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Abstract

An improved formula considering the deformation effect for the a-decay half-lives is proposed based on WKB barrier pen-
etrability. Using the quadrupole deformation values of the daughter nuclei obtained from the WS4 and FRDM models in the
improved formula, the root mean square deviation (RMSD) between the calculated results and experimental data decreased
from 0.456 to 0.413 and 0.415, respectively. Although the improved formula did not significantly reduce the overall RMSD,
it produced results that better matched the experimental values for nuclei with larger deformations. Additionally, eXtreme
Gradient Boosting (XGBoost) models were employed to further reduce the deviations between the calculated a-decay
half-lives and experimental data, with the corresponding RMSDs decreasing from 0.413 to 0.295 and from 0.415 to 0.302,
respectively. Furthermore, the improved empirical formula and XGBoost models were used to predict the a-decay half-lives
of nuclei with Z =117, 118, 119, and 120. The results suggest that N = 184 is the magic number.

Keywords a-decay - Nuclear deformation effects - Magic numbers - Superheavy nuclei

1 Introduction

In 1928, a-decay was first described as a quantum mechani-
cal tunneling effect by Gurney and Condon [1] and Gamow
[2]. Within Gamow’s picture, the a cluster is preformed in
the parent nucleus before it travels through a potential bar-
rier. a-decay has been used as an important tool for under-
standing nuclear structure. Experimentally, because a-decay
is the dominant decay mode of superheavy nuclei, detecting
a-decay chains of synthesized superheavy nuclei (SHN) is
an important method for identifying them. Consequently,
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a-decay remains a prominent and active area of study in
nuclear physics [3-5].

Many empirical formulas have been proposed to study a
-decay half-live. The earliest law for a-decay half-lives was
formulated by Geiger and Nuttall [6], which states that the
logarithm of a-decay half-lives log,,T /, is linearly corre-
lated with the reciprocal of the square of a-decay energy
Q,. Subsequently, many additional empirical formulas have
been introduced. Royer developed an analytical formula for
a-decay under the framework of the generalized liquid drop
model (GLDM) [7, 8]. According to the Viola and Seaborg
(VSS) formula, certain parameters are used to describe a
-decay half-lives by considering the unpaired nucleon block-
ing effect [9]. A unified description (UD) formula for the
half-life and decay energy of complex cluster radioactivity
was presented by Ni et al. [10]. Ren et al. improved the Gei-
ger—Nuttall (G-N) law for a-decay half-lives by incorporat-
ing a parameter representing the shell effect in 2012 [11]. Qi
proposed a universal decay law (UDL) using the structure
of the R-matrix and microscopic mechanism of charged par-
ticle emission [12]. Additionally, improved formulas were
proposed by adding asymmetry terms or angular momentum
effects in Refs. [13, 14, 14-22].
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In Refs. [23-30], the authors demonstrated that the
deformation of nuclei plays an essential role in a-decay.
The total energy, fission barrier, and Coulomb interaction
of nuclei have been recalculated by incorporating defor-
mation effects. The penetration probability of a particles
is affected by the deformation effects [31]. The deforma-
tion and orientation of the daughter nucleus can change
the slope and intercept of the linear relationship between
log,oT}, and Q='/2 [32]. For SHN, the effects of nuclear
deformation on a-decay half-lives were explored [33].
Studies investigating the impact of deformation effects on
a-decay half-lives have been conducted based on macro-
micro and microscopic models. The results indicate that
considering deformation effects in the theoretical model
can better describe the experimental values of a-decay
half-lives. In this study, the effect of deformation on «
-decay half-lives was investigated using an empirical for-
mula. Within the Wentzel-Kramers—Brillouin (WKB)
framework, the Coulomb potential containing the quad-
rupole deformation of daughter nuclei is considered as
the total potential energy of the radioactive system. With
some approximations and simplifications, the relation-
ship between the deformation term and a-decay half-life
is derived. By incorporating the deformation and angular
momentum effects [13, 19, 20], an improved empirical
formula was used to investigate a-decay half-lives of even
Z-even N, even Z-odd N, odd Z-even N, and odd Z-odd N
nuclei with 62 < Z < 118.

Recently, machine learning (ML) algorithms have been
used as powerful alternative tools for studying and predict-
ing complex data in nuclear physics [34, 35]. In nuclear
structure, ML is used to predict nuclear masses, binding
energies, charge radii, etc. [36—49]. ML is a valuable tool
for constructing predictive models for nuclear reactions.
These models help describe and infer important nuclear
reaction data, such as refining the description of reaction
data, exploring the initial state of nuclei and reaction geom-
etry, and understanding the reaction mechanism and phase
transition [50-53]. Additionally, ML has several advantages
in nuclear experiments and the study of dense matter proper-
ties [54-59]. Motivated by these advancements, we applied
ML to investigate a-decay half-lives of known and unknown
nuclei, demonstrating the advantage of this approach in stud-
ying a-decay half-lives. In this study, the XGBoost model,
which is a powerful and efficient ML algorithm based on
gradient boosting decision trees, was employed to further
reduce the deviations between experimental and calculated «
-decay half-lives of nuclei with 62 < Z < 118. Additionally,
we employed XGBoost models along with an improved for-
mula to predict the behavior of unknown superheavy nuclei.
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The remainder of this paper is organized as follows. In
Sect. 2, a theoretical method for deducing the improved
formula and XGBoost model is presented. The results and
discussion are presented in Sect. 3. Finally, a brief summary
is presented in the final section.

2 Theoretical framework

2.1 Improved formula incorporating deformation
effect

In 1928, a-decay was described as a quantum tunneling phe-
nomenon through the potential barrier. In the framework
of the semiclassical approximation, the a-decay width (or
decay constant) is given by

I'=nn2/T,,, = PyFP, 1)

where P is the preformation probability of the & cluster in
the parent nucleus. F'is the frequency of the « cluster within
the barrier, and P is the probability of transmission through
the barrier, which is given by the WKB approximation as
follows:

ROH‘
P= exp(—%/ 2M|V(r)—Q|dr>~ )
R

in

Here, R;, is the touching radius, given by R;, = R, + Ry,
where R, and R, are the hard-sphere radii of the & clus-
ter and daughter nuclei, respectively. R, is the classi-
cal turning point and is given by R, = Z,Z4e*/Q [10].
u=A~A,A4/(A, +Ay) is the reduced mass of the a-core sys-
tem. A, and A, are the mass numbers of the « cluster and
daughter nucleus, respectively.
The deformed Coulomb potential [25, 60] is given by

7, 746> 3R;
V(r) = p 1+ ﬁﬁzyzo(e) s (3)

where R, = 1.15A(1]/ ? (fm). Z, and Z; represent the atomic

numbers of the a cluster and daughter nucleus, respectively.
p, is the quadrupole deformation parameter of the daugh-
ter nucleus, and Y, (@) is a harmonic function, where 0 is
the orientation angle of the emitted alpha particle relative
to the symmetric axis of the deformed daughter nucleus.
Regarding angle 6, previous studies have shown that the
penetration probability P = /0” P(0)sin(0)d0 /2 is predomi-
nantly concentrated around 6 = 0°, which is a pole-to-pole
state [61-63]. This alignment minimizes the potential bar-
rier, thereby maximizing penetration probability. Therefore,
in this study, adopting 6 = 0° simplifies the model while
maintaining its accuracy. Combining the above results, prob-
ability P can be expressed as follows:
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Eq. (4) to the first order, we obtain

| P 2 3 Row (Zazde2 1/2d
8107 = Thmi0 V| e r Q) g
2/3 Rou 1
+0.0812,2,8°A2 p, / T dr]
w P - Q)12
=F +F,,
%)
where F| and F, are
sze 1/2
=——"_ /2 — dr,
Fy hlnlO / Q) d

F 814/ MZaZdezAj/?’ﬂz / out 1 d
=- r.
2 500A1n10 R 3 ( 7.2, Q) 12
(6)

As R, = Z,Z,e*/0, F, can be obtained as follows:

2
A e

X [acrcos( Rin/Rout) - (Rin/Rout) V 1- (Rin/Roul)z] .
(7

As the first approximation of the last part of Eq. (7), we
obtain

2 2
Fy = _%\/_ 22,07 +

4\/_

in 12
Tt VHEZD
®)
For a-decay, the variation in R, is minimal. Therefore, R;,
and 4/R;, are treated as constants here. Equation (8) can be
simplified to

Fy = c\\[UZ,Z,07"* + cy)\Ju(Z,Z)'?, 9)

where ¢, and ¢, are constant coefficients.
Similarly, F’, can be expressed as

_ Q)3/2 + (Z”Ridez - Q)m]

out in
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out
simplified as follows:
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Because ——— < land considering the first approximation

aZde
of the expression in the last part of Eq. (11), we obtain
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(12)
where c¢;, ¢4, and c¢s are constants. Similarly, as
Z,24)” S/QQZAZ/% < (Z,Zy) 1/2QA2/3 Eq. (12) can be sim-
plified to

Fy = e3\JH(Z,29) A By + ey /1(Z,2) 20N B,
(13)
According to Eq. (1), we have

log,(T/, =10g,o(AIn2/PyF) —log,,P. (14)

In Ref. [10], P, = 10™%V#ZZ)"" 41 where ¢ and ¢, are
constants based on experimental results. By combining
the results of Egs. (5), (8), and (13), the right-hand side
of Eq. (14) can be expressed as the sum of the following

terms: \/l_"ZaZdQ_l/zs \/Z(Zazd)l/zs \/;(Zazd)l/zAj/3ﬂ25
HZZ) ™Y ZQAi/ ’B,, and a constant. The equation for a
-decay half-lives can be written as

log,oTy ), = a\/.‘_lz,xZalQ_l/2 + 19\/,1_4(20,2@1)1/2
+ e\ 1z, 20" A3 B, (15)
+ e HZ,Z) PN By +
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where a, b, ¢, c,, and h are constants to be determined.
Additionally, the influence of angular momentum on a-decay
half-lives was studied in Refs. [13, 19, 20]. In this paper, we
propose an improved empirical formula to investigate the
deformation effect on a-decay half-lives, which is given as

logo T}y = a\/uZ,Z,Q~" " + b\/u(Z,Z)'?
+ e\ H(Z, 2" AT B,
%) \/H(Zazd)_l/zQAj/Sﬁz
+dIi(I+1)+h,

(16)

where T, /, (s) is the half-life of a-decay, and O (MeV) is
the a-decay energy. f, denotes quadrupole deformation of
the daughter nucleus. / is the minimum angular momentum
carried away by an a particle [20]. a, b, ¢, c,, d, and h are
constants to be determined.

To compare the calculated results from Eq. (16) with
those obtained when the quadrupole deformation of the
daughter nuclei is not taken into account, Eq. (16) becomes

log,T ), = a\[uZ, 2,07 + b\Ju(Z, 2"

17
+dI(l+1)+h an

2.2 Methodology of eXtreme Gradient Boosting
(XGBoost) for a-decay half-lives

The XGBoost algorithm is an ensemble ML algorithm that
operates within a gradient boosting framework. It utilizes
gradient-boosted decision trees, a technique that signifi-
cantly enhances performance and speed compared with tra-
ditional methods. This algorithm efficiently handles clas-
sification, regression, and ranked objective functions and
offers a more effective solution than its counterparts, such as
Decision Trees (DTs) and Random Forests (RFs). In gradient
boosting, a series of weak learners or models are combined
to create a robust final model, which is derived by consid-
ering the weighted sum of all learned models. XGBoost
excels in handling small-to-medium-sized, structured, or
low-dimensional datasets, making it suitable for various
ML problems.

In contrast to the regularized greedy forest model,
XGBoost introduces a unique regularized learning objective.
This objective is notable for its simplicity, which enhances
the efficiency and effectiveness of the model. The predictive
function of XGBoost, a key component of this approach, is
expressed as follows:

K

%= Y h(n), fiel (18)

k=1
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In this expression, y; represents the predicted output value
for the i-th instance, k denotes the number of regression trees
used, and f, represents the structure of each tree. The feature
vector for the i-th sample is denoted by x;, and I represents
the space of all possible regression trees.

To address overfitting, a penalty function is introduced to
regularize the learning weights as follows:

Obj" = [l(yl —9§l_l)> + g;ft(xt) + %h;ftz(xt)] + Q( ,),
19)
where g; = 0y(t — DI(y;,5*") and h; = a;(,_l)z(y,. — =)
are the first- and second-order gradient statistics of the loss
function, respectively. The constant term is eliminated,
yielding the objective function for the i-th step as follows:

n

08" = ¥ [ai(x) + 3hf2 ()| + 2(7). (20)

t=1

The parameters in Eq. (20) can be updated continuously
until the stopping criteria are satisfied. Further details on
XGBoost can be found in Ref. [64].

In the context of a-decay half-lives, XGBoost considers the
experimental a-decay half-lives as the ground truth and learns
from the residuals between these data and the predictions made
by the empirical formulas in Egs. (17) and (16). This residual-
based learning allows the model to implicitly account for miss-
ing physical factors, such as shell effects. The input features
include the quadrupole deformation values (f,) of the daughter
nucleus derived from the WS4 and FRDM models, along with
the reduced mass (u) of the a-core system, proton numbers
(Z;, Z,) of the daughter nucleus and « cluster, a-decay energy,
and other relevant nuclear properties. These features allow the
model to identify complex correlations, such as those related to
magic and sub-magic numbers, that are not encoded in empiri-
cal formulas. Owing to these advantages, XGBoost enhances
the ability to capture nonlinear relationships and systematic
discrepancies, particularly in regions where empirical formulas
typically fail, such as near-shell closures. The XGBoost model
is formulated as

K
R, =T 30) —~ Tihx) = X filx), fi €T, 1)
k=1

where R, represents the residuals for the n-th nucleus,
Tf’/‘g(xn) is the experimental a-decay half-life, and Tlcj‘lz(xn) is
the calculated a-decay half-life obtained using the empirical
formula. The XGBoost model, through its sophisticated
learning mechanism, is trained to minimize these residuals,
thereby improving the alignment between theoretical predic-
tions and experimental data. The optimization of model
parameters, as described in Eq. (20), focuses on minimizing
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Table 1 Parameter values of Eq. (17)

Nuclei a b d h

Even Z-even N 0.4052 —1.5073 0 —12.1265
Even Z-odd N 0.4101 —1.5008 0.04556 —12.6194
Odd Z-even N 0.4181 —1.4863 0.05270 —14.0310
0Odd Z-odd N 0.4163 —1.4782 0.04998 —13.6438

the residuals to achieve the highest possible prediction
accuracy.

3 Results and discussion

3.1 Nuclear deformation effect on a-decay
half-lives with improved formula

In this study, the a-decay half-lives of 675 nuclei were
extracted, including 183 even-even nuclei, 188 even Z-odd
N nuclei, 178 odd Z-even N nuclei, and 126 odd Z-odd
N nuclei. The experimental a-decay half-lives, spins, and
parities were obtained from the evaluated properties table
NUBASE2020 [65], and the a-decay energy was obtained
from the evaluated atomic mass table AME2020 [66]. The
quadrupole deformation values of the daughter nuclei in
Eq. (16) were obtained from the WS4 [67] and FRDM [68]
mass models. For different nuclei types, the parameters in
Egs. (17) and (16) were obtained by fitting the experimen-
tal a-decay half-lives. The fitting coefficients are listed in
Tables 1, 2 and 3. Note that the parameters in Table 1 are
fitted by the experimental a-decay half-lives of the nuclei
with an absolute quadrupole deformation of less than 0.1.
The parameters in Tables 2 and 3 were fitted using the
experimental a-decay half-lives of all nuclei.

To precisely compare the different formulas, the root
mean square deviation (RMSD) of the nuclei can be cal-
culated as follows:

o = 4| X (log;o Te% —log o T 502/, (22)
i=1

where Tf;‘lz is the calculated a-decay half-life, and Tf;g is the

experimental a-decay half-life. The RMSDs for the different
formulas are listed in Table 4. Using the quadrupole defor-
mation values of the daughter nuclei in Eq. (16), taken from
the WS4 and FRDM models, the corresponding ¢ values are
denoted as o, and o5, respectively. Additionally, o}, o,, and
o5 represent the o values between the experimental data and
calculated results obtained from Eq. (17) and other formu-
las [8, 13], respectively.

When the quadrupole deformation of the daughter nuclei
in Eq. (16) is taken from the WS4 mass model, the o val-
ues decrease from 0.406 to 0.363 for even Z-even N nuclei,
from 0.475 to 0.445 for even Z-odd N nuclei, from 0.469 to
0.412 for odd Z-even N nuclei, and from 0.472 to 0.432 for
odd Z-odd N nuclei. A similar trend was observed when the
quadrupole deformation values were taken from the FRDM
model. Among all subsets, the ¢ values for even Z-even N
nuclei were the lowest, with o, 6,, and o5 values of 0.406,
0.363, and 0.368, respectively. This can be attributed to the
fact that in the a-decay of even Z-even N nuclei, the angular
momentum / carried away by the a particle is always zero,
eliminating the ambiguity in determining /, which is not true
for other subsets. For the total dataset, the o, and o5 values,
when compared with the ¢, value from Eq. (17), decrease
from 0.456 to 0.413 and 0.415, respectively. From the ¢ val-
ues, including deformation effects in the empirical formula

Table 2 Parameter values of Eq. (16) obtained by fitting the experimental a-decay half-lives, where the values of the quadrupole deformation of

the daughter nuclei were taken from the WS4 model [67]

Nuclei a b c Cy d h

Even Z-even N 0.4124 —1.5354 —-0.0072 0.1536 0 -12.2610

Even Z-odd N 0.4138 —1.4461 —-0.0032 0.0693 0.0453 —14.4611

Odd Z-even N 0.4148 —1.4657 —-0.0059 0.1316 0.0507 —14.1217

Odd Z-odd N 0.4145 —1.4866 0.0074 —0.0178 0.0511 —13.2610

Table 3 Same as Table 2, but Nuclei a b ¢ ¢ d I

the values of the quadrupole

def(ir{naﬁon Zlf( thefdaugllllter Even Z-even N 0.4117 ~1.5500 —0.0067 0.1527 0 -11.8213

nuclei were taken from the

FRDM model [68] Even Z-odd N 0.4140 —1.4474 —-0.0031 0.0647 0.0453 —14.4561
Odd Z-even N 0.4146 —1.4723 —-0.0061 0.1420 0.0511 —13.9411
Odd Z-odd N 0.4176 —1.4695 -0.0020 0.0946 0.0516 —14.0118

@ Springer
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Table 4 Root mean square deviations between experimental a-decay
half-lives and the calculated results obtained by Egs. (17), (16),
and other formulas [8, 13]. ¢, 64, and o5 represent the o deviations
between the experimental data and calculated results from Eq. (17)

and other formulas [8, 13], respectively. With the quadrupole defor-
mation values of the daughter nuclei in Eq. (16) taken from the WS4
and FRDM models, the corresponding ¢ deviations are denoted as o,
and o3, respectively

Eq. (17) Eq. (16) Ref. [8] Ref. [13]
Nuclei o, o, 03 oy s No. of nuclei
Even Z-even N 0.406 0.363 0.368 0.376 0.375 183
Even Z-odd N 0.475 0.445 0.445 0.668 0.457 188
0Odd Z-even N 0.469 0.412 0.409 0.653 0.425 178
Odd Z-odd N 0.472 0.432 0.439 0.634 0.475 126
Total 0.456 0.413 0.415 0.589 0.428 675
o7 E e deformations (|§,| < 0.05), the difference between the two
06E n8s 252'1"6)’ B formulas (Egs. (17) and (16)) is negligible. This suggests
wkE W 7 n=163 n=163 7 ) that the deformation effect is minimal in this range. In the
g; E / % _—7 // % N intermediate deformation range (0.05 < |B,| < 0.15), the ¢
. AV AV NV AV . . .
oA Z 2% 17 / Z 7 values in Eq. (16) are slightly lower than those in Eq. (17),
© 32 3 ke a7 indicating a better consistency with the experimental
SE w138 jq'gﬁ"uz ’ data in this range. For nuclei with large deformation
04 7 7] n4 "fé‘f-;%_ Wl (|18,] > 0.15), the deformation-inclusive equation (Eq. 16)
E VoV N\ 7 7 ANV . . .- .
gj E % / Z 21% N shows a further reduction in the ¢ values, indicating that
ot MA\% AV % / %7 considering deformation improves the agreement with

0.05<[B,[<0.1 0.1<[B,<0.15
quadrupole deformation

B, < 0.05 B, >0.15

Fig.1 (Color online) Root mean square deviations of Eqgs. (17) and
(16) for nuclei across different deformation regions of the daughter
nuclei, with the quadrupole deformation values of daughter nuclei
taken from WS4 (a) and FRDM (b) models. The horizontal axis
represents the range of deformation values for the daughter nuclei,
whereas the vertical axis indicates the root mean square values for
nuclei within each deformation range. n represents the number of
nuclei present in each deformation interval

does not significantly improve describing experimental
-decay half-lives.

Additionally, by fixing the parameters a, b, d, and h in
Eq. (17), the deformation-related parameters ¢, and ¢, are
independently fitted by the experimental a-decay half-lives.
Using this approach, Eq. (16) produces ¢ = 0.419 and 0.421
with the quadrupole deformation values obtained from WS4
and FRDM, respectively. Compared with the values of o,
and o5 shown in Table 4, their ¢ values are higher. Hence,
the results calculated from Eq. (16), where the parameters of
Eq. (16) are fitted using the experimental a-decay half-lives
of all nuclei, will be used in the subsequent discussions on
XGBoost optimization and the prediction of a-decay half-
lives for superheavy nuclei.

In Fig. 1, the o deviations of Eqgs. (17) and (16) across
different quadrupole deformation regions are presented,
with the deformation values derived from the WS4
and FRDM models, respectively. For nuclei with small

@ Springer

experimental data for highly deformed nuclei. Overall, the
o deviations in Eq. (16) are consistently smaller than those
in Eq. (17) across all deformation ranges, as shown in
Fig. 1a, b. Although deformation has little impact on near-
spherical nuclei, it becomes increasingly relevant as defor-
mation increases. Although the improved formula does not
significantly reduce the overall ¢ value, it achieves better
consistency with experimental data for highly deformed
nuclei, with minimal effect on less deformed nuclei.
Using the RMSD as an indicator of the accuracy of
the formula provides only a rough estimate of its perfor-
mance. For a more detailed insight, Fig. 2 presents the
logarithmic deviations between the experimental data and
the results calculated using Eqgs. (17) and (16). In Fig. 2a,
the black circles and red stars represent the deviations for
Eqgs. (17) and (16), respectively, using the deformation
values from the WS4 model [67]. Similarly, Fig. 2b pre-
sents the same analysis using the deformation values from
the FRDM model [68]. Points closer to zero indicate bet-
ter agreement with experimental data, and evidently, the
deviations of Eq. (16) (red stars) are more concentrated
near zero than those of Eq. (17) (black circles) for both
models. A notable feature in Fig. 2 is the large deviations
observed near neutron numbers N = 126 and N = 152,
where both formulas exhibit significant discrepancies from
the experimental data. Previous studies identified N = 126
and N = 152 as magic and sub-magic numbers, respec-
tively [69—71]. These deviations can be attributed to shell
effects associated with these neutron numbers, which are
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Fig.2 (Color online) Logarithmic differences between the experi-
mental a-decay half-lives and calculated results obtained by Eqs. (17)
and (16), with values of the quadrupole deformation of the daughter
nuclei taken from the WS4 (a) and FRDM (b) models, respectively.
The dashed lines represent the neutron numbers N = 126, 152, and
the deviations of the decimal logarithms of Tf;lz / Tf;; are 0, -1, and 1,
respectively

not explicitly accounted for in either Eq. (17) or (16). To
address this issue, in the following sections, we explore
using the XGBoost algorithm to further reduce the o val-
ues of empirical formulas, including nuclei near the magic
and sub-magic numbers.

To gain further insight into the deformation effect on a
-decay half-lives, we compared the improved formula of
Eq. (16) with other formulas [8, 13]. The experimental data
used in this study differ from those in Refs. [8] and [13].
The parameters of the empirical formulas in Refs. [8, 13]
were recalibrated using the experimental data obtained in
this study. This recalibration resulted in ¢ values of 0.589
and 0.428, respectively, which were lower than the original
o values of 0.779 and 0.429 with the parameters obtained
from Refs. [8] and Ref. [13], respectively. The recalibrated ¢
values for the four subsets and total dataset are displayed in
the fifth and sixth columns of Table 4, respectively. As indi-
cated in the table, the improved formula of Eq. (16) exhibits
smaller o values for the entire set of data than those of the
other formulas [8, 13]. This indicates that the improved for-
mula, which incorporates the deformation effect, can be used
to study a-decay half-lives.

3.2 Study on a-decay half-lives with eXtreme
gradient boosting

In this study, we built three XGBoost models to further
improve the prediction accuracy of a-decay half-lives,
denoted as XGBoostl, XGBoost2, and XGBoost3. For the
XGBoost2 and XGBoost3 models, the quadrupole deforma-
tion values of the daughter nuclei were obtained from the
WS4 and FRDM models, respectively. Additionally, in the
XGBoost models, the physical terms of Egs. (17) and (16)
were used as inputs, and the residuals between the calculated
and experimental a-decay half-lives served as the output.

The experimental data for 675 nuclei were extracted
and divided into two sets: the training set (540 nuclei) and
testing set (135 nuclei). The corresponding ¢ values cal-
culated using the formulas and XGBoostl, XGBoost2, and
XGBoost3 models are presented in Table 5. The ¢ values
of the XGBoost1, XGBoost2, and XGBoost3 models show
an obvious decrease compared with those of Egs. (17) and
(16) for the training and testing sets. For the entire set, the
o values of XGBoostl, XGBoost2, and XGBoost3 models
reduced from 0.456 to 0.316, from 0.413 to 0.295, and from
0.415 to 0.302, respectively. This indicates that XGBoost
models can further reduce the deviation between the calcu-
lated and experimental a-decay half-lives.

The deviations between the experimental data and
results calculated using the empirical formula (blue cir-
cles) and XGBoost models (red stars) are illustrated in
Fig. 3. As shown in Fig. 3, the majority of blue circles are
scattered in the range of + 1, suggesting larger deviations.
By contrast, most red stars fall within the range of + 0.5,
indicating a closer alignment to the zero line. For nuclei
near the neutron magic number N = 126 and sub-magic
number N = 152, the deviations obtained by XGBoost
models are smaller than those from the empirical formu-
las in Egs. (17) and (16). To further quantify these dif-
ferences, Fig. 4 shows the ¢ values in Eq. (17), Eq. (16),
and the XGBoost models (XGBoostl, XGBoost2, and
XGBoost3) for nuclei with N = 125,126,127,151,152,
and 153. The comparison shows that the ¢ values for the
XGBoost models were reduced from 0.623 to 0.562, from
0.685 to 0.533, and from 0.687 to 0.543, respectively, indi-
cating better consistency with the experimental data than

Table 5 Root mean

. Inputs
square deviations between

o (training set) o (testing set) o (entire set)

experimental a-decay ha.lf-lives Equation (17) _ 0.462 0.418 0.456
E‘Z{‘;C(f“ll;‘){l?tféd)f;;élgso‘;ss‘t‘ig XGBoostl Oy 1. Zer Z4, D) 0.310 0.346 0.316
XGBoost2, and XGBoost3 for (Eq. (16), ﬁ;v 54 - 0.427 0.345 0.413
training, testing, and entire sets XGBoost2 Qo 42 Zr Zy. 1, ﬁ;?vs:t) 0.288 0318 0.295
(Eq. (16), ,BZFRDM) - 0.430 0.345 0.415
XGBoost3 Oy s Zo, Zy, 1, ﬂzFRDM) 0.301 0.308 0.302
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Fig.3 (Color online) Logarithmic differences between the experi-
mental data and calculated a-decay half-lives using a Eq. (17) and
XGBoostl, b Eq. (16) and XGBoost2, and ¢ Eq. (16) and XGBoost3.
The values of quadrupole deformation of the daughter nuclei in Eq.
(16) are taken from the WS4 and FRDM models, respectively. The
dashed lines represent the deviation of the decimal logarithms of

Tfjlz / Tf;; of 0, -1, and 1, respectively
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Fig.4 (Color online) Root mean square deviations between the
experimental data and calculated a-decay half-lives using Eqgs. (17),
(16), XGBoostl, XGBoost2, and XGBoost3 models for the 53 nuclei
at N= 125, 126, 127, 151, 152, and 153

with the empirical formulas. For these nuclei, the larger
deviations of the empirical formulas can be attributed to
their lack of consideration of shell effects. By contrast,
the XGBoost models effectively capture missing physical
effects, such as shell effects, by learning from the residu-
als between the empirical formulas and experimental
data. Consequently, the XGBoost models further reduced
the deviations for nuclei near the neutron magic number

@ Springer

N = 126 and sub-magic number N = 152, providing more
accurate predictions.

3.3 Predictions of a-decay half-lives of nuclei with Z
=117,118,119,and 120

Using the improved formula of Eq. (16), along with the
XGBoost2 and XGBoost3 models, we predict the a-decay
half-lives of SHN with Z = 117, 118, 119, and 120. In
Table 6, the first column lists the a-decay, followed by the
-decay energy and quadrupole deformation of the daughter
nuclei (columns 2-5), obtained from WS4 [67] and
FRDM [68] mass models, respectively. The spin and parity
values of the parent and daughter nuclei in the nuclear
ground state were taken from Ref. [72]. Because of chal-
lenges in determining the spin and parity of doubly odd
SHN, we assume that the minimum angular momentum /
carried away by the « particle is zero. As shown in the eighth
to last columns, the decimal logarithms of a-decay half-
lives, calculated using the improved formula Eq. (16), are

shown as loglOTIC/azll and logloTlC/azlz, with the values of the

quadrupole deformation taken from WS4 and FRDM mod-
els, respectively. Additionally, logloT]X/gB"OSll and
logloTIX/gBOOStz were calculated using the XGBoost2 and
XGBoost3 models, respectively.

The calculated a-decay half-lives of the nuclei with Z =
117,118, 119, and 120 are plotted in Fig. 5, respectively. As
shown in Fig. 5, the calculated a-decay half-lives for 2937,
obtained using the improved formula (logloTlc/az]l and

loglOTIC/&‘z12 ) and the XGBoost models (logIOTlX/gB""Stl and

12 - -
10F * Ea.(6),B" : * Eq.(16), B,
8F 4 XGBoost2 : 4 XGBoost2 H
6F —v—Eq.(16), 8, v Eq.(16), B, ! ’
4 F —*— XGBoost3 : n, *— XGBoost3 . 4
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Fig.5 (Color online) Logarithms of a-decay half-lives of nuclei
with Z = 117, 118, 119, and 120 using Eq. (16), XGBoost2, and
XGBoost3 with Q, obtained by the WS4 [67] and FRDM [68]
nuclear mass table. The black dashed lines denote the neutron number
N=184
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Table 6 a-decay half-lives of nuclei with Z = 117, 118, 119, and 120,
with the a-decay energy and quadrupole deformation obtained by the

logIOTf/“z” and log,OTf/azlz, with the values of the quadrupole deforma-

tion obtained from the WS4 and FRDM models, respectively. Addi-

WS4 [67] and FRDM [68] mass models, re.spectively. The logarithms tionally, longf(/(z}Boosll and logloTlX/(z}BoostZ were calculated using the
of a-decay half-lives were calculated using Eq. (16), denoted by XGBoost2 and XGBoost3 models, respectively

a transition OVt (Mev)  QFRDM (Mev) Mo pERDM 1og10Tf/*‘2“ 1og10T1X/§B°OS‘1 1ong1C/a2‘2 1og10T1X/§B°°S‘2
27975—275Mc 13.36 12.97 0.1792 0.198 2 —5.734 —5.391 —4.904 —4.306
280752760 13.42 12.79 0.1825 0.198 0 —4.876 —5.454 —4.097 —4.388
28176277\ c 13.21 12.32 0.1822 0.198 2 —5.440 —5.619 —3.633 —3.525
282755278\ [ 13.00 12.59 0.1803 0.032 0 —4.039 —4.495 —4.376 —4.512
28315279 c 12.86 12.96 —0.0141 —0.011 2 —5.150 —4.800 —5.402 —4.909
28452800 12.66 12.65 —0.0239 0.021 0 —5.023 —5.008 —4.548 —4.447
2857g5 281N e 12.42 12.45 0.0404 0.032 2 —4.123 —4.319 —4.240 —4.287
286753282\ 12.24 12.18 —0.0573 0.064 0 —4.385 —4.455 —3.357 —3.201
2875283\ 12.02 12.11 —0.0719 0.064 2 —3.403 —3.743 —3.441 —3.446
28875528\ 11.95 12.01 0.0618 0.064 0 —2.743 —3.121 —2.976 —3.170
289755285\ 11.96 11.98 0.0707 0.064 2 —3.076 —2.888 —3.152 —2.743
290552860 11.81 11.85 0.0676 0.075 0 —2.364 —2.774 —2.567 —2.752
291rg—5 2870\ 11.69 11.75 —0.1016 0.064 2 —2.647 —2.806 —2.630 —2.549
29275288\ [ 11.72 11.71 0.0654 0.064 0 —2.178 —2.141 —2.282 —2.021
2937528\ ¢ 11.60 11.40 0.062 0.064 2 —2.255 —2.294 —1.805 —1.565
294142900 11.35 11.29 0.0544 0.053 0 —1.363 —1.204 —1.306 —0.965
295T5—291Mc 11.27 11.55 —0.0729 —0.042 2 —1.570 —1.741 —2.312 —2.218
29675292\ 11.48 11.64 —0.062 —0.042 0 —2.678 —2.359 —2.511 —2.007
29775 293Mc 11.59 11.76 —0.0555 —0.021 2 —2.363 —2.621 —2.786 —2.712
298T5—2%Mc 11.49 11.86 —0.0392 —0.021 0 —2.523 —2.811 —2.956 —3.001
29975—295Mc 11.43 11.86 —0.0334 —0.021 2 —1.951 —1.686 —3.021 —2.512
300552960\ [ 11.53 11.88 —0.0319 —0.011 0 —2.536 —2.401 —2.964 —2.679
3015 2970\ e 11.59 11.93 —0.0276 —0.011 2 —2.323 —1.957 —3.166 —2.612
302755298\ 1 12.20 12.75 —0.0154 —0.011 0 —3.959 —4.070 —4.891 —4.898
3031529\ ¢ 12.75 12.74 —0.0087 0 2 —4.918 —4.509 —4.918 —4.417
304g_, 3000 12.52 12.82 —0.0145 0 0 —4.642 —5.088 —4.988 —5.366
3055 301\ 12.06 12.69 -0.0214 0 2 3413 —3.229 —4.813 —4.475
3067553020 e 11.58 12.40 —0.0277 0.011 0 —2.629 —2.864 —4.046 —4.195
307 g— 303\ 10.90 12.24 —0.0466 0.011 1 —0.785 —0.473 —4.026 —3.480
3085304\ 1c 10.33 11.49 —0.0575 0.021 0 0.375 0.186 —1.908 —1.883
3097g— 305\ 9.99 10.80 —0.1822 —0.011 3 2.346 2.788 —0.048 0.579
3107553060 9.73 10.37 —0.1855  0.044 0 0974 1.273 1.115 1415
31,307 9.42 10.15 -0.2 0.054 2 3924 3.842 1.488 1.311
3127g 5308\ 1 9.05 9.78 —0.2111 0.065 0 2.968 2.905 2.923 2.805
2810g—>277LV 13.77 13.15 0.1787 0.186 5 —5.274 —5.254 —4.129 —3.825
282095278y 13.49 13.12 0.1799 0 0 —6.582 —6.431 —6.335 —5.864
230g—2"Ly 13.32 13.20 0.1792 0.032 7 —3.262 —3.395 —3.171 —3.062
284Og—>280LV 13.21 13.56 —0.0262 0 0 —6.475 —6.502 —7.191 —7.133
2850g—281Ly 13.05 13.24 0.0363 0.032 0 —5.399 —5.362 —5.788 —5.692
286092821y 12.89 13.05 0.0479 0.053 0 —5.698 —5.463 —6.066 —5.741
2710g—28Ly 12.77 12.96 0.056 0.064 0 —4.820 —4.884 —5.204 —5.084
2880g_)284LV 12.59 12.86 —0.0765 0.064 0 —5.257 —5.026 —5.662 —5.215
2890g—285Ly 12.56 12.76 0.0711 0.075 0 —4.370 —4.664 —4.787 —4.914
2900g—286]y 12.57 12.68 0.075 0.075 0 —5.008 —4.771 —5.273 —4.896
210g—287Ly 12.39 12.55 0.075 0.075 2 —3.728 —3.781 —4.075 —3.934
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Table 6 (continued)

a transition Q;va4 (MeV) QSRDM (MeV) ﬂ;vs4 ;RDM 1 logjo T]C/azl 1 log;o TIX/anostl logyo T]C/a212 logyo Tlx/(ziBoostz
292005288y 12.21 12.39 0.0735 0.075 0 —4.248 —4.392 —4.671 —4.676
29309289y 12.21 12.34 0.0711 0.075 2 3344 —3.807 —3.624 —3.867
2940¢5290 y 12.17 12.37 0.0687 0.064 0 —4.163 —3.963 —4.649 —4.223
2950g21Ly 11.88 11.92 0.0617 0.064 0  —2.857 —3.270 —2.962 —3.192
29606292y 11.73 12.28 0.0532 —0.073 0 —3.176 —3.102 —4.703 —4.420
2970g—29Ly 12.08 12.38 —0.0789 —0.063 0  —3.385 —3.801 —4.055 —4.241
29809294 y 12.16 12.49 —0.0651 —0.042 0 —4.279 —3.902 =5.112 —4.549
29909295y 12.02 12.51 —0.0507 —0.021 2 2968 —2.939 —4.044 —3.709
300092961y 11.93 12.51 —0.0441 —0.011 0 —3.733 —3.926 —5.093 —5.066
3010297 12.00 12.56 —0.0396 0 2 2903 —3.012 —4.138 —4.000
3020052981 y 12.02 12.62 —0.0336 0 0 —3.923 —3.913 —5.305 =5.175
30309529y 12.58 13.38 —0.0197 0 4 3566 —3.666 =5.179 —=5.227
3049,300 13.10 13.39 —0.0136 0 0 —6.232 —5.888 —6.863 —6.450
3050g—301Ly 12.89 13.45 —0.0188 0 2 —4.837 —4.617 =5.950 —5.621
30609302y 12.46 13.35 —0.0264 0 0 —4.906 —5.248 —6.785 —7.042
3070g— 303y 11.90 12.57 —0.0397 0.011 2 —2.690 —2.802 —4.152 —4.016
30806304 y 11.18 12.10 —0.0484 0 0 —1.893 —1.810 —4.168 —3.900
3090g—305Ly 10.70 11.07 —0.0584 0.022 2 0359 0.422 —0.626 —0.288
310,306 10.41 10.74 —0.1812 0.044 0 0268 0.534 —0.795 —0.415
3110307y 10.08 9.98 —0.2049 —0.042 2 2177 2.561 2.441 2.917
312005308y 9.74 10.05 —0.207 0.055 0 2406 1.999 1.131 0.706
31306309y 8.63 9.72 —0.2135 0.066 0 6890 7.432 2.925 3.570
2851 19281 13.60 14.06 0.0304 0 2 —5998 —5.813 —6.979 —6.712
2861 19— 282 13.42 13.75 0.0401 0.043 0  —5.494 —5.914 —6.112 —6.442
2871192831 13.26 13.37 0.0524 0.064 2 —5.288 —5.535 —5.497 —5.466
2881 19, 2841y 13.20 13.57 —0.0751 0.075 0  —6.040 —5.900 —5.620 —5.264
2891 19,2857 13.13 13.47 —0.0845 0.075 2 —5310 —=5.027 —5.656 —=5.025
2901 19,2867 13.04 13.31 0.0721 0.075 0 —4.465 —4.804 —=5.117 —5.316
2911 19,287 g 13.02 13.24 0.0773 0.075 2 4973 —4.409 —5.215 —4.657
292] 1952887y 12.87 13.08 0.0776 0.086 0  —4.073 —3.611 —4.610 —4.013
2931 19,2897 12.69 12.92 0.0746 0.075 2 —4.099 —3.580 —4.581 —3.869
29411952901 12.70 12.85 0.0739 0.075 0 —3.731 —3.474 —4.187 —3.790
2951192917 1273 12.94 0.0732 0.075 2 4191 —4.541 —4.620 —4.776
2961 19— 292 12.45 12.98 0.0733 0.075 0 —3.191 —3.550 —4.452 —4.671
2971192931 12.40 12.90 —0.0856 —0.073 2 3716 —3.561 —4.890 —4.418
2981 19,294y 12.69 13.09 —0.0806 —0.073 0  —5.037 —5.387 —5.335 —5.430
2991 19— 2957y 12.74 13.08 —0.0721 —0.052 2 4453 —4.813 —5.218 —5.312
3001 19—, 296 12.55 13.04 —0.0601 —0.032 0 —4.559 —4.939 —=5.048 —5.185
3011 192977 12.40 13.08 —0.0494 —0.032 0 —3.977 —4.229 —5.474 —5.483
3021195298 12.40 13.05 —0.0431 0 0 —4.09 —4.639 —4.925 —5.282
303 19y 299T 12.39 13.11 —0.0355 0 2 3632 —3.256 —5.147 —4.523
3041195300 12.91 13.86 —0.02 0 0 —4972 —4.737 —6.519 —6.215
305119301 13.40 13.86 0.0147 0 2 —5.650 —5.384 —6.607 —6.250
3061 193021 13.18 13.92 —0.0198 0 0  —5525 —5.464 —6.631 —6.501
3071 19— 303 12.76 13.39 —0.0287 0 0 —4721 —5.152 —6.012 —6.358
3081 19—, 304y 12.04 12.17 —0.0396 0.011 0 —3.247 —2.919 —2.970 —2.456
3091 19,3057 11.35 11.70 —0.0508 0 3 —0.836 —1.338 -1.722 —2.005
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Table 6 (continued)

 transition Q;va4 (MeV) QSRDM (MeV) ﬂ;vs4 ;RDM 1 lo glOT]C/azl 1 1 OgloTIX/gBoostl lo glOT]C/aZIZ 1 Onglx/gBoostz
3101193067 10.86 10.67 —0.0616 ~ —0.032 0 0517 —0.651 0.666 0.752
3111 193077 10.76 10.32 —0.1895 0 0  0.098 0.171 1.315 1.434
3121 19— 3087y 10.56 9.90 —0.1936  —0397 0  —0.908 —0.512 1.916 2.463
3131193097 9.37 10.06 —0.2055 0.066 2 4825 5.333 2.398 2.812
31411953107 8.97 9.55 —02136  —0407 0  3.89 4.091 3.085 3.233
31511931175 8.65 9.36 —0.2137  —0.406 1 7318 7.005 4.635 4.535
31611953127 8.67 9.20 —02369  —0406 0  7.050 6.877 5.404 5.308
31711953135 9.20 9.06 —04273  —0416 3 5859 5.518 6.462 6.180
287120 2830g 13.84 13.96 —0.0531 0.043 4 5595 —5.706 —5.729 —5.590
2881902840 13.71 13.85 —0.0663 0.064 0 —7.039 —7.317 —7.068 —7.147
2891202850 13.69 13.75 —0.0797  0.075 0 —6253 —6.497 —6.213 —6.227
29019052860 13.68 13.75 —0.0872  0.075 0  —7.028 —6.996 —6.852 —6.641
291120-2870g 13.48 13.87 —0.096 0.075 2 5586 —6.056 —6.164 —6.394
292120528809 13.44 1378 0.0788 0.086 0 6222 —6.226 —6.874 —6.743
2931202890 13.37 13.65 0.0786 0.086 2 5206 —4.958 —5.741 —5.304
24190290, 13.22 13.49 —0.1098  0.086 0 —6.132 —5.759 —6.338 —5.857
295120-210g 13.25 13.46 0.0762 0.075 2 4954 —4.862 —5.386 —5.101
296190—2920¢ 13.32 13.59 0.0752 0.075 0  —5.989 —6.199 —6.554 —6.624
297120-2%30¢g 13.12 13.65 0.0751 0.075 0 —4.970 —5.153 —6.021 —6.065
298190—2%40g 12.98 13.24 —0.0863 0.064 0  —5.595 —5.896 —5.915 —6.019
299120-2%50g 13.23 13.73 —0.0849  —0.084 0 5343 —5.652 —6.325 —6.379
3001902960 13.29 13.70 —0.075 —0.063 0  —6233 —6.400 —7.155 —7.105
3011202970 13.04 13.62 —0.065 —0.042 2 —4.654 —4.944 —5.800 —5.842
302120-2%0g 12.87 13.55 0.0382 0032 0 5155 —5.582 —6.773 =7.067
30312029900 12.79 13.51 —0.0448  —0011 2 —4.104 —3.690 —5.556 —4.860
3041203000 12.74 13.55 —0.0355 0 0 —4.999 —5.520 —6.684 —7.019
303120-30l0g 13.26 14.26 —-0.0214 0 2 —5.060 —4.988 —6.954 =6.729
3061203020 13.77 14.28 0.0139 0 0  —6.971 —6.621 —8.042 —7.641
3071203930 13.50 13.62 0.0191 0 4 4873 —4.879 —5.125 —5.078
308190—3040g 12.95 12.96 —0.0297 0 0  —5426 —5.655 —5.503 —5.616
3091203050 12.14 11.77 —0.0416  —0.021 0 2932 —3.279 —2.053 —2.157
3101203060g 1148 11.29 -0.0527 0 0 —2.063 —1.779 —1.673 —1.204
3111903070 1118 10.76 -0.1882  —0397 2 —0.300 —0.385 0.877 1.003
3121203080 11.20 10.71 -0.1933  —0397 0 —1344 —1.316 —0.251 —0.074
3131903090 11.01 10.50 -0.194 -0.407 2 0.160 0.431 1.648 2.098
3141203100g 10.74 10.33 -0.2019  —0407 0  —0.043 0.109 0.961 1.208
315120-310g 9.41 10.16 —0.2323  —0.407 0 4792 5516 2425 2.993
316120—3120g 9.17 9.94 0.3893 —0.416 0 4035 3.735 2.277 2.114
3171205330g  9.91 9.83 -0.4157  —0416 3 3.757 4.187 4.041 4.669
3181503140g 991 9.66 -0.425 -0416 0 2772 2722 3.266 3.408

XGBoost2
1/2
tal a-decay half-lives. For 2*“Og, the calculated a-decay half-

life obtained by the XGBoost2 model was much closer to the
experimental a-decay half-lives than those obtained by other
models. Figure 5 reveals that when neutron numbers surpass
N = 184, the a-decay half-lives of nuclei Z =117, 118, 119,

log,, T ) , are in good agreement with the experimen-

and 120 exhibit a rapid decrease of more than 1.8 orders of
magnitude. This phenomenon reflects strong shell effects,
suggesting that N = 184 is a neutron magic number. Addi-
tionally, the decimal logarithms of a-decay half-life values
for nuclei with Z =117, 118, 119, and 120 ranged from —8
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to 10. If these nuclei could be synthesized in a laboratory,
the majority could be detected experimentally.

4 Summary

In summary, this study investigated the impact of deforma-
tion effects on a-decay half-lives using an improved formula
within the WKB framework. By incorporating the quadru-
pole deformation of the daughter nucleus into the Coulomb
potential, the improved formula provides a refined descrip-
tion of the a-decay half-lives of nuclei with 62 < Z < 118.
Although the improved formula does not significantly reduce
the overall ¢ value, it provides calculations that align more
closely with the experimental values for nuclei with larger
deformations. Furthermore, XGBoost models have been
employed to further reduce the deviations between experi-
mental and calculated a-decay half-lives using the improved
formula. The results suggest that the XGBoost model can
effectively reduce the RMSDs between the calculated and
experimental values across all nuclei, including those near
magic and sub-magic numbers. Additionally, the improved
formula and XGBoost models that yield low ¢ values were
extended to predict a-decay half-lives for nuclei with Z =
117, 118, 119, and 120. When neutron numbers surpass N
= 184, the a-decay half-lives of nuclei Z = 117, 118, 119,
and 120 exhibit a rapid decrease of more than 1.8 orders of
magnitude. These results indicate that N = 184 is a magic
number.
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