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We extend the improved density-dependent cluster model (DDCM+) of our recent work [Wang et al., Phys.
Rev. C 105, 024327 (2022)] to study the favored α decays of odd-A and odd-odd nuclei with Z � 82. In this
work, the effective α-core interactions are determined using the double-folding potential with a realistic M3Y-
Reid nucleon-nucleon interaction plus proton-proton Coulomb interaction, in which a deformation-dependent
diffuseness correction is validated to address the surface anisotropy and polarization effects in nucleon density
distribution. It is found that calculations within the anisotropic diffuseness would yield longer calculated α decay
half-lives and suggest larger estimated α-preformation factors, which is quite consistent with the conclusions
obtained for the even-even α emitters. Meanwhile, the theoretical half-lives agree very well with the experimental
data for the favored α decays of the odd-A and odd-odd nuclei with a mean factor of 1.94 and 1.61, respectively.
Remarkably, the experimental α-decay half-life of the new thorium isotope 207Th [Yang et al., Phys. Rev. C 105,
L051302 (2022)] is also well reproduced with a factor of about 2.50. Furthermore, we present the quantitative
predictions on the favored α-decay half-lives of 293,294119 and 294,295120 α-decay chains in this work, which are
expected to serve as useful references for the synthesis of new isotopes in the future.
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I. INTRODUCTION

Exploring the nuclear landscape is of high priority in mod-
ern nuclear physics. To date, with the advances in radioactive
ion beam facilities and detection technologies, many nuclides
up to Z = 118 (oganesson, Og) have been synthesized via the
cold, warm, or hot fusion reactions in the laboratory [1–4].
Nonetheless, the synthesis of nuclides with Z � 119 and the
explorations of the nuclear landscape boundaries remain ex-
ceedingly challenging tasks [2,5], necessitating further studies
on the stability and decay properties of nuclei. α decay is
one of the dominant decay channels for unstable nuclei, as
the emitted α particles are ideal observations to be easily and
accurately detected in experiments, it provides a powerful tool
to probe the nuclear structure and simultaneously identify the
new elements or nuclides via observing α decays from the
parent nucleus to their descendants [2–8]. Therefore, more
accurate and reliable theoretical models or methods of α decay
are required for the further synthesis of new nuclides.

Theoretically, α decay can be interpreted as the quantum
tunneling process of a preformed α cluster near the nuclear
surface [9–12]. Due to the complexity of the nuclear many-
body problem, the α emitter is often assumed to be a binary
system of an α cluster interacting with the remaining core
(daughter) nucleus in the most of phenomenological mod-
els, see, e.g., Refs. [12–24] and the papers cited therein,
for comprehensive reviews. Effective interactions between
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α cluster and core nucleus are extremely crucial inputs to
study α decay, no matter which theoretical model we adopt.
To gain the reliable α-core interaction potentials, the precise
description of the nucleon density distribution is necessary in
addition to the effective nucleus-nucleus interactions [25,26].
As we all know, nuclear diffuseness plays an important role
in determining the nuclear density profiles and interaction
potential, one can get the insight that any exotic property of
nuclear diffuseness would have a significant impact on the
α decay process. Over the past years, the nuclear surface
diffuseness is usually presented to be isotropic, though the
various types of diffuseness are used in the α-decay calcu-
lations [15,16,27]. Very recently, motivated by the works of
Refs. [28–30], we have proposed an improved version of
the density-dependent cluster model DDCM+ by absorbing
the anisotropic nuclear surface diffuseness into the α-decay
calculations, and have attempted to explore the effects of
nuclear diffuseness anisotropy and polarization on α decay for
even-even α emitters [31]. It has been found that the DDCM+
brings in a significant improvement in the agreements be-
tween the theoretical half-lives and experimental data for a
wide range of even-even nuclei in contrast to the conventional
density-dependent cluster model [31].

In this work, we make a further extension of the DDCM+
to investigate the α-decay properties for odd-A and odd-odd
nuclei. Here, we consider those α decays with the same
spins and parities in initial and final states, in which the or-
bital angular momentum carried by α cluster vanishes, called
favored α decays [32]. A systematic calculation has been
performed for the favored α-decay half-lives of the nuclei with
a wide range of Z � 82, including the newly reported thorium
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isotope 207Th [33]. The present study is a natural generaliza-
tion of our recent work in Ref. [31], and concurrently a test
of the validity of DDCM+ for the odd-A and odd-odd nuclei
as well. In addition, the synthesis of superheavy nuclei has
attracted much attention in recent years. we also expect to
give some valuable predictions on the α decay half-lives of un-
known nuclides by using the DDCM+. The related numerical
results would be analyzed and discussed in detail in Sec. III.

The remaining parts of this paper are organized as fol-
lows. The theoretical framework of DDCM+ together with
the deformation-dependent anisotropic diffuseness correction
are presented in detail in Sec. II. In Sec. III, we first present
the numerical results of α decay half-lives for observed odd-A
and odd-odd nuclei with Z � 82. Then we continue to give the
quantitative predictions on the α decay half-lives of 293,294119
and 294,295120 α-decay chains, which may be beneficial in the
future for the synthesis and identification of these undiscov-
ered nuclides. Finally, a summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK

In the present work, the α-decay calculations are per-
formed in the improved density-dependent cluster model
DDCM+ [31]. The α-emitter under investigation is assumed
to be a binary system of a spherical α cluster interacting with
an axially symmetric deformed core nucleus. According to the
double-folding models [34], we can respectively calculate the
nuclear and Coulomb interactions as

VN (r, ξ ) = λ(ξ )
∫

drα

∫
drc

[
ρ p

α (rα ) + ρn
α (rα )

]
× [

ρ p
c (rc) + ρn

c (rc)
]
ν(s = |rc + r − rα|) (1)

and

VC (r, ξ ) = 1

4πε0

∫
drα

∫
drc

e2

s = |rc + r − rα|
× ρ p

α (rα )ρ p
c (rc). (2)

In Eqs. (1) and (2), ξ is the orientation angle, λ(ξ ) is the
strength factor of the nuclear potential depth. Instead of a
uniform value over the all orientation angles [15,16], the spe-
cific value of λ(ξ ) is determined separately at each angle by
reproducing the α-decay energy Qα for the quasibound state
in subsequent calculations. ρ

p, n
α (rα ) and ρ

p, n
c (rc) denote the

proton (denoted by p) and neutron (denoted by n) density
distribution for the α cluster and core nucleus, respectively.
s = |rc + r − rα| is the relative separation between the two
interacting nucleons in the α-core system, while the strength
of M3Y-Reid nucleon-nucleon interaction ν(s) is given as [35]

ν(s) = 7999.00
exp(−4s)

4s
− 2134.25

exp(−2.5s)

2.5s

+ Ĵ00(Eα )δ(s). (3)

To account for the effect of antisymmetrization due to the
single-particle knock-on exchange between two interactive
nucleons, a simple energy-dependent zero-range pseudopo-

tential is adopted [36]:

Ĵ00(Eα ) = −276

[
1 − 0.005

(
Eα

Aα

)]
, (4)

where Eα/Aα represents the kinetic energy per nucleon of the
emitted α cluster.

The proton and neutron density distribution for the spher-
ical α cluster are taken to be the standard Gaussian form
ρτ

α (rα ) = ρτ0
α exp(−0.7024|rα|2) with τ(0) = p(0) or n(0). As

for the core nucleus, the density distribution of the protons
and neutrons are described by the two-parameter Fermi (2pF)
form

ρτ
c (rc) = ρτ0

c

1 + exp
[ |rc|−Rτ (θ )

aτ (θ )

] (5)

with the half-radius parameter

Rτ (θ ) = Rτ
0

[
1 +

∑
i=2,4,6

βiYi0(θ )

]
. (6)

βi (i = 2, 4, 6) in Eq. (6) represent the multipole deformation
parameters. In the DDCM+, we take the surface anisotropy
and polarization effects into account by replacing the isotropic
diffuseness parameter with the anisotropic one as

aτ (θ ) = aτ
⊥(θ )

√
1 +

[
1

Rτ (θ )

dRτ (θ )

dθ

]2

, (7)

in which aτ
⊥(θ ) = aτ0

⊥ [1 − β2Y20(θ )], and aτ0
⊥ is determined by∫ π

2
0 aτ (θ ) sin(θ )dθ = aτ

0 . Here, we refer to Refs. [28,29,31]
for more details. Furthermore, for a core nucleus with proton
number Zc and neutron number Nc, the values of Rτ

0 and aτ
0 are

estimated in present work by the São Paulo parametrization
with [37]

Rp
0 = 1.81Z1/3

c − 1.12 fm, ap
0 = 0.47 − 0.00083Zc fm,

Rn
0 = 1.49N1/3

c − 0.79 fm, an
0 = 0.47 − 0.00046Nc fm,

(8)

respectively, which consider the difference between proton
and neutron density distribution.

Within the theoretical framework of the model DDCM+,
the orientation-dependent partial α-decay widths are deter-
mined using the distorted wave approach [26,38]

Γ (ξ ) = 4μ

h̄2k

∣∣∣∣
∫ ∞

0
FL(kr)[VN (r, ξ ) + δVC (r, ξ )]ϕL(r, ξ ) dr

∣∣∣∣
2

,

(9)

where δVC (r, ξ ) = VC (r, ξ ) − ZαZce2/(4πε0r). FL(kr) is the
regular Coulomb wave function with k = √

2μQα/h̄, and
ϕL(r, ξ ) is the radial wave function for each certain orien-
tation angle. The internal nodes in the radial wave function
are determined by the well-known Wildermuth-Tang condi-
tion G = 2n + L [39], which approximately account for the
Pauli-blocking effect. Here, the global quantum number G is
taken as G = 22 for N > 126 and G = 20 for 82 < N � 126.
Subsequently, The total α-decay width thus can be obtained
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FIG. 1. (a) The sum of nuclear and Coulomb potential versus the distance between the center of mass of the α cluster and core nucleus for
the α decay of 253Es → 249Bk +α. The blue solid line, black dashed line, and red dot-dash line denote the total interactions at three orientation
angles ξ = 0, π/4, and π/2, respectively. The green dashed line at 6.739 MeV denotes the α-decay energy of 253Es. (b) The strength factor
λ(ξ ) of double-folding nuclear potential varies with the orientation angles for the systems of 249Bk ⊗α (blue circles), 212At ⊗α (black squares),
and 202Fr ⊗α (red triangles), respectively.

by averaging the partial decay width over the different orien-
tations as [16,18]

Γ =
∫ π

2

0
Γ (ξ ) sin ξ dξ . (10)

Finally, the α-decay half-life Tα reads

Tα = h̄ ln 2

PαΓ
, (11)

where Pα denotes the preformation probability of the α cluster
in parent nucleus. Considering the fact that the Pα factor has
a value less than unity and varies smoothly in the open-shell
region [12], in present work, we take different constant values
for the preformation factor Pα of the odd-A and odd-odd nuclei
respectively, to minimize the number of free parameters.

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we extend the DDCM+ introduced in
Sec. II to study the favored α decays of odd-A and odd-odd
nuclei. Before presenting the theoretical results of the α-decay
calculations, we reexamine the impacts of the surface dif-
fuseness anisotropy on the α-decay dynamics for the odd-A
and odd-odd nuclei, testing the validity and consistency of
the conclusions drawn from the even-even α-emitters in our
previous work of Ref. [31]. We first concentrate our attention
on the influences of the anisotropic surface diffuseness on the
effective α-core interaction potentials.

In Fig. 1(a), we illustrate the sum of nuclear and Coulomb
potential between the α cluster and deformed 249Bk core
nucleus at three different orientation angles ξ = 0, π/4, and
π/2, in which the multipole deformation parameters βi (i =
2, 4, 6) are derived from FRDM2012 [40]. As shown in
Fig. 1(a), the deformation can change the barrier height and
well depth at different orientations. The total potential at
ξ = 0 is more attractive than those at the other orientations
in the surface region, implying that there is a large overlap
between the nuclear density distribution of α cluster and core
nucleus at the orientation angle ξ = 0.

We continue to plot the strength factor λ(ξ ) varying
with the orientation angles in Fig. 1(b), for the systems of
249Bk ⊗α, 212At ⊗α, and 202Fr ⊗α, respectively. As can be
seen, the parameter λ(ξ ) has a value smaller than one and
depends strongly on the orientation angles ξ as well as the
values of deformation parameters βi. Additionally, the value
of λ(ξ ) increases with the orientation angle for the nuclei with
positive β2 whereas conversely with the negative one. The
variation of the λ(ξ ) with the orientation angle suggests that
it would be better if the λ(ξ ) is determined separately at each
angle ξ , especially for the well-deformed nuclei. Furthermore,
it is of great interest to have a look at how the strength factor
varies with the different nuclei. For simplicity, we plot the
average strength factor 〈λ〉 over the all angles versus the mass
number Ad of the daughter nuclei in Fig. 2, where the value of

FIG. 2. The average strength factor 〈λ〉 over the all orientation
angles versus the mass number of daughter nuclei with the choices
of (a) G = 20 and (b) G = 22, respectively. Note the Gaussian-like
fitted curves in red are to guide the eyes.
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FIG. 3. (a) The form factors of anisotropic diffuseness aτ (θ )/aτ
0 (blue solid line) and half-density radius Rτ (θ )/Rτ

0 (red dashed line) as a
function of angle θ for 249Bk. (b) The position and (c) the height of α-core effective potential barrier versus the orientation angle ξ for the
decay channel 253Es → 249Bk +α. The theoretical results calculated with the isotropic diffuseness aτ

0 are denoted by the blue solid lines, while
ones calculated with anisotropic diffuseness aτ (θ ) are denoted by the red dashed lines in each panel.

〈λ〉 is obtained by

〈λ〉 =
∫ π

2

0
λ(ξ ) sin ξ dξ . (12)

In Fig. 2, the 〈λ〉 values are divided into two parts, each with
a different value of G being adopted. As demonstrated, a
larger value of G actually yields a larger 〈λ〉. Moreover, an
exponential decay pattern of the 〈λ〉 values is discovered in
each panel of Fig. 2, which stimulates us to tentatively propose
a Gaussian-like formula to describe the dependence of 〈λ〉 on
the mass number Ad . The fitted formulas and corresponding
curves are displayed in Figs. 2(a) and 2(b), respectively. From
Figs. 2(a) and 2(b), we can see that the red fitted curves fit
the data very well. Nevertheless, it is worth noting that the
current study is just a preliminary exploration on the behavior
of the 〈λ〉 for odd-A and odd-odd α emitters. Some important
features of the systematic behavior of the 〈λ〉 are not yet
well described since only partial nuclei are considered in
the present work. For example, according to the saturation
property of the nucleus from the perspective of the liquid
drop model, the value of 〈λ〉 should approach asymptotically
to a specific value at the large mass number. This asymptotic
value, however, can not be well determined in this work since
a flat trend does not appear in Fig. 2 with the present data. Si-
multaneously, the dependence of 〈λ〉 on the proton number is
also requested to be determined. A more comprehensive study
on the behavior of 〈λ〉 can be anticipated by involving more
data in future works, which may provide valuable information
on the fundamental properties of the unknown α emitters, such
as the effective α-core potential, α-decay energy, and α-decay
half-lives, etc., in a novel way [41].

Figure 3(a) shows the form factors of diffuseness aτ (θ )/aτ
0

(blue solid line) and half-density radius Rτ (θ )/Rτ
0 (red dashed

line) parameters varying with the angle θ for the daughter
nuclei 249Bk. The black dot-dash line corresponds to the
isotropic diffuseness and radius parameters of spherical case.
One can get the insight from Fig. 3(a), due to the defor-
mation, the diffuseness and radius parameters become to be
anisotropic, and the diffuseness tends to reduce along the
elongated axis while increasing along the compressed axis,
which is known as the polarization of the nuclear surface
diffuseness [29]. Consistent with the double-folding poten-

tial in Eqs. (1) and (2), the non-negligible fluctuation of the
diffuseness is anticipated to influence the properties of the
effective α-core interactions. Here, we still take the α decay
of 253Es → 249Bk +α for an instance, and the illustrations of
the effects of diffuseness anisotropy on the effective α-core
interactions are present in Figs. 3(b) and 3(c).

Figures 3(b) and 3(c) plots the the position RB and height
VB of the potential barrier of 249Bk ⊗α system as a function
of the orientation angle ξ , which are respectively calculated
with aτ

0 (blue solid lines) and aτ (θ ) (red dashed lines). We
see in Figs. 3(b) and 3(c) that the diffuseness anisotropy and
polarization can induce an increase or decrease of the potential
well width and the barrier height. As shown, for the system
of 249Bk ⊗α, the anisotropic diffuseness brings in a narrower
potential well and a higher barrier at small orientation an-
gle ξ , whereas the situation reverses for larger orientation
angles. Since the penetration probability of the α cluster is
extremely sensitive to the height of the inner potential barrier,
the exterior wave function tends to have a significant variation
due to the change of the barrier height and will ultimately
modify the theoretical α-decay half-lives. Then, without
considering the α-preformation factor Pα temporarily, the
DDCM+ gives the theoretical half-life of 1.12 × 105 s
with anisotropic diffuseness aτ (θ ), while 9.11 × 104 s with
isotropic one, implying the diffuseness anisotropy conducts to
an increase of about 22.9% in the α-decay half-life of 253Es.
Furthermore, throughout the global calculations, the changes
of α-decay half-lives due to diffuseness anisotropy are found
to be much more significant in the nuclei with larger deforma-
tion parameters while they are not evident in nuclei with minor
ones. This can be easily understood. As discussed in Ref. [31],
the diffuseness anisotropy depends on the nuclear deformation
degree. It would be much more evident for the diffuseness
anisotropy effects as the system become more and more de-
formed. On the contrary, if the deformation parameters are
close to zero, the nuclear profile would be automatically back
to the spherical case and the diffuseness would be approxi-
mately isotropic, then the impacts of diffuseness anisotropy on
α-decay dynamics would be definitely slight in these nuclei.

Next, we investigate the favored α decays of 95 odd-A
nuclei and 26 odd-odd nuclei by using the model DDCM+.
The favored assumption is true for even-even nuclei. How-
ever, the situation is much more complicated for odd-A and
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TABLE I. Calculations on the α-decay half-lives of the odd-A and odd-nuclei with Z � 82, from the ground state to ground state.
In this table, Qα denotes the α decay energy taken from Refs. [42,43], β2, β4, and β6 are separately the quadrupole, hexadecapole, and
hexacontatetrapole deformation parameters for the daughter nuclei taken from Ref. [40]. T Exp

α denotes the α-decay experimental half-lives,
while T Cal

α denotes the theoretical α-decay half-lives given by DDCM+. The experimental half-lives are mainly taken from Ref. [44], while
the experimental data comes from the other references are marked in the first column.

α decay Qα (MeV) β2 β4 β6 T Exp
α (s) T Cal

α (s)

odd-A nuclei, Pα = 0.0926
191Pb → 187Hg +α [45] 5.402 −0.146 −0.015 0.003 6.14 × 105 5.65 ×105

191Po → 187Pb +α 7.493 0.011 0.000 0.000 2.20 × 10−2 1.43 ×10−2

193Po → 189Pb +α 7.094 0.000 0.000 0.000 3.99 × 10−1 2.95 ×10−1

195Po → 191Pb +α 6.750 0.000 0.000 0.000 4.94 × 100 4.99 ×100

197Po → 193Pb +α 6.411 0.021 0.000 0.000 1.22 × 102 1.01 ×102

199Po → 195Pb +α 6.074 0.032 0.000 0.000 4.38 × 103 2.64 ×103

201Po → 197Pb +α 5.799 0.011 0.000 0.000 8.28 × 104 4.68 ×104

205Po → 201Pb +α 5.325 0.000 0.000 0.000 1.57 × 107 1.12 ×107

207Po → 203Pb +α 5.216 0.000 0.000 0.000 9.94 × 107 4.18 ×107

213Po → 209Pb +α 8.536 −0.011 0.000 0.000 3.71 × 10−6 3.47 ×10−6

215Po → 211Pb +α 7.526 0.000 0.000 0.000 1.78 × 10−3 2.65 ×10−3

217Po → 213Pb +α 6.662 0.000 0.000 0.000 1.57 × 100 2.69 ×100

219Po → 215Pb +α 5.914 0.000 0.000 0.000 2.19 × 103 3.79 ×103

197At → 193Bi +α 7.104 0.075 0.014 0.001 4.04 × 10−1 6.06 ×10−1

199At → 195Bi +α 6.777 −0.052 0.013 −0.001 7.89 × 100 9.29 ×100

201At → 197Bi +α 6.473 −0.052 0.013 −0.001 1.20 × 102 1.39 ×102

203At → 199Bi +α 6.210 −0.052 0.013 −0.001 1.43 × 103 1.69 ×103

205At → 201Bi +α 6.020 −0.052 0.013 −0.001 1.61 × 104 1.12 ×104

207At → 203Bi +α 5.873 −0.042 0.001 0.000 6.52 × 104 5.15 ×104

209At → 205Bi +α 5.757 −0.042 0.001 0.000 5.00 × 105 1.73 ×105

211At → 207Bi +α 5.982 −0.021 0.000 0.000 6.21 × 104 1.33 ×104

213At → 209Bi +α 9.254 −0.011 0.000 0.000 1.25 × 10−7 1.37 ×10−7

215At → 211Bi +α 8.178 −0.010 0.012 0.000 3.70 × 10−5 7.34 ×10−5

217At → 213Bi +α 7.201 −0.010 0.012 0.000 3.26 × 10−2 7.86 ×10−2

219At → 215Bi +α 6.342 −0.021 0.012 0.000 5.98 × 101 1.45 ×102

195Rn → 191Po +α 7.694 −0.217 0.017 −0.001 7.00 × 10−3 1.43 ×10−2

197Rn → 193Po +α 7.411 −0.217 0.017 −0.001 5.40 × 10−2 1.12 ×10−1

199Rn → 195Po +α 7.132 −0.207 0.015 −0.001 5.90 × 10−1 9.87 ×10−1

203Rn → 199Po +α 6.630 0.075 0.002 0.000 6.70 × 101 8.44 ×101

207Rn → 203Po +α 6.251 −0.063 0.001 0.000 2.64 × 103 2.86 ×103

209Rn → 205Po +α 6.155 −0.052 0.001 0.000 1.02 × 104 7.12 ×103

215Rn → 211Po +α 8.839 −0.011 0.000 0.000 2.30 × 10−6 2.98 ×10−6

217Rn → 213Po +α 7.887 0.000 0.000 0.000 5.93 × 10−4 1.21 ×10−3

199Fr → 195At +α 7.817 −0.217 0.017 −0.001 6.60 × 10−3 1.29 ×10−2

201Fr → 197At +α 7.519 −0.207 0.015 −0.001 6.28 × 10−2 1.12 ×10−1

203Fr → 199At +α 7.275 0.096 0.003 0.000 5.50 × 10−1 8.62 ×10−1

205Fr → 201At +α 7.055 0.086 −0.009 −0.001 3.96 × 100 5.03 ×100

207Fr → 203At +α 6.889 −0.083 0.014 0.009 1.56 × 101 1.96 ×101

209Fr → 205At +α 6.778 −0.073 0.002 0.000 5.67 × 101 4.97 ×101

211Fr → 207At +α 6.662 −0.053 −0.011 0.001 2.14 × 102 1.34 ×102

213Fr → 209At +α 6.905 0.011 0.000 0.000 3.43 × 101 1.41 ×101

215Fr → 211At +α 9.540 0.000 0.000 0.000 9.00 × 10−8 1.41 ×10−7

217Fr → 213At +α 8.469 −0.011 0.000 0.000 2.20 × 10−5 6.20 ×10−5

219Fr → 215At +α 7.449 0.011 0.000 0.000 2.25 × 10−2 7.44 ×10−2

201Ra → 197Rn +α 8.002 −0.227 0.019 −0.002 2.00 × 10−2 7.86 ×10−3

203Ra → 199Rn +α 7.736 −0.217 0.017 −0.001 3.60 × 10−2 5.08 ×10−2

205Ra → 201Rn +α 7.486 −0.207 0.004 0.001 2.20 × 10−1 3.28 ×10−1

209Ra → 205Rn +α 7.143 −0.104 0.016 0.008 4.71 × 100 5.45 ×100

211Ra → 207Rn +α 7.042 −0.084 0.002 0.000 1.26 × 101 1.23 ×101

217Ra → 213Rn +α 9.161 −0.010 0.012 0.000 1.95 × 10−6 2.32 ×10−6

205Ac → 201Fr +α [46] 8.093 −0.217 0.006 0.001 2.00 × 10−2 9.19 ×10−3

207Ac → 203Fr +α 7.845 −0.207 −0.007 0.003 3.10 × 10−2 5.22 ×10−2
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TABLE I. (Continued.)

α decay Qα (MeV) β2 β4 β6 T Exp
α (s) T Cal

α (s)

209Ac → 205Fr +α 7.730 −0.125 0.018 0.008 9.40 × 10−2 1.31 ×10−1

211Ac → 207Fr +α 7.568 −0.115 0.017 0.008 2.13 × 10−1 4.26 ×10−1

213Ac → 209Fr +α 7.498 −0.084 0.002 0.000 7.38 × 10−1 7.10 ×10−1

215Ac → 211Fr +α 7.746 0.011 0.000 0.000 1.71 × 10−1 1.02 ×10−1

217Ac → 213Fr +α 9.832 0.000 0.000 0.000 6.90 × 10−8 1.41 ×10−7

219Ac → 215Fr +α 8.827 0.000 0.000 0.000 9.40 × 10−6 3.56 ×10−5

221Ac → 217Fr +α 7.792 0.079 0.054 0.021 5.20 × 10−2 3.01 ×10−2

227Ac → 223Fr +α 5.042 0.132 0.083 0.008 4.98 × 1010 4.59 ×1010

207Th → 203Ra +α [33] 8.328 −0.217 0.006 0.001 9.70 × 10−3 4.17 ×10−3

211Th → 207Ra +α 7.938 −0.125 0.018 0.008 4.80 × 10−2 6.63 ×10−2

213Th → 209Ra +α 7.837 −0.104 0.004 0.009 1.44 × 10−1 1.34 ×10−1

219Th → 215Ra +α 9.506 −0.021 0.012 0.000 1.02 × 10−6 1.61 ×10−6

211Pa → 207Ac +α 8.481 −0.197 −0.020 0.005 6.00 × 10−3 3.31×10−3

213Pa → 209Ac +α 8.384 −0.125 0.018 0.008 7.40 × 10−3 6.56 ×10−3

215Pa → 211Ac +α 8.236 −0.094 0.004 0.009 1.40 × 10−2 1.77 ×10−2

217Pa → 213Ac +α 8.489 −0.063 −0.010 −0.009 3.80 × 10−3 3.02 ×10−3

219Pa → 215Ac +α 10.128 0.000 0.000 0.000 5.60 × 10−8 1.38 ×10−7

221Pa → 217Ac +α 9.248 0.000 0.000 0.000 5.90 × 10−6 1.46 ×10−5

223Pa → 219Ac +α 8.343 0.090 0.055 0.012 5.30 × 10−3 3.43 ×10−3

227Pa → 223Ac +α 6.580 0.133 0.083 0.019 2.70 × 103 4.33 ×103

221U → 217Th +α 9.889 −0.021 0.012 0.000 6.60 × 10−7 9.44 ×10−7

229U → 225Th +α 6.476 0.143 0.084 0.009 1.73 × 104 3.35 ×104

233U → 229Th +α 4.909 0.184 0.113 0.021 5.02 × 1012 7.39 ×1012

219Np → 215Pa +α 9.208 −0.063 −0.022 −0.008 5.70 × 10−4 1.68 ×10−4

223Np → 219Pa +α 9.650 0.055 0.027 0.005 2.50 × 10−6 6.82 ×10−6

225Np → 221Pa +α [47] 8.818 0.100 0.056 0.013 3.10 × 10−4 7.82 ×10−4

233Np → 229Pa +α 5.627 0.185 0.126 0.024 3.10 × 108 7.89 ×108

231Pu → 227U +α 6.839 0.153 0.085 −0.001 3.97 × 103 6.92 ×103

235Pu → 231U +α 5.952 0.195 0.114 0.022 5.42 × 107 4.45 ×107

233Cm → 229Pu +α 7.474 0.195 0.114 0.022 1.35 × 102 8.58 ×101

239Cf → 235Cm +α 7.764 0.215 0.106 0.001 4.31 × 101 4.39 ×101

245Cf → 241Cm +α 7.259 0.237 0.086 −0.024 7.65 × 103 3.12 ×103

241Es → 237Bk +α 8.259 0.226 0.095 −0.001 5.10 × 100 2.14 ×100

243Es → 239Bk +α 8.072 0.226 0.095 −0.012 3.62 × 101 8.68 ×100

251Es → 247Bk +α 6.597 0.249 0.051 −0.032 2.38 × 107 5.71 ×106

253Es → 249Bk +α 6.739 0.250 0.039 −0.035 1.77 × 106 1.21 ×106

251No → 247Fm +α 8.752 0.249 0.051 −0.032 9.64 × 10−1 7.02 ×10−1

253Lr → 249Md +α 8.918 0.250 0.039 −0.035 7.02 × 10−1 5.02 ×10−1

257Lr → 253Md +α [48] 9.068 0.251 0.015 −0.040 6.00 × 10−1 1.59 ×10−1

261Rf → 257No +α 8.646 0.240 0.000 −0.033 1.17 × 101 7.13 ×100

263Sg → 259Rf +α 9.403 0.242 −0.025 −0.028 1.08 × 100 1.87 ×10−1

265Hs → 261Sg +α 10.470 0.242 −0.025 −0.028 1.96 × 10−3 1.22 ×10−3

267Ds → 263Hs +α 11.777 0.242 −0.038 −0.021 1.00 × 10−5 5.38 ×10−6

odd-odd nuclei, Pα = 0.0712
192At → 188Bi +α 7.696 −0.196 0.014 −0.001 1.15 ×10−2 8.74 ×10−3

196At → 192Bi +α 7.196 0.085 0.015 0.001 3.87 × 10−1 3.96 ×10−1

198At → 194Bi +α 6.889 0.064 0.014 0.001 4.61 × 100 4.82 ×100

200At → 196Bi +α 6.596 0.053 0.013 0.001 8.31 × 101 6.13 ×101

202At → 198Bi +α 6.354 −0.052 0.013 −0.001 1.53 × 103 5.66 ×102

204At → 200Bi +α 6.070 −0.042 0.012 −0.001 1.44 × 104 9.26 ×103

208At → 204Bi +α 5.751 −0.052 0.001 0.000 1.07 × 106 2.57 ×105

214At → 210Bi +α 8.988 −0.021 0.012 0.000 5.58 × 10−7 7.59 ×10−7

216At → 212Bi +α 7.950 −0.011 0.000 0.000 3.00 × 10−4 4.35 ×10−4

200Fr → 196At +α 7.622 −0.217 0.017 −0.001 4.75 × 10−2 7.00 ×10−2

202Fr → 198At +α 7.385 −0.207 0.015 −0.001 3.72 × 10−1 4.10 ×10−1

204Fr → 200At +α 7.170 0.096 0.003 0.000 1.82 × 100 2.62 ×100

208Fr → 204At +α 6.785 −0.084 0.002 0.000 6.64 × 101 6.39 ×101

210Fr → 206At +α 6.671 −0.073 0.002 0.000 2.69 × 102 1.70 ×102
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TABLE I. (Continued.)

α decay Qα (MeV) β2 β4 β6 T Exp
α (s) T Cal

α (s)

216Fr → 212At +α 9.174 0.011 0.012 0.000 7.00 × 10−7 1.31 ×10−6

218Fr → 214At +α 8.014 −0.010 0.000 0.010 1.40 × 10−3 1.64 ×10−3

206Ac → 202Fr +α 7.958 −0.217 0.006 0.001 2.50 × 10−2 3.09 ×10−2

208Ac → 204Fr +α 7.729 −0.197 −0.009 0.003 9.70 × 10−2 1.64 ×10−1

212Ac → 208Fr +α 7.540 −0.094 0.003 0.000 8.95 × 10−1 7.09 ×10−1

218Ac → 214Fr +α 9.384 −0.010 0.012 0.000 1.00 × 10−6 1.95 ×10−6

222Ac → 218Fr +α 7.137 0.090 0.055 0.012 5.05 × 100 7.00 ×100

212Pa → 208Ac +α 8.411 −0.125 0.018 0.008 5.80 × 10−3 7.66 ×10−3

214Pa → 210Ac +α 8.271 −0.115 0.005 0.009 1.70 × 10−2 1.89 ×10−2

220Pa → 216Ac +α 9.704 −0.021 0.012 0.000 8.50 × 10−7 1.60 ×10−6

226Pa → 222Ac +α 6.987 0.122 0.082 0.018 1.46 × 102 1.37 ×102

236Am → 232Np +α 6.256 0.206 0.116 0.013 5.40 × 106 5.12 ×106

odd-odd α-emitters, and the spins and parities of some nuclei
are even still unknown in experiments. In Ref. [49], Audi et al.
pointed out that the α decay of an odd-A or odd-odd nuclide
in the region of deformation prefer the favored transition with
the same Nilsson model quantum number assignment in the
parent and daughter nucleus. Therefore, the favored assump-
tion is adopted for the deformed heavy nuclei as well in this
work [49]. We first determine the α-preformation factor Pα by
optimizing the calculated half-lives with the experimental data
for the odd-A and odd-odd nuclei, respectively. As mentioned
in Sec. II, here we simply take the constant α preformation
factor for certain kinds of α emitters, to reduce the number
of free parameters. Within the framework of DDCM+, the α

calculations with anisotropic diffuseness yield the Pα values
of 0.0926 for odd-A nuclei and 0.0712 for odd-odd nuclei,
whereas the calculations with isotropic diffuseness yield the
Pα values of 0.0880 for odd-A nuclei and 0.0689 for odd-
odd nuclei. It can be seen that the inclusion of diffuseness
anisotropy brings in an increase of the Pα value by roughly
5.2% for odd-A nuclei and 3.3% for odd-odd nuclei, which
is consistent with the conclusions obtained for even-even α

emitters of our previous work [31].
Combining with the deduced Pα , we present the numerical

results of α calculations in Table. I. It is worth pointing out
that the nuclei with uncertain α-decay branching ratios are not
included in current calculations. In Table. I, the first column
represents the α-decay channels. The second column denotes
the α-decay energy, the values of which are mainly taken
from the AME2020 [42,43]. Columns three to five are the
quadrupole, hexadecapole and hexacontatetrapole deforma-
tion parameters taken from the FRDM2012 [40], respectively.
The last two columns list the α-decay half-lives in the unit of
seconds with T Exp

α being the experimental α-decay half-lives
mainly taken from the NUBASE2020 [44], and T Cal

α being the
theoretical α-decay half-lives given by the DDCM+. For the
nuclei with multiple decay channels, T Exp

α listed in Table I are
derived by

T Exp
α = T Exp

1/2 /γα (13)

with T Exp
1/2 being the real experimental half-lives, and γα be-

ing the corresponding α-decay branching ratios. As can be

seen, the theoretical results are in good agreement with the
experimental data though the experimental half-lives vary in a
wide range from 5.6 × 10−8 s to 5.02 × 1012 s. Very recently,
one new isotope 207Th (Qα = 8.328 MeV, T Exp

α = 9.7 ms) has
been reported in Ref. [33]. By combining the new data of
207Th with the existing experimental data, the authors have re-
ported an odd-even staggering (OES) behavior in the α-decay
energies of the nuclei with Z > 82 and N < 126 along both
isotopic and isotonic chains. Within the relativistic Hartree-
Fock-Bogoliubov and large-scale shell-model calculations,
the authors deduced that the OES originates from both pairing
correlations and blocking of particular orbitals by unpaired
nucleons [33]. The newly synthesized isotope 207Th can be a
good object to test the accuracy of the DDCM+. As shown
in Table I, the DDCM+ reproduce the latest experimental
α-decay half-life of the new isotope 207Th with a factor of
about 2.50, demonstrating the good reliability and accuracy
of the DDCM+ in this mass region.

To see the agreement between the theoretical results and
the experimental data more intuitively, we plot the logarithmic
deviations δ = log10 T Cal

α − log10 T Exp
α for odd-A and odd-odd

nuclei in Figs. 4(a) and 4(b), respectively. The region between
two black dot-dash lines corresponds to the deviations within
a factor less than three, and the red star in Fig. 4(a) denotes
the δ value of new isotope 207Th. As shown, most of the δ

values are situated between two dot-dash lines, implying that
the theoretical results given by the DDCM+ agree with the
latest experimental data very well. Nevertheless, the relatively
larger deviations can be seen for the nuclei near the N = 126
closed shell and in the superheavy mass region. The former
cases are mainly because the constant Pα is not enough to
describe the structure effects, fortunately, this problem can be
overcome by including the shell effect, the hindrance of the
unpaired nucleon, and so on into the α preformation factors
Pα , some related studies can be found in Refs. [50–52]. As
for the latter cases, the calculated half-lives are found to be
shorter than the experimental half-lives for some superheavy
nuclei. It is probably because these α decays belong to the
unfavored transitions rather than the favored ones, and the
α cluster would carry an orbital angular momentum with
L 	= 0, resulting in a hindrance for the α-decay process due
to the additional centrifugal barrier [32]. For example, the α
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FIG. 4. The logarithmic deviations between the experimental
data and the theoretical results given by DDCM+ for (a) odd-A
and (b) odd-odd nuclei. The black dot-dash lines in each panel
correspond to the deviation between the theoretical results and the
experimental data with a factor of three, while the red solid line
denotes the neutron number of N = 126. The red star in (a) denotes
the logarithmic deviation of new isotope 207Th.

decay of 263Sg → 259Rf +α is assumed to be favored with the
3/2+ → 3/2+ transition in the present calculations, whereas
a large logarithmic deviation of δ = −0.7612, correspond-
ing to a factor of 5.77, is obtained under this assumption.
Through a further analysis, we assume that the 263Sg may
decay from its ground 3/2+ state to the low-lying excited
7/2+ state of 259Rf with an estimated excitation energy of
60 keV [44], and the α decay of 263Sg should be unfavored
with an orbital angular momentum of L = 2. With this unfa-
vored assumption, the theoretical α-decay half-life is given
by 4.56 × 10−1 s, whose logarithmic deviation reduces to
δ = −0.3744, corresponding to a factor of 2.37. As can be
seen, the theoretical result has been significantly improved.
Consequently, the more abundant information on the α-decay
spectrum and nuclear structure in the future would be benefi-
cial to improve the accuracy of these theoretical models.

Furthermore, to have a systematical evaluation on the accu-
racy of the DDCM+, we calculate the root-mean-square (rms)
deviation

σ =
√√√√ 1

NT

NT∑
i=1

(
log10 T Cal, i

α − log10 T Exp, i
α

)2
(14)

TABLE II. Comparison of the rms deviations between the calcu-
lations and the experimental data for odd-A and odd-odd nuclei by
using the generalized liquid drop model (GLDM) [53], the improved
effective liquid drop model (IMELDM) [54], the generalized density-
dependent cluster model (GDDCM) [26], and the DDCM+ model.

GLDM IMELDM GDDCM DDCM+
odd-A 0.3260 0.8165 0.3460 0.2875
odd-odd 0.2660 0.6785 — 0.2074

TABLE III. Theoretical predictions of α-decay half-lives for the
α-decay chains of 293,294119 and 294,295120. In this table, Qth1

α and Qth2
α

represent the theoretical α-decay energies calculated by the empirical
formula of Ref. [55], and FRDM2012 [40], respectively. T th1

α and
T th2

α are the corresponding theoretical α-decay half-lives calculated
by using the DDCM+ [31].

Nuclei Qth1
α (MeV) T th1

α (s) Qth2
α (MeV) T th2

α (s)

the α-decay chain of 295120
295120 12.574 7.29 ×10−5 13.460 1.31 ×10−6

291Og 12.047 2.77 ×10−4 12.550 2.38 ×10−5

287Lv 11.639 6.25 ×10−4 11.200 6.69 ×10−3

283Fl 11.319 6.76 ×10−4 9.830 5.17 ×100

279Cn 10.988 8.61 ×10−4 11.650 2.67 ×10−5

275Ds 10.521 3.09 ×10−3 10.780 7.12 ×10−4

271Hs 9.860 3.86 ×10−2 8.850 3.95 ×101

267Sg 9.073 1.61 ×100 7.930 1.25 ×104

263Rf 8.306 9.14 ×101 7.710 1.37 ×104

the α-decay chain of 294120
294120 12.714 2.32 ×10−5 13.490 7.15 ×10−7

290Og 12.251 6.27 ×10−5 12.670 8.47 ×10−6

286Lv 11.902 1.07 ×10−4 11.680 3.35 ×10−4

282Fl 11.599 9.30 ×10−5 9.960 1.30 ×100

278Cn 11.220 1.56 ×10−4 12.170 1.38 ×10−6

274Ds 10.662 8.55 ×10−4 10.380 4.38 ×10−3

270Hs 9.929 1.59 ×10−2 8.790 3.93 ×101

266Sg 9.142 6.31 ×10−1 8.120 1.56 ×103

262Rf 8.432 2.17 ×101 8.100 3.07 ×102

the α-decay chain of 294119
294119 12.154 3.82 ×10−4 12.850 1.35 ×10−5

290Ts 11.622 1.63 ×10−3 11.850 4.97 ×10−4

286Mc 11.207 4.07 ×10−3 10.210 1.53 ×100

282Nh 10.882 3.80 ×10−2 10.020 7.23 ×100

278Rg 10.544 6.66 ×10−3 11.260 1.28 ×10−4

274Mt 10.070 2.72 ×10−2 10.010 3.95 ×10−2

270Bh 9.402 4.00 ×100 8.330 1.18 ×104

266Db 8.608 2.68 ×101 7.450 4.99 ×105

262Lr 7.833 2.39 ×103 7.390 1.30 ×105

the α-decay chain of 293119
293119 12.297 1.51 ×10−4 12.920 7.88 ×10−6

289Ts 11.828 4.49 ×10−4 11.980 2.07 ×10−4

285Mc 11.472 7.74 ×10−4 10.300 6.90 ×10−1

281Nh 11.163 7.19 ×10−4 10.760 6.84 ×10−3

277Rg 10.778 1.43 ×10−3 11.490 3.20 ×10−5

273Mt 10.214 9.10 ×10−3 9.780 1.35 ×10−1

269Bh 9.473 2.22 ×10−1 8.240 2.09 ×103

265Db 8.679 1.25 ×101 7.700 3.90 ×104

261Lr 7.962 6.28 ×102 7.720 5.02 ×103

as well. The rms deviations for the odd-A and odd-odd nu-
clei are 0.2875 and 0.2074, respectively, which means the
DDCM+ reproduce the experimental data with average fac-
tors of about 1.94 for odd-A nuclei, and 1.61 for odd-odd
nuclei. For comparison, the rms deviations for the odd-A and
odd-odd nuclei with different models are listed in Table II.
These results demonstrate that the DDCM+ is a reliable
model in the studies of α-decay half-lives. It is also expected
that the DDCM+ can be extended to study the properties of
unfavored α decays in the future.
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In recent years, the hunt for new elements or nuclides
with proton numbers Z � 119 intensifies [5]. α decay, as one
of the dominant decay modes for superheavy nuclei, reflects
the stability of superheavy nuclei and represents the experi-
mental signatures for their identification [1,5]. Very recently,
the fusion reactions 54Cr + 243Am and 55Mn + 243Am with
evaporating three or four neutrons are tentatively suggested
to reproduce the new elements with Z = 119 and 120 [56].
Before the formal experiments, the quantitative predictions on
the α-decay properties are required. In view of the reliability
of the DDCM+, we continue to make theoretical predictions
for the α-decay chains of 293,294119 and 294,295120 isotopes
within the framework of DDCM+.

As the crucial inputs of the DDCM+, two versions of
α-decay energies Qth1

α and Qth2
α , respectively, calculated from

the empirical formula of Ref. [55] and FRDM2012 [40], are
used to predict the α-decay half-lives, while the corresponding
theoretical α-decay half-lives are denoted by T th1

α and T th2
α ,

respectively. These theoretical results are listed in Table III.
It can be seen that the DDCM+ within these two versions
of α-decay energies give different values of theoretical half-
lives, especially for 267Sg, 270Hs, and so on, the corresponding
theoretical half-lives T th1

α and T th2
α are wildly divergent. This

implies that the theoretical half-lives are very sensitive to the
α-decay energy. As we all know, the precise predictions on the
nuclear mass or α-decay energy are still a pending problem
nowadays, therefore, the more precise models or formulas
of the nuclear mass are required to improve the accuracy of
the α-decay theoretical models in the future. We hope these
results could be useful references for future experimental
studies on the synthesis of new elements with Z � 119.

IV. SUMMARY

In conclusion, the improved density-dependent cluster
model DDCM+ is extended to investigate the favored

α decays of the odd-A and odd-odd nuclei with proton num-
bers Z � 82 in this work. First, we revisit the impacts of
surface diffuseness anisotropy and polarization on the α-
decay dynamics, and the same conclusions are obtained for
the odd-A and odd-odd nuclei with the even-even nuclei. It is
found that the anisotropy of nuclear surface diffuseness would
lead to a larger estimated α-preformation factor and a longer
half-life.

Then, we implement the DDCM+ to study the favored
α decays of 95 odd-A and 26 odd-odd nuclei with Z � 82.
The theoretical results given by the DDCM+ are in good
agreement with the latest experimental data with a mean factor
of about 1.94 for odd-A nuclei, and 1.61 for odd-odd nuclei.
Noticeably, the theoretical α-decay half-life of new isotope
207Th also agrees well with the experimental data with a factor
of 2.50. It demonstrates that the model DDCM+ is indeed a
reliable model for the studies of α decay.

For the references of future synthesis of new elements
with Z � 119, we also provide the theoretical predictions for
the α-decay chains of 293,294119 and 294,295120 isotopes, It is
expected that these results could be useful for the forthcoming
experimental and theoretical studies on the synthesis of new
elements.
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