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Abstract: We study proton radioactivity in proton-rich nuclei with 53 < Z < 83 within a semi-microscopic frame-
work in which the emitted proton is described by a finite-size density distribution. Two proton-density prescriptions
are considered, namely, Gaussian and Fermi profiles. When microscopic spectroscopic factors are combined with a
double-folding potential based on finite-size proton and daughter densities, the Fermi-density prescription yields the
best overall agreement with the experimental results, reducing the global root-mean-square deviation of log;, 712 to
o =0.37. In addition, a modified universal decay law that embeds the same spectroscopic factors yields an even
smaller deviation, o = 0.28, providing a high-precision global description of proton-radioactivity half-lives. We con-
struct the proton—daughter interaction by folding a Skyrme-type effective nucleon—nucleon interaction with finite-
size proton densities and spherical daughter densities and evaluate proton-emission half-lives within the
Wentzel-Kramers—Brillouin approximation for 39 known proton emitters in this region. State-dependent spectro-
scopic factors S SYB and S %HF obtained from relativistic mean-field plus Bardeen—Cooper—Schrieffer calculations
are employed to account for proton preformation. Subsequently, we compare the calculated half-lives with experi-
mental data and analyze the residuals by grouping them according to the minimum orbital angular momentum and
based on whether the decay proceeds from the ground or isomeric state. Finally, we extend the universal decay law
for proton emission (UDLP) by including an explicit spectroscopic-factor term, obtaining a modified formula
(MUDLP) that provides a compact global parametrization of experimental proton-radioactivity half-lives. Using the
best-performing semi-microscopic prescription together with the MUDLP parametrization, we provide conditional
half-life estimates for several candidate proton emitters near the proton drip line, where the input Q, values are
taken from AME2020. These results provide quantitative reference values for future experimental searches for new

proton-radioactive nuclei.
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I. INTRODUCTION

Proton radioactivity is one of the most important de-
cay modes of proton-rich nuclei far from the f-stability
line, and it sets stringent limits on the production of in-
creasingly exotic systems. It was first observed in 1970 in
an isomeric state of **Co [1, 2]. With the rapid develop-
ment of radioactive-ion-beam facilities, proton emissions
have since been identified from ground and low-lying
isomeric states of parent nuclei in the mass region

A=110-180 [3]. This decay mode is characteristic of odd-
Z nuclei located beyond the proton drip line and provides
a powerful probe into the nuclear structure, including the
shell structure, coupling between bound and unbound
states, and spectroscopic-factor properties of exotic sys-
tems [4—6]. The emission process can be treated as
quantum tunneling through a potential barrier, in close
analogy to o decay. Numerous theoretical frameworks
have been developed to describe proton radioactivity,
such as the generalized liquid-drop model [5, 6], two-po-
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tential approach [7—10], distorted-wave Born approxima-
tion [11], coupled-channels methods [12—14], unified fis-
sion model [15, 16], Coulomb-and-proximity-potential
model [3], single-folding models [17-20], and Gamow-
like model [21—-23]. In these approaches, the barrier in-
cludes Coulomb, nuclear, and centrifugal contributions.
Although the Coulomb and centrifugal parts are straight-
forward to construct, the nuclear potential can be
modeled in various ways, including analytical expres-
sions [7, 24], proximity potentials [25, 26], and folding
potentials [20, 27]. The choice of nuclear potential is key
to improving the accuracy of half-life predictions. Con-
sequently, models based on different nuclear potentials
can exhibit significantly different predictive performance.
For example, even within the same theoretical frame-
work, such as the Coulomb-and-proximity-potential mod-
el, different versions of the proximity-potential formula
can lead to considerable differences in predictive power
[28]. Inspired by our previous work on a decay, [29]
where a double-folding potential model (DPM) based on
a Skyrme-type effective nucleon—nucleon interaction
(neglecting momentum and spin dependence) success-
fully reproduced experimental half-lives, we extend this
approach to investigate proton radioactivity. Applying the
same microscopic framework is a natural extension be-
cause both a decay and proton emission are essentially
quantum tunneling processes. Traditionally, the interac-
tion potential between the emitted proton and the daugh-
ter nucleus has often been calculated within a single-fold-
ing approximation, wherein the proton is treated as a
point-like particle. In contrast, reaction and scattering
studies of proton—nucleus systems commonly describe
both participants by finite-size density distributions. For
example, Patterson and Peterson employed a Gaussian
charge distribution for the proton to unfold its charge
structure from measured nuclear charge distributions,
providing standard parameter sets for use in impulse-ap-
proximation descriptions of hadron—nucleus reactions
[30]. Spin-dependent Glauber-model calculations, such as
those implemented in the SDGMPS code, adopt Gaussi-
an proton charge densities together with phenomenolo-
gical or microscopic nuclear matter distributions as basic
inputs to describe intermediate-energy proton—nucleus
elastic scattering and constrain root mean square (RMS)
radii [31]. Double-folding optical potentials frequently
combine Woods—Saxon—type proton densities with nucle-
on densities from relativistic Hartree—Bogoliubov calcu-
lations [32]. Similar strategies have been used in decay
models, where double-folding an effective nucleon—nuc-
leon interaction with Gaussian cluster densities provides a
unified framework for o decay, heavy-cluster radioactiv-
ity, and, more recently, two-proton radioactivity [33].
These precedents show that representing both the target
and projectile (or emitted cluster) by finite-size densities
is a natural and widely used choice in folding descrip-

tions of proton—daughter interaction. Motivated by these
developments, this work presents the emitted proton by a
finite-size density distribution, considering both two-
parameter Fermi and Gaussian profiles when construct-
ing the proton—daughter interaction within a double-fold-
ing potential model based on a Skyrme-type effective
nucleon—nucleon interaction.

In addition, the spectroscopic factor, which is often
referred to as the preformation factor, is a key quantity
governing the accuracy of proton radioactivity half-life
calculations. Microscopically, it can be considered the
probability that a blocked proton in a given orbital of the
parent nucleus is transferred to the corresponding empty
orbital in the daughter nucleus [8]. Currently, two major
categories of methods have been developed for its de-
termination: microscopic and phenomenological ap-
proaches. Microscopic methods are independent of the
barrier-penetration model and derived directly from nuc-
lear-structure theories. They are typically based on vari-
ous mean-field frameworks combined with pairing correl-
ations, such as the relativistic mean-field theory with the
Bardeen—Cooper—Schrieffer method (RMF+BCS) [6, 20,
27, 34], relativistic continuum Hartree—Bogoliubov the-
ory [35], and covariant density functional theory com-
bined with BCS [36]. These approaches can incorporate
shell effects, deformation, and quantum mixing, provid-
ing a more fundamental description of the spectroscopic
factor. In contrast, phenomenological methods extract the
spectroscopic factor from the ratio of theoretical to exper-
imental half-lives or propose empirical expressions that
embed nuclear-structure information. Representative ex-
amples include the analytic expression proposed by Chen
et al. as a function of the cube root of the daughter mass
number [7] and the formula established by Zhang er al.,
which links the spectroscopic factor to the quadrupole de-
formation parameter within the deformed two-potential
approach [8]. These phenomenological treatments signi-
ficantly improve the reproduction of experimental data,
although their results exhibit a certain degree of model
dependence. In general, microscopic methods provide
greater physical interpretability, while phenomenological
approaches are tailored to enhance predictive accuracy. In
this study, we employ spectroscopic factors calculated
microscopically within the RMF+BCS framework by
Zhang et al. [6] and Qian et al. [20] as input quantities in
the evaluation of proton-radioactivity half-lives to assess
the intrinsic reliability of the DPM.

Analytic expressions provide a compact and comple-
mentary route for evaluating proton-emission half-lives
alongside barrier-penetration models. Building on the
Geiger—Nuttall law, a number of empirical or analytic
formulations have been proposed for proton radioactivity.
Among them, the universal decay law for proton emis-
sion (UDLP) proposed by Qi et al. [5] has been widely
used as a baseline in systematic studies and as a common

054108-2



Systematic study of proton radioactivity based on the double-folding potential model

Chin. Phys. C 50, 054108 (2026)

reference for comparison with newer formulas and mod-
els [23, 37]. A key refinement for improving global pro-
ton-radioactivity systematics is to embed explicit nuclear-
structure information, especially the spectroscopic (pre-
formation) factor, directly into the analytic description.
For spherical proton emitters, Zhang and Dong demon-
strated that incorporating a spectroscopic (preformation)
factor from microscopic RMF+BCS calculations into the
half-life formula significantly improves agreement with
the experimental results relative to formulas that neglect
preformation effects [38]. Similarly, complementary em-
pirical systematics indicate that half-life formulas embed-
ding the spectroscopic-factor and deformation depend-
ences attain smaller RMS deviations than those of struc-
ture-agnostic expressions that depend only on O values
and global Z, 4 systematics, underscoring the practical
benefit of incorporating nuclear-structure information in-
to analytic descriptions [38, 39]. Motivated by these de-
velopments, in addition to our double-folding-potential
calculations, we adopt the UDLP as a reference analytic
scaffold and extend it by an explicit spectroscopic-factor
term, using values taken from published RMF+BCS cal-
culations [6, 20] to improve its performance in describ-
ing proton-radioactivity half-lives.

Throughout this study, the proton-decay energy Q, is
taken from the most recent atomic-mass evaluation
(AMEZ2020). Therefore, the present calculations are in-
tended for a systematic evaluation and benchmarking of
the barrier description and microscopic spectroscopic
factors for known (or mass-evaluated) 1p emitters, and
the reported half-lives should be interpreted as condition-
al on the adopted Q,. A fully predictive description for
truly unknown emitters would require theoretical Q, val-
ues (e.g., from global mass models) or microscopic reson-
ance approaches that determine the resonance energy and
width simultaneously, which is beyond the scope of this
study.

The remainder of this paper is organized as follows.
Section II outlines the theoretical framework. Section III
presents numerical results and discussions. Section IV
summarizes our conclusions.

II. THEORETICAL FRAMEWORK

A. Double-folding potential model

The proton radioactivity half-lives can be calculated
by

In2

—_— 1
VQPS[, ( )

12 =

where P is the barrier penetration probability, v, denotes
the assault frequency of the proton inside the parent nuc-
leus, and §, represents the spectroscopic factor of the

emitted proton-daughter system. In the microscopic
RMF+BCS description, the proton spectroscopic factor
S, is taken as the vacancy probability of the decaying
proton orbital in the daughter nucleus. Following Refs.
[6, 20], one can write S, =u;, where u? represents the
probability that the specific orbit associated with the
emitted proton is empty in the daughter nucleus. In this
study, we directly adopt the state-dependent RMF+BCS
spectroscopic factors from Zhang et al. (S%"") and Qian
et al. (S§9®), and all numerical values used are explicitly
listed in Table 1. The penetrability P is calculated within
the Wentzel-Kramers-Brillouin (WKB) approximation

and reads

2 Rou!
P= exp[—£ / 2u(V(r)— Q,)dr], 2
Rin

i

where Q, is the release energy, and u represents the re-
duced mass of the system. V(r) denotes the total interac-
tion potential between the proton and the daughter nucle-
us. The classical turning points R;, and R, are given by
[40]

Rin =R1 +R2, (3)

and

R+ 1)
2uQ,

Z,7,¢* Z:Z,e2\?
Ry = 1£2€ " ( 126) "
20, 20,

where R; and R, are the equivalent radii of the proton and
the daughter nucleus, respectively. The equivalent radii of
the parent (i =0), emitted proton (i=1), and daughter
nucleus (i = 2) are taken as[40]

(4)

R =128A!"-0.76+0.8A;"° (fm), i=0,1,2. (5)
The total interaction potential V(r) consists of the Cou-
lomb, nuclear, and centrifugal parts and is given by

HII+1)

V() = Ve + Va() + = (6)
ur

where / presents the angular momentum, which can be
obtained by considering the spin-parity conservation of
the decay process. The nuclear potential Vy(r) between
the proton and daughter nuclei is obtained using a double-
folding formalism with a Skyrme-type effective nucleon-
nucleon interaction by ignoring the momentum and spin
dependence, as in Refs. [41, 42].
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Table 1. Experimental proton-emission half-lives and DPM results using RMF+BCS spectroscopic factors S SYB and SZHF. The
columns SSYB and SZF are adopted from RMF+BCS calculations in Refs. [6, 20], respectively. The calculated log,, T1/» values are lis-
ted for two proton-density prescriptions (Gaussian and Fermi) and the baseline choice $, = 1; UDLP and MUDLP results are included
for comparison.

IOgIOTl/z/S
Nucleus 0p/MeV ! SSYB S%HF Sp=1 S;?YB S1Z7HF

Bt Gaussian Fermi UDLP Gaussian Fermi MUDLP Gaussian Fermi MUDLP
1091 0.83 2 044 0.73  —4.03 —4.00 —440 -3.54 -4.39 —4.04 -3.34 —4.62 —4.27 —-3.89
12¢g 0.82 2 046 037 331 -3.11 -3.56 —2.81 -3.53 -3.23 -2.61 -3.43 -3.13 —2.78
113y 0.98 2 045 037 477 =531 =573 475 =5.72 -5.38 —4.68 —5.64 =530 =5.00
7] 4 0.83 2 018 031 -1.66 —-2.55 -3.02 238 -2.57 -2.29 -1.77 —2.80 -2.52 —2.23
121p, 0.90 2 011 012 -1.92 —2.89 -339 273 —2.68 —241 -1.94 -2.73 —2.47 —2.24
130gy, 1.03 2 0.67 0.82  -3.00 —-3.31 -3.84 320 —3.89 —3.66 -3.30 -3.98 -3.75 -3.63
Blgy 0.96 2 0.65 0.03 -1.70 —2.41 —2.94 241 -2.99 -2.75 —2.44 —-1.63 -1.40 -1.29
135} 1.20 3052 0.03  -3.00 -3.73 -4.53 =371 -4.21 —4.24 -3.84 -2.94 —2.98 —2.82
140, 1.10 3 075 095 222 -2.04 -2.85 227 -2.67 -2.73 —2.47 —2.78 —2.83 -2.72
141y, 1.19 3 0.80 0.01  —2.39 -3.09 -3.89  -3.19 —-3.75 -3.79 -3.50 -1.75 -1.79 -1.69
141 om 1.26 0 072 0.05 -5.14 =571 -590 -5.29 —6.32 —=5.76 —5.56 =5.15 —4.58 —4.76
145y 1.75 5 062 0.58 —5.50 —4.77 -595 —4.70 —5.32 =5.74 —5.24 -5.29 =5.72 —5.42
146 0.90 0 075 096 —0.81 —0.40 -0.69 —0.66 -1.04 —0.56 —0.62 -1.15 -0.67 —0.81
146ym 1.21 5 075 096 -1.14 —0.26 -141  -0.79 —0.90 -1.29 -1.12 —-1.01 -1.40 -1.20
147 1.07 5 072 0.58  0.59 1.44 0.29 0.69 0.82 0.43 0.49 0.92 0.52 0.71
147 pym 1.13 2 071 095 344 -2.72 -328 -2.84 —3.33 -3.13 -3.02 —3.46 -3.26 -3.34
1501 4 1.29 5 052 050 -—1.35 —0.49 -1.64 -1.04 —0.96 -1.35 -1.25 —0.95 -1.33 -1.21
1501 ;ym 1.31 2 074 0.86 —4.40 —4.01 —4.58 —4.02 —4.63 —4.45 —4.34 —4.70 —4.52 —4.65
1511y 1.26 5 052 049 —-0.90 -0.19 -135 -0.78 —0.66 -1.07 —0.97 —0.64 -1.04 —0.90
151 ym 1.32 2 075 086 —4.80 -4.12 -4.68 —4.12 —4.75 -4.56 —4.45 —4.81 —4.62 -4.71
1557 1.47 5 038 042 -2.50 -1.74 -2.92 -2.18 —2.08 -2.50 -2.36 -2.12 -2.55 —2.44
156, 1.04 2 0.68 0.76  —0.83 -0.20 -0.82 —0.68 -0.79 —0.65 —0.73 —0.84 —-0.70 —0.81
156ym 1.13 5 041 049 093 1.84 0.69 0.98 1.48 1.08 1.01 1.39 0.99 1.08
157, 0.95 0 091 0.80 —0.53 0.27 —0.06 —0.13 —0.44 —0.02 —0.20 —0.39 0.04 —0.16
159Re 1.82 5 023 031 —4.68 —4.00 -5.19 —4.15 —4.12 —4.55 —4.29 —4.25 —4.68 —4.56
160Re 1.28 2 0.67 051 -3.16 —2.62 -324 286 -3.20 -3.06 -3.09 -3.08 —2.94 -3.13
161Re 1.22 0 091 0.89 -3.36 —2.84 -3.18 -2.94 -3.56 -3.14 -3.25 -3.55 =3.13 -3.42
161Rem 1.34 5 023 029 —0.68 -0.09 -1.28 -0.75 —-0.20 —0.63 —0.62 —0.31 —0.74 —0.67
1641, 1.84 5 017 0.19 395 —3.78 —4.98 —4.02 -3.77 —4.20 —4.03 -3.82 —4.25 —4.20
165 m 1.73 5 017 0.19 343 -2.99 —4.18 332 —2.98 —3.41 -3.29 -3.02 —3.45 —3.41
1667, 1.17 2 036 042 -0.82 —-0.74 -139 -1.25 -1.06 —-0.95 -1.13 —-1.12 -1.00 -1.23
1667,m 1.35 5 0.19 0.19 -0.08 0.32 -0.87 —0.44 0.28 —-0.15 -0.24 0.29 —0.15 —0.14
167, 1.09 0 0.89 091 -1.12 -0.55 -0.92  -0.96 -1.26 -0.87 -1.14 -1.27 —-0.88 -1.20
167m 1.26 5 017 0.18 084 1.25 0.05 0.36 1.26 0.83 0.69 1.23 0.79 0.79
171 Ay 1.46 0 087 0.85 —4.65 —4.31 —4.67 434 -5.01 —4.61 —4.79 —4.99 —4.59 -5.02
171 Aym 1.72 5 0.07 0.09 -2.59 -2.51 =371  -2.96 —2.08 —2.53 -2.50 —2.21 —2.65 —2.68
17771 1.17 0 0.50 073  -1.17 —0.47 -0.89  —0.99 -0.92 —-0.59 —0.97 -1.09 -0.75 -1.17
177m 1.97 5 0.02 0.02 335 -3.83 -5.03 -4.16 -2.93 -3.38 -3.34 -2.93 -3.38 -3.46
185gjm 1.63 0 003 0.01 —4.19 —4.73 —5.09 —4.83 —4.00 —-3.60 —3.94 -3.53 -3.14 -3.72
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Fln - Fex
Vn(r) = Co {— ( / P1(R)p2(R—r)dR

00

+ / PR3 (R 1) dR)

+Fex/p1(R)p2(R_ V)dR} . (7

with

N, —-Z N,-2,
Ay A

’
Fin,ex — Jinex +fin,ex

®)

where Z;,, Ni,, and A;, represent the proton, neutron,
and mass numbers of the emitted particle and daughter
nucleus, respectively. The parameters in Eqs. (7)—(8) are
adopted from Ref. [42] with the wvalues: C,=300
MeV-fm?, f, = 0.09, fi, =-2.59, f, =042, f' =0.54,
and pg = 0.17fm™. The folding barrier (and hence the
penetrability) is evaluated within a standard WKB treat-
ment using a nonrelativistic Skyrme-type effective inter-
action, whereas the RMF+BCS spectroscopic factor S, is
introduced separately as an independent microscopic
structure factor. p;(R) represents an effective finite-size
smearing profile for the emitted proton, while p,(R) rep-
resents the matter density distribution of the daughter
nucleus. Following Ref. [32], we adopt a two-parameter
Fermi form for the proton profile and daughter density:

Poo

e Ry

©

£00

R) =
p2R) 1+exp(((R— 11— Ro)/az)’

(10)

Here, py = 0.17 fm™ is used consistently with the satura-
tion-density parameter entering the effective interaction
in Eq. (7), and it is utilized as a fixed convention in the
adopted Fermi profiles. The radii R, and R, are con-
sidered as the equivalent radii defined in Eq. (5), while
the diffuseness parameters are fixed at a; = a, = 0.54 fm
[20]. Further, we tested a; = a, =0.52 fm and found that
a; = a, =0.54 fm yields a smaller overall RMS deviation
for the benchmark set; therefore, a; = a, = 0.54 fm is ad-
opted. However, for light spherical nuclei, a Gaussian
form is tested for the proton profile [30]:

p1(R) = Pop €XP [_(R/ap)z} s (11)

with a, =0.704 fm [30], where p, is fixed by the unit
normalization 4x [~ o (R)R*dR = 1.

The Coulomb potential is taken in the uniformly
charged-sphere form used in the DPM of Ref. [43].

Z,Z,é?
1726’ r>Rc,

- (5)

where R. =R +R;, and Z, and Z, are the charge num-
bers of the proton and daughter nucleus, respectively. The
assault frequency v, is evaluated within a quantum-mech-
anical approach as [40]

Ve =3 7.7, (12)

2R.

3
(G+=)h
V():g_ 2

=2 13
2 1.27uR3’ (13)
where R, represents the effective radius of the parent
nucleus, G is the principal quantum number, and y is the
reduced mass of the emitted particle and daughter nuclei
system. For details, see Ref. [40].

B. Empirical formulas for proton radioactivity

The present work is based on the UDLP, which was
derived by Qi et al. from the microscopic mechanism of
charged-particle emission. It is expressed as [5]

((C+1
log T =ay' +bp' +c+d" 2 (14

’

A AuZi (A +1)
(Ad + I)Qp Ad +1
To improve the predictive performance for proton radio-
activity, analogous to the approach of Zhang et al. [38],
we incorporate an explicit spectroscopic (preformation)
factor into the UDLP. The resulting expression is

where X' =24 , and p' =

+1)

’

log,wTip=ay +bp’ +c+d —logS,. (15)

where a, b, ¢, and d are adjustable parameters, whose
values are determined by fitting experimental data of pro-
ton radioactivity.

III. RESULTS AND DISCUSSION

In our previous study, a DPM based on a Skyrme-
type effective nucleon—nucleon interaction, in which mo-
mentum- and spin-dependent terms are neglected, was
successfully applied to nuclear o decay and found to re-
produce experimental half-lives with good accuracy. In
the present study, motivated by the fact that both proton
radioactivity and o decay originate from the same
quantum-tunneling mechanism, we extended the DPM
framework to investigate nuclear proton radioactivity. In
the description of radioactive decay, the choice of the in-
teraction potential between the emitted particle and
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daughter nucleus is crucial for improving the accuracy of
half-life calculations [7]. However, within a double-fold-
ing framework, the adopted density distribution of the
emitted particle also modifies the nuclear potential and
affects the predicted decay half-lives. Therefore, in this
study, we compute proton-emission half-lives for 39 pro-
ton emitters with 53 <Z <83 using the DPM with two
different prescriptions for the proton density: a Gaussian
profile and a two-parameter Fermi profile. The lower
bound Z =53 is selected for the benchmark set of estab-
lished proton emitters with measured half-lives, for which
the microscopic RMF+BCS spectroscopic factors S, tab-
ulated in Ref. [6] are available in a consistent manner.
For completeness, we also consider a few candidate nuc-
lei with Z <52 (e.g., Sb isotopes) in the subsequent con-
ditional predictions; these cases are not included in the
global systematics or RMS evaluation. A small number of
additional candidate nuclei (such as '%I, *4Tm, *Re™,
and '"Au™) are not included because we require a uni-
form use of the state-dependent preformation factors tab-
ulated by Zhang et al. in the subsequent analysis, and
these nuclei do not have corresponding S, values in that
table (Ref. [6]). To assess the reliability of our calcula-
tions, we systematically compare the theoretical results
with the available experimental data. The experimental
proton-emission half-lives and spin—parity assignments of
the parent and daughter nuclei are obtained from the
latest evaluated nuclear-structure compilation
NUBASE2020 [44], while the Q, values are adopted
from the most recent atomic-mass evaluation AME2020
[45]. Consequently, the calculated (and extrapolated)
half-lives in this study should be viewed as conditional
estimates given the adopted Q, values, and any future re-
visions of Q, are expected to directly propagate into the
predicted logTs.

In the systematic calculations, the daughter nuclei are
treated within the spherical approximation, i.e., spherical
radii/densities are adopted to construct the interaction
barrier. However, for axially deformed nuclei, the nucle-
ar radius and barrier profile become orientation depend-
ent, leading to an angle-dependent penetrability P(6). Pre-
vious studies have shown that deformation and barrier
orientation may thin the barrier for favorable directions,
thus enhancing the penetrability, which results in shorter
half-lives than the spherical estimate, especially for well-
deformed emitters [3, 46, 47]. The quantitative impact of
deformation on global agreement (e.g., RMS deviation)
depends on the adopted deformation parameters, treat-
ment of orientation effects, and consistency between the
potential model and structure input. Since the main pur-
pose of this study is to establish a uniform baseline for
global systematics, the deformation degrees of freedom
are not explicitly included for all nuclei at the present
stage. Extending the present double-folding framework to
deformed densities and/or orientation-averaged penetrab-

ilities will be an important subject of our future work.

We first consider a baseline calculation with the spec-
troscopic factor fixed to unity (S, = 1), neglecting pre-
formation effects. Within the DPM framework, we calcu-
late proton radioactivity half-lives using the two choices
of emitted-proton density, Gaussian and Fermi. The cor-
responding results are listed in columns 7 and 8 of Table
1. Overall, the half-lives obtained with both density pre-
scriptions are in reasonable agreement with the experi-
ment. To quantify the global performance of the model,
we evaluate the RMS deviation between theoretical and
experimental half-lives according to

N
] €X] 2
T=AN Z (logy i, —log;o T7)5:) - (16)

i=1

A comparative analysis of the deviations shows that,
when the emitted-proton density is modeled by a Gaussi-
an or Fermi profile, the corresponding standard devi-
ations are og =0.78 or o =0.77, respectively. Both val-
ues are substantially lower than the deviations reported
for the Coulomb and proximity potential model
(ocppm = 1.075), its deformed version for deformed nuc-
lei (ocppmpn = 1.275), and the deformed two-potential ap-
proach (o =1.253), all evaluated with §,=1 [3, &].
This indicates that, even at the baseline level, explicitly
incorporating more realistic microscopic density informa-
tion within the DPM framework leads to a significantly
improved description of proton-radioactivity half-lives.
However, the remaining deviations are still non-negli-
gible. As indicated in Table 1, both density prescriptions
tend to yield half-lives that are systematically smaller
than the experimental values. This systematic underestim-
ation originates from setting the preformation (spectro-
scopic) factor to unity (S, = 1), which overestimates the
probability of proton formation in the parent nucleus and
leads to a systematic enhancement of the decay width.

To further improve the predictive power of the model,
we explicitly include preformation factors in the sub-
sequent calculations. The present DPM formulation can-
not encode detailed nuclear-structure information such as
shell effects, pairing, and deformation, and therefore, we
adopt state-dependent spectroscopic factors calculated
within RMF theory combined with BCS pairing. We use
the microscopic spectroscopic factors of Qian et al.
(SY'®) and Zhang et al. (S7™) as input preformation
factors for the corresponding nuclei. This choice enables
the model to assimilate essential structure information
while preserving the systematic calculability of the DPM.
On this basis, for each of the two proton-density prescrip-
tions (Gaussian and Fermi), we recompute the DPM half-
lives by introducing the S§® and S2"" sets of preforma-
tion (spectroscopic) factors. The resulting half-lives are
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summarized in Table 1, and the corresponding RMS devi-
ations are reported in Table 2.

Table 2 indicates that, for the present data set of 39
proton emitters, the RMS deviations for the Gaussian and
Fermi densities are 0.78 and 0.77, respectively, when
S, =1 is used as the baseline. When the S?*® preforma-
tion factors are included, the RMS value decreases to
0.57 (Gaussian) and 0.46 (Fermi), representing improve-
ments of 26.9% and 40.3%, respectively, relative to the
baseline. When the S2"" preformation factors are used,
the standard deviations drop to 0.44 (Gaussian) and 0.37
(Fermi), corresponding to improvements of 43.6% and
51.9%, respectively, relative to their S, =1 baselines.
These results confirm that the inclusion of state-depend-
ent preformation factors, which embed nuclear-structure
information, substantially enhances the DPM perform-
ance for both density prescriptions. The combination
DPM(Fermi)+S2H" achieves o =0.37, which is smaller
than the value of o =0.443 reported for the deformed
two-potential approach that explicitly includes both de-
formation effects and spectroscopic factors [8]. This im-
plies that the spectroscopic factors of Zhang et al. lead to
the most pronounced improvement and appear to be more
compatible with the present DPM framework at the glob-
al level.

In recent years, several modern microscopic or semi-
microscopic studies of proton radioactivity systematics
have been conducted. For example, Xu et al. [48] pro-
posed an improved Gamow-type description by incorpor-
ating a screened Coulomb (Hulthen-like) barrier with two
adjustable parameters and reported RMS deviations of
0.274 for 31 spherical emitters and 0.367 for 13 de-
formed emitters in log,, T1,,. Delion and Dumitrescu [49]
investigated universal proton-emission systematics with-
in a penetrability—formation factorization scheme and
found that centrifugal and quadrupole-deformation contri-
butions to the action are typically smaller than the Cou-
lomb part; therefore, the global systematics can be de-
scribed by an approximately universal trend within a
factor-of-two accuracy. From a more fundamental view-
point, Delion [50] further emphasized the factorization of
the decay width into penetrability and reduced width and
derived a nearly linear rule linking log,,y* to the frag-
mentation potential. Very recently, Ismail et al. [51] per-
formed self-consistent HFB calculations with the Gogny
DIS interaction to obtain deformed daughter densities

and constructed folding potentials based on the M3Y-Par-
is interaction, achieving o ~ 0.41 for a set of experiment-
al proton emitters. In this context, the present DPM
provides a complementary semi-microscopic route in
which the barrier is generated from a double-folding po-
tential using finite-size proton and daughter densities,
while the nucleus-dependent structure effects are incor-
porated through microscopic RMF+BCS spectroscopic
factors. The resulting global deviation o =0.37 for
DPM(Fermi) plus S7"* indicates that an accurate barrier
description combined with microscopic structure input is
essential for a high-precision global reproduction of pro-
ton-emission half-lives.

To assess the performance of this preferred combina-
tion at the level of observables, Fig. 1 displays the resid-
uals between the calculated and experimental half-lives,
A =log, T{% —log,, T1)3. For the DPM calculations em-
ploying the Fermi proton density with 7" preformation
factors, the distribution is narrowly centered around zero,
and the deviations for most nuclei satisfy |A| <0.5; the
largest deviation is approximately |A| = 1.05. The points
marked by black arrows correspond to proton emission
from isomeric states of a given nucleus. Except for
185Bi", these isomeric emitters all lie within the +0.5
band, indicating that, for given Q,, J* (and hence the
minimum orbital angular momentum /), and §,, the
present DPM framework provides a good description of
isomeric decays. For the remaining outlier '85Bi”, the
positive residual (calculated half-life longer than experi-
ment) can plausibly be attributed to the enhanced struc-
ture sensitivity near the Z = 82 shell closure, indicating a
possible deformation or configuration mismatch between
the parent and daughter nuclei, and the small S, value
tabulated for this state.

To further characterize possible structure-related
trends, we perform a grouped analysis of the residuals ac-
cording to the minimum orbital angular momentum /. In
the present sample, the numbers of emitters with
= 0,2,3,5 are NZ:O = 8, Nl:2 = 13, N1:3 = 3, and N]:S = 15,
respectively, and the corresponding RMS deviations un-
der the preferred DPM(Fermi)+S 2" setting are listed in
Table 3. Although the precise ordering of the RMS val-
ues is affected by the limited statistics, in particular for
[=3 with only three emitters, the results confirm that
both the centrifugal barrier and local structure of the
emitting system (e.g., deformation, configuration mixing,

Table 2. RMS deviations o between the calculated and experimental half-lives and relative improvements Ac/os,-; for different
models.
Sp=1 SSYB S%HF
Gaussian Fermi UDLP Gaussian Fermi MUDLP Gaussian Fermi MUDLP
o 0.78 0.77 0.45 0.57 0.46 0.35 0.44 0.37 0.28
Ao /o =1 26.9% 40.3% 22.2% 43.6% 51.9% 37.8%
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Fig. 1. (color online) Residual A =log, 77 ~log,o7y)5 for

39 proton emitters considered, comparing DPM(Fermi)+$%H*
(triangles) and MUDLP+SZHF (circles).

Table 3. RMS deviations of A for different / groups.
/ 5 3 2 0
N 15 3 13 8
RMS(A) 0.13 0.49 0.41 0.51

and pairing correlations as encoded in the RMF+BCS
spectroscopic factors) play an important role in penetrab-
ility. Consequently, they influence the dispersion of the
residuals. For the /=0 and 2 subgroups, the centrifugal
contribution to the barrier is relatively weak. Small vari-
ations in the decay energy Q, and in the surface region of
the double-folding potential, as well as local fluctuations
in the microscopic spectroscopic factors SZ", induce
comparatively large changes in the WKB action. Further,
they are more strongly reflected in log,, 7/, which natur-
ally leads to the larger RMS deviations observed for these
groups. In addition, these low-/ emitters span a broad
range of quadrupole deformations for both parent and
daughter nuclei, and the associated structural heterogen-
eity is not explicitly encoded in the present DPM para-
metrization. In contrast, the /=5 subgroup is dominated
by decays assigned to well-defined high-j proton config-
urations, for which the adopted S7"" values are larger and
exhibit smoother systematics in 4 and Z than those for the
low-/ emitters. The stronger centrifugal barrier reduces
the relative impact of moderate uncertainties in Q, and in
the nuclear part of the potential. These features are con-
sistent with the smaller RMS deviation obtained for [ =5.
Finally, for nuclei with uncertain spin—parity assign-
ments J”, different plausible choices of / can lead to ap-
preciable changes in the barrier height and WKB action.
Therefore, the individual absolute residuals |A| may read-
ily reach values of order 0.5-1.

Four ground-state proton emitters highlighted by blue
arrows in Fig. 1, namely, '""La, "*°Eu, '“°Ho (all with
A <0, corresponding to overestimated widths and under-
estimated half-lives), and '“'Ho (A >0, underestimated
width), are consistent with several sensitivity mechan-
isms summarized in the systematic studies of proton ra-
dioactivity. On the one hand, local variations of the pre-
formation amplitude along an isotopic chain may not be
fully captured by a global parametrization of §S,, and
therefore, slight overestimates or underestimates of S,
are directly mapped onto corresponding over- or under-
predictions of the decay width. On the other hand, moder-
ate nuclear deformation and configuration mismatch
between the parent and daughter nuclei can modify the
effective shape of the inner part of the barrier (for ex-
ample, the height and thickness of the potential wall) and
thus influence the penetrability through the WKB action
integral. Furthermore, in the relatively low-Q, region,
small changes in the double-folding interaction near the
nuclear surface (e.g., through the surface diffuseness or
the effective strength of exchange-related contributions)
can induce noticeable modifications in the barrier profile.
Such changes are exponentially amplified in the WKB
action and can lead to sizable variations in penetrability,
generating relatively large residuals for a few individual
nuclei. Although a Gaussian density distribution is often
considered more suitable for describing light spherical
nuclei, under the present calibration, its performance for
proton-radioactivity half-lives is systematically inferior to
that of the two-parameter Fermi density. This likely re-
flects the fact that key surface parameters used in con-
structing the folding potential (such as radius and diffuse-
ness) were originally tuned under the assumption of a
Fermi-type density and are therefore not optimal for the
Gaussian case. To further improve the Gaussian-based
results, a dedicated refit of relevant parameters within the
Gaussian-density assumption would be necessary. Motiv-
ated by the universal correlations between the decimal
logarithm of half-lives and negative decimal logarithm of
penetrability reported for a decay and cluster radioactiv-
ity [46, 52], we examine the systematics between the ex-
perimental half-lives and barrier penetrability for proton
emission within the present DPM framework. We plot
log,,T7)5 as a function of —log,, P, where P is obtained
from the WKB action integral using the DPM(Fermi) po-
tential. As shown in Fig. 2, the data exhibit a clear near-
linear global trend, supporting the applicability of a uni-
versal-type behavior to proton emission within our frame-
work. The residual scatter can be attributed to nucleus-de-
pendent structure effects encoded in §, andto experi-
mental uncertainties, which is consistent with the obser-
vation of Adel and Abdulghany that proton-decay sys-
tematics are more dispersed than those for a decay.
Therefore, the observed near-linear systematics indicate
that the DPM(Fermi) barrier provides a consistent global
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Fig. 2. (color online) log7}} versus —log,o P for the con-
sidered proton emitters, where P is the WKB penetrability cal-

culated with the DPM(Fermi) potential.

description of the penetrability governing proton emis-
sion and can serve as a reliable baseline for systematic
half-life studies. Building on the above penetrability—
half-life correlation, we examine the modified Geiger—
Nuttall (GN) systematics proposed by Chen et al. [37],
which explicitly account for the daughter charge and an-
gular-momentum dependence. We plot log,,77); as a
function of X = (Z3® +1)Q,""* for all proton emitters con-
sidered in the present work. As shown in Fig. 3, the ex-
perimental half-lives exhibit an approximately linear
trend in this modified GN representation. Our
DPM(Fermi)+S 2™ results follow the same global sys-
tematics and lie close to the experimental fitting line, in-
dicating that the penetrabilities generated by the present
DPM(Fermi) potential are consistent with the empirical
modified GN behavior at the systematics level. The re-
maining deviations are attributed to nucleus-dependent
structure effects encoded in S, and to experimental un-
certainties in Q, and spin—parity assignments. Collect-
ively, the present results indicate that, when a two-para-
meter Fermi proton density is employed in combination
with the preformation (spectroscopic) factors of Zhang et
al., the DPM framework provides a quantitatively reli-
able description of nuclear proton radioactivity (with a
global RMS of about 0.37 and most nuclei satisfying
|Al $0.5). Further, it provides a good description of pro-
ton emission from isomeric states. This provides a solid
basis for extending the model to half-life predictions in
regions closer to and beyond the current proton drip line.
In parallel with the microscopic route, we fit an ana-
lytic UDLP to the same data set. When preformation ef-
fects are not included explicitly (S,=1), the UDLP
already achieves o = 0.45, which is better than the DPM
baselines without preformation. When the S spectro-
scopic factors are incorporated into UDLP, hereafter re-
ferred to as MUDLP, the dispersion is further reduced to

2 T T T T T
9 Exp
@ DPM(Fermi)+S“F
0+ Fitting line i
Slope=0.825
Intercept=-26.66
o5
=
4} i
]
o
6 i
24 26 28 30 32 34
(Z38+D Ql-]l/Z
Fig. 3. (color online) Modified Geiger—Nuttall plot for pro-

ton radioactivity: log,,T1/> as a function of X = (20 +1Q,'"?
(with @, in MeV). Red circles denote experimental half-lives,
and blue circles denote the present DPM(Fermi)+S2HF results.
The solid line is a linear fit to the experimental data.

o =0.28, while the UDLP variant employing §Q® yields
o =0.35 (see Table 2). The corresponding fitted coeffi-
cients for the original UDLP (with §,=1) and for its
MUDLP extension, whose parameters are obtained from
a global fit including the microscopic spectroscopic
factors S, are summarized in Table 4. The additional
improvement achieved by MUDLP indicates that the ana-
lytic law can explicitly absorb slowly varying global sys-
tematic trends present in the data, including the near-lin-
ear dependence on A’ or surrogate fragmentation-poten-
tial variables [7] commonly discussed in systematics
studies. In contrast, in purely barrier-penetration-based
models, such trends are typically only encoded implicitly
through the combined effect of barrier parameters and the
WKB action. Further, we plot the residuals obtained from
MUDLP+S7"F in Fig. 1 and compare them with experi-
mental results. As shown in Fig. 1, when going from
DPM(Fermi)+S2"" to MUDLP+S2"F, the data points
contract more tightly around A =log,, 7% —log,, T7)5 =0,
and most nuclei fall within the |A| < 0.5 band. More im-
portantly, the same set of nuclei remain the most challen-
ging cases in both approaches (although with smaller re-
siduals under MUDLP), which suggests that these devi-
ations are primarily constrained by common limitations
of nuclear structure or input data, rather than by deficien-
cies specific to either model.

On the microscopic side, the inclusion of state-de-
pendent preformation factors S, is a key lever for signi-
ficantly improving the predictive accuracy of the DPM.
Under the present calibration, the combination
DPM(Fermi)+S" achieves good global performance
(with o= 0.37) and provides a physically transparent de-
scription of systematic differences between ground-state
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Table 4.  Adjustable parameter values of the UDLP and
MUDLP formulas.
Model a b c d
UDLP 0.38 -0.52 -16.93 2.44
MUDLP 0.43 -0.64 -18.52 2.62

and isomeric decays. On the analytic side, the MUDLP+
SZHF parametrization, which incorporates the same spec-
troscopic factors and smooth systematics, also achieves a
small dispersion of o= 0.28 for the same data set while
highlighting the same set of structure-limited nuclei as
the DPM results. Despite the smaller statistical disper-
sion achieved by MUDLP+S7F on the present data set,
this approach remains an empirical interpolation formula
in nature, with a more simplified treatment of barrier
shapes and nuclear-structure effects. Consequently, when
extrapolating beyond the region of known nuclei, its
physical controllability and robustness are more limited
than those of the DPM framework, which is based on fol-
ded potentials and an explicit WKB tunneling picture. In
view of these considerations, we adopt DPM(Fermi)+
SZHF as the central estimator for subsequent half-life pre-
dictions and use MUDLP+S"" for independent empiric-
al validation and measurement of theoretical uncertainty.
The two approaches yield mutually consistent descrip-
tions of the known proton emitters, providing a robust
theoretical basis for predicting proton-radioactivity half-
lives of candidate nuclei beyond the present drip-line
reach. On this basis, we employ both methods to predict
the half-lives of several nuclei that are expected to exhib-
it proton radioactivity, providing useful guidance for fu-
ture experimental investigations.

For several candidate nuclei near the proton drip line
whose proton radioactivity has not yet been observed, we
provide half-life estimates using three prescriptions that
share the same microscopic spectroscopic factors §Z7*
but differ in their treatment of the barrier: the DPM with
Fermi- and Gaussian-type proton densities and the analyt-

Table 5.

ic MUDLP formula. The adopted spins and parities of the
parent and daughter nuclei are taken from NUBASE2020,
while the decay energies Q, are taken from AME2020;
the spectroscopic factors are taken from Ref. [6]. For
'%4Sb, whose spin—parity is not specified in
NUBASE2020, the minimum orbital angular momentum
carried by the emitted proton is taken as /=2 following
the configuration proposed in Ref. [6]. The correspond-
ing values of log,, T, are listed in Table 5. These estim-
ates are conditional on the AME2020 Q, values deduced
from the available experimental mass data.

For each candidate nucleus, the three approaches
yield mutually consistent results, with differences in
log,, T, typically on the order of 0.5 and not exceeding
approximately 0.9. This spread may be considered a
simple estimate of the present theoretical systematic un-
certainty. The predicted half-lives cover a broad range of
time scales, from sub-microsecond emitters such as '®*Sb
and '“Au to longer-lived cases such as %21 Re and '**Sb.
The largest model-to-model variation is found for '®Bi,
where the spread between the DPM and MUDLP predic-
tions reaches nearly 0.9 in log,,T}/,. This enhanced sens-
itivity is likely associated with strong proton shell effects
around the magic number Z = 82. Proton emission from
'8Bi populates this closed proton shell in the daughter
nucleus, and the very small spectroscopic factor
§71F =0.01 makes the calculated width susceptible to
modest changes in the barrier parametrization. Collect-
ively, these predictions may serve as a useful guide for
future experimental searches for new proton emitters in
this mass region.

IV. SUMMARY AND CONCLUSIONS

In this study, we extended the DPM previously valid-
ated for o decay to the description of proton radioactivity
in nuclei with 53<Z<83. The nuclear interaction
between the emitted proton and daughter nucleus was ob-
tained by folding a Skyrme-type effective nucleon—nuc-
leon interaction with finite—size proton densities and

Conditional proton-emission half-life estimates for candidate proton emitters calculated with the DPM(Fermi) +S2HF and

MUDLP formula. The input Q, values are taken from AME2020 (deduced from available experimental mass data), and the remaining

input quantities are listed.

Nucleus 0,/MeV I Jr / STHF log; Tf}}z /s
Gaussian Fermi MUDLP
103gp 0.98 5/2+# 0+ 2 1.00 —6.68 —6.97 —6.56
104G, 0.51 — 5/2-+# 2[6] 1.00 1.66 1.33 1.80
162Re 0.79 2)- 7/2-# 2 0.83 4.88 438 431
163Re 0.72 12+ 0+ 0 0.92 5.67 5.39 5.06
169 Ay 1.95 1/2+# 0+ 0 0.32 —7.53 =7.76 -8.30
1844 1.56 3+# 3/2-* 1 0.01 -2.05 -2.39 —2.94
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spherical daughter densities. The half-lives were evalu-
ated within the WKB approximation for 39 known pro-
ton emitters. Microscopic, state-dependent spectroscopic
factors SO*® and 2 from RMF+BCS calculations were
incorporated to consider the structural dependence of the
proton preformation probability.

A systematic comparison with experimental half-lives
showed that treating the proton as an extended object im-
proved the overall agreement with data compared with
the Coulomb-and-proximity-potential model and with the
deformed two-potential approach when the preformation
factor was neglected. The inclusion of microscopic spec-
troscopic factors provided the main leverage for further
reducing the global RMS deviation, with the combina-
tion DPM(Fermi)+S2"" emerging as the preferred setting
in the present framework and achieving o = 0.37. In par-
allel, we constructed a modified UDLP (MUDLP) by in-
troducing an explicit spectroscopic-factor term. The res-
ulting analytic formula closely reproduced the DPM
trends and reduced the dispersion to o =0.28 for the
same data set.

To gain qualitative insight into structure-related
trends, we analyzed the residuals grouped by the minim-
um orbital angular momentum /. The /=0 and 2 sub-
groups displayed larger RMS deviations, which can be
traced to the weaker centrifugal contribution to the barri-
er: small variations in Q,, in the surface region of the
double-folding potential, or in SZ"" were more strongly
amplified in the WKB action and in log,, T ,,. In contrast,

the [/ = 5 subgroup, dominated by well-defined high-j con-
figurations, showed a smaller dispersion. The largest
model-to-model variation was found for '*‘Bi, where
strong proton shell effects around the magic number
Z =82 and very small spectroscopic factor §%"" =0.01
made the calculated width particularly sensitive to the de-
tails of the barrier.

Finally, we used the DPM(Fermi)+S2" and
MUDLP+S %" prescriptions to predict proton-emission
half-lives for several nuclei near the proton drip line
whose proton radioactivity has not yet been observed. For
each candidate, the two approaches yielded mutually con-
sistent half-lives, with differences in log,, T}, remaining
within approximately one order of magnitude and typic-
ally below ~ 0.9. Thus, our results demonstrate that the
DPM supplemented with microscopic spectroscopic
factors provides a reliable semi-microscopic framework
for describing proton radioactivity and for extrapolating
toward yet-unobserved proton emitters, while the
MUDLP formula offers a compact analytic complement.
These predictions may serve as a useful guide for future
experimental searches in the vicinity of the proton drip
line. We emphasize that the present extrapolations for
candidate nuclei are conditional on the adopted
AME2020 Q, values; a fully predictive description, in
which both Q, and T, are obtained self-consistently,
would require coupling to nuclear-mass models or micro-
scopic resonance approaches, which will be pursued in
future work.

References

[1T K. Jackson, C. Cardinal, H. Evans et al., Phys. Lett. B 33,

281 (1970)

[2] 1. Cerny, J. Esterl, R. Gough et al., Phys. Lett. B 33, 284
(1970)

[3] K. P. Santhosh and I. Sukumaran, Phys. Rev. C 96, 034619
(2017)

[4] M. Karny, K. Rykaczewski, R. Grzywacz et al., Phys. Lett.
B 664, 52 (2008)
[5] C. Qi, D. S. Delion, R. J. Liotta et al., Phys. Rev. C 85,
011303 (2012)
[6] H.F. Zhang, Y. J. Wang, J. M. Dong et al., J. Phys. G:
Nucl. Part. Phys. 37, 085107 (2010)
[71 1. L. Chen, X. H. Li, X. J. Wu et al., Eur. Phys. J. A 57, 305
(2021)
[8] D.-M. Zhang, L. J. Qi, H. F. Gui et al., Phys. Rev. C 108,
024318 (2023)
[91 Y. Fan, X. D. Sun, L. J. Liao, X. Liu et al., Phys. Rev. C
112, 054311 (2025)
[10] J. L. Chen, J. H. Cheng, J. G. Deng, et al., Nuclear Physics
Review 35(3), 257 (2018)
[11] S. Aberg, P. B. Semmes, and W. Nazarewicz, Phys. Rev. C
56, 1762 (1997)
[12]  D. Delion, R. Liotta, and R. Wyss, Physics Reports 424,
113 (2006)
[13] C. N. Davids and H. Esbensen, Phys. Rev. C 64, 034317

(2001)

[14] B. Barmore, A. T. Kruppa, W. Nazarewicz ef al., Phys. Rev.
C 62, 054315 (2000)

[15] M. Balasubramaniam and N. Arunachalam, Phys. Rev. C
71, 014603 (2005)

[16] J. M. Dong, H. F. Zhang, W. Zuo et al., Chin. Phys. C 34,
182 (2010)

[17] D. N. Basu, P. R. Chowdhury, and C. Samanta, Phys. Rev.
C72,051601 (2005)

[18] B. Sahu, S. K. Agarwalla, and S. K. Patra, Phys. Rev. C 84,
054604 (2011)

[19] Y.B.QIAN, Z. Z. REN, and D. D. NI, Chin. Phys. Lett. 27,
072301 (2010)

[20] Y. Qian and Z. Ren, Eur. Phys. J. A 52, 68 (2016)

[21]  A. Zdeb, M. Warda, C. Petrache et al., Eur. Phys. J. A 52,
323 (2016)

[22] J. L. Chen, X. H. Li, J. H. Cheng et al., J. Phys. G: Nucl.
Part. Phys. 46, 065107 (2019)

[23] D. M. Zhang, X. Y. Hu, L. J. Qi et al., Chin. Phys. C 48,
044102 (2024)

[24] N. Teruya, S. B. Duarte, and M. M. N. Rodrigues, Phys.
Rev. C 93, 024606 (2016)

[25] C. Guo and G. Zhang, Eur. Phys. J. A 50, 187 (2014)

[26] D. M. Zhang, L. J. Qi, D. X. Zhu et al., Nucl. Sci. Tech 34,
55(2023)

[27]  A. Soylu, F. Koyuncu, G. Gangopadhyay et al., Chin. Phys.

054108-11


https://doi.org/10.1016/0370-2693(70)90344-7
https://doi.org/10.1016/0370-2693(70)90344-7
https://doi.org/10.1016/0370-2693(70)90344-7
https://doi.org/10.1016/0370-2693(70)90344-7
https://doi.org/10.1016/0370-2693(70)90344-7
https://doi.org/10.1016/0370-2693(70)90344-7
https://doi.org/10.1016/0370-2693(70)90344-7
https://doi.org/10.1016/0370-2693(70)90344-7
https://doi.org/10.1016/0370-2693(70)90344-7
https://doi.org/10.1016/0370-2693(70)90270-4
https://doi.org/10.1016/0370-2693(70)90270-4
https://doi.org/10.1016/0370-2693(70)90270-4
https://doi.org/10.1016/0370-2693(70)90270-4
https://doi.org/10.1016/0370-2693(70)90270-4
https://doi.org/10.1016/0370-2693(70)90270-4
https://doi.org/10.1016/0370-2693(70)90270-4
https://doi.org/10.1016/0370-2693(70)90270-4
https://doi.org/10.1016/0370-2693(70)90270-4
https://doi.org/10.1103/PhysRevC.96.034619
https://doi.org/10.1103/PhysRevC.96.034619
https://doi.org/10.1103/PhysRevC.96.034619
https://doi.org/10.1103/PhysRevC.96.034619
https://doi.org/10.1103/PhysRevC.96.034619
https://doi.org/10.1103/PhysRevC.96.034619
https://doi.org/10.1103/PhysRevC.96.034619
https://doi.org/10.1103/PhysRevC.96.034619
https://doi.org/10.1103/PhysRevC.96.034619
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1016/j.physletb.2008.04.056
https://doi.org/10.1103/PhysRevC.85.011303
https://doi.org/10.1103/PhysRevC.85.011303
https://doi.org/10.1103/PhysRevC.85.011303
https://doi.org/10.1103/PhysRevC.85.011303
https://doi.org/10.1103/PhysRevC.85.011303
https://doi.org/10.1103/PhysRevC.85.011303
https://doi.org/10.1103/PhysRevC.85.011303
https://doi.org/10.1103/PhysRevC.85.011303
https://doi.org/10.1103/PhysRevC.85.011303
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1088/0954-3899/37/8/085107
https://doi.org/10.1140/epja/s10050-021-00618-1
https://doi.org/10.1140/epja/s10050-021-00618-1
https://doi.org/10.1140/epja/s10050-021-00618-1
https://doi.org/10.1140/epja/s10050-021-00618-1
https://doi.org/10.1140/epja/s10050-021-00618-1
https://doi.org/10.1140/epja/s10050-021-00618-1
https://doi.org/10.1140/epja/s10050-021-00618-1
https://doi.org/10.1140/epja/s10050-021-00618-1
https://doi.org/10.1140/epja/s10050-021-00618-1
https://doi.org/10.1103/PhysRevC.108.024318
https://doi.org/10.1103/PhysRevC.108.024318
https://doi.org/10.1103/PhysRevC.108.024318
https://doi.org/10.1103/PhysRevC.108.024318
https://doi.org/10.1103/PhysRevC.108.024318
https://doi.org/10.1103/PhysRevC.108.024318
https://doi.org/10.1103/PhysRevC.108.024318
https://doi.org/10.1103/PhysRevC.108.024318
https://doi.org/10.1103/PhysRevC.108.024318
https://doi.org/10.1103/PhysRevC.112.054311
https://doi.org/10.1103/PhysRevC.112.054311
https://doi.org/10.1103/PhysRevC.112.054311
https://doi.org/10.1103/PhysRevC.112.054311
https://doi.org/10.1103/PhysRevC.112.054311
https://doi.org/10.1103/PhysRevC.112.054311
https://doi.org/10.1103/PhysRevC.112.054311
https://doi.org/10.1103/PhysRevC.112.054311
https://doi.org/10.1103/PhysRevC.112.054311
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/11804/NuclPhysRev.35.03.257
https://doi.org/10.1103/PhysRevC.56.1762
https://doi.org/10.1103/PhysRevC.56.1762
https://doi.org/10.1103/PhysRevC.56.1762
https://doi.org/10.1103/PhysRevC.56.1762
https://doi.org/10.1103/PhysRevC.56.1762
https://doi.org/10.1103/PhysRevC.56.1762
https://doi.org/10.1103/PhysRevC.56.1762
https://doi.org/10.1103/PhysRevC.56.1762
https://doi.org/10.1103/PhysRevC.56.1762
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1016/j.physrep.2005.11.001
https://doi.org/10.1103/PhysRevC.64.034317
https://doi.org/10.1103/PhysRevC.64.034317
https://doi.org/10.1103/PhysRevC.64.034317
https://doi.org/10.1103/PhysRevC.64.034317
https://doi.org/10.1103/PhysRevC.64.034317
https://doi.org/10.1103/PhysRevC.64.034317
https://doi.org/10.1103/PhysRevC.64.034317
https://doi.org/10.1103/PhysRevC.64.034317
https://doi.org/10.1103/PhysRevC.64.034317
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.71.014603
https://doi.org/10.1103/PhysRevC.71.014603
https://doi.org/10.1103/PhysRevC.71.014603
https://doi.org/10.1103/PhysRevC.71.014603
https://doi.org/10.1103/PhysRevC.71.014603
https://doi.org/10.1103/PhysRevC.71.014603
https://doi.org/10.1103/PhysRevC.71.014603
https://doi.org/10.1103/PhysRevC.71.014603
https://doi.org/10.1103/PhysRevC.71.014603
https://doi.org/10.1088/1674-1137/34/2/005
https://doi.org/10.1088/1674-1137/34/2/005
https://doi.org/10.1088/1674-1137/34/2/005
https://doi.org/10.1088/1674-1137/34/2/005
https://doi.org/10.1088/1674-1137/34/2/005
https://doi.org/10.1088/1674-1137/34/2/005
https://doi.org/10.1088/1674-1137/34/2/005
https://doi.org/10.1088/1674-1137/34/2/005
https://doi.org/10.1088/1674-1137/34/2/005
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.72.051601
https://doi.org/10.1103/PhysRevC.84.054604
https://doi.org/10.1103/PhysRevC.84.054604
https://doi.org/10.1103/PhysRevC.84.054604
https://doi.org/10.1103/PhysRevC.84.054604
https://doi.org/10.1103/PhysRevC.84.054604
https://doi.org/10.1103/PhysRevC.84.054604
https://doi.org/10.1103/PhysRevC.84.054604
https://doi.org/10.1103/PhysRevC.84.054604
https://doi.org/10.1103/PhysRevC.84.054604
https://doi.org/10.1088/0256-307X/27/7/072301
https://doi.org/10.1088/0256-307X/27/7/072301
https://doi.org/10.1088/0256-307X/27/7/072301
https://doi.org/10.1088/0256-307X/27/7/072301
https://doi.org/10.1088/0256-307X/27/7/072301
https://doi.org/10.1088/0256-307X/27/7/072301
https://doi.org/10.1088/0256-307X/27/7/072301
https://doi.org/10.1088/0256-307X/27/7/072301
https://doi.org/10.1088/0256-307X/27/7/072301
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16068-3
https://doi.org/10.1140/epja/i2016-16323-7
https://doi.org/10.1140/epja/i2016-16323-7
https://doi.org/10.1140/epja/i2016-16323-7
https://doi.org/10.1140/epja/i2016-16323-7
https://doi.org/10.1140/epja/i2016-16323-7
https://doi.org/10.1140/epja/i2016-16323-7
https://doi.org/10.1140/epja/i2016-16323-7
https://doi.org/10.1140/epja/i2016-16323-7
https://doi.org/10.1140/epja/i2016-16323-7
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1361-6471/ab1a56
https://doi.org/10.1088/1674-1137/ad243d
https://doi.org/10.1088/1674-1137/ad243d
https://doi.org/10.1088/1674-1137/ad243d
https://doi.org/10.1088/1674-1137/ad243d
https://doi.org/10.1088/1674-1137/ad243d
https://doi.org/10.1088/1674-1137/ad243d
https://doi.org/10.1088/1674-1137/ad243d
https://doi.org/10.1088/1674-1137/ad243d
https://doi.org/10.1088/1674-1137/ad243d
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1103/PhysRevC.93.024606
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1140/epja/i2014-14187-5
https://doi.org/10.1007/s41365-023-01201-7
https://doi.org/10.1007/s41365-023-01201-7
https://doi.org/10.1007/s41365-023-01201-7
https://doi.org/10.1007/s41365-023-01201-7
https://doi.org/10.1007/s41365-023-01201-7
https://doi.org/10.1007/s41365-023-01201-7
https://doi.org/10.1007/s41365-023-01201-7
https://doi.org/10.1007/s41365-023-01201-7
https://doi.org/10.1007/s41365-023-01201-7
https://doi.org/10.1088/1674-1137/abe87f

Hai-Tao Yang, Zhong-Xia Zhao, Xiao-Pan Li et al.

Chin. Phys. C 50, 054108 (2026)

(28]
[29]

[30]
(31]

(32]
(33]
[34]
[35]
[36]
[37]
[38]

[39]
[40]

C 45, 044108 (2021)

J. G. Deng, X. H. Li, J. L. Chen et al., Eur. Phys. J. A 55, 58
(2019)

H. Yang, X. Li, X. Song ef al., Phys. Rev. C 113, 014307
(2026)

J. Patterson and R. Peterson, Nucl. Phys. A 717, 235 (2003)
J. Zhang, X. Tu, Y. Huang et al., Comput. Phys. Commun.
312, 109587 (2025)

M. Park, Y. Choi, and Y. Kim, Int. J. Mod. Phys. E 34,
2550021 (2025)

Z. Yuan, D. Bai, Z. Wang et al., Sci. Chin. Phys., Mech.
Astron. 66, 222012 (2023)

J. M. Dong, H. F. Zhang, and G. Royer, Phys. Rev. C 79,
054330 (2009)

Y. Lim, X. Xia, and Y. Kim, Phys. Rev. C 93, 014314
(2016)

Q. Zhao, J. M. Dong, J. L. Song et al., Phys. Rev. C 90,
054326 (2014)

J. L. Chen, J. Y. Xu, J. G. Deng et al., Eur. Phys. J. A 55,
214 (2019)

Z. X. Zhang and J. M. Dong, Chin. Phys. C 42, 014104
(2018)

V. Dehghani and S. Alavi, Chin. Phys. C 42, 104101 (2018)
J. Dong, W. Zuo, J. Gu et al., Phys. Rev. C 81, 064309

[41]
[42]
[43]
[44]
[45]
[46]
[47]
(48]
[49]

[50]
[51]

[52]

054108-12

(2010)

M. R. Pahlavani and F. Ahmadvand, Int. J. Mod. Phys. E
32, 2350036 (2023)

G. G. Adamian, N. V. Antonenko, R. V. Jolos et al., Int. J.
Mod. Phys. E 5, 191 (1996)

W. Yahya and B. Falaye, Nucl. Phys. A 1015, 122311
(2021)

F. G. Kondev, M. Wang, W. J. Huang et al., Chin. Phys. C
45, 030001 (2021)

M. Wang, W. J. Huang, F. G. Kondev et al., Chin. Phys. C
45, 030003 (2021)

A. Adel and A. R. Abdulghany, Physica Scripta 96, 125314
(2021)

M. Pahlavani and S. Rahimi Shamami, Chinese Journal of
Physics 66, 733 (2020)

Y.-Y. Xu, X.-Y. Hu, D.-X. Zhu et al., Nucl. Sci. Tech 34,
30 (2023)

D. S. Delion and A. Dumitrescu, Phys. Rev. C 103, 054325
(2021)

D. S. Delion, Phys. Rev. C 80, 024310 (2009)

M. Ismail, A. Adel, A. Y. Ellithi ef al., Chin. Phys. C 50, 1
(2026)

D. N. Poenaru, R. A. Gherghescu, and W. Greiner, Phys.
Rev. C 83, 014601 (2011)


https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1088/1674-1137/abe87f
https://doi.org/10.1140/epja/i2019-12728-0
https://doi.org/10.1140/epja/i2019-12728-0
https://doi.org/10.1140/epja/i2019-12728-0
https://doi.org/10.1140/epja/i2019-12728-0
https://doi.org/10.1140/epja/i2019-12728-0
https://doi.org/10.1140/epja/i2019-12728-0
https://doi.org/10.1140/epja/i2019-12728-0
https://doi.org/10.1140/epja/i2019-12728-0
https://doi.org/10.1140/epja/i2019-12728-0
https://doi.org/10.1103/PhysRevC.113.014307
https://doi.org/10.1103/PhysRevC.113.014307
https://doi.org/10.1103/PhysRevC.113.014307
https://doi.org/10.1103/PhysRevC.113.014307
https://doi.org/10.1103/PhysRevC.113.014307
https://doi.org/10.1103/PhysRevC.113.014307
https://doi.org/10.1103/PhysRevC.113.014307
https://doi.org/10.1103/PhysRevC.113.014307
https://doi.org/10.1103/PhysRevC.113.014307
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/S0375-9474(03)00652-3
https://doi.org/10.1016/j.cpc.2025.109587
https://doi.org/10.1016/j.cpc.2025.109587
https://doi.org/10.1016/j.cpc.2025.109587
https://doi.org/10.1016/j.cpc.2025.109587
https://doi.org/10.1016/j.cpc.2025.109587
https://doi.org/10.1016/j.cpc.2025.109587
https://doi.org/10.1016/j.cpc.2025.109587
https://doi.org/10.1016/j.cpc.2025.109587
https://doi.org/10.1016/j.cpc.2025.109587
https://doi.org/10.1142/S0218301325500211
https://doi.org/10.1142/S0218301325500211
https://doi.org/10.1142/S0218301325500211
https://doi.org/10.1142/S0218301325500211
https://doi.org/10.1142/S0218301325500211
https://doi.org/10.1142/S0218301325500211
https://doi.org/10.1142/S0218301325500211
https://doi.org/10.1142/S0218301325500211
https://doi.org/10.1142/S0218301325500211
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1007/s11433-022-1994-8
https://doi.org/10.1103/PhysRevC.79.054330
https://doi.org/10.1103/PhysRevC.79.054330
https://doi.org/10.1103/PhysRevC.79.054330
https://doi.org/10.1103/PhysRevC.79.054330
https://doi.org/10.1103/PhysRevC.79.054330
https://doi.org/10.1103/PhysRevC.79.054330
https://doi.org/10.1103/PhysRevC.79.054330
https://doi.org/10.1103/PhysRevC.79.054330
https://doi.org/10.1103/PhysRevC.79.054330
https://doi.org/10.1103/PhysRevC.93.014314
https://doi.org/10.1103/PhysRevC.93.014314
https://doi.org/10.1103/PhysRevC.93.014314
https://doi.org/10.1103/PhysRevC.93.014314
https://doi.org/10.1103/PhysRevC.93.014314
https://doi.org/10.1103/PhysRevC.93.014314
https://doi.org/10.1103/PhysRevC.93.014314
https://doi.org/10.1103/PhysRevC.93.014314
https://doi.org/10.1103/PhysRevC.93.014314
https://doi.org/10.1103/PhysRevC.90.054326
https://doi.org/10.1103/PhysRevC.90.054326
https://doi.org/10.1103/PhysRevC.90.054326
https://doi.org/10.1103/PhysRevC.90.054326
https://doi.org/10.1103/PhysRevC.90.054326
https://doi.org/10.1103/PhysRevC.90.054326
https://doi.org/10.1103/PhysRevC.90.054326
https://doi.org/10.1103/PhysRevC.90.054326
https://doi.org/10.1103/PhysRevC.90.054326
https://doi.org/10.1140/epja/i2019-12927-7
https://doi.org/10.1140/epja/i2019-12927-7
https://doi.org/10.1140/epja/i2019-12927-7
https://doi.org/10.1140/epja/i2019-12927-7
https://doi.org/10.1140/epja/i2019-12927-7
https://doi.org/10.1140/epja/i2019-12927-7
https://doi.org/10.1140/epja/i2019-12927-7
https://doi.org/10.1140/epja/i2019-12927-7
https://doi.org/10.1140/epja/i2019-12927-7
https://doi.org/10.1088/1674-1137/42/1/014104
https://doi.org/10.1088/1674-1137/42/1/014104
https://doi.org/10.1088/1674-1137/42/1/014104
https://doi.org/10.1088/1674-1137/42/1/014104
https://doi.org/10.1088/1674-1137/42/1/014104
https://doi.org/10.1088/1674-1137/42/1/014104
https://doi.org/10.1088/1674-1137/42/1/014104
https://doi.org/10.1088/1674-1137/42/1/014104
https://doi.org/10.1088/1674-1137/42/1/014104
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1088/1674-1137/42/10/104101
https://doi.org/10.1103/PhysRevC.81.064309
https://doi.org/10.1103/PhysRevC.81.064309
https://doi.org/10.1103/PhysRevC.81.064309
https://doi.org/10.1103/PhysRevC.81.064309
https://doi.org/10.1103/PhysRevC.81.064309
https://doi.org/10.1103/PhysRevC.81.064309
https://doi.org/10.1103/PhysRevC.81.064309
https://doi.org/10.1103/PhysRevC.81.064309
https://doi.org/10.1103/PhysRevC.81.064309
https://doi.org/10.1142/S021830132350036X
https://doi.org/10.1142/S021830132350036X
https://doi.org/10.1142/S021830132350036X
https://doi.org/10.1142/S021830132350036X
https://doi.org/10.1142/S021830132350036X
https://doi.org/10.1142/S021830132350036X
https://doi.org/10.1142/S021830132350036X
https://doi.org/10.1142/S021830132350036X
https://doi.org/10.1142/S021830132350036X
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1142/S0218301396000145
https://doi.org/10.1016/j.nuclphysa.2021.122311
https://doi.org/10.1016/j.nuclphysa.2021.122311
https://doi.org/10.1016/j.nuclphysa.2021.122311
https://doi.org/10.1016/j.nuclphysa.2021.122311
https://doi.org/10.1016/j.nuclphysa.2021.122311
https://doi.org/10.1016/j.nuclphysa.2021.122311
https://doi.org/10.1016/j.nuclphysa.2021.122311
https://doi.org/10.1016/j.nuclphysa.2021.122311
https://doi.org/10.1016/j.nuclphysa.2021.122311
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1402-4896/ac33f6
https://doi.org/10.1088/1402-4896/ac33f6
https://doi.org/10.1088/1402-4896/ac33f6
https://doi.org/10.1088/1402-4896/ac33f6
https://doi.org/10.1088/1402-4896/ac33f6
https://doi.org/10.1088/1402-4896/ac33f6
https://doi.org/10.1088/1402-4896/ac33f6
https://doi.org/10.1088/1402-4896/ac33f6
https://doi.org/10.1088/1402-4896/ac33f6
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1016/j.cjph.2020.06.019
https://doi.org/10.1007/s41365-023-01178-3
https://doi.org/10.1007/s41365-023-01178-3
https://doi.org/10.1007/s41365-023-01178-3
https://doi.org/10.1007/s41365-023-01178-3
https://doi.org/10.1007/s41365-023-01178-3
https://doi.org/10.1007/s41365-023-01178-3
https://doi.org/10.1007/s41365-023-01178-3
https://doi.org/10.1007/s41365-023-01178-3
https://doi.org/10.1007/s41365-023-01178-3
https://doi.org/10.1103/PhysRevC.103.054325
https://doi.org/10.1103/PhysRevC.103.054325
https://doi.org/10.1103/PhysRevC.103.054325
https://doi.org/10.1103/PhysRevC.103.054325
https://doi.org/10.1103/PhysRevC.103.054325
https://doi.org/10.1103/PhysRevC.103.054325
https://doi.org/10.1103/PhysRevC.103.054325
https://doi.org/10.1103/PhysRevC.103.054325
https://doi.org/10.1103/PhysRevC.103.054325
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1103/PhysRevC.80.024310
https://doi.org/10.1088/1674-1137/ae1f07
https://doi.org/10.1088/1674-1137/ae1f07
https://doi.org/10.1088/1674-1137/ae1f07
https://doi.org/10.1088/1674-1137/ae1f07
https://doi.org/10.1088/1674-1137/ae1f07
https://doi.org/10.1088/1674-1137/ae1f07
https://doi.org/10.1088/1674-1137/ae1f07
https://doi.org/10.1088/1674-1137/ae1f07
https://doi.org/10.1088/1674-1137/ae1f07
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601
https://doi.org/10.1103/PhysRevC.83.014601

	I INTRODUCTION
	II THEORETICAL FRAMEWORK
	A Double-folding potential model
	B Empirical formulas for proton radioactivity

	III RESULTS AND DISCUSSION
	IV SUMMARY AND CONCLUSIONS
	REFERENCES

