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Half-life for two-proton radioactivity of emitter nuclides of mass number A < 70 has been calculated 
by using a phenomenological, effective liquid drop model (eldm) which has been applied successfully 
to one-proton radioactivity, alpha decay, cluster radioactivity and cold fission processes. Following this 
approach, we estimate half-life values for several 2p-emitted nuclides and compare our results with 
predictions from other models, as well as the existing data in the literature, specifically the cases for 
16Ne, 19Mg, 45Fe, 48Ni, 54Zn and 67Kr parent nuclei. It is seen that the eldm version adapted to deal 
with 2p-decay process reproduces the available experimental data quite satisfactorily, asserting that shell 
corrections and pairing effects for the ground state nucleus have been well incorporated into the model 
via the experimental mass excess values. The present estimates for half-lives show a number of nuclei 
with detectable 2p-emission mode, which predictions may serve as indicators for further experimental 
investigations.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Two-proton (2p) radioactivity has been predicted since 1960 
[1–3] and, due to the pairing energy, 2p-radioactivity candidates 
are not allowed to decay by a sequential emission of two protons, 
since the one-proton emission from the first daughter is not acces-
sible energetically [4]. The 2p-radioactivity from 45Fe was firstly 
observed in 2002 [5,6], and it is not clear up to now if this decay 
mode occurs as an uncorrelated simultaneous isotropic emission 
or as an emission of a strongly correlated pair of protons. In ad-
dition, experimental evidences point to the A ≈ 50 mass region as 
being the most favorable for this new radioactive decay mode. Re-
cently, the 2p-radioactivity from 54Zn and 48Ni isotopes has been 
observed [7,8].

A few years ago, an experiment performed at GANIL/LISE3 [7]
showed for the first time eight events related to the existence of 
54Zn 2p-emitter. This nucleus, together with two other ones (45Fe 
and 48Ni), form a set of nuclei very near to the proton drip line, 
doubly or almost doubly magic nuclei, which may decay through 
the emission of a 2He particle [8]. Other experimental results for 
45Fe and 48Ni 2p-decay were additionally obtained as reported in 
[9], and 2p-radioactive decay from an abnormal spinning long-
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lived state of 94Ag isotope was also reported for the first time by 
Mukha et al. [10]. Such a decay has been attributed by the authors 
to a large prolate deformation of the decaying nucleus, thus allow-
ing the emission of protons throughout the pole regions (this case 
will not be treated here once we are applying a model suitable 
for nearly spherical nuclear configurations). Besides, a decade ago, 
the first direct, unambiguous identification of 2p-decay of 45Fe 
was attained at GANIL [11]. Surprisingly, a novel result has ap-
peared quite recently with the observation of 2p-radioactivity of 
67Kr, detected in an experiment conducted at RIKEN Nishina Cen-
ter (Japan), in which it was measured a decay energy of 1.69 MeV 
and a partial half-life for 2p emission of (20 ± 7) ms [12].

From the theoretical point of view, during the last decades sev-
eral approaches have been used to describe the emission mecha-
nism and to determine typical half-life values for this decay mode. 
In 1991, Brown [13] considered the direct 2p-decay from nuclei 
of atomic number Z in the range 22–28 on the basis of a shell 
model with mass extrapolation. Properties of proton-rich nuclei at 
the sd- f p-shell boundary with A in the range 37–48 have been 
also investigated within the framework of the nuclear shell model 
by Ormand [14]. Self-consistent mean-field theories (Hartree–Fock, 
Hartree–Fock–Bogoliubov, and relativistic mean field theory) have 
been used by Nazarewicz et al. [15] to study a number of proper-
ties (2p-separation energy, deformation, single-particle level, pro-
ton average potential, 2p-partial decay half-life) of proton-rich nu-
clei around the double magic 48Ni nucleus.
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Other important contributions are found in the literature. Cole 
[16] has investigated the decay properties of proton-rich nuclei 
with Z in the range 19–30 by using measured analog neutron-
rich nuclei binding energies and Coulomb energy shifts deduced 
from a parametrization of measured Coulomb displacement ener-
gies. In addition, the width of the 12O ground state due to 2He 
emission was analyzed by Barker [17] by using the R-matrix for-
malism. Grigorenko et al. [18,19] investigated the dependence of 
half-life upon 2p-decay energy for 45Fe, 48Ni, 54Zn, 58Ge, 62Se, and 
66Kr in the framework of the three body model, i.e., a nuclear core 
added of two protons. Recently, Olsen et al. [20] also applied their 
model to take into account updated nuclear density parameters to 
extend calculations to nuclei heavier than Strontium.

As it is seen, model scenarios are still not completely clear [21,
22], and the existing experimental data do not provide a definitive 
and unique model choice. Here, we applied a phenomenological 
model previously developed by us [23,24] to predict half-life values 
for nuclear 2p-emission and comparing these values with other 
theoretical estimates and with existing data. The referred model, 
known as “effective liquid drop model” (eldm), has given excellent 
results for one-proton and other exotic radioactive decay processes 
[25–28], as well as for very asymmetric spontaneous nuclear bi-
nary cold fragmentation [29,30].

2. Summary of the Effective Liquid Drop Model — ELDM

The basis for the eldm consists in analytical calculations for the 
Coulomb and surface energies of the dinuclear shape parametriza-
tion, thus obtaining the barrier penetrability factor for a range of 
daughter and 2p-system, with mass asymmetry covering all con-
figurations with positive energy released (Q -value) (for a detailed 
description of the model see Refs. [23,29]). Shell effects have been 
effectively included in the model via the Q -value of the corre-
sponding 2p-emission process,

Q = �MP − (
�M2p + �MD

)
, (1)

where �MP , �M2p and �MD denote the mass excesses for the 
parent, 2p-system and daughter nuclei, respectively, taken from 
the Mass Table by Wang et al. [31,32] (since the 2p-system — or 
2He — is an unbound system its mass excess is twice the pro-
ton excess mass, i. e, �M2p = 2 × �Mp = 2 × 7.289 MeV = 14.578
MeV).

The emission process is characterized by a molecular-like phase, 
where the daughter nucleus and 2He partners are overlapping 
(Fig. 1). Accordingly, the present eldm considers explicitly the 
Coulomb and surface energy contributions to the potential barrier. 
For the first one, it has been made use of Gaudin’s expression [33]
for the electrostatic energy of two overlapping spherical segments 
with a uniform charge density,

V c = 8π

9
a5ε(θ2p, θD)ρc, (2)

where ρc is the initial charge density, ε(θ2p, θD) is a function of 
the angular variables, and a is the radius of the sharp neck (Fig. 1).

In this situation, a description for the effective mass transfer 
of the dinuclear system preserves the mass asymmetry of final 
fragments, namely, the constant mass asymmetry shape (cmas — see 
Refs. [24–28]). Gamow’s penetrability factor is calculated by con-
sidering two different inertia coefficients: the effective [24] and 
Werner–Wheeler’s [34] ones.

At this point, we wish to emphasize the effective character of 
the potential barrier of the eldm. During the molecular-like phase, 
the surface potential energy is introduced in terms of an effective 
surface tension, σeff, defined through the equation
Fig. 1. Schematic representation of the molecular phase of the dinuclear system. The 
daughter nucleus and the emitted (smaller) fragments have radius RD and R2p , 
respectively, and the distance between their geometrical centers is denoted by ζ . 
The variable ξ represents the distance between the center of the heavier fragment 
and the circular sharp neck of radius a.
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where Zie (i = P , 2p, D) are the nuclear charges, respectively, for 
the parent, emitted, and daughter nuclei. The final radii of the frag-
ments are evaluated as

Ri =
(

Zi

ZP

)1/3

RP (i = 2p,D), (4)

to be consistent with the uniform charge distribution considered 
in the Coulomb potential. The radius of the parent nucleus is as-
sumed to be

RP = r0 A1/3
P , (5)

where r0 is a free parameter of the model. We remark that the 
definition for the surface tension (Eq. (3)) establishes the effective 
character of the eldm, since the energy difference between the ini-
tial and final configurations of the system reproduces correctly the 
energy released in the disintegration, i.e., the Q -value. Therefore, 
the surface potential energy reads

V s = σeff(S2p + SD), (6)

where S2p and SD denote the area of the surfaces for the emitted 
and daughter nuclei, respectively, and they are obtained as

S2p = 2π R2p(R2p + ζ − ξ) and

SD = 2π RD(RD + ξ). (7)

Although the eldm has been developed under the assump-
tion of spherical fragments, the effect of fragment deformation is 
partially taken into account in the height of the barrier through 
the Q -value of the reaction. The effective separation of fragments 
at contact is dictated by the nuclear radius parameter, r0. Some 
examples of the potential barrier following the eldm applied to 
2p-emission from nuclei are shown in Fig. 2. There, the surface 
and Coulomb components of the potential barrier, as well as the 
total potential barrier, are depicted for 19Mg, 45Fe and 67Kr. These 
examples cover a wide range of 2p-emitter nuclei. In the figure 
we note that for more massive nuclei, the Coulomb barrier gains 
significant importance over the nuclear barrier (parts (b) and (c) 
in Fig. 2). This Coulomb barrier height will be determinant on 
2p-emission half-life, since it affects directly Gamow’s penetrabil-
ity factor. On the other hand, one observes a steeper and thicker 
barrier for heavier parent nuclei. In general, we can state that the 
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Fig. 2. Coulomb, surface, and total potential energy as a function of separation between centers of fragments, ζ , for 2p-decay of 19Mg, 45Fe and 67Kr following the eldm

model.
Coulomb barrier is responsible to at least 60% of the total area 
(Gamow’s penetrability), this percentage increasing strongly with 
the charge of the decaying nucleus.

It may happen that in a nuclear 2p-emission the spin-parity 
of the parent nucleus differs from that of the daughter nucleus. 
In these cases, the spin and parity conservation laws lead to an 
angular momentum 
 �= 0. The effect of this centrifugal potential 
energy,

V
 = 
(
 + 1)h̄2

2μζ 2
, (8)

contributes to the total potential barrier (here, μ represents the 
reduced mass of the 2p-disintegration system). Therefore, for all 
these cases, the effective, total potential energy is constructed as

V = V c + V s + V
. (9)

The quantum transition rate from the initial to final state of 
the system has been determined by reducing the problem to an 
one-dimensional motion, the emitted fragments separation, ζ , in 
Gamow’s theory. The penetrability factor, G , is calculated under 
the assumption that the system tunnels a barrier of height V − Q . 
Shell effects, which appear in the Q -value, act directly on the 
height and width of the effective barrier. Accordingly,

G = exp

⎧⎪⎨
⎪⎩−2

h̄

ζc∫
ζ0

√
2μ[V (ζ ) − Q ]dζ

⎫⎪⎬
⎪⎭ . (10)

The limits of integration are the inner turning point, ζ0 =
RP − R̄2p , and the outer turning point which is, for null angu-
lar momentum, given by ζc = Z2p ZDe2/Q . Finally, the half-life 
is calculated as τ = ln 2

λ
, where λ = λ0G , in which λ0 is related 

to the frequency of assaults to the barrier and the preformation 
probability rate of the strongly correlated 2p at the surface of the 
emitter nucleus (see, for instance, Ref. [29]). A typical value for λ0
is in the range 1019–1021 assaults per second, and we have used 
λ0 = 4.96 × 1019 throughout the present calculation.
3. Estimates of 2p emission half-life with ELDM

Calculations have been performed in order to reproduce the 
reliable 2p-decay half-life for the case 45Fe → 43Cr by only vary-
ing the value of parameter r0 of the eldm (Eq. (5)). Among the 
four descriptions proposed to describe nuclear spontaneous pro-
cesses from proton-radioactivity to cold fission (see Ref. [29]), 
the cluster-like approach with Werner–Wheeler’s inertial coeffi-
cient revealed as the most suitable in dealing with 2p-emission 
from intermediate-mass nuclei, since the preformation character-
istics of the 2p-system conforms better with the basic idea of 
an existing cluster defined within the parent nuclei environment. 
Thus, we focus our attention to results from this above men-
tioned approach, i.e., the constant mass asymmetry description 
with Werner–Wheeler’s inertial coefficient, referred to as ww-

cmas.
We have used the well-known 2p-decay from 45Fe nucleus to 

fix r0 value. The best result which reaches the average experimen-
tal half-life value for this decay (〈τexp〉 = 3.6 ms) [see Table 1] was 
found r0 = 1.12 fm. This value was the one used throughout the 
entire investigation in the present work. Therefore, according to 
assumption defined in Eqs. (4) and (5) the radius of the emitted 
2p (or 2He) results proportional to 3

√
A P
Z P

, thus varying in the inter-

val 1.65–1.74 fm for parent nuclei in the mass range 16 ≤ A P ≤ 67
(a variation of 5% only).

In order to examine the differences among the estimates from 
various models regarding calculated 2p-emission half-lives and 
the experimental data, Table 1 summarizes such results. Half-life-
values of the present study have been obtained with the ww-cmas

approach of the eldm. By comparing calculated and measured half-
life values for six parent nuclei (16Ne, 19Mg, 45Fe, 48Ni, 54Zn and 
67Kr), as listed in Table 1, one observes that the results obtained 
via the ww-cmas approach agree quite well with measured val-
ues. A large discrepancy, however, is seen in the case for 16Ne, 
since the theoretical half-life value deviates by nearly four orders 
of magnitude from the measured value. We suspect that, since the 
half-life for 16Ne was measured so small as ≈ 10−21 s, the experi-
mental uncertainty in this process could be very large, magnifying 
the range of detectable 2p emission from the parent 16Ne nucleus. 
From the theoretical point of view, we do not expect that deforma-
tion or collective mechanisms could affect so severely our half-life 
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Table 1
Comparison between experimental and calculated half-life-values for nuclear decay by 2p-emission from 16Ne, 19Mg, 45Fe, 48Ni, 54Zn and 67Kr nuclei.

Decay case Experimental Calculated

Q 2p [MeV] Half-life τe [ms] Ref. Q 2p [MeV] Half-life τc [ms] Ref.

16Ne → 14O 1.33 2.3×10−18 [35] 1.401a 2.54 × 10−14 this work

1.4 4.2×10−18 [36]

19Mg → 17Ne – (4 ± 1.5) × 10−9 [20] 0.75a 1.89 × 10−9 this work

0.75 ± 0.05 (6+2
−4) × 10−9 [37]

45Fe → 43Cr – 3.7 ± 0.4 [20] 1.279 ± 0.181 10−5–10−1 [14]

1.21 ± 0.05 3.76 ± 0.26 [38] 1.154 ± 0.094 2 × 10−3–0.3 [13]

1.15 3.7 ± 0.3 [39] 1.154a 3.70 this work

1.15 3.5+1.6
−0.8 [11]

1.14 ± 0.04 4.7+3.4
−1.4 [5]

1.1 ± 0.1 4+2
−1.3 [6]

1.154 ± 0.016 3+0.8
−0.6 [9]

1.15 2.3+1.3
−0.6 [4]

– 3.6+1.4
−0.7

(b) –

48Ni → 46Fe 1.35 ± 0.02 8.4+12.8
−7 [9] 1.357 ± 0.130 10−3–0.2 [39]

1.29 ± 0.04 3+2.2
−1.2 [21] 1.137 ± 0.210 10−2–3.7 × 103 [14]

1.290–1.357 0.3–75 [19]

1.305a 4.38 this work

54Zn → 52Ni 1.48 ± 0.02 3.7+2
−1 [7] 1.794 ± 0.46 – [16]

– 1.98+0.73
−0.41 [20] 1.33 ± 0.14 – [40]

1.28 ± 0.21 1.73+0.71
−0.47 [41] 1.33–1.873 5 × 10−7–3.5 [19]

1.48a 3.03 this work

67Kr →65Se 1.690 ± 0.017 20 ± 8 [12] 1.538 > 15 [19]

1.76 ± 0.14 0.046–4 [19,40]

1.69c 8.73 × 102 this work

1.577d 1.09 × 104 this work

a Taken from the AME 2016 Mass Table by Wang et al. [31,32].
b Average value.
c Measured value.
d Mean value from mass-excess-values following the droplet model of atomic nuclei proposed by Möller et al. [42].
prediction. Clearly, further investigation should take place concern-
ing this issue. Considering the results reported in Table 1 we can 
say that the eldm as previously summarized works as a simple 
and practical tool in evaluating half-life values of 2p-radioactive 
process for a number of nuclei along the nuclide chart for which 
processes the Q 2p-value of the reaction is well known and a pos-
itive quantity. In addition, we remark that such calculations can 
also help in a discussion concerning the 2p-decaying mode as a 
competing decay process, as it has been point out in recent inves-
tigations of 2p-emission from 12O isotope [17,43,44].

Thus, we extended our calculations to include 2p parent emit-
ter nuclei of Q 2p > 0 listed in the 2016 Atomic Mass Evaluation by 
Wang et al. [31,32] in order to give a new insight on the half-life 
for this nuclear decay mode. This most recent, updated Mass Table 
[31,32] reports a total of fifty-nine cases of positive Q 2p-value of 
which forty cases of 
 = 0, sixteen of 
 �= 0, and other three cases 
of undefined 
-values. The 2p-emitter nuclides of Q 2p > 0 are seen 
concentrated into two ranges of Z (or A), namely, 3 ≤ Z ≤ 34
(3 ≤ A ≤ 64, forty-one cases) and 68 ≤ Z ≤ 84 (142 ≤ A ≤ 186, 
eighteen cases). There are not cases of Q 2p in the 2016 AME [31,
32] for parent nuclei of 34 < Z < 68 (64 < A < 142) or Z > 84
(A > 186). For roughly half of these cases exhibiting Q 2p > 1 MeV, 
calculated half-life values have been obtained by making use of 
the eldm for parent nuclei with 4 ≤ Z ≤ 33 and 67 Kr (this latter, 
clearly not quoted in Ref. [31,32]). In Fig. 3, the ratio q = Q 2p/V c

(total available energy for 2p-decay to barrier height) has been 
chosen to represent the calculated half-life results of Table 2 and 
the experimental data.

Since calculations depend upon the Q 2p-value, results should 
be strongly sensitive to new and updated mass-values. In this as-
pect, the present model suggests that, due to the small mass of the 
2p-system, the mass transfer mechanism is unimportant in deal-
ing with the preformed 2p-system during the separation phase, 
even for cases of 2p-radioactivity of lighter nuclei such as 12O and 
16Ne. For the sake of completeness, calculations have been also 
performed by using the other three variants of the eldm, namely,
cmas with other proposal for the inertia coefficient, and varying 
mass asymmetry (vmas) with Werner–Wheeler or our inertia coef-
ficients [23,29]. One certifies that results are roughly insensitive to 
the choice of the eldm-approach, since a suitable definition of pa-
rameter r0 could be taken into account to conform results to data.

4. Final remarks and conclusions

Present letter reports results from the extension of the phe-
nomenological eldm to the case of 2p-emission, exploring the 
predictive power of the model in order to point out new promis-
sory cases to be measured. The existing detected cases are repro-



18 M. Gonçalves et al. / Physics Letters B 774 (2017) 14–19
Fig. 3. Dependence of 2p-decay half-life, τ , upon the ratio q = Q 2p/V c (V c is the barrier height). Data points are those listed in Tables 1 (measured values) and 2 (calculated 
ones).

Table 2
Calculated 2p-decay half-life, τc , for parent nuclei of Q 2p > 0 as quoted in the 2016 Mass Table by Wang et al. [31,32]. The ww-cmas of eldm with λ0 = 4.96 × 1019 s−1

and r0 = 1.12 fm have been used in all cases.

Decay case 
(2p-emission)


a,b Q 2p

[MeV]
Half-life 
τc [s]

Decay case 
(2p-emission)


a,b Q 2p

[MeV]
Half-life 
τc [s]

6Be → 4He + 2p 0 1.372 1.08 × 10−20 42Cr → 40Ti + 2p 0 1.002 3.73 × 10−3

7B → 5Li + 2p 0 1.42 2.80 × 10−20 45Fe → 43Cr + 2p 0 1.154 3.70 × 10−3

8C → 6Be + 2p 0 2.111 2.38 × 10−20 47Co → 45Mn + 2p 0 1.042 7.86 × 10−1

10N → 8B + 2p 1 1.3 2.27 × 10−18 48Ni → 46Fe + 2p 0 1.305 4.38 × 10−3

12O → 10C + 2p 0 1.638 5.42 × 10−19 49Ni → 47Fe + 2p 0 0.492 4.38 × 1014

16Ne → 14O + 2p 0 1.401 2.54 × 10−17 52Cu → 50Co + 2p 4 0.772 2.30 × 109

19Mg → 17Ne + 2p 0 0.75 1.89 × 10−12 54Zn → 52Ni + 2p 0 1.48 3.03 × 10−3

22Si → 20Mg + 2p 0 1.283 4.81 × 10−14 56Ga → 54Cu + 2p 0 2.443 1.01 × 10−8

26S → 24Si + 2p 0 1.755 1.39 × 10−14 57Ga → 55Cu + 2p 2 2.047 5.01 × 10−6

28Cl → 26P + 2p 2 1.965 1.13 × 10−13 58Ge → 56Zn + 2p 0 3.732 1.83 × 10−12

30Ar → 28S + 2p 0 2.28 4.82 × 10−15 59Ge → 57Zn + 2p 0 2.102 1.96 × 10−6

32K → 30Cl + 2p 2 2.077 5.65 × 10−13 60Ge → 58Zn + 2p 0 0.631 4.14 × 1014

34Ca → 32Ar + 2p 0 1.474 1.23 × 10−10 60As → 58Ga + 2p 4 3.492 2.08 × 10−9

36Sc → 34K + 2p 0 1.993 1.84 × 10−12 61As → 59Ga + 2p 0 2.282 7.61 × 10−7

38Ti → 36Ca + 2p 0 2.743 2.73 × 10−14 62As → 60Ga + 2p 2 0.692 3.30 × 1014

39Ti → 37Ca + 2p 0 0.758 1.54 × 10−1 67Kr → 65Se + 2p 0 1.69c 8.73 × 10−1

40V → 38Sc + 2p 0 1.842 1.40 × 10−10

a Nuclear spin and parity are taken from [45].
b Lowest angular momentum when different 
-values are possible.
c Measured value in Ref. [12].
duced with a quite satisfactory accuracy (except for 16Ne), taking 
into account that the experimental results cover numerical values 
obtained for fifteen orders of magnitude in the half-life. This is 
shown in Fig. 3 and listed in Table 2, comparing our result with 
other models. Since our calculations strongly depend upon the 
Q 2p-value, we have used updated mass-values.

Finally, the work hypothesis of the calculation which consists 
in assuming the 2p-system as a preformed system in the nu-
clear medium deserves some considerations. For sure, as soon the 
2p-system is outside the daughter nucleus the system dissoci-
ates and the two protons are separated by the dominance of the 
Coulomb repulsion. The preformation can be understood in the 
context of the macroscopic nature of the eldm calling attention 
to other aspect concerning the tunneling process, where we re-
mark that since the Q p-value of one-proton emission is negative 
for the considered parent nuclei, there should be a flux of reflected 
protons at the surface barrier. Thus, one of the reflected protons 
can be combined together with another proton to form a pair 
due to the pairing correlation, not included in the mean field sur-
face barrier. In addition, the pairing of the protons will contribute 
to minimize the local asymmetry energy in the region near and 
inside neutron skin. Here we are only trying to offer some argu-
ments in favor of the plausibility of the model hypothesis. A deeper 
discussion on the 2p-preformation involves microscopic structural 
aspects which are out of the scope of the model here presented.
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