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The a-decay half-lives of the recently synthesized superheavy nuclei (SHN) are investigated by employing the
density dependent cluster model. A realistic nucleon-nucleon (NN) interaction with a finite-range exchange part is
used to calculate the microscopic «-nucleus potential in the well-established double-folding model. The calculated
potential is then implemented to find both the assault frequency and the penetration probability of the « particle
by means of the Wentzel-Kramers-Brillouin (WKB) approximation in combination with the Bohr-Sommerfeld
quantization condition. The calculated values of «-decay half-lives of the recently synthesized Og isotopes and
its decay products are in good agreement with the experimental data. Moreover, the calculated values of a-decay
half-lives have been compared with those values evaluated using other theoretical models, and it was found that
our theoretical values match well with their counterparts. The competition between « decay and spontaneous
fission is investigated and predictions for possible decay modes for the unknown nuclei 2°~378Og are presented.
We studied the behavior of the a-decay half-lives of Og isotopes and their decay products as a function of the mass
number of the parent nuclei. We found that the behavior of the curves is governed by proton and neutron magic
numbers found from previous studies. The proton numbers Z = 114, 116, 108, 106 and the neutron numbers
N =172, 164, 162, 158 show some magic character. We hope that the theoretical prediction of «-decay chains

provides a new perspective to experimentalists.

DOLI: 10.1103/PhysRevC.97.044301

I. INTRODUCTION

Among various decay modes, o decay is the prominent
one for heavy and superheavy nuclei (SHN) [1,2]. It probes
much unique insights into the nuclear structure [3—10]. The
identification of superheavy nuclei is mainly obtained via the
observation of ¢-decay chains from an unknown parent nucleus
to a known daughter nucleus [11-13]. Recently, extensive
studies have been devoted to study the decay properties of
superheavy nuclei [14-34].

The synthesis of superheavy nuclei [35-37] has attracted
much attention in recent years and raised the question about the
upper limit of the periodic table. Accurate predictions for the o~
decay half-lives of SHN are urgently required for the synthesis
of new elements. At the present time attempts are being made to
synthesize the superheavy nucleus %?gOg [38], which would be
the heaviest nucleus to date, situated at the border of the known
nuclear chart. Two fusion-evaporation mechanisms are usually
used to synthesize SHN, namely, the cold fusion reactions
using 2%®Pb or %Bi targets with different projectiles [39] and
the hot fusion reactions using “*Ca projectiles bombarding
actinide targets [40]. Using the cold fusion reaction [39],
elements with Z = 107-112 have been synthesized at GSI,
Darmstadt in Germany. The most challenging cold-fusion
experiment, which used a 2*Bi target and "°Zn projectile,
ran for nine years at the RIKEN research institute in Japan
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which resulted in the observation of three decay chains of the
isotope 7]5Nh [41]. Elements with Z = 113-118 have been
synthesized at the Joint Institute for Nuclear Research-Flerov
Laboratory of Nuclear Reactions (JINR-FLNR), Dubna using
the hot fusion reaction [40]. One of the significant outcomes
of these measurements is the increased stability of SHN when
approaching N = 184. The heaviest neutron-rich nuclei in the
vicinity of the closed spherical shells Z = 114 (or possibly
120, 122, or 126) and N = 184 were expected to mark a
considerable increase in nuclear stability, similar to the effect
of closed shells on the stability of the doubly magic 2*®Pb
nucleus.

The dominant decay modes for SHN are « decay and spon-
taneous fission (SF) that determine the stability of SHN and
represent the experimental signatures for their identification
[1,2]. However, the identification of the new isotopes still
posses a problem because their «-decay chains terminate by SF
before reaching the known region of the nuclear chart. Thus,
the theoretical predictions about the stability of Og isotopes
against « decay, SF, and the competition between them are
useful in interpreting the experimental results. Theoretically, o
decay is a quantum tunneling effect. It is treated conventionally
in the framework of the Gamow model [42] assuming a sub-
barrier penetration of « particles through the Coulomb barrier,
caused by interactions between « particles and the daughter
nucleus. a-decay studies from heavy and superheavy nuclei
are performed using various effective theoretical approaches,
such as the generalized liquid-drop model [43], the fission-like
model [44], and the density-dependent cluster model [45].
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Santhosh and Nithya have made systematic studies of the
decay properties of superheavy nuclei within the Coulomb and
proximity potential model [14-20].

Several empirical formulas are proposed to predict o-decay
half-lives, such as the Viola-Seaborg-Sobiczewski (VSS) for-
mula [46,47], Ni-Ren-Dong-Xu (NRDX) formula [48], Royer
formula [49], Sobiczewski-Parkhomenko (SP) formula [50],
modified Brown formula (mB1) [51], Horoi formula [52], and
the semiempirical formula based on fission theory (SemFIS2)
[53]. Using 20 mass models and 18 empirical formulas,
Wang et al. [54] presented systematic calculations of «-decay
energies and half-lives of SHN with Z > 100. They found
that the best suitable formula, among 18 formulas, to predict
a-decay half-lives is the SemFIS2 [53] formula, while the WS4
mass model [55] is the most accurate mass model to reproduce
the experimental Q, values of the SHN.

An interesting aspect in a-decay is how to describe the
preformation of the « cluster inside the parent nucleus, which
is quite complicated due to its nuclear many-body nature
[56]. This factor is considered to carry most information
of nuclear structure, which is essential to understand how
a clustering happens in heavy nuclei [10,57-59]. The «
preformation factor or the so-called spectroscopic factor S,
represents the probability of existence of an « cluster inside
the parent nucleus as a recognizable entity before its emission
[60]. The a-preformation factor (S,) can be estimated using
different theoretical approaches. For example, Varga et al. [56]
investigated the 2!'*Po nucleus of only four valence nucleons
above a core of closed shells by using the R matrix and the com-
bined cluster-shell model within the effective nucleon-nucleon
interaction. This microscopic calculations were performed due
to the simplicity of structure for 2'?Po, and it would be very
difficult to apply a fully microscopic description of S, to nuclei
of many valence nucleons and high shell-model configuration
states. Many works assumed S, to be a constant for a certain
kind of nuclei (even-even, odd-A, odd-odd) [61] through
minimizing the deviation between theoretical and experimental
decay widths. One can roughly estimate the S, factors through
dividing the experimental decay width by the computed value
[10]. The recently proposed cluster formation model (CFM)
[57,62-64] suggests that the o«-preformation factor can be
calculated in terms of the «-cluster formation energy based on
the binding energy differences of the participating nuclides. A
realistic result was obtained for the value of the a-preformation
factor of 2'?Po from the CFM, which is consistent with the
value reported by Varga et al. [56].

In the present study, we systematically study c-decay
half-lives of the recently observed SHN and give predictions
of various a-decay chains of the isotopes of the superheavy
element oganesson (Og) with Z = 118, which may be useful
for the current experiments at FLNR in Dubna [2,38]. We
discuss the competition between « decay, calculated from
five different approaches, and spontaneous fission for nine
different isotopes of element Og. Some of these isotopes are
unknown and the present study predicts their decay modes. The
present work uses a realistic nucleon-nucleon (NVN) interaction
with a finite-range exchange part [65-68] to calculate the mi-
croscopic a-nucleus potential in the well-established double-
folding model [69]. The a-decay half-lives are investigated by

employing the density dependent cluster model [45,70] in the
framework of the Wentzel-Kramers-Brillouin (WKB) approxi-
mation in combination with the Bohr-Sommerfeld quantization
condition [71]. Two methods for calculating the preformation
probabilities are used. The first one simply uses a constant
value of S, for a certain kind of nuclei, which is frequently used
in previous studies [45,61]. The other method is based on the
recently proposed cluster formation model (CFM) [57,62-64],
which gives realistic o preformation factors. It is hoped that
the present study can be a helpful reference for microscopic
calculation in the future.

The outline of the paper is as follows. In Sec. IT a description
of the microscopic nuclear and Coulomb potentials between
the o and daughter nuclei is given. The methods for determin-
ing the decay width, the penetration probability, the assault
frequency, and the preformation probability are also presented.
In Sec. 111, the calculated results are discussed. Finally, Sec. IV
gives a brief conclusion.

II. THEORETICAL FRAMEWORK

In the performed cluster models, the « particle is considered
to be formed with a definite probability as an individual cluster
inside the parent nucleus at the preliminary stage. Once formed,
it will try to emit, leaving the daughter nucleus behind. The «-
decay partial half-lifetime, T ,, of the parent nucleus is given
in terms of the «-decay width, I, as

T _len2 0
2=

The absolute «-decay width is mainly determined by the
barrier penetration probability (P, ), the assault frequency (v),
and the preformation probability, the spectroscopic factor of
the «o-cluster inside the parent nucleus (Sy): I' =7 S, v P,.
The barrier penetration probability, P,, could be calculated
as the barrier transmission coefficient of the well-know
Wentzel-Kramers-Brillouin (WKB) approximation [45,72],
which works well at energies well below the barrier:

R3 2
P, = exp (—2 / dr \/h—/; |Vr(r) — Qal) (2)

Here u is the reduced mass and Q, is the Q value of the
a decay. R; (i = 1,2,3) are the three turning points for the
a-daughter potential barrier where Vy(r)|,—g, = Qq-

The assault frequency of the « particle, v, can be expressed
as the inverse of the time required to traverse the distance back
and forth between the first two turning points, R; and R, as
[72]

-1
) h Ry dr
v=T""= 5 3)
n | JR

V3 IVE) — Q4

The total interaction potential of the «-core system com-
prises the nuclear and the Coulomb potentials plus the
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centrifugal part, and is given by [45,70,72]

R (e+1)

Vr(R) = 2 VN(R) + Ve(R) + R “

where the renormalization factor A is the depth of the nuclear
potential, R is the separation distance between the mass center
of the « particle and the mass center of the core, and £ is the
angular momentum carried by the « particle. The latter term
in Eq. (4) represents the Langer modified centrifugal potential
[73]. The preceding modification from £(€ + 1) — (£ + 1/2)?
is essential to ensure the correct behavior of the scattered radial
wave function near the origin [72,74]. We use the minimum
values of possible angular momenta; the « particle can transfer
any value of the angular momentum according to the following
spin-parity selection rule:

= I Se<+dp] and ==L )
where J;, m; and J¢, 7y are the spin and parity of parent and
daughter nuclei, respectively. £ is considered zero whenever
the spin and parity of any of the participating nuclei are not
measured.

The renormalization factor A, introduced to the nuclear part
of the folding potential based on the M3Y interaction, is not
an adjustable parameter, but it is determined separately for
each decay by applying the Bohr-Sommerfeld quantization
condition as described in Ref. [45]

Ry 2
/ dr\/—‘j Vr(r) = Qul = (G — £+ DZ  (6)
Ry h 2

where the global quantum number G = 20 (N > 126) and
G =18 (82 < N < 126) [45]. In Ref. [72], the half-lives are
found to be sensitive to the implementation of this condition in
the WKB approach, which fixes the depth of the double-folding
nuclear potential A.

The nuclear part of the potential Vy(R) consists of two
terms, the direct Vp(R) and the exchange Vgx(R) terms, and is
given by

Vn(R) = Vp(R) + Vex(R) @)

The direct part of the interaction between two colliding
nuclei and the equation describing the Coulomb interaction
have similar forms involving only diagonal elements of the
density matrix [69]:

VD(R):/d71/d72pa(?l)UD(s)pd(?2)’ (®

where s is the relative distance between a constituent nucleon in
the « particle and one in the daughter nucleus. p, (1) and pg(¥>)
are, respectively, the density distributions of the « particle and
the residual daughter nucleus as described in Ref. [45].

The exchange part involves nondiagonal elements of the
density matrix and the wave number k(R) associated with the
relative motion of the colliding nuclei. According to Ref. [67],
one easily obtains the self-consistent and local exchange

potential Vg, as

Vex(R) = 47 / s UEx(8) jolk(R)s/M]
0

x f d3 pa(15 — R|) Jilkese(I¥ — R|)s]

$2
X Pa(y) €Xp <—@> )
Here k(R) is the relative motion momentum given by [75]
K(R) = i—‘j[Ec.m. — Vn(R) = Ve®)].  (10)

where E. ., is the center-of-mass energy. Vy(R) and V¢ (R)
are the total nuclear and Coulomb potentials, respectively.
The local Fermi momentum k.g(r) is given by [67]

1/2
> o) = 2 V() (1)
r)y—— r .
3p(r) 47
The kinetic energy density is then given by

ke (r) = {

3\ 1 Vo)
— = /3 4 22 _ =7
r(r)—s( 2) Py + V) + 35 —

12)

The exchange potential, Eq. (9), can then be evaluated by an
iterative procedure which converges very fast.

The realistic M3Y-Paris effective NN interaction is used in
our present calculations and it has the form [69,76,77]

e_4s e—2.5x
up(s) = [11061.625 — 25375 ] (13)

4s 2.5s
6745 —2.5s
VgL (s) = [—1524.25 o S1875
A) DS
e—0.70725
—7.8474 . (14)
0.7072s

The obtained «-daughter interaction potential is employed
to compute the barrier penetrability, Eq. (2), and the assault
frequency, Eq. (3), which are used in turn to obtain the decay
half-life time. The «-decay preformation factor, S,, used in
the present calculations, is derived from the cluster formation
model (CFM) [57,62-64].

On the basis of the cluster formation model (CFM) [57,62—
64], a parent nucleus of total energy E exhibits behaviors of N
different clusterization states. The initial state, ¥, of the parent
nucleus can be defined as the superposition of all possible
clusterization states W; with the amplitude a; subjected to
orthonormality, and the total Hamiltonian for the system
H can be represented by the summation of corresponding
clusterization Hamiltonians H;:

N
v=>aw, (15)

Ny
H = ZH,-. (16)
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TABLE I. Comparison of «-decay half-lives using the double-folding model with constant preformation factor, Tl%l“; the Viola- Seaborg-
Sobiczewski (VSS) formula [46,47],
the recent experimental values [37]. The calculations are done for zero angular momentum transfers.

; the modified Brown (mB1) formula [51], 7}}5"; and the semiempirical formula [53], T55"'5* with

Parent nuclei QP (MeV) " e (e ! TSgrs2
og 11.82 + 0.06 0.69705; ms 0.65 ms 0.60 ms 0.57 ms 0.96 ms
1Ts 11.18 + 0.04 5147% ms 26.12 ms 138.26 ms 43.07 ms 214.73 ms
Ts 11.32 + 0.05 22 m 7.37 ms 28.43 ms 13.52 ms 20.12 ms
Ly 10.71 £ 0.02 57+ﬂ1ns 115.51 ms 986.48 ms 115.34 ms 307.02 ms
2Ly 10.78 + 0.02 13%7 ms 50.22 ms 55.59 ms 27.81 ms 56.59 ms
Py 10.89 + 0.07 197 ms 42.20 ms 336.41 ms 47.45 ms 147.11 ms
21y 11.00 £+ 0.07 8.313:3 ms 14.72 ms 15.17 ms 9.52 ms 20.74 ms
#IMc 10.41 £ 0.04 6507500 ms 596.71 ms 3426.07 ms 733.88 ms 4495.74 ms
BIMc 10.49 £ 0.05 330742° ms 224.91 ms 947.54 ms 292.70 ms 573.54 ms
BMc 10.63 + 0.01 164730 ms 164.71 ms 883.36 ms 238.47 ms 1577.18 ms
BTMc 10.76 + 0.05 374 ms 46.90 ms 183.99 ms 75.18 ms 144.65 ms
BOFI 9.98 + 0.02 1.9797 s 2.57s 23.41s 1.96 s 6.09 s
Al 10.07 £ 0.03 0.6613 s 0.94 s L.11s 041s 0.96 s
#7Fl 10.17 £ 0.02 0.48%0 00 s 0.79 s 6.79 s 0.70's 2.56's
BOR1 10.35 + 0.04 0.12750% s 0.17 s 0.19's 0.09 s 0.22s
1SNh 9.79 + 0.05 9.5553 s 7.24s 43.81s 7.64's 49.12's
#°Nh 10.01 + 0.04 4.2% % s 1.04s 4.64s 1.36's 243 s
24Nh 10.12 £+ 0.01 0917317 s 0.88 s 5.01s 1.24 s 7.83s
#INh 10.38 + 0.01 751136 ms 106.87 ms 444.13 ms 190.80 ms 308.77 ms
2INh 10.78 £ 0.08 7313 ms 16.94 ms 88.61 ms 42.50 ms 176.07 ms
BCn 9.32 + 0.02 2879 s 50.26 s 476.82 s 31.19s 104.53 s
#Cn 9.66 + 0.02 42700 s 4.94 s 4420 s 4225 14.47 s
BICn 10.46 + 0.04 0.10%00¢ s 0.03 s 0.26's 0.06's 0.11s
MRg 9.16 £+ 0.03 100730 s 123.21s 768.17 s 109.59 s 739.77 s
BiRg 9.41 + 0.05 17 s 12.63 s 58.35s 14.56 s 26.60 s
#Rg 9.91 + 0.01 4.670% 0.74s 439 140's 6.02's
9Rg 10.53 £ 0.16 90}’ ms 9.94 ms 42.67 ms 32.67 ms 26.66 ms
8Re 10.85 + 0.08 4.277> ms 2.72 ms 14.68 ms 11.31 ms 26.64 ms
BiDs 8.85 + 0.03 127759 s 320.73 s 3093.88 s 199.99 s 572.52s
Ds 9.85 + 0.02 021730 s 0.29s 2.74s 0.51s 0.78 s
Ds 10.72 + 0.04 0.006™: 33; S 0.002's 0.01s 0.005 s 0.006 s
28Ms 9.58 + 0.03 45132 1.29s 8.47 s 3.11s 7.08s
29Ms 10.03 + 0.01 0457342 s 0.08 s 0.46's 0.26's 0.56's
ZSMs 10.48 + 0.01 20124 ms 3.09 ms 13.72 ms 15.30 ms 7.78 ms
1M 10.2 + 1.1 4407810 ms 28.05 ms 160.76 ms 105.82 ms 258.18 ms
I°Hs 9.45 + 0.02 0207328 o 0.87 s 8.39 s 1.71s 2.09s

Since each clusterization state describes the same nucleus,
all these states should share the same eigenenergy, which is
equal to the total energy E of the total wave function. Thus we

Ny
E=) lal’E =
i

have

ZEfi,
i

a7

where E; is the formation energy for a cluster in the cluster-
ization state (i) and it is responsible for the formation of the
cluster and represents the intrinsic energy of the cluster. In the

CFM, values of both the formation energy and the total energy
of the considered system are extracted from the experimental
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FIG. 1. Deviation of the calculated a-decay half-lives, 775" and
Tl‘;‘?‘, with the corresponding experimental data for the recently
synthesized SHN listed in Table I.

by

_Epa
=7
where E s, is the formation energy of the o cluster, and E is
actually composed of the formation energy (intrinsic energy)
of the « cluster and the interaction energy between the « cluster
and residual nucleons.

A comprehensive formula of the formation energy for even-
even, odd-A, and odd-odd nuclei can be written in terms of the
separation energies as [62,63]

S

(18)

28, +2S, — S. (even-even),
28 Son — S -odd),
Ejom »+ S (even-odd) (19)
' Sop + 28, —Sc  (odd-even),
Sop + Son — Se (odd-odd),
E = S.(A,2), (20)

where S,(52,) is the two-proton (neutron) separation energy
defined in terms of the binding energies as [63]

S$2,(A,Z) = B(A,Z) — B(A —2,Z - 2), (21)

Son(A,Z) = B(A,Z) — B(A —2,2Z). (22)
The a-cluster separation energy S, is defined as

S:(A,Z)=B(A,Z)— B(A—4,Z-2), (23)

where B(A,Z) is the binding energy of a nucleus of mass
number A and atomic number Z. Beside the above described
method of calculating T/, for a-decay of SHN, we consider
three other semiempirical formulas. These formulas together
with the microscopic double folding model succeeded in
reproducing «-decay half-lives for a large number of heavy and

superheavy nuclei. We now consider briefly the three empirical
formulas for calculating a-decay half-lives.

A. The Viola-Seaborg semiempirical formula (VSS)

The phenomenological formula of Viola and Seaborg, with
constants determined by Sobiczewski et al. [47], is given by

logyo (T'3%) = @Z +5) 072 +cZ+d + hig.  (24)

Here the half-life T ), is in seconds, the Q value is in MeV, and
Z is the atomic number of the parent nucleus. The quantities a,
b, ¢, and d are adjustable parameters obtained through a least-
squares fit to even-even nuclei and the quantity /0 Tepresents
the hindrance factor for nuclei with unpaired nucleons.

Instead of using the original set of constants given by Viola
and Seaborg [46], Sobiczewski et al. [47] readjusted them
to better reproduce the experimental data (especially for the
heaviest nuclides) by taking into account new data for even-
even nuclei. The constants are a = 1.66175, b = —8.5166,
¢ =—0.20228, d = —33.9069, and

0 for Z,N even,
0.772 for Z odd, N even,
1.066 for Z even, N odd,
1.114 for Z,N odd.

hlog =

B. Modified Brown formula (mB1)

We will adopt in the present work the modified Brown
(mB1) formula with an additional hindrance term depending
on parity [51]:

logyo (T3 =a(Z = 2" Q7% + ¢+ h™". (25)

The constants are a = 13.0705, b = 0.5182, ¢ = —47.8867,
and

0 for Z,N even,

0.6001 for Z odd, N even,

0.4666 for Z even, N odd,

0.8200 for Z,N odd.

hmBl

C. Semiempirical formula based on fission theory (SemFIS2)

Poenaru et al. [53] proposed semiempirical formula for «-
decay half-lives based on fission theory (SemFIS2) which is
expressed as

logyo (T59™"52) = 0.43429 x (x,y) K — 20.446 + H/

(26)
where
K = 2.52956 Z,[Ay/(A O)1'/*[arccos /7 — /r(1 —r)],
(27)

and r = 0.423 Q(1.5874 + AY/*)/Z,. The numerical coeffi-
cient yx, close to unity, is a second-order polynomial:

Xx,y)=B1+x(By+xBy)+y(B3+yB6)+xyBS5.
(28)
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calcl .

TABLEIL Predicted a-decay half-lives using the double-folding model with constant preformation factor, 777, ; the double-folding model
with preformation factor extracted from cluster formation model, Tf;‘zlcz; the Viola-Seaborg-Sobiczewski (VSS) formula [46,47], legs; the
modified Brown (mB1) formula [51], 7})7"; and the semiempirical formula [53], 7%5™"5*. The extracted preformation probabilities, S, from
the cluster formation model (CFM) are also listed. The Q values are extracted from the recent WS4+ mass model [55] (often denoted as
WS4 + RBF) are Weizsacker-Skyrme models applying the radial basis function (RBF) approach.

Parent nuclei  Q¥S* (MeV) So TIC;‘Z]C' (s) TIC/“ZIC2 (s) Tl\/'gs (s) 3" (s) T]S/esz 152 () Tsk (5)
#0g 12.572 0239 175 x 1075 285 x 107 133 x 107° 253 x 107> 295 x 107  1.79 x 10"
®oLv 11.280 0218 343 x 107° 612 x 107> 3.07 x 107> 255 x 1073 5.83 x 107> 4.26 x 10°
| 11.340 0264 617 x 107* 9.12 x 107* 575 x 107* 747 x 107 1.00 x 107° 1.79 x 10?
HeCn 11.739 0253 201 x 107° 3.10 x 10°  1.88 x 107> 498 x 10> 3.15 x 107> 1.10 x 10°
4Ds 10.896 0222 424 x 107* 745 x 107 435 x 107+ 839 x 107* 6.39 x 107* 8.02 x 1072
HoHs 9.135 0214 589 x 10°  1.08 x 10! 6.43 x 10° 3.81 x 10° 859 x 10° 578 x 1072
2659 8.566 0206  7.71 x 10'  1.46 x 10? 8.43 x 10! 471 x 10 1.06 x 10>  3.40 x 107!
HIRE 8.431 0204 395 x 10" 7.56 x 10! 4.39 x 10! 3.70 x 10" 5.00 x 10" 136 x 10!
M0g 12.391 0.120 628 x 10> 131 x 107* 376 x 107*  1.53 x 107* 2.89 x 10* 1.20 x 10'°
B 11.252 0.103  6.05 x 107° 147 x 1072 4.18 x 1072 849 x 107 2.77 x 1072 2.76 x 10°
F 10.843 0.152 149 x 1072 246 x 1072 1.10 x 107" 2.26 x 1072 6.56 x 1072 1.13 x 10?
n . . . X B . X - . X - . X - . X - . X -
mc 11.384 0.130  1.87 x 107* 3.59 x 107* 138 x 1073  6.89 x 107 7.74 x 107 6.68 x 107!
°Ds 10.933 0.115 523 x 107* 1.14 x 107 412 x 107 2.06 x 107> 2.07 x 107 4.73 x 1072
2 Hs 9.346 0.112  2.02 x 10°  4.49 x 10° 1.71 x 10! 3.14 x 100 7.56 x 10°  3.30 x 1072
78g 8.274 0.101 120 x 10°  2.97 x 10° 9.85 x 10° 1.02 x 10° 421 x 10°  1.88 x 107!
19Rf 8.122 0.103  7.16 x 10>  1.74 x 10° 5.95 x 10° 9.26 x 102 2.28 x 10°  7.26 x 10°
m0g 12.212 0235 940 x 107° 1.56 x 107*  7.92 x 107> 1.09 x 107 1.54 x 107 5.32 x 10°
ML 11.259 0206  3.62 x 107°  6.86 x 107> 345 x 107> 281 x 107> 581 x 107 1.19 x 10°
#IF 10.539 0246 561 x 1072 8.88 x 1072 5.80 x 1072 349 x 1072 8.69 x 1072 4.70 x 10!
#0Cn 10.830 0251 239 x 107° 371 x 1073 254 x 1073 3.09 x 1073 3.44 x 107 2.69 x 107!
Ds 10.872 0220 455 x 107* 8.06 x 107* 498 x 107* 940 x 107* 6.20 x 107* 1.85 x 1072
1 Hs 9.582 0206 254 x 107" 481 x 107" 297 x 107" 273 x 107" 321 x 107" 1.25 x 1072
oesg 8.093 0.187 338 x 10°  7.06 x 10° 3.76 x 10° 126 x 10° 393 x 10°  6.88 x 1072
TRf 7.868 0.195 383 x 10°  7.68 x 10° 4.29 x 10° 2.03 x 10° 399 x 10°  2.57 x 10°
M 0g 12.214 0.121 141 x 107* 291 x 107  9.13 x 107*  3.16 x 107* 6.02 x 10™* 1.56 x 10°
BLv 11.146 0.098 1.03 x 1072 263 x 1072 7.62 x 1072 139 x 1072 428 x 1072 3.38 x 10*
BFI 10.249 0.124 511 x 107" 1.03 x 10° 4.10 x 10° 459 x 1071 2.04 x 10°  1.30 x 10!
#Cn 10.455 0.122 323 x 1072 6.64 x 1072 2.69 x 107" 579 x 1072 1.18 x 107! 7.20 x 1072
1 Ds 10.547 0.113 434 x 1072 9.64 x 1073 3.724 x 1072 1.336 x 1072 149 x 1072 4.78 x 1073
T Hs 9.611 0.108 3.164 x 107! 7.35 x 107" 2.86 x 10° 6.79 x 107" 9.92 x 107" 3.13 x 1073
29Se 8.338 0.098 6.683 x 10>  1.70 x 10° 5.88 x 10° 6.50 x 10> 1.87 x 10>  1.67 x 1072
19Rf 7.550 0.098 101 x 10°  2.57 x 10° 8.30 x 10° 6.93 x 10* 248 x 10°  6.05 x 107!
#i0g 12.171 0219 1.08 x 107* 193 x 107* 975 x 107> 129 x 107* 159 x 107* 3.05 x 10°
B0Lv 11.056 0202  1.07 x 107> 2.06 x 107>  1.10 x 1072 7.28 x 107> 1.50 x 1072 6.39 x 10°
ol 9.940 0205 236 x 10°  4.48 x 10° 2.62 x 10° 8.35 x 107" 3.16 x 10°  2.37 x 10°
B2Cn 10.112 0200 1.67 x 107" 326 x 107" 194 x 107" 1.18 x 107" 2.03 x 107" 1.28 x 1072
Ds 10.231 0212 177 x 1072 326 x 1072 213 x 1072 228 x 1072 198 x 1072 8.21 x 10™*
10¢Hs 9.521 0.196 3.58 x 107! 7.12 x 107" 447 x 107" 3.87 x 107" 3.62 x 107! 520 x 10~
Sg 8.634 0.187  4.02 x 10'  8.40 x 10! 5.01 x 10! 3.00 x 10" 3.58 x 10! 2.69 x 103
2ORS 7.327 0.181 521 x 10°  1.12 x 10° 5.70 x 10° 146 x 10°  3.89 x 10°  9.44 x 1072
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TABLE II. (Continued.)

Parent nuclei ~ QVS* (MeV) Sy T (s) T2 (s) T3% (s) O T2 (s) Tsr (s)
1130g 11.876 0.101 737 x 107*  1.83 x 1073 523 x 107 1.32 x 10%  2.72 x 107*  3.94 x 10’
BiLv 11.093 0.092 1.31 x 1072 3.55 x 1072 4.05 x 107" 4.63 x 1072 299 x 107"  8.00 x 10?
Al 9.742 0.100  1.36 x 10! 3.39 x 10! 1.16 x 10> 7.44 x 10° 443 x 10" 2.88 x 107!
#Cn 9.816 0.107 1.73 x 10  4.036 x 10°  1.55 x 10! 175 x 10°  5.06 x 10°  1.50 x 1073
M Ds 9.838 0.129 3.18 x 107! 6.15 x 107" 2.96 x 10° 547 x 107" 8.46 x 107" 9.35 x 1073
10aHs 9.264 0.093  3.15 x 10° 8.46 x 10°  3.01 x 10" 512 x 10° 745 x 10°  5.74 x 107
T06Sg 8.617 0.092  6.93 x 10! 1.88 x 10> 6.64 x 10> 9.84 x 10' 142 x 10>  2.87 x 107*
19Rf 7.548 0.094 9.65 x 10* 258 x 10° 845 x 10°  7.04 x 10*  1.62 x 10°  9.76 x 1073
#og 11.726 0.199 1.01 x 107 1.97 x 107 1.00 x 1073  8.67 x 107* 1.22 x 1073 3.37 x 10°
By 11.100 0.191 7.81 x 107 1.60 x 1072 852 x 107> 591 x 1073 879 x 107 6.65 x 10
i3l 9.618 0.197 199 x 10! 3.94 x 100 235 x 100 5.19 x 10°  2.05 x 10' 232 x 1072
#Cn 9.518 0.209  8.18 x 10° 1.52 x 10" 1.01 x 10" 328 x 10° 749 x 10° 117 x 107
HoDs 9.415 0226  3.40 x 10° 587 x 10° 436 x 10°  2.09 x 10° 277 x 10°  7.06 x 107°
1°H 9.057 0.190  8.56 x 10° 1.75 x 10! 113 x 100 6.15 x 10°  6.15 x 10°  4.20 x 10°°
2Sg 8.460 0.186  1.47 x 10? 3.08 x 10> 1.92 x 10> 9.61 x 10" 896 x 10"  2.03 x 1073
18RE 7.792 0.179  6.58 x 103 143 x 10* 826 x 10°  3.60 x 10° 330 x 10°  6.69 x 10~
1150g 12.078 0.101 247 x 10* 610 x 107* 1.83 x 107> 558 x 107* 7.26 x 107*  1.92 x 10°
Ly 10.767 0.099 821 x 1072 2.08 x 107! 7.00 x 107! 8.69 x 1072 2.18 x 107!  3.66 x 10°
BOFI 9.579 0.104 3.97 x 10! 9.56 x 10" 3.60 x 10> 191 x 100  9.35 x 10"  1.24 x 1073
#5Cn 9.207 0.101  1.15 x 10? 2.86 x 102 1.08 x 10° 621 x 10" 237 x 10> 6.05 x 107°
7 iDs 8.960 0.111 139 x 10? 302 x 102 1.35 x 10°  9.88 x 10" 249 x 10> 3.53 x 1077
10aHs 8.950 0.093 2.84 x 10! 759 x 10 2.86 x 10> 3.51 x 10" 451 x 10'  2.03 x 1077
13Se 8.232 0.093  1.40 x 10° 377 x 100 139 x 10 137 x 10°  1.83 x 10°  9.55 x 1077
1ORf 7.700 0.089 2.26 x 10* 6.37 x 10 2.16 x 10°  2.13 x 10 238 x 10  3.04 x 1073
0g 12.158 0219 1.03 x 10*  1.83 x 107* 1.04 x 10* 1.36 x 107* 9.65 x 107°  7.22 x 103
BiLv 10.639 0.187 1.10 x 107" 230 x 107" 1.31 x 107" 5.63 x 1072 9.03 x 1072 1.34 x 107!
il 9.495 0203  4.47 x 10 8.61 x 10! 559 x 10'  1.07 x 10" 3.15 x 10"  4.37 x 107°
#0Cn 9.014 0.185 3.03 x 107 6.41 x 10> 390 x 10> 7.09 x 10'  1.83 x 10>  2.07 x 1077

. . . X - . X - . X - . X . X . X B
oD 8.515 0.194 283 x 10° 570 x 10°  3.68 x 10° 635 x 10> 143 x 10° 117 x 1078
TeHs 8.760 0.192  7.36 x 10! 1.50 x 10> 1.01 x 10> 4.05 x 10" 332 x 10!  6.54 x 107
T0eSg 8.051 0.185  4.00 x 10° 842 x 10° 536 x 10°  1.71 x 10> 143 x 10> 297 x 1078
TURE 7.477 0.175  1.09 x 10° 244 x 10°  1.39 x 10° 425 x 10*  3.05 x 10*  9.17 x 1077

In Ref. [53], the following set of parameter values is obtained
for transuranium nuclei: B; = 0.985415, B, = 0.102199,
B3 = —0.024863, B4 = —0.832081, Bs = 1.50572,and B =
—0.681221. The hindrance factor H/ takes different values:
He’; = ( for even-even emitters, Hef,, = 0.63, Hofe = 0.51, and
ng; = 1.26. The reduced variables x and y are defined as

x =(N = Ni)/(Niz1 —Ni), Ni <N < Niqi, (29)
y=Z—-Z)/(Zisz—Zi), Zi <Z < Zisa, (30)
with N; =...,51,83,127,185,229,..., Z;=...,29,51,
83,127,...; hence for the region of superheavy nuclei

x = (N —127)/(185 — 127), y = (Z — 83)/(127 — 83).

D. Spontaneous fission half-lives

To identify the mode of decay of Og isotopes, the
spontaneous-fission half-lives were evaluated using the
semiempirical formula given by Xu et al. [78]:

Tip = exp {ZJT|:C0 +CIA+C 2P+ C3 Z°

22
L Ci(N—Z) — <0.13323m - 11.64)} } G1)

The constants are Cy = —195.09227,C; = 3.10156,C, =
—0.043 86, C3 = 1.4030 x 107%, and C, = —0.031 99.
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FIG. 2. (a) Comparison of the calculated «-decay half-lives of the isotope
a-preformation factor and the Q value extracted from the recent WS4+ mass model of the isotope

versus parent mass number A ,.

III. RESULTS AND DISCUSSION

We have investigated the o-decay half-lives of recently
synthesized superheavy nuclei by employing the density de-
pendent cluster model. The recent experimental values of the
(Qy) are used [37]. The double-folding model is employed
to establish the a-nucleus potential using a realistic effec-
tive M3Y-Paris NN interaction [69,76,77] with finite-range
exchange force. The main effect of antisymmetrization under
exchange of nucleons between the « and the daughter nuclei
has been included in the folding model through the finite-
range exchange part of the NN interaction. The penetration
probability is obtained from the WKB approximation in com-
bination with the Bohr-Sommerfeld quantization condition.
The results obtained for «-decay half-lives (Tf;‘zm) of recently
synthesized superheavy nuclei are compared with the available
experimental results [37]. In the calculations of TIC;‘ZICI, we
take the same preformation factor S, for a certain kind of
nuclei (even-even, odd-A, and odd-odd). The motivation for
this is clearly shown in Ref. [61]. In the present study, we use
the preformation factor S, = 0.39 for even-even nuclei, S, =
0.25 for odd-A nuclei and S, = 0.15 for odd-odd nuclei, as
described in Ref. [61]. It is seen that the theoretical predictions
are in good agreement with the experimental observations. For
theoretical comparison, the results of «-decay half-lives are
calculated with the Viola-Seaborg-Sobiczewski (VSS) formula
[46,47], the modified Brown (mB1) formula [51], and the
semiempirical formula based on fission theory (SemFIS2) [53]
using the same experimental Q, values [37], and are shown in
Table 1.

To show the effective strength of our calculations, we have
evaluated the standard deviation, o, for the logarithmic half-
lives between the experimental and calculated values using the
following equation:

nEs.

i=l1

12
expt.\ 2
(logyg T1c;lzlc' - IOgIOTl/Zpt) :| . (32

Preformation factor S

0.27 — T T 13
ZQOOg
| | "] 9
0.261 \ S%SM
——Q 12
. 0.25-
[ '/
0244 o F11 S
=
0.23 3
=
L10 ©
[* )
0.22 1 J
0.21 \ L9
0\°
0204 (® T
—7r T T 1T 1 T T T T 8
292 288 284 280 276 272 268 264 260
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P

%?QOg and products on its a-decay chain. (b) Variation of the

20g and its corresponding a-decay chain

The standard deviation of the logarithmic half-life is found to
be 0.514 for the calculations of Tlc/azm, 0.826 for the Viola-
Seaborg-Sobiczewski (VSS) formula, 0.366 for the modified
Brown (mB1) formula, and 0.625 for the semiempirical for-
mula based on fission theory (SemFIS2).

Figure 1 displays the deviations of calculated «-decay
half-lives T,C/“zlCl and T]"/?l from the experimental data as a
function of the neutron number N of the parent nucleus for the
recently synthesized SHN listed in Table I. It is clear from Fig. 1
that the deviations of calculated ¢-decay half-lives with the cor-
responding experimental data lie within the order 1 and most

of the points lie near log,,(T}75"/ Tle/xzp ") = 0; this becomes

10° F——
- 291Og __
10°
10
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A

p

FIG. 3. The same as Fig. 2(a) but for the isotopes ?‘féOg and
products on its o-decay chain.
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FIG. 4. The same as Fig. 2 but for the isotopes

clear as the value of the neutron number N, becomes larger.
This means that most of the calculated «-decay half-lives are
in good agreement with the experimental data for the recently
synthesized SHN in Table I and we can extend our calculations
to the unknown isotopes of the superheavy element Og.

The «-decay half-lives of nine isotopes of the superheavy
element oganesson (Og) with Z = 118 and their corresponding
decay products are calculated. The Q, is extracted from
the WS4 mass table together with the radial basis function
corrections [55]. This model is one of the most reliable mass
models for the study of SHN which has an accuracy smaller
than 300 keV for Q, of SHN [55]. Two different methods
are adopted for calculating the preformation probability (S).
The first one, used in Table I, simply uses a constant value
of S, for a certain kind of nuclei, which is frequently used
in previous studies [45,61]. The other method is based on the
recently proposed cluster formation model (CFM) which gives
realistic o preformation factors [57,62-64]. The successful
determination of the preformation factor through the CFM
motivates us to determine the o-decay half-lives of Og isotopes
and its decay products. The formation energies of the alpha
cluster were determined from the differences of the binding
energies that determined from the WS4 mass model with the
radial basis function corrections [55].

Table II shows the calculated «-decay half-lives for nine
isotopes of element Og (**~ ¢ Og) and their corresponding
decay products using the Q, values extracted from the re-
cent WS4+ mass model [55]. The a-decay half-lives were
calculated using five different methods: the double folding
model with constant preformation factor, Tlcj‘zl“; the double
folding model with preformation factor extracted from the
cluster formation model (CFM), Tlcj‘zlcz; the Viola-Seaborg-

Sobiczewski formula, Tl\/lgs; the modified Brown formula,

mBI1.
T1/2 >

Tls/esz 1S2_The values of the preformation factor, S, extracted
from the CFM are presented on Table II. The last column
of Table II presents the spontaneous fission half-lives, Tsp,
calculated from Eq. (31).

and the semiempirical formula based on fission theory,

Preformation factor S
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1150g and products on its ¢-decay chain.

Figures 2(a)-10(a) show comparison of the calculated
a-decay half-lives, using the Q, values extracted from the
recent WS4+ mass model [55], with the spontaneous fission
half-lives for the isotopes *** {15 Og and their decay products.
Figure 2(a) represents the o-decay and the spontaneous fission
half-lives for the element 7790g and its a-decay chain. In
Fig. 2(a), it is shown that the nuclei 3}90g, ¥Lv, 23FI,
28Cn, and ?™Ds have a-decay half-lives shorter than the
corresponding spontaneous fission half-lives. This means that
the nucleus 7)90g survive fission and our study predicts Se
chains from the isotope %?gOg. The five curves representing o
decay in Fig. 2(a) are similar in behavior, and the values of
T, derived from the different five methods (Table II) have

the same order of magnitude. The values of T/, for a decay
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FIG. 5. The same as Fig. 2(a) but for the isotopes f?gOg and
products on its @-decay chain.
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FIG. 6. The same as Fig. 2 but for the isotopes

extend from about 10~ s for 2}90g to about 100 s for *?Rf.
The a-decay half-life time increases as the mass number A,
of the parent nucleus increases, reaches a maximum value at
A, =286 and Z, = 116, then decreases to a minimum value
at A, =278 and Z, = 112, then it increases sharply reaching
A, =270and Z, = 108.

Figure 3 is the same as Fig. 2(a) but it is for the odd-mass
number isotope 273Og. The element 37;0g survives fission, and
the present study predicts Sa chains from the isotope %?éOg.
The curves representing 77, of a decay have a maximum value
at A, =283 and Z, = 114 and aminimum value at A, = 279
and Z, = 112. The values of T;/, for o decay extend from
about 107 s for §710g to more than 1000 s for ***Rf.

Figure 4(a) represents the theoretical calculations for the
isotope 3720g, and it shows that the isotope 2}30g survives
fission and produces S« chains.

The «-decay and the spontaneous fission half-lives for
the isotopes 7730g and 7730g are displayed in Figs. 5 and
6(a), respectively. The behavior of «-decay half-lives with
increasing mass number of the parent nucleus is almost the

same in the two figures. Based on the values of T,C;‘ZICI and
T present on Table IT and shown in Figs. 5 and 6(a), the two

1/2
isotopes %?g Ogand %??S‘O g survive fission, and the present study
predicts 4o and 3 chains from the elements §330g and §7O0g,
respectively. It should be noted that the two «-decay half-lives

T and T3 are in good agreement with the experimental

data, as shown in Fig. 1. Figure 6(a) shows that we successfully
reproduced the decay mode of the element 730g which was
already synthesized and identified via o decay [2,37] in the
laboratory. Thus, we expect that our predictions for the other
unknown isotopes of element Og are reliable.

Figures 7-10(a) show the calculations for the isotopes
295-280g. As the neutron number increases in Og isotopes, the
spontaneous fission half-life time decreases. For example, Tsg
for 2090g is 1.79 x 10'% s, while for the heavier isotope 1}50g
the half-life time of spontaneous fission is Tsp = 7.22 x 103 s.

Figures 7-10(a) indicate that the isotopes 2> 7¥Og survive
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1130g and products on its ¢-decay chain.

fission, and 2« chains are predicted from each isotope of
295-270g while la-chain can be observed from 250g.

The behavior of the curves representing a-decay half-lives
and their rate of variation as the mass number of the parent
nucleus decreases are governed by the existence of neutron and
proton magic or semimagic numbers. The proton number in all
figures varies from Z, = 118 to 104, while the neutron number
varies from N, = 180 to 166 in Fig. 10(a) and from N, = 172
to 158 in Fig. 2(a). The magic and semimagic proton numbers
in the above range are 116, 114, 108, and 106 [79,80], while
the neutron magic numbers in the range 180-158 are 158, 162,
164, 172, and 178 [79,80]. In Fig. 2(a), the maximum value
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FIG. 7. The same as Fig. 2(a) but for the isotopes 73

products on its a-decay chain.

Og and

044301-10



THEORETICAL PREDICTIONS FOR «-DECAY ...

PHYSICAL REVIEW C 97, 044301 (2018)

10° g
10*F @) 4
10’k .
10° 4
F
10 .- ® Tizm E
Z 10°F T
S o £ A TVSS
[_1 10 !- 12 -
. T
10 3 JSemFis2 3
T
107 F T 1
SF
10" 3 4
107 I_ 2%0g ]
SCZ) N T R R N N S SR |

296 292 288 284 280 276 272 268
A

p

Preformation factor S

a

08+ T T
29609

—a—S,

— QWS4+

0.22 +

0.21 1

0.20 1

0.19+

0.18

T T T T T T T T T T T T T T T
206 292 288 284 280 276 272 268
A

p

FIG. 8. The same as Fig. 2 but for the isotopes f?gOg and products on its «-decay chain.

of Ty, occurs at (Z,N) = (116,170), and the rate of variation
of Ty, with A, increases strongly from 24Ds towards the
doubly magic nucleus ’°Hs. The last two nuclei in Fig. 2(a)
are 2°Sg and 26?Rf; the first has proton magic number and
the second has neutron magic number. Also, in Figs. 3 and
4(a), Ty > increases towards 2831%E4F1 and its rate of variation
with A, becomes large towards 271212 Hg and 267-268Sg, each
of which has proton magic number and the neutron number is
amagic or near magic number. Concerning Figs. 5-10(a), T7 »
for o-decay behaves the same as in Fig. 4(a), except that the
last SHN, Rf, has neutron numbers N, = 161, 162, 163, 164,
165, and 166, respectively. These numbers are neutron magic
or near magic numbers. The neutron numbers N, = 162 and
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FIG. 9. The same as Fig. 2(a) but for the isotopes ?%Og and
products on its o-decay chain.

164 are accompanied by a large degree of stability. This is
clear from Figs. 5-10(a): the largest value of Tj/, in each of
these figures is for the Rf isotopes with N, = 161-166. T},
in Figs. 6(a) and 7 increases sharply from Sg to Rf, where the
neutron numbers are 162 and 163, respectively. This means that
the neutron number N, = 162 has a large degree of stability.
Figures 5, 6(a), and 7 show also that T;,, becomes maximum
at Z, = 114 for N, = 171, 172, and 173, therefore Z, = 114
and N, = 172 show magic character. Figures 8(a), 9, and 10(a)
show that the value of T}, for the four SHN Fl, Cn, Ds, and Hs
varies slowly with decreasing A ,,. The nuclei show almost the
same degree of stability against o decay. The nuclei Fl and Hs
have the proton magic numbers 114 and 108, respectively and
the two nuclei 2**Cn and ?**Hs have the neutron magic number
172. The other isotopes of the above mentioned elements have
protons or neutrons numbers near magic numbers.

The above discussion of A, variation of T, for o decay of
SHN indicates the following:

(1) The lowest Ti/, in each of Figs. 2(a)-10(a) is for
the isotopes of superheavy element Og with N, =
172-180; the T, is about 10~* s, which shows that this
superheavy element has low degree of stability against
«a decay. Although the neutron variation range 172-180
has two neutron magic numbers (N, = 172 and 178),
they almost fail to increase the stability of the element
when combined with proton number Z, = 118.

As A, decreases, Ty, increases and reaches a maxi-
mum value in Figs. 3-8(a) at Z, = 114 and for neu-
tron numbers varying from 169 to 174. This behavior
confirms the proton magic number Z, = 114.

The value of 77, is relatively large for o decay of nuclei
with Z, = 106 or 108 and N, = 162,164, or 172. Thus
the nuclei have high stability against o decay when
Z, =106 or 108 is combined with N, = 162, 164, or
172. These neutron and proton numbers were found by
other studies and we confirm them in the present study.
The values of Tj, for the nuclei Sg and Rf, in each of
Figs.2(a), 3, and 4(a), are almost equal. This means that,
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FIG. 10. The same as Fig. 2 but for the isotopes 375Og and products on its a-decay chain.

for the proton magic number Z,, = 106 combined with
the number of neutrons N, = 160, the nucleus has the
same stability against o decay as Z, = 104 combined
with the neutron magic number N, = 158. The same
occurs for (Z,,Np,) = (106,161) and (104,159); also
(106,162) and (104,160).

Thus the study of the behavior of the w-decay half-lives for
element Og and its o chains with respect to the mass number
of the parent nuclei predicts the proton and neutron numbers
at which the SHN will have more stability. We found magic
or semimagic numbers consistent with previous studies. In the
present study Z, = 116, 114, 108, and 106 and N, = 158,
162, 164, 172, and 178 are nucleon numbers associated with
large stability compared with others.

To show the correlation between Q, and T, and to find
any possible correlation between S,, calculated from the

280-350, .
even-even Og isotopes

=)
)
T

Preformation factor S

20
V., - Q (MeV)

22

recently proposed cluster-formation model (CFM), and T,, we
introduce Figs. 2(b), 4(b) 6(b), 8(b), and 10(b). These figures
illustrate the variation of the «-preformation factor based on the
CFM and the Q value extracted from the recent WS4+ mass
model of the even-even isotopes 2750g, 2720g, 11:0g, 1750g,
#80g and their corresponding a-decay chains versus parent
mass number A,. Comparison between Figs. 2(a) and 2(b)
shows that the Q-value variation with A, follows inversely
the behavior of T, with the parent mass number A,. Large
and small Q values correspond respectively, to less and more
stability against o decay. The a-particle preformation factor,
Sy, 1s usually calculated as the ratio of the calculated half-life
to the experimentally observed value [10]. Recently, the cluster
formation model [57,62-64] has been used to calculate S,
independently of the half-lives. Our previous studies [8,9,68]
of the variation of S, with nucleon number indicated that
S, is strongly correlated to magic nucleon numbers and the

T T T T T T T T T
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FIG. 11. (a) A negative linear correlation between the logarithm of the a-preformation factor, S,, and the fragmentation potential (defined

as Vg — Q) for even-even 2807]3153 Og isotopes. (b) Variation of the «-preformation factor and the Q value extracted from the recent WS4+ mass
model for even-even **})0Og isotopes versus parent neutron number N,,.

044301-12



THEORETICAL PREDICTIONS FOR «-DECAY ... PHYSICAL REVIEW C 97, 044301 (2018)

TABLE III. Comparison of the calculated a-decay half-lives using the cluster formation model (CFM) of the isotope ?*°Og and its a-decay
chain. The half-lives are calculated using the double-folding model based on M3Y-Paris with the finite-range exchange part of the NN interaction
(Sph-FR) as well as for zero-range exchange (Sph-ZR) assuming spherical shapes of daughter nuclei. The calculation of half-lives including
deformation of the involved nuclei with the zero-range exchange contribution (Def-ZR) are also added for comparison. The Q values and

deformation parameters (8¢ and 8¢) of the daughter nuclei are extracted from the recent WS4+ mass model [55].

Parent nuclei oW+ (MeV) Sy B¢ B¢ Tls/gh‘FR (s) Tls/gh-ZR (s) TRSZR (5)
®0g 12.572 0.239 0.0750 0.0036 2.85 x 1073 7.71 x 1073 7.13 x 1073
BOLv 11.280 0.218 —0.0594 0.0039 6.12 x 1073 1.69 x 1072 1.61 x 1072
BIR 11.340 0.264 0.1653 —0.0476 9.12 x 1074 2.47 x 1073 1.71 x 1073
28Cn 11.739 0.253 0.2021 — 0.0640 3.10 x 107° 8.16 x 107° 4.92 x 1073
Ds 10.896 0.222 0.2174 —0.0521 7.45 x 1074 1.97 x 1073 1.12 x 1073
2%Hs 9.135 0.214 0.2280 — 0.0401 1.08 x 10 2.93 x 10 1.50 x 10!

2639 8.566 0.206 0.2244 —0.0243 1.46 x 10? 3.97 x 10? 2.04 x 10?

2ORS 8.431 0.204 0.2246 —0.0097 7.56 x 10! 2.03 x 10? 1.04 x 10?
degree of stability of parent and daughter nuclei. Its value the Q value, for even-even 280’1315,?0g isotopes. As can be

is also sensitive to the change of sequence of energy levels
from which the neutrons and protons of « particles are emitted
from parent and daughter nuclei. Since most of the energy
level sequences for superheavy nuclei are unknown, we try to
correlate the behavior of S, to change of stability and presence
of magic neutron and proton numbers. Figure 2(b) shows that
the behavior of S,, calculated using CFM, and the Q value
with A, are the same except for the nucleus 733Fl where the
value of S, increases from 0.22 to 0.265. The jump of S,
for the isotope 752Fl may be attributed to its proton magic
number (Z, = 114), which when combined with the neutron
number N, = 168 produces a less stable nucleus against o
decay. The stability at Z,, = 114 is still weak when combined
with N, = 170, as shown in Fig. 4(b) for the nucleus 73;Fl.
Figures 4(b) and 6(b) are the same as Fig. 2(b) except they are
for the isotopes 7130g and 773 Og, respectively. The A , variation
of the curves, representing Q value and S, in the two figures, is
almost the same as in Fig. 2(b). The appearance of the neutron

seen from Fig. 11(a), the logarithm of S, roughly follows a
negative linear correlation with the fragmentation potential,
which is consistent with the result in Ref. [81] for the reduced
width square (proportional to S,). Therefore, the result in
Fig. 11(a) confirms that the obtained S, is reasonable in its
general variation. Figure 11(b) illustrates the variation of both
the a-preformation factor and the Q value extracted from the
recent WS4+ mass model for even-even ***7>?Og isotopes
versus the neutron number N, values of the parent nuclei.
Consistent behavioris seen in Fig. 11(b) for the neutron number
variation of the preformation factor, which is obtained from
the CFM, and the Q value, which is extracted from the WS4+
mass model. It is worth mentioning that the nucleus }790g
deviates from the general trend in Figs. 11(a) and 11(b). This
may be attributed to small formation energy, Eq. (19), for such
an isotope compared to its neighbors: consequently a sudden

magic number N, = 172 combined with proton magic number 00—

Z, = 114 causes the the nucleus 35Fl to gain some stability, —o—log, S, R 14

as shown from the behavior of the S, curve in Fig. 6(b). -0.55- |—=—Q"*" /'

Also, the nucleus 2#>Cn gains stability because its number of _ 9

neutrons becomes N, = 170 (near a neutron magic number). -0.60 N =164 - / -12
The behavior of the Q-value curves in Figs. 8(b) and 10(b) ~
follow inversely the behavior of T/, curves in Figs. 8(a) and 0 -0.65- 2
10(a), respectively. For the curves representing S, the effect & -10.~
of the neutron magic number N = 172 appears to increase £ %
slightly the stability of 2*Cn in Fig. 8(b), and the stability of -0-701

22D is increased by about 15% in Fig. 10(b) compared to the -8
isotope 2°Ds in Fig. 8(b). The behavior of S, for the last four -0.75

points representing nuclei Ds, Hs, Sg, and Rf is consistent with

the behavior of the corresponding Q values of these nuclei. -0.80 -6

As can be seen from Figs. 2(b), 4(b) 6(b), 8(b), and 10(b), the

behavior of the preformation factor, calculated using the CFM,
and the Q value with the nucleon number are almost consistent.

Figure 11(a) depicts the logarithm of preformation fac-
tor S, extracted from the CFM as a function of the
fragmentation (or driving) potential Vz — Q, which is defined
as the difference between the Coulomb barrier height Vg and

T T T T T
108 112 120
V4

P

T T
100 104 116

FIG. 12. The variation of the logarithm of the «-preformation
factor and the Q values with the proton number of « emitters for
even-even nuclei in the N = 164 isotonic chain.
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FIG. 13. Comparison of the calculated o-decay half-lives using
the cluster formation model (CFM) of the isotope %30g and its a-
decay chain. The half-lives are calculated using the double-folding
model based on M3Y-Paris with the finite-range exchange part of the
NN interaction (Sph-FR) as well as for zero-range exchange [59] (Sph-
ZR) assuming spherical shapes of daughter nuclei. The calculation
of half-lives with including deformation of the involved nuclei with
the zero-range exchange contribution (Def-ZR) are also added for
comparison.

decrease in the o-preformation factor occurs which means that
this isotope shows enhanced stability against « decay.

In order to obtain a better insight, the logarithm of the
a-preformation factor, log;, S, and the Q value are plotted
versus the proton number of the parent nucleus in Fig. 12
for even-even isotones with N, = 164. It can be clearly seen
from Fig. 12 that there exist Z-dependent linear relations for
both log,, S and the Q value. This confirms the correlation
between Q value and So.

Finally, to explore the effect of deformation and orientation
degrees of freedom on the «-decay half-lives, we have incorpo-
rated deformation effects up to hexadecapole deformation for
the calculation of the a-decay half-lives for the element §790g
and its a-decay chain using the M3Y-Paris NN interaction
with zero-range (ZR) exchange forces. The quadrupole (,Bg )
and hexadecapole (,Bff) deformation parameters are extracted
from the WS4 mass model [55]. The methods of calculating
the knocking frequency, the penetration probability, and the
half-lives are outlined in Refs. [30,59]. We have used the
a-preformation factor calculated from the CFM. Our results
for a-decay half-lives of 3790g and its a-decay chain both for
spherical as well as deformed choices of shapes are reported in
Table IIT and further illustrated in Fig. 13. As can be seen from

Table III and Fig. 13, considering the deformation degrees of
freedom of the involved nuclei with the zero-range exchange
part of NN interaction reduces the half-life time compared
with the zero-range results for spherical nuclei. Deformation is
reflected in orientation-angle-dependent nuclear radius, which
leads to enhanced penetration for larger radii. Owing to de-
formed barrier effects, the nuclear deformation mainly affects
the barrier penetration probability of the « particle and hence
decreases o-decay half-lives. Moreover, the general trends of
a-decay half-lives with mass number are identical for both
spherical and deformed calculations. Using the finite-range
instead of the zero-range exchange NN force does not affect
the behavior of Tj,, with mass number variation but reduces
its value. Deformation of the daughter nucleus reduces the
calculated «-decay half-lives by a factor of about 2 or less,
compared to the spherical shape.

IV. SUMMARY AND CONCLUSION

The «-decay chains and the mode of decay of the isotopes of
the superheavy nuclei with Z = 118 within the atomic mass
number range 290 < A < 298 have been studied within the
density dependent cluster model. The double-folding model
with realistic NN interaction has been used to calculate the
a-nucleus potential which is then used to calculate the «-decay
half-lives of nine isotopes of the SHN Og and its decay
products. The «-decay preformation factor which measures
the probability of formation of an o particle was derived
from the recent cluster formation model. We compared our
results for the «-decay half-lives with the experimental results
for 36 known superheavy nuclei and the half-lives calculated
from the three semiempirical formulas VSS [46,47], mB1
[51], and SemFIS2 [53]. The successful manifestation of the
experimental «-decay half-lives of the 36 SHN made our study
reliable, and thus we aimed at predicting the «-decay chains of
some unknown isotopes of element Og. For the nine *** 7/ Og
isotopes and their decay products, we calculated the a-decay
half-lives using five different methods and compared the values
with the corresponding half-life times for spontaneous fission.
This comparison predicts S chains for each of the isotopes

20-290g, 4o chains for 2730g, 3« chains for 3]O0g, and 2«

chains for * 717 Og. We studied the behavior of the a-decay
half-life curves as a function of mass number of parent nuclei
and found that this behavior is governed by magic proton
and neutron numbers. We have found a linear dependence
between the logarithm of the preformation probability and
fragmentation potential for even-even 280_]315;;)Og isotopes.
Moreover, «-decay half-lives are also calculated by including
the deformation effect of the daughter nucleus. Deformation
of the daughter nucleus affects the «-decay half-lives typically
by a factor of 2 or less, compared to the spherical shape, and
does not affect the behavior of «-decay half-lives with respect

to mass number.
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