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Abstract. Based on the concept of cold valley in fission and fusion, the radioactive decay
of superheavy280−314116 nuclei was studied taking Coulomb and proximity potentials as
the interacting barrier. It is found that the inclusion of proximity potential does not
change the position of minima but minima become deeper which agrees with the earlier
findings of Gupta and co-workers. In addition to alpha particle minima, the other deepest
minima occur for 8Be, 12,14C clusters. In the fission region two deep regions are found each
consisting of several comparable minima, the first region centred on 208Pb and the second
is around 132Sn. The cluster decay half-lives and other characteristics are computed for
various clusters ranging from alpha particle to 70Ni. The computed half-lives for alpha
decay match with the experimental values and with the values calculated using Viola–
Seaborg–Sobiczewski (VSS) systematic. The plots connecting computed Q values and
half-lives against neutron number of daughter nuclei were studied for different clusters
and it is found that the next neutron shell closures occur at N = 162, 172 and 184.
Isotopic and isobaric mass parabolas are studied for various cluster emissions and minima
of parabola indicate neutron shell closure at N = 162, 184 and proton shell closure at
Z = 114. Our study shows that 276

162114 is the deformed doubly magic and 298
184114 is the

spherical doubly magic nuclei.

Keywords. Cluster decay; alpha decay.

PACS Nos 23.60.+e; 23.70.+j; 27.90.+b

1. Introduction

The radioactive decay of nuclei emitting particle heavier than alpha particle termed
as cluster radioactivity was first predicted by Sandulescu et al [1] in 1980 on the
basis of quantum mechanical fragmentation theory [2]. This rare, cold (neutron-
less) process is intermediate between alpha decay and spontaneous fission. The rare
nature of this process is due to the fact that cluster emission is marked by several
alpha emissions. Experimentally, Rose and Jones [3] first observed such decay in
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1984 in the radioactive decay of 223Ra by the emission of 14C. At present about 20
parent nuclei from 221Fr to 242Cm emitting clusters ranging from 14C to 34Si are
confirmed [4].

The exploration of cluster radioactivity in the superheavy island did not receive
much attention because of the instability of nuclei in this region. From theoretical
point of view, the extension of the periodic table towards the superheavy ‘island
of stability’ is very important for testing and developing nuclear structure models.
The half-lives of different radioactive decay models such as alpha decay, cluster
radioactivity and fission are important to identify the decay chains of superheavy
elements, which are the experimental signatures of their formation in fusion reac-
tion.

In the present work an attempt is made to examine the possibility of cluster
emission from nuclei in the superheavy region with an aim to find the next neutron
and proton shell closure in this region. Based on the concept of cold valleys, Kumar
et al [5] studied cluster emission from the superheavy nucleus 277Ds and from its
alpha decay products 273Hs and 269Sg. They conclude that in addition to alpha
decay and fission 14C, 34Si and 50Ca are the optimal cases of cluster radioactivity,
but the predicted half-lives for these clusters are of huge order of magnitude than the
expected compound nucleus lifetime. Singh et al [6] have proposed a theoretical
approach to study the cluster decay of some heavy and superheavy nuclei [7,8].
Their model is based on fragmentation theory [9] and on the preformed cluster
decay model proposed by Malik et al [10]. Nuclear lifetimes for cluster radioactivity
of superheavy elements and nuclei far off the beta-stability line (Z = 52–122) have
been calculated in a pioneering work by Poenaru et al [11].

In the 1960s a number of theoretical predictions [12] were made that pointed
towards the existence of an island of long-lived superheavy elements centred on
Z = 126, N = 184. One of the fundamental factors in the study of superheavy
elements is the prediction and/or production of doubly magic nucleus, next to
Z = 82, N = 126 (208Pb). The existence of superheavy nuclei with Z ≥ 104 is
due to quantum shell effects, and pronounced shell gaps can stabilize nuclei. In
the superheavy mass region, the proton numbers Z = 114, 120, 126 and neutron
numbers N = 172, 184 have been predicted to be magic numbers. Recently, the
density distributions of superheavy nuclei have become interesting for the structure
study of the heaviest nuclei [13–16]. Later, Patra et al [17] predicted Z = 120
and N = 172 or 184 as the next possible magic numbers using axially deformed
relativistic mean field calculations.

The superheavy elements are produced by complete fusion between an incident
ion and a target ion. Discovery of ‘superheavy’ elements has been announced at the
Lawrence Berkeley National Laboratory. One of the experiments done at Dubna
[18] was designed to investigate the radioactive properties of the isotopes of element
116, the α-decay daughters of Z = 118 isotopes produced in the reaction 249Cf +
48Ca. In this reaction two new isotopes of element 116 have been synthesized and
they undergo sequential α decays terminated by spontaneous fission. 290,292,293116
have been produced at higher excitation energies and different cross-sections [19].
The isotope of 292116 was identified in the reaction of curium with calcium (248Cm
+ 48Ca → 292116 + 40n

1).
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Within Coulomb and proximity potential model [20–23] we have studied cluster
emission from various proton-rich nuclei with Z = 54–64 and N = 54–72 leading to
100Sn daughter. We have also studied the cold valleys in the radioactive decay of
248−254Cf isotopes [24] and the computed alpha decay half-life values are in close
agreement with the experimental data. Recently, we have proposed a semi-empirical
model [25] for determining the half-lives of radioactive nuclei exhibiting cluster
radioactivity. The semi-empirical formula is applied to alpha decay of parents with
Z = 85–102 and is compared with experimental data. In this paper we extend
our studies to superheavy isotopes 280−314116 emitting clusters ranging from alpha
particle to 70Ni using the Coulomb and proximity potential model. The details of
the model are given in §2 and results, discussion and conclusion are given in §3.

2. The model

The interacting potential barrier for a parent nucleus exhibiting exotic decay is
given by

V =
Z1Z2e

2

r
+ Vp(z) +

~2`(` + 1)
2µr2

, for z > 0. (1)

Here Z1 and Z2 are the atomic numbers of daughter and emitted cluster, r is the
distance between fragment centres, ` is the angular momentum, µ is the reduced
mass and Vp is the proximity potential given by Blocki et al [26]

Vp(z) = 4πγb

[
C1C2

(C1 + C2)

]
Φ

(z

b

)
. (2)

With the nuclear surface tension coefficient,

γ = 0.9517[1− 1.7826(N − Z)2/A2] MeV/fm2
, (3)

where N, Z and A represent neutron, proton and mass number of the parent. The
universal proximity potential, Φ is given as [27]

Φ(ε) = −4.41e−ε/0.7176, for ε ≥ 1.9475 (4)

Φ(ε) = −1.7817 + 0.9270ε + 0.0169ε2 − 0.05148ε3, for 0 ≤ ε ≤ 1.9475.

(5)

With ε = z/b, where the width (diffuseness) of the nuclear surface b ≈ 1 and
Siissmann central radii Ci of fragments related to sharp radii Ri is

Ci = Ri −
(

b2

Ri

)
. (6)

For Ri we use semi-empirical formula in terms of mass number Ai as [26]
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Ri = 1.28A
1/3
i − 0.76 + 0.8A

−1/3
i . (7)

Using one-dimensional WKB approximation, the barrier penetrability P is given as

P = exp

{
−2
~

∫ b

a

√
2µ(V −Q)dz

}
. (8)

Here the mass parameter is replaced by µ = mA1A2/A, where m is the nucleon mass
and A1, A2 are the mass numbers of the daughter and emitted cluster respectively.
The turning points a and b are determined from the equation V (a) = V (b) = Q.
The above integral can be evaluated numerically or analytically, and the half-life is
given by

T1/2 =
(

ln 2
λ

)
=

(
ln 2
νP

)
, (9)

where ν = (ω/2π) = (2Ev/h) represents the number of assaults on the barrier per
second and λ is the decay constant. Ev, the empirical zero point vibration energy,
is given as [28]

Ev = Q

{
0.056 + 0.039 exp

[
(4−A2)

2.5

]}
, for A2 ≥ 4. (10)

3. Results, discussion and conclusion

We studied the cluster radioactivity based on the potential barrier determined by
two-sphere approximation, as the sum of Coulomb and nuclear proximity potentials
[29] for the touching and separated configuration (z > 0). Here z is the distance
between the near surfaces of the fragments. The possibility to have a cluster decay
process is,

Q = M(A,Z)−M(A1, Z2)−M(A2, Z2) > 0, (11)

where M(A,Z), M(A1, Z1), M(A2, Z2) are the atomic masses of the parent, daugh-
ter and cluster respectively.

The concept of cold valley was introduced in relation to the structure of minima
in the so-called driving potential, which is defined as the difference between the
interaction potential and the decay energy (Q-value) of the reaction. Q-values are
computed using experimental binding energies of Audi and Wapstra [30] and some
values are taken from finite-range droplet model tables. The interaction potential is
a function of distance of separation of interacting fragments. The driving potential
of the compound nucleus is calculated for all possible cluster–daughter combinations
as a function of mass and charge asymmetries, η = (A1 − A2)/(A1 + A2) and
ηZ = (Z1 − Z2)/(Z1 + Z2) for the touching configuration of the fragments. That
is, the distance between the fragments r = C1 + C2, where C1 and C2 are the
Siissmann central radii. The charges of the fragments are fixed by minimizing the
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Figure 1. The plot of driving potential vs. A2, the mass of one fragment
for 280116 isotope. The calculations are made for touching configuration,
r = C1 + C2.

Figure 2. The plot of driving potential vs. A2 the mass of one fragment
for 282116 isotope. The calculations are made for touching configuration,
r = C1 + C2.

driving potential for fixed η and r. In the charge asymmetric coordinate ηz, for
every fixed mass pair (A1, A2) a single pair of charges is determined among all
possible combinations. Figures 1 and 2 represent the plots of driving potential
vs. mass A2 of one fragment for the isotopes 280116 and 282116 with and without
including proximity potential. The occurrence of the mass-asymmetry valleys in
these figures is due to the shell effects of one or both fragments. The inclusion of the
proximity potential does not change the position of the minima but they become
deeper. This result is now known for more than two decades, first shown by Saroha
et al [31]. The minima in potential energy curve represent the most probable decay.
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In figures 1 and 2 it can be seen that in addition to alpha particle, 8Be,
12,14C, 18,20O, 32,34Si, 28Mg, 32,34Si, 48,50Ca clusters are probable for emission from
280−282116. Moving to the fission region there are two deep regions each consist-
ing of several comparable minima, the first region centred on 208Pb and second is
around 132Sn. From the cold valley approach the first minimum is at 72Se+208Pb
due to the double magicity of 208Pb (Z = 82, N = 126). Another minimum is
occurring due to the magic neutron shell N = 126 of 214Ra, i.e. at 214Ra+66Ni
while the other splittings 64Ni+216Ra, 70Zn+210Rn and 74Ge+206Po are due to the
presence of near magic neutron shell closures (N ≈ 126). In the case of the second
region, the first minimum is at 132Sn+148Dy due to the double magicity of 132Sn
(Z = 50 and N = 82) while other splittings are at 128Te+152Gd and 130Xe+150Sm.

It is evident from the minima (cold valley) that in addition to alpha particle,
8Be, 14C, 20O, 34Si, 28Mg, 32,34Si, 48,50Ca are the most probable cases of cluster
emission from 284−314116 isotopes. In the fission region, these curves show two deep
minima, same as in figures 1 and 2. One of them is ‘lead valley’ and other is the
‘Sn valley’. In lead valley, some other valleys are situated near to it. These valleys
show the magicity of neutron number N = 126. Examples are 68Ni+214Ra and
74Se+208Pb in 282116, 76Se+208Pb in 284116, 72Ni+214Ra, 78Se+208Pb in 286116,
80Se+208Pb in 288116, 82Se+208Pb in 290116, 84Se+208Pb in 292116, 86Se+208Pb in
294116 and 88Se+208Pb and 90Kr+206Hg in 296116 etc. Finally in the second region
the cold valleys (Sn valley) are situated at 120Sn+162Dy in 282116, 126Sn+162Dy in
288116, 134Te+158Gd in 292116 and 130Sn+166Dy, 132Sn+164Dy and 134Te+162Gd
etc.

The angular momentum ` carried away in the cluster decay process, appearing
in eq. (1) is very small (≈5~) and its contribution to half-life is shown to be small
[23,28] which is decided by the spin parity conservation. In the present work,
calculations are done assuming zero angular momentum transfers. The proximity
potential was first used by Shi and Swiatecki [32] in an empirical manner and has
been quiet extensively used over a decade by Malik and Gupta [33] in the preformed
cluster model (PCM) which is based on the pocket formula of Blocki et al [26] which
is given as

Φ(ε) = −
(

1
2

)
(ε− 2.54)2 − 0.0852(ε− 2.54)3, for ε ≤ 1.2511 (12)

Φ(ε) = −3.437 exp
( −ε

0.75

)
, for ε ≥ 1.2511. (13)

In the present model, another formulation of proximity potential [27] as given
in eqs (4) and (5) have been used. Inclusion of proximity potential reduces height
of the barrier which closely agrees with the experiment. In the present model
cluster formation of probability is taken as unity for all clusters irrespective of their
masses. So the present model differs from the preformed cluster model by a factor
P0, the cluster formation of probability. In the present model assault frequency ν is
calculated for each parent–cluster combination which is associated with zero point
vibration energy but Shi and Swiatecki [32] get ν empirically, unrealistic values
1022 for even A parent and 1020 for odd A parent.
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Figure 3. Computed Q-value and half-life vs. neutron number of daughter
nuclei with Z = 116 emitting from alpha decay. Computed half-life values are
compared with experimental and VSS values.

Figures 3–6 are the plots of computed half-lives and Q-values for clusters like
4He, 10Be, 14,16C and 16,18O against the neutron number of the daughter. It is
found that these figures are mirror reflections of the other. In half-live plots, at
the points N = 162, 172 and 184 a dip is present and in plot for Q-value a rise
is present at N = 162, 172 and 184. Both these facts show that these are due to
the presence of sub-magic shell closure at 162 and spherical neutron shell closure
at 172 and 184. From RMF [34] formalism, neutron number N = 162 has been
predicted to exhibit shell closure. Cwiok et al [35] predicted that N = 162 for Z =
108–110 indicate the bunching of levels with spin and particles 1/2+, 3/2+, 7/2+,
9/2+ and 11/2− and also the large gap of about 1 MeV up to the next higher level.
Gambhir et al [36] showed that the isotopes of Z = 116 turn out to be spherical or
nearly spherical, in the neighbourhood of neutron number 172 (288116). This fact
supports the conclusion that spherical shell closure occurs at neutron number 172
and from relativistic mean field method, Rutz et al [37] predicted N = 172 as the
next possible spherical magic shell closure.

Figure 3 represents the plot of computed half-lives and Q-values for alpha decay
against neutron number of the daughter nuclei. The computed alpha decay half-
lives for 290116 (Present = −1.443, Expt. = −1.82 [38]), 292116 (Present = −0.68,
Expt. = −1.74 [39]) isotopes match with the experimental values within one order
of magnitude and also with the values calculated using the Viola–Seaborg semi-
empirical relationship with constants determined by Sobiczewski et al [40] is given
by

log10 T1/2 = [aZ + b][Q/MeV]−1/2 + cZ + d + hlog, (14)

where the half-life is in seconds, the Q-value is in MeV and Z is the atomic number
of parent nucleus. Instead of using original set of constants by Viola and Seaborg,
more recent values
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Figure 4. Computed Q-value and half-life vs. neutron number of daughter
nuclei with Z = 116 emitting from 10Be isotope.

Figure 5. Computed Q-value and half-life vs. neutron number of daughter
nuclei with Z = 116 emitting from 14,16C isotopes.

a = +1.66175, b = −8.5166, c = −0.20228, d = −33.9069 (15)

that were determined in an adjustment taking account of new data for new even–
even nuclei [40] are used. The quantity hlog in eq. (14) accounts for the hindrances
associated with odd proton and odd neutron numbers given by Viola–Seaborg [41],
namely
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Figure 6. Computed Q-value and half-life vs. neutron number of daughter
nuclei with Z = 116 emitting from 16,18O isotopes.

hlog = 0, for Z even, N even,

hlog = 0.772, for Z odd, N even,

hlog = 1.066, for Z even, N odd,

hlog = 1.114, for Z odd, N odd. (16)

We see that the computed alpha half-lives closely agree with VSS alpha half-life.
Figure 4 represents the plot of computed half-lives and Q-values for 10Be decay

against neutron number of the daughter nuclei. In half-life plots, at the point
N = 174, a dip is present and in plot for Q-value a rise is present at N = 174. This
shows a neutron shell closure at N = 174. We would like to point out that SHF+
Sly4 [35] results show a pronounced shell effect for 289116 which is related to the
deformed shells at Z = 116 and N = 174. The NL-Z2 also predicts a deformed
N = 174 as well but a deformed Z = 114 proton shell (see figure 2 of [42]) that
leads to a broad plateau at smaller atomic numbers.

According to eqs (8) and (9) it is obvious that peak in Q-value appears as a dip
in half-lives or vice versa. The Q-values in the plots (figures 3–6) are the Q-values
corresponding to the driving potential minima of each mass asymmetric combina-
tion. Half-lives are calculated for these Q-values for which the driving potential
is minimum. For a particular mass asymmetric combination, a pair of charges is
singled out for which the driving potential is minimum. The Q-value corresponding
to the driving potential minimum need not necessarily be the maximum Q-value for
that particular mass asymmetry. In the case of 280116 parent ten clusters with dif-
ferent Z values and with the same A2 = 34 are possible for emission with Q-values
varying from 39.54 MeV (for 34Na) to 135.56 MeV (for 34S), but the minimum
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driving potential is obtained for 34Si cluster (Q = 115.747 MeV) not for 34S for
which Q-value is maximum. In the case of A2 = 16, we have shown Q-value plot for
16C and 16O because in some parents 16O is in the cold valley (for e.g. in 280116)
and in some parents 16C is in the cold valley (for e.g. in 284116, 286116).

Cluster radioactivity is energetically possible only if Q-value is positive. If we
plot all positive Q-values (or half-lives) against A2, the mass of light fragment, the
plot will not give any information on magic shell closure even though information
on shell effects are contained in the Q-value. We took those Q-values (or half-lives)
which lie in the cold valley, i.e. the proper choice of Q-value (or half-lives) will give
information about magicity (figures 3–6). The dynamical quantity, the half-life, in
principle depends not only on nuclear structure but also on nuclear inertia. The
computation of half-life is to find the stability of 280−314116 parent nuclei against
cluster emission. In cluster radioactivity half-lives up to 1030 s is probable for
emission. The parent nuclei with T1/2 > 1030 s are stable against cluster decay.

The present calculations have been done to find the alpha decay half-lives and to
determine the most probable heavy cluster emissions. Our calculated alpha half-life
values for 290,292116 isotopes agree well with experimental values. Therefore, we
presume that the present alpha half-lives of other isotopes will be a guide to future
experiments.

Poenaru et al studied the plot connecting Q-value and log10 T1/2 against neutron
number (figure 2 of ref. [43]). The peak in Q-value corresponds to a dip in log10

T1/2 which is attributed to neutron shell closures at 126, 152 and 162 for alpha
decay of parent with Z ranging from 96 to 117. These authors have done a similar
work (figures 3 and 4 of ref. [44]) in which they show the proton shell closure of
Z = 82 and neutron shell closure of N = 126 for parents decaying to daughters with
atomic numbers ranging from 80 to 84. Zhang et al using GLDM, studied the plot
connecting Q-value and logarithmic half-life against neutron number of parent with
Z = 106–120 decaying by alpha emission. Both plots are found to be perfect inverse
reflection of the other (figure 1 of ref. [45]) and shows the sub-magic shell closure at
N = 162 and spherical shell closure at N = 184. Similar plots connecting Q-value
and log10 T1/2 against neutron number of daughter for various bismuth isotopes in
the range 187 ≤ A ≤ 214 (figure 4 of ref. [46]) was studied by Tavares et al and
they found a peak in Q-value corresponding to a dip in log10 T1/2, which indicates
the neutron shell closure at N = 126.

Figures 7 and 8 represent the computed half-life vs. mass number of parent nuclei
emitting various clusters ranging from 8Be to 70Ni. From these plots it is clear that
in addition to alpha particle 8Be, 12C and 14C clusters are most probable for the
emission with half-life, T1/2 < 1030 s.

Mass parabola (plot connecting −∆M , the difference in masses of parent and
daughter nuclei vs. neutron number of daughter nuclei) for various clusters emitted
from various Z = 116 parents is studied. Figure 9 represents isotopic mass parabola
for 16C, 20O, 10Be, 14C cluster emissions from various Z = 116 parents. Minima
(slope discontinuity) of mass parabola occur at magic neutron number N = 162,
184. We would like to mention that minima of mass parabola represent the low-
est half-life T1/2 for the corresponding cluster. Half-life measurement for cluster
emission may not be possible because few atoms of short-lived superheavy nuclei
are produced but in future more mass measurements will be available and by not-
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Figure 7. Computed half-life vs. mass number of parent nuclei with Z = 116
emitting various clusters ranging from 8Be to 32Si.

Figure 8. Computed half-life vs. mass number of parent nuclei with Z = 116
emitting various clusters ranging from 34Si to 70Ni.

ing the minima in mass difference, it will be possible to find neutron magicity in
superheavy region.

Tables 1 and 2 show the computed half-life values and other characteristics of
280−314116 isotopes decaying by the emission of the most probable clusters. It is
clear that 8Be from 304116, 14C is from 308116 and 22O from 314116 isotopes are the
most probable. All these decay show the role of spherical shell closure of daughter
at N = 184. 8Be cluster from 302116, 10Be and 12C from 304116, 8Be, 10Be, 12C
and 14C from 306116, 10Be, 12,16C from 308116, 14C, 16C and 20O from 310116 and
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Table 1. The computed half-life values, barrier penetrability and other char-
acteristics of 280−292116 isotopes with zero angular momentum transfers.
Masses are taken from [30,51].

Parent Emitted Daughter Q-value Penetrability Decay
nuclei cluster nuclei (MeV) P constant log10 T1/2

280116 4He 276114 12.43 3.838e−19 2.191e+04 −4.50
12.97a 5.702e−16 3.397e+05 −5.60

8Be 272112 24.67 1.849e−34 1.407e−13 12.69
25.36a 5.991e−33 4.693e−12 11.17

12C 268110 43.64 3.311e−38 4.024e−17 16.24
44.64a 1.759e−36 2.188e−15 14.51

282116 4He 278114 11.66 6.514e−19 3.488e+02 −2.71
12.44a 4.385e−17 2.505e+04 −4.56

8Be 274112 24.21 2.008e−35 1.502e−14 13.66
24.65a 1.996e−34 1.520e−13 12.66

12C 270110 42.97 2.809e−39 3.362e−18 17.31
43.69a 5.261e−38 6.402e−17 16.03

284116 4He 280114 11.61 5.316e−19 2.835e+02 −2.61
11.82a 1.730e−18 9.389e+02 −3.13

8Be 276112 23.12 6.286e−38 4.489e−17 16.19
23.71a 1.653e−36 1.210e−15 14.75

12C 272110 42.33 2.537e−40 2.991e−19 18.37
42.41a 3.548e−40 4.190e−19 18.22

286116 4He 282114 11.45 2.359e−19 1.240e+02 −2.25
11.18a 4.640e−20 2.382e+01 1.54

8Be 278112 21.33 1.714e−42 1.290e−21 20.79
22.56a 3.025e−39 2.108e−18 17.52

12C 274110 40.99 1.041e−42 1.188e−21 20.77
41.05a 1.353e−42 1.547e−21 20.65

288116 4He 284114 11.32 1.155e−19 6.006e+01 −1.94
10.84a 6.183e−21 3.078 −0.65

290116 4He 286114 11.31 1.734e−19 6.097e+01 −1.94
10.58a 1.260e−21 0.612 0.05

11.00b 1.863e−20 9.416 −1.13

292116 4He 288114 10.71 3.145e−21 1.547 −0.35
10.34a 2.76e−22 0.131 0.72

10.80b 5.758e−21 2.857 −0.62

aRef. [55], bref. [59].

22O from 314116 isotopes are also probable for emission. This stresses the role of
near spherical shell closure of the daughter nuclei at N = 184.

We would like to point out that Gupta et al [47] studied the shell structure in
superheavy region by calculating Q-values, barrier penetrability and preformation
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Table 2. The computed half-life values, barrier penetrability and other char-
acteristics of 294−314116 isotopes with zero angular momentum transfers.
Masses are taken from [30,51].

Parent Emitted Daughter Q-value Penetrability Decay
nuclei cluster nuclei (MeV) P constant log10 T1/2

294116 4He 290114 10.98 1.849e−20 9.321 −1.13
10.17a 9.293e−23 0.043 1.20

296116 4He 292114 11.51 4.995e−19 2.641e+02 −2.58
10.51a 9.897e−22 0.478 0.16

298116 4He 294114 11.23 9.697e−20 5.001e+01 −1.86
10.27a 2.124e−22 0.1 0.84

300116 4He 296114 11.41 3.001e−19 1.572e+02 −2.36
10.14a 9.299e−23 0.043 1.204

302116 4He 298114 11.95 6.731e−18 3.694e+03 −3.73
11.73a 1.994e−18 1.704e+03 −3.19

8Be 294112 20.77 1.517e−43 9.730e−23 21.85
19.75a 1.467e−46 8.954e−26 24.89

304116 4He 300114 11.92 6.083e−18 3.330e+03 −3.68
10.89a 1.479e−20 7.935 −1.03

8Be 296112 21.34 6.811e−42 4.490e−21 20.19
20.65a 7.942e−44 5.066e−23 22.14

306116 4He 302114 11.46 4.858e−19 2.557e+02 −2.57
10.13a 1.054e−22 0.049 1.15

8Be 298112 20.87 3.802e−43 2.451e−22 21.45
19.68a 1.166e−46 7.087e−26 24.99

308116 4He 304114 11.02 3.744e−20 1.895e+01 −1.44
9.37a 4.173e−25 0.179e−03 3.59

14C 294110 41.26 3.975e−42 4.498e−21 20.19

310116 4He 306114 10.41 8.023e−22 0.384 0.26
8.42a 1.458e−28 5.635e−08 7.09

14C 296110 40.36 6.380e−44 7.062e−23 21.99

312116 4He 308114 7.81 4.246e−31 1.523e−10 9.66
8.16a 1.358e−29 5.090e−09 8.13

22O 290108 57.9 1.041e−49 1.633e−28 27.63

314116 4He 310114 6.15 7.601e−40 2.148e−19 18.51
7.93a 1.518e−30 5.527e−10 9.10

aRef. [55].

probability for both alpha and heavy cluster decay. These authors studied alpha
decay of 293118 and its subsequent parents ending the chain in 269106, and cluster
decays of all these parents in the alpha decay chain. The calculated alpha half-life
value of 285114 shows a strong peak which indicates magic shell closure at either
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Figure 9. Mass parabola for 16C, 14C, 20O, 10Be cluster emissions from
Z = 116 parent.

or both Z = 114, N = 172. This is supported by a small Q-value and small
(deeper minima) penetrability and preformation factor (figure 3 of ref. [47]). The
calculation done by these authors for various cluster decays from these parents
(plot of log10 T1/2 and Q-value vs. mass number of parent, figure 4 of ref. [47]) also
indicate the presence of deformed shell closure at N = 162 and Z = 106.

In the present work Q-values are calculated from experimental binding energies
[30] supplemented by finite range droplet model description of Moller et al [48]. So
the full shell effects are contained in our calculation that comes from experimental
and/or calculated binding energies. The shell effects in the calculated binding
energy are obtained in the Strutinsky way [49,50] by using folded Yukawa single
particle potential and macroscopic finite range droplet model.

The single particle level calculations show that the shell closures in the super-
heavy mass region are isospin-dependent. In superheavy nuclei the spin–orbit in-
teraction can open substantial shell gaps, e.g. between the proton 2f7/2–2f5/2

spin–orbit partners. A nucleus with Z = 114 protons will fill all orbitals up to the
2f7/2 shell, and it is the strength of the spin–orbit interaction that determines the
size of the Z = 114 gap. From single particle orbitals predicted around the Fermi
surface, both the two-neutron structure {7/2+[624]υ × 1/2+[620]υ}(3+) and the
two-proton structure {1/2−[521]π × 7/2−[514]π}(3+) can be formed. The N = 184
neutron shell closure is due to the filling up of all orbitals up to the 1j15/2 state
and the size of the shell gap is related to the strength of the spin–orbit interaction
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Figure 10. Plot connecting mass deviation with neutron number for various
parents with Z = 108–122.

Figure 11. Isotopic mass parabola connecting mass excess with neutron
number. The masses are taken from [60].

while the sub-magic shell closure at N = 162 is due to the filling up of all orbitals
up to the 2g7/2 level.

From table 1 it is found that 4He from 280116 and 302116 parents have the lowest
half-life value compared to other decay modes including that of heavier clusters.
This indicates the neutron magicity at 162 and 184 of daughter nuclei. In alpha and
cluster radioactivity it is found that half-life has minimum value for those decays
which lead to doubly magic daughter [51]. Keeping this in mind we can conclude
that proton shell closure occurs at Z = 114 in the superheavy region. Our studies
show that 276

162114 is deformed doubly magic and 298
184114 is spherical doubly magic.
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Figure 12. Isobaric mass parabola connecting mass excess with proton num-
ber. The masses are taken from [55].

On the basis of the preformed cluster model, Gupta et al [47] revealed that alpha
decay half-life for Z = 114 and A = 285 is very high which means that the parent
nucleus 285114 is very stable against alpha decay. This stability can be attributed
to the magicity of proton at Z = 114. We would also like to point out that the finite
range droplet model with folded Yukawa single particle potentials (FRDM+FY) [52]
and the Yukawa plus exponential model with Wood–Saxon single particle potential
(YPE+WS) [53,54] confirm the prediction of 298

184114 as the next spherical doubly
magic nucleus.

Figure 10 represents the plot connecting mass deviation with neutron number for
superheavy nuclei with Z = 108–122. The mass deviations are obtained by sub-
tracting mass of an undistorted liquid drop [12] from the theoretical mass estimate
of KUTY [55]. The mass deviation represents the shell correction in a method other
than Strutinsky [49,50]. The mass of an undistorted liquid drop is given by

M0 = MnN + MHZ − C1A + C2A
2/3 + C3

Z2

A1/3
− C4

Z2

A
+ δ. (17)

Here Mn is the neutron mass and MH is the mass of hydrogen atom, the third term
is the volume energy term, fourth term represents the surface energy, fifth term is
the Coulomb energy term and the last term is the odd–even correction [56]. From
these plots we see that a large deviation in mass difference occur at N = 184, the
spherical neutron shell closure.
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Following the prescription of Zeldes [57] we studied isotopic and isobaric mass
parabola, the plot connecting mass excess and neutron number. Figure 11 shows
isotopic mass parabola for Z = 115 and 116. Figure 12 represents isobaric mass
parabola for A = 297–300. The minima (slope discontinuity) in figure 11 occur at
the magic neutron number N = 162 and minima (slope discontinuity) in figure 12
indicate proton magicity at Z = 114. We would like to point out that by noting
the minima in mass excess it will be possible to find neutron and proton magicities
in superheavy region.

We would like to point out also that according to Gupta et al [58] once the
fragmentation potential (driving potential) is minimized in ηZ and the behaviour of
T1/2 studied as a function of N (equivalently ηN ) there is no need for plotting mass
parabolas (figures 9, 11, 12) since the three variables η, ηZ and ηN are connected and
only two of them are enough. But since only few atoms of short-lived superheavy
nuclei are produced it will not be possible to find neutron and proton magicities in
superheavy region by cluster radioactivity experiments. However, in future more
mass measurements will be available and by noting the minima in mass parabola,
it will be possible to find neutron and proton magicity in superheavy region.
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