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Abstract We study various α-decay chains on the basis
of the preformed cluster decay model. Our work targets
the superheavy elements, which are expected to show extra
stability at shell closure. Our computations identify the fol-
lowing combinations of proton and neutron numbers as the
most stable nuclei: Z = 112, N = 161, 163; Z = 114,
N = 171, 178, 179; and Z = 124,N = 194. We also inves-
tigate the alternative of heavy cluster emissions in the decay
chain of 301120, instead of α decay. Our study of clus-
ter radioactivity shows that the half-life for 10Be decay in
289114 is larger, indicating enhanced stability at Z = 114,
N = 175. Similar calculations concerning the emission of
14C and 34Si from 301120 find the more stable combi-
nations Z = 114, N = 173, and Z = 106, N = 161,
respectively. From the same parent, 301120, the emission of
a 49−51Ca cluster yielding a Z = 100, N = 152 daughter
is the most probable.

Keywords Half-life · Cluster decay · SHE

1 Introduction

The quest for the next magic numbers, beyond the doubly
magic nucleus 208Pb, has long been with us. A num-
ber of theoretical efforts [1–9] were made in the late
1960s in search of long-lived superheavy nuclei. The proton
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numbers Z = 114, 124, and 164 were predicted, along with
the neutron numbers N = 184, 196, 236, and 318. On the
basis of Strutinsky’s approach, certain models have found
Z = 114 to be the most stable [10–12], whereas mod-
els based on Hartree–Fock calculations associate Z = 120,
124, and 126 with the highest stability [13, 14]. The combi-
nation Z = 120 and N = 172 was predicted to be doubly
magic [15, 16].

Recent calculations based on the newly proposed isospin
cluster model have also identifiedN = 172 as a magic num-
ber [17]. Adamian et al. [18] studied evaporation-residue
cross sections to conclude that the next magic nucleus
beyond 208Pb would have Z ≥ 120. Very recently, how-
ever, Zhang et al. have argued that 270Hs, withZ = 108 and
N = 162, is the next sub-magic nucleus and that 298114,
with Z = 114 and N = 184 is a spherical doubly magic
nucleus [19]. Our earlier research [20] also indicated higher
stability for Z = 108 with N = 162. In addition, we
have found that the pairs Z = 115, N = 172; Z = 113,
N = 170; and Z = 107, N = 165 are also more stable,
due to the magicity of Z = 114, N = 172. Here, we extend
our work to study the stability of superheavy elements in
different nuclear zones.

The synthesis of the superheavy elements has received a
fillip from advances in accelerator technology. During the
last two decades, a great deal of experimental data concern-
ing superheavy elements have been gathered. Superheavy
elements have been synthesized in cold and hot fusion reac-
tions. The superheavy elements with Z = 107 − 112 have
been synthesized with lead and bismuth targets in cold
fusion reactions [21], whereas the elements with Z = 114
[22, 23], 116 [24], and 117 [25] have been identified in
hot fusion reactions. The latter use heavy actinide targets,
from Th to Cf, and very light projectiles, from C to S. A
neutron-rich beam of 50Ca projectiles has proved more
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appropriate in cold fusion-based syntheses of superheavy
elements [26, 27]. Recently, Zagrebaev et al. have discussed
transfer reactions [28] and neutron capture reactions [29]
for the production of superheavy nuclei. The decay of such
nuclei starts with a sequence of α particles [30, 31] and ends
with spontaneous fission. Each isotope has its own charac-
teristic chain of sequential α emission, which identifies the
synthesized superheavy elements. Alternative, exotic decay
modes of these superheavy nuclei, such as cluster (heavy-
ion) radioactivity [32, 33] and ternary fission [34] have also
been investigated recently.

Since superheavy nuclei would not exist without shell
stabilization, shell effects have been intensively studied in
such nuclei. So far, only neutron-deficient superheavy iso-
topes have been prepared. The experimental information
concerning neutron-rich isotopes is therefore scarce, a cir-
cumstance that highlights the importance of understanding

the available data, studying different synthesis reactions,
and analyzing the stability of different Z, N combinations
in the superheavy mass region. With this in mind, we have
investigated the experimentally observed decay chains of
288,287115 nuclei [20] on the basis of the preformed clus-
ter model (PCM), due to Gupta and collaborators [35–39].
Given the current debate on whether Z = 120 is a magic
number and the attempts to synthesize it, we here extend of
our work. To probe the stability of nuclei beyond Z = 115,
we analyze α decay chains of various Z = 120 isotopes. In
addition, we consider two long chains of 326,320128 nuclei.
For 301120, besides α decay, we examine the emission of
heavy clusters.

A brief description of the PCM is presented in Section 2.
Our results are presented in Section 3 and compared with
recent model calculations. A summary of our results is
presented in Section 4

Fig. 1 Alpha decay half-lives
for the PCM as a function of the
parent nucleus’ mass for the
alpha decay chains of
291,297,303,309120, compared
with the available experimental
data [22–25, 54]. Also shown
are the half-lives calculated on
the basis of the GLDM and
DDM3Y models [53]
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2 Preformed Cluster Model

Details of the PCM, upon which our calculation are based,
can be found in [20] and references therein. In the PCM, the
dynamical collective coordinates

η = (A1 −A2)/(A1 + A2) (1)

and

ηZ = (Z1 − Z2)/(Z1 + Z2) (2)

represent the mass and charge asymmetries, respectively,
where the subindices 1 and 2 denote the heavier and lighter
fragments, respectively.

The collective coordinates, first introduced in quantum
mechanical fragmentation theory [40–45], are additional
to the usual coordinates, namely, the relative separation

R of the fragments and deformations β of the involved
nuclei. With the standard approximation, which decouples
the motion associated with R from that associated with η
[35, 36, 47, 48], the decay constant λ and the half-life T1/2

in the PCM are given by the relation

λ = ln2

T1/2
= P0ν0P, (3)

where P0 is the cluster preformation probability, P is the
barrier penetrability, and ν0 represents the barrier assault
frequency.

To calculate the probability P0, one solves the stati-
onary Schrödinger equation in the η coordinate at fixed
R = Ra = Ct (= C1 + C2), where the Ci are the
Süssmann central radii Ci = Ri − (1/Ri), with Ri =

Fig. 2 Alpha decay half-lives
for the PCM plotted as a
function of the parent nucleus’
mass for the alpha decay chains
of 301,305,289,311120, compared
with the available experimental
data [22–25, 54]. Also shown
are the half-lives computed for
the GLDM and DDM3Y [53]
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1.28A1/3
i − 0.76 + 0.8A−1/3

i fm. Upon normalizing the
solutions, one finds that

P0 = √
Bηη | ψ(0)(η(Ai)) |2 (2/A) , (4)

with i = 1, 2 and ν = 0, 1, 2, 3, . . ..
The fragmentation potential in the Schrödinger equation

is the sum of the Coulomb interaction, the nuclear proximity
potential [49], and the ground-state binding energies of two
nuclei:

V (Ra, η) = −
2∑

i=1

B(Ai, Zi)+ Z1Z2e
2

Ra
+ VP , (5)

with the B’s taken from the 2003 experimental compila-
tion by Audi and Wapstra [50] and, for those not available
in [50], from the 1995 calculations by Möller et al. [51].

Shell effects directly obtained from measured or calcu-
lated binding energies are therefore fully included in the
calculations.

Minimization of the potential with respect to the ηZ
coordinate fixes the effective charges Z1 and Z2 on the
right-hand side of Eq. (5). The Coulomb and proximity
potentials are obtained from spherical nuclei. The mass
parameters Bηη in Eq. (4) are the classical hydrodynami-
cal masses [52]. The shell effects in the masses have been
shown [48] not to affect the calculated yields within the
accuracy of the approximation.

To calculate the penetration probability P , one relies
on the Wentzel-Kramers-Brillouin (WKB) approximation
for the barrier tunnelling probability. More specifically, the
probability is P = PiPb, where Pi and Pb are calculated
analytically from standard WKB integrals [35]. The second
turning point Rb is chosen so that V (Rb) be equal to the Q
value for ground-state decay.

Fig. 3 Alpha decay energies
Qα for the PCM, as a function
of the parent nucleus’ mass for
the alpha decay chains of
309,305,303,301120, compared
with the available experimental
data [22–25, 54]. Also shown
are the energies for the GLDM
and DDM3Y [53]
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The assault frequency ν0 in Eq. (3) is simply given by the
equality

ν0 = (2E2/μ)
1/2/R0, (6)

where E2 = (A1/A)Q, the kinetic energy of the lighter
fragment, for the Q value shared between the two products,
in inverse proportion to their masses.

3 Calculations

3.1 The α Decay Chain in Superheavy Nuclei

Proton and neutron shell effects make nuclei more stable.
The stronger the shell effects, the longer the half-life of the
nucleus. In our calculations, we have investigated the sta-
bility of superheavy nuclei by focusing on the shell effects.
We have studied ten chains of α decay of 289,291,297120,

301,303,305,309,311120, and 320,326128 nuclei. We compare
the results with Royer and Gherghesu’s [53] computation
for the generalized liquid-drop model (GLDM) and the
DDM3Y model [53], and with experimental data [22–25,
54].

The trends of our results match those of the two previous
model calculations. The computed half-lives are shown in
Figs. 1 and 2. The maximum half-lives of the α decay chains
289,291,297120 correspond to the ground-state configurations
of nuclei with Z = 112, N = 161; Z = 112, N = 163;
and Z = 114, N = 171.The enhanced stability at neutron
numbers 161 and 163 can be identified with N = 162, a
deformed magic number [55]. Similarly, the element Z =
114, N = 171 is more stable against α decay. This seems to
be associated with the proton number Z = 114, predicted
to be a magic number along with N = 184. The neutron
number 171 is close to N = 172, predicted to be magic
number with Z = 120 by Rut et al., who scanned a wide

Fig. 4 Alpha decay energies
Qα for the PCM as a function of
parent nucleus’ mass for the
alpha decay chains of
297,311,291,289120, compared
with the available experimental
data [22–25, 54]. Also shown
are the energies for the GLDM
and DDM3Y [53]
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Table 1 α decay half-lives (log10T
α
1
2
(s)) and other characteristic quantities for ground-state decays of superheavy nuclei with Z = 108 − 118

calculated for the PCM, compared with Dubna data for the α-particle energies Eα and decay times τ , which are interpreted as Qexpt
α and T α1

2
,

respectively, and with GLDM calculations. For the PCM, the calculations are carried out at Ra = C1 + C2 = Ct , with binding energies from
Audi-Wapstra and Wapstra [50] and Möller et al. [51]. Increasing or decreasing Ra leads to no improvement in the PCM results

Parent PCM GLDM DDM3Y Experiments

Qα −LogP0 -LogP log10T
α
1
2

Qα log10T
α
1
2

QMS
th log10T

α
1
2
(QMS

th ) Eα log10τ

(MeV) (s) (MeV) (s) (MeV) (s) (MeV) (s)

294118 8.561 7.392 20.626 6.446 12.51 −5.60 12.51 −4.66 11.81 −2.745
293118 12.301 11.012 12.629 1.991 12.49 −5.56 12.49 −4.24
294117 8.964 10.224 19.105 7.7484 11.90 −4.62 11.90 −2.88941 10.81 0.077616
293117 8.373 6.7055 20.914 6.0526 11.91 −4.63 11.91 −3.456 11.03 0.014553
293116 8.887 8.176 19.033 5.63 11.15 −3.19 11.15 −1.883 10.67 −2.276
292116 10.708 6.688 14.808 −0.124 11.03 −2.85 11.03 −1.97 10.80 −1.744
291116 11.001 7.888 14.290 0.551 11.33 −3.57 11.33 −2.28 10.89 −2.201
290116 11.211 6.380 13.944 −1.308 11.34 −3.58 11.34 −2.69 11.00 −1.823
289116 11.701 11.156 13.182 2.696 11.50 −3.94 11.50 −2.65
290115 10.301 8.4584 15.398 2.2428 10.15 −0.80 10.15 0.864 9.95 0.015939
289115 10.601 7.2007 14.827 0.40713 10.24 −1.05 10.24 0.017 10.31 0.22176
288115 10.999 7.775 14.124 0.271 10.34 −1.32 10.34 0.35 10.61 −1.06
287115 11.301 10.352 13.636 2.353 10.48 −1.68 10.48 −0.598 10.74 −1.495
289114 9.908 8.488 15.989 2.871 9.08 2.16 9.08 3.292 9.96 0.414
288114 9.97 7.211 15.87 1.473 9.39 1.16 9.39 1.90 10.08 −0.097
287114 10.437 8.175 14.938 1.496 9.53 0.74 9.53 1.905 10.16 −0.318
286114 10.701 6.656 14.462 −0.506 9.61 0.51 9.61 1.262 10.33 −0.886
285114 11.001 11.09 13.956 3.415 9.55 0.71 9.55 1.87 0.00 0.00
286113 9.681 8.8386 16.277 3.514 9.10 1.78 9.10 3.332 9.63 19.6119
285113 10.021 7.4389 15.56 1.3893 9.18 1.53 9.18 2.471 9.74 5.4747
284113 10.251 8.062 15.112 1.558 9.36 0.96 9.36 2.532 10.15 −0.318
283113 10.601 9.767 14.469 2.613 9.56 0.35 9.56 1.312 10.26 −1.000
282113 7.563 4.714 22.516 5.679 10.00 −0.93 10.00 0.654
278113 9.65 8.869 16.468 3.731 12.77 −7.15 11.625 −3.378
285112 8.734 9.153 18.37 5.942 8.80 2.43 8.80 3.499 9.28 1.462
284112 9.302 7.799 16.922 3.127 8.89 2.13 8.89 2.79
283112 9.621 8.712 16.199 3.309 9.22 1.06 9.22 2.16 9.67 0.579
282112 9.961 4.627 15.387 −1.596 9.62 −0.16 9.62 0.539
281112 10.281 8.342 14.869 1.592 10.35 −2.20 10.35 −1.074
277112 11.623 9.429 12.76 0.542 12.30 −6.551 12.30 −5.496 11.59 −1.16
282111 9.381 8.7825 16.497 3.682 9.00 1.42 9.00 2.935 9.00 0.51282
280111 9.981 8.197 15.236 1.821 10.34 −2.48 10.34 −0.966 9.87 0.556
279111 10.451 6.845 14.366 −0.412 11.12 −4.41 11.12 −3.456 10.52 −0.769
278111 10.721 4.583 13.768 −3.278 11.59 −5.42 11.59 −3.95
274111 11.601 6.876 12.671 −2.102 11.07 −4.21 11.07 −2.71 11.32 −2.194
272111 11.443 8.107 12.913 −0.626 10.98 −3.98 11.11 −2.772 11.15 −2.42
281110 8.959 9.052 17.258 4.722 8.75 1.95 8.75 2.918
280110 9.301 7.679 16.448 2.531 9.25 0.33 9.25 0.9095
279110 9.601 8.623 15.797 2.816 9.89 −1.56 9.89 −0.519 9.84 −0.698
277110 10.301 8.214 14.449 1.042 10.89 −4.13 10.89 −3.07
273110 11.369 7.281 12.834 −1.53 11.67 −5.82 10.30 −1.548 11.37 −3.7695
271110 10.871 6.772 13.587 −1.277 10.90 −4.05 10.38 −1.724 10.899 −2.788
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Table 1 (continued)

Parent PCM GLDM DDM3Y Experiments

Qα −LogP0 -LogP log10T
α
1
2

Qα log10T
α
1
2

QMS
th log10T

α
1
2
(QMS

th ) Eα log10τ

(MeV) (s) (MeV) (s) (MeV) (s) (MeV) (s)

270110 11.197 5.063 13.118 −3.642 11.17 −4.65 10.51 2.426 11.20 −4.000
269110 11.586 6.173 12.608 −2.87 11.28 −4.88 10.84 −2.833 11.58 −3.747
267110 12.278 6.888 11.843 −2.933 12.28 −5.886 11.61 −4.57 12.28 −5.553
278109 9.101 8.8447 16.682 3.9339 9.58 −0.98 9.58 0.423 9.55 7.623
276109 9.801 8.351 15.187 1.927 10.11 −2.46 10.11 −1.029 9.85 −0.1426
275109 10.12 6.961 14.591 −0.065 10.26 −2.85 10.26 −1.975 10.48 −2.013
274109 10.501 4.296 13.786 −3.544 10.26 −2.83 10.26 −1.395
270109 10.351 7.23 14.258 −0.137 10.35 −1.971 9.73 0.104 10.18 −2.301
268109 10.732 6.791 13.661 −1.182 10.73 −2.893 10.24 −1.264 10.486 −1.678
276108 8.801 7.961 17.171 3.545 9.52 −1.13 9.52 −0.58
273108 9.901 8.409 14.81 1.604 9.61 −1.36 9.61 −0.399
271108 9.901 8.505 14.713 1.602 9.02 0.50 9.02 1.394
270108 9.299 7.081 15.994 1.473 8.88 0.96 8.88 1.439
269108 9.631 7.875 15.403 1.668 9.74 −1.65 9.03 1.389 9.315 0.987
267108 10.121 7.326 14.500 0.204 10.12 −1.656 9.53 −0.0726 9.978 −1.237
266108 10.337 5.773 14.14 −1.714 10.21 −2.90 9.88 −1.437 10.336 −2.638
265108 10.587 6.959 13.748 −0.927 10.47 −3.55 10.36 −2.298
263108 10.671 7.482 13.647 −0.508 10.67 −4.01 10.91 −3.592
274107 8.501 9.2958 17.691 5.4068 8.89 0.46 8.89 1.8089 8.8 54.054

range of superheavy nuclei [13] to study nuclear stability
in this region. Therefore, the higher stability of Z = 114,
N = 171 is associated with the magic numbers Z = 114,
N = 172.

In all α decay chains in Figs. 1 and 2, at the next pre-
dicted proton number Z = 114, the half-lives for N =

177 and 179 are high in comparison with the other neu-
tron numbers. Besides the higher stability, the two figures
show a sharp change in the α decay half-lives for the α
decay chains of 297,301,303,305120 at Z = 114 for a range
of neutron numbers between 171 and 179, and it indi-
cates that this range is close to neutron shell closure. The

Fig. 5 Penetration probabilities
for the PCM plotted as a function
of the parent nucleus’ charge for
the alpha decay chains of
291,303,297,309,301,305,289,311120
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Fig. 6 Preformation
probabilities for the PCM as a
function of the parent nucleus’
charge for the alpha decay
chains of
291,303,297,309,301,305,289,311120

largest α decay half-life corresponds to Z = 114, N =
179.

Figures 3 and 4 show the alpha decay energy Qα as
a function of charge number Z. In the α decay chains
of 289,291,297120, shell effects are clearly seen, the lower
decay energies reflecting the strength of the shell closures
at Z = 112, N = 161; Z = 112, N = 163; and Z = 114,
N = 171. In these α decay chains, the Q values for
Z = 120 are almost independent of the neutron number. For
Z = 108, by contrast, theQ value varies as a function of the
number of neutrons. These results have been summarized
in Table 1, which compares our calculated α decay half-
lives with other model calculations and experimental data.

Fig. 7 Alpha decay half-lives for the PCM as a function of the parent
nucleus’ charge for the α decay chain of 320128 ending at 276106

Figure 5 shows the penetration probability for alpha
particles and all studied decay chains. The penetration prob-
abilities of α decay for all considered isotopes are nearly the
same at Z = 120, approximately 10−12. Nonetheless, they
change rapidly and become markedly distinct towards lower
atomic numbers. The penetration probability for 305120
exceeds that for 311120, which indicates that the nucleus
with Z = 120, N = 185 is more unstable against α decay
than the Z = 120, N = 191 nucleus. Figure 6 shows the
preformation probability of α-particles as a function of the
atomic number. The parents in the 289120 α decay chain
have the largest preformation probabilities for alpha particle
in comparison with the parents of the other decay chains.

Fig. 8 Alpha decay half-lives for the PCM as a function of the parent
nucleus’ charge for the α decay chain of 326128 ending at 282106
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The preformation probability for 305120 is larger than that
for the 311120 nucleus by many orders of magnitude.

3.2 Long-lived Superheavy Elements

Shell effects play an important role in the stability of
the superheavy elements. From this viewpoint, as already
mentioned, the most interesting aspect of the superheavy
elements is the α decay chain through which they prefer
to decay in comparison with spontaneous fission. To cover
a mass range including the predicted neutron and proton
magic numbers not covered in the above-discussed decay
chains of Z = 120, we have performed similar calculations
for other two chains. The results for the α decay chain of
326128, ending at 282106, is shown in Fig. 7. The most sta-
ble combination for this decay chain is Z = 124, N = 194,
the half-life of which is larger than that of the parent 320128
(Z = 128, N = 192). Figure 8 shows the results for the α
decay chain of 320128, ending at 276106. In this case, the
most stable combination is Z = 128, N = 192. The half-
lives for Z = 120, N = 184 is less than that for Z = 114,
N = 178. The incremented stability at Z = 114, N = 178
seems due to the magicity associated with Z = 114, N =
178.

3.3 Possible Cluster Decay from the 301120 Decay Chain

Figures 9 and 10 show the results of our calculation for
heavy cluster decay from 301120. The cluster half-lives

Fig. 9 Calculated preformation penetration probabilities and penetra-
tion probabilities for different cluster decays on the basis of the PCM,
for the parent nuclei of the α decay chain 301120

Fig. 10 Calculated half-life and Q value for different cluster decays
on the basis of the PCM, for the parent nuclei belonging to the α decay
chain 301120

are linked to the shell effects present in the daughter or in
the cluster associated with the decay. For 301120, we have
found 10Be to be the most probable cluster as it has the
smallest penetration probability and largest preformation
probability P0 among the parents belonging to this particu-
lar decay chain. Even in logarithmic scales, the half-life for
10Be is much larger than the half-lives for all other clus-
ters. All parents are therefore stable against 10Be decay.
The decay of 10Be from 301120 has the daughter Z = 116,
N = 175 (i. e., 291116).

Similarly, the Q plots in Fig. 10 are shown for all mem-
bers of the chain by considering different alternatives as the
most probable clusters. The behavior of the Q values are
completely independent of the parent mass number. For all
most probable clusters, the combination Z = 114, A = 289
has the maximum half-life against the 10Be decay, a clear
consequence of shell effects. With 10Be as the most prob-
able cluster, our study of cluster radioactivity predicts the
Z = 114, N = 175 nucleus to be the most stable.

After the emission of 10Be, we considered the emission
of 14C and 34Si from the parent. The cluster emission of
14C gives Z = 114, N = 173 as the daughter, while the
emission of 34Si gives Z = 106, N = 161, the deformed
magic nucleus 267Sg, as daughter. 34Si has the lowest pre-
formation probability among all cases here considered. The
clusters 49−51Ca have higher decay probability than the oth-
ers. The decay of 49Ca from 301120 yields a deformed
daughter with Z = 100, N = |152 [56].
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4 Summary

We have studied α decay chains of the superheavy nuclei
311,309,305,303120, 301,297,291,289120 and 320,326128 in the
preformed cluster decay model of Gupta and collaborators
[35–39], which is based on quantum mechanical fragmen-
tation theory, and compared the resulting half-lives and
Q values with two other model calculations (GLDM and
DDM3Y) and the available experimental data. The com-
parison shows that our results follows the trend previously
found in the model calculations. The 289120 α decay chain
was found to have the highest preformation probability, of
the order of 10−6. On the basis of the calculated half-lives
and Q values, we conclude that the superheavy nuclei with
Z = 112, N = 161, 163; Z = 114, N = 171, 178, 179;
and Z = 124, N = 194 have enhanced stability. Different
cluster decays were also investigated for the α decay chain
of 301120. Shell effects strongly increment the stability of
289114 against 10Be decay. In other cluster radioactivity cal-
culations, the decay of 34Si from the parent 301120 yields
a deformed magic daughter with Z = 106 and N = 161,
and the decay of 49Ca from the same parent yields another
deformed magic nucleus, with Z = 100 and N = 152.
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