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Abstract: The a-decay half-lives of superheavy nuclei (SHN) with charge numbers Z > 104 are investigated by
employing a phenomenological one-parameter model based on quantum-mechanical tunneling through a potential
barrier, where both the centrifugal and overlapping effects have been considered. It is shown that the experimental a-
decay half-lives of the 81 SHN are reproduced well. Moreover, the order of magnitude for the a-particle preforma-
tion probability inside a parent nucleus (S ) is found to be 1072, Then, within this model, the S, values and a-de-
cay half-lives of Z = 118—120 isotopes are predicted by inputting the a-decay energies (Q, ) extracted from the re-
lativistic continuum Hartree-Bogoliubov (RCHB) theory, Duflo-Zuker 19 (DZ19, where 19 denotes the number of
fitting parameters) model, improved Weizsacker-Skyrme (IMWS) model, and machine learning (ML) approach. By
analyzing the evolutions of Q,, S, and a-decay half-lives of Z = 118—120 isotopes with the neutron number N of
the parent nucleus, it is found that the shell effect at N = 184 is evident for all nuclear mass models. Meanwhile, for
the case of the RCHB, N = 172 is determined as a submagic number. However, the submagic number at N = 172 is

replaced by N =178 for the ML approach.

Keywords: a-decay, superheavy nuclei, preformation probability, half-life

DOI: 10.1088/1674-1137/addcc8

I. INTRODUCTION

Studying the structure and properties of superheavy
nuclei (SHN) has been a challenging and attractive sub-
ject for researchers [1—5]. In recent years, owing to the
construction of a new generation of accelerators and the
development of detection technology, the synthesis of
elements with Z<118 has been achieved through a hot fu-
sion reaction with “Ca as a projectile or cold fusion us-
ing the double magic target *®®Pb or its neighbor 2*Bi as
a target [6—19]. In synthesis, owing to the extremely low
production cross-sections and short lifetimes of the SHN,
it is difficult to detect and identify the new elements or
isotopes directly. It is well known that a-decay is one of
the main decay modes for SHN and it provides an effi-
cient method for the identification of new superheavy ele-
ments or isotopes by detecting the a-decay chains from
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unknown nuclei to known nuclei with the help of the par-
ent-daughter correlation [11, 20, 21]. Moreover, studying
a-decay contributes to providing reliable information on
the nuclear structure, including the ground-state lifetime,
released energies, magic numbers, spin-parity, and nucle-
ar interaction [7, 22—27]. Hence, the a-decay plays an in-
dispensable role in theoretical and experimental studies of
SHN.

a-decay was first explained in the 1920s by Gamow
[28] and by Gurney and Condon [29] as a fundamental
quantum tunneling effect, which is considered to be the
first successful quantum description on nuclear phe-
nomenon. Since then, based on this physical picture, nu-
merous phenomenological and microscopic models, such
as the effective liquid drop model [30—33], generalized li-
quid drop model [34, 35], cluster model [36—40], density-
dependent M3Y effective interaction [41, 42], and uni-
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fied fission model [43—45], have been developed to pur-
sue a quantitative description of a-decay half-lives. In ad-
dition, a series of semi-empirical formulas, such as the
Royer formula [46], universal decay law [47—51], and
universal formula [52—54], have been proposed to calcu-
late the a-decay half-lives. It has been found that these
models and semi-empirical formulas can reproduce the
experimental a-decay half-lives more or less satisfactor-
ily [30-54].

The preformation probability S, is an important phys-
ical quantity for a-decay half-life. However, it is difficult
to obtain accurate S, values of various nuclei. Thus,
when estimating the a-decay half-lives, the empirical S,
values must be used [53, 55—58]. Moreover, these S, val-
ues are strongly dependent on the models [59]. As a res-
ult, the order of magnitude of the calculated half-life is
different when employing the S, values extracted from
different models. Therefore, it is very important and ne-
cessary to use a model that can calculate the S, values
reasonably to estimate the a-decay half-lives. Among the
numerous a-decay models, the one-parameter model pro-
posed by Tavares et al. is such a model that can estimate
a-decay half-lives accurately because the S, values can
be extracted by a WKB-integral approximation [60]. Fur-
thermore, the proton and cluster radioactivity were de-
scribed successfully by this model [61-63]. In recent
years, some new SHN have been synthesized and numer-
ous experimental data on a-decay have been provided.
These experimental data provide a basis for testing the
one-parameter model. Therefore, it is necessary to ex-
tend this model to study the a-decay half-lives of SHN.
This constitutes the first motivation of this article.
Moreover, the synthesis of Z = 119 and 120 elements is
the next aim for nuclear scientists [64—66], and therefore,
the second motivation of the present study is to predict
the a-decay half-lives of Z = 119 and 120 isotopes or
their neighbors within this model. We hope that these
predictions will be helpful for future experiments.

This remainder of this paper is organized as follows.
In Sec. II, the theoretical framework is introduced. The
results and discussions are presented in Sec. III. In the fi-
nal section, several conclusions are provided.

II. THEORETICAL FRAMEWORK

In general, the half-life of a-decay is calculated by the
following expression: ), =A1"'In2, where T, is the
half-life and 4 is the decay constant. In the framework of
the one-parameter model [60—63], 4 is calculated by

A= AOS(IPse’ S(y = e_Gwa P.s-e = e_GW’ (1)
where 2, is the assault frequency on the barrier, G, rep-
resents the Gamow factor calculated in the overlapping

barrier region in which the a-particle drives away from

the parent nucleus until it reaches the contact configura-
tion, G,, denotes the Gamow factor determined in the ex-
ternal separation region that spans from the aforemen-
tioned contact configuration to the separation point, and
P, is the corresponding penetration probability of the a-

particle.
The quantity of A, is usually estimated as
v 2" (Qa) 2
A== (=) | 2
"2 2a Ho @

where v is the relative velocity of the fragments and
a=R,—R, is the difference between the radius of the par-
ent nucleus and the a-particle radius. y is the final re-
duced mass of the system. In this work, it is defined as

A,
Ho= 4+ A,
bers of the daughter nucleus and emitted particle, respect-
ively. m, denotes the nucleon mass.

In Eq. (1), G,, and G, are both calculated by the
WKB-integral approximation and they can be expressed
as

m,. Here, A; and A, represent the mass num-

2 C
Gov =5 / V210DV (r) = Q. 1dr, 3)

2 b
G =+ / V245NV () = Q,1dr, (4)

where 7 is the reduced Planck constant, » is the center-of-
mass distance between the emitted a-particle and daugh-
ter nucleus, ¢ = R;+ R, is the separation of fragments in
the contact configuration, and b denotes the separation
point where the total potential energy satisfies the condi-
tion V(b) = Q,. Here, R, is the charge radius of the o-
particle, whose value is 1.62 fm in this work. R, and R,
are the radii of the parent and daughter nuclei, respect-
ively, whose values are evaluated by the droplet model.
The corresponding expressions are

Z[ Z[ .
R; = XiRp’i + <1 - Xz) Ryi, i=p.d, (5)

where R,; and R,; are given by

Rjg=rji|1+ 2\~

Ji

5/ w)? . ;.
1+=(— , j=p,n; i=p.d, (6)

in which w = 1 fm denotes the diffuseness of the nuclear
surface. r; represents the equivalent sharp radius of a
proton (j = p’) or neutron (j = n’) density distribution of
the parent nucleus (i = p) or daughter nucleus (i = d), re-
spectively. According to the finite-range droplet model
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theory of nuclei proposed by Moller et al., the equivalent
sharp radius can be extracted from the following expres-
sions:

ryi = ro(1+8) {1 —% (1 - fT) (1 e —E)} AR

27 2Z; —
rnfi=r0(1+€») {l‘f‘gx(l— —(5,'):|

A", ®)
where ro = 1.16 fm, i = p (parent) or d (daughter), and §
and 6; can be expressed as

1 0191 000312
T geomialt Al T

_ 27, Z 2.52114
5 = (1- 7 +0.004781A?/3>/(1+M)- (10)

1

, ©

€

In the overlapping barrier region (a <r <c, see Fig.
1), the reduced mass of the disintegration system g, (r)
and potential barrier V,,(r) appearing in Eq. (3) can be
expressed as

r—a\x
o) =0 (F=2)7 x>0, (an
r—a\1
Vo= 0o+ (V=0 (=2) " g3 1, (12)
with
27,6 Hn?
V.= 4 +l(l+ )z} (13)
c 2ugc?
35 T T
30 - q
E 25¢ 74107 57105 + o 1
> 20} 1
E st 1
= Qu=8.97 MeV
% 10-_ ---------- -
g st .
O " 1 " 1
0 a ¢ 15 30 b

separation, r (fm)
Fig. 1.  (color online) Shape of the one-dimensional poten-
tial barrier for a-decay of 274107. The barrier from a to ¢ is the
overlapping region and that from c to b is the separation re-
gion.

in which ¢? = 1.4399652 MeV fm. [ and Z, represent the
angular momentum carried by the a-particle and the
charge number of the daughter nucleus, respectively. The
mass power parameter y in Eq. (11) and potential energy
power parameter ¢ in Eq. (12) are employed to character-
ize the variations in u,,(r) and V,,(r) in the overlapping
region. According to Egs. (3) and (11)—(13), the Gamow
factor G,, is analytically expressed as

5 1/2
27Z,e N 20.9008{(1+ 1) 3 Qa:| } ’

G,, =0.4374702(c —a)g {,uo [ >
HocC

(14)
where

PSS
g—(1+ . ) . 0<g<2/3, (15)

is the unique adjustable parameter of the model, the value
of which is determined from a set of measured half-life
values. According to Egs. (11), (12), and (15), it can eas-
ily be observed that the parameter g is correlated to the
reduced mass and interaction potential in the overlapping
region.

In the separation region (¢ <r<b, see Fig. 1), the
corresponding reduced mass of the disintegration system
1s.(r) becomes a constant. Meanwhile, the potential barri-
er V.(r) comprises superposition of the Coulomb and
centrifugal potential barriers. As a result, u,(r) and V(r)
can be expressed as

ﬂse(r) = Mo, (16)
27462 I+ DK
d€ + (I+1) '

V() = B

(17

Combing Egs. (4), (16), and (17), the Gamow factor G,
is written in a simple analytical form as follows:

1/2
G, = 1.259883727, (go ) [F(x,y)+ H(x,y) = f(x,)],
’ (18)
with
12 2y — 1)]1/2
F(x’y):Lxln [x_(x+ y—1)] +)f1+y ’ (19)
2y X x\'"?
— 1+(1+—2) +y
y| y
- 1 1/2
1——
H(x,y) = arccos § 5 |1-——2 . (20
(1+£2)
L y
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1 x  1\]'"?
fx,y) = {27)) (1‘*‘2*))—2*)})} > (21)
where
20.90081(1+ 1) Z,6*
X=——-— = . 22
10, T 0, )

Finally, the half-life of the a-decay is calculated by

12
T,,=10x 107%%¢ <g) oG *Gac (23)

III. RESULTS AND DISCUSSIONS

To proceed with a systematic analysis of the a-decay
half-lives of SHN with Z > 104, we first need to determ-
ine the g-value of Eq. (14), which has a certain influence
on the strength of S, as well as the half-lives. As the
standard deviation (o) represents the difference between
the experimental and calculated half-lives, in this work,
we follow the practice of Ref. [60] to determine the op-
timal g-value by minimizing ¢ within the following for-
mula:

1/2

1 - expt.i cal.i
o= EZ(IOgloTl/gt _IOgloTl/; o (24)
i=1

where logi, 775" and log, 7% are the decimal logar-
ithms of the experimental and calculated half-lives, re-
spectively. n is the number of a-decay events of SHN. By
inputting the experimental Q, values and half-lives ob-
tained from Refs. [6—20, 68—71], the process for determ-
ining the optimal g-value is plotted in Fig. 2. It can be ob-
served from Fig. 2 that the parameter g is determined to
be 0.2038 when the minimum ¢ (o, ) is equal to 0.5127.
Then, the half-lives of the 81 a-emitters are calculated

070 [ T T T T ]
0.65 - 4
o}
o
-2
£ 060} .
=
]
2 055} 1
<
=]
g
2050+ B
0‘45 1 1 1 1
0.10 0.15 0.20 0.25 0.30
g values
Fig. 2. Standard deviation o as a function of the g-values.

within the one-parameter model by inputting the ob-
tained optimal g-value. The detailed calculated results are
listed in Table 1. In Table 1, column 1 represents the par-
ent nuclei. Column 2 denotes the experimental Q, values.
The S, values extracted using Egs. (1), (14), and (15) are
shown in column 3. Columns 4 and 5 are the decimal log-
arithms of the experimental half-lives and those of the
calculated half-lives, respectively. Note that for a-decay
of these SHN, the / values are selected as 0 because their
spin-parities are not available. Therefore, the centrifugal
potential contribution to the half-life is not considered.
From Table 1, it can be observed that the S, values are
located between 6.12x107% and 7.15x1072, whose order
of magnitude is consistent with those of the generalized
liquid drop model [35, 72] and the study of Ismail et al.
[73]. Next, to show the global deviation quantitatively, in
addition to the abovementioned o values, the average de-
viation & is calculated using the following expression:

— 1 - expt.i cal.i
o= ;Z‘IOgloTl/gt _logIOTl/li . (25)

i=1

Within Eq. (25), the obtained & value of 81 SHN is
0.4377. This suggests that the experimental a-decay half-
lives are reproduced effectively by this model.

To analyze the deviation of the experimental half-
lives from the calculated ones further, the logarithm
hindrance factor log,, HF is calculated by

log,o HF =log,o(T{5" /T{55). (26)

The log,, HF values within Eq. (26) are listed in the final
column of Table 1 and the log,, HF values versus the
neutron numbers N of the parent nuclei are plotted in Fig.
3. It is generally believed that if the log,, HF value is
within a factor of 1.0, the calculated half-lives will be in
agreement with the experimental data [5, 49, 50]. From
the final column of Table 1 and Fig. 3, an agreement

1.5F 1
°
K0
b °
° . *
o5k ®°® : S o 1
w ° ° ] [ ] 0 o0 °
=n) o ©, i o o0
< 00 [} ..
g L t {J )
k) %, ° ¢ oot
05 [ ] ° 3 e _o [ J ' ..' o -
o0
o9
I ) SR e . o____ L _
°
-1. 1 1 1 1 1 1
150 155 160 165 170 175 180
N
Fig. 3. The log,, HF values versus the neutron numbers N of

parent nuclei for 81 SHN using the one-parameter model.
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Table 1. Experimental and calculated a-decay half-lives of SHN with Z > 104.

Nuclei Qo /MeV S,(1072) logio 713" /s log o T§2% /s log o HF
255104 9.05 [67] 6.63 0.65 [67] 0.39 0.26
256104 8.93 [68] 6.59 0.32[71] 0.75 -0.43
258104 9.19 [68] 6.72 -0.97 [71] -0.08 -0.90
259104 9.13 [67] 6.70 0.41 [67] 0.09 0.33
261 104 8.65 [68] 6.53 0.91[71] 1.55 —0.64
263104 8.25 [67] 6.40 3.30 [67] 2.87 0.43
256105 9.34 [68] 6.63 0.45 [71] -0.13 0.58
257105 9.21[67] 6.59 0.39 [67] 0.25 0.14
258105 9.50 [67] 6.72 0.75 [67] -0.61 1.36
259105 9.62 [68] 6.78 -0.29 [71] -0.97 0.67
270105 8.02 [6] 6.27 3.56 [6] 4.00 —0.44
259106 9.80 [68] 6.73 —0.51[71] -1.12 0.62
260106 9.90 [68] 6.78 -1.91 [71] -1.40 -0.51
261106 9.71 [68] 6.72 —0.73 [71] -0.91 0.18
263106 9.40 [68] 6.61 0.03 [71] -0.05 0.08
267106 8.32[7] 6.25 2.80 [7] 3.34 ~0.54
269106 8.70 [68] 6.41 2.68 [71] 2.03 0.65
271106 8.66 [8] 6.41 2.21[8] 2.14 0.08
2601 7 10.4 [67] 6.86 ~1.46 [67] -2.35 0.90
261 107 10.5 [67] 6.92 ~1.93 [67] -2.61 0.69
265197 9.38 9] 6.51 —0.03 [9] 0.34 -0.37
26617 9.43[10] 6.54 0.40 [10] 0.18 0.22
26717 8.96 [10] 6.37 1.34 [10] 1.58 —0.24
270197 9.06 [67] 6.44 1.78 [67] 1.24 0.54
272197 9.14[11] 6.49 0.91[11] 0.95 —0.04
274197 8.97 [6] 6.44 1.48 [6] 1.46 0.01
264108 10.59 [67] 6.86 ~2.80 [67] -2.55 —0.24
265108 10.47 [68] 6.82 —2.71[71] 227 —0.44
266108 10.35 [67] 6.78 —2.64 [67] -1.97 -0.67
268108 9.62 [68] 6.52 0.15 [71] -0.05 0.20
269108 9.32[12] 6.41 1.18 [12] 0.83 0.36
270108 9.15 [20] 6.36 0.88 [20] 133 -0.45
273108 9.73 [68] 6.61 —0.04 [71] —0.43 0.39
275108 9.44 [68] 6.52 —0.54 [71] 0.38 -0.92
270109 10.18 [68] 6.64 -2.20[71] -1.26 —0.94
274109 10.04 [13] 6.63 —0.35[13] -0.94 0.59
215109 10.48 [14] 6.82 —2.01 [14] -2.11 0.10
276109 9.81[67] 6.56 —0.14 [67] -0.35 0.21
278109 9.59 [6] 6.49 0.56 [6] 0.25 0.30
267110 11.78 [68] 7.15 ~5.00 [71] -4.67 -0.33
269110 11.51 [67] 7.06 -3.75 [67] -4.12 0.37

Continued on next page

094102-5



Li-Qian Qi, Hong-Min Wang, Jian-Po Cui ef al.

Chin. Phys. C 49, 094102 (2025)

Table 1-continued from previous page

Nuclei Q. /MeV §,(1072) log,o Tlegt' /s loglOTf';‘lZ‘ /s log,cHF
270110 11.12 [68] 6.90 -3.69 [71] -3.25 —0.44
271110 10.87 [67] 6.81 —2.79 [67] —2.68 —-0.10
273110 11.37 [67] 7.04 =3.77 [67] —3.87 0.10
275110 11.37 [70] 7.07 —3.37[70] -3.90 0.53
277110 10.83 [67] 6.86 —2.39 [67] —2.67 0.29
279110 9.84 [8] 6.49 0.30 [8] —-0.13 0.43
281110 8.86 [15] 6.14 2.35[15] 2.86 -0.51
272111 11.20 [67] 6.83 —2.42 [67] -3.15 0.73
278111 10.85 [67] 6.76 —2.38 [67] —2.42 0.04
219111 10.52 [67] 6.64 —0.77 [67] —-1.61 0.84
280111 9.89 [11] 6.40 0.55[11] 0.06 0.48
281111 9.41 [16] 6.24 2.23[16] 1.45 0.78
282111 9.08 [6] 6.13 2.27[6] 2.47 -0.20
277112 11.62 [67] 6.94 —3.16 [67] —3.86 0.70
281112 10.46 [67] 6.52 —0.89 [67] -1.15 0.27
283112 9.67 [17] 6.24 0.58 [17] 1.01 —-0.43
284112 9.30[18] 6.12 0.99 [18] 2.12 -1.13
285112 9.32[68] 6.13 1.51[71] 2.04 ~0.54
278113 11.85[67] 6.93 —3.62 [67] —4.07 0.45
282113 10.78 [67] 6.54 —1.15[67] —-1.65 0.50
283113 10.26 [14] 6.35 —0.99 [14] -0.31 —0.68
284113 10.11 [11] 6.30 —0.03 [11] 0.08 —-0.10
285113 9.84[11] 6.22 0.51[11] 0.84 —0.33
286113 9.79 [67] 6.21 1.30 [67] 0.97 0.33
285114 10.54 [19] 6.36 —0.33[19] -0.75 0.43
286114 10.37 [68] 631 ~0.46 [71] ~032 ~0.14
287114 10.16 [68] 6.24 —0.28 [71] 0.24 —0.53
288114 10.07 [68] 6.22 —0.12 [71] 0.48 —-0.60
289114 9.97 [68] 6.19 0.38 [71] 0.75 -0.37
287115 10.74 [68] 6.35 —0.92 [71] —-0.97 0.05
288115 10.63 [68] 6.32 -0.72 [71] —-0.70 —0.02
289115 10.49 [11] 6.28 —0.70 [11] —-0.34 —-0.36
290115 10.45 [6] 6.27 0.11 [6] -0.25 0.37
290116 10.99 [68] 6.36 —2.10 [71] -1.32 -0.77
291116 10.89 [68] 6.34 -1.55[71] —1.08 -0.47
292116 10.77 [68] 6.30 -1.62 [71] —-0.80 —-0.82
293116 10.68 [68] 6.28 -1.10 [71] -0.57 -0.52
293117 11.18 [69] 6.36 —1.84 [69] —-1.51 —-0.32
294117 11.20 [6] 6.37 —1.29 [6] —1.58 0.29
294118 11.81 [68] 6.49 —2.85[71] —2.70 -0.15
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between the calculated half-lives and experimental data is
observed, except for the cases of 28105 and ?%4112. The
agreement implies that the assumed S, expression has a
certain rationality. For some models, the inner potential
barrier correlated to S, is neglected. To compensate for
this deficiency, the empirical or constant S, is normally
used [58, 74]. As a result, the accuracies and predicted
powers of these models are not highly satisfactory.
However, for the one-parameter model, the potential bar-
rier is composed of the inner barrier in the overlapping
region and external barrier in the separation region. The
penetrability through the inner part of the potential is con-
sidered to represent S,. Furthermore, the correlation
between S, and Q, is considered, which can be seen
from Egs. (1) and (14). Thus, the S, values can be extrac-
ted reasonably. In addition, relevant studies have sugges-
ted that the charge radius has an important influence on
the a-decay half-life [39, 75, 76]. In the one-parameter
model, the accurate radius expressions following the
droplet model (Egs. (5)—(10)) are included. Based on the
two abovementioned reasons, most experimental a-decay
half-lives are reproduced effectively. However, it is ne-
cessary to point out that there exist a set of expressions
for the charge radius [77—81] except for the radius formu-
las of the droplet model. When other types of radius for-
mulas are used to calculate the a-decay half-life within
the one-parameter model, the calculated accuracy will
change. However, if one wishes to improve the model ac-
curacy, the parameters of the charge radius formulas need
to be refitted using the experimental data of the a-decay.

Encouraged by the agreement between the calculated
half-lives and experimental data, we attempted to predict
the a-decay half-lives of Z = 118—120 isotopes within the
one-parameter model. It is well known that the Q, values
play a crucial role in determining the half-lives. In recent
years, various models for the nuclear masses have been
developed to obtain the Q, values [82—86]. In the present
work, we selected the relativistic continuum Hartree-
Bogoliubov (RCHB) [83], Duflo-Zuker 19 (DZ19) [84],
improved Weizsacker-Skyrme model (IMWS) [85], and
machine-learning (ML) [86] mass tables to obtain the Q,
values through the following relationship:

Q(Y = M—Md_ Ma» (27)

where M, M,, and M, represent the mass excesses of the
parent nucleus, daughter nucleus, and emitted a-particle,
respectively.

Then, the a-decay half-lives of the Z = 118—120 iso-
topes were calculated by inputting the Q, values extrac-
ted from the abovementioned four types of nuclear mass
tables. The Q, values, corresponding S, and half-lives of
the Z = 118—120 isotopes are listed in Table 2. From Ta-
ble 2, it can be observed that (i) for a given nucleus, the
Q. values extracted from the four types of nuclear mass

tables are different, which indicates that Q, are strongly
dependent on nuclear mass models; (ii) S, is slightly de-
pendent on the Q, values; specifically, the larger the Q,,
the larger the S, value, and vice versa; and (iii) the half-
lives are sensitive to the Q, values. For example, the Q,
value of 9118 yielded by the RCHB theory is 2.82 MeV
lower than that yielded by the DZ19 model, but the cor-
responding half-life difference is as high as approxim-
ately seven orders of magnitude. Hence, it is necessary to
continue to develop a more accurate mass model by con-
sidering more physical ingredients.

Very recently, a newly synthesized nuclide »?Rf was
reported [87]. Its half-life is measured as 60*3) ns, which
is the shortest among all synthesized SHN. However, the
research focused on its spontaneous fission and decay in
high-K isomeric states and its a-decay half-life was not
provided. Thus, we predicted its decimal logarithms of a-
decay half-life within the one-parameter model by input-
ting the Q, values extracted from the RCHB, DZ19, IM-
WS, and ML mass models, whose Q, values are 10.71,
9.79, 9.66, and 9.87 MeV, respectively. The results for
the decimal logarithms of the a-decay half-lives are
-3.95, -1.68, —1.33, and —1.87 s, respectively. These val-
ues are much longer than its total half-life, which indic-
ates that the dominant decay mode of 22Rf is indeed the
spontaneous fission. In addition, the Lawrence Berkeley
National Laboratory announced that an SHN with Z =
116 was produced using titanium beams and two a-decay
chains were observed from *Lv [88]. The Q, values de-
tected from the two a-decay chains were 10.32 and 10.98
MeV, respectively, which were close to the previous ex-
perimental data [68]. However, the precise a-decay half-
lives were not measured. Within the one-parameter mod-
el by inputting the two new Q, values, the decimal logar-
ithms of a-decay half-lives were estimated as 0.44 and
—1.30 s, respectively, which were greater than the half-
life reported in Ref. [71]. Therefore, its a-decay half-life
needs to be measured more accurately in future experi-
ments.

Searching for the magic numbers of the SHN has
been an interesting subject in modern nuclear physics. To
obtain the magic numbers, the extracted Q, values, cor-
responding S,, and predicted log,, 7,1, values versus N
are plotted in Fig. 4. Meanwhile, the locations of the ma-
gic numbers are marked by the dashed lines. It can be ob-
served from Fig. 4 that, for the case of RCHB, the magic
number effect at N=172 and N = 184 is evident. This im-
plies that the nuclei with N = 172 and N = 184 could be
more stable and synthesized more easily than their neigh-
borhoods. However, for the case of ML, the magic num-
bers are located at N =178 and 184, respectively. Fur-
thermore, the shell effect of N = 184 is stronger than that
of N =178. In addition, for the cases of DZ19 and IM-
WS, an apparent shell effect at N = 184 is observed. In
fact, the shell effect at N = 184 is almost independent of
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Table 2. Predicted log,, 71/, values of Z= 118—120 isotopes by inputting the Q, values extracted from the RCHB, DZ19, IMWS, and

ML mass tables. The Q, values and a-decay half-lives are measured in MeV and seconds, respectively. The symbol "-" indicates that

the Q, values are not available, and therefore, the corresponding log;, 71/> values are not shown.

RCHB DZ19 IMWS ML RCHB DZ19 IMWS ML RCHB DZ19 IMWS ML
oP on o s® S8 Sa Sy logyo 7172 logyo T2 logio 712 logyo T2

Nuclei
MeV ~ /MeV  /MeV  /MeV (1072) (1072)  (1072)  (1072) /s /s /s /s

29118 9.77 1259 1209 1252 572 6.75 6.55 6.72 2.76 -431 -3.25 —4.17
2907118 9.50 1238 1218 1246  5.65 6.67 6.60 6.71 3.60 -3.88 -3.47 -4.05
21118 1027 1216 1205 1235 591 6.60 6.55 6.67 1.26 -3.43 -3.19 -3.84
292118 10.97 1195 1207 1210  6.16 6.53 6.57 6.59 —0.64 -2.99 -3.24 -3.32
93118 10.94 1175 1192 1217  6.16 6.46 6.53 6.62 —0.58 —2.54 —2.94 -3.48
294118 10.92 1156  11.89 1206  6.16 6.40 6.52 6.59 —0.54 -2.12 -2.87 -3.25
295118 10.88 1136 1178 11.83  6.16 6.33 6.49 6.51 —0.46 -1.67 -2.65 -2.77
26118 10.78 11.18 1189 1161  6.13 6.28 6.55 6.44 -0.21 -1.25 -2.91 -2.27
297118 10.65 11.00 1183 1203  6.09 6.22 6.53 6.61 0.12 -0.81 -2.80 -3.24
298118 10.62 10.84 1186 1204  6.09 6.17 6.55 6.63 0.19 -0.40 -2.87 -3.27
299118 10.50 1067 1176 1198  6.06 6.12 6.53 6.61 0.50 0.02 -2.67 -3.14
30011 10.48 1052 1175 11.81  6.06 6.08 6.53 6.56 0.54 0.42 -2.66 -2.80
1118 10.27 1037 1168 1195  6.00 6.03 6.51 6.62 1.11 0.83 —2.49 -3.11
302118 10.62 1023 1165 1190  6.13 5.99 6.51 6.61 0.13 1.20 —2.44 -3.01
303118 12.21 11.18 1240 1253  6.74 6.34 6.82 6.88 -3.70 -1.33 —4.10 —4.38
304118 12.66 1192 1236 1298  6.94 6.64 6.82 7.08 —4.65 -3.09 -4.03 -5.29
290119 9.98 1295 1274 1307 571 6.79 6.70 6.84 2.46 —4.74 —4.34 —4.98
21119 9.70 1272 1276 1298 563 6.71 6.72 6.81 331 -4.32 -4.39 -4.82
292119 1057 1250 1275 1290 592 6.63 6.73 6.79 0.74 -3.87 —4.38 —4.69
293119 11.35 1229 1270 1264 620 6.56 6.72 6.70 -1.29 —3.44 -4.29 -4.19
294119 1134 1207 1253 1273 621 6.48 6.66 6.74 -1.28 -2.99 -3.96 —4.36
295119 11.33 11.88 1262 1269 621 6.42 6.71 6.74 -1.27 -2.56 -4.16 -4.30
296119 11.29 11.68 1243 1247 621 6.35 6.64 6.66 -1.18 -2.12 -3.79 -3.88
297119 11.21 1149 1255 1235 619 6.29 6.70 6.62 -1.00 -1.69 -4.05 -3.64
298119 11.09 1130 1262 1271  6.16 6.23 6.74 6.78 -0.71 -1.25 —4.20 —4.39
299119 11.07 1113 1260 1269  6.16 6.18 6.74 6.78 —0.68 -0.83 -4.17 -4.37
300119 10.97 1095 1248 1257 613 6.13 6.71 6.74 —0.43 —0.40 -3.95 —4.13
01119 10.95 1079 1239 1236 6.3 6.08 6.68 6.67 —0.40 0.01 -3.77 -3.69
302119 10.70 1063 1232 1243 6.06 6.03 6.66 6.70 0.25 0.43 -3.63 -3.86
303119 11.17 1048 1223 1235 623 5.99 6.64 6.68 -0.98 0.82 -3.46 -3.70
04119 1273 1160  13.06 12.93  6.85 6.40 6.99 6.93 —4.50 -2.04 -5.15 —4.90
305119 13.10 12.51 1287 1335 7.2 6.77 6.92 7.13 -5.24 -4.07 —4.80 -5.73
91120 - - 1333 13.50 - - 6.83 6.90 - - -5.21 -5.53
29212 - - 1322 13.40 - - 6.80 6.88 - - -5.03 -5.36
293150 11.02 - 1322 1339 598 - 6.81 6.88 -0.14 - -5.05 -5.36
294120 1191 1263 1323 1317 631 6.59 6.83 6.80 -231 -3.89 -5.08 -4.96
295150 11.88 1242 1317 1326 631 6.51 6.81 6.85 -2.26 —3.44 —4.96 -5.14
26150  11.88 12.21 13.16 1327 632 6.45 6.82 6.87 -2.27 -3.02 -4.97 -5.18

Continued on next page
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Table 2-continued from previous page

Nuclei o5 DZI9 QIMWS oML gRCHB  gDZ19  gIMWS ML 100 TREIE 109, TT5"”  log,oTHa>  logo Ty
/MeV MeV ~ /MeV  /MeV  (1072) (1072)  (1072) (107?) /s /s /s /s
97100 11.84 1200  13.06 13.13 631 6.38 6.79 6.82 -2.19 -2.57 -4.78 -4.92
28199 1177 11.81 13.09 1294 630 6.31 6.81 6.75 -2.05 -2.14 —4.86 -4.56
299150 11.66 11.61 13.10 1325  6.27 6.25 6.83 6.89 -1.80 -1.69 -4.89 -5.17
300150 11.63 11.43 13.05 1325 627 6.19 6.82 6.90 -1.75 -1.27 —4.81 -5.19
01159 11.55 1124 1290 13.05 625 6.14 6.77 6.83 -1.57 -0.83 -4.53 -4.82
302150 11.52 11.08 1281 1282 625 6.09 6.74 6.75 -1.51 -0.42 -4.37 -4.38
303159 11.33 1090 1274 1280  6.19 6.04 6.73 6.75 -1.06 0.01 -4.23 -4.35
04100 1173 1075  12.66  12.69 634 5.99 6.70 6.72 -2.04 0.42 -4.08 —4.15
05100 1325 12.03 1345 1327  6.96 6.47 7.04 6.96 -5.25 -2.76 -5.64 -5.29
306100  13.59 1312 1329 1372 711 6.91 6.99 7.17 -5.90 -5.02 -5.35 —6.14
14— . : : . 72— . : . e . . . ,‘
B RCHB /\ ] 68l RCHB ] ol
S | ~ <
e 12 e S | =0
i a—r , =
S =l18{ = -2
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Fig. 4. (color online) Left panel: Extracted Q, values of Z = 118—120 isotopes versus N for RCHB theory, DZ19, IMWS, and ML
models. Middle panel: As in the left panel, but for the corresponding S, values. Right panel: As in the left and middle panels, but for
the corresponding log,, 7,2 values.
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the models [93, 89]. However, the shell effects at N =172
and 178 are strongly dependent on the models. Nonethe-
less, the shell effects of the SHN need to be verified by
further experiments in the future.

V. CONCLUSIONS

In this study, the a-decay half-lives of SHN with Z >
104 were calculated using the one-parameter model. The
comparison of the calculations and experimental data
showed that the calculated half-lives were in good agree-
ment with the experimental data. Moreover, the S, val-
ues and a-decay half-lives of the Z = 118—120 isotopes
were estimated by inputting the Q, values extracted from
the RCHB, DZ19, IMWS, and ML nuclear mass tables. It
was shown that the order of magnitude of S, was 1072,
By analyzing the Q, values, the corresponding S,, and

log,,T1,» values versus the neutron number N, it was
found that the shell effect at N = 184 was evident for all
cases. Meanwhile, it was found that N = 172 was the sub-
magic number for the RCHB theory. However, the sub-
magic number at N = 172 was replaced by N = 178 for
the ML approach. We hope that our study will be helpful
for the synthesis of new SHN in the future. Finally, it is
necessary to note that the two-proton radioactivity, espe-
cially its spectroscopic factor, has attracted attention in
recent years [90—93]. However, it is challenging to ob-
tain an accurate spectroscopic factor because the correla-
tion between the two emitted protons is complex [90—95].
Therefore, it will be interesting to extend or improve the
one-parameter model to extract the spectroscopic factor
of the two-proton radioactivity, which is a work in pro-
gress.
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