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The density-dependent cluster model (DDCM) is one of the successful theoretical models for «-decay
studies. It gives a good description of the experimental «-decay half-lives for a wide range of o emitters.
Nuclear surface diffuseness, one important quantity in determining the nucleon density profiles, is extremely
sensitive to deformation, Bohr, Mottelson et al. proposed an anisotropic feature of the surface diffuseness for
the deformed nuclei. In this work, an improved version of the density-dependent cluster model, abbreviated
as DDCM-, is developed to optimize a-decay calculations on half-lives, by accounting for the anisotropy
and polarization effects of surface diffuseness due to nuclear deformation. Within a deformation-dependent
diffuseness correction, the response of a-decay dynamics to the diffuseness anisotropy is first investigated in
detail. It demonstrates that such an anisotropic deformation-dependent diffuseness would change the shape of
nucleon density profile and effective «-core interactions, yielding longer calculated «-decay half-lives, as well
as suggesting larger estimated a-preformation factors. The systematic calculations on a-decay half-lives are
subsequently performed for 157 even-even nuclei with 52 < Z < 118, which reproduce the experimental data
within an average factor of 1.88, and drastically reduce the root-mean-square deviations between theoretical
results and experimental data by about 41.4% in contrast to conventional DDCM. Noticeably, the theoretical
result of new isotope '*U [Zhang et al., Phys. Rev. Lett. 126, 152502 (2021)] given by DDCM+ also shows
good agreement with the latest reported experimental data, demonstrating the high reliability of the improved
model. It is expected that this improved model could be useful for future experimental and theoretical studies of

o decays.

DOLI: 10.1103/PhysRevC.105.024327

I. INTRODUCTION

Probing the nuclear structure is one of the most fundamen-
tal tasks in modern nuclear physics. Nowadays, it has been
a hot topic to investigate the properties of nuclear surface
especially for exotic nuclei far away from the g-stability val-
ley, since the nuclear surface profile could provide abundant
valuable information on nuclear structure [1-3]. Specifically,
particular attention has been given to the nuclear surface dif-
fuseness, which is a basic quantity characterizing the nuclear
surface thickness. Thanks to the advances of radioactive ion
beam facilities, in recent years, many exotic structures such
as the halos [4-8], skins [9], and bubble-like structure [10],
etc., have been discovered. Such exotic structures are domi-
nated by nuclear dynamics around the nuclear surface region,
implying there exist complicated and nontrivial behaviors of
nuclear surface diffuseness. Moreover, from a microscopic
perspective, some studies also indicate that the nuclear surface
diffuseness is related to the occupations of nucleons near the
Fermi level and strongly sensitive to the deformation [10].
In several previous theoretical works, the investigations on
nuclear surface diffuseness are usually restricted to spherical
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nuclei, however, most nuclei are found to be deformed in
their ground state [11], a diffuseness correction is therefore
essential for deformed nuclei. In Chap. 4 of Ref. [11], Bohr
and Mottelson proposed an anisotropic diffuseness for the
deformed system with a correction assuming the gradient of
density to be constant at each point of the surface. Based on
this argument, Scamps et al. gave a systematic and extensive
theoretical study on the surface diffuseness of deformed sys-
tems, and reported the polarization and anisotropy features of
nuclear surface diffuseness [12], which will be also discussed
later in Sec. I B. In addition, a similar deformation-dependent
diffuseness is also used in Ref. [13], which could well repro-
duce the equilibrium ground-state deformation of medium and
heavy nuclei. All of these studies indicate that the nuclear
diffuseness may be anisotropic due to deformation. o decay
is one of the dominant decay channels for some unstable
nuclei, the nuclear diffuseness is also an important parameter
in theoretical w-decay calculations to determine the nuclear
density profiles. As most o emitters are deformed, it can be
predicted that the diffuseness anisotropy may have a non-
negligible impact on «-decay half-lives.

o decay occupies an important position in modern nuclear
physics [14—-17]. Experimentally, one can identify the new ele-
ments and nuclides via observing the position-time correlated
a-decay chains from an unknown parent nucleus to its known
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descendants [18-20]. Moreover, the a spectroscopy also pro-
vides a powerful tool to probe the nuclear structure properties
of heavy and superheavy nuclei [21]. Very recently, a new
a-emitter 2'4U, the hitherto lightest uranium isotope, was syn-
thesized simultaneously with more precise o-decay properties
of even-even nuclei 216 218y being measured [18]. Further-
more, the authors of Ref. [18] have revealed that there may
exist strong monopole interactions among the valence pro-
tons and neutrons occupying the 17/, and v1fs/, spin-orbit
partner orbits, resulting in an observed enhancement of the
a-cluster formation of 24 216U, Also, a series of new nuclides
synthesized in recent years are reported in Refs. [22-27]. De-
spite these achievements, some key nuclides, e.g., 220y, 220py,
and 2**Pu, etc., which are crucial to probe the robustness of
the N = 126 shell closure, are still unknown in experiments.
Besides, the synthesis of superheavy nuclei with Z > 118 is
also a challenging task [20,28]. Thus, the more accurate and
reliable theoretical models for o decay are required for the
further synthesis and identification of the unknown nuclei.

From the theoretical side, o decay is interpreted as a quan-
tum tunneling process of a preformed « cluster. Pioneering
works on o decay were done by Gamow [29], and inde-
pendently by Gurney and Condon [30] in 1928, which are
regarded as milestones in both nuclear physics and quantum
mechanics. Hereafter, various phenomenological and micro-
scopic models have been proposed and developed intensively
to explain the observed a-decay experimental data, and pro-
vide the quantitative predictions of the «-decay properties for
the unknown nuclei, see, e.g., Refs. [31-44] and the papers
cited therein, for comprehensive reviews. In Refs. [36-38], the
authors proposed and developed a phenomenological model
named the density-dependent cluster model (DDCM) with
both spherical and deformed versions, which took the nuclear
density distribution and the effective nucleon-nucleon interac-
tion into consideration, and reproduced the «-decay half-lives
for nuclei in a wide range of 52 < Z < 110, with a great
agreement to the experimental data. In addition, DDCM has
also been generalized to study the a-cluster structure [43,45]
and extract the nuclear charge radii [46,47]. Among these the-
oretical calculations mentioned above, the surface diffuseness
a is mainly performed in two types, i.e., the constant and
nonconstant diffuseness. As for the latter case, a fixed constant
value is used for all nuclei, e.g., a standard value a = 0.54 fm
is widely accepted in various calculations, such as the conven-
tional DDCM [36-38]. While for the former case, different
values are employed for different nuclei to make the calcula-
tions more accurate, such as the isospin dependent diffuseness
[48], etc. Nevertheless, one can easily get the insight that
both two cases have implicitly assumed an isotropic surface
diffuseness for a certain nucleus, without taking the impact
of deformation on the diffuseness into consideration. Inspired
by the works of Refs. [11-13], it is of great interest to incor-
porate the anisotropic deformation-dependent diffuseness into
conventional DDCM, making the model more realistic.

In this work, we present a new version of DDCM for
a decays of deformed nuclei, which improves the conven-
tional model mainly from three aspects: (i) An anisotropic
deformation-dependent diffuseness is adopted instead of the
isotropic one with a constant value of a = 0.54 fm for the

deformed o emitters. (ii) A new set of parametrization for
half-density radius and nuclear diffuseness is employed in the
improved model, where the differences between proton and
neutron density distributions are taken into consideration. (iii)
Calculating the a-decay half-lives by numerically solving the
quasibound Schrodinger equation instead of the two-potential
approach combined with Bohr-Sommerfeld quantum condi-
tion, to gain a more microscopic insight. The remaining parts
of this paper are organized as follows. In Sec. II, we detail
the theoretical framework of the improved DDCM, which will
be abbreviated as DDCM+ hereafter for convenience. Next,
the determination of the deformation-dependent diffuseness
and the choice of parametrization are discussed explicitly.
In Sec. III, We first look at how «-decay dynamics respond
to the newly introduced anisotropic surface diffuseness, the
impacts of diffuseness anisotropy on relevant quantities in-
cluding nucleon density profiles, barrier height and position
of «-core effective potential, and quasibound state wave func-
tions are systematically studied. Then we continue to give
the numerical results of o decay half-lives for 157 even-even
nuclei with 52 < Z < 118, where the a-decay properties of
newly discovered isotope 2'#U and two newly measured nuclei
216, 21817 are also discussed. Finally, a summary is given in
Sec. IV.

II. THEORETICAL FRAMEWORK OF DDCM+ WITH
DEFORMATION-DEPENDENT DIFFUSENESS

A. The improved density-dependent cluster model

In the present work, we assume an ¢« emitter to be a binary
system of a spherical « cluster interacting with an axially sym-
metric deformed core nucleus, as shown in Fig. 1. The total
interactive potential between « cluster and the core nucleus is
composed of mainly three parts, including nuclear, Coulomb,
and the centrifugal terms, namely,

2

h
V(&) =Vn(r§)+Ve(r§) + 07 SLIL+ 1), (D
ur

core nucleus a cluster

FIG. 1. Schematic illustration of coordinate systems used in the
double-folding form interactions between the spherical « cluster and
deformed core nucleus. The vector between the center of mass for
the core nucleus and « cluster is denoted by r, and s represents the
vector of relative separation between the two interacting nucleons,
whose intrinsic coordinates are respectively denoted by r. and r,.
The letter £ is the orientation angle between the o-emitting direction
and the symmetric axis of the deformed core nucleus.
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where & is the orientation angle between the «-emitting di-
rection and the symmetric axis of the deformed core nucleus,
w = mgm./(my + m,) is the reduced mass of «-core system,
and L presents the angular momentum carried by the « cluster.
Noting that L = 0 should be taken for the o decays of even-
even nuclei from ground state to ground state.

The analytic expressions of the nuclear potential Vy(r, §)
and Coulomb interaction V¢(r, £), are both written in the
double-folding forms as a function of relative distance r = |r|
and the orientation angle &:

VN(EE)=)»/drafdrc[POIf("a)‘i'Pg("a)]X[Pf("c)"'ﬁf("c)]

X V(s =|r.+r—ryl) 2)
and
1 e
Ve(r,§) = —/dra/drc—pf;(ra)pé’(rc)
4meg §s=|r.+r—ry
3)

with A being the strength factor for the depth of nuclear po-
tential, p" (ry) and p" (r.) being the proton (denoted by p)
and neutron (denoted by n) density distribution for the « clus-
ter and core nucleus, respectively. r = (r, 0, ¢) denotes the
spherical coordinate, and the azimuth angle ¢ will be implied
hereafter due to the axial symmetry of the nucleus. Instead of a
fixed value, the strength factor A will be adjusted to reproduce
the experimental «-decay energy Q, for the quasibound state
in subsequent calculations. In Eq. (2), v(s) denotes the effec-
tive nucleon-nucleon interaction with s = |r. +r — r,| being
the relative separation between the two interacting nucleons
in the «-core system. Here, the widely used Reid Michigan-3-
Yukawa (M3Y) nucleon-nucleon interaction is adopted, which
reads

—4 25
b(s) = 7999.00PEH) 513y 95 XP(=2:55)
4s 2.5s
+ Joo(Ee)3(s),
Joo(Ey) = —276(1 — 0.005E, /As). )

A simple zero-range pseudopotential Joo(E,)is used in Eq.(4)
instead of a nonlocal exchange term [49], approximately
accounting for the effect of antisymmetrization due to the
single-particle knock-on exchange between two interactive
nucleons with E,, and A, representing the kinetic energy and
mass number of the emitted o cluster, respectively.

The proton and neutron density distributions for the spher-
ical e cluster are taken to be the standard Gaussian form

pa(ra) = p2 exp(—0.7024Ir,|*) (5)

with 79y = po) or n(g). As for the core nucleus, we assume the
two-parameter Fermi (2pF) distribution for the protons and
neutrons,
P
C
Ire|=R* ()7’
1+ exp[ PHO)) ]

Pl = ©)

where the central densities p° and p2 in Eqgs. (5) and (6)
can be determined by normalizing the corresponding density
distribution to the proton number (or neutron number) of the «

cluster and core nucleus, respectively. R* (6) and a* (0) are, re-
spectively, the half-density radius and surface diffuseness with
the elevation angle 6, whose determination will be introduced
in Sec. II B.

Based on the aforementioned procedure, instead of using a
two-potential approach combined with the Bohr-Sommerfeld
condition as in conventional DDCM, here we calculate the
a-decay half-lives by numerically solving the quasibound
Schrodinger equation. Due to the extreme weakness of the
nuclear potential and deformation effect at a large separation
distance, the radial wave function ¢ (7, &) for each certain
orientation angle & will behave like the spherical outgoing
Coulomb wave function as [50,51]

lim ¢ (r, &) — N IGL(n, kr) + iF(n, kr)], @)

where N, denotes a normalization constant, G, (n, kr) and
Fi.(n, kr) are the irregular and regular Coulomb wave func-
tion, with n = uZ,Z.e*/(4weoh*k) being the Sommerfeld
parameter, and k = /2uQ,/h denoting the wave number,
respectively.

In addition, the well-known Wildermuth-Tang condition
G =2n+ L is adopted in the calculations to implement the
Pauli-blocking effect [51], ensuring that the four nucleons in
the o cluster occupy the physically allowed orbits. In this
work, the global quantum number G is taken as G = 22 for
N > 126 and G = 20 for 82 < N < 126. Given the values
of G and L, the number of nodes n in the w«-cluster ra-
dial wave function can then be determined. Subsequently,
the orientation-dependent partial «-decay width could be ob-
tained by using the distorted wave approach [21,52]

_ A ’
re) = o

/0 FL(n, kr)[V (r, §)+6Ve(r, §)lo(r, §) dr

®)

with 8Ve(r, &) = Ve(r, §) — ZyZ.e* /(4megr). The total a-
decay width thus can be obtained by integrating the partial
decay width along the different orientation

r, =fir(s>sinsds. ©)
0

The «-decay half-life 7i, can be then obtained by using
the relationship of Ti,, = filn2/(P,I), where P, is the a-
preformation factor, characterizing the probability to form an
«a cluster on the nuclear surface. Nowadays, it is still a pending
problem to calculate the «a-preformation factor microscopi-
cally. In terms of the fact that P, is a quantity less than unity
and varies smoothly in the open-shell region, we thus take a
constant P, in the present work for the sake of reducing the
number of free parameters.

B. The parametrization of deformation-dependent diffuseness
Our main focus in this subsection is the determination
of anisotropic surface diffuseness. As shown in Eq. (6), the
density profile of core nucleus has the 2pF form factor

fe(r,0) = . (10)

+exp [T ]
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y)

p(r=RO).0)= py/2

FIG. 2. Comparison of the radial diffuseness a(6) (denoted by
blue double-side arrow) along the direction of é,, and the perpendic-
ular diffuseness a, (¢) (denoted by red double-side arrow) along the
direction of ¢, to the isodensity surface with p(r, ) = po/2 (denoted
by a green solid line).

Inspired by Ref. [11], the deformation of one nucleus can be
regarded as the bodily displacement of the surface at each
point while maintaining the volume conservation, thus the
deformed half-density radius parameter R*(6) can be ob-
tained with a rather simple argument that R*(6) = Rj[1 +
D i, 4.6 BiYio(6)], with R{ corresponding to the isotropic half-
density radius parameter in spherical nuclei, while S,, B4,
and B¢ being the quadrupole, hexadecapole, and hexacontate-
trapole deformation parameters, respectively. Simultaneously,
the surface diffuseness is corrected through replacing the
isotropic diffuseness parameter ag in the spherical case by its
anisotropic counterpart a® (), with the condition that the gra-
dient of nucleon density form factor at an isodensity surface
is constant being respected [11,13]:

» df.(n 7 1

dr r=R}

where f;(r) is the 2pF form factor for the spherical nu-
clei, with a similar expression as Eq. (10) except that the
anisotropic radius R*(6) and diffuseness a®(6) are replaced
by R and ag, respectively. From Eq. (11), one achieves

: 2
dR (0)] ’ (12)

T _ T 1
a9 _“0\/1 + [Rf(e) do

the leading order of which just identifies with the original
form of the diffuseness correction proposed by Bohr and
Mottelson [11].

Such correction in Eq. (12), however, is only valid for
weakly deformed nuclei, as discussed in Refs. [11,12]. Further
analysis reveals that the isotropic diffuseness ag in spherical
cases actually corresponds to the perpendicular diffuseness
a’ (9) to the isodensity surface as shown in Fig. 2, which
is widely divergent from the radial diffuseness a®(f) in
the deformed system while they are identical in spherical
nuclei. Keeping these points in mind, to overcome the afore-
mentioned limitation of Eq. (12), a more general form of

diffuseness correction is adopted in this work:

: 2
dR (6’):| 7 (13)

T . 1 _
a (6) _aL(G)\/l + [RT(Q) -

where the effects beyond pure geometric ones are included in
the perpendicular diffuseness af (9), here we refer to Ref. [12]
for more details.

In Ref. [12], the authors proposed two sets of parametriza-
tions based on the SKM* and SLy4 energy density functional
calculations to describe the nuclear density profiles, however
the parametrization sets are not complete, the parametriza-
tions of some key nuclei are not given in their work. To
overcome this shortcoming, in the present work, we propose a
new form of a7 (6) with hexadecapole deformation as

a’ (0) = al[l — BYao(0)], (14)

which could also reproduce the polarization feature of de-
formed surface described in Ref. [12], without introducing
any additional free parameters. Furthermore, ¢’ in Eq. (14)
can be obtained by averaging the value of anisotropic diffuse-
ness to the corresponding isotropic counterpart with
3
f a’(0)sin(0) do = ay. 15)
0

In addition, instead of the standard values in literature, the
values of R and ajj are estimated in the present work by the
Sao Paulo parametrization with [53]

Rb =181Z!7 — 1.12fm, a} = 0.47 — 0.00083Z, fm,

R} = 149N} —0.79 fm, af = 0.47 — 0.00046N, fm,
(16)

respectively, where the differences between proton and neu-
tron density distribution are taken into consideration.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Impacts of diffuseness anisotropy on « decay dynamics

As discussed in Sec. II, an anisotropic diffuseness is intro-
duced in the improved model DDCM+-. Thus, it is of great
interest for us to investigate how the anisotropy of surface dif-
fuseness will affect the «-decay dynamics before we perform
the theoretical calculations on «-decay half-lives.

Figure 3 illustrates the angular dependences of anisotropic
half-density radius (red solid lines) and diffuseness (blue
dashed lines), in which the form factors R*(6)/R; and
a*(0)/aj are presented for one weakly deformed nucleus
212Th, and two well-deformed isotopes 2**Ra and 2**U, re-
spectively. As can be seen intuitively, the polarization of
diffuseness, i.e., the diffuseness tends to reduce along the
elongated axis while increasing along the compressed axis,
emerges in all the three selected isotopes, which is consistent
with the main argument of Ref. [12]. Moreover, such polar-
ization of the diffuseness does not seem to be negligible, here
we will take the selected isotope 2*3U as an example. 233U is
a well-deformed nucleus with |8,| > 0.2, and an obvious dis-
tortion of surface can be seen in panel (c) of Fig. 3. Calculated
with Egs. (13) and (14), the form factor a*(6)/ag is found to
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FIG. 3. Form factors of anisotropic half-density radius R*(6)/R{ (red solid lines) and diffuseness a* (6)/a, (blue dashed lines) as a function
of angle 6 for (a) *®Ra (8, = —0.207, B4 = —0.007, Bs = 0.003), (b) 2'>Th (B, = —0.094, B4 = —0.008, B = 0.001), and (c) 2*U (B, =
0.236, B4 = 0.098, Bs = —0.021), respectively. Noting the polarization of diffuseness are reproduced with Egs. (13) and (14) for all the three

selected isotopes.

vary in a range of 0.837-1.056, which leads to a fluctuation of
21.9% along the half-density isodensity contour with respect
to the isotropic diffuseness. In addition, one can further get
the insight from Fig. 3 that the fluctuation of diffuseness will
be much more significant as the system of larger deformation.

Figure 4(a) presents the nucleon density distribution of
238y, where the polar coordinate (r, @) is transformed to the
Cartesian coordinate (x, y). One can see that the nucleon den-
sity is virtually constant in the central region, then decreases
steeply to a minor value when it goes far away from the
center. Also, in panel (a), the white narrow band is guiding
our eyes, which corresponds to the isodensity surface with
half-central density, showing the deformation shape of >*3U.
Considering the non-negligible fluctuation of diffuseness due
to the deformation, we then calculate the relative differences
between the nucleon density profile calculated by the 2pF
distribution with anisotropic a*(6) and isotropic diffuseness
ag, which reads

Ap(r) = p(M)lar@) = PI)]ag- a7

In Eq. (17), R*(0) are used in both two calculated density
profiles, to ensure that any differences of the nucleon den-
sity distribution are purely caused by the polarization and
anisotropy effects of diffuseness.

In Fig. 4(b), we display a three-dimensional (3D) sur-
face scheme of the nucleon density differences for 23%U
in the Cartesian coordinate system. In this panel, the z coordi-
nate denotes the value of nucleon density difference. For the
sake of clarity, we also depict the projection of the 3D surface
to the x-y plane, in which the color map reflects the discrep-
ancies of the nucleon density. Combining Fig. 4(a) with panel
(b), one can discover that the nucleon density mainly changes
around the surface region, while has minor variation in the
central area. What is more, the density differences are positive
outside the half-density contour and negative inside it along
the compressed axis, whereas the situation is reversed along
the elongate axis. This can be easily understood according to
Fig. 3(c). Along the compressed axis, the form factor a® (6)/ag
of 238U is greater than unity, implying the density profile with
anisotropic diffuseness a (6) is much more extended than that

p (f)

0.1525
0.1373
0.1220
0.1068
0.0915
0.0763
0.0610
0.0458
0.0305
0.0153
0.0000

Ap (fm™)

0.0060
0.0048
0.0036
0.0024
0.0012
0.0000
-0.0012
-0.0024
-0.0036
-0.0048
-0.0060

FIG. 4. (a) Nucleon density profiles calculated using 2pF dis-
tribution with anisotropic diffuseness for 2**U. (b) 3D surface plot
of difference between the nucleon density profile respectively cal-
culated using 2pF distribution with anisotropic a*(6) and isotropic
diffuseness aj, for selected isotope 238U. Here, R™(0) are used in
calculations for both cases. Noting the projection of the 3D surface
is plotted in x-y plane, where the color map reflects the changes of
nucleon density at different points.
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FIG. 5. (a) The depth of inner potential well, (b) the position, and (c) the height of «a-core effective potential barrier varying with the
orientation angle £ for the decay channel *?Pu — 23U 4 «. The theoretical results calculated with anisotropic diffuseness a®(0) are denoted
by the red solid lines, while ones calculated with isotropic diffuseness aj are denoted by the blue dashed lines in each panel. We kindly remind
the readers here that the orientation angle & and the angle 6 are different physical quantities in the present models.

one with aj along this direction, which thus results in a higher
density outside the half-density contour and a lower density
inside it. Similarly, the situation along the elongate axis could
be explained as well.

To figure out the impacts of diffuseness anisotropy and
polarization on effective «-core interactions, we show the
depth of the inner potential well Vp(€), the barrier position
Rp(§), and barrier height Vz(&) versus the orientation angle
£ in Fig. 5(a) to 5(c) for the o decay of ***Pu — *U +«,
for both two cases with a®(6) (red solid lines) and ag (blue
dashed lines). Due to the large deformation of 2**U, the a-core
potential exhibits an obvious dependence on the orientation
angle £. It can be found that the diffuseness anisotropy has a
minor impact on the depth of the inner potential well. How-
ever, in contrast to the case with isotropic diffuseness ag, the
geometric shape of the a-core potential barrier is drastically
altered by the anisotropy and polarization of diffuseness. As
shown, the anisotropic diffuseness brings in a narrower po-
tential well and an increase of potential barrier along with the
small orientation angles &, whereas it has a reverse situation
along with the larger orientation angles.

It is a consensus that the wave functions are closely related
to the interactive potentials. Consequently, we plot the radial
quasibound wave functions Fig. 6. To show the variations
more clearly, we separately plot the internal and exterior wave
functions for £ = 0 in panels (a) and (c), as well as plot the
cases for & = /2 in panels (b) and (d). Moreover, we also
marked the position and amplitude of the peak for the wave
functions in each panel, to present the variations of the wave
functions. In the internal region, as the depths of the potential
well are nearly identical for both two kinds of diffuseness
according to Fig. 5(a), and the nodes of the wave functions
are determined by the Wildermuth-Tang condition mentioned
in Sec. IT A, the internal wave functions are found to be not
affected by the diffuseness anisotropy. However, because the
penetrability has an exponentially decreasing behavior on the
barrier height, significant variations can be observed in exte-
rior wave functions due to the barrier height variations. One
can discover from Fig. 6 that the amplitude of the exterior
wave function with a®(0) is almost 17.5% less than the case
with aj for & =0, while it is about 7.6% larger than that
for & = /2. As aresult, calculated with P, = 1 temporarily,

the DDCM+ gives the theoretical half-life of 2.01 x 10! s
with anisotropic diffuseness a (@), while 1.60 x 10'% s with
isotropic diffuseness aj, which means that the diffuseness
anisotropy conducts to an increase of about 25.6% in the
a-decay half-life for 24?Pu.

B. Numerical results of «-decay half-lives for the observed
even-even nuclei with 52 < Z <118

In this subsection, we perform theoretical calculations on
the ground-to-ground state «-decay half-lives of 157 known
even-even nuclei from Te to Og by using the improved model
DDCM-+ introduced in Sec. II. As mentioned in Sec. IT A, the
a-preformation factor P, is an important but pending physical
quantity up to now. In present theoretical calculations, we
approximate the P, as a constant for considered even-even
nuclei via a least-squares fitting approach with 157 experi-
mental half-lives, since the P, varies smoothly when being
far away from the closed-shell region. The yielding constant
P, values for DDCM and DDCM+ are 0.2857 and 0.1521,
respectively. As can be seen, there exists a large deviation be-
tween the optimized P, values given by DDCM and DDCM+,
which may mainly result from the nucleon-skin thickness and
diffuseness anisotropy considered in DDCM+-. The former
factor has already been investigated in Refs. [21,54], where
the authors deduced that the larger neutron or proton thickness
would conduct to a lower estimated «-preformation factor P,.
However, the latter factor is not clear up to now. We continue
to investigate how the diffuseness anisotropy will affect the P,
values. To have an intuitive scheme, we extract the empirical
a-preformation factors along the Th isotopic chain by using
DDCM+ with a®(6) and ag, and present the results in Fig. 7.
As shown, the P, values extracted with a*(6) are larger than
the cases with aj, the phenomena of which is more significant
for the system with larger deformation as moving far away
from the N = 126 shell closure. According to Fig. 5, it could
be deduced that the increase of P, may result from the addi-
tional Coulomb repulsion effect due to diffuseness anisotropy.
As mentioned above, the anisotropic diffuseness would opti-
mize the shape of the «-core interaction and give a rise to the
Coulomb barrier height along most of the orientations, this
additional Coulomb repulsion effect may contribute to the o
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FIG. 6. Comparison of the internal radial wave functions for (a) £ = 0 and (b) § = 7 /2, as well as the exterior radial wave functions for
(c)& = 0and (d) £ = /2 between the cases calculated with anisotropic diffuseness a* (6) (denoted by red solid lines) and isotropic diffuseness
a} (denoted by blue dashed lines) for the decay channel **Pu —2% U + a.

clustering between the charged « cluster and core nucleus,
leading to larger «-preformation factors [55]. Consequently,
the large deviation between the optimized P, values given by
DDCM and DDCM+, is a result of competition between the
nucleon-thickness effect and Coulomb repulsion effect, where
the nucleon-thickness effect dominates here.

Within the deduced P, values, the numerical results are
listed in Table I. The first column represents the a-decay
channels. The second column denotes the «-decay energy, the
values of which are mainly taken from the AME2020 [56,57].
Columns three to five are the quadrupole, hexadecapole, and
hexacontatetrapole deformation parameters taken from the
FRDM2012 [58], respectively. The last three columns list the
a-decay half-lives in the unit of seconds, with 7’} being the
experimental half-lives mainly taken from the NUBASE2020
[59], and PP+ and T,PPM being the theoretical half-lives
given by DDCM+ and DDCM, respectively. Furthermore,
it is worth pointing that the nuclei with uncertain or small

(<5%) a-decay branching ratios are not included in current
calculations.

The experimental half-lives shown in Table I vary in a very
wide range from 1.80 x 1073 s to 2.21 x 10** 5. To see the
agreement between the theoretical results and the experimen-
tal data, we respectively plot the logarithmic deviations § =
log, (155" / Ty)7) for conventional DDCM and DDCM+ in
Fig. 8(a) and 8(b). The blue bands correspond to the deviations
within a factor of three. In these years, there are numerous
important upgrades in the latest experimental data. As can
be straightforwardly seen, the theoretical results given by
improved model DDCM+ agree better with these latest exper-
imental data than that of conventional DDCM. For example,
in Fig. 8(a) and 8(b), the deviations for three newly mea-
sured uranium isotopes 214yg, 21615, and 28y [18], are marked
by the blue hollow star, triangle, and diamond, respectively.
The logarithmic deviations of 2'“U, 2'°U, and 2'8U given by
DDCM are 1.053, 0.804, and 0.594, which correspond to the

024327-7



ZHEN WANG, DONG BAI, AND ZHONGZHOU REN PHYSICAL REVIEW C 105, 024327 (2022)

TABLEI. Calculations on the «-decay half-lives of the deformed nuclei with 52 < Z < 118, from ground state to ground state. In this table,
0, denotes the «-decay energy taken from Refs. [56,57], B,, B4, and B¢ are separately the quadrupole, hexadecapole, and hexacontatetrapole
deformation parameters for the daughter nuclei, which are taken from Ref. [58]. T]e/’;p denotes the experimental half-lives, while T]%)CNH and
TB?CM separately denote the theoretical half-lives given by DDCM+ and DDCM. The experimental half-lives are mainly taken from Ref. [59],
while the experimental data come from the other references are marked in the first column. The optimized P, values used in current calculations

for DDCM+ and DDCM are 0.1521 and 0.2857, respectively.

a decay 0.0 b fo s

Trans-tin nuclei with 52 < Z < 80, 104 < A < 190

14T 5 1008y + o [61] 5.100 0.000 0.000 0.000 <1.80 x 10°® 1.06 x 1077 9.03 x 1078
106 1028 4 4.290 0.000 0.000 0.000 7.80 x 107° 1.70 x 1074 9.04 x 107°
18T 5 194Gy 4 ¢ 3.420 0.000 0.000 0.000 429 x 10° 8.69 x 10° 4.63 x 10°
108%e 5 1%4Te 4 o 4.569 0.000 0.000 0.000 7.20 x 1073 1.17 x 107 6.23 x 107°
0¥ e —» 100 6 4 3.872 0.119 0.066 0.018 1.45 x 107! 2.66 x 107! 1.17 x 107!
4Nd —» "Ce 4+« 1.901 0.000 0.000 0.000 7.23 x 10%2 291 x 10% 1.55 x 10%
469m — "2Nd +« 2.529 0.000 0.000 0.000 3.25 x 10% 5.57 x 10% 2.96 x 10%
18Sm — "Nd 4 « 1.987 0.000 0.000 0.000 2.21 x 10% 6.56 x 10% 3.49 x 10%
8Gd > "Sm+« 3.271 0.000 0.000 0.000 2.25 x 10° 3.47 x 10° 1.85 x 10°
10Gd — Sm +« 2.807 0.000 0.000 0.000 5.65 x 10%3 1.12 x 10" 5.95 x 10%
12Gd — "8Sm+« 2.204 0.172 0.060 0.009 3.41 x 10% 7.32 x 10% 2.87 x 10%
0Dy — 46Gd + o 4.351 0.000 0.000 0.000 1.28 x 10° 1.40 x 10° 7.44 x 10?
54Dy — 10Gd + o 2.945 0.172 0.047 0.017 9.47 x 10 8.82 x 10" 3.60 x 103
2By — Dy 4o 4.934 0.011 0.000 0.000 1.14 x 10’ 1.33 x 10! 1.65 x 10!

34%Yh — OFr + o 5.474 0.011 0.000 0.000 442 x 107! 4.40 x 107! 5.67 x 107!
OHf — 2Yb+ 6.026 0.000 0.000 0.000 2.30 x 1072 2.17 x 1072 1.16 x 1072
SSHf — Y*Yb+« 5.405 —0.104 0.028 0.007 6.43 x 10° 7.60 x 10° 1.40 x 10

T4Hf — 0Yb + o [62] 2.494 0.287 —0.018 —0.019 221 x 10% 1.11 x 10 6.30 x 10%
158y — SHf + o 6.612 0.021 0.000 0.000 1.43 x 1073 1.23 x 1072 1.71 x 1073
l62yy — SSHf + o 5.678 0.128 0.030 0.003 2.63 x 10° 3.87 x 10° 2.78 x 10°
1205 — 8w 4« 6.768 0.085 0.003 0.000 2.10 x 1073 2.32 x 1073 2.61 x 1073
1640g — 100W + o 6.479 0.128 0.018 0.002 2.19 x 1072 2.11 x 1072 1.71 x 1072
1605 — 102y 4 ¢ 6.143 0.150 0.020 0.002 2.57 x 107! 3.58 x 107! 2.54 x 107!
1805 — 104y +« 5.816 0.173 —0.001 —0.001 4.88 x 10° 7.28 x 10° 5.43 x 10°
13605 — 1823 4+ o 2.821 0.232 —0.066 —0.006 6.31 x 102 4.82 x 102 5.35 x 102
166py 5 10205 4 ¢ 7.292 0.107 —0.008 0.009 2.94 x 107* 277 x 107* 297 x 107*
168pg _, 16405 + ¢ 6.990 0.129 0.006 0.000 2.02 x 1073 2.35 x 1073 2.17 x 1073
170pg 5 16605 4 o 6.707 0.151 —0.004 —0.001 1.39 x 1072 1.98 x 1072 1.75 x 1072
172pt —» 18805 + ¢ 6.463 0.173 —0.013 —0.003 1.02 x 107! 1.38 x 107! 1.18 x 107!
174pg — 11005 4 o 6.183 0.184 —0.012 —0.003 1.15 x 10° 1.54 x 10° 1.24 x 10°
176pt — 1205 4 o 5.885 0.195 —0.010 —0.003 1.58 x 10 2.47 x 10! 1.86 x 10!

8pt — 17405 + « 5.573 0.217 —0.007 —0.004 2.69 x 10? 5.60 x 102 3.70 x 102
190py _, 1860g 4 o 3.269 0.209 —0.083 0.003 1.52 x 10® 7.31 x 108 9.90 x 108
0Hg — 156pt 4 o [63] 7.773 —0.105 0.004 0.000 8.00 x 107° 5.69 x 107° 1.51 x 107
2Hg — 19%pt 4 o 7.524 0.118 0.005 0.000 2.31 x 107* 2.85 x 107* 291 x 107*
7*Hg — "'Pt 4« 7.233 0.129 —0.006 —0.001 2.00 x 1073 2.15 x 1073 225 x 1073
Hg — 1Pt 4 o 6.897 0.140 —0.005 —0.001 226 x 1072 2.65 x 1072 2.62 x 1072
Hg — 1Pt 4o 6.577 0.162 —0.003 —0.001 2.99 x 107! 3.40 x 107! 2.95 x 107!
180Hg — 7Pt 4 o 6.258 0.239 0.021 0.002 5.40 x 10° 439 x 10° 1.94 x 10°
8Hg — 18Pt 4« 5.996 0.250 0.011 —0.001 7.79 x 10! 5.04 x 10! 2.35 x 10!

Trans-lead nuclei with 82 < Z < 98, 178 < A < 252

178pp — "Hg 4 o [64] 7.789 —0.105 —0.019 0.002 2.50 x 107* 242 x 107* 8.07 x 107
180pp — "Hg + o 7.419 —0.115 —0.030 0.004 4.10 x 1073 3.08 x 1073 1.23 x 1072
182ph —» Hg 4+« 7.066 —0.125 —0.017 0.003 5.50 x 1072 4.23 x 1072 1.71 x 107!
184pp — 0Hg 4 o 6.774 —0.135 —0.005 —0.008 6.13 x 107! 426 x 107! 1.89 x 10°
186ph — 82 Hg 4 o 6.471 —0.146 —0.004 0.001 1.21 x 10 5.60 x 10° 2.64 x 10!

186py — 182pp 4 ¢ [65] 8.501 0.011 0.000 0.000 3.40 x 107° 1.18 x 107 2.11 x 107
188py — 184pp + 8.082 0.000 0.012 0.000 2.70 x 107* 1.56 x 10~* 8.30 x 1073
190pg 5 186pp 4 7.693 0.000 0.000 0.000 245 x 1073 2.10 x 1073 1.12 x 1073
192pg — 188pp 4 o 7.320 0.000 0.000 0.000 3.22 x 1072 3.12 x 1072 1.66 x 1072
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TABLE 1. (Continued.)

o decay 0, (MeV) B Ba Bs 7Y (s) TN (s) TP (s)
194po — 190Pp 4 & 6.987 0.000 0.000 0.000 3.92 x 107! 4.15 x 107! 221 x 107!
19py 5 192pp 4 ¢ 6.658 0.000 0.000 0.000 5.99 x 10° 6.57 x 10° 3.50 x 10°
198py 5 1%Ph 4« 6.310 0.000 0.000 0.000 1.85 x 10? 1.58 x 10? 8.41 x 10!
208pg — 204pp 4 ¢ 5.216 0.000 0.000 0.000 9.15 x 107 2.45 x 107 1.30 x 107
20py 5 206pp 4 5.408 0.000 0.000 0.000 1.20 x 107 1.95 x 10° 1.04 x 10°
22pg 5 208pp 4 8.954 0.000 0.000 0.000 2.94 x 1077 1.95 x 1077 1.04 x 1077
2l4pg — 210pp 4 ¢ 7.834 0.000 0.000 0.000 1.63 x 107* 1.88 x 107* 1.00 x 1074
216pg 5 212pp 4 o 6.906 0.000 0.000 0.000 1.44 x 107! 2.05 x 107! 1.09 x 107!
28pg — 214ph 4 o 6.115 0.000 0.000 0.000 1.86 x 10% 2.93 x 10? 1.56 x 10?
%R0 — Po +« 7.862 —-0.217 0.017 —0.001 7.80 x 10~* 2.70 x 1073 2.58 x 1072
19%Rn — 192Po + « 7.617 —0.217 0.017 —0.001 470 x 1073 1.48 x 1072 1.46 x 107!
1%Rn — %Po+« 7.349 —0.207 0.015 —0.001 6.92 x 1072 1.09 x 107! 1.00 x 10°
20Rn — Po + o 7.043 0.085 0.003 0.000 1.18 x 10° 1.49 x 10° 2.20 x 10°
202Rp — 8Py + 6.774 0.075 0.002 0.000 1.24 x 10! 1.44 x 10! 2.31 x 10!
204Rn — po 4« 6.547 —0.063 0.013 —0.001 1.03 x 10? 1.09 x 10? 2.87 x 10?
200Rn — 22Po + o 6.384 —0.063 0.001 0.000 5.49 x 102 4.83 x 102 1.38 x 10°
208Rn — 24Po 4+« 6.261 —0.042 0.001 0.000 2.36 x 10° 1.54 x 10° 3.98 x 10°
20Rp — 209pg 4 ¢ 6.159 0.000 0.000 0.000 9.00 x 10° 4.09 x 10° 2.18 x 10°
22Rn — 28pg 4 o 6.385 0.000 0.000 0.000 1.43 x 10° 3.84 x 10? 2.04 x 102
24Rn — 20po + ¢ 9.208 0.000 0.000 0.000 2.59 x 1077 2.33 x 1077 1.24 x 1077
216Rn — 22Po 4« 8.198 0.000 0.000 0.000 450 x 107? 9.31 x 107° 496 x 103
28Rn — 2“Po+« 7.262 0.000 0.000 0.000 3.38 x 1072 7.65 x 1072 4.08 x 1072
20Rp — 219pg + ¢ 6.405 0.000 0.000 0.000 5.56 x 10! 1.37 x 10? 7.31 x 10!
22Rn — *BPo+« 5.590 0.056 0.028 0.007 3.30 x 10° 8.20 x 10° 1.29 x 10°
22Ra — "8Rn + « [66] 7.880 —0.227 0.019 —0.002 1.60 x 1072 1.09 x 1072 1.33 x 107!
204Ra — 29Rp + o 7.637 —0.207 0.004 0.001 6.00 x 1072 6.52 x 1072 7.17 x 107!
206Ra — 22Rn 4« 7.415 —0.115 0.017 0.008 2.40 x 107! 3.95 x 107! 1.43 x 10°
28Ra — Rn+« 7.273 —0.115 0.017 0.008 1.28 x 10° 1.15 x 10° 4.24 x 10°
20Ra — 2°Rp + o 7.151 —0.094 0.015 0.009 4.00 x 10° 3.03 x 10° 9.69 x 10°
22Ra — 8Rp 4« 7.032 —0.063 —0.010 0.001 1.30 x 10 8.03 x 10° 2.58 x 10!
24Ra — "Rpn+« 7.273 0.000 0.000 0.000 2.44 x 10° 1.00 x 10° 5.33 x 107!
216Ra — 22Rp 4+« 9.526 0.000 0.000 0.000 1.72 x 1077 1.99 x 1077 1.06 x 1077
28Ra — MRn+4« 8.540 0.000 0.000 0.000 2.59 x 107° 5.59 x 107° 2.97 x 1073
20Ra — 2*Rpn+« 7.594 0.000 0.000 0.000 1.81 x 1072 3.75 x 1072 2.00 x 1072
22Ra — BRn+« 6.678 0.079 0.054 0.012 3.36 x 10! 6.99 x 10! 7.22 x 10!
2%Ra - Rn 4« 5.789 0.110 0.068 0.014 3.14 x 10° 6.11 x 10° 4.69 x 10°
26Ra — *Rn+« 4.871 0.110 0.068 0.014 5.05 x 10%© 1.18 x 10" 9.56 x 10
208Th — 2Ry + o 8.202 —0.207 —0.007 0.003 240 x 1073 5.99 x 1073 7.63 x 1072
210Th —» 2%Ra + o 8.069 —0.125 0.018 0.008 1.60 x 1072 1.62 x 1072 6.59 x 1072
22Th — Ra 4« 7.958 —0.125 0.018 0.008 3.17 x 1072 3.34 x 1072 1.38 x 107!
24Th — 210Ra + 7.827 —0.084 —0.009 0.001 8.70 x 1072 8.65 x 1072 3.29 x 107!
216Th — 2’Ra+« 8.072 —0.053 —0.011 0.001 2.63 x 1072 1.37 x 1072 421 x 1072
28Th — 2¥Ra4 9.849 0.000 0.000 0.000 1.22 x 1077 1.66 x 1077 8.82 x 1078
20T s 215R4 + ¢ 8.973 0.000 0.000 0.000 1.02 x 1073 2.01 x 107° 1.07 x 107°
22Th — 2®Ra+« 8.133 0.078 0.054 0.010 2.24 x 1073 3.87 x 1073 3.94 x 1073
24Th — ?"Ra4« 7.299 0.111 0.081 0.026 1.04 x 10° 1.67 x 10° 9.93 x 107!
20Th — 22Ra + o 6.453 0.122 0.082 0.018 1.84 x 10° 3.53 x 10° 2.15 x 10°
28Th — *Ra+« 5.520 0.143 0.084 0.009 6.04 x 107 1.25 x 108 7.43 x 107
20Th —» 2Ra 4« 4.770 0.164 0.098 0.010 2.38 x 10%2 4.58 x 102 2.25 x 102
22Th — 2Ra+ o 4.082 0.174 0.099 0.009 4.42 x 107 1.06 x 10'8 5.19 x 10"
24y — 20Th + o [18] 8.696 —0.135 0.007 0.009 5.20 x 107* 1.17 x 1073 5.87 x 1073
26y — 22Th 4 ¢ [18] 8.531 —0.094 —0.008 0.001 225 x 1072 3.41 x 1073 1.43 x 1072
218y — 24Th 4 ¢ [18] 8.775 —0.063 —0.022 —0.008 6.50 x 10~* 6.57 x 10~* 2.55 x 1073
221y — 28Th 4 ¢ 9.481 0.000 0.000 0.000 470 x 10°° 5.12 x 107° 273 x 107°
24 - Th 4« [67] 8.628 0.090 0.055 0.012 8.40 x 10~ 7.26 x 107* 6.71 x 107*
26y — 22Th 4 ¢ 7.701 0.111 0.069 0.015 2.69 x 107! 461 x 107! 3.33 x 107!
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TABLE 1. (Continued.)

o decay 0, (MeV) B Ba Bs T% (s) TN (s) TP (s)
2y - PTh+« 6.800 0.144 0.084 0.010 5.60 x 102 8.56 x 102 476 x 102
20y — 2Th 4+« 5.992 0.154 0.085 0.010 1.75 x 10° 3.60 x 10° 1.95 x 10°
B2y —» Th+ o 5.414 0.174 0.100 0.011 2.17 x 10° 3.75 x 10° 1.67 x 10°
B4y - Th+ 4.858 0.195 0.114 0.022 7.75 x 10" 8.82 x 10" 3.10 x 10"
86y — 22Th 4« 4.573 0.205 0.103 0.010 7.39 x 10 1.09 x 10 431 x 10
B8 — 2#*Th 4« 4.270 0.226 0.095 —0.001 1.41 x 107 2.74 x 107 1.14 x 107
28py — U 4« [68] 7.940 0.132 0.070 0.006 1.10 x 10° 4.25 x 107! 2.88 x 107!
20py — 260 4 ¢ 7.178 0.143 0.084 0.009 1.05 x 102 1.89 x 102 1.07 x 102
Bopy — 2y 4« 5.867 0.206 0.116 0.013 9.02 x 107 7.02 x 107 2.30 x 107
28py > U4« 5.593 0.215 0.106 0.001 2.77 x 10° 2.33 x 10° 8.67 x 10°
20py — B6y 4 ¢ 5.256 0.226 0.108 —0.009 2.07 x 10" 2.20 x 104 8.49 x 10
py —» U4« 4.984 0.236 0.098 —0.021 1.18 x 10 1.32 x 10" 5.93 x 10"
2py — 20y 4« 4.666 0.237 0.086 —0.024 2.57 x 10% 2.61 x 10% 1.37 x 10%
24Cm — PPyt o 7.365 0.195 0.114 0.022 1.93 x 102 1.28 x 102 3.86 x 10!
20Cm — Pu+« 7.067 0.206 0.116 0.013 2.27 x 10° 1.70 x 10° 5.18 x 10?
20C0m — PPu+ o 6.398 0.215 0.106 0.001 2.63 x 10° 1.38 x 10° 4.96 x 10°
220m — Pyt 6.216 0.226 0.095 —0.012 1.41 x 107 1.06 x 107 4.42 x 10°
2#Cm - *Pu+ta 5.902 0.237 0.086 —0.024 571 x 108 430 x 108 2.08 x 108
200m — *Pu+ o 5.475 0.237 0.073 —0.027 1.49 x 10" 1.18 x 10" 6.86 x 1010
Cm — *Pu+ta 5.162 0.237 0.061 —0.030 1.20 x 10" 1.12 x 10" 7.83 x 10%2
200f — BCm 4« 7.711 0.215 0.106 0.001 4.09 x 10 3.95 x 10! 1.32 x 10!
20f > Cm 4o 7.517 0.226 0.095 —0.012 3.42 x 102 2.07 x 102 7.99 x 10!
HCef > *Cm+« 7.329 0.237 0.085 —0.014 1.55 x 10° 1.02 x 10° 412 x 10%
H0Cf » *Cm+« 6.862 0.237 0.086 —0.024 1.29 x 10° 8.17 x 10* 3.80 x 10*
MOf > *Cm+w 6.361 0.249 0.063 —0.029 2.88 x 107 1.67 x 107 9.70 x 10°
200t — Cm 4+« 6.129 0.249 0.051 —0.032 413 x 108 244 x 108 1.70 x 108
220f - MCm+« 6.217 0.250 0.039 —0.035 8.61 x 107 8.21 x 107 6.71 x 107
Trans-fermium nuclei with 100 < Z < 118, 246 < A <294
20Fm — *Cf 4« 8.379 0.237 0.073 —0.027 1.65 x 10° 1.26 x 10° 6.30 x 107!
2Fm — Cf 4+« 7.995 0.249 0.063 —0.029 3.45 x 10! 2.28 x 10! 1.21 x 10
20Fm — 20Cf 4+« 7.557 0.249 0.051 —0.032 1.86 x 10° 8.87 x 102 5.71 x 102
22Fm — Cf 4+ 7.154 0.250 0.039 —0.035 9.14 x 10* 3.48 x 10* 2.70 x 10*
294Fm — 20Cf 4+ 7.307 0.250 0.027 —0.037 1.17 x 10* 7.77 x 10° 7.07 x 10°
20Fm — 2Cf 4+« 7.025 0.251 0.014 —0.030 1.16 x 10° 1.10 x 10° 1.08 x 10°
22No — *Fm +« 8.549 0.249 0.051 —0.032 3.65 x 10° 1.79 x 10° 1.12 x 10°
2%No — *’Pm 4« 8.226 0.250 0.039 —0.035 5.69 x 10! 2.01 x 10! 1.52 x 10!
2%No — »?Fm 4« 8.582 0.250 0.027 —0.037 2.93 x 10° 1.28 x 10° 1.12 x 10°
B6Rf — B2No + o 8.926 0.250 0.027 —0.037 2.13 x 10° 6.34 x 107! 5.50 x 107!
B8Rf — B No+a 9.196 0.251 0.015 —0.040 2.55 x 107! 9.21 x 1072 9.38 x 1072
2089 — 2ORf 4+ 9.901 0.252 0.002 —0.033 1.71 x 1072 5.01 x 1073 5.33 x 1073
204Hs — 200Sg + o [69] 10.591 0.242 —0.024 —0.038 1.00 x 1073 3.84 x 107 6.17 x 107*
20 s — 2280 4 o 10.346 0.243 —0.037 —0.031 3.95 x 1073 1.45 x 1073 2.51 x 1073
28Hs — 2%4Sg 4 o [70] 9.623 0.232 —0.052 —0.023 3.80 x 107! 1.22 x 107! 2.51 x 107!
20Hs — 20Sg +« [71] 9.070 0.232 —0.052 —0.023 7.60 x 10° 4.99 x 10° 1.08 x 10!
20Dg s 206g 4 o 11.117 0.232 —0.052 —0.023 2.05 x 107* 8.30 x 1073 1.66 x 10~
22Dg — 8 + o [72] 8.960 0.130 —0.042 —0.005 6.70 x 10! 5.85 x 10! 1.94 x 10%
8oCn — Dg+ o 9.235 0.130 —0.043 0.005 3.00 x 10! 3.84 x 10! 1.24 x 10?
B0 — 22Cn 4o 10.355 0.086 —0.009 —0.011 2.03 x 10~! 1.24 x 107! 427 x 107!
2R > 4Cn 4« 10.076 0.086 —0.021 —0.002 6.53 x 107! 6.69 x 107! 2.43 x 10°
20F] — 26Cn + o [72] 9.856 0.075 —0.034 0.008 2.10 x 10! 2.66 x 10° 1.08 x 10!
2907y — 286 4 o 10.997 0.064 —0.010 —0.001 9.00 x 1073 1.16 x 1072 433 x 1072
21y — 3Rl 4o 10.791 —0.021 0.012 0.000 1.60 x 1072 3.69 x 1072 1.77 x 107!
240g — 'Ly 4« 11.867 0.064 —0.022 —0.001 7.00 x 10~* 3.82 x 107 1.56 x 1073
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FIG. 7. The extracted a-preformation factors P, along Th iso-
topic chain by using DDCM+ with anisotropic diffuseness a* (6) and
isotropic diffuseness aj, which are denoted by red spheres with solid
lines and blue hollow stars with dashed lines, respectively.

factors of 11.293, 6.368, and 3.925, respectively. However, as
for the cases with DDCM+-, the logarithmic deviations reduce
to 0.352, 0.181, and 0.0045, indicating that the theoretical
a-decay half-lives given by DDCM+ are in good accordance
with the experimental data with the factors of 2.248, 1.517,
and 1.010, respectively. Within the DDCM+, the logarithmic
deviations have been significantly reduced by almost 66.58%,
77.49%, and 99.24%, respectively. All of these show that the
DDCM+- is a pretty good model for describing the a-decay
properties.

Though the theoretical results given by DDCM+ agree
with the experimental data very well, one can see that there
still exist some nuclei where data deviate far from the exper-
imental data, such as *°°Fl marked in Fig. 8(b). There is a
maximum logarithmic deviation of —0.897 for 290F], which
may be due to the inaccurate experimental data. One could
find that the experimental data of **°Fl is marked by “tenta-
tive” in the original literature [72], consequently, the result
may be improved with the more accurate experimental data
in the future. As well, the larger deviations can be seen for

2.0 :
15[ (@ DDCM @0 |
:E;g 1.0 ;6=/104Te %*! o
(et o
S 05 R, aﬁéé 5 &
Sa 0018 @WQ o
S -05F o s
@101 _
-15h i
2.0 1 ] T 1

100 120 140 160 180

Neutron number (N)

60 80

the nuclei around the N = 126 closed shell in both panels,
the reason for this is because the constant P, does not include
the structure effect, such as shell effects. Similarly, the large
deviation for '“Te may also result from this reason. The
nuclide '%Te is near the N = Z = 50 closed shells, the au-
thors of Ref. [61] deduced that it has a superallowed «a-decay
mode, where the constant P, used in this work has obviously
underestimated the «-preformation factor. This issue can be
surmounted by varying the P, values for different o emitters
[33,60], one study on the o decays of nuclei in the vicinity of
N = 126 shell closure can be found in our previous work in
Ref. [33].

Furthermore, to systematically evaluate the agreements be-
tween the theoretical half-lives and experimental data, we also
calculate the root-mean-square (rms) deviation

Nr

alc, i ;pexp, i\12
o= Z[logw (Tl(/:ill’ /Tle/zp )] /Nr,

i=1

(18)

where i denotes the ith nuclei, N7 is the total number of nuclei
included in present calculations. The rms deviation for the
conventional DDCM is 0.4666, whereas the rms deviation
is reduced to 0.2734 for the improved model DDCM+. The
results show that, within the anisotropic diffuseness correction
and other improvements, the DDCM+ gives theoretical half-
lives in much better agreements with experimental data.

IV. SUMMARY

In this work, we present an improved version of the
density-dependent cluster model (DDCM) named DDCM+,
which takes into account the diffuseness polarization and
anisotropy effects, as well as the differences between proton
and neutron density distributions. Moreover, the distort wave
approach with solving the quasibound state wave function is
also employed in the calculations of a-decay width, to gain a
more microscopic insight on o decay. Within the framework
of DDCM+, we first investigate the impacts of diffuseness
polarization and anisotropy on «-decay dynamics. It shows
that such a nontrivial distorted behavior of diffuseness mainly

2.0 T

1

stk (b) DDCM+ !

o L0f e ;
T 05Fg g ! -
3o 00} @o
S .05} . J
210} L 9

-15f !
_2’0 1 1 1 [ 1 1 1

60 80 100 120 140 160 180

Neutron number (N)

FIG. 8. The logarithmic deviations between the theoretical calculations and the experimental data with (a) conventional DDCM and
(b) DDCM+ versus the neutron numbers of daughter nuclei. Remarkably, the blue hollow star, triangle, and square in each panel denote
the logarithmic deviations for new isotopes 2'*U, 2'°U, and 2'®U, respectively. The blue band in each panel denotes that the theoretical model
reproduces the a-decay half-lives with a factor of three in this region, while the dotted-dashed lines denote the neutron number of N = 126.

The DDCM-+ significantly reduces the rms deviation by about 41.4%.
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affects the density profile around the nuclear surface, whereas
hardly has any influence on the central density. The modified
density profile optimizes the shape of a-core effective inter-
actions, which brings a stronger Coulomb repulsion effect,
leading to a larger estimated «-preformation factor and a
longer half-life.

Then, we further use the DDCM+- to study the «-decay
half-lives for 157 even-even nuclei, located in the medium,
heavy, and superheavy mass regions, respectively. The the-
oretical results given by DDCM+ are in good accordance
with the latest experimental data yielding a rms deviation of
0.2734, which is about 41.4% less than the rms deviation of
DDCM. This indicates a very significant improvement in half-
life calculations. Particularly, the theoretical results of one
newly synthesized isotope >'*U and two newly measured nu-
clei 26 2181y given by DDCM+ also shows better agreement
with the latest reported experimental data than conventional
DDCM, with a factor of 2.248, 1.517, and 1.010, respectively.

All of these show that the DDCM+- is indeed a reliable theo-
retical model for a-decay studies.

The improved model DDCM+- provides a more accurate
estimation on « decay half-lives and can be easily generalized
to the cases of odd-A and odd-odd nuclei. It is expected
that the present work can serve as a useful reference for the
identification of new nuclides or elements in the future.
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