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α-decay chains of superheavy nuclei with Z = 125
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The decay properties of the isotopes of Z = 125 within the range 303 � A � 339 are investigated. The
calculation of proton separation energies reveals that isotopes 303−309125 may decay through proton emission.
Four different mass tables are used to show the sensitivity of the mass models used to calculate the Q values as
well as the α-decay half-lives. α-decay chains are predicted by comparing the α half-lives calculated within the
Coulomb and proximity potential model for deformed nuclei (CPPMDN) [Nucl. Phys. A 850, 34 (2011)] with the
spontaneous fission half-lives using the shell-effect-dependent formula [Phys. Rev. C 94, 054621 (2016)]. It is
seen that isotopes 310,311125 show 6α chains. 5α chains can be seen from isotopes 312−318125. Isotopes 319,320125
exhibit 2α chains and 323125 exhibits 1α chain. All the other isotopes, that is, 321,322,324−339125 may decay through
spontaneous fission. The α half-lives using CPPMDN are compared with five other theoretical formalisms and
are seen to be matching with each other. We hope that our studies will be helpful in designing future experiments
to explore the island of stability.
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I. INTRODUCTION

The prediction of the magic island or the island of stability
[1–5] in the late 1960s paved the way for the theoretical as
well as experimental studies of superheavy nuclei (SHN). The
superheavy elements refer to the elements far beyond uranium
with atomic number Z > 104. The synthesis of SHE are mainly
performed with two fusion evaporation approaches: the cold
fusion reaction [6] and the hot fusion reaction [7]. Elements
with Z = 107−113 [8–10] were produced at GSI, Darmstadt
and RIKEN, Japan using cold fusion reaction and elements
up to Z = 118 were synthesized at JINR-FLNR, Dubna with
hot fusion reactions [11]. Attempts to synthesize isotopes with
Z = 120 are also being done using these fusion evaporation
approaches [12,13].

The early studies on SHN were based on the macroscopic-
microscopic (MM) models [14–16] which make use of various
liquid drop models as well as single particle shell models. The
macroscopic-microscopic model in which the macroscopic
part is treated by the continuous medium model and the micro-
scopic part consists of shell and pairing corrections based on
the Nilsson potential was used by Peng et al. [17] and by using
this model the authors have evaluated the α-decay energies of
323 heavy nuclei with Z � 82. Self-consistent Hatree-Fock-
Bogoliubov (SHFB) [18–20] and relativistic mean field (RMF)
[21] models are also used for studying the properties of SHN.
A review of self-consistent mean field models for nuclear
structure can be seen in Ref. [22]. According to MM models the
magic number after the presently known Z = 82 and N = 126
are Z = 114 and N = 184 [16,23,24]. But the SHF models
predict Z = 120 or Z = 126 and N = 184 [25,26] as magic
numbers.

*drkpsanthosh@gmail.com

Theoretical studies on SHN give great importance for the
predictions on the decay properties of SHN. This is because all
the heaviest known isotopes were identified from their decay
chain. The main decay modes of SHN are α decay and the
spontaneous fission (SF). Many of the known SHN exhibit
sequential α-decay chains which follow subsequent SF. So the
models and formalisms used to describe the α-decay [27–31]
and SF [32–36] properties play a significant role in designing
experiments in the superheavy region.

In order to reach the shore of the island, a number of theo-
retical studies [37–43] are being performed at and around the
predicted magic numbers. Our group had previously studied
the decay properties of even Z superheavy elements within the
range 104 � Z � 136 [44]. We had also done studies on the
decay properties of elements with Z = 121 [45] and Z = 123
[46]. The present paper deals with the studies on the α decay
and SF of the superheavy element with Z = 125. We hope that
our study will also be a part of the dream of reaching the magic
island.

The paper is arranged as follows. In Sec. II a detailed
description of the model, that is, the Coulomb and proximity
potential model for deformed nuclei (CPPMDN) [47], used for
studying the α decay is given. Section III deals with the results
and discussions obtained from the study, and Sec. IV gives the
summary of the entire work.

II. MODEL: THE COULOMB AND PROXIMITY
POTENTIAL MODEL FOR DEFORMED

NUCLEI (CPPMDN)

In CPPMDN the interacting potential between two nuclei
is taken as the sum of the deformed Coulomb potential, the
deformed two term proximity potential, and the centrifugal
potential, for both the touching configuration and the separated
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TABLE I. One-proton and two-proton separation energies for the
isotopes of Z = 125, which may decay through proton emission.

Isotope S(p) (MeV) S(2p) (MeV)

303125 −1.801 −1.542
304125 −1.491 −1.342
305125 −0.751 −1.102
306125 −0.801 −1.112
307125 −0.831 −0.842
308125 −1.701 −1.692
309125 −1.681 −1.372

fragments. It is given by

V = VC(r,θ ) + VP 2(r,θ ) + h̄2�(� + 1)

2μr2
, (1)

where Vc(r,θ ) is the Coulomb interaction between the two de-
formed and oriented nuclei, VP 2(r,θ ) is the two-term proximity
potential, � represents the angular momentum, and μ is the
reduced mass.

The Coulomb interaction between the two deformed and
oriented nuclei [48], Vc(r,θ ), with higher multipole deforma-
tions [49,50] is given as

VC(r,θ ) = Z1Z2e
2

r
+ 3Z1Z2e

2
∑

λ=2,3,4;i=1,2

1

2λ + 1

Rλ
0i

rλ+1

×Y
(0)
λ (αi)

[
βλi + 4

7
β2

λiY
(0)
λ (αi)δλ,2

]
. (2)

TABLE II. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotope 310125 and its decay
products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

310125 11.345a 4.390×1022 7.168 7.168 1.157×101 1.910×10−1 1.346×101 1.204 α

15.938b 8.144×10−10 8.144×10−10 6.602×10−9 4.544×10−10 1.928×10−9 1.974×10−10

16.066c 4.950×10−10 4.950×10−10 4.165×10−9 3.014×10−10 1.181×10−9 1.212×10−10

14.951d 4.653×10−8 4.653×10−8 2.758×10−7 1.313×10−8 1.026×10−7 1.026×10−8

306123 15.165a 6.746×1014 8.961×10−9 5.578×10−9 4.229×10−8 2.353×10−9 1.202×10−8 1.280×10−9 α

14.242b 4.855×10−7 3.047×10−7 1.702×10−6 6.810×10−8 6.166×10−7 6.402×10−8

14.378c 2.635×10−7 1.651×10−7 9.669×10−7 4.054×10−8 3.376×10−7 3.518×10−8

13.259d 5.241×10−5 3.331×10−5 1.319×10−4 3.835×10−6 6.359×10−5 6.411×10−6

302121 14.055a 5.132×1011 2.034×10−7 1.990×10−7 1.238×10−6 5.035×10−8 3.822×10−7 4.178×10−8 α

13.527b 2.425×10−6 2.356×10−6 1.219×10−5 4.158×10−7 4.379×10−6 4.710×10−7

13.607c 1.651×10−6 1.606×10−6 8.546×10−6 2.992×10−7 2.999×10−6 3.234×10−7

12.408d 7.600×10−4 7.260×10−4 2.492×10−3 6.070×10−5 1.275×10−3 1.321×10−4

298119 13.085a 7.742×108 7.887×10−6 5.391×10−6 2.807×10−5 9.037×10−7 9.352×10−6 1.049×10−6 α

12.745b 4.401×10−5 3.019×10−5 1.387×10−4 4.025×10−6 5.145×10−5 5.705×10−6

12.675c 6.322×10−5 4.340×10−5 1.939×10−4 5.512×10−6 7.357×10−5 8.138×10−6

11.386d 8.777×10−2 6.120×10−2 1.644×10−1 3.311×10−3 9.813×10−2 1.032×10−2

294Ts 11.295a 2.871×106 1.280×10−2 2.375×10−2 7.190×10−2 1.531×10−3 3.606×10−2 3.991×10−3 α

11.405b 6.542×10−3 1.225×10−2 3.879×10−2 8.484×10−4 1.866×10−2 2.075×10−3

11.246c 1.072×10−2 3.199×10−2 9.496×10−2 1.999×10−3 4.853×10−2 5.360×10−3

10.744d 1.186×10−1 7.579×10−1 1.805 3.399×10−2 1.127 1.217×10−1

290Mc 10.035a 4.786×103 7.238 1.904×101 3.821×101 6.798×10−1 2.640×101 2.901 α

10.310b 1.074 2.816 6.429 1.202×10−1 3.928 4.382×10−1

10.183c 2.568 6.743 1.452×101 2.651×10−1 9.383 1.040
9.903d 1.859×101 4.899×101 9.241×101 1.608 6.785×101 7.402

286Nh 8.965a 1.093×101 3.196×103 1.229×104 1.657×104 2.757×102 1.583×104 1.721×103 SF
9.516b 4.183×101 1.602×102 2.889×102 5.138 2.081×102 2.343×101

9.527c 3.850×101 1.475×102 2.667×102 4.750 1.910×102 2.152×101

9.351d 1.473×102 5.648×102 9.331×102 1.623×101 7.293×102 8.128×101

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].
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TABLE III. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotope 311125 and its decay
products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

311125 10.905a 2.528×1021 1.257×102 1.257×102 7.991×101 2.554 2.181×101 2.068×101 α

15.873b 1.946×10−9 1.013×10−9 3.791×10−9 5.411×10−10 1.060×10−9 2.435×10−10

15.957c 7.291×10−10 7.291×10−10 2.800×10−9 4.128×10−10 7.832×10−10 1.767×10−10

15.811d 1.294×10−9 1.294×10−9 4.763×10−9 6.634×10−10 1.331×10−9 3.100×10−10

307123 15.175a 2.180×1013 5.161×10−9 5.161×10−9 1.852×10−8 2.197×10−9 4.813×10−9 1.185×10−9 α

14.261b 2.695×10−7 2.695×10−7 7.147×10−7 6.112×10−8 1.855×10−7 5.671×10−8

14.395c 1.475×10−7 1.475×10−7 4.102×10−7 3.674×10−8 1.065×10−7 3.150×10−8

13.169d 5.059×10−5 5.059×10−5 9.155×10−5 5.494×10−6 2.372×10−5 9.672×10−6

303121 14.105a 2.354×1010 2.344×10−7 1.529×10−7 4.568×10−7 4.011×10−8 1.112×10−7 3.226×10−8 α

13.346b 8.324×10−6 5.473×10−6 1.254×10−5 8.566×10−7 3.058×10−6 1.078×10−6

13.403c 6.303×10−6 4.142×10−6 9.650×10−6 6.714×10−7 2.353×10−6 8.168×10−7

12.348d 1.459×10−3 9.717×10−4 1.539×10−3 7.816×10−5 3.760×10−4 1.760×10−4

299119 13.075a 5.259×107 5.399×10−6 5.465×10−6 1.337×10−5 9.104×10−7 3.086×10−6 1.063×10−6 α

12.796b 2.220×10−5 2.239×10−5 4.938×10−5 3.086×10−6 1.141×10−5 4.241×10−6

12.816c 2.003×10−5 2.021×10−5 4.492×10−5 2.824×10−6 1.038×10−5 3.837×10−6

11.536d 2.416×10−2 2.389×10−2 3.222×10−2 1.425×10−3 7.500×10−3 4.076×10−3

295Ts 11.535a 2.504×105 5.251×10−3 5.471×10−3 8.634×10−3 4.131×10−4 1.920×10−3 9.377×10−4 α

11.326b 1.823×10−2 1.899×10−2 2.755×10−2 1.252×10−3 6.139×10−3 3.208×10−3

11.206c 3.781×10−2 3.940×10−2 5.422×10−2 2.395×10−3 1.210×10−2 6.576×10−3

10.644d 1.352 1.409 1.515 5.917×10−2 3.402×10−1 2.245×10−1

291Mc 9.735a 9.146×102 1.025×102 1.616×102 1.323×102 4.746 2.907×101 2.408×101 α

10.219b 3.130 5.069 5.226 2.034×10−1 1.138 7.820×10−1

10.059c 4.007 1.549×101 1.481×101 5.601×10−1 3.236 2.361
9.693d 1.405×102 2.208×102 1.774×102 6.322 3.901×101 3.286×101

287Nh 8.885a 1.416 7.917×103 2.300×104 1.401×104 4.891×102 3.058×103 3.201×103 SF
9.371b 1.609×102 4.668×102 3.676×102 1.356×101 7.921×101 6.728×101

9.303c 2.726×102 7.908×102 6.038×102 2.207×101 1.303×102 1.139×102

9.201d 6.073×102 1.763×103 1.270×103 4.586×101 2.749×102 2.507×102

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].

Here Z1 and Z2 are the atomic numbers of the daughter and
emitted cluster, r is the distance between fragment centers, and

Ri(αi) = R0i

[
1 +

∑
λ=2,3,4

βλiY
(0)
λ (αi)

]
, (3)

where R0i = 1.28A
1/3
i − 0.76 + 0.8A

−1/3
i . Here αi is the angle

between the radius vector and symmetry axis of the ith nuclei
(see Fig. 1 of Ref. [49]). The magnitude of the quadrupole-
quadrupole interaction term, which is proportional to β21β22,
is very small because of its short range character, as compared
to the other terms in the expression for deformed Coulomb
potential [Eq. (2)]. The deformation values are taken from the
recent mass table of Moller et al. [51].

The two-term proximity potential for interaction between a
deformed and spherical nucleus given by Baltz et al. [52] is

VP 2(r,θ ) = 2π

[
R1(α)RC

R1(α) + RC + S

]1/2[
R2(α)RC

R2(α) + RC + S

]1/2

×
{[

ε0(S) + R1(α) + RC

2R1(α)RC

ε1(S)

]

×
[
ε0(S) + R2(α) + RC

2R2(α)RC

ε1(S)

]}1/2

, (4)

where θ is the angle between the symmetry axis of the
deformed nuclei and the line joining the centers of the two
interacting nuclei, and α corresponds to the angle between the
radius vector and symmetry axis of the nuclei (see Fig. 5 of
Ref. [52]). R1(α) and R2(α) are the principal radii of curvature
of the daughter nuclei, RC is the radius of the spherical cluster,
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TABLE IV. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotope 312125 and its decay
products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

312125 9.855a 3.027×1020 2.626×105 2.626×105 2.381×105 2.819×103 4.874×105 4.129×104 α

15.110b 2.197×10−8 2.197×10−8 1.472×10−7 6.931×10−9 4.854×10−8 4.907×10−9

15.160c 1.779×10−8 1.779×10−8 1.214×10−7 5.824×10−9 3.956×10−8 4.004×10−9

15.691d 4.502×10−9 2.013×10−9 1.626×10−8 9.515×10−10 4.647×10−9 4.764×10−10

308123 15.795a 4.149×1011 4.125×10−10 4.125×10−10 4.102×10−9 2.713×10−10 9.233×10−10 1.005×10−10 α

14.806b 2.356×10−8 2.356×10−8 1.709×10−7 7.785×10−9 4.914×10−8 5.219×10−9

14.955c 1.249×10−8 1.249×10−8 9.524×10−8 4.580×10−9 2.636×10−8 2.810×10−9

14.059d 6.548×10−7 6.548×10−7 3.692×10−6 1.295×10−7 1.299×10−6 1.352×10−7

304121 14.095a 2.168×109 2.459×10−7 1.544×10−7 1.047×10−6 4.026×10−8 2.949×10−7 3.252×10−8 α

13.313b 1.547×10−5 6.209×10−6 3.192×10−5 9.479×10−7 1.128×10−5 1.214×10−6

13.385c 7.018×10−6 4.362×10−6 2.301×10−5 6.992×10−7 7.958×10−6 8.586×10−7

12.298d 1.953×10−3 1.234×10−3 4.371×10−3 9.608×10−5 2.142×10−3 2.227×10−4

300119 13.025a 6.300×106 6.974×10−6 6.768×10−6 3.704×10−5 1.090×10−6 1.160×10−5 1.309×10−6 α

12.604b 1.323×10−4 5.852×10−5 2.734×10−4 7.083×10−6 9.790×10−5 1.089×10−5

12.614c 5.756×10−5 5.553×10−5 2.611×10−4 6.785×10−6 9.324×10−5 1.037×10−5

11.456d 3.931×10−2 3.722×10−2 1.107×10−1 2.108×10−3 5.938×10−2 6.314×10−3

296Ts 11.635a 3.671×104 2.836×10−3 2.944×10−3 1.103×10−2 2.374×10−4 4.490×10−3 5.086×10−4 α

11.533b 5.146×10−3 5.340×10−3 1.925×10−2 4.037×10−4 8.139×10−3 9.179×10−4

11.484c 6.870×10−3 7.129×10−3 2.507×10−2 5.195×10−4 1.079×10−2 1.215×10−3

10.744d 6.797×10−1 7.047×10−1 1.805 3.156×10−2 1.040 1.132×10−1

292Mc 9.595a 2.143×102 3.728×102 4.448×102 7.743×102 1.192×101 6.070×102 6.563×101 SF
9.960b 2.486×101 3.023×101 6.298×101 1.026 4.153×101 4.584
9.799c 8.059×101 9.719×101 1.874×102 2.974 1.332×102 1.458×101

9.513d 6.995×102 8.310×102 1.390×103 2.116×101 1.135×103 1.221×102

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].

S is the distance between the surfaces along the straight line
connecting the fragments, and ε0(S) and ε1(S) are the one
dimensional slab-on-slab functions.

For the prescission (overlap) region, simple power law
interpolation [53] has been used. The potential for the internal
part of the barrier is given as

V = a0(L − L0)n, for z < 0, (5)

where L = z + 2C1 + 2C2 fm and L0 = 2C, where C, C1 and
C2 are the Süsmann central radii of parent nuclei, daughter
nuclei, and emitted cluster respectively. The constants a0 and
n are determined by the smooth matching of the two potentials
at the touching point.

The barrier penetrability P using the one dimensional
Wentzel-Kramers-Brillouin approximation is

P = exp

{
− 2

h̄

∫ b

a

√
2μ(V − Q)dz

}
. (6)

Here the mass parameter is replaced by μ = mA1A2/A, where
m is the nucleon mass and A1, A2 are the mass numbers of
daughter and emitted cluster respectively. V represents the
interacting potential between two nuclei. The turning points
a and b are determined from the equation V (a) = V (b) = Q,
where Q is the energy released.

The half-life of nuclei which decay through α emission can
be calculated by means of WKB approximation. The α-decay
half-lives can be obtained using

T1/2 =
(

ln 2

λ

)
=

(
ln 2

νP

)
, (7)

where λ is the decay constant, ν is the assault frequency, and
P is the barrier penetrability. The assault frequency ν can be
calculated as

ν =
( ω

2π

)
=

(
2Ev

h

)
. (8)
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TABLE V. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotope 313125 and its decay
products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

313125 9.235a 1.290×1019 4.781×107 4.279×107 1.350×107 3.173×105 3.353×106 6.587×106 α

14.319b 7.041×10−7 6.849×10−7 1.670×10−6 1.263×10−7 4.276×10−7 1.425×10−7

14.312c 7.270×10−7 7.071×10−7 1.717×10−6 1.296×10−7 4.397×10−7 1.468×10−7

15.671d 2.130×10−9 2.104×10−9 7.964×10−9 9.832×10−10 2.050×10−9 4.968×10−10

309123 15.815a 6.764×109 3.684×10−10 3.684×10−10 1.737×10−9 2.461×10−10 4.161×10−10 8.984×10−11 α

15.274b 3.197×10−9 3.197×10−9 1.272×10−8 1.464×10−9 3.046×10−9 7.402×10−10

15.447c 1.583×10−9 1.583×10−9 6.655×10−9 8.177×10−10 1.594×10−9 3.726×10−10

14.879d 1.664×10−8 1.664×10−8 5.825×10−8 5.790×10−9 1.394×10−8 3.707×10−9

305121 14.105a 4.949×107 1.424×10−7 1.424×10−7 4.568×10−7 3.743×10−8 1.025×10−7 3.000×10−8 α

13.304b 6.263×10−6 6.263×10−6 1.513×10−5 9.508×10−7 3.399×10−6 1.223×10−6

13.371c 4.507×10−6 4.507×10−6 1.118×10−5 7.178×10−7 2.512×10−6 8.882×10−7

12.238d 1.660×10−3 1.660×10−3 2.710×10−3 1.243×10−4 6.100×10−4 2.982×10−4

301119 13.075a 1.936×105 7.729×10−6 5.090×10−6 1.337×10−5 8.483×10−7 2.841×10−6 9.880×10−7 α

12.459b 1.834×10−4 1.216×10−4 2.544×10−4 1.340×10−5 5.423×10−5 2.241×10−5

12.462c 1.804×10−4 1.197×10−4 2.503×10−4 1.319×10−5 5.335×10−5 2.203×10−5

11.406d 7.219×10−2 4.859×10−2 6.679×10−2 2.661×10−3 1.433×10−2 8.211×10−3

297Ts 11.765a 1.616×103 1.399×10−3 1.345×10−3 2.503×10−3 1.182×10−4 5.112×10−4 2.347×10−4 α

11.649b 2.729×10−3 2.620×10−3 4.665×10−3 2.136×10−4 9.538×10−4 4.540×10−4

11.630c 3.048×10−3 2.925×10−3 5.168×10−3 2.355×10−4 1.057×10−3 5.061×10−4

10.864d 3.300×10−1 3.130×10−1 3.985×10−1 1.514×10−2 8.218×10−2 5.070×10−2

293Mc 9.435a 1.593×101 9.380×102 1.464×103 1.108×103 3.532×101 2.254×102 2.135×102 SF
9.742b 9.040×101 1.428×102 1.264×102 4.209 2.557×101 2.135×101

9.619c 2.278×102 3.580×102 2.970×102 9.711 6.021×101 5.283×101

9.363d 1.085×103 2.568×103 1.877×103 5.928×101 3.824×102 3.733×102

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].

Here Ev is the empirical vibration energy, which is given by
[54]

Ev = Q

{
0.056 + 0.039 exp

[
(4 − A2)

2.5

]}
, for A2 � 4. (9)

The α particle vibrates in a harmonic oscillator potential
with a frequency ω, which depends on the vibrational energy
Ev . We can identify this frequency as the assault frequency
v and the expression for the empirical vibration energy Ev is
used only for finding the assault frequency v.

In the case of spherical nuclei (in CPPM), the interacting
barrier is given by

V = Z1Z2e
2

r
+ VP (z) + h̄2�(� + 1)

2μr2
, for z > 0, (10)

where z is the distance between the near surfaces of the
fragments. VP (z) is the proximity potential given by Blocki
et al. [55,56] as

Vp(z) = 4πγ b

[
C1C2

(C1 + C2)

]


( z

b

)
, (11)

with the nuclear surface tension coefficient

γ = 0.9517[1 − 1.7826(N − Z)2/A2] MeV/fm2. (12)

Here N, Z, and A represent the neutron, proton, and mass num-
ber of the parent nuclei.  represents the universal proximity
potential [56] given as

(ε) = −4.41e−ε/0.7176, for ε > 1.9475, (13)

(ε) = −1.7817 + 0.9270ε + 0.0169ε2 − 0.05148ε3,

for 0 � ε � 1.9475, (14)
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TABLE VI. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotope 314125 and its decay
products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

314125 9.795a 9.783×1017 4.803×105 3.917×105 3.723×105 4.057×103 7.245×105 6.171×104 α

14.023b 2.926×10−6 2.607×10−6 1.310×10−5 3.942×10−7 5.343×10−6 5.289×10−7

13.987c 3.591×10−6 3.089×10−6 1.532×10−5 4.555×10−7 6.310×10−6 6.241×10−7

15.281d 1.145×10−8 9.986×10−9 7.607×10−8 3.566×10−9 2.220×10−8 2.270×10−9

310123 14.065a 2.205×109 5.973×10−7 5.931×10−7 3.599×10−6 1.181×10−7 1.167×10−6 1.224×10−7 α

14.540b 7.008×10−8 6.969×10−8 4.967×10−7 1.921×10−8 1.415×10−7 1.503×10−8

14.678c 3.832×10−8 3.813×10−8 2.842×10−7 1.155×10−8 7.804×10−8 8.320×10−9

14.679d 3.815×10−8 3.796×10−8 2.832×10−7 1.151×10−8 7.774×10−8 8.289×10−9

306121 14.775a 6.017×105 7.319×10−9 7.319×10−9 6.695×10−8 3.064×10−9 1.450×10−8 1.642×10−9 α

13.846b 4.515×10−7 4.515×10−7 3.020×10−6 9.954×10−8 8.426×10−7 9.291×10−8

13.931c 3.046×10−7 3.046×10−7 2.096×10−6 7.110×10−8 5.707×10−7 6.309×10−8

13.048d 2.173×10−5 2.173×10−5 1.094×10−4 2.787×10−6 3.875×10−5 4.166×10−6

302119 13.045a 1.248×104 5.709×10−6 5.709×10−6 3.376×10−5 9.318×10−7 9.696×10−6 1.104×10−6 α

12.459b 1.174×10−4 1.174×10−4 5.572×10−4 1.289×10−5 1.932×10−4 2.154×10−5

12.483c 1.033×10−4 1.033×10−4 4.965×10−4 1.156×10−5 1.709×10−4 1.906×10−5

11.366d 5.981×10−2 5.981×10−2 1.842×10−1 3.189×10−3 9.433×10−2 1.007×10−2

298Ts 11.855a 1.285×102 7.791×10−4 7.791×10−4 3.423×10−3 7.262×10−5 1.188×10−3 1.369×10−4 α

11.549b 4.531×10−3 4.531×10−3 1.759×10−2 3.445×10−4 6.821×10−3 7.761×10−4

11.521c 5.341×10−3 5.341×10−3 2.053×10−2 3.992×10−4 8.046×10−3 9.143×10−4

10.794d 4.743×10−1 4.743×10−1 1.334 2.188×10−2 6.944×10−1 7.638×10−2

294Mc 9.445a 1.998 1.111×103 1.307×103 2.265×103 3.168×101 1.764×103 1.907×102 SF
9.726b 1.698×102 1.552×102 3.104×102 4.518 2.108×102 2.316×101

9.680c 1.174×102 2.186×102 4.250×102 6.144 2.950×102 3.233×101

9.413d 1.426×103 1.676×103 2.862×103 3.986×101 2.265×103 2.444×102

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].

with ε = z/b, where b ≈ 1 fm is the width (diffuseness) of the
nuclear surface. The Süsmann central radii Ci of the fragments
are related to the sharp radii Ri as

Ci = Ri −
(

b2

Ri

)
fm. (15)

For Ri , we use semiempirical formula in terms of mass number
Ai as [55]

Ri = 1.28A
1/3
i − 0.76 + 0.8A

−1/3
i fm. (16)

In CPPM, with the potential in Eq. (10), the penetrability and
half-lives can be calculated using Eqs. (6) and (7).

III. RESULTS AND DISCUSSION

SHN usually exhibit a sequential α decay chain followed
by subsequent SF. Most of the SHN are identified from their
α decay chains. The α decay chains provide clear signatures

of the nucleus in the beginning of the decay chain. The
experimentally measured quantities in the α decay are the α
decay energy (Q value) and the half-lives for the decay. So
the theoretical predictions on these two quantities are very
important for designing the experiments which can be used
to explore the limits of the predicted island of stability.

The decay properties of the isotopes of SHN with Z = 125,
within the range 303 � A � 339, are studied in the present
work. The one-proton and two-proton separation energies are
calculated to find the nuclei which decay through proton
emission. Four different mass tables are used for calculating
the Q value for the decay and six different formalisms are used
for calculating the α-decay half-lives.

A. Proton separation energy
The one-proton and two-proton separation energies of all

isotopes under study are calculated to identify the proton
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TABLE VII. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotope 315125 and its decay
products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

315125 9.815a 2.504×1016 5.692×105 3.219×105 1.459×105 3.374×103 3.356×104 5.085×104 α

13.811b 1.229×10−5 6.900×10−6 1.519×10−5 9.049×10−7 3.577×10−6 1.373×10−6

13.716c 1.946×10−5 1.092×10−5 2.327×10−5 1.345×10−6 5.478×10−6 2.158×10−6

14.841d 1.113×10−7 6.248×10−8 1.946×10−7 1.650×10−8 4.603×10−8 1.362×10−8

311123 13.355a 8.109×107 1.798×10−5 1.720×10−5 3.842×10−5 2.121×10−6 8.455×10−6 3.338×10−6 α

13.699b 3.330×10−6 3.205×10−6 8.087×10−6 4.985×10−7 1.781×10−6 6.408×10−7

13.801c 2.043×10−6 1.970×10−6 5.148×10−6 3.282×10−7 1.134×10−6 3.972×10−7

14.539d 6.929×10−8 6.760×10−8 2.268×10−7 1.863×10−8 5.000×10−8 1.455×10−8

307121 14.805a 6.820×103 6.229×10−9 6.229×10−9 2.710×10−8 2.664×10−9 5.595×10−9 1.399×10−9 α

14.372b 4.031×10−8 4.031×10−8 1.516×10−7 1.274×10−8 3.133×10−8 8.674×10−9

14.499c 2.312×10−8 2.312×10−8 9.093×10−8 7.995×10−9 1.878×10−8 5.046×10−9

13.778d 5.990×10−7 5.990×10−7 1.843×10−6 1.261×10−7 3.812×10−7 1.223×10−7

303119 13.105a 1.959×102 4.092×10−6 4.092×10−6 1.165×10−5 6.954×10−7 2.280×10−6 7.941×10−7 α

12.450b 1.190×10−4 1.190×10−4 2.655×10−4 1.299×10−5 5.214×10−5 2.182×10−5

12.455c 1.159×10−4 1.159×10−4 2.583×10−4 1.266×10−5 5.073×10−5 2.119×10−5

11.276d 1.003×10−1 1.003×10−1 1.402×10−1 5.036×10−3 2.773×10−2 1.677×10−2

299Ts 11.855a 2.912 7.528×10−4 7.528×10−4 1.557×10−3 7.006×10−5 2.927×10−4 1.320×10−4 α

11.489b 6.231×10−3 6.231×10−3 1.110×10−2 4.537×10−4 2.093×10−3 1.059×10−3

11.476c 4.196×10−3 6.729×10−3 1.194×10−2 4.865×10−4 2.252×10−3 1.144×10−3

10.734d 6.765×10−1 6.765×10−1 8.729×10−1 2.996×10−2 1.660×10−1 1.083×10−1

295Mc 9.575a 5.779×10−2 4.656×102 4.656×102 4.059×102 1.223×101 7.584×101 6.849×101 SF
9.753b 1.227×102 1.227×102 1.168×102 3.613 2.174×101 1.827×101

9.726c 8.783×101 1.499×102 1.413×102 4.354 2.633×101 2.236×101

9.523d 6.922×102 6.922×102 5.889×102 1.762×101 1.101×102 1.016×102

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].

emitters using the following relations:

S(p) = −�M(A,Z) + �M(A − 1,Z − 1) + �MH

= −Q(γ,p), (17)

S(2p) = −�M(A,Z) + �M(A − 2,Z − 2) + 2�MH

= −Q(γ,2p), (18)

where the terms S(p) and S(2p) are the one-proton
separation energy and the two-proton separation energy
of the nuclei, �M(A,Z), �MH , �M(A − 1,Z − 1), and
�M(A − 2,Z − 2) represent the mass excess of the parent
nuclei, the mass excess of the proton, the mass excess of the
daughter nuclei produced during the one-proton radioactivity,
and the mass excess of the daughter nuclei produced during
the two-proton radioactivity respectively. Q(γ , p) and Q(γ ,
2p) represent respectively the Q values for the one-proton

radioactivity and two-proton radioactivity. Here γ stands for
the gamma radiation accompanied with the proton emission.
The mass excess for calculating the one-proton and two-proton
separation energies is taken from the mass table of Moller
et al. [51]. The isotopes of Z = 125 which may decay through
proton emission are given in Table I. It is seen that the isotopes
303 � A � 309 may lie beyond the proton drip line with
negative proton separation energy.

B. α-decay energy ( Qα)

The most important quantity determining the α-decay half-
life is the Q value of the decay. The Q value for the decay can
be calculated using the equation

Q = �Mp − (�Mα + �Md ) + k
(
Zε

p − Zε
d

)
. (19)

The mass excess of the parent, daughter, and the α parti-
cle are represented by �Mp,�Md , and �Mα . The electron
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TABLE VIII. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotope 316125 and its decay
products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

316125 9.785a 7.771×1014 5.013×105 3.938×105 4.012×105 4.052×103 7.249×105 6.223×104 α

13.761b 1.001×10−5 8.478×10−6 4.178×10−5 1.076×10−6 1.697×10−5 1.680×10−6

13.652c 1.704×10−5 1.441×10−5 6.860×10−5 1.706×10−6 2.878×10−5 2.840×10−6

14.381d 5.429×10−7 4.644×10−7 2.829×10−6 8.970×10−8 9.648×10−7 9.713×10−8

312123 13.335a 3.178×106 2.080×10−5 1.835×10−5 9.262×10−5 2.233×10−6 3.435×10−5 3.551×10−6 α

12.932b 1.623×10−4 1.432×10−4 6.246×10−4 1.331×10−5 2.626×10−4 2.681×10−5

12.942c 1.541×10−4 1.359×10−4 5.965×10−4 1.274×10−5 2.500×10−4 2.553×10−5

14.229d 2.957×10−7 2.611×10−7 1.796×10−6 5.818×10−8 5.141×10−7 5.454×10−8

308121 13.735a 3.453×102 7.131×10−7 7.082×10−7 4.872×10−6 1.444×10−7 1.296×10−6 1.435×10−7 α

14.103b 1.303×10−7 1.296×10−7 1.012×10−6 3.401×10−8 2.425×10−7 2.715×10−8

14.263c 6.347×10−8 6.315×10−8 5.216×10−7 1.854×10−8 1.196×10−7 1.345×10−8

13.568d 1.576×10−6 1.565×10−6 1.017×10−5 2.852×10−7 2.842×10−6 3.131×10−7

304119 13.855a 1.482 1.112×10−7 1.112×10−7 9.416×10−7 3.166×10−8 1.963×10−7 2.311×10−8 α

12.963b 8.041×10−6 8.041×10−6 4.940×10−5 1.239×10−6 1.344×10−5 1.537×10−6

12.982c 7.308×10−6 7.308×10−6 4.534×10−5 1.143×10−6 1.226×10−5 1.403×10−6

12.086d 8.382×10−4 8.382×10−4 3.695×10−3 7.162×10−5 1.344×10−3 1.489×10−4

300Ts 11.875a 1.333×10−1 6.500×10−4 6.500×10−4 3.083×10−3 6.120×10−5 9.804×10−4 1.140×10−4 α

11.580b 3.528×10−3 3.528×10−3 1.485×10−2 2.727×10−4 5.256×10−3 6.036×10−4

11.581c 3.508×10−3 3.508×10−3 1.482×10−2 2.721×10−4 5.244×10−3 6.022×10−4

10.694d 8.491×10−1 8.491×10−1 2.449 3.656×10−2 1.227 1.354×10−1

296Mc 9.585a 3.498×10−3 2.782×102 4.169×102 8.311×102 1.099×101 5.575×102 6.130×101 SF
9.637b 1.876×102 2.815×102 5.780×102 7.702 3.782×102 4.170×101

9.646c 1.753×102 2.631×102 5.392×102 7.195 3.511×102 3.874×101

9.463d 7.102×102 1.061×103 1.992×103 2.590×101 1.419×103 1.549×102

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].

screening effect on the energy of α particle is included by
adding the term k(Zε

p − Zε
d ) in Eq. (19). The term kZε is the

total binding energy of Z electrons in the atom. Here k = 8.7 eV
and ε = 2.517 for nuclei with Z � 60 and k = 13.6 eV and
ε = 2.408 for nuclei with Z < 60 [57,58]. The Q value must
be positive for α decay to occur.

The sensitivity of the decay energy to the mass models used
has been a subject of study in many theoretical papers [40,59–
62]. It was seen that a change in Q value by 1 MeV will make
several order changes in the half-life calculation. So one must
take into account such changes while calculating the α-decay
half-lives.

In the present paper four different mass models, the mass
table of Moller et al. [51], the WS4 mass table [63], the WS3
mass table [64], and the mass table of Koura et al. [65], are used
for calculating the Q values for the isotopes in the decay chains
of nuclei with Z = 125. The mass table of Moller et al. [51]
is based on the finite range droplet macroscopic and folded-
Yukawa single-particle microscopic nuclear-structure models.

The WS3 mass model [64] considers the total energy of the
nucleus as the sum of the liquid drop energy, Strutisnsky shell
correction, and the residual correction. By taking into account
the surface diffuseness correction for unstable nuclei, the
accuracy of this macroscopic-microscopic formula is further
improved (WS4) [63]. The inclusion of the radial basis function
(RBF) made the accuracy and predictive power of the WS4
mass model much better. The mass table of Koura et al. [65]
presents the ground state mass on a spherical basis with an
improved even-odd term.

The difference in Q value using different mass models is
evident from Tables II–XI. For example, in the case of 294Ts,
the Q value calculated using the mass table of Moller et al. [51]
is 11.295 MeV whereas the WS4 mass table [63], WS3 mass
table [64], and the mass table of Koura et al. [65] gives the Q
value as 12.745, 12. 675, and 11. 386 MeV respectively. The
corresponding changes in the half-lives are also given in the
table. It is seen that the Q values calculated using WS4 [63]
and WS3 [64] mass tables will not show much difference. It is
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TABLE IX. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotope 317125 and its decay
products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

317125 9.795a 9.096×1012 4.094×105 3.506×105 1.694×105 3.626×103 3.593×104 5.550×104 α

13.717b 1.071×10−5 1.013×10−5 2.322×10−5 1.252×10−6 5.041×10−6 2.004×10−6

13.625c 1.681×10−5 1.588×10−5 3.515×10−5 1.840×10−6 7.628×10−6 3.108×10−6

13.651d 1.479×10−5 1.398×10−5 3.133×10−5 1.653×10−6 6.799×10−6 2.751×10−6

313123 13.405a 5.175×104 1.405×10−5 1.252×10−5 3.051×10−5 1.596×10−6 6.192×10−6 2.434×10−6 α

12.691b 5.528×10−4 4.940×10−4 9.334×10−4 3.930×10−5 1.892×10−4 9.114×10−5

12.651c 6.852×10−4 6.124×10−4 1.139×10−3 4.743×10−5 2.310×10−4 1.126×10−4

14.049d 6.469×10−7 5.755×10−7 1.753×10−6 1.134×10−7 3.561×10−7 1.181×10−7

309121 13.055a 8.341 1.909×10−5 1.891×10−5 4.804×10−5 2.427×10−6 9.171×10−6 3.603×10−6 α

13.295b 5.748×10−6 5.700×10−6 1.582×10−5 8.616×10−7 3.018×10−6 1.110×10−6

13.410c 3.270×10−6 3.244×10−6 9.358×10−6 5.291×10−7 1.785×10−6 6.367×10−7

13.338d 4.651×10−6 4.613×10−6 1.301×10−5 7.186×10−7 2.482×10−6 9.027×10−7

305119 13.855a 1.161×10−2 1.076×10−7 1.076×10−7 4.284×10−7 3.060×10−8 7.698×10−8 2.229×10−8 α

13.459b 6.838×10−7 6.838×10−7 2.367×10−6 1.478×10−7 4.261×10−7 1.365×10−7

13.535c 4.766×10−7 4.766×10−7 1.699×10−6 1.088×10−7 3.058×10−7 9.605×10−8

12.876d 1.208×10−5 1.208×10−5 3.384×10−5 1.753×10−6 6.110×10−6 2.288×10−6

301Ts 11.935a 1.373×10−3 4.489×10−4 4.489×10−4 1.026×10−3 4.391×10−5 1.775×10−4 7.893×10−5 α

11.643b 2.364×10−3 2.364×10−3 4.808×10−3 1.903×10−4 8.343×10−4 4.060×10−4

11.624c 2.640×10−3 2.640×10−3 5.338×10−3 2.102×10−4 9.266×10−4 4.536×10−4

10.604d 1.486 1.486 1.940 6.021×10−2 3.405×10−1 2.352×10−1

297Mc 9.585a 5.032×10−5 2.690×102 4.029×102 3.782×102 1.059×101 6.507×101 5.916×101 SF
9.622b 2.032×102 3.046×102 2.914×102 8.205 5.012×101 4.488×101

9.608c 2.259×102 3.386×102 3.210×102 9.018 5.521×101 4.972×101

9.403d 1.096×103 1.633×103 1.401×103 3.825×101 2.419×102 2.373×102

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].

also evident that the discrepancies in the Q value increases in
the very heavy region. For example, for isotope 310125, the Q
value with the mass table of Moller et al. [51] is 11.345 MeV.
The Q value for the same isotope with WS4 [63] and WS3
[64] mass tables are 15.938 and 16.066 MeV. The mass table
of Koura et al. [65] gives the Q value of 310125 as 14.951 MeV.
The half-lives also vary significantly in the very heavy region.
Different studies [61,62] reveal that among various theoretical
models, the WS4 mass model is the most accurate one to predict
the Q values in the superheavy region.

C. α-decay half-lives (Tα
1/2)

Various phenomenological formulas are used to calculate
the α-decay half-lives. In the present work, CPPMDN [47],
CPPM [66], the Viola-Seaborg Sobiczewski (VSS) semiempir-
ical relation [67,68], the universal curve (UNIV) of Poenaru
et al. [69,70], the analytical formula of Royer [71], and the
universal decay law (UDL) of Qi et al. [72,73] are used for
calculating the α half-lives. For a single isotope, the half-lives

are calculated corresponding to four different Q values using
these six models.

One of the famous and most frequently used expressions
for calculating the α-decay half-lives is given by Viola and
Seaborg as

log10(T1/2) = (aZ + b)Q−1/2 + cZ + d + hlog. (20)

Here Z is the atomic number of the parent nucleus and a, b,
c, d are adjustable parameters. The hindrance factor for nuclei
with unpaired nucleons is given by the quantity hlog. Instead of
using the original set of constants given by Viola and Seaborg
[67], the values determined by Sobiczewski et al. [68] have
been used here. The constants are a = 1.66175, b = −8.5166,
c = −0.20228, d = −33.9069, and

hlog =

⎧⎪⎨
⎪⎩

0 for Z = even N = even
0.772 for Z = odd N = even
1.066 for Z = even N = odd
1.114 for Z = odd N = odd

. (21)
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TABLE X. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotope 318125 and its decay
products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

318125 9.885a 1.384×1011 2.004×105 1.660×105 1.907×105 1.811×103 3.036×105 2.640×104 α

13.374b 6.014×10−5 5.342×10−5 2.466×10−4 5.241×10−6 1.039×10−4 1.025×10−5

13.475c 3.559×10−5 3.220×10−5 1.541×10−4 3.379×10−6 6.295×10−5 6.228×10−6

13.641d 1.562×10−5 1.418×10−5 7.206×10−5 1.666×10−6 2.803×10−5 2.786×10−6

314123 13.315a 1.232×103 2.131×10−5 1.893×10−5 1.016×10−4 2.271×10−6 3.505×10−5 3.647×10−6 α

12.658b 3.641×10−4 5.698×10−4 2.414×10−3 4.423×10−5 1.025×10−3 1.045×10−4

12.586c 9.445×10−4 8.404×10−4 3.470×10−3 6.226×10−5 1.509×10−3 1.535×10−4

13.549d 6.720×10−6 5.968×10−6 3.478×10−5 8.375×10−7 1.118×10−5 1.172×10−6

310121 11.865a 2.289×10−1 7.505×10−3 1.163×10−2 4.288×10−2 6.771×10−4 1.927×10−2 2.018×10−3 α

12.498b 3.296×10−4 3.357×10−4 1.580×10−3 2.968×10−5 5.703×10−4 6.112×10−5

12.564c 1.502×10−4 2.355×10−4 1.138×10−3 2.179×10−5 4.018×10−4 4.316×10−5

13.168d 6.542×10−6 1.035×10−5 6.246×10−5 1.436×10−6 1.819×10−5 1.993×10−6

306119 13.925a 3.528×10−5 7.508×10−8 7.565×10−8 7.013×10−7 2.257×10−8 1.324×10−7 1.574×10−8 α

13.234b 1.960×10−6 1.960×10−6 1.426×10−5 3.634×10−7 3.296×10−6 3.832×10−7

13.332c 1.183×10−6 1.217×10−6 9.151×10−6 2.409×10−7 2.053×10−6 2.395×10−7

12.616d 4.432×10−5 4.469×10−5 2.582×10−4 5.429×10−6 7.254×10−5 8.258×10−6

302Ts 12.745a 6.165×10−6 5.804×10−6 5.804×10−6 4.122×10−5 9.825×10−7 9.026×10−6 1.093×10−6 α

12.257b 5.917×10−5 7.434×10−5 4.394×10−4 9.043×10−6 1.130×10−4 1.344×10−5

12.247c 7.845×10−5 7.845×10−5 4.607×10−4 9.456×10−6 1.189×10−4 1.414×10−5

11.424d 8.278×10−3 8.278×10−3 3.489×10−2 5.732×10−4 1.209×10−2 1.390×10−3

298Mc 9.595a 1.498×10−6 3.002×102 3.611×102 7.743×102 9.518 4.773×102 5.296×101 SF
9.570b 3.631×102 4.365×102 9.252×102 1.133×101 5.774×102 6.397×101

9.567c 3.715×102 4.466×102 9.425×102 1.154×101 5.889×102 6.524×101

9.313d 2.677×103 3.202×103 5.962×103 7.053×101 4.230×103 4.617×102

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].

The universal curve of Poenaru et al. [69,70] for calculating
the α-decay half-lives is derived by extending a fission theory
to larger asymmetry. It is given by

log10T (s) = −log10PS − log10S

+[log10(ln 2) − log10ν], (22)

where T is the half-life, and ν, S, and PS are three model de-
pendent quantities. ν is the frequency of assaults on the barrier
per second, S is the preformation probability of the cluster at
the nuclear surface, and PS is the quantum penetrability of the
external potential barrier.

The penetrability of an external Coulomb barrier having
the first turning point as the separation distance at the touching
configuration Ra = Rt = Rd + Re and the second one defined
by e2ZdZe/Rb = Q may be obtained analytically as

−log10PS = 0.22873(μAZdZeRb)1/2

× [arccos
√

r −
√

r(1 − r)], (23)

where r = Rt/Rb fm, Rt = 1.2249(A1/3
d + A

1/3
e ) fm, and

Rb = 1.43998ZdZe/Q fm.
The decimal logarithm of the preformation factor is given

as

log10S = −0.598(Ae − 1), (24)

and the additive constant for even-even nuclei is

cee = [−log10ν + log10(ln 2)] = −22.16917. (25)

By applying a fitting procedure on α emitters Royer [71]
developed a formula for calculating the α-decay half-lives as
follows:

log10[T1/2(s)] = a + bA1/6
√

Z + cZ√
Qα

, (26)

where A and Z represent the mass and charge number of the
parent nuclei and Qα represents the energy released during the
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TABLE XI. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for the isotopes 319,320125 and their
decay products.

Parent Qα (MeV) TSF (s) T α
1/2 (s) Mode of

nuclei CPPMDN CPPM VSS UNIV Royer UDL decay

319125 13.695a 4.226×105 9.580×10−6 1.053×10−5 2.562×10−5 1.280×10−6 5.131×10−6 2.070×10−6 α

12.919b 4.909×10−4 5.416×10−4 1.006×10−3 3.954×10−5 2.008×10−4 1.009×10−4

13.062c 2.317×10−4 2.554×10−4 4.988×10−4 2.045×10−5 9.960×10−5 4.800×10−5

13.351d 5.266×10−5 5.798×10−5 1.254×10−4 5.617×10−6 2.508×10−5 1.113×10−5

315123 13.205a 1.281×101 3.539×10−5 3.181×10−5 7.729×10−5 3.542×10−6 1.446×10−5 6.065×10−6 α

12.646b 6.511×10−4 5.874×10−4 1.166×10−3 4.517×10−5 2.180×10−4 1.074×10−4

12.568c 9.922×10−4 8.956×10−4 1.728×10−3 6.547×10−5 3.231×10−4 1.630×10−4

13.009d 9.624×10−5 8.662×10−5 1.961×10−4 8.463×10−6 3.670×10−5 1.626×10−5

311121 11.815a 2.459×10−3 1.316×10−2 1.505×10−2 2.561×10−2 8.467×10−4 4.520×10−3 2.599×10−3 SF
11.851b 1.066×10−2 1.219×10−2 2.102×10−2 7.015×10−4 3.710×10−3 2.108×10−3

11.875c 9.269×10−3 1.061×10−2 1.845×10−2 6.197×10−4 3.257×10−3 1.837×10−3

13.048d 1.585×10−5 1.832×10−5 4.978×10−5 2.340×10−6 8.763×10−6 3.483×10−6

320125 13.535a 7.749×103 1.334×10−5 2.233×10−5 1.169×10−4 2.439×10−6 4.338×10−5 4.330×10−6 α

12.535b 2.482×10−3 4.186×10−3 1.533×10−2 2.371×10−4 7.810×10−3 7.566×10−4

12.709c 9.580×10−4 1.613×10−3 6.299×10−3 1.023×10−4 3.029×10−3 2.951×10−4

13.011d 1.918×10−4 3.223×10−4 1.406×10−3 2.495×10−5 6.135×10−4 6.031×10−5

316123 13.025a 2.265×10−1 7.348×10−5 7.712×10−5 3.993×10−4 7.607×10−6 1.393×10−4 1.447×10−5 α

12.488b 1.264×10−3 1.340×10−3 5.711×10−3 9.289×10−5 2.373×10−3 2.423×10−4

12.456c 1.506×10−3 1.597×10−3 6.704×10−3 1.081×10−4 2.814×10−3 2.872×10−4

12.759d 2.943×10−4 3.104×10−4 1.459×10−3 2.566×10−5 5.541×10−4 5.710×10−5

312121 11.735a 3.954×10−5 2.599×10−2 2.329×10−2 8.730×10−2 1.241×10−3 3.802×10−2 3.993×10−3 SF
11.726b 2.741×10−2 2.457×10−2 9.202×10−2 1.305×10−3 4.022×10−2 4.223×10−3

11.678c 3.643×10−2 3.266×10−2 1.195×10−1 1.675×10−3 5.315×10−2 5.570×10−3

12.688d 1.276×10−4 1.140×10−4 6.166×10−4 1.141×10−5 1.932×10−4 2.100×10−5

aQ value calculated using the mass excess taken from the mass table of Moller et al. [51].
bQ value calculated using the mass excess taken from the WS4 mass table [63].
cQ value calculated using the mass excess taken from the WS3 mass table [64].
dQ value calculated using the mass excess taken from the mass table of Koura et al. [65].

reaction. The constants a, b, and c are

a = −25.31, b = −1.1629, c = 1.5864 for Z = even N = even
a = −26.65, b = −1.0859, c = 1.5848 for Z = even N = odd
a = −25.68, b = −1.1423, c = 1.5920 for Z = odd N = even
a = −29.48, b = −1.1130, c = 1.6971 for Z = odd N = odd

⎫⎪⎪⎬
⎪⎪⎭. (27)

In the present work we have only used the analytical
formulas for odd-even and odd-odd nuclei for calculating the
α-decay half-lives.

The universal decay law (UDL) for α-decay and cluster
decay modes introduced by Qi et al. [72,73] is given as

log10(T1/2) = aZcZd

√
A

Qc

+ b

√
AZcZd

(
A

1/3
d + A

1/3
c

) + c

(28)

= aχ ′ + bρ ′ + c, (29)

where A = AdAc

Ad+Ac
and the constants a = 0.4314, b =

−0.4087, and c = −25.7725 are determined by fitting to
experiments of both α and cluster decays [72]. The two
parameters χ ′ and ρ ′ depend on the atomic and mass numbers
of the daughter and emitted particles as well as the Q value.

The comparison of the α half-lives of the isotopes of Z =
125 within the range 310�A�320 are given in Tables II–XI. It
is seen that the predictions on the half-life values using different
formalisms are in agreement with each other. The sensitivity
of half-lives to the Q values is also clear from the table. A
change in Q value about 1 MeV make about two order changes
in half-lives.
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FIG. 1. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotopes 310,311125 and their decay
products.
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FIG. 2. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotopes 312,313125 and their decay
products.
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FIG. 3. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotopes 314,315125 and their decay
products.
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FIG. 4. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotopes 316,317125 and their decay
products.
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FIG. 5. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotopes 318,319125 and their decay
products.

D. Spontaneous fission half-lives (TSF)

SF is one of the most prominent decay modes energetically
feasible for heavy and SH nuclei. The fission as well as α decay
probability determines the stability of SHN. Theoretically
the quantum tunneling effect is considered as the underlying
mechanism. The probability of tunneling through a potential
barrier depends exponentially on the square root of the barrier
height and is inversely related to the fissionability parameter.
The fissionability parameter Z2

A
and the isospin effect I = N−Z

N+Z
play an important role in determining the SF half-lives of
heavy and SH nuclei. Considering these two factors our group
had developed a semiempirical formula for calculating the SF
half-lives in 2010 [36]. Since the shell structure also plays an
important role in determining SF half-lives, by including the
shell correction term, we modified the previous formula [74]
as given below:

log10(T1/2/yr) = a
Z2

A
+ b

(
Z2

A

)2

+ c

(
N − Z

N + Z

)

+ d

(
N − Z

N + Z

)2

+ eEshell + f, (30)

where a = −43.25203, b = 0.49192, c = 3674.3927, d =
−9360.6, e = 0.8930, and f = 578.56058.Eshell is the shell
correction energy taken from Ref. [51]. Here we would like

to mention that the parameters used in Eq. (30) are obtained
using a least square fit to the experimental data for SF.

The estimated standard deviation from the experimental SF
half-life values of 45 nuclei is found to be 1.6972, i.e., the
average deviation between the theoretical and experimental
SF half-lives is less than 102 times. This level of agreement
is very satisfactory since SF is a much more complex process
than α decay.

E. α-decay chains of Z = 125

The α-decay chains of the isotopes of Z = 125 are predicted
by comparing the α-decay half-lives (with Q values using the
mass table of Moller et al. [51]) calculated using CPPMDN
with the SF half-lives using the shell-effect-dependent formula.
The nuclei with α-decay half-lives shorter than spontaneous
fission half-lives will survive fission and hence decay through
α emission. It was seen that isotopes 310−320125 and isotope
323125 exhibit an α-decay chain followed by SF. The isotopes
321,322125 and 324−339125 decay through SF. The α-decay
chains of isotopes 310−320125 are given in Tables II–XI. Iso-
topes 310,311125 exhibit 6α chains whereas isotopes 312−318125
exhibit 5α chains. Isotopes 319,310125 show 2α chains followed
by SF.

For few isotopes, a slight difference can be seen in the
number of α-decay chains while using different Q values. For
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FIG. 6. The comparison of the calculated α-decay half-lives with the spontaneous fission half-lives for isotopes 320,323125 and their decay
products.

example, isotope 312125 exhibit 5α chains if the mass table of
Moller et al. [51] and Koura et al. [65] are used for the half-life
calculation. But while using the WS4 [63] and WS3 [64] mass
tables, it is seen that the isotope shows 6α chains.

A comparison of α-decay half-lives with SF half-lives for
isotopes 310−320,323125 are given in Figs. 1–6. The matching
between α half-lives calculated using different formalisms is
clear from the figures. In Fig. 1, a dip can be seen at N = 183
for the α-decay curves which may appear to be due to the
neutron shell closure at N = 184. But such an effect is not
seen in the curve for SF. Here we have plotted log10T1/2 versus
the mass number of the parent nuclei in the corresponding
α-decay chain, where the Z value is different for each parent
nuclei. The shell effect can be clearly observed if we draw
a plot of log10T1/2 versus the mass (neutron) number of the
parent for the isotopes with a given Z value.

IV. CONCLUSIONS

The α-decay chains of the isotopes of Z = 125 are pre-
dicted by comparing the α-decay half-lives calculated using
CPPMDN with the spontaneous fission half-lives using the
shell-effect-dependent formula. Four different mass tables are
used for calculating the Q values for the decay. Six different
theoretical formalisms are used for determining the α-decay
half-lives. By estimating the proton separation energies, it
is seen that isotopes 303−309125 may decay through proton
emission. By comparing the α-decay half-lives with the spon-
taneous fission half-lives, isotopes 310,311125 show 6α chains.
5α chains can be seen from isotopes 312−318125. Isotopes
319,320125 exhibit 2α chains and 323125 exhibits 1α chain. All
the other isotopes, that is, 321,322,324−339125, decay through
spontaneous fission. We hope that the studies will be useful
for future experimental investigations.

[1] A. Sobiczewski, F. A. Gareev, and B. N. Kalinkin, Phys. Lett. B
22, 500 (1966).

[2] H. Meldner, Ark. Fys. 36, 593 (1967).
[3] S. G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. Szymański, S.

Wycech, C. Gustafson, I. L. Lamm, P. Möller, and B. Nilsson,
Nucl. Phys. A 131, 1 (1969).

[4] W. D. Myers and W. J. Swiatecki, Ark. Fys. 36, 343 (1967).

[5] U. Mosel and W. Greiner, Z. Phys. 222, 261 (1969).
[6] S. Hofmann and G. Münzenberg, Rev. Mod. Phys. 72, 733

(2000).
[7] Yu. Ts. Oganessian, J. Phys. G: Nucl. Part. Phys. 34, R165

(2007).
[8] K. Morita, Nucl. Phys. A 944, 30 (2015).
[9] D. Ackermann, Nucl. Phys. A 787, 353 (2007).

044615-15

https://doi.org/10.1016/0031-9163(66)91243-1
https://doi.org/10.1016/0031-9163(66)91243-1
https://doi.org/10.1016/0031-9163(66)91243-1
https://doi.org/10.1016/0031-9163(66)91243-1
https://doi.org/10.1016/0375-9474(69)90809-4
https://doi.org/10.1016/0375-9474(69)90809-4
https://doi.org/10.1016/0375-9474(69)90809-4
https://doi.org/10.1016/0375-9474(69)90809-4
https://doi.org/10.1007/BF01392125
https://doi.org/10.1007/BF01392125
https://doi.org/10.1007/BF01392125
https://doi.org/10.1007/BF01392125
https://doi.org/10.1103/RevModPhys.72.733
https://doi.org/10.1103/RevModPhys.72.733
https://doi.org/10.1103/RevModPhys.72.733
https://doi.org/10.1103/RevModPhys.72.733
https://doi.org/10.1088/0954-3899/34/4/R01
https://doi.org/10.1088/0954-3899/34/4/R01
https://doi.org/10.1088/0954-3899/34/4/R01
https://doi.org/10.1088/0954-3899/34/4/R01
https://doi.org/10.1016/j.nuclphysa.2015.10.007
https://doi.org/10.1016/j.nuclphysa.2015.10.007
https://doi.org/10.1016/j.nuclphysa.2015.10.007
https://doi.org/10.1016/j.nuclphysa.2015.10.007
https://doi.org/10.1016/j.nuclphysa.2006.12.056
https://doi.org/10.1016/j.nuclphysa.2006.12.056
https://doi.org/10.1016/j.nuclphysa.2006.12.056
https://doi.org/10.1016/j.nuclphysa.2006.12.056


K. P. SANTHOSH AND C. NITHYA PHYSICAL REVIEW C 97, 044615 (2018)

[10] S. Hofmann, F. P. Heßberger, D. Ackermann, S. Antalic, P.
Cagarda, B. Kindler, P. Kuusiniemi, M. Leino, B. Lommel, O.
N. Malyshev, R. Mann, G. Münzenberg, A. G. Popeko, S. S’aro,
B. Streicher, and A. V. Yeremin, Nucl. Phys. A 734, 93 (2004).

[11] Yu. Ts. Oganessian and V. K. Utyonkov, Rep. Prog. Phys. 78,
036301 (2015).

[12] Yu. Ts. Oganessian, V. K. Utyonkov, Yu. V. Lobanov, F. Sh.
Abdullin, A. N. Polyakov, R. N. Sagaidak, I. V. Shirokovsky, Yu.
S. Tsyganov, A. A. Voinov, A. N. Mezentsev, V. G. Subbotin,
A. M. Sukhov, K. Subotic, V. I. Zagrebaev, and S. N. Dmitriev,
R. A. Henderson, K. J. Moody, J. M. Kenneally, J. H. Landrum,
D. A. Shaughnessy, M. A. Stoyer, N. J. Stoyer, and P. A. Wilk,
Phys. Rev. C 79, 024603 (2009).

[13] S. Hofmann, S. Heinz, R. Mann, J. Maurer, G. Münzenberg, S.
Antalic, W. Barth, H. G. Burkhard, L. Dahl, K. Eberhardt, R.
Grzywacz, J. H. Hamilton, R. A. Henderson, J. M. Kenneally,
B. Kindler, I. Kojouharov, R. Lang, B. Lommel, K. Miernik, D.
Miller et al., Eur. Phys. J. A 52, 180 (2016).

[14] V. M. Strutinsky, Nucl. Phys. A 95, 420 (1967).
[15] V. M. Strutinsky, Nucl. Phys. A 122, 1 (1968).
[16] S. G. Nilsson, J. R. Nix, A. Sobiczewski, Z. Szymański, S.

Wycech, C. Gustafson, and P. Möller, Nucl. Phys. A 115, 545
(1968).

[17] J. S. Peng, L. L. Li, S. G. Zhou, and E. G. Zhou, Chin. Phys. C
32, 634 (2008).

[18] J. Meng, H. Toki, S. G. Zhou, S. Q. Zhang, W. H. Long, and
L. S. Geng, Prog. Part. Nucl. Phys. 57, 470 (2006).

[19] D. Vretenar, A. V. Afanasjev, G. A. Lalazissis, and P. Ring, Phys.
Rep. 409, 101 (2005).

[20] W. Zhang, J. Meng, S. Q. Zhang, L. S. Geng, and H. Toki, Nucl.
Phys. A 753, 106 (2005).

[21] P. Ring, Prog. Part. Nucl. Phys. 37, 193 (1996).
[22] M. Bender and P. H. Heenen, Rev. Mod. Phys. 75, 121 (2003).
[23] P. G. Reinhard, Rep. Prog. Phys. 52, 439 (1989).
[24] P. Möller and J. R. Nix, J. Phys. G 20, 1681 (1994).
[25] K. Rutz, M. Bender, T. Burvenich, T. Schilling, P. G. Reinhard,

J. A. Maruhn, and W. Greiner, Phys. Rev. C 56, 238 (1997).
[26] S. Ćwiok, J. Dobaczewski, P. H. Heenen, P. Magierski, and W.

Nazarewicz, Nucl. Phys. A 611, 211 (1996).
[27] C. Qi, Rev. Phys. 1, 77 (2016).
[28] D. S. Delion and A. Dumitrescu, At. Data Nucl. Data Tables 101,

1 (2015).
[29] D. N. Poenaru, I. H. Plonski, and W. Greiner, Phys. Rev. C 74,

014312 (2006).
[30] P. R. Chowdhury, C. Samanta, and D. N. Basu, At. Data Nucl.

Data Tables 94, 781 (2008).
[31] V. Yu. Denisov and A. A. Khudenko, At. Data Nucl. Data Tables

95, 815 (2009).
[32] C. Xu, Z. Ren, and Y. Guo, Phys. Rev. C 78, 044329

(2008).
[33] R. Smolánczuk, J. Skalski, and A. Sobiczwski, Phys. Rev. C 52,

1871 (1995).
[34] W. J. Swiatecki, Phys. Rev. 100, 937 (1955).
[35] A. V. Karpov, V. I. Zagrebaev, Y. M. Palenzuela, L. F. Ruiz, and

W. Greiner, Int. J. Mod. Phys. E 21, 1250013 (2012).
[36] K. P. Santhosh, R. K. Biju, and S. Sabina, Nucl. Phys. A 832,

220 (2010).
[37] M. S. Mehta, H. Kaur, B. Kumar, and S. K. Patra, Phys. Rev. C

92, 054305 (2015).
[38] M. M. Sharma, A. R. Farhan, and G. Münzenberg, Phys. Rev. C

71, 054310 (2005).

[39] C. I. Anghel and I. Silişteanu, Phys. Rev. C 95, 034611 (2017).
[40] A. Sobiczewski, J. Phys. G: Nucl. Part. Phys. 43, 095106 (2016).
[41] K. P. Santhosh and B. Priyanka, Phys. Rev. C 90, 054614 (2014).
[42] K. P. Santhosh, Proceedings of the 60th DAE-BRNS Symposium

on Nuclear Physics, edited by B. K. Nayak, D. Dutta, and S. M.
Sharma (Andhra Pradesh, India, 2015), Vol. 60, p. 630.

[43] K. P. Santhosh and C. Nithya, Eur. Phys. J. A 53, 189 (2017).
[44] K. P. Santhosh and C. Nithya, At. Data Nucl. Data Tables 119,

33 (2018).
[45] K. P. Santhosh and C. Nithya, Int. J. Mod. Phys. E 25, 1650079

(2016).
[46] K. P. Santhosh and C. Nithya, Eur. Phys. J. A 52, 371 (2016).
[47] K. P. Santhosh, S. Sabina, and G. J. Jayesh, Nucl. Phys. A 850,

34 (2011).
[48] C. Y. Wong, Phys. Rev. Lett. 31, 766 (1973).
[49] N. Malhotra and R. K. Gupta, Phys. Rev. C 31, 1179 (1985).
[50] R. K. Gupta, M. Balasubramaniam, R. Kumar, N. Singh, M.

Manhas, and W. Greiner, J. Phys. G: Nucl. Part. Phys. 31, 631
(2005).

[51] P. Möller, A. J. Sierk, T. Ichikawa, and H. Sagawa, At. Data
Nucl. Data Tables 109, 1 (2016).

[52] A. J. Baltz and B. F. Bayman, Phys. Rev. C 26, 1969 (1982).
[53] Y. J. Shi and W. J. Swiatecki, Nucl. Phys. A 464, 205 (1987).
[54] D. N. Poenaru, M. Ivascu, A. Sandulescu, and W. Greiner, Phys.

Rev. C 32, 572 (1985).
[55] J. Blocki, J. Randrup, W. J. Swiatecki, and C. F. Tsang, Ann.

Phys. (NY) 105, 427 (1977).
[56] J. Blocki and W. J. Swiatecki, Ann. Phys. (NY) 132, 53 (1981).
[57] V. Yu. Denisov and A. A. Khudenko, Phys. Rev. C 79, 054614

(2009).
[58] K. N. Huang, M. Aoyagi, M. H. Chen, B. Crasemann, and H.

Mark, At. Data Nucl. Data Tables 18, 243 (1976).
[59] X. J. Bao, S. Q. Guo, H. F. Zhang, and Q. Li, Phys. Rev. C 95,

034323 (2017).
[60] A. Sobiczewski, Phys. Rev. C 94, 051302(R) (2016).
[61] Yu. A. Litvinov, M. Palczewski, E. A. Cherepanov, and A.

Sobiczewski, Acta Phys. Pol. B 45, 1979 (2014).
[62] Y. Z. Wang, S J. Wang, Z. Y. Hou, and J. Z. Gu, Phys. Rev. C

92, 064301 (2015).
[63] N. Wang, M. Liu, X. Z. Wu, and J. Meng, Phys. Lett. B 734, 215

(2014).
[64] M. Liu, N. Wang, Y. Deng, and X. Wu, Phys. Rev. C 84, 014333

(2011).
[65] H. Koura, T. Tachibana, M. Uno, and M. Yamada, Prog. Theor.

Phys. 113, 305 (2005).
[66] K. P. Santhosh and A. Joseph, Pramana 62, 957 (2004).
[67] V. E. Viola, Jr. and G. T. Seaborg, J. Inorg. Nucl. Chem. 28, 741

(1966).
[68] A. Sobiczewski, Z. Patyk, and S. Ćwiok, Phys. Lett. B 224, 1

(1989).
[69] D. N. Poenaru, R. A. Gherghescu, and W. Greiner, Phys. Rev. C

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

85, 034615 (2012).
[71] G. Royer, J. Phys. G: Nucl. Part. Phys. 26, 1149 (2000).
[72] C. Qi, F. R. Xu, R. J. Liotta, and R. Wyss, Phys. Rev. Lett. 103,

072501 (2009).
[73] C. Qi, F. R. Xu, R. J. Liotta, R. Wyss, M. Y. Zhang, C.

Asawatangtrakuldee, and D. Hu, Phys. Rev. C 80, 044326
(2009).

[74] K. P. Santhosh and C. Nithya, Phys. Rev. C 94, 054621 (2016).

044615-16

https://doi.org/10.1016/j.nuclphysa.2004.01.018
https://doi.org/10.1016/j.nuclphysa.2004.01.018
https://doi.org/10.1016/j.nuclphysa.2004.01.018
https://doi.org/10.1016/j.nuclphysa.2004.01.018
https://doi.org/10.1088/0034-4885/78/3/036301
https://doi.org/10.1088/0034-4885/78/3/036301
https://doi.org/10.1088/0034-4885/78/3/036301
https://doi.org/10.1088/0034-4885/78/3/036301
https://doi.org/10.1103/PhysRevC.79.024603
https://doi.org/10.1103/PhysRevC.79.024603
https://doi.org/10.1103/PhysRevC.79.024603
https://doi.org/10.1103/PhysRevC.79.024603
https://doi.org/10.1140/epja/i2016-16180-4
https://doi.org/10.1140/epja/i2016-16180-4
https://doi.org/10.1140/epja/i2016-16180-4
https://doi.org/10.1140/epja/i2016-16180-4
https://doi.org/10.1016/0375-9474(67)90510-6
https://doi.org/10.1016/0375-9474(67)90510-6
https://doi.org/10.1016/0375-9474(67)90510-6
https://doi.org/10.1016/0375-9474(67)90510-6
https://doi.org/10.1016/0375-9474(68)90699-4
https://doi.org/10.1016/0375-9474(68)90699-4
https://doi.org/10.1016/0375-9474(68)90699-4
https://doi.org/10.1016/0375-9474(68)90699-4
https://doi.org/10.1016/0375-9474(68)90748-3
https://doi.org/10.1016/0375-9474(68)90748-3
https://doi.org/10.1016/0375-9474(68)90748-3
https://doi.org/10.1016/0375-9474(68)90748-3
https://doi.org/10.1088/1674-1137/32/8/009
https://doi.org/10.1088/1674-1137/32/8/009
https://doi.org/10.1088/1674-1137/32/8/009
https://doi.org/10.1088/1674-1137/32/8/009
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1016/j.ppnp.2005.06.001
https://doi.org/10.1016/j.physrep.2004.10.001
https://doi.org/10.1016/j.physrep.2004.10.001
https://doi.org/10.1016/j.physrep.2004.10.001
https://doi.org/10.1016/j.physrep.2004.10.001
https://doi.org/10.1016/j.nuclphysa.2005.02.086
https://doi.org/10.1016/j.nuclphysa.2005.02.086
https://doi.org/10.1016/j.nuclphysa.2005.02.086
https://doi.org/10.1016/j.nuclphysa.2005.02.086
https://doi.org/10.1016/0146-6410(96)00054-3
https://doi.org/10.1016/0146-6410(96)00054-3
https://doi.org/10.1016/0146-6410(96)00054-3
https://doi.org/10.1016/0146-6410(96)00054-3
https://doi.org/10.1103/RevModPhys.75.121
https://doi.org/10.1103/RevModPhys.75.121
https://doi.org/10.1103/RevModPhys.75.121
https://doi.org/10.1103/RevModPhys.75.121
https://doi.org/10.1088/0034-4885/52/4/002
https://doi.org/10.1088/0034-4885/52/4/002
https://doi.org/10.1088/0034-4885/52/4/002
https://doi.org/10.1088/0034-4885/52/4/002
https://doi.org/10.1088/0954-3899/20/11/003
https://doi.org/10.1088/0954-3899/20/11/003
https://doi.org/10.1088/0954-3899/20/11/003
https://doi.org/10.1088/0954-3899/20/11/003
https://doi.org/10.1103/PhysRevC.56.238
https://doi.org/10.1103/PhysRevC.56.238
https://doi.org/10.1103/PhysRevC.56.238
https://doi.org/10.1103/PhysRevC.56.238
https://doi.org/10.1016/S0375-9474(96)00337-5
https://doi.org/10.1016/S0375-9474(96)00337-5
https://doi.org/10.1016/S0375-9474(96)00337-5
https://doi.org/10.1016/S0375-9474(96)00337-5
https://doi.org/10.1016/j.revip.2016.05.001
https://doi.org/10.1016/j.revip.2016.05.001
https://doi.org/10.1016/j.revip.2016.05.001
https://doi.org/10.1016/j.revip.2016.05.001
https://doi.org/10.1016/j.adt.2014.09.001
https://doi.org/10.1016/j.adt.2014.09.001
https://doi.org/10.1016/j.adt.2014.09.001
https://doi.org/10.1016/j.adt.2014.09.001
https://doi.org/10.1103/PhysRevC.74.014312
https://doi.org/10.1103/PhysRevC.74.014312
https://doi.org/10.1103/PhysRevC.74.014312
https://doi.org/10.1103/PhysRevC.74.014312
https://doi.org/10.1016/j.adt.2008.01.003
https://doi.org/10.1016/j.adt.2008.01.003
https://doi.org/10.1016/j.adt.2008.01.003
https://doi.org/10.1016/j.adt.2008.01.003
https://doi.org/10.1016/j.adt.2009.06.003
https://doi.org/10.1016/j.adt.2009.06.003
https://doi.org/10.1016/j.adt.2009.06.003
https://doi.org/10.1016/j.adt.2009.06.003
https://doi.org/10.1103/PhysRevC.78.044329
https://doi.org/10.1103/PhysRevC.78.044329
https://doi.org/10.1103/PhysRevC.78.044329
https://doi.org/10.1103/PhysRevC.78.044329
https://doi.org/10.1103/PhysRevC.52.1871
https://doi.org/10.1103/PhysRevC.52.1871
https://doi.org/10.1103/PhysRevC.52.1871
https://doi.org/10.1103/PhysRevC.52.1871
https://doi.org/10.1103/PhysRev.100.937
https://doi.org/10.1103/PhysRev.100.937
https://doi.org/10.1103/PhysRev.100.937
https://doi.org/10.1103/PhysRev.100.937
https://doi.org/10.1142/S0218301312500139
https://doi.org/10.1142/S0218301312500139
https://doi.org/10.1142/S0218301312500139
https://doi.org/10.1142/S0218301312500139
https://doi.org/10.1016/j.nuclphysa.2009.10.160
https://doi.org/10.1016/j.nuclphysa.2009.10.160
https://doi.org/10.1016/j.nuclphysa.2009.10.160
https://doi.org/10.1016/j.nuclphysa.2009.10.160
https://doi.org/10.1103/PhysRevC.92.054305
https://doi.org/10.1103/PhysRevC.92.054305
https://doi.org/10.1103/PhysRevC.92.054305
https://doi.org/10.1103/PhysRevC.92.054305
https://doi.org/10.1103/PhysRevC.71.054310
https://doi.org/10.1103/PhysRevC.71.054310
https://doi.org/10.1103/PhysRevC.71.054310
https://doi.org/10.1103/PhysRevC.71.054310
https://doi.org/10.1103/PhysRevC.95.034611
https://doi.org/10.1103/PhysRevC.95.034611
https://doi.org/10.1103/PhysRevC.95.034611
https://doi.org/10.1103/PhysRevC.95.034611
https://doi.org/10.1088/0954-3899/43/9/095106
https://doi.org/10.1088/0954-3899/43/9/095106
https://doi.org/10.1088/0954-3899/43/9/095106
https://doi.org/10.1088/0954-3899/43/9/095106
https://doi.org/10.1103/PhysRevC.90.054614
https://doi.org/10.1103/PhysRevC.90.054614
https://doi.org/10.1103/PhysRevC.90.054614
https://doi.org/10.1103/PhysRevC.90.054614
https://doi.org/10.1140/epja/i2017-12379-1
https://doi.org/10.1140/epja/i2017-12379-1
https://doi.org/10.1140/epja/i2017-12379-1
https://doi.org/10.1140/epja/i2017-12379-1
https://doi.org/10.1016/j.adt.2017.03.003
https://doi.org/10.1016/j.adt.2017.03.003
https://doi.org/10.1016/j.adt.2017.03.003
https://doi.org/10.1016/j.adt.2017.03.003
https://doi.org/10.1142/S0218301316500798
https://doi.org/10.1142/S0218301316500798
https://doi.org/10.1142/S0218301316500798
https://doi.org/10.1142/S0218301316500798
https://doi.org/10.1140/epja/i2016-16371-y
https://doi.org/10.1140/epja/i2016-16371-y
https://doi.org/10.1140/epja/i2016-16371-y
https://doi.org/10.1140/epja/i2016-16371-y
https://doi.org/10.1016/j.nuclphysa.2010.12.002
https://doi.org/10.1016/j.nuclphysa.2010.12.002
https://doi.org/10.1016/j.nuclphysa.2010.12.002
https://doi.org/10.1016/j.nuclphysa.2010.12.002
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevLett.31.766
https://doi.org/10.1103/PhysRevC.31.1179
https://doi.org/10.1103/PhysRevC.31.1179
https://doi.org/10.1103/PhysRevC.31.1179
https://doi.org/10.1103/PhysRevC.31.1179
https://doi.org/10.1088/0954-3899/31/7/009
https://doi.org/10.1088/0954-3899/31/7/009
https://doi.org/10.1088/0954-3899/31/7/009
https://doi.org/10.1088/0954-3899/31/7/009
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1103/PhysRevC.26.1969
https://doi.org/10.1103/PhysRevC.26.1969
https://doi.org/10.1103/PhysRevC.26.1969
https://doi.org/10.1103/PhysRevC.26.1969
https://doi.org/10.1016/0375-9474(87)90335-6
https://doi.org/10.1016/0375-9474(87)90335-6
https://doi.org/10.1016/0375-9474(87)90335-6
https://doi.org/10.1016/0375-9474(87)90335-6
https://doi.org/10.1103/PhysRevC.32.572
https://doi.org/10.1103/PhysRevC.32.572
https://doi.org/10.1103/PhysRevC.32.572
https://doi.org/10.1103/PhysRevC.32.572
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(81)90268-2
https://doi.org/10.1016/0003-4916(81)90268-2
https://doi.org/10.1016/0003-4916(81)90268-2
https://doi.org/10.1016/0003-4916(81)90268-2
https://doi.org/10.1103/PhysRevC.79.054614
https://doi.org/10.1103/PhysRevC.79.054614
https://doi.org/10.1103/PhysRevC.79.054614
https://doi.org/10.1103/PhysRevC.79.054614
https://doi.org/10.1016/0092-640X(76)90027-9
https://doi.org/10.1016/0092-640X(76)90027-9
https://doi.org/10.1016/0092-640X(76)90027-9
https://doi.org/10.1016/0092-640X(76)90027-9
https://doi.org/10.1103/PhysRevC.95.034323
https://doi.org/10.1103/PhysRevC.95.034323
https://doi.org/10.1103/PhysRevC.95.034323
https://doi.org/10.1103/PhysRevC.95.034323
https://doi.org/10.1103/PhysRevC.94.051302
https://doi.org/10.1103/PhysRevC.94.051302
https://doi.org/10.1103/PhysRevC.94.051302
https://doi.org/10.1103/PhysRevC.94.051302
https://doi.org/10.1103/PhysRevC.94.051302
https://doi.org/10.5506/APhysPolB.45.1979
https://doi.org/10.5506/APhysPolB.45.1979
https://doi.org/10.5506/APhysPolB.45.1979
https://doi.org/10.5506/APhysPolB.45.1979
https://doi.org/10.1103/PhysRevC.92.064301
https://doi.org/10.1103/PhysRevC.92.064301
https://doi.org/10.1103/PhysRevC.92.064301
https://doi.org/10.1103/PhysRevC.92.064301
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1103/PhysRevC.84.014333
https://doi.org/10.1103/PhysRevC.84.014333
https://doi.org/10.1103/PhysRevC.84.014333
https://doi.org/10.1103/PhysRevC.84.014333
https://doi.org/10.1143/PTP.113.305
https://doi.org/10.1143/PTP.113.305
https://doi.org/10.1143/PTP.113.305
https://doi.org/10.1143/PTP.113.305
https://doi.org/10.1007/BF02706143
https://doi.org/10.1007/BF02706143
https://doi.org/10.1007/BF02706143
https://doi.org/10.1007/BF02706143
https://doi.org/10.1016/0022-1902(66)80412-8
https://doi.org/10.1016/0022-1902(66)80412-8
https://doi.org/10.1016/0022-1902(66)80412-8
https://doi.org/10.1016/0022-1902(66)80412-8
https://doi.org/10.1016/0370-2693(89)91038-1
https://doi.org/10.1016/0370-2693(89)91038-1
https://doi.org/10.1016/0370-2693(89)91038-1
https://doi.org/10.1016/0370-2693(89)91038-1
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.85.034615
https://doi.org/10.1103/PhysRevC.85.034615
https://doi.org/10.1103/PhysRevC.85.034615
https://doi.org/10.1103/PhysRevC.85.034615
https://doi.org/10.1088/0954-3899/26/8/305
https://doi.org/10.1088/0954-3899/26/8/305
https://doi.org/10.1088/0954-3899/26/8/305
https://doi.org/10.1088/0954-3899/26/8/305
https://doi.org/10.1103/PhysRevLett.103.072501
https://doi.org/10.1103/PhysRevLett.103.072501
https://doi.org/10.1103/PhysRevLett.103.072501
https://doi.org/10.1103/PhysRevLett.103.072501
https://doi.org/10.1103/PhysRevC.80.044326
https://doi.org/10.1103/PhysRevC.80.044326
https://doi.org/10.1103/PhysRevC.80.044326
https://doi.org/10.1103/PhysRevC.80.044326
https://doi.org/10.1103/PhysRevC.94.054621
https://doi.org/10.1103/PhysRevC.94.054621
https://doi.org/10.1103/PhysRevC.94.054621
https://doi.org/10.1103/PhysRevC.94.054621



