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Abstract: In this work, considering the preformation factor of the emitted two protons in parent nucleus S, and
the effect of the parent nucleus deformation, based on the Wentzel-Kramers-Brillouin approximation and Bohr-Som-
merfeld quantization condition, we improve a simple phenomenological model proposed by Bayrak [J. Phys. G: 47,
025102 (2020)] to systematically study 2p radioactivity half-lives. This model contains two adjustable parameters
Vo and ag, which are related to the depth of nuclear potential and effect of deformation. The calculated results show
that this model can effectively reproduce the experimental data with a corresponding root-mean-square (RMS) stand-
ard deviation of o = 0.683. For comparison, we include the Gamow-like model (GLM) proposed by Liu ef al. [Chin.
Phys. C 45, 044110 (2021)], generalized liquid drop model (GLDM) proposed by Cui et al. [Phys. Rev. C 101,
014301 (2020)], effective liquid drop model (ELDM) proposed by M. Gonalves ef al. [Phys. Lett. B 774, 14 (2017)],
two-potential approach with Skyrme-Hartree-Fock (TPASHF) proposed by Pan et al. [Chin. Phys. C 45, 124104
(2021)], phenomenological model with a screened electrostatic barrier (SEB) propoesed by Zou et al. [Chin. Phys. C
45, 104101 (2021)], unified fission model (UFM) proposed by Xing et al. [Chin. Phys. C 45, 124105 (2021)], Cou-
lomb and proximity potential model for deformed nuclei (CPPMDN) proposed by Santhosh [Phys. Rev. C 104,
064613 (2021)], two-parameter empirical formula proposed by Liu et al. [Chin. Phys. C 45, 024108 (2021)], and
four-parameter empirical formula proposed by Sreeja ef al. [Eur. Phys. J. A 55, 33 (2019)]. In addition, we use this
model to predict the 2p radioactive half-lives of some possible potential nuclei whose 2p radioactivity are energetic-

ally allowed or observed but not yet quantified in NUBASE2020.
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I. INTRODUCTION

Since Becquerel's first discovery of spontaneous ra-
dioactivity over a century ago, scientists have discovered
various forms of nuclear decay and reaction, which in-
cludes a decay [1-12], beta decay [13], fragmentation re-
actions [14, 15], heavy-ion collisions [16-19], etc.
[20-25]. Two-proton (2p) radioactivity that involves the
emission of two protons was observed around the proton
drip line, and a novel exotic decay mode was discovered
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above. The study of 2p radioactivity can provide valu-
able insights into information on nuclear structure, such
as the sequence of particle energies, wave function of
emitted two protons, spin, parity, and the effect of de-
formation and so on [26-31]. Then, 2p radioactivity be-
came one of the hot topics in nuclear physics [32-36]. In
the 1960s, Zel'dovich [37] and Goldansky [38] made the
first prediction of 2p radioactivity independently. At the
same time, Goldansky tried to identify potential candid-
ates for 2p radioactivity and coined the term "two-proton
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radioactivity" [38, 39]. Subsequently, the extremely
short-lived 2p radioactivity, i.e., not true 2p radioactivity
(Q2p >0 and Q, >0, where Q,, and Q, are the released
energy of 2p radioactivity and single-proton emission, re-
spectively), was observed through a series of ground-state
emitters in an experiment before 2002, such as °Be [40],
120 [41-44], and '®Ne [45]. With the development of ex-
perimental radioactive beam facilities and new detection
technology, *Fe was confirmed as the first true 2p radio-
activity (Q,, >0 and Q, <0) nucleus in the experiments
by Pfiitzner et al. [46] at GSI (Germany) and Giovinazzo
et al. [47] at GANIL (France) in 2002, respectively. Later
on, Mg [48], 8Ni [49], and **Zn [50] were found as true
2p radioactivity nuclei in different experiments.

To date, various models and/or approaches have been
proposed to describe the emission mechanism of 2p ra-
dioactivity and determine its typical half-life. In general,
these models and/or approaches can be divided into three
main types: the three-body model where the emitted two
protons from the parent nucleus may be an isotropic
emission with no angular correlation [51-55], the simul-
taneous versus sequential decay model [38, 56], and the
simplified theoretical models where the two protons re-
leased from the parent nucleus exhibit a strong correla-
tion as a result of the proton-proton pairing effect, which
includes the direct decay model [57—62] and diproton
model [63]. In the former, Grigorenko considered 2p ra-
dioactivity as a three-body problem [55] based on the hy-
perspherical harmonics method, and Rotureau et al. in-
vestigated 2p radioactivity in the framework of the shell
model embedded in the continuum [64]. In the latter,
Lvarez-Rodriguez et al. described that the simultaneous
versus sequential decay is possible when the two-body
resonance energy and width are both small and the effect-
ive barrier is very thick [56]. In 2017, Gonalves et al.
treated the 2p emission process as “He cluster and calcu-
lated half-lives of 2p emitters using the effective liquid
drop model (ELDM) [65]. In 2020, Cui et al. studied the
2p radioactivity of nuclei in the ground state using a gen-
eralized liquid drop model (GLDM) [66]. Soon after, Liu
et al. [67] systematically analyzed 2p radioactivity based
on the Gamow-like model [68, 69]. In 2021, considering
the effect of deformation, Santhosh proposed the Cou-
lomb and proximity potential model for deformed nuclei
(CPPMDN) to systemtically calculate the 2p radioactiv-
ity half-life [30]. At the same time, the two-potential ap-
proach with Skyrme-Hartree-Fock (TPASHF), the uni-
fied fission model (UFM), and the phenomenological
model with a screened electrostatic barrier (SEB) were
proposed to study 2p radioactivity half-life by Pan et al.
[34], Xing et al. [36] and Zou et al. [35], respectively.
Their calculated results could reproduce the experimental
data well. However, there is no agreement on whether the
two protons are simultaneously emitted as two independ-
ent protons or as a "diproton emission" similar to the

emission of a “He-like cluster from the mother nucleus.
Furthermore, some empirical and/or semi-empirical for-
mulas can successfully reproduce the 2p radioactivity
half-life, such as Liu's two-parameter empirical formula
[70] and the four-parameter empirical formula proposed
by Sreeja et al. [71].

In 2020, Bayrak proposed a novel and simple model
to calculate the half-lives of 263 favored a decay nuclei
utilizing the Wentzel-Kramers-Brillouin (WKB) approx-
imation and the Bohr-Sommerfeld quantization condition
[72]. There is only one adjustable parameter: V, i.e., the
depth of nuclear potential determined by fitting the exper-
imental a decay half-lives in this model. Recently, Zhu et
al. successfully extended this model to the aspect of
cluster radioactivity [73]. Considering that the 2p radio-
activity process could share the same mechanism of the
tunneling effect with o decay and cluster radioactivity,
whether this model can be extended to study 2p radio-
activity is an interesting question. To this end, we extend
this simple model to systematically study the half-lives of
2p radioactivity and try to improve this model while con-
sidering the effect of deformation. The results show that
the theoretical values are consistent with the experiment-
al data. Meanwhile, we use this improved model to pre-
dict the half-lives of some possible 2p radioactivity can-
didates whose 2p radioactivity is energetically allowed or
observed but not yet quantified in NUBASE2020 [74].

This article is organized as follows. In Section II, the
theoretical framework for the simple model is concisely
described. The calculations and discussion are presented
in Section III. Finally, a brief summary is given in Sec-
tion IV.

II. THEORETICAL FRAMEWORK

A. Half-lives of 2p radioactivity
The 2p radioactivity half-life T/, is defined as [75]

hln2

T]/Z = T,

(1)

where 7 represents the reduced Plank constant. The 2p
radioactivity width I' can be expressed as follows:

h2
I'= SzpF@exp(—ZP), 2)

where p = mgmy,/(mg+my,) ~ 9383 x2x A, /A MeV/c? is
the reduced mass with m, and m,, as the masses of the
daughter nucleus and the emitted two protons, respect-
ively, and A, and A are the mass numbers of the daugh-
ter nucleus and parent nucleus, respectively [67]. S», rep-
resents the preformation factor for 2p radioactivity. It can
be obtained by using the cluster overlap approximation
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[76], which can be expressed as

S5, =GHA/(A=2)1"'\, 3)

where G} = (2n)!/[2*(n!)*] [77], with n~ (32)'* -1 [78]
being the average principal proton oscillator quantum
number, where Z is the proton number of the parent nuc-
leus. The parameter y? =0.0143 was determined by fit-
ting the experimental half-lives [66]. The normalization
factor F'[75] and action integral P can be expressed as

Fe—1 @

Jo e

P= /rz drk(r), ®)

2
where k(r) =4/ %(VZp(r)_QZp) is the wave number in

the barrier region of the total interaction potential.  rep-
resents the distance between the centers of the emitted
two protons and daughter nucleus. Q,, is the released en-
ergy of 2p radioactivity. The classical turning points r
and r, satisfy the conditions V;,(r1) = V,,(r2) = 0,,.

The total interaction potential V,,(r) between the
emitted two protons and daughter nucleus, including nuc-
lear potential Vy(r), Coulomb potential V¢(r), and centri-
fugal potential V,(r), is written as [79]

Vap(r) = Vn(r) + Ve (r) + Vi(r). (6)

In this study, we chose Vy(r) as the modified harmon-
ic oscillator form [72]. This can be expressed as follows:

Va(r) = =Vo+Vir?, @)

where V, and V, are the depth and diffusivity of the nuc-
lear potential, respectively.

For the Coulomb potential V(r) in 2p radioactivity,
we choose the potential as a uniformly charged sphere
with radius R, denoted as

2 2
2R (k) ren
Ve(r) = (3)

Zszdez

r

, r>ry,

where ? = 1.4399652 MeV-fm is the square of the elec-
tronic elementary charge and R = FO(AZE +AY?). Here, ry,
Az, Zo,, and Z, are the effective nuclear radius paramet-

er, mass number of the emitted two protons, and proton
numbers of the emitted two protons and daughter nucleus,
respectively. In this study, ro = 1.28 fm was taken from
Ref. [80].

The centrifugal potential V,(r) can be written as

GUGS))

Vi) =" ©)

where / is the orbital angular momentum taken away by
the emitted two protons. In this work, considering all
known 2p radioactivity nuclei in the experiment having
=0, then V,(r) = 0. Therefore, the total interaction po-
tential V,,(r) can be expressed as

Co—Vo+(Vi=Cpr*, r<rn,
Vo (r) =
»0=1{ ¢, (10)
—, r>r,
.
_ 322,,Zd62 _ Zszdez )
where Co = —r > O and C, =2Z,,Z€*.

Using the condition V,,(r) = V2,(r2) = Q,, We can ob-

C
tain = \/(Qsp + Vo—Co)/(Vi—Cy) and rz=Q—2 [72].

The turning points explicitly depend on the effeczt[ive po-
tential parameters V, and 2p radioactivity energy Q,,.
Taking ¢’Kr as an example, we plot total interaction po-
tential V,,(r) given by Eq. (10) as a function of the dis-
tance » between the centers of the emitted two protons
and daughter nucleus in Fig. 1.

The Bohr-Sommerfeld quantization condition can re-
duce the freedom of the system, which is also a vital ap-
plication of the WKB approximation [81, 82]. In this

T T T T T
20 T
r, T,
= 0
=2
c
>§
-20 -
——————— V,, (r, Vg=61. 597MeV)
ok —— V,, (r, V,=50MeV)
. Qy,=1. 69MeV
1 1 1 1 1 1 1 1 1 1
0 10 20y (gp) 30 10 50 60
Fig. 1.  (color online) Total interaction potential V,(r) in

terms of the different potential depths shown as a function of
the distance r between the centers of the emitted two protons
and daughter nucleus for the 7Kr—% Se+2p+(,, system
with 05, = 1.69MeV.

104108-3



Jie-Dong Jiang, Xiao Liu, Dong-Meng Zhang ef al.

Chin. Phys. C 48, 104108 (2024)

work, we use this condition to reduce the degrees of free-
dom of the total potential describing the interaction
between emitted two protons and daughter nucleus. The
formula for this condition can be expressed as

/rl drk(r) = (G -1+ 1T, (11)
A 2

Here, the global quantum number G =2n,+[ in Eq. (11)
is dependent on the Wildermuth quantum rule, with =,
and / representing the radial and angular momentum
quantum numbers, respectively [83]. We chose G =2,
3, 4, 5 corresponding to the 2hw, 3fiw, 4hw, and 5hw os-
cillator shell depending on the individual nuclei for 2p ra-
dioactivity [84]. The relationship between V, and V; can
be expressed as

V1=C1+

% <Q2p+V0—C0>2’ (12)

2K 1+G

with the integral conditions Q,,+V,>Cy and V;>C,.
Based on the above, we can analytically obtain the nor-
malization factor ' and action integral P, which can be
expressed as

4 2
F== ZLw-cy, (13)
T h
g CZ ( Q2prl
P= = arccos
hz \/ Q2p C2
Opri (szrl >2>
- . 14
C c (14)

Therefore, the logarithm of 2p radioactivity half-lives
can be obtained by

10g10T1/2 =A +B/ A/ Q2p7 (15)

where 4 and B can be expressed as

A<lo (ﬂhan 1+G )
So\"p 02, +Vo-Co/’
2w
B =2C;log,,(e) h—l; <arccos Qéipzrl
szl’l (sz"l )2>
- . 16
C c (16)

Considering the substantial impact of deformation on

nuclear structure, especially for two-proton emitters char-
acterized by non-spherical shapes[23, 30] with the addi-
tional term agz|B,|, the newly proposed model can calcu-
late the 2p radioactivity half-lives [85]. The deformation
values B3, are taken from Moller et al. [86]. This can be
written as

10g10T1/2 =A+B/\/Q2p+[lﬁ|ﬁ2|. (17)

B. Empirical and semi-empirical formula

1. Four-parameter empirical formula proposed by

Sreeja

In 2019, based on the effective liquid drop model
(ELDM), Sreeja et al. proposed an empirical formula to
calculate the half-lives of 2p radioactivity [71]. This can
be expressed as

log,o T2 = (@x )+ D)Z54 05,7 + ((c x D) +d), (18)

where a=0.1578, b=19474, c¢=-1.8795, and d=
—24.847 denote the adjustable parameters, which are de-
termined by fitting the calculated results of the ELDM
[71].

2.  Two-parameter empirical formula proposed by Liu

In 2021, based on the Geiger-Nuttall law and experi-
mental data, Liu ef al. proposed a two-parameter empiric-
al formula to study 2p radioactivity half-lives [70]. This
can be formulated as

log o T1/2 = a(Zy® +1°2)05)* + b, (19)

where the adjustable parameters a=2.032 and b=
—26.832, respectively [70].

III. RESULTS AND DISCUSSION

Based on the Wentzel-Kramers-Brillouin approxima-
tion and Bohr-Sommerfeld quantization condition, we ex-
tend a simple phenomenological model proposed by
Bayrak to systematically study the half-lives of favored
2p radioactivity for nuclei with 4 < Z < 36. In this model,
there are two adjustbale parameters V,, and ag: the depth
of nuclear potential and coefficient of effect for deforma-
tion, respectively. Based on the experimental data of the
true 2p radioactivity nuclei using the genetic algorithm,
we obtain the optimal adjustable parameters V, = 61.597
MeV and az=-1.250. Due to the formula V,=25A,,
MeV based on Ref. [87], we can judge that the value of
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V is reasonable. Using this model, we systematically cal-
culate the favored 2p radioactivity half-lives. The de-
tailed calculations are presented in Table 1. In this table,
the first three columns represent the 2p radioactive par-
ent nuclei, 2p radioactivity released energy Q,,, and the
experimental data of the 2p radioactivity half-lives
log,, T7)5, respectively. The fourth to fourteenth columns
are calculated data of the 2p radioactivity half-lives by
using our model with Eqgs. (15) and (17), Gamow-like
model (GLM), generalized liquid drop model (GLDM),
four-parameter empirical formula by Sreeja et al., two-
parameter empirical formula by Liu ef al., ELDM,
TPASHF, SEB, UFM, and CPPMDN, respectively. The
last column gives the logarithm of errors between the ex-
perimental half-lives of 2p radioactivity and the calcu-
lated ones with our model (log, HF =log,,T})}
—log,, T1}3). From this table, it can be seen that for the
true 2p radioactivity nuclei Mg, *Fe, **Ni, 3*Zn, and
7Kr, most of the log,, HF values are between —1 and 1.
This means that our calculated half-lives differs by ap-
proximately one order of magnitude from the experiment-
al value. In particular, for *Fe (Q,, = 1.15MeV) and **Ni
(Q2p = 1.31MeV), the values of log, HF are —0.06 and
—0.09, respectively. For the not true 2p radioactivity nuc-
lei °Be, ?0, and !°Ne, the values of log,, HF are relat-

Table 1.

models and/or empirical formulas. The experimental 2p radioactivity half-lives in logarithmic form log;, T

ively large. Clearly, the calculated half-lives of "*Ne and
7Kr nuclei show significant improvement when the ef-
fects of deformation are considered, compared to calcula-
tions without deformation. This shows that our improved
formula is effective.

To intuitively compare these results, Fig. 2 plots the
differences between the experimental and calculated data
by using different theoretical models and/or empirical
formulas, i.e., our model with Eq. (17), GLM, GLDM,
ELDM, TPASHF, SEB, UFM, CPPMDN, and empirical
formulas proposed by Sreeja ef al. and Liu et al.. It is
evident from this figure that the values of log,, 77—
log,, T1% for the true 2p radioactivity nuclei ('"Mg, “Fe,
®Ni, *Zn, and Kr) are basically within +1, which
means that our model can reproduce the experimental
half-lives accurately. Nevertheless, regarding the not true
radioactivity nuclei (°Be, 20, and 'Ne), the experiment-
al data cannot be reproduced properly, especially for
Ne, with a reported Q,,=1.33MeV and Q,,=1.40
MeV. We can observe that there is a difference of more
than two orders of magnitude between the experimental
and calculated half-lives in several nuclei. This may ac-
count for the imperfection of early detection technolo-
gies and radioactive beam equipment. Meanwhile, we
plot the logarithm 2p radiactivity half-lives of >0, “Fe,

Comparisons between the experimental 2p radioactivity half-lives and calculated ones using eleven different theoretical

exp

1> and experimental 2p re-

leased energy Q,, were extracted from the corresponding references. The deformation values g, were taken from Moller et al. [87].

exp

logioT1y2 (8)

Nuclei 0:,/MeV logyq T1/2 - - log,o HF
Call Cal2 GLM GLDM  Sreeja Liu ELDM TPASHF SEB UFM CPPMDN
Be  1.37[40] —20.30[40] —20.24 —2024 —-19.70 -19.37 -21.95 -23.81 —19.97 - —-19.86 -19.41 —-21.91 —0.06
120 1.64[41] -20.20 [41] -18.50 -18.50 -18.04 -19.71 -1847 -20.17 -18.27 - -17.70 -18.45 -20.90 -1.70
1.82[38] —20.94[38] -—18.74 -18.74 -1830 -19.46 -18.79 -20.52 - - -18.03 -18.69 —21.22 -2.20
1.79 [43] -20.10[43] -18.70 -18.70 -18.26 —19.43 -18.74 -20.46 - - -17.98 -18.65 -21.17 —-1.40
1.80 [44] -—20.12[44] -18.71 -1871 -18.73 -19.44 -18.76 —20.48 - - -18.00 -18.66 —21.19 -1.41
Ne 1.33[38] —20.64[38] —-16.52 —17.07 —1623 —16.45 —1594 —17.53 - - -1547 -16.49 —18.01 -3.57
1.40 [45] -20.38 [45] -16.71 -17.26 -1643 -16.63 -16.16 -17.77 -16.60 - -15.71 -16.68 —-18.25 -3.12
“Mg 0.75[48] -11.40[48] -11.77 -12.07 -1146 -11.79 -10.66 -12.03 -11.72 -11.00 -10.58 -11.77 -11.96 0.67
“Fe  1.10[46] -2.40[46] -1.85 -1.85 -2.09 -223 -125 -221 - -2.1 -232 -194 -2.76 -0.55
1.14[47] —2.07[47] 233 233 -258 271 -166 —2.64 - —2.43 —2.67 243 —2.36 0.26
1.15[49] -2.55[49] -249 249 -274 -287 -1.80 -279 -243 -2.53 -278 =26 -2.53 -0.06
1.21[88] —2.42([88] -3.11 -3.11 -337 350 234 335 - -3.15 -3.24 323 -3.15 0.69
®Ni o 129[89] -2.52[89] —222 222 259 262 -161 259 - -2.17 -2.55 229 -2.17 —-0.30
1.35[49] -2.08[49] -283 -283 -321 -324 -213 -3.13 - -2.79 -3.00 -291 -2.79 0.75
1.31[90] -252[90] -243 -243 -280 -2.83 -1.80 -277 -2.36 -2.38 - -2.5 -2.38 -0.09
“Zn 128[91] -276[91] -125 -159 -093 -087 -0.10 -1.01 - —-1.45 -1.31 -0.52 —-1.45 -1.17
1.48 [50] -2.43([50] -328 -362 -3.01 -295 -1.83 -281 -252 -2.59 -2.81 =26l -2.59 1.19
“Kr  1.69[92] -1.70[92] -0.75 -1.08 -0.76 -1.25 0.31 -0.58 -0.06 -1.06 -095 -0.54 -1.06 -0.62
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Fig. 2.
2p radioactivity half-lives and calculated ones with different

(color online) Deviations between the experimental

theoretical models and/or empirical formulas.

and **Ni nuclei as a function of Q,, using the 2p radio-
activity formula with Eq. (17) in Fig. 3. There is clearly a
linear correlation between the logarithm half-lives and the
releasd energy Q,,. In addition, it is worth noting that
some studies suggested that nuclear deformation effects
or collective mechanisms will influence the 2p radioact-
ive half-life to some extent [55]. At the same time, be-
cause the original model is a two-body model for calcu-
lating the half-lives of a decay, it only considers two-
body problems. When we treat the emitted two protons as
a “He cluster, it may lead to some loss of detailed struc-
tural information, such as the core and valence protons of
2p radioactivity [64]. We will consider addressing this is-
sue in future work.

The standard deviation o, quantifying the difference
between the experimental data and the calculated ones,
can be defined as

o= /S togu i —log TR/, (0)

where log,,T7)5 and log,,T{#% are the logarithmic forms of
the experimental and calculated 2p radioactivity half-
lives, respectively. n is the number of nuclei involved in
2p radioactivity cases. In the following, we calculate the
standard deviation ¢ values between the experimental
data and calculated ones by using our model with Eq.
(15), Eq. (17), GLM, GLDM, ELDM, TPASHF, SEB,
UFM, CPPMDN, four-parameter empirical formula by

0 T T T T T T T
,Le = 120
2P ey i
e A, » 4%Fg
b i
A 48Ni
6k i
2 st 1
-10 .
ERtls g
bk i
16k i
sk i
= ma
720 1 1 1 1 1 1 1 1
L1 L2 13 1.4 L5 16 17 L8
Qy, (MeV)
Fig. 3. (color online) Linear relation between the calculated

logarithmic 2p radioactivity half-lives and released energy

Q2p .

Sreeja, and two-parameter empirical formula by Liu. All
of the calculated results are listed in Table 2. From this
table, we can clearly see that the standard deviation of our
improved model is 0.683, which is better than those of
GLM, GLDM, ELDM, SEB, UFM, Sreeja's empirical
formula, and Liu's empirical formula results (0.809,
0.818, 1.166, 0.815, 0.754, 0.736, and 0.867, respect-
ively). In particular, the ¢ values for the true 2p radio-
activity nuclei within our model decreased by
(0.809 —0.683)/0.809=15.7% relative to the Gamow-like
model. This indicates that the half-lives calculated by our
model can reproduce the experimental data well.
Encouraged by the good agreement between the ex-
perimental 2p radioactivity half-lives and the calculated
ones in our model, this model is used to predict the half-
lives of some possible 2p radioactivity candidates. For
some potential 2p radioactivity candidates, the deforma-
tion value 8, remained undetermined within the study of
Moller et al. [86]. Thus, we provisionally assign the de-
formation value 3, = 0. The predicted results are listed in
Table 3. In this table, the first and second columns show
the predicted 2p radioactivity parent nuclei and 2p radio-
activity released energy Q,,, with values taken from the
latest evaluated atomic mass table of NUBASE2020 [74].
The third and fourth columns show the predicted half-
lives of 2p radioactivity candidates using our model with
Eqgs. (15) and (17). The fifth to thirteenth columns repres-
ent the predicted half-lives values calculated by Liu,
Sreeja, GLM, GLDM, ELDM, TPASHF, SEB, UFM, and
CPPMDN, respectively. Taking 22Si as an example, our

Table 2. Standard deviations o between the experimental data and calculated ones using different theoretical models and empirical

formulas for the true 2p radioactivity.

Model Call Cal2 GLM GLDM Sreeja Liu ELDM TPASHF SEB UFM CPPMDN
4 0.710 0.683 0.809 0.818 1.166 0.815 0.754 0.581 0.736 0.867 0.592
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Table 3.

Comparison of the predicted half-lives for possible
lowed or observed but not yet quantified in NUBASE2020 [74].

2p radioactivity candidates whose 2p radioactivity is energetically al-
The deformation values 8, were taken from Moller ef al. [86].

logipT1/2 (8)

Nuclel 0z (MeV) Call Cal2 GLM  GLDM  Sregja Liu ELDM TPASHF  SEB UFM  CPPMDN
BE 3.09 -19.39  -1939  -20.13 -1842  -19.10 - -18.89 - - -19.33 -
1Ne 2.52 -18.58  -18.58 -18.76 —17.11 -1832 1848 -18.08 - - -18.57 -
""Na 3.57 -19.01  -1901 -1951 -17.83 -18.87 - -18.63 - - -18.95 -
2gi 1.58 -14.50 1450 -1348 -12.05 -1450 -18.87 -1332  -11.78  -12.17 -14.61 -13.70
NAr 3.42 -16.67 -17.02 -1574 -1422 -1667 -19.66  -9.91 - - - -14.99
¥Ca 5.13 -17.72  -17.76  -1698 -1540 -17.85 -1848 -17.35 - - -18.11 -
*Ca 2.51 -14.09  -14.09 -1274 -1135 -1418 -1478 -13.56 -9.51 -8.99  -14.46 -10.44
ITi 5.40 -17.38 -1752 -1646 -1491 -17.59 -1796 -17.07 - - -17.81 -
*Tj 3.24 -1473  -14.88 -1345 -1202 -1495 -1538 -1430 -11.77  -1270 -1518  —14.35
*Tj 1.06 519  -532 343 243 524  -555 081 -1.62 -191  -541 -1.23
ke 421 -1585 -16.12 -1467 -13.19 -16.13 -16.54 -15.49 - - -16.34 -
“oy 2.14 -1126  -1149  -977 -850  -11.50 -11.80 -10.80 -9.34 -8.97  -11.66 -
Ycr 3.33 -14.04 -1428 -12.68 -1129 -1437 -1472 -13.66 - - -14.53 -
“2Cr 1.48 714 =729 =560  -450  -737  -156  -243 -2.83 -2.87 =740 -2.86
#Cr 0.50 9.70 9.70 10.91 11.31 9.73 - - - - - -
%Ga 2.82 -10.16  -1040 -796  -676  -10.11  -10.83  -9.14 -7.51 741 -1030 -
%Ge 3.23 -10.99 -1121 -874  -751  -11.01 -11.73 -1002  -11.06  -11.10 -11.19  -1273
¥Ge 1.60 -2.88 -3.07 -1.13 -0.22 -2.77 -3.37 - -5.88 -5.41 -2.73 -
S1Ge 1.98 504 =521 315 216 =502  -5.6l -4.95 -6.07 - -3.97 -
5Se 1.39 1.58 1.30 2.79 3.54 1.12 - - - - -

predicted value is —14.50, which is also consistent with P sac,

the predictions of other models and/or empirical formu- 10k S:‘ehgja - J
las. It is evident that our calculated values are all within GLDM

the same order of magnitude. To intuitively compare 5F 'E'tJDM *®se
these results, we plot the differences of each predicted TPASHF 9Ge &
value in Fig. 4. In this figure, the black square, red circle, z or ﬁEhBA 39? 42cr i
blue upward triangle, green downward triangle, purple :Ce | ceevoN . ® 2 ]
diamond, yellow star, pink hexagon, gray right triangle, S s0x4Ca Coay g

orange left triangle, and violet pentagon represent the log- ok 228iAr 38T 4 “As
arithmic form of predicted half-life values of our work, s 56Gg -

Liu, Sreeja, GLM, GLDM,. ELDM, TPASHF, SEB, 5k 13|1:5N1e7N H L o 8 8Ge J
UFM, and CPPMDN, respectively. From this figure, it is cha eg w o Yeor

evident that the predicted 2p radioactivity half-lives by 0 S R | .
our model show consistency with those calculated by (') ; :1 é é 1'0 1'2 1'4 1'6 1'8 2'0 2
GLM, GLDM, and UFM. These predicted results of pos- Fig. 4. (color online) Comparison of the predicted 2p radio-

sible 2p radioactivity candidates will be helpful in the
search for new candidates in future experiments.

IV. SUMMARY

In this work, considering the preformation factor §,,
and deformation parameter B,, based on the Wentzel-
Kramers-Brillouin  approximation, Bohr-Sommerfeld
quantization condition, and Bayrak's model, the half-lives

activity half-lives using our model, GLM, GLDM, ELDM,
TPASHF, SEB, UFM, CPPMDN, and the empirical formulas
of Liu and Sreeja.

of 2p radioactivity nuclei with 4 < Z < 36 were systemat-
ically investigated. The calculated results can effectively
reproduce the experimental data. In addition, we also pre-
dicted the half-lives of potential 2p radioactivity candid-
ates and compared them with the results obtained from
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GLM, GLDM, ELDM, TPASHF, SEB, UFM, CPPMDN,
and the empirical formulas proposed by Liu and Sreeja.
These calculations revealed that our predicted values are

in good agreement with each other. These predicted val-
ues can also serve as theoretical references for future ex-
perimental studies.
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