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Unlike ground-state two-proton (2p) radioactivity, excited-state 2p emission is typically characterized by
high decay energy and angular momentum, making it an important probe for studying the nuclear structure of
extremely proton-rich nuclei. However, describing excited-state 2p radioactivity half-lives also poses a chal-
lenge to theoretical models. To examine whether the generalized liquid drop model (GLDM) with the improved
proximity energy (Prox. 77-Set 13), optimized using ground-state 2p radioactivity experimental data, can be
extended to describe excited-state 2p radioactivity, this work calculates the half-lives for 14O∗, 17Ne∗, 18Ne∗,
29S∗, and 94Ag∗. The present calculations are compared with experimental data and calculations obtained from
the effective liquid drop model (ELDM), the unified fission model (UFM), and the Coulomb and proximity
potential model (CPPM). The results calculated by this work are in good agreement with both the experimen-
tal data and the results of other theoretical models, validating the applicability of the GLDM with improved
proximity energy for describing excited-state 2p radioactivity. This work also systematically investigates the
dependence of excited-state 2p radioactivity half-life on decay energy and angular momentum, which will shed
new light on the properties of exotic proton-rich nuclei.
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I. INTRODUCTION1

Two-proton (2p) radioactivity is a unique decay mode that2

plays a crucial role in studying the nuclear structure of ex-3

tremely proton-rich nuclei near the proton drip line [1–5]. It4

was first proposed by Goldansky et al. [6, 7], who suggested5

that for the even-Z nuclei near or beyond the proton drip line,6

one-proton emission is energetically or dynamically forbid-7

den due to the proton pairing effects, leading to the simultane-8

ous emission of two protons instead [6, 7]. The early experi-9

ments aimed to investigate 2p radioactivity in light nuclei [1].10

However, due to the limitations in experimental equipment11

and detection techniques, no clear evidence of 2p radioactiv-12

ity was obtained [8, 9]. It was not until 2002 that 2p radioac-13

tivity was first observed in 45Fe at GSI [10] and GANIL [11],14

providing the first experimental confirmation of this decay15

mode. Later on, this phenomenon was successively observed16

in 54Zn [12], 48Ni [13–16], and 67Kr [17]. Overall, these ob-17

servations not only confirmed the theoretical predictions but18

also established 2p radioactivity as a key probe for studying19

nuclear structure, including nuclear radius, spin and parity,20

deformation effect, tensor force effect, and so on [18–22].21

The study of excited-state 2p radioactivity is a topic of con-22

siderable current interest in nuclear physics, which can pro-23
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vide rich nuclear structure information [2, 23–28]. Typically,24

there are two paths to populate the excited-state of the par-25

ent nucleus that can undergo 2p radioactivity. One is the β-26

delayed 2p radioactivity proposed by Janecke in 1965 [29],27

in which a parent nucleus first undergoes β decay to form an28

intermediate nucleus in an excited-state, which subsequently29

emits two protons [29]. The other is to populate the excited-30

state of the parent nucleus through nuclear reactions (such31

as p-capture, relativistic Coulomb excitation, and fragmenta-32

tion reactions) including 14O∗ [30], 17Ne∗, 18Ne∗ [28, 31–33

34], 29S∗ [35], and 94Ag∗ [36].34

In contrast to ground-state two-proton (2p) radioactivity,35

excited-state 2p emission is typically characterized by high36

decay energy and angular momentum [2, 23–27]. The high37

decay energy leads to an extremely short half-life, signifi-38

cantly shorter than that observed for ground-state 2p radioac-39

tivity [2, 23–27]. This poses significant challenges to the40

experimental identification of this decay mode and to pre-41

cise theoretical predictions of the half-life for excited-state42

2p radioactivity. Moreover, the emitted proton pair may carry43

away non-zero angular momentum from excited states, of-44

fering a unique probe for accessing the single-particle states45

occupied by the emitted protons [28]. Consequently, the in-46

vestigation of excited-state 2p radioactivity is of considerable47

interest.48

There are three main mechanisms proposed to describe49

2p radioactivity. (i) Direct 2p emission. A strongly cor-50

related proton pair is emitted simultaneously from the par-51

ent nucleus [6]. (ii) Sequential emission. The parent nu-52

cleus emits a proton, forming an intermediate state, which53

then emits another proton [37]. (iii) Three-body emission.54

Two protons are emitted simultaneously from the parent nu-55

cleus with a large opening angle [38]. For investigating the56

characteristics of 2p radioactivity, several theoretical mod-57
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els are applied within the picture of direct 2p emission, such58

as the density-dependent cluster model (DDCM) [39], the59

effective liquid drop model (ELDM) [24], the unified fis-60

sion model (UFM) [25], the generalized liquid drop model61

(GLDM) [40–42], the Coulomb and proximity potential62

model (CPPM) [27, 43], the two-potential approach with63

Skyrme-Hartree-Fock (TPA-SHF) [44], the phenomenologi-64

cal model with a screened electrostatic barrier (SEB) [45], the65

Gamow-like model (GLM) [46], the Skyrme-Hartree-Fock-66

Bogoliubov theory (SHFB) [21, 22], and so on [47]. These67

theoretical models, constructed within the Gamow tunneling68

picture [48], differ primarily in the construction of the inter-69

action potential between the daughter nucleus and the emitted70

2p pair. Among these theoretical models, through the intro-71

duction of quasi-molecular shape mechanism and proximity72

energy, the GLDM can continuously describe the shape evo-73

lution from the parent nucleus to two separate fragments [49].74

The proximity energy is used to describe the interaction in the75

neck region during the shape evolution and thus plays an es-76

sential role in constructing the potential between the daughter77

nucleus and the emitted 2p pair [49]. These features enable78

the GLDM to be successfully applied to describe various de-79

cay processes, including α decay [49–54], fission [55], fu-80

sion [56], proton radioactivity [57], and two-proton radioac-81

tivity [41]. In our previous work, 15 different versions of the82

proximity energy were employed within the GLDM to con-83

struct the total interaction potential between the daughter nu-84

cleus and the emitted 2p pair [41]. A systematic study based85

on the latest experimental ground-state 2p radioactivity half-86

lives was performed to assess the predictive power of these87

proximity potentials. Among these formalisms, Prox. 77-Set88

13 yields the smallest root-mean-square deviation from the89

experimental data, indicating that this parametrization pro-90

vides the optimal description of ground-state 2p radioactivity91

half-lives [41].92

Excited-state 2p radioactivity, which has been observed in93

nuclei including 14O∗ [30], 17Ne∗ [28, 34], 18Ne∗ [31, 32],94

29S∗ [58], and 94Ag∗ [36, 59], is typically accompanied by95

high decay energy and non-zero angular momentum transfer.96

Consequently, it serves as a probe for studying the depen-97

dence of the excited-state 2p radioactivity half-life on both98

angular momentum and decay energy. However, the high99

angular momentum significantly governs the centrifugal po-100

tential, thereby raising the total interaction potential. Mean-101

while, the high decay energy may lead to difficulties in de-102

termining the classical turning points within the Wentzel-103

Kramers-Brillouin (WKB) approximation. Therefore, the104

theoretical description of excited-state 2p radioactivity half-105

lives remains challenging. It is thus of interest to examine106

whether the GLDM with improved proximity energy Prox.107

77-Set 13 parametrization can be extended to effectively de-108

scribe excited-state 2p radioactivity.109

In this work, the GLDM with Prox. 77-Set 13 is adopted to110

study the 2p radioactivity half-lives for 14O∗ [30], 17Ne∗ [28,111

34], 18Ne∗ [31, 32], 29S∗ [58], and 94Ag∗ [36, 59]. The112

calculations obtained from this work are compared with the113

experimental data [28, 30–32, 34, 36, 59] and with the re-114

sults calculated by the ELDM [24], the UFM [25], and the115

CPPM [27]. The 2p radioactivity half-lives calculated by this116

work are in good agreement with the available experimen-117

tal data and show satisfactory consistency with calculations118

taken from three other theoretical models. Furthermore, this119

work systematically investigates the variation of excited-state120

2p radioactivity half-lives with decay energy. The depen-121

dence of half-life on angular momentum is also examined,122

with 94Ag∗ taken as a case.123

The organization of this paper is outlined as follows. Sec-124

tion II presents the theoretical framework for the GLDM and125

2p radioactivity half-life. Section III provides detailed cal-126

culations and discussion. The paper concludes with a brief127

summary in Sec. IV.128

II. THEORETICAL FRAMEWORK129

A. Generalized liquid drop model130

Under the framework of the generalized liquid drop model131

(GLDM), the total interaction potential includes the following132

components [49]:133

E = EV + ES + EC + EProx + El, (1)134

where EV , ES , EC , EProx, and El represent the volume en-135

ergy, the surface energy, the Coulomb energy, the proximity136

energy, and the centrifugal potential, respectively.137

For one body shapes, EV , ES , EC are calculated by138

EV = −15.494(1 − 1.8I2)A, (2)139

ES = 17.9439(1 − 2.6I2)A2/3(S/4πR2
0), (3)140

EC = 0.6e2(Z2/R0)×0.5

∫
(V (θ)/V0)(R(θ)/R0)3 sin θdθ,

(4)141

here I = N−Z
A represents the relative neutron excess of the142

parent nucleus. V (θ) is the electrostatic potential at the sur-143

face. R0 is the radius of the parent nucleus, which can be144

expressed as follows145

Ri = 1.28A
1/3
i − 0.76 + 0.8A

−1/3
i (i = 0, 1, 2). (5)146

For two body shapes, EV , ES , EC are obtained by147

EV = −15.494[(1 − 1.8I21 )A1 + (1 − 1.8I22 )A2], (6)148

ES = 17.9439[(1 − 2.6I21 )A
2/3
1 + (1 − 2.6I22 )A

2/3
2 ], (7)149

EC = 0.6e2Z2
1/R1 + 0.6e2Z2

2/R2 + e2Z1Z2/r, (8)150
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here Ai, Zi, Ri, and Ii (i = 1,2) represent the mass num-151

bers, the proton numbers, the radii, and the relative neutron152

excesses of the emitted 2p pair and the daughter nucleus, re-153

spectively.154

The proximity energy was initially proposed by Blocki to155

describe the interaction energy in the neck structure after con-156

tact in heavy-ion reactions [60]. Subsequently, it was in-157

troduced into the GLDM to describe the interaction energy158

within the neck or gap formed during the separation pro-159

cess between the daughter nucleus and emitted particle in de-160

cay processes [49]. In previous work, the capability of the161

GLDM with 15 different versions of the proximity energy to162

describe the ground-state 2p radioactivity half-lives was ex-163

amined against the latest experimental data [41]. The cal-164

culations with Prox. 77-Set 13 were found to reproduce the165

experimental half-lives most satisfactorily [41]. The present166

work examines whether this parametrization can be extended167

to excited-state 2p radioactivity. The Prox. 77-Set 13 [61] is168

given as follows169

EProx(r) = 4πγbR̄φ(ξ), (9)170

where γ is the surface energy coefficient, defined by171

γ = γ0(1 −KsA
2
s), (10)172

here As ≡ N−Z
N+Z represents the asymmetry parameter. In this173

work, γ0 = 0.911445 (MeV/fm2) and Ks = 2.2938 [61].174

The mean curvature radius R̄ can be calculated by175

R̄ =
C1C2

C1 + C2
, (11)176

here the matter radii C1 and C2 for the emitted 2p pair and177

the daughter nucleus are given by178

Ci = Ri[1 − (
b

Ri
)2](i = 1, 2). (12)179

The universal function φ(ξ) can be expressed as180

φ(ξ) =

{
− 1

2 (ξ − ξ0)2 − 0.0852(ξ − ξ0)3, 0 < ξ ≤ 1.2511,

−3.347 exp( −ξ0.75 ), ξ ≥ 1.2511,
(13)181

here ξ0 = 2.54 and ξ = r−C1−C2

b serve as the separation182

distance between the surfaces of the emitted 2p pair and the183

daughter nucleus. The width parameter b is taken as unity.184

The centrifugal potential is expressed as185

El(r) =
~2l(l + 1)

2µr2
, (14)186

where l corresponds to the angular momentum taken away by187

the emitted 2p pair.188

B. The 2p radioactivity half-life189

Under the picture of direct diproton emission [6], 2p ra-190

dioactivity is treated as a process in which a strongly cor-191

related proton pair is emitted after tunneling through the192

Coulomb barrier of the parent nucleus [6]. This tunneling193

process is governed by the same quantum tunneling mecha-194

nism as α decay [62–72], proton radioactivity [57, 73], and195

cluster radioactivity [74–78].196

The 2p radioactivity half-life can be calculated with the de-197

cay constant λ as198

T1/2 =
ln 2

λ
. (15)199

The decay constant λ can be given by200

λ = S2pνP, (16)201

here S2p is the spectroscopic factor for the 2He cluster within202

the parent nucleus, which is derived from the cluster overlap203

approximation [42, 79]204

S2p = G2[A/(A− 2)]2nχ2, (17)205

where G2 = (2n)!/[22n(n!)2] [80], and n corresponds to the206

average principal proton oscillator quantum number, which207

can be obtained by n ≈ (3Z)1/3 − 1 [81]. Here, χ2 is the208

proton overlap function [42]. In the previous work, the value209

of χ2 was determined to be 0.0275 by fitting the experimental210

data of ground-state 2p radioactivity [41].211

The assault frequency ν can be obtained by212

ν =
1

2R0

√
2E2p

M2p
, (18)213

where E2p and M2p denote the kinetic energy and the mass214

of the emitted 2p pair, respectively.215

Within the WKB approximation, the barrier penetrating216

probability P is calculated by217

P = exp[−2

~

∫ rout

rin

√
2B(r)[E(r) − Esphere]dr], (19)218

where r is the distance between the center of mass of the219

emitted 2p pair and the daughter nucleus. The classical turn-220

ing points (rin and rout) can be obtained by solving E(rin) =221

E(rout) = Q2p. B(r) = µ is defined as the reduced mass222

between the emitted 2p pair and the daughter nucleus.223

III. RESULTS AND DISCUSSION224

Unlike ground-state 2p radioactivity, excited-state 2p emis-225

sion is typically characterized by high decay energy and non-226

zero angular momentum transfer [2, 23–28]. This poses sig-227

nificant challenges for theoretical models in describing the228

corresponding half-lives. The present work examines the ca-229

pability of the GLDM with the improved proximity energy230
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TABLE 1. Experimental data and calculated 2p radioactivity half-lives for 14O∗, 17Ne∗, 18Ne∗, 29S∗, and 94Ag∗. Theoretical calculations
are performed by this work (the GLDM with Prox. 77-Set 13), the ELDM [24], the UFM [25], and the CPPM [27], respectively.

2p radioactivity jπi → jπf l Q2p (MeV)
log10T1/2 (s)

Expt This work ELDM [24] UFM [25] CPPM [27]

2+ → 0+ [30] 2 1.20 [30] > −16.12 [30] −16.07 −15.49 −16.02 −16.65
14O∗→ 12C 2+ → 0+ [30] 2 3.15 [30] − −18.91 −18.22 −18.87 −19.25

4+ → 0+ [30] 4 3.35 [30] − −16.67 −16.25 −15.96 −17.53
3/2− → 1/2− [28] 2 0.35 [28, 34] > −10.59 [28] −7.36 −6.98 −7.11 −8.11

17Ne∗→15O 5/2− → 1/2− [28] 2 0.82 [28, 34] − −12.95 −12.41 −12.73 −13.54
1/2+ → 1/2− [28] 1 0.97 [28, 34] − −14.84 −14.20 −14.69 −15.41

18Ne∗ →16O 2+ → 0+ [31] 2 0.59 [31] − −11.09 −10.59 −10.91 −11.82
1− → 0+ [31] 1 1.63 [31] −16.15+0.06

−0.06 [31, 32] −17.15 −16.34 −16.79 −17.56
29S∗ →27Si − → 5/2+ [82] 0 1.72∼2.52 [58] − −16.53 ∼ −14.32 −15.50 ∼ −13.40 −16.40 ∼ −14.30 −16.85 ∼ −14.78

− → 5/2+ [82] 0 4.32∼5.12 [58] − −19.58 ∼ −18.96 −18.40 ∼ −17.80 −18.90 ∼ −18.50 − ∼ −19.04

94Ag∗ →29Rh∗ 21+ → 11+ [36] 6∼10 [36]

1.90 [36] 1.90+0.38
−0.20 [36] 8.81 ∼ 13.94 9.42 ∼ 14.63 9.38 ∼ 15.21 6.25 ∼ 11.89

1.98 [59] − 7.96 ∼ 13.07 8.61 ∼ 13.80 8.56 ∼ 14.37 5.45 ∼ 11.07
2.05 [59] − 7.28 ∼ 12.37 7.95 ∼ 13.11 7.89 ∼ 13.68 4.79 ∼ 10.39
3.45 [59] − −1.77 ∼ 2.99 −0.80 ∼ 4.04 −0.92 ∼ 4.56 −3.28 ∼ 1.41

Note: For 14O∗, 17Ne∗, and 18Ne∗, l are determined by spin-parity conservation. For 29S∗, l = 0 is assumed due to undetermined parent nucleus spin and parity. For 94Ag∗, l is obtained
from the Ref. [36].

Prox. 77-Set 13 parametrization to describe excited-state 2p231

radioactivity, and systematically investigates the impact of232

these features on the half-life of 2p radioactivity.233

In this work, the GLDM with the improved proximity en-234

ergy is extended to calculate the 2p radioactivity half-lives235

for 14O∗ [30], 17Ne∗ [28, 34], 18Ne∗ [31, 32], 29S∗ [58],236

and 94Ag∗ [36, 59]. Table 1 presents the calculations ob-237

tained from this work together with those taken from the238

ELDM [24], the UFM [25], and the CPPM [27]. In Table239

1, the first column represents the parent nucleus undergoing240

excited-state 2p radioactivity and the corresponding daughter241

nucleus. The second column lists the spin and parity values242

for the parent nuclei and the daughter nuclei. Based on spin-243

parity conservation, the calculated angular momentum taken244

away by the emitted 2p pair is listed in the third column ex-245

cept for 29S∗ and 94Ag∗. For 29S∗, due to its undetermined246

spin and parity [58], the angular momentum taken away by247

the emitted 2p pair is set to l = 0 in this work. For 94Ag∗,248

l is taken from the Ref. [36]. The fourth column contains249

the experimental decay energy of excited-state 2p radioactiv-250

ity. The fifth column shows the logarithmic 2p radioactivity251

half-lives of experimental data. The sixth to ninth columns252

present the calculated logarithmic half-lives of excited-state253

2p radioactivity obtained from this work, the ELDM [24], the254

UFM [25], and the CPPM [27], respectively.255

As shown in Table 1, the present calculations exhibit a con-256

sistent trend with those obtained from the ELDM [24], the257

UFM [25], and the CPPM [27], indicating that the GLDM258

with the Prox. 77-Set 13 parametrization can be extended to259

calculate excited-state 2p radioactivity half-lives. For 14O∗,260

the excited-state at 7.77 MeV, corresponding to a decay en-261

ergy of Q2p = 1.20 MeV, was populated via the 13N + p262

reaction [30]. Despite the absence of a distinct signature for263

2p emission, an upper limit on its decay width of Γ < 6 eV264

was determined, corresponding to a lower limit on the experi-265

mental 2p radioactivity half-life of log10 T1/2 > −16.12 s for266

14O∗ [30]. From Table 1, it can be observed that the calcula-267

tions of 2p radioactivity for 14O∗ (Q2p = 1.20 MeV) given268

by this work, the ELDM [24], and the UFM [25] are all longer269

than −16.12 s. Meanwhile, this work also calculates the half-270

lives for 2p emission from its higher excited-state at 9.72271

MeV (Q2p = 3.15 MeV) and 9.92 MeV (Q2p = 3.35 MeV).272

The calculations taken from this work and other three theoret-273

ical models agree with each other. Moreover, for 14O∗, as the274

decay energy of 2p radioactivity increases from 1.20 to 3.15275

MeV while the angular momentum remains fixed at l = 2,276

the 2p radioactivity half-lives calculated by the present work277

and three other theoretical models decrease by approximately278

three orders of magnitude. This reveals a strong sensitivity of279

the 2p radioactivity half-life to the decay energy. However, a280

contrasting trend emerges as the decay energy increases from281

3.15 MeV (l = 2) to 3.45 MeV (l = 4), with the half-life in-282

creasing by nearly two orders of magnitude. The increase in283

angular momentum from 2 to 4 enhances the centrifugal bar-284

rier, thereby reducing the tunneling probability and resulting285

in a longer half-life. Conversely, the larger decay energy in-286

creases the tunneling probability, which shortens the half-life.287

This contrasting trend reflects the competition between the ef-288

fects of decay energy and angular momentum on excited-state289

2p radioactivity half-lives.290

For 17Ne∗, following population of the first excited-state291

(3/2−) via 17Ne+197Au Coulomb excitation, a lower limit of292

experimental 2p radioactivity half-life log10 T1/2 > −10.59 s293

for 2p emission was obtained [28]. Notably, Table 1 shows294

that the logarithmic half-lives for 17Ne∗(3/2−) calculated by295

this work and other three theoretical models exceed this limit.296

Furthermore, for 17Ne∗, half-lives for the higher excited-state297

(5/2− and 1/2+) are calculated, and the present results agree298

well with calculations from the three other theoretical models.299

Notably, for 17Ne∗, a mere 0.47 MeV increase in Q2p from300

the first (3/2−) to the second (5/2−) excited-state at fixed301

l = 2 leads to an decrease in the four types of calculated302

2p radioactivity half-lives by nearly five orders of magnitude,303

demonstrating the high sensitivity of the 2p radioactivity half-304

life to decay energy.305

Regarding 18Ne∗, combining the measurements from306
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Gomez del Campo et al. [31] and Raciti et al. [32], the exper-307

imental logarithmic half-life for excited-state 2p radioactivity308

is −16.15 s [31, 32]. As shown in Table 1, the calculated log-309

arithmic 2p radioactivity half-life given by the present work310

for 18Ne∗ (Q2p = 1.63 MeV [31]) agrees well with the results311

yielded by the three other theoretical models, further con-312

firming the reliability of the GLDM with the Prox. 77-Set 13313

parametrization. For 29S∗ [58], owing to the undetermined314

spin and parity of the parent nucleus, this work assumes zero315

angular momentum transfer for the emitted proton pair and316

calculates the corresponding half-life. The present calcula-317

tions are in excellent agreement with those obtained from the318

three other theoretical models.319

In 2006, Mukha et al. reported evidence for 2p radioactiv-320

ity via simultaneous emission from the 21+ state of 94Ag∗,321

for which the experimental logarithmic 2p radioactivity half-322

life and decay energy are 1.90 s and 1.90 MeV, respec-323

tively [36]. Furthermore, based on the analysis of the daugh-324

ter nucleus spin and considering the possible angular mo-325

mentum carried by unassigned γ rays, the angular momen-326

tum transfer was conservatively constrained to the range of327

6∼10 [36]. Subsequently, Kankainen et al. measured the328

masses of 92Rh and 94Pd, from which the Q2p for the 94Ag329

high-spin isomer are deduced to be 1.98, 2.05, and 3.45 MeV,330

respectively [59]. As experimental half-lives for 94Ag∗ at331

Q2p = 1.98, 2.05, and 3.45 MeV remain undetermined,332

the measured experimental data of log10 T1/2 = 1.90 s at333

Q2p = 1.90 MeV is adopted as the reference for compari-334

son with the present calculations and three other theoretical335

models. As shown in Table 1, the present calculations agree336

well with those taken from the three other theoretical models.337

Furthermore, for 94Ag∗, the calculations given by this work338

and the three other models reproduce the experimental data339

well when Q2p is assumed to be 3.45 MeV and angular mo-340

mentum is in the range of 6∼10. This suggests that the Q2p341

for 94Ag∗ may be 3.45 MeV, with angular momentum in the342

range of 6∼10.343

For a clearer comparison, the experimental data of 2p ra-344

dioactivity half-lives [28, 30–32, 36] and the calculations ob-345

tained from this work, the ELDM [24], the UFM [25], and346

the CPPM [27] are presented in Fig. 1. In this figure, the347

subfigure (a) represents the comparative analysis of logarith-348

mic half-lives for 14O∗, 17Ne∗, 18Ne∗, and 29S∗ obtained by349

this work (red open spheres), the ELDM (magenta solid tri-350

angles) [24], the UFM (blue open triangles) [25], the CPPM351

(orange open stars) [27], and experimental data (black solid352

spheres) [28, 30–32, 36], respectively. The subfigure (b) is the353

same as (a), but it depicts the logarithmic half-lives for 94Ag∗.354

The black open squares represent the possible experimental355

data suggested by this work for 94Ag∗. From Fig. 1, it can be356

seen that the results calculated by this work are nearly coin-357

cident with those taken from the three other theoretical mod-358

els. For 14O∗ [30], 17Ne∗ [28, 34], and 18Ne∗ [31, 32], the359

calculations yielded by the four theoretical models can well360

reproduce the experimental data. For 94Ag∗ [36, 59], the cal-361

culations given by the four theoretical models can reproduce362

the experimental data whenQ2p is 3.45 MeV and l is 10. This363

indicates that the GLDM with the improved proximity energy364

can be successfully extended to calculate the excited-state 2p365

radioactivity half-lives.366
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Fig. 1. (Color online) (a) Comparative analysis of logarithmic half-
lives for 14O∗, 17Ne∗, 18Ne∗, and 29S∗ obtained by this work (red
open spheres), the ELDM (magenta solid triangles) [24], the UFM
(blue open triangles) [25], the CPPM (orange open stars) [27], and
experimental data (black solid spheres) [28, 30–32, 36], respectively.
(b) Same as (a), but it depicts the logarithmic half-lives for 94Ag∗.
The black open squares represent the possible experimental data sug-
gested by this work for 94Ag∗.

Compared with ground-state 2p radioactivity, excited-state367

2p emission typically exhibits high decay energy [2], render-368

ing the 2p radioactivity half-life highly sensitive to variations369

in Q2p, as shown in Table 1. To further investigate this de-370

pendence, the variation of the logarithmic 2p radioactivity371

half-life with decay energy for 94Ag∗, calculated by using372

the GLDM with Prox. 77-Set 13 parametrization, is plotted373

in Fig. 2. In this figure, the blue stars, the cyan diamonds,374

the orange pentagons, the magenta squares, and the red cir-375

cles denote the calculated logarithmic half-lives of 94Ag∗ as376

a function of Q−1/22p for l = 6∼10, respectively. As evident377

from this figure, the logarithmic half-life for 94Ag∗ [36, 59]378

exhibits a linear increase with Q−1/22p . This trend indicates a379

sharp decrease in the half-life as the decay energy increases.380
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Fig. 2. (Color online) Calculated logarithmic half-lives of 94Ag∗ as
a function of Q−1/2

2p for l = 6 (blue stars), l = 7 (cyan diamonds),
l = 8 (orange pentagons), l = 9 (magenta squares), and l = 10 (red
circles), respectively. The logarithmic half-lives are calculated using
the GLDM with Prox. 77-Set 13 parametrization.
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Fig. 3. (Color online) Total interaction potential between the daugh-
ter nucleus and the emitted 2p pair for 94Ag∗ (Q2p = 1.90 MeV) as
a function of radial distance r for various angular momenta, calcu-
lated with the GLDM using the Prox. 77-Set 13 parametrization.

Notably, as the decay energy rises from 2.05 to 3.45 MeV,381

for fixed angular momentum (l = 6), the logarithmic half-382

life calculated in this work decreases from 7.28 to −1.77 s.383

This can be attributed to the enhanced tunneling probability384

at higher decay energy, which shortens the half-life. This385

clearly demonstrates the high sensitivity of excited-state 2p386

radioactivity half-lives to decay energy. Furthermore, a lin-387

ear relationship is found between the logarithmic half-life and388

Q
−1/2
2p . This supports the interpretation that 2p radioactivity389

proceeds via quantum tunneling.390
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Fig. 4. (Color online) Calculated logarithmic half-lives of 94Ag∗ as
a function of angular momentum for Q2p = 1.90 MeV (blue open
squares), Q2p = 1.98 MeV (purple open diamonds), Q2p = 2.05
MeV (cyan open stars), and Q2p = 3.45 MeV (red solid circles),
respectively. The calculations are obtained by using the GLDM with
Prox. 77-Set 13 parametrization. The shaded region represents the
experimental half-life.

Excited-state 2p emission typically involves non-zero an-391

gular momentum transfer [24, 28]. Therefore, investigating392

excited-state 2p radioactivity provides insights into the sen-393

sitivity of the half-life to angular momentum [24, 28], and394

enables the identification of the single-particle states occu-395

pied by the emitted protons [28]. For 94Ag∗ (Q2p = 1.90396

MeV) [36], Fig. 3 is plotted to clearly illustrate the influ-397

ence of angular momentum on the total interaction potential398

between the daughter nucleus and the emitted 2p pair. The399

figure shows that as the angular momentum increases, the400

barrier peak of the total interaction potential shifts to the left401

and the potential curves are significantly raised. This phe-402

nomenon indicates that as the angular momentum increases,403

the centrifugal potential rises significantly, thereby raising the404

total interaction potential between the daughter nucleus and405

the emitted 2p pair. This suppresses the tunneling probability406

by increasing the total interaction potential, and ultimately,407

prolonging the half-life of excited-state 2p radioactivity.408

To further investigate the relationship between 2p radioac-409

tivity half-life and angular momentum at fixed decay energy,410

the logarithmic half-lives for 94Ag∗, calculated by using the411

GLDM with Prox. 77-Set 13 parametrization, are plotted as412

a function of angular momentum for Q2p = 1.90 MeV (blue413

open squares), Q2p = 1.98 MeV (purple open diamonds),414

Q2p = 2.05 MeV (cyan open stars), and Q2p = 3.45 MeV415

(red solid circles) in Fig. 4. This figure shows that for fixed416

decay energy, the logarithmic half-life increases continuously417

with angular momentum. For 94Ag∗ [36], Mukha et al. con-418

servatively estimated the angular momentum transfer to be in419

the range of 6∼10 [36]. Within this range, the GLDM with420

the Prox. 77-Set 13 parametrization is used to calculate the 2p421

radioactivity half-life of 94Ag∗. As shown in Fig. 4, the calcu-422
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lations reproduce the experimental data for Q2p = 3.45 MeV423

and l = 8 ∼ 10. Furthermore, based on spin-parity con-424

servation and the tentative assignments of 21+ for the parent425

nucleus and 11+ for the daughter nucleus, the angular mo-426

mentum transfer is deduced to be l = 10. By combining the427

present calculations with experimental data and spin-parity428

conservation, this work suggests that the 2p emission from429

94Ag∗ carries away angular momentum l = 10. Due to these430

unique decay characteristics, excited-state 2p radioactivity431

serves as an important tool for extracting nuclear structure432

information [2, 23–27]. Although its relatively short 2p ra-433

dioactivity half-life poses experimental challenges, the study434

of this decay mode remains essential and valuable.435

IV. SUMMARY436

In summary, excited-state 2p radioactivity is generally437

characterized by high decay energy and non-zero angular mo-438

mentum transfer, in contrast to ground-state 2p emission, pro-439

viding an important probe for exploring the nuclear structure440

of extremely proton-rich nuclei. Nevertheless, the theoret-441

ical description of the corresponding 2p radioactivity half-442

lives remains challenging. This work examines whether the443

generalized liquid drop model with the improved proximity444

energy Prox. 77-Set 13 parametrization can be extended to445

excited-state 2p radioactivity. Calculations are performed for446

14O∗, 17Ne∗, 18Ne∗, 29S∗, and 94Ag∗, and compared with447

experimental data and calculations given by the effective liq-448

uid drop model, the unified fission model, and the Coulomb449

and proximity potential model. The present results reproduce450

the experimental data well and agree with other theoretical451

results. Taking 94Ag∗ as an example, this work systemati-452

cally investigates the sensitivity of 2p radioactivity half-lives453

to variations in 2p decay energy and angular momentum. The454

2p radioactivity half-life is found to be highly sensitive to 2p455

decay energy and exhibits a positive correlation with angu-456

lar momentum. Furthermore, by comparing with experimen-457

tal data and incorporating spin-parity conservation, this work458

suggests that the most probable 2p decay energy and angu-459

lar momentum for 94Ag∗ are Q2p = 3.45 MeV and l = 10,460

respectively. This study provides a reference for future exper-461

imental investigations of excited-state 2p radioactivity, shed-462

ding new light on the properties of exotic proton-rich nuclei.463
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