopic chains from Z =
104 to 126

Figure 3 shows the two-neutron separation energy Ss,,
of the even-even nuclei for isotopic chains from Z=104 to
126. There is a general tendency for Sy, to fall steadily
as the neutron number N increases. There are sudden
drops between N = 152 and N = 154 for the isotopic

chains of Z =104 to Z = 108, between N = 162 and
N =164 for the isotopic chains of Z =110 to Z =114,
and between N =182 and N =184 for the isotopic chains
of Z=104 to Z=122. All of these indicate that for the
isotopes of Z =104 to 108 the sub-magic numbers are
N=152,162, N=162 is a sub-magic number for Z=110
to 114, and N =184 is a neutron magic number for the
isotopic chains of Z=104 to 122. The sub-magic number
corresponds to the mean field associated with the shell
structure undergoing a sharp change from a spherical to a
deformed shape. However, for 250108, 274112, and 275114,
the shell closures are not obvious. With careful obser-
vation of Fig. 3, one can find that for isotopic chains
Z =104 ~ 108, between N =174 and N =176 the S,,
from FRDM has a larger decrement. However, the S,
from the three theoretical models has larger decrement
between N=178 and N=180. For Z>110, N=174 and
N =178 do not show this phenomenon. Interestingly,
Fig. 3 shows that magic number could be evolving. The
Z =104 to 108 isotopic chains show the characteristics of
N =152 as a sub-magic number and N =184 as a magic
number. However, for the Z=110~114 isotopic chains,
the sub-magic number N =152 is replaced by N =162.
For the Z=116~120 isotopic chains, only N =184 is the
neutron magic number.
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Fig. 3.

(color online) Two-neutron separation energy Sa, of even-even nuclei isotopic chains Z=104 to Z=126 as a
function of neutron number N. The red squares show the experimental data

. The green circles, blue stars and dark

cyan triangles show the theoretical results calculated from FRDM (2012), WS4, and WS-LZ-RBF, respectively.

114103-4



Chinese Physics C  Vol. 41, No. 11 (2017) 114103

5 Two-proton separation energy S5, of
the N=162, 176, 178 and 184 isotonic
chains

Through the above analyses, N =152 and N =162
are neutron sub-magic numbers and N =184 is a neu-
tron magic number. In order to find the proton magic
number, the S,, of the isotonic chains for N =162, 176,
178 and 184 are shown in Fig. 4. There is some irreg-
ular behavior when Z =114, and a sudden decrease in
So, is evident. For N =178 and N =184, S,, decreases
with increasing Z up to Z=114. The sudden decrease
of S,, calculated with the macroscopic-microscopic mod- |

els, including the FRDM and the WS series of models,
indicates that Z =114 is a proton magic number. S,
then decreases with increasing Z again. We can con-
clude that Z = 114 is a proton magic number, so the
predicted center of stability at the hypothetical doubly-
magic spherical nucleus with Z =114 and N = 184 is
confirmed again.

For N =162 istones, the increased stability leads to
a local minimum of Sy, at Z = 108, then it decreases
sharply at Z =110, with a decrement of more than 2.3
MeV. In Ref. [37], theoretical calculations predict *"°Hs
to be a doubly magic deformed nucleus, decaying mainly
by a-particle emission.
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Fig. 4.

(color online) The two-proton separation energy of the isotonic chains for N=162,176,178 and 184. The red

squares, green circles, blue up-triangles and dark cyan down-triangles represent the two-proton separation energy
calculated from experimental data, FRDM, WS4 and WS-LZ-FBF, respectively.

6 Summary

In this article, the mean binding energy, separation
energy and a-decay energy of even-even nuclei with Z
from 104 to 126 have been calculated using three theo-
retical mass tables and the updated experimental data.
By analyzing these physical quantities, the following con-
clusions are drawn. (i) We get the most stable nucleus
of the 12 even-even isotopic chains from Z=104~126 by
comparing the mean binding energy. The result shows
that the WS-LZ-RBF model has the best ability to re-
produce the experimental data. (ii) By analyzing the
two-neutron separation energy S,, and the a-decay en-
ergy ., we confirm that N=152 and N =162 are neu-

| tron sub-magic numbers and N =184 is a neutron magic

number, and we infer that N =178 may be a neutron
sub-magic number. (iii) We find that the neutron magic
number can evolve with increasing Z. For Z=104 to 108,
N =152 and 162 are sub-magic numbers and N =184 is
a magic number, but for 110<Z<114, N=152 does not
show shell closure and only N =162 and 184 are magic
numbers. For Z > 116, only N =184 is a magic num-
ber. (iv) By analyzing the two-proton separation energy
of the isotone chains for N =162,176,178 and 184, we
conclude that Z =114 is a proton magic number and
confirm the doubly magic nuclei 373Hs and 2%*114. (v)
For the isotopes of Z=116 to 120, the sub-magic number
N =178 should receive more attention in future work.

114103-5



Chinese Physics C  Vol. 41, No. 11 (2017) 114103

References

10

11

12
13

14
15

A. Sobiczewski, F. Gareev, and B. Kalinkin, Phys. Lett., 22:
500 (1966)

S. Hofmann and G. Miinzenberg, Rev. Mod. Phys., 72: 733
(2000)

S. Hofmann, D. Ackermann, S. Antaic,P. Cagarda, B. Kindler,
P. Kuusiniemi, M. Leino, B. Lommel, O. Malyshev et al, Nucl.
Phys. A, 734: 93 (2004)

Yu.Ts. Oganessian, V. Utyonkov, Y. V. Lobanov, F. S. Ab-
dullin, A. Polyakov, L. Shirokovsky, Y. S. Tsyganov, G. Gul-
bekian, S. Bogomolov, A. Mezentsev et al, Phys. Rev. C, 69:
021601 (2004)

Yu.Ts. Oganessian, V. Utyonkov, Y. V. Lobanov, F. S. Ab-
dullin, A. Polyakov, L. Shirokovsky, Y. S. Tsyganov, G. Gul-
bekian, S. Bogomolov, B. gikal et al, Phys. Rev. C, 70: 064609
(2004)

Yu.Ts. Oganessian, V. Utyonkov, S. Dmitriev, Y. V. Lobanov,
M. Itkis, A. Polyakov, Y. S. Tsyganov, A. Mezentsev, A.
Mezentsev, A. Yeremin, A. Voinov et al, Phys. Rev. C, 72:
034611 (2005)

Yu.Ts. Oganessian, V. Utyonkov, Y. V. Lobanov, F. S.
Abdullin, A. Polyakov, R. Sagaidak, I. Shirokovsky, Y. S.
Tsyganov, A. Voinov, G. Gulbekian et al, Phys. Rev. C, 74:
044602 (2006)

Yu.Ts. Oganessian, V. Utyonkov, Y. V. Lobanov, F. S. Ab-
dullin, A. N. Polyakov, R. N. Sagaidak, I. V. Shirokovsky, Y.
S. Tsyganov, A. A. Voinov, G. G. Gulbekian et al, Phys. Rev.
C, 76: 011601 (2007)

Yu.Ts. Oganessian, F. S. Abdullin, P. Bailey, D. Benker, M.
Bennett, S. Dmitriev, J. G. Ezold, J. Hamilton, R. A. Hender-
son, M. Itkis et al, Phys. Rev. Lett., 104: 142502 (2010)
Kosuke Morita, Kouji Morimoto, Daiya Kaji, Takhiro
Akiyama, Sin-ichi Goto, Hiromitsu Haba et al, Journal of the
physical Society of Japan, 73(10): 2593-2596 (2004)

S. Patra, C. L. Wu, C. Praharaj, and R. K. Gupta, Nucl. Phys.
A, 651: 117 (1999)

P. Mohr et al, Phys. Rev. C, 73: 031301 (2006)

P. Moller, W. D. Myers, H. Sagawa, and S. Yoshida, Phys. Rev.
Lett., 108: 052501 (2012)

N. Wang, M. Liu and X. Wu, Phys. Rev. C, 81: 044322 (2010)
N. Wang, Z. Liang, M. Liu, and X. Wu, Phys. Rev. C, 82:

114103-6

16

18

19

20

21

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

044304 (2010)

M. Liu, N. Wang, Y. Deng, and X. Wu, Phys. Rev. C, 84:
014333 (2011)

V. Strutinsky and F. Ivanjuk, Nucl. Phys. A, 255: 405 (1975)
H. Zhang, J. Dong, N. Ma, G. Royer, J. Li, Nucl. Phys. A, 929:
38 (2014)

P. Moller and J. R. Nix, J. Phys. G: Nucl. Part. Phys., 20:
1681 (1994)

A. Baran, Z. Lojewski, K. Sieja, and M. Kowal, Phys. Rev. C,
72: 044310 (2005)

Z. Patyk and A. Sobiczewski, Nucl. Phys. A, 533: 132 (1991)
W. Myers and W. Swiatecki, Nucl. Phys. A, 601: 141 (1996)
R. Chasman and I. Ahmad, Phys. Lett. B, 392: 255 (1997)
V. Strutinsky et al, Nucl. Phys. A, 122: 1 (1968)

S. Cwiok and J. Dobaczewski, P. H. Heenen, P. Magierski, and
W. Nazarewicz, Nucl. Phys. A, 611: 211 (1996)

A. Kruppa, M. Bender, W. Nazarewicz, P. G. Reinhard, and
T. Vertse, Phys. Rev. C, 61: 034313 (2000)

M. Bender, K. Rutz, P. G. Reinhard, J. A. Maruhn, and W.
Greiner, Phys. Rev. C, 60: 034304 (1999)

K. Rutz, M. Bender, T. Biirvenich, T. Schilling, P. G. Rein-
hard, J. Maruhn, and W. Greiner, Phys. Rev. C, 56: 238 (1997)
S. Goriely, N. Chamel, and J. Pearson, Phys. Rev. C, 88:
061302 (2013)

M. Wang, G. Audi et al, Chinese Physics C, 41: 040002 (2017)
N. N. Ma, H. F. Zhang, X. J. Bao, P. H. Chen, J. M. Dong,
J. Q. Li, and H. F. Zhang, J. Phys. G: Nucl. Part. Phys., 42:
095107 (2015)

P. Moller, A. Sierk, T. Ichikawa, and H. Sagawa, At. Data
Nucl.Data Tab., 109: 1 (2016)

Jun-Hong Liu, Shu-Qing Guo, Xiao-Jun Bao, and Hong-Fei
Zhang, Chinese Physics C, 41: 074106 (2017)

P. Moller, J. Nix, W. Myers, and W. Swiatecki, At. Data Nucl.
Data Tab., 59: 185 (1995)

K. Rutz, M. Bender, T. Biirvenich, T. Schilling, P. G. Rein-
hard, J. Maruhn, and W. Greiner, Phys. Rev. C, 56: 238 (1997)
M. Ismail, W. M. Seif, and A. Abdurrahman, Phys. Rev. C,
94: 024316 (2016)

J. Dvorak, R. Kriicken, F. Nebel, Z. Novackova, A. Sem-
chenkov, A. Tirler, B. Wierczinski, and A. Yakushev, Phys.
Rev. C, 94: 024316 (2016)



