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Abstract: In this study, a-particle preformation factors in heavy and superheavy nuclei from **Th to **Og are in-
vestigated. By combing experimental a decay energies and half-lives, the a-particle preformation factors P, are ex-
tracted from the ratios between theoretical o decay half-lives calculated using the Two-Potential Approach (TPA)
and experimental data. We find that the a-particle preformation factors exhibit a noticeable odd-even staggering be-
havior, and unpaired nucleons inhibit a-particle preformation. Moreover, we find that both the o decay energy and
mass number of parent nucleus exhibit considerable regularity with the extracted experimental a-particle preforma-
tion factors. After considering the major physical factors, we propose a local phenomenological formula with only
five valid parameters for a-particle preformation factors P, . This analytic expression has a clear physical meaning as
well as good precision. As an application, this analytic formula is extended to estimate the a-particle preformation

factors and further predict the a decay half-lives for unknown even-even nuclei with Z =118 and 120.
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I. INTRODUCTION

o decay has long been considered a trusted pathway
to obtaining nuclear structure information such as shell
effects, nuclear deformation, spin and parity, and neut-
ron-proton interaction [1-9]. This decay mode was first
observed as an unknown radioactive phenomenon and
further described as a process through which a parent
nucleus emits a *He particle by Rutherford [10]. Until the
1920s, the corresponding decay mechanism was ex-
plained as a quantum tunneling effect by Gamow [11]
and Condon and Gurney [12]. Since then, numerous mod-
els and/or phenomenological formulae based on tunnel-
ing theory have been proposed to calculate o decay half-
lives and further reconstruct the corresponding decay pro-
cess [13-21].

Generally, the numerous approaches on o decay can
be divided into two categories: the cluster-like and fis-

sion-like theories. The main difference between these two
theories lies in the treatment of whether the a-particle is
preformed in the parent nucleus [22]. Consequently, the
corresponding decay constant frequently has different
forms. In the fission-like theory, the decay constant A can
be defined as the product of two terms: the penetration
probability and effective assault frequency. Note that the
effective assault frequency contains the certain a-particle
preformation information [23, 24]. Correspondingly, the
decay constant A in the preformed cluster models can be
described as the product of three physical terms: the a-
particle preformation factor, penetration probability, and
collision probability. Among these three terms, the a-
particle preformation factor is an indispensable physical
concept; it represents the relative probability that the a-
particle exists as an entity on the surface of or inside the
parent nucleus. In practice, it is largely dependent on the
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structure and state of parent and daughter nuclei. There-
fore, the preformation factor has an essential role in the
exploration of nuclear structure [25]. However, reason-
ably evaluating the a-particle preformation factor is chal-
lenging as it is not a valid observation quantity. Several
methods have been proposed to evaluate or extract o-
particle preformation factors, such as the R-matrix meth-
od [26—28], microscopic wave function approach [29,
30], cluster-formation model [31—-33], density-dependent
cluster model [34], generalized liquid drop model
[35—-38], and Two-Potential Approach (TPA) [39—41]. In
general, the above mentioned methods obtain the pre-
formation factors through the ratios between theoretical a
decay half-lives and experimental data. In these cases,
most of the obtained preformation factors are model de-
pendent because the matched integration form differs for
various models.

The TPA is one of the excellent phenomenological
models used to investigate the a decay process. Currently,
a-particle preformation factors P, are poorly studied in
the TPA framework, particularly for heavy and super-
heavy nuclei. On the one hand, exploring the hidden nuc-
lear structure information can provide valuable reference
for further exploration. On the other hand, this model
must be urgently refined to provide more reliable predic-
tions for future experiments. Hence, we systemically
study the preformation factors in the heavy and super-
heavy region from **Th to **Og. Referring to relevant
studies [42, 43], this work primarily focuses on the
ground-state a transitions. Subsequently, we discuss the
corresponding nuclear structure information in detail. We
propose a local phenomenological formula with only five
valid parameters for a-particle preformation factors P,.
This analytical expression can be used to evaluate the a-
particle preformation factors and accurately calculate
half-lives. With this analytic formula, we predict the a
decay half-lives for unknown even-even nuclei with Z =
118 and 120.

The remainder of this article is organized as follows.
In Sec. I, the theoretical framework of the TPA is briefly
described. The detailed results and discussion are presen-
ted in Sec. I1I. Finally, a succinct summary is provided in
Sec. I'V.

II. THEORETICAL FRAMEWORK

A. TPA framework

In the TPA, the a decay half-lives T/, can be defined
as

In2 _ filn2

Tip=—="n, 1
1= T (D

where A and I represent the decay constant and decay

width, respectively. In general, the decay constant and de-
cay width are related to three parts, which are the normal-
ized factor F, penetration probability P, and oa-particle
preformation factor P,. Within the TPA framework, the
decay width can be expressed as

KW FPP,
r= ) 2
4u

F is an important physical quantity related to the col-
lision probability or assault frequency, which satisfies the
condition

rn 1
F/r] 2k(r)dr:1’ (3)

where r is the mass center distance between daughter
nucleus and preformed a-particle. Note that F appears as
the normalized factor of the bound state wave function,
which is essential in describing the frequency of particle
motion in the quasi-classical period. Moreover, the condi-
tion in Eq. (3) is a key constraint for the bound state wave
function. Details of the integral form are available in Ref.
[44]. k(r) represents the wave number, which can be giv-
en by

2
k(r) = hf’;ﬁQQ —V(), )

where V(r) and Q, denote total interaction potential and

o decay energy, respectively. u is the reduced mass of the

a-particle and daughter nucleus and can be described as
mqymygy

L= o i Tmy where m, and m, represent the nucleon
mass of the a-particle and daughter nucleus, respectively.
The penetration probability P represents the probability

that a-particle penetrates the barrier. It can be given by

P=exp {—2 /’3 k(r)dr} , (5)

2

where ry, r,, and r; are the classical turning points and
satisfy the conditions V(r)) = V(r,) = V(r;) = Q,. In the
parent nucleus (r; <r<r,),the corresponding interac-
tions are dominated by the nuclear potential, whereas, in
the region outside the nucleus (r, < r < r;), the Coulomb
potential has an important role.

The total interaction potential includes three parts: the
nuclear potential Vy(r), Coulomb potential V¢(r), and
centrifugal potential V(r). It can be expressed as

V(r) = Vy(r) + Ve (r) + Vi(r). (6)
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In this work, the nuclear potential is described by the
type of cosh parametrized form, which can be expressed
as

1+ cosh(R/a)

Vn(r) ==V cosh(r/a) +cosh(R/a)’

(7

where V; and a are parameters of the depth and diffuse-
ness of the nuclear potential, respectively. In our previ-
ous study [39], a series of parameter values were ob-
tained with @ = 0.5958 fm and V, = 192.42 +31.059¥
MeV, where N, Z, and A are the neutron, proton, and
mass number of daughter nucleus, respectively. Vc(r)
represents the Coulomb potential, which is based on the
assumption of the uniformly charged sphere and can be
described as

ZZQ 2 2
dZaC {3—r—}, r<R,
2R

V = 8
c(r) ZdZ[,ez (®

r

where Z,; and Z, are the charge number of the daughter
nucleus and a-particle, respectively. The radius R is giv-
en by

R=1.28A'3-0.76 +0.8A71/3, )

For unfavored a decay (¢ # 0 decays, where ¢ repres-
ents the angular momentum obtained by the emitted a-
particle), the corresponding centrifugal potential gener-
ated by the nonzero angular momentum can be con-
sidered as

R+ 5)

Vi(r) = 2ur?

(10)

Eq. (10) is related to the Langer modified form be-
cause the term I((+1) — ([+1/2)* isan important cor-
rection for one-dimensional problems [45]. The minim-
um angular momentum ¢, obtained by the a-particle is
selected in based on the conservation laws of spin-parity,
which is given by

A, for even A; and &, =my,,
A;+1, for even A; and &, # 7y,
bun=14 " N ¢F)
Aj, for odd A; and &, =m,,
A;j+1, for odd A; and &, # 7y,

where A; = |j,—jal, j»» Tp, ja, Ta represent the spin and
parity values of parent and daughter nuclei, respectively.

Details on the conservation laws of spin-parity are avail-
able in the Ref. [46].

B. a-particle preformation factors P,

Referring to Egs. (1) and (2), the experimental decay
constant .., can be calculated as

2 _nPeFp a2
R T

Correspondingly, if the a-particle preformation factor
is fixed as Py =1, the theoretical decay constant 1., can
be given by

_In2 _ hPyFP
T

. (13)

cal

Combining the Egs. (12) and (13), the a-particle pre-
formation factors can be extracted from the ratios
between theoretical a decay half-lives and experimental
data. It can be expressed as

1
/lexp _ Tlc/aZ

PP = =
a exXp
/lcal T] /2

(14)

Note that a-particle preformation factors extracted us-
ing Eq. (14) are not the absolute values; they reflect only
the relative probabilities of the a-particle forming inside
or on the surface of the parent nucleus.

III. RESULTS AND DISCUSSION

The TPA is widely used to study the a decay process
[39, 47, 48] and proton radioactivity [49], and the corres-
ponding results agree closely with experimental data. In
this work, the a-particle preformation factors P, for
heavy and superheavy nuclei are extracted from the ra-
tios between theoretical o decay half-lives calculated us-
ing the TPA and experimental data. The detailed results
for 65 even-even, 87 odd-4, and 28 odd-odd nuclei are
listed in Tables 1-3, respectively. These three tables
share the same framework; the first five columns denote
the o transition, corresponding decay energies (Q,), spin
and parity for parent and daughter nuclei, and minimum
angular momentum taken away by the emitted a-particle,
respectively. The middle five columns represent the log-
arithmic value of experimental a decay half-lives, nor-
malized factor F, penetration probability P, and experi-
mental a-particle preformation factors extracted from Eq.
(14), denoted as PS®, and those estimated using Eq. (15),
denoted as P9, respectively. The last two columns de-
note the calculated o decay half-lives in logarithmic form
with the corresponding preformation factors derived from
the fixed Py =1.0 and Eq. (15), denoted as log, 7% and
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Table 1. Calculations of a-particle preformation factors and o decay half-lives for 65 even-even nuclei. The experimental o decay
half-lives, spin, and parity are obtained from Refs. [46, 50, 51]. The o decay energy values are obtained from the latest evaluated atom-
ic mass table AME2020 [52, 53]. The decay energy and half-lives are in the units of MeV and s, respectively.

«@ transition Ou Iy I Cmin logloTle/xzP F P PP pEa longf;‘%l longf;‘%2
220Th—210Ra 897  0* ot 0 -5.01 0.859  3455x10°17 05902  0.4399 -5.24 ~4.88
22Th—?8Ra 8.13 0* 0* 0 -2.69 0.861 1.595% 10719 0.6108  0.4692 -2.90 -2.58
24Th—20Ra 730 0o* ot 0 0.12 0.861 3.007x10°2 05017 0.5102 -0.18 0.11
226Th—222Ra 645  0* 0* 0 3.39 0.876 1.324x 10725 0.6021 0.5723 3.17 3.41
28 Th—?*Ra 552 0* ot 0 7.93 0.805 3482%10730  0.7179  0.6823 7.79 7.95
230Th—22Ra 4.77 0* 0* 0 12.49 0.874 7.533% 1035 0.8421 0.8158 12.42 12.50
22Th—28Ra 408 0* ot 0 17.76 0.825 2.867x 1074 12594  1.0123 17.86 17.85
22y 218 Th 948  0* o+ 0 -5.33 0.848 1373x 10716 03146 0.4090 ~5.83 —5.44
24y —2201h 8.63  0* ot 0 -3.39 0.824 8512x10719 05992  0.4336 -3.61 -3.25
26222 Th 770 0of o+ 0 -0.57 0.869 1.169% 1072! 0.6269 04751 -0.77 —0.45
28y —224Th 6.80  0* ot 0 2.90 0.874 5.231x10°2 0.4720  0.5332 257 2.85
20y —220Th 599 o* 0* 0 6.43 0.856 1.115x10728 0.6669  0.6076 6.25 6.47
22y 228Th 5.41 o+ ot 0 9.50 0.867 8207x10732  0.7615  0.6733 9.38 9.55
B4y 2B0Th 486  o* o+ 0 13.04 0.883  2621x10735  0.6755  0.7595 12.87 12.99
B6y22Th 457 o* ot 0 15.00 0.876  2.174x107% 0.9005  0.7982 14.95 15.05
Z8y24Th 427  o* o+ 0 17.25 0.755 3.980 x 10~40 14219  0.8515 17.40 17.47
B0py 220y 718 0* ot 0 2.01 0.875 2401%x10°2% 07971  0.4951 1.91 222
32py 28y 672  0F o+ 0 4.13 0.873 3.399x 10720 0.4279  0.5148 3.76 4.05
Bapy 230y 6.31 o+ ot 0 5.89 0.876  5.122x10728 04920  0.5344 5.58 5.85
Bopy 232y 587 ot o+ 0 8.11 0.873  3382x10730 04506  0.5649 7.76 8.01
B8py 24y 559  0* ot 0 9.59 0.876 1.044 x 10731 04822  0.5774 9.27 9.51
240py 236y 526  0* 0* 0 11.45 0.877 1.170% 10733 0.5929  0.6035 11.22 11.44
M2py 28y 498  o* 0* 0 13.18 0.887 1.830x 1073 0.6979  0.6262 13.02 13.23
244Pu—>240U 4.67 ot ot 0 15.50 0.875 1.155x 10737 0.5366 0.6627 15.23 15.41
em—>0py 737 o* ot 0 2.11 0.825 2057%x10°% 07923 0.4519 2.00 235
¥ocm—22py 707 o* o+ 0 3.35 0.873 1472x10°25  0.5958  0.4536 3.13 3.47
Cem—>4py 667 0* ot 0 5.51 0.846  3.143x1077 0.1992  0.4677 4.81 5.14
Mem—-2%py 640 0F 0* 0 6.52 0.826 1.953x 10728 03210 04711 6.03 6.35
Mem—>8py 622 0o* ot 0 7.28 0.879  2846x1072° 03599  0.4658 6.84 7.17
Mem—py 590 o* o+ 0 8.87 0.820  6.784x1073! 0.4159  0.4793 8.49 8.81
#Ccm—2*2py 548 0o* ot 0 11.26 0.874  2.905x1073 03711  0.5119 10.83 11.12
Mem—*py 516 0o* o+ 0 13.16 0.835  2943x1073 04832  0.5368 12.84 13.11
er»2#cm 813 0F ot 0 -0.08 0.806 1.889x 10722 13545 03722 0.05 0.48
MWer»2ocm - 771 0+ o+ 0 2.03 0.866 7.027 x 10724 02629  0.3795 1.45 1.87
Mer-28Ccm 752 0F ot 0 2.54 0.867 152010724 03755 03720 2.11 2.54
Mer»cm 7330 0F o+ 0 3.06 0.812  3.078x10°2 05978  0.3654 2.84 3.27
#6cr—»22Cm - 6.86 0F ot 0 5.11 0.830  3.741x1077 0.4288  0.3820 4.74 5.16
Mor-Mem 636 0F o+ 0 7.56 0.827 1.947x10727 02936 0.4067 7.03 7.42
B0cr»2Ccm - 613 0F ot 0 8.69 0.860 1.460% 10730 02790  0.4085 8.14 8.52
BW20p2M80cm 622 QF o+ 0 8.01 0.834  4700x1073° 04276  0.3780 7.64 8.06

Continued on next page
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Table 1-continued from previous page

exp

call

cal2

@ transition Qo 7p JG Comin log 0T, F P PP pa log T{7, logo Tt}
24Cf—20Cm 5.93 o+ 0* 0 9.31 0.866 1.505 x 10731 0.6448  0.3869 9.12 9.53
M Em 20 Cf 8.55 0* 0* 0 -0.51 0.850 9.260 % 10722 0.7051  0.3105 -0.66 -0.15
26 Fm 242 Cf 8.38 0* 0* 0 0.17 0.842  2.892x10722 04765  0.3023 -0.15 0.37
M Em 24 Cf 7.99 0t 0* 0 1.66 0.832 1.504%10°23 03002  0.3063 1.14 1.65
20pm 240 Cf 7.56 o+ 0* 0 3.38 0792  4302x1072° 02100  0.3144 2.70 3.20
B2 Fm 248 Cf 7.15 0* o+ 0 5.04 0.812 1.063x10726  0.1814  0.3238 430 479
BAFm 20 Cf 7.31 o+ 0* 0 4.14 0.790  5371x10726 02929  0.2967 3.61 413
B6pm—22Cf 7.03 0* o+ 0 5.14 0.838  3985x107%7 03724 0.2984 471 5.24
22No—2*$Fm 8.55 o+ 0* 0 0.74 0.845  2179x1022  0.1696  0.2638 —0.03 0.55
24 No—2"Fm 8.23 0* o+ 0 1.82 0.848  2047x10°23  0.1496  0.2640 0.99 1.57
P6No—>2Fm 858 o+ o+ 0 0.53 0.828  3309x10722  0.1848  0.2357 -0.20 0.42
26 RF—22No 8.93 0* o+ 0 0.32 0.869  6.876x10°2  0.1375  0.2353 —0.54 0.09
2B RF-2No 9.20 0* 0* 0 -0.61 0.853  4.952x1072! 0.1656  0.2139 -1.39 —0.72
26095 256 Rf 9.90 0* 0* 0 —-2.04 0.860  9918x10°2° 02379  0.1932 -2.66 -1.95
266 s —2025g 1035 o* o+ 0 -2.41 0.852  3574x10°19  0.1450  0.1634 -3.25 -2.46
268 5,264 g 9.77 o o 0 -0.39 0.836  1.116x10°20  0.0452  0.1680 -1.73 -0.96
210 Hs—200 5o 9.07 o+ o+ 0 1.18 0.826  1.035x10722  0.1327  0.1775 0.30 1.05
0 ps—200Hs 112 o* 0* 0 -2.70 0.841 6.663x10718  0.0154  0.1404 -4.51 -3.66
22ps—2"8Hs 9.15 0* 0* 0 1.82 0.837  5506x10°2  0.0565  0.1363 0.57 1.44
86Cn—282Ds 9.24 0* o 0 1.48 0.820  2.180x10°23 03208  0.1282 0.98 1.88
BOF1 282 Cn 1036  o* 0* 0 —0.66 0.845  7.558x1072! 0.1231  0.1141 -1.57 -0.63
BF 284 Cn 10.08 0* 0* 0 -0.19 0.758 1.401x 10721 0.2507  0.1130 -0.79 0.16
2901y 280 F] 1.0 o* 0* 0 -2.05 0.838  8488x10°20 02712 0.0997 -2.62 -1.62
22y 288 10.79 0* 0* 0 -1.80 0.839 2728 x 10720 0.4743  0.0976 -2.12 -1.11
P40g 2Ly 11.87  o* 0* 0 -3.15 0769  2592x10°18  0.1219  0.0855 —4.06 -3.00

log, T3, respectively.

Table 1 shows that the normalized factor F always re-
mains within a small range, and the experimental half-
lives increases with the neutron number N in each iso-
tope chain. The increased neutrons may contribute signi-
ficantly to maintaining the nuclear stability. Wang et al.
suggest the increasing symmetry energy leads to this be-
havior [54]. In contrast, the decay energy Q, and penetra-
tion probability P decrease gradually in each isotope
chain. The penetration probabilities for different nuclei
have very large discrepancies with a given isotope chain,
indicating that the penetration probability largely determ-
ines the a decay half-lives. More importantly, as shown
in the ninth column, the penetration probability is always
within a narrow range of 1072 and 10™'® for the Rf — Og
(Z =104 - 118) isotope chain. The relatively large penet-
ration probability means that the a-particle can easily es-
cape from the parent nuclei and the superheavy nuclei
should be weakly bound [55].

For preformation factors, by combining the three

tables, we find that the sequence of nuclei in the order of
decreasing P is even-even, odd-4, and odd-odd nuclei.
The results satisfy the variation trend of a-particle pre-
formation factors extracted using various models
[56—58]. For a more intuitive description, the extracted
experimental a-particle preformation factors for 7h and
Pa isotopes are plotted as black squares and red balls, re-
spectively, in Fig. 1. This figure shows that the preforma-
tion factors of even-even nuclei are significantly larger
than the corresponding ones of the adjacent odd-A nuclei
from Th isotopes. Additionally, the corresponding pre-
formation factors of odd-A nuclei are larger than the cor-
responding ones of the adjacent odd-odd nuclei in the Pa
isotopes. This result suggests that the unpaired nucleons
will inhibit a-particle preformation. Note that these regu-
larities are analyzed through the overall performance.
Strictly, the preformation factors are strongly correlated
with the nuclear structure. Zhang et al. proved that the
nuclei near the closed shell are relatively stable owing to
the strong bound states [55]. Thus, the preforming factors
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Table 2. Same as Table 1 but for 87 odd-A nuclei. "*," "#," and "()" indicate values estimated from trends in neighboring nuclei, un-
certain spin, and uncertain parity, respectively.

« transition Qo Jp 7 Cinin logo T /"213 F P PP pka loglon/a%1 loglon/a%z
Ity 217Ra 863 7/2T#  (9/2%) 2 -2.76 0873  2532x107'8  0.0446  0.1123 —4.11 -3.16
WTh2MR, 757 5/ (7)) 2 -0.22 0.876  1465x10721 02216  0.1254 -0.87 0.03
25Th221Ry 692 3/2F 5/2%% 2 2.77 0.866  6.527x10724  0.0515  0.1336 1.48 2.36
2ITh—?BRa 615 (1/2%)  3/2%« 2 6.21 0.875  3.325x10727  0.0363  0.1494 4.77 5.60
WITH225Ry 517 5/2%« 1/2% 2 11.39 0.863  1.752x10732  0.0462  0.1843 10.05 10.79
2Ipa27Ac 924 9/27 9/2- 0 -5.23 0.838  7.637x10°17 04534  0.1438 -5.57 —4.73
2pa29Ac 835 9/2= 9/2= 0 -2.15 0.860  3.065x1071  0.0918  0.1539 -3.19 -2.37
WSp, 2IAc T4l 5/2°# 9/ # 2 0.23 0.872  1.647x10°2 07018  0.1254 0.08 0.98
Wpa2BAc 658 (5/27)  (5/20) 0 3.43 0872 1.712x107% 04260  0.1895 3.06 3.78
2Wp, 254, 584 5/2F 3/2° 1 7.40 0.882  4.832x107®  0.1601  0.1792 6.60 7.35
Blpy, 27Ac 515 3/27%  3/27% 0 12.00 0.869  7.156x1073  0.0276  0.2462 10.44 11.05
2WyL29TE 907 7/2t# 9/2%# 2 —4.74 0791  1392x10°17  0.8552  0.1037 -4.81 -3.82
25y —21Th 8.01 5/2% 7/2%# 2 -1.16 0.869  6.834x10721 04170  0.1163 -1.54 -0.61
2y 724 (3/2Y) (52 2 1.82 0.868  1.569x1072>  0.1904  0.1259 1.10 2.00
29U —2Th 648  3/2* 3/2* 0 4.24 0.823  2288x107%  0.5238  0.1838 3.96 4.68
Bly—27Th 558  5/2t#  (1/2%) 2 9.82 0.828  4231x1073 00740  0.1652 8.69 9.47
2BU—-2Th 491 52« 5/2%x 0 12.69 0.891  5536x1073 07096  0.2610 12.54 13.12
23Np—-29pa 9.66  (9/27) 9/2~ 0 -5.66 0.858  1.728x10°'6  0.5281  0.1355 —-5.94 -5.05
25Np—22pa 883  9/27# 9/2- 0 -2.44 0.851 1.347x10718  0.0412  0.1429 —-3.83 —2.98
2INp—2Bpa 782 5/2*#  9/27# 3 -0.29 0873  3964x10722 09648  0.1028 -0.31 0.68
2I9Np—2pa 702 5/2% 5/27# 1 255 0.702  1250x1072 05501  0.1455 2.29 3.13
BINp2Tpa 637 5/2%#  (5/27) 1 5.16 0.839  2.161x10727  0.6539  0.1584 4.98 5.78
INp—2Pa 563 5/27# 5% 0 8.49 0.847  4.674x1073 14010 02160 8.64 9.30
PNp—-Blpa 519 5/2F 3/27% 1 12.12 0.861  9.755x1073*  0.1548  0.1954 11.31 12.02
BINp—Bpa 496 5/2%x 3/2- 1 13.83 0.854  3241x10°3  0.0917  0.1993 12.79 13.49
29p, 225y 759 3/2# 5/2% 2 1.95 0.858  4.507x10°3  0.0497  0.1181 0.65 1.57
Blpy 27y 6.84  (3/2)  (3/2) 0 3.71 0.860  1.053x10725 03692  0.1754 3.28 4.03
Bpy -2y 6.41  5/2# 3/2% 2 6.00 0.853  8.244x10°8 02436  0.1346 5.39 6.26
BpysBly 595  (5/2%)  5/2%# 0 773 0.852  8.520x1073°  0.4395  0.1934 7.37 8.09
MWpy2Ty 514 5/2%« 1/2* 2 13.26 0.847  1.172x10°3*  0.0949  0.1529 12.24 13.05

W Am25Np 814 5/27#  9/2# 2 -0.01 0.867  1.294x10721  0.1563  0.1104 -0.82 0.14
BAm2INp 707 5/2°# 5/2% 1 3.63 0.884  3.000x10°2  0.1515  0.1366 2.81 3.67
B Am-BINp 658 5/27# 5/2%# 1 5.19 0.862  2.642x10727 04863  0.1435 4.88 5.72
BT Am—233Np 620 5/2° 5/2+# 1 7.24 0.853  4.601x1072° 02512  0.1486 6.64 7.47
9 AM-35Np  5.92 5/2° 5/2% 1 8.63 0.840  1.840x107° 02600  0.1510 8.04 8.87
M Am-PINp 564 5/27x 5/2%x 1 10.13 0.861  5715x10732 02583  0.1544 9.54 1035
MWAM—P9Np 544 5/27« 5/2% 1 11.37 0870  4.146x1073 02027  0.1550 10.68 11.49
Wem—2Ppy 748 3/2t# 3/2%# 0 2.06 0.807  5.111x107 03619  0.1547 1.62 2.43
BSemoBlpy 728 524 (3/2%) 2 4.47 0.872  5613x102 00119  0.1120 2.54 3.49
M em—?"py 619 1/2+ 7/2° 3 8.45 0.867  6323x1073°  0.1110  0.1066 7.50 8.47

Continued on next page
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Table 2-continued from previous page

«@ transition Qo 7y 7 bomin logoT; /xzp F P PP pta loglOTf/'“‘zu loglOTl‘l/'“‘z12
Wem—-2Ppu 617 5/2%x 1/2%% 2 8.96 0.822  9.640x1073°  0.0237  0.1150 7.34 8.27
MWomo24py 562 7/2%« 5/2%x 2 11.42 0.867  1.081x10732  0.0696  0.1265 10.26 11.16
W em—pu 535 9/27« 7/2% 1 14.69 0.861  3.967x1073%  0.0010  0.1478 11.70 12.53
HBk—HAm 645 3/2° 5/27% 2 8.55 0.843  8.184x1072  0.0070  0.1049 6.40 7.37
W M3 A, 5.89 3/2° 5/27% 2 10.64 0.858  1.214x1073"  0.0377  0.1147 9.22 10.16
9B 45 Am  5.52 7/2% 5/2% 2 12.32 0.827  9715x107%  0.1022  0.1209 11.33 12.25
BCf—BCm - 8.23 5/2%# 3/2%# 2 0.06 0.864  2272x10722  0.7605  0.0943 -0.06 0.97
90r5250m 177 5/2%# 5/2+# 0 1.63 0.794  1.104x10°23 04588  0.1312 127 2.17
Wor9cm 742 (1724 7/2°# 3 3.66 0.801  2258x10"> 02075  0.0815 2.98 4.07
MWef-*em 726 172+ 1/2* 0 3.89 0.866  1.701x107  0.1500  0.1225 3.07 3.98
Werem 650 (7/24) 5/2%% 2 7.50 0904  5.137x1072°  0.1168  0.1012 6.57 7.56
Wef-em 629 9/2- 7/2% 1 10.04 0.876  7.643x107°  0.0023  0.1148 7.41 8.35
Blef-*Cm - 6.18 1/2% 9/27x 5 10.45 0.866  1.853x1073  0.0379  0.0675 9.03 10.20
M3pg 529K 8.08  (7/2%)  (7/2Y) 0 1.55 0.783  6317x1072  0.0977  0.1142 0.54 1.48
MEsMBK 694 7/2 3/2° 3 6.03 0.840  1.139x107%  0.1673  0.0788 5.25 6.36
Blpg247BK 6.60 3/2° 3/2° 0 7.37 0.832  1.059x 10728  0.0830  0.1241 6.29 7.20
23EsBK 6.74 7/2%« 7/2% 0 6.25 0.853  5207x10728 02173  0.1137 5.59 6.53
MWIEm29cr 870 7/27# 5/2+# 1 -0.60 0.838  2.185x 10721 03729  0.0838 -1.03 0.02
WSpm24lcr 844 1/2%# 7/2°# 3 0.62 0.864  1522x10722 03128  0.0680 0.12 1.28
WpEm—23cf 826 (7/2%) (1/2%) 4 1.68 0869  2.141x1072  0.1927  0.0585 0.96 2.20
BlEm-2#¢cf 743 9/2~ (7/2%) 1 6.02 0.867  1.177x10"%  0.0016  0.0895 3.23 427
BTEm—23Cf 686 9/2* 7/2* 2 6.94 0.816  4393x1072®  0.0550  0.0756 5.68 6.80
W\Md-XEs 9.02 (7/2) 3/27# 2 -0.48 0.857  6.472x1072!  0.0935  0.0723 -1.51 -0.37
WIMA—2BEs 877 7/27# (7/2%) 1 0.08 0.853  1.774x10721  0.0944  0.0809 -0.95 0.15
WMd-Es 844 (7/27)  (3/2) 2 1.54 0.855  1.237x10722  0.0468  0.0711 0.21 1.36
BIMd-2TEs 796 (7/27)  (7/2%) 1 3.40 0.869  4349x10"2*  0.0181  0.0833 1.66 2.74
BMA-MEs 757 (7/20) 7/2% 1 4.71 0.850  1.673x107>  0.0235  0.0849 3.08 4.15
PMd-BEs 791 (7/20) 3/2° 2 436 0.827  2468x1072*  0.0037  0.0663 1.92 3.10
PTMd-2BEs 756 (7/20) 7/2% 1 5.12 0.866  1.861x1072%  0.0081  0.0765 3.03 4.14
BINo—XFm 876 (7/2%)  (7/29) 0 -0.02 0.836  9.666x10722 02225  0.0890 -0.67 0.38
3No—-Fm 842 9/27« 7/2% 1 223 0781  7212x10°3 00179  0.0748 0.48 1.61
ZNo—?3Fm 848  (3/2%) 1/2% 2 1.46 0870  9.831x10™3  0.0696  0.0585 0.30 1.54
2No—>Fm 785 9/2+ 7/2% 2 3.66 0.863  6.814x1072  0.0638  0.0620 2.47 3.67
W29 892 (7/20) (7/20) 0 0.12 0.802  1355x1072!  0.1198  0.0845 -0.80 0.27
BIRFS5INg  9.06  (9/27)  (7/2%) 1 0.62 0.866  1.382x1072!  0.0344  0.0675 -0.84 0.33
29RF-?No 913 3/2+# (1/2%) 2 0.49 0.800  1.949%1072!  0.0357  0.0528 -0.96 0.32
WBIRF2TNg  8.65  3/2%# (3/2%) 0 1.06 0.861  1.134x10722  0.1531  0.0733 0.25 1.38
BTpp—23Lr 921 9/2+# (7/27) 1 0.26 0.861  1.780x1072!  0.0616  0.0642 -0.95 0.24
W63 2597, 8.84  9/2+# 1/27# 5 1.80 0.832  1.690x1072%  0.1935  0.0351 1.09 2.54
M98gSRE 977 (11/27)  (9/2) 2 ~0.48 0847  2378x10°2°  0.0257  0.0506 -2.07 -0.77
WIS 2TRE 971 (3/2%)  (1/2Y) 2 ~0.72 0874  1.791x10°20 00576  0.0484 -1.96 ~0.64

Continued on next page
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Table 2-continued from previous page

@ transition Qo 7y i boin logioT} /xf F P PP pa longlC;‘él loglOTlc/"‘%2
26380 529Rf 941 3/2%# 3/2%# 0 0.03 0.802  4.560x1072'  0.0438  0.0651 -1.33 -0.14
20580 26IRF  9.05 11/27# 3/2+# 5 1.26 0.863  3.526x107% 03101  0.0330 0.75 223
Hlgh—27pp 1051 (5/27) 9/2+# 3 -1.89 0.836  5991x1071°  0.0266  0.0393 —3.46 -2.06
WHs—2lgg 1047 32 (3/2%) 0 272 0817  6846x1071  0.1611  0.0561 -3.51 -226
26926559 9.28 9/2+#  11/27# 1 1.18 0.841  3727x10°2  0.0362  0.0502 -0.26 1.04
2675 203Hs 1178 3/2%# 3/2%# 0 -5.00 0810  1.664x107'¢  0.1274  0.0478 -5.89 -4.57

Table 3. Same as Tables 1 and 2 but for 28 odd-odd nuclei.

@ transition Qu Iy I Cimin log,oT} /sz F P P pta loglon/"‘z” loglon/"‘%2
24pa20Ac 769 (57) (37 2 -0.07 0.868  1.488x1072!  0.1559  0.0417 -0.88 0.50
26pa22Ac 699 1# 1 0 2.16 0.873  7.997x10°%*  0.1698  0.0608 1.39 2.61
Mpy 24 pc 627 3+ ) 3 6.63 0.764  2338x107%7  0.0225  0.0437 4.98 6.34
20pa220Ac 544 2" 1) 2 10.67 0.791  2.180x1073  0.0212  0.0581 9.00 10.23
24Np—20pg  9.33 27 # 1 # 2 —4.42 0.842  1.617x10°17 03308  0.0344 -4.90 -3.44
20Np—222pa  8.34 0 1# 0 —1.46 0.884  5278x1072°  0.1059  0.0508 -2.43 -1.14
28Np—224py  7.54 4+# (57) 1 2.18 0.841  1.105x10722  0.0122  0.0460 0.27 1.60
PONp—2206pa  6.78 44 1 # 3 3.96 0.861  5339%x10726 04087  0.0392 3.57 4.98
BoNp—22pa 5.0l 67) 2- 4 15.48 0.890  1.206x1073  0.0053  0.0468 13.20 14.53
B4 Am—20Np  6.80 0 # 4+4 5 5.55 0.874  1.808x10727 03058  0.0288 5.04 6.58
BoAm-22Np 626 5- 5" 0 6.73 0.856  1.041x10°28 03582  0.0610 6.28 7.50
P4Bk—20Am  8.11 34 1 2 2.24 0.871  2.003x10722  0.0057  0.0346 -0.01 1.45
M0ps 2%k 8.27 4 # 4* 1 0.93 0.857  1.993x10722  0.1179  0.0343 1.64 1.47
M2ps—2¥Bk 8.16 2+ 1# 1 1.49 0.849  9438x10™2  0.0692  0.0330 0.33 1.81
2Mps 0Bk 7.95 6+ 7" 1 2.96 0.840  1.964x10°2 00114  0.0324 1.02 2.51
M6ps2M2BK 765 4 # 3t 1 3.66 0.815  1.766x1072*  0.0261  0.0324 2.08 3.57
M8ps2MBk 7.16 27# 4# 2 5.76 0.869  1.599x1072  0.0215  0.0298 4.09 5.62
P2ps—248Bk 6.74 4 6* 2 7.72 0.842  2.896x10728  0.0134  0.0293 5.85 7.38
2Md—-Es 895 3t 4# 1 -0.42 0.863  5377x10721  0.0972  0.0290 -1.43 0.11
H6Md—>2Es 890 17# 2+ 1 -0.04 0.849  4204x1072  0.0527  0.0277 -1.32 0.24
20Md—-20Es  8.16 27# 4# 2 2.87 0.821  1482x10™23  0.0190  0.0247 1.15 2.76
BO6Md—>2Es 775 1) @) 3 470 0.870  3.956x10725  0.0099  0.0199 2.70 4.40
28Md-24Es 727 8 # 7+ 1 6.65 0.858  1.338x10726  0.0033  0.0268 4.17 5.75
P Mmd - 917 T# 0 0 -0.08 0.775  7.252x1072!  0.0367  0.0284 -1.52 0.03
DAL 2500 d 883 44 274 3 1.40 0.816  2711x10722  0.0309  0.0184 -0.11 1.63
20,5252 d 886 (07,37)# 1+ 1 1.52 0.843  8.642x10722  0.0071  0.0224 -0.63 1.02
P0pp—22Lr  9.34 9 # T# 2 0.36 0.862  2931x1072!  0.0297  0.0193 -1.17 0.55
28pp4Lr 9.44 0 # 44 1 0.75 0.845  8770x1072  0.0041  0.0205 -1.64 0.05

are relatively small when the nucleons occupy the closed
shell or magic number. This pattern implies that the shell
effect has a key role in a-particle preformation [59]. In
addition, the apparent odd-even staggering effect in Fig. 1
can be considered a valid object to further investigate the

strong interaction. A similar odd-even effect also occurs
in the one-neutron and one-proton separation energies
[60]. Kaneko et al. found that a-particle condensation is
enhanced by the strong proton-neutron interaction [61].
Therefore, a-particle preformation is restricted by mul-
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Fig. 1.
factor Pj " extracted from Eq. (14). The black squares and red
balls denote the corresponding results of Th and Pa isotopes,
respectively.

(color online) Experimental a-particle preformation

tiple factors.

Combined with the above discussion, for those nuclei
with exact experimental data, the corresponding preform-
ation factors can be extracted using Eq. (14). However,
no effective method exists for evaluating the oa-particle
preformation factors of unknown nuclei under the TPA
framework. Whether the preformation factor can be reas-
onably evaluated has aroused our interest. In this contri-
bution, we aim to construct a simple analytical expres-
sion to estimate preformation factors; thus, the corres-
ponding physical factors associated with the a-particle
preformation factors are of interest.

An important feature to be considered is the relation-
ship between the preforamtion factors and decay energy.
As we know, the Q, value determines the penetration
probability and further affects the decay process. Deng
et al. revealed a close agreement between the logarithmic
values of extracted experimental a-particle preformation
factors log, P and the reciprocal of the square root of o
decay energy Q,'/?[62]. For a more intuitive presentation,
the corresponding results for even-even nuclei are plot-
ted as a function of mass numbers 4 in Fig. 2. This figure
shows that the variation trend of log,,P"? and Q' is
consistent. This result indicates that the a decay energy
can be considered a well-described quantity for estimat-
ing a-particle preformation factors. Additinally, we must
consider the nuclear structure information. In a study on
proton radioactivity [63, 64], Delion et al. revealed an ap-
parent linear decline relationship between proton pre-
formation factors and A'*(4 is the mass number of the
parent nuclei). They suggested that this performance is
derived from the asymptotic exponential behavior of the
proton wave function on the nuclear surface. It is worth-
while to explore whether a similar linear relationship ex-
ists in the a decay process because these two decay

T T T T T T T T
05 R o log,Pe®
0.0 00903938&;”8 ° o° °
0.5 ° ° .8° 9320 %0
0980°
1.0 o8 %9 °
)

15 °
-2.0 1 1 1 1 1 ? 1 1
060
0.55 F o Ql%(MeV)
0.50 o °

3 ) ° E
iy 3035339092009 3
: 092093035002 0930 E
0.35 F Y 9%e9g, 09 o3
0.30 f % %0, ]
025 F ;
020 1 1 1 1 1 1 1 1

210 220 230 240 250 260 270 280 290 300
A
Fig. 2. (color online) Variations in the logarithmic values of

extracted experimental a-particle formation factors log,Pa"
(red) and the reciprocal of the square root of a decay energy
0,'"* (blue) against mass numbers for even-even nuclei.

modes share the same decay mechanism. For further in-
vestigation, we plot the logarithmic values of extracted
experimental a-particle preformation factors log, PP
versus A% in Fig. 3. The figure shows that the preforma-
tion factors decrease gradually with the increase in mass
number, and the fitting line satisfies the corresponding
variation trend. This result means that A'? can also be
considered a valid physical quantity to describe a-particle
preformation factors from another perspective.

In summary, we primarily observe that two physical
quantities Q;'? and A'? exhibit considerable regularity
in the estimation of a-particle preformation factors. The
discussion suggests that the unpaired nucleons inhibit a-
particle preformation. Additionally, some studies have
shown that for unfavored a decay, the corresponding
centrifugal potential generated by the nonzero angular
momentum inhibit the formation of a-particles on the sur-
face of the parent nuclei [62]. Based on these analyses
and capturing the main physical factors, we further pro-
pose a simple analytical expression to estimate a-particle
preformation factors:

log,,PE9=aZQ;'*+ bA'P+ c+d I(T+ 1)+ h, (15)

where Z and A4 are the proton and mass numbers of the
parent nucleus, respectively. The first term is dependent
on the o decay energy. The second and third terms jointly
describe the relationship between preformation factors
and A'3. The fourth term represents the contribution of
the centrifugal potential to a-particle preformation. The
last term denotes the blocking effect derived from the un-
paired nucleons. The / value of even-even nuclei is equal
to 0 because the parent nuclei have no unpaired nucleons.
For odd-4 and odd-odd nuclei, the value of blocking ef-
fect 1 of odd-odd nuclei is twice the corresponding value
of odd-A4 nuclei owing to presence of unpaired nucleons.
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Fig. 3. (color online) Logarithm of the experimental a-
particle formation factors versus A!/3 for even-even nuclei.

By fitting the extract experimental o-particle preforma-
tion factors, we list the values of adjustable parameters in
Table 4. The table shows that the values of b, d, and / are
all negative. The negative value of b indicates that the
preformation factors should decline as the mass number 4
increases. This result is consistent with the linear decline
relationship shown in Fig. 3. The negative values of d and
h also suggest that both the centrifugal potential and un-
paired nucleons inhibit a-particle preformation. Using
this formula, we systematically calculate the a-particle
preformation factors denoted as P4 and listed in Tables
1-3 for even-even, odd-4, and odd-odd nuclei, respect-
ively.

Generally, the standard deviation can reflect the
agreement between the experimental a-particle preforma-
tion factors extracted using Eq. (14) and those estimated
using Eq. (15). In this work, it is defined as follows

o= \/Z (logloqu —log,,Pa")?/n, (16)

where log,,P54 and log,, P are the logarithmic forms of
estimated and experimental a-particle preformation
factors, respectively, and » is the number of nuclei in-
volved for each case. The corresponding standard devi-
ations for 65 even-even, 87 odd-4, 28 odd-odd, and all
nuclei calculated using Eq. (16) are listed in Table 4. The
table shows that Eq. (15) with only five valid parameters
can effectively reproduce the extracted experimental a-
particle preformation factors. For a more intuitive com-
parison, the experimental a-particle preformation factors
derived from Eq. (14) and estimated using Eq. (15) for
even-even, odd-4, and odd-odd nuclei are plotted in Figs.
4—6, respectively. These figures show that the estimated
a-particle preformation factors are relatively close to the
experimental ones for even-even nuclei. However, the
results for odd-4 and odd-odd nuclei are not very satis-

Table 4.
between a-particle preformation factors estimated using Eq.
(15) and those extracted using Eq. (14).

Parameters of Eq. (15) and standard deviations

Number Nuclei a b c d h o
65  Even-Even nuclei 0.244
87 Odd-4 nuclei  0.035 —1.406 7.070 —0.054 —0.4687 0.601
28 0dd-Odd nuclei —0.9374 0.575
180 All nuclei 0.468

factory. For a clear description, we form two separate re-
gions in Figs. 5 and 6 and interestingly find that the es-
timated and experimental a-particle factors are in good
agreement in the light yellow region with neutron num-
ber N > 141. The large discrepancy from the other re-
gion as shown in Figs. 5 and 6 prompts us to provide a
reasonable explanation. Tracing back to each stage, after
a detailed analysis, we believe that the corresponding dif-
ference is largely owing to the uneven nuclear data affect-
ing the balance of parameter values, i.e., & of the block-
ing effect. Considering the overall performance, the cor-
responding deviations may be understandable and accept-
able.

In the following, we list the calculated o decay half-
lives with Py =1 denoted as log, 774 in Tables 1-3 for
even-even, odd-4, and odd-odd nuclei, respectively.
Moreover, the a-particle preformation factors estimated
using Eq. (15) are used to calculate o decay half-lives,
which are denoted as log, 7§}y and listed in the same
tables. For a clear comparison, the deviations between ex-
perimental o decay half-lives and the two calculated ones
in the logarithmic form for even-even, odd-4, and odd-
odd nuclei are plotted in Figs. 79, respectively. The fig-
ures show large deviations between log, 7% and the ex-
perimental o decay half-lives. After the estimated o-
particle preformation factors are considered, log Ty
can reproduce the experimental data well, as shown by
green shaded regions in Figs. 7-9. The excellent perform-
ances suggest that this analytical expression can not only
effectively evaluate the a-particle preformation factors
but also facilitate the accurate calculation of half-lives.

As an application, this analytical expression is used to
estimate the a-particle preformation factors and further
predict corresponding half-lives for unknown even-even
nuclei with Z = 118 and 120. The Q, value is extremely
important for predicting o decay half-lives, and the estim-
ation of corresponding preformation factors is also re-
lated to decay energy, as shown in Eq. (15). For more sci-
entific predictions, two credible mass models, FRDM
[65] and WS4+ [66], are used to predict o decay energy.
The detailed results are listed in Table 5. In this table, the
first three columns denote a transition, experimental a de-
cay energy, and half-lives, respectively. The fourth and
fifth columns represent the predicted o decay energy de-
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Fig. 4. (color online) Experimental a-particle preformation
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Fig. 8. (color online) Same as Fig. 7 but for odd-A4 nuclei.
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Table 5.

o-particle preformation factors predicted using Eq. (15) and half-lives for unknown even-even nuclei with Z = 118 and 120.

The predicted o decay energies are derived from the FRDM [65] and WS4+ [66] mass models. The experimental a decay energy and
half-lives are obtained from the latest evaluated atomic mass table AME2020 [50, 52, 53].

« transition o5 log;oT})5 FRDM QWS4 PFRDM pYss+ log;oTTRPM log;oT\/5**
Nuclei with Z=118
28809 284y - - 12.88 12.59 0.0883 0.0991 -5.05 —4.48
200g 286y - - 12.81 12.57 0.0847 0.0868 493 —4.46
220 2881y - - 12.37 12.21 0.0845 0.0860 -4.07 -3.74
294055290y 11.87 -3.15 12.28 12.17 0.0813 0.0823 ~3.89 -3.67
20g 22y - - 12.29 11.73 0.0773 0.0825 -3.89 -2.71
29809 524 Ly - - 12.51 12.16 0.0719 0.0748 -4.39 -3.63
3000g 2%y - - 12.72 11.93 0.0670 0.0731 —4.83 321
Nuclei with Z=120
296120-220g - - 13.69 13.32 0.0700 0.0726 ~6.05 —5.34
29812052 0g - - 13.36 12.98 0.0689 0.0716 ~5.46 —470
30120-2%0g - - 13.40 13.29 0.0654 0.0661 ~5.56 -536
302120-2%0g - - 13.72 12.87 0.0604 0.0658 ~6.15 —457
30412030 0g - - 13.83 12.74 0.0569 0.0636 ~6.33 433
306120-320g - - 14.27 13.76 0.0521 0.0546 -7.11 —6.26
308120-3%0g - - 1431 12.94 0.0495 0.0566 720 —476

rived from the FRDM and WS4+ mass models, respect-
ively. The sixth and seventh columns represent the pre-
formation factors predicted using Eq. (15) based on cor-
responding decay energy. The last two columns represent
the predicted o decay half-lives in terms of Q, from the
FRDM and WS4+ mass models, denoted as log,,T{5""
and log,T}}3**, respectively. The table shows that decay
energy is essential in the prediction of the related half-
lives. When the differences of the decay energy are with-
in a small range, the predicted results of the related half-
lives are almost consistent. The uncertainty of 1 MeV in
the decay energy can lead to the uncertainty of the re-
lated half-lives with a factor of 10 or 10?. These corres-
ponding predictions can provide valuable references for
synthesizing superheavy nuclei and/or new elements.

IV. SUMMARY

Using the Two-Potential Approach, we systematic-
ally analyze the a-particle preformation factors of heavy
and superheavy nuclei from ?°Th to **Og. We find that
the a-particle preformation factors exhibit considerable

regularity, i.e., an odd-even staggering effect, and un-
paired nucleons inhibit a-particle preformation. In addi-
tion, the preformation factor is strongly dependent on
multiple physical factors. Both decay energy and mass
number of parent nucleus exhibit the certain connection
with the extracted experimental a-particle preformation
factors. Based on this, a simple analytical expression is
proposed to estimate a-particle preformation factors. The
excellent performances suggest that this analytical ex-
pression can not only evaluate the a-particle preforma-
tion factors well but also accurately calculate half-lives.
With this formula, we estimate the a-particle preforma-
tion factors and further predict the corresponding o de-
cay half-lives for unknown even-even nuclei with Z =
118 and 120. These predictions provide valuable refer-
ences to further experiments in synthesizing superheavy
nuclei.
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