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In this work, we systematically investigate the favored a-decay half-lives and o preformation probabilities
of both odd-A and doubly-odd nuclei related to ground and isomeric states around the doubly magic cores at
Z =82, N =282and at Z = 82, N = 126, respectively, within a two-potential approach from the view of the
valence nucleon (or hole). The results show that the o preformation probability is linearly related to N,N, or
N,N,1I, where N, Ny, and I are the number of valence protons (or holes), the number of valence neutrons (or
holes), and the isospin of the parent nucleus, respectively. Fitting the o preformation probabilities data extracted
from the differences between experimental data and calculated half-lives without a shell correction, we give two
analytic formulas of the o preformation probabilities and the values of corresponding parameters. Using those
formulas and the parameters, we calculate the «-decay half-lives for those nuclei. The calculated results can well

reproduce the experimental data.
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I. INTRODUCTION

During the past three decades, many exotic nuclei and
decay modes have been found with the advent of radioac-
tive ion beam facilities at GSI, Berkeley, Dubna, Grand
Accelerateur National d’lons Lourds (GANIL), Rikagaku
Kenkyusho (RIKEN), and Heavy Ion Research Facility in
Lanzhou (HIRFL) [1-7]. « decay, as one of main decay modes
of heavy and superheavy nuclei, attracts constant attention
[8-11]. Theoretically, & decay shares the similar theory of
barrier penetration with different kinds of charged particles’
radioactivity, such as single proton emission, heavy ion emis-
sion, spontaneous fission [12—17], and so on. Experimentally,
a-decay spectroscopy of very neutron-deficient nuclei and
heavy and superheavy nuclei provides much unique structure
information. Some spectra can not be described within the
mean-field assumption, which indicates the existence of an «
cluster in 2'?Po [18]. The three lowest states in the energy
spectrum of '"°Pb, corresponding to spherical, oblate, and
prolate shapes, are produced by « decay of '*°Po [19]. Mean-
while, the «-decay process is also important for understanding
such crucial problems in stellar nucleosynthesis [20], the
chronology of the solar system [21], and nuclear clustering
structure in heavy and superheavy nuclei [22-24].

For nuclei above the shell closures, an enhancement of
a-decay energies has been recognized through atomic mass
data. Thus, an island of the « radioactive nuclei arises above
the magic numbers Z = 50, N = 50[25,26]. However, smaller
a preformation probabilities hinder o decay of closed shell
nuclei, due to the limited number of valence nucleons. Up
to now, the formation of «-like four-nucleon correlations in
nuclear systems has been understood to some extent. For
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an a-decaying state, there may be two special neutrons and
protons, which are different from other nucleons moving in
the mean field, eventually constituting the o cluster [24].
Microscopically, o preformation probabilities can be evaluated
through an overlap between the initial state and the «-decaying
state [27]. For the difficulties coming from a complex quantum
many-body system and nuclear force which has still not been
pinned down to exact form, the results of o-decay widths by us-
ing a microscopic calculation applying the Skyrme interaction
and the R-matrix formulation suggest the missing effects, such
as pairing correlations and other residual interactions [28].
The approach of the Tohsaki-Horiuchi-Schuck-Ropke wave
function was used to calculate the « preformation probability
[29,30], which was also successful in describing the cluster
structure in light nuclei. The cluster-formation model was
also another convenient way to estimate the o preformation
factors through the formation energy of an « cluster [31].
But systematic and microscopic calculations of an « cluster
preformation are still inaccessible. Therefore, o preformation
probabilities are usually extracted from rates of experimental
a-decay half-lives to theoretical results calculated without
considering the preformation factors [32-34]. Recently a
semiempirical formula of o preformation probabilities taking
into account the shell effect, the pairing effect, and the angular
momentum effect has been given [35]. Seif ef al. have proposed
that the o preformation probability is proportional to N,N,
for even-even nuclei around proton Z = 82, neutron N = 82
and 126 shell closures [36]. However, it is interesting to test
whether odd-A and doubly-odd nuclei also satisfy this rela-
tionship or not. In this work, we systematically study favored
a-decay half-lives and o preformation probabilities of both
odd-A and doubly-odd nuclei related to ground and isomeric
states around the doubly magic cores at Z = 82, N = §2
and at Z = 82, N = 126 shell closures, respectively. A good
linear relationship between the « preformation probability
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and NN, is found, which shows the importance of valence
proton-neutron correlation on the & preformation probabilities.
The calculated «-decay half-lives can well reproduce the
experimental data.

This article is organized as follows. In Sec. II, the theoretical
framework for the calculation of the «-decay half-lives is
briefly described. The results and discussions are given in
Sec. I1I. In this section, at first we compare the @ preformation
probabilities of nuclear isomers to those of ground states, and
then the o preformation probabilities are analyzed from the
view of the valence proton-neutron interaction. Section IV is
a brief summary.

II. THEORETICAL FRAMEWORK

In the framework of Gamow’s theory, « decay is described
as a preformed o particle moving in the decaying nucleus
until the o particle penetrates Coulomb barrier [37]. a-decay
half-lives can be calculated as

hin2 0
T

where I' is the «-decay width. The range of I' is about
107 to 107*6 MeV, much smaller than the a-decay energy
Q. near 10 MeV. Therefore, it is appropriate to treat « decay
as a stationary state problem. The two-potential approach has
been proposed to deal with metastable states, widely used to
calculate o-decay half-lives 77/, [38,39]. In this framework,
the a-decay width can be written as

r= Pai exp (—2 /m k(r)dr), )
4u r

2

Ty =

where w is the reduced mass between the o particle and

daughter nucleus. k(r) = ,/é—’; | Qw — V(r)| is the wave

number of the « particle, and r is the mass center distance
between the preformed o particle and the daughter nucleus.
V(r) is the total a-core potential. The last exponential term in
Eq. (2) is the semiclassical Wentzel-Kramers-Brillouin (WKB)
barrier penetrability probability, often called the Gamow
factor. F is the normalized factor, describing the « particle
assault frequency, which can be approximately given by

o 3
/r.l 2k(r)y ©)

where ry, r;, and r3 are the classical turning points which
satisfy conditions V(r1) = V(rp) = V(r3) = Q.

P, is the o preformation probability, which abruptly
decreases near the nuclear shell closures and varies smoothly
in the region of an open shell [32-34]. With the increasing
number of valence nucleons away from the shell closure,
the o preformation probability increases. Until close to the
next shell closure, the o preformation probability decreases
with the decreasing number of valence holes. Regarding
this picture, we have completed the systematic calculations
of a-decay half-lives with the shell correction based on
the parabola approximation of « preformation probabilities
between the neighboring shell closures [40]. Actually, P,
can be extracted from ratios of calculated o-decay half-

lives Tf/azlc to experimental data Tf'/xzp t, which is defined as
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P, = POTI%1C /Tle/xzp ' The calculated half-lives are obtained
with the assumption that o preformation probabilities keep
constant for one certain kind of nuclei, such as even-even
nuclei, odd-A nuclei, or doubly-odd nuclei. According to the
calculations by using the density-dependent cluster model
[41], the constant factor of preformation probability Py is
taken as Py = 0.43 for even-even nuclei, Py = 0.35 for odd-A
nuclei, and Py = 0.18 for doubly-odd nuclei. For odd-A and
doubly-odd nuclei, unpaired nucleons result in smaller o
preformation probabilities than even-even nuclei due to the
block effect.

The total «-core potential V(r), including nuclear,
Coulomb, and centrifugal potentials, which is critical for the
calculations of o-decay widths, can be expressed as

V(r) = Wn@) + Ve(r) + Vi), “

where VN(r), Vo (r), and Vi(r) represent the nuclear, Coulomb,
and centrifugal potentials, respectively. In this work, we
choose a type of cosh parametrized form for the nuclear
potential, obtained by analyzing experimental data of o decay
[42], which can be expressed as

1 + cosh(R/a)
cosh(r/a) + cosh(R/a)’

where Vj and a are the depth and diffuseness for the nuclear
potential, respectively. In our previous work, we have analyzed
the experimental a-decay half-lives of 164 even-even nuclei
to obtain a set of parameters, which is a = 0.5958 fm and
Vo = 192.42 + 31.05925Z MeV [40], where N, Z, and A are
the neutron, proton, and mass numbers of the daughter nucleus,
respectively. In this work, the parameters of diffuseness and
depth for the nuclear potential remain unchanged. V¢ (r) is the
Coulomb potential and is taken as the potential of a uniformly
charged sphere with sharp radius R, which can be expressed
as

W(r)=-%% &)

ZdZae2 3_ r 2 R
VC(”)={ o B @) e (©)

where Z3 and Z, are the number of protons in the daughter
nucleus and the preformed « particle, respectively. The last
part in the V (), the centrifugal potential, can be estimated by

11+ A2

Vi(r) =
1(r) 2

) @)
where [ is the orbital angular momentum taken away by the
a particle. [ = 0 for the favored « decays, while [ # 0 for
the unfavored decays. The sharp radius R is calculated by the
following relationship

R =128A"3—-0.76 +0.847/3. (8)

This empirical radius formula, which is derived from the
nuclear droplet model and proximity energy, is commonly
used to calculate a-decay half-lives [43].

III. RESULTS AND DISCUSSIONS

The aim of this work is to study the «-decay half-lives
and « preformation probabilities of both odd-A and doubly-

024338-2



SYSTEMATIC STUDY OF FAVORED «-DECAY ...

odd nuclei around the shell closures taking into account the
valence proton-neutron interaction. For the odd-A and doubly-
odd nuclei, there may be some excitations of a single nucleon,
which can bring about nuclear high-spin isomers in terms of the
shell model, and these isomers are similar to ground states with
regard to o decay. Thus both ground and isomeric states should
be considered as candidates for o-decay parent and daughter
nuclei in a unified way [39,44]. In this case, « transitions can
be divided into four kinds, i.e., from ground state to ground
state (g.s. to g.s.), from ground state to isomeric state (g.s.
to i.s.), from isomeric state to ground state (i.s. to g.s.), and
from isomeric state to isomeric state (i.s. to i.s.). Especially,
o decays that belong to odd-A and doubly-odd nuclei around
a closed shell become even more complicated than even-even
nuclei due to the unpaired nucleon.

In order to investigate the effect of the isomeric state to
the o decay, we compare the o preformation probabilities
between nuclear isomers and the corresponding ground states,
containing 86 favored o decays. For all the cases, there are two
kinds of « transitions, i.e., isomeric states to isomeric states
(i.s. to i.s.) and the corresponding ground states to ground
states (g.s. to g.s.). The calculations of the logarithm of P}/ P,
are plotted as a function of proton numbers of the parent
nuclei in Fig. 1. P} is the extracted o preformation probability
for the nuclear isomer, while P, is the probability for the
ground state. All the experimental data of «-decay half-lives,
energies, and spin-parity, used in the calculations of this work,
are taken from the latest evaluated nuclear properties table
NUBASE2012 [45]. From Fig. 1, we can see that the values
of log,, Py /P, are around 0, indicating there are no obvious
differences for o preformation probabilities between nuclear
isomers and ground states to some extent, as shown in the
existing researches [39]. Therefore, « decay of both ground
and isometric states can be treated in an unified form.

Many researchers, using different models, indicated that
the a preformation probability obviously diminishes with a
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FIG. 1. Logarithm of the o preformation probabilities ratio
P;/P, as a function of proton numbers of the parent nuclei. The
P} and P, denote the o preformation probability of the isomeric and
ground states, respectively.
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small number of valence nucleons (holes) [32-34]. Moreover,
the valence proton-neutron interaction is an important residual
interaction for mean-field approximation [46,47]. It has been
found that o preformation probabilities are linearly related
with the product of valence proton numbers and valence
neutron numbers N, N, for even-even nuclei around the doubly
magic cores at Z =82, N =82 and at Z = 82, N = 126.
Besides, isospin asymmetry of the «-decay parent nucleus was
also considered in the N, N, scheme [36]. N, and N, denote the
valence protons (or valence proton holes) and valence neutrons
(or valence neutron holes) of the parent nuclei, respectively.
Then, it is interesting to see whether the N, N, scheme works
as well in odd-A and doubly-odd nuclei as in even-even nuclei.

To clearly describe the NN, scheme, we perform can-
didates for o radioactivity on the colormap of N,N,I as a
function of neutron numbers N and proton numbers Z of the
parent nuclei in Fig. 2. I denotes the isospin asymmetry of
the «-decay parent nucleus. The quadrants in coordinate of
valence nucleons are labeled from Region I to V, respectively.
Because of a little number of nuclei with o radioactivity in
Regions I and V, in this work, we focus on the o preformation
probabilities in Regions I, III, and IV. As shown in Fig. 2,
from the point of the N,N, scheme, the o preformation
probability in Region I decreases with increasing distance
away from g stability roughly. Contrary to the case in Region
I, o preformation probabilities in Region III increase gradually
close to the proton drip line.

The detailed numerical results of « transitions around
the doubly magic core at Z =82, N = 82 shell closures
are listed in Table 1. The first four columns represent the o
transition, decay energy, extracted « preformation probability,
and experimental o-decay half-life, respectively. These nuclei
lied in Region I above the neutron N = 82 shell closure and
below the proton Z = 82 shell closure. Most of them are
near to the proton drip line on the chart of nuclides. The
extracted o preformation probabilities can be evaluated due to
the linear relationship between the preformation probabilities
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FIG. 2. The colormap of N, N, as a function of neutron numbers
N and proton numbers Z of the parent nuclei. The rectangles denote
the nuclear shell closures at Z = 82 and N = 82, 126, and the nuclide
chart is divided into five regions.
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TABLE I. Calculations of favored «-decay half-lives and the « preformation probability of odd-A nuclei in Region I related to ground and
isomeric states around the doubly magic core at Z = 82, N = 82. The «-decay half-lives are calculated by Egs. (9) and (10), related to Np M

and N, N, I, respectively.

No+Z

« transition 0.,(MeV) P, Tle/xf '(s) TIC;‘Z]C' (s) T]C/azlcz(s)

Blpy — 147Gd 4.18 0.213 1.92 x 10* 1.6 x 10* 1.47 x 10*
BHo — “'Tp™ 4.644 0.218 1.6 x 10? 1.65 x 102 1.53 x 10?
Blgo™ — 47Tp 4.736 0.186 6.12 x 10! 5.41 x 10! 5.04 x 10!
153Er — YDy 4.802 0.245 7 x 10! 7.13 x 10 6.82 x 10!
53Tm — “Ho 5.248 0.258 1.63 x 10° 2.08 x 10° 1.99 x 10°
1B3Tm™ — 49Ho™ 5.242 0.165 2.72 x 10° 2.22 x 10° 2.12 x 10°
55Tm — “'Ho 4.572 0417 243 x 10° 3.81 x 10° 3.73 x 10°
35yp — Blgr 5.338 0.247 2.01 x 10° 2.2 x 10° 2.17 x 10°
55T u — B'Tm 5.803 0.223 7.62 x 1072 8.89 x 1072 8.61 x 1072
SSpu™ — Blrm™” 5.73 0.185 1.82 x 107! 1.76 x 107! 1.71 x 10~
57yb — BEr 4.621 0.239 7.73 x 10° 6.47 x 10° 6.44 x 10°
ST "™ — 153 Tm 5.128 0.186 7.98 x 10! 6.04 x 10! 6.12 x 10!
STHE — 183YDb 5.885 0.168 1.34 x 107! 1.06 x 107! 1.07 x 107!
19T — S g™ 5.66 0.182 3.06 x 10° 2.45 x 10° 2.54 x 10°
19 5 15y 5.744 0.237 1.02 x 10° 1.07 x 10° 1.11 x 10°
9% — ISSHf 6.445 0.141 1 x 1072 7.19 x 1073 7.28 x 1073
I¥Re” — Ty 6.965 0.243 2.88 x 107 4.07 x 107* 3.94 x 107*
oty s ISTHf 5.915 0.238 5.6 x 107! 5.66 x 107! 5.96 x 107!
16IRem s 157" 6.425 0.277 1.58 x 1072 2.12 x 1072 22 x 1072
16105 — 17w 7.065 0.129 6.4 x 1074 455 x 107 455 x 107
163y — 199Hf 5.518 0.327 1.88 x 10! 2.23 x 10! 2.36 x 10!
168Re — Ta 6.012 0.123 1.22 x 10° 6.24 x 107! 6.64 x 107!
163Re" —» 139Tg" 6.068 0.277 3.24 x 107! 3.72 x 107! 3.96 x 107!
16305 — W 6.675 0.267 55 x 1073 6.95 x 1073 7.29 x 1073
165Rem — 161ym 5.66 0.233 1.79 x 10 1.51 x 10! 1.6 x 10!
1650g — 101y 6.335 0.189 1.18 x 107! 9.27 x 1072 991 x 1072
165 pm s 161Re™ 6.885 0.307 231 x 1073 3.36 x 1073 3.53 x 1073
1705 — 103w 5.985 0.293 1.64 x 10° 1.78 x 10° 1.89 x 10°
1671 — 163Re 6.504 0.203 6.81 x 1072 5.87 x 1072 6.24 x 1072
167 s 163Re™ 6.561 0.3 2.86 x 1072 3.64 x 1072 3.86 x 1072
167pg 5 1630g 7.155 0.285 8 x 1074 1.1 x 1073 1.15 x 1073
1905 — 195w 5.713 0.249 2.52 x 10! 2.09 x 10! 2.17 x 10!
19T — 16Re 6.141 0.393 7.85 x 107! 1.18 x 10° 1.25 x 10°
19" 5 165Re™ 6.266 0.252 3.9 x 107! 3.78 x 107! 3.98 x 10~
7py 5 1670g 6.605 0.272 5.06 x 1072 5.6 x 1072 5.83 x 1072
1B3pt — 190g 6.358 0.237 4.45 x 107! 3.95 x 107! 4.04 x 107!
BAu - 1 6.837 0.181 29 x 1072 2.33 x 1072 2.38 x 1072
A0 — Mpr 6.575 0.192 2.16 x 107! 1.72 x 107! 1.73 x 107!
7 Au — "PIr 6.298 0.118 3.65 x 10° 1.68 x 10° 1.65 x 10°
77T — 1 Au 7.066 0.218 2.47 x 1072 3.14 x 1072 291 x 1072
Hg — 1 pt 6.351 0.376 1.91 x 10° 3.25 x 10° 3.1 x 10°
8Hg — 1Pt 6.038 0.141 8.04 x 10! 471 x 10 4.32 x 10
1871 - ™ Au 5.977 0.192 3.45 x 102 3.56 x 10? 3.21 x 102
185ppm — 18Ig™ 6.555 0.089 8.15 x 10° 5.28 x 10° 4.46 x 10°

and valence nucleon product N, N, Itis believed that the slopes
of o preformation probabilities against Ny N, are related to the
average interaction of proton-neutron pairs [47]. The above
linear relationship implies that the influence of proton-neutron
pairs on « clustering roughly remains constant for closed shell
nuclei in the same region.

In order to gain a better insight into the agreement
between experiment and theory, we study the « preformation
probabilities from the view of the valence nucleon around

the doubly magic cores at Z =82, N = 82 and at Z = 82,
N =126 shell closures, respectively. The o preformation
probabilities are evaluated by the linear relationship

NyNy
a2
No+ Z

o =

+b. C))

Where Ny, Z are the neighboring neutrons and protons magic
numbers, respectively. The preformation probabilities can also
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TABLE II. Same as Table I, but for favored « decay of odd-A nuclei around the doubly magic core at Z = 82, N = 126.

PHYSICAL REVIEW C 94, 024338 (2016)

o transition 0,(MeV) P, T:7'(s) T35 (s) TH3(s)
Nuclei in Region III
187ppn s 18 pgm 6.208 0.109 1.52 x 107 1.76 x 107 1.92 x 107
187" — 18371 7.887 0.15 3.7 x 107* 4.64 x 107 521 x 107*
189gjm _, 1857 7452 0.111 9.79 x 1073 9.48 x 1073 1.03 x 1072
91ppm — 187Hg™ 5.404 0.127 6.55 x 10° 8.82 x 10° 9.62 x 10°
191gjm _, 1877 7.018 0.157 1.82 x 107! 2.6 x 107! 2.73 x 107!
193gjm . 1897] 6.613 0.215 3.81 x 10° 7.75 x 10° 7.93 x 10°
195gjm . 1917 6.232 0.099 2.64 x 10? 2.6 x 10? 2.6 x 102
195po — pp 6.755 0.124 4.93 x 10° 4.4 x 10° 4.62 x 10°
195pgm . 191ppym 6.84 0.137 2.13 x 10° 2.1 x 10° 221 x 10°
197pg — 193pp 6.405 0.11 1.22 x 10? 1.04 x 10? 1.06 x 102
Y97t — 193Bj 7.108 0.193 4.04 x 107! 4.66 x 107! 498 x 107!
199pg — 195pp 6.074 0.074 438 x 10° 271 x 10° 2.67 x 10°
99At — 19Bj 6.778 0.148 7.89 x 10° 7.62 x 10° 7.84 x 10°
01py — 197pp 5.799 0.067 8.28 x 10* 5.06 x 10* 4.89 x 10*
WAt — Y7Bj 6.473 0.143 1.2 x 102 1.24 x 10? 1.23 x 102
23 At — Bi 6.209 0.143 1.43 x 10° 1.65 x 10° 1.6 x 10°
28R — Po 6.63 0.157 6.67 x 10! 6.85 x 10! 6.88 x 10!
205pg — 201pp 5.325 0.081 1.57 x 107 1.38 x 107 1.31 x 107
205t — 201Bj 6.02 0.065 2.03 x 10* 1.19 x 10 1.13 x 10*
205pp 5 200 A¢ 7.054 0.165 3.82 x 10° 3.88 x 10° 3.92 x 10°
207pg — 203py 5.216 0.047 9.95 x 107 5.69 x 107 5.38 x 107
W07 At — 203Bj 5.872 0.09 6.52 x 10* 6.14 x 10* 5.79 x 10*
207Rn — Bpo 6.251 0.127 2.64 x 10° 291 x 10° 2.78 x 10°
W07Rr — 203 A¢ 6.894 0.147 1.56 x 10! 1.65 x 10! 1.62 x 10!
209t — 29Bj 5.757 0.041 475 x 10° 2.36 x 10° 224 x 10°
2¥Rn — 25po 6.155 0.08 1.01 x 10* 8.44 x 103 7.99 x 10°
209Fr 5 205 A¢ 6.777 0.104 5.62 x 10! 5.06 x 10! 4.85 x 10!
2Ra — ?®Rn 7.135 0.138 5.24 x 10° 5.21 x 10° 5.12 x 10°
AL — 207Bj 5.982 0.023 6.21 x 10* 1.54 x 10* 1.68 x 10*
2Ry 5 207 At 6.662 0.071 2.14 x 10? 1.66 x 10? 1.58 x 10?
2llRa — 2"Rp 7.042 0.101 1.42 x 10 1.31 x 10! 1.26 x 10!
2Ac — 2R 7.619 0.166 2.13 x 107! 2.64 x 107! 2.61 x 107!
2BFr — 209A¢ 6.904 0.044 3.5 x 10! 1.62 x 10! 1.77 x 10!
283pg — 2 Ac 8.395 0.11 7 x 1073 5.05 x 1073 52 x 1073
25Ac — HFr 7.746 0.064 1.7 x 107! 1.16 x 107! 1.27 x 107!
25pg — 2T Ac 8.245 0.14 1.4 x 1072 1.78 x 1072 1.76 x 1072
27py > 2B Ac 8.485 0.099 3.48 x 1073 3.66 x 1073 3.99 x 1073
Nuclei in Region IV

23pg — 2°pp 8.536 0.156 3.72 x 107° 3.27 x 107 3.22 x 107°
2B AL — 29Bj 9.254 0.183 1.25 x 1077 1.29 x 1077 1.3 x 1077
25po — H1pp 7.526 0.249 1.78 x 1073 1.91 x 1073 1.79 x 1073
25 At — 21Bj 8.178 0.123 1 x 107* 472 x 1073 45 x 1073
25Rn — #'po 8.839 0.216 23 x 107° 1.91 x 10°° 1.88 x 10°°
25Fr — 2 AL 9.54 0.275 8.59 x 10°8 1.02 x 1077 1.04 x 1077
27pg — 213pp 6.662 0.283 1.59 x 10° 1.57 x 10° 1.4 x 10°
27 At — 213Bj 7.201 0411 3.23 x 1072 3.87 x 1072 3.53 x 1072
27Rn — 2BPo 7.887 0.375 54 x 1074 5.47 x 107* 5.15 x 107*
2TFr —» 2B At 8.469 0.618 1.68 x 107° 2.8 x 107° 273 x 1073
2"Ra — 2"3Rn 9.161 0.238 1.63 x 107 1.13 x 107 1.14 x 10°°
27A¢ — 2BFr 9.832 0.342 6.9 x 1078 8.19 x 1078 8.64 x 1078
29Fr —» 2B At 7.449 0.619 2 x 1072 243 x 1072 2.28 x 1072
29Ac — Fr 8.827 0.502 1.18 x 107° 1.23 x 1073 1.25 x 107°
29Th — 2Ra 9.511 0.252 1.05 x 10°° 6.2 x 1077 6.55 x 1077
29py 5 2B Ac 10.084 0.549 53 x 1078 8.48 x 1078 9.33 x 1078
2lpg — 217 Ac 9.251 0.406 59 x 107 4.04 x 107 429 x 107
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where N, N, represent valence proton numbers and valence neutron
numbers of the parent nucleus, respectively, and Nyo(Z;) express
neutron (proton) magic numbers. The blue dashed and solid lines
denote the fit of nuclei in Regions IV and III, respectively. The red
short dashed line denotes the fit of nuclei in Region L.

be sized up by taking into account the isospin asymmetry [36],
and it is expressed by

P, = cNyNyI +d. (10)

The above a, b, c, and d are free parameters. [ is the asymmetry
between neutron and proton in parent nuclei, while the value
of I depends on the doubly magic core at Ny, Zy and the
specific quadrant. Equation (10) suggests that o preformation
probabilities in the fourth quadrant are larger than those in the
second quadrant, while Eq. (9) supports that the cases in each
quadrant are equal. The calculated «-decay half-lives based on

o Z,=82N,=82 /
06 e isomer o = // 4

0 Z,=82N,=126 .

= jsomer u//

6 8

FIG. 4. Same as Fig. 3, but as a function of the product of
valence proton numbers and valence neutron numbers and isospin
asymmetry N,N,I.
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TABLE III. The parameters of Egs. (9) and (10) that show «
preformation probabilities are linearly related to the valence proton-
neutron interaction.

Eq. (9) Eq. (10)
Region a b c d
Odd-A nuclei
I —1.162 0.137 —0.055 0.162
I —1.409 0.068 —0.043 0.069
v 8.230 0.094 0.212 0.086
Doubly-odd nuclei
I —1.831 0.093 —0.011 0.154
I —3.477 —0.006 —0.128 —0.021
v 6.676 0.105 0.112 0.137

Egs. (9) and (10) are listed in the last two columns of Tables I,
11, and IV, labeled by T and T/, respectively.

In Table I1, we present the theoretical results of « transitions
for nuclei around the doubly magic core at Z = 82, N = 126
shell closures. These nuclei are divided into two groups, lied in
the first quadrant (Region IV) and the second quadrant (Region
IIT) of the coordinate of valence nucleons, respectively. The
nuclei in Region III, whose N, N, are negative, involve valence
protons and valence neutron holes. While N, N, of nuclei in
Region IV are positive.

The o preformation probabilities P, are plotted as the

function of A?]}:er“O in Fig. 3, and of N,N,/ in Fig. 4,
respectively. The open red circles and blue squares denote
nuclei in ground states around the doubly magic cores at
Z =82, N =282 and at Z =82, N = 126 shell closures,
respectively. The filled ones correspond to nuclear isomers.
As is shown, there is very much similarity in ground and
isomeric states for o decay. The lines denote the predictions
of Egs. (9) and (10). The results indicate the average residual
proton-neutron interaction is different for closed shell nuclei

around distinct shell closures. Clearly, the linear relationship

043 Z,=82N=82 [ ' ' ' '
® isomer O
o Z,=82N,=126
0.3| ®m isomer -
a] D//
0’02+ O. '/' o i
®
[m]
0.1 B
0.0 : : : e —
-0.3 -0.2 -0.1 0.0 0.1 0.2
NN /(N,*+Z,)
FIG. 5. Same as Fig. 3, but for doubly-odd nuclei as a function
NpNa
NotZs
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oss| © z=82Ng=82 [ S S
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0.30 ] ZO=82 N0=126 a
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0.20 - SR
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Q 015} L -
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0.10 - E
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0.00 E

1 " 1
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FIG. 6. Same as Fig. 3, but for doubly-odd nuclei as a function
of NyN,I.

as a function of "+ > in Fig. 3 is slightly better than that of
N,N,I in Fig. 4. Bes1des the predictions in Regions IIT and IV

PHYSICAL REVIEW C 94, 024338 (2016)

are better than those in Region I. Maybe it is because the doubly
magic core at Z = 82, N = 82 is unbound, and the nucleons
in the core play an essential role on the o preformation
probability.

The parameters a, b, ¢, and d of Egs. (9) and (10) are
presented in Table III. The « transitions of ground states and
nuclear isomers are treated in a unified way. Because the value
of isospin I changes little, the values of both b and d for
nuclei in distinct regions given by Eq. (9) are nearly equal to
those given by Eq. (10). And the calculations involve favored
a decay of both odd-A and doubly-odd nuclei.

For the favored « decay of doubly-odd nuclei, the linear
relationship still exists as shown in Figs. 5 and 6. The
calculated «-decay half-lives are obtained by Eqgs. (9) and (10)
with parameters presented in Table III, and the detailed results
of doubly-odd nuclei are listed in Table IV. Although there are
much less «-decay cases for closed shell doubly-odd nuclei,
the listed data still imply the varying trend of o preformation
probability due to the valence proton-neutron interaction. The
o preformation probability almost increases linearly with the
increase of the valence proton-neutron interaction.

For the case of unfavored « decay, the spin-parity state of the
parent nucleus is different from that of the daughter nucleus. It
is well known that the centrifugal potential reduces the «-decay

TABLE IV. Same as Table I, but for favored « decay of doubly-odd nuclei.

e T o) TA°6)

Nuclei in Region I around the doubly magic core at Z = 82, N = 82

« transition 0,(MeV) P,
54Tm — "Ho 5.094 0.138
4™ — 130" 5.175 0.151
156) y" — 152Tm™ 5.705 0.191
18T — P4y 6.125 0.148
IS8 g, 154y 6.205 0.1
162Re — 8Ty 6.245 0.172
12Re™ — 158 6.275 0.177
106 _, 162Re 6.725 0.21
166 s 162Rem 6.725 0.154
T0Ay — 1967 7.175 0.172
170 Ay — 1667pm 7.285 0.137

Nuclei in Region III around the doubly magic core at Z = 82, N = 126

198 At — 1*Bj 6.895 0.099
2007t — 196Bj 6.596 0.069
22At — 198Bj 6.353 0.104
W04At — 200Bj 6.071 0.056
204pr 5 200 ¢ 7.17 0.137
206t — 202Bj 5.887 0.026
208 At — 294Bj 5.751 0.02
208pp _, 204 A 6.784 0.086

Nuclei in Region IV around the doubly magic core at Z = 82, N = 126

24 AL — 210Bj 8.988 0.169
24ppn — 210§ 8.949 0.155
2107t — 212Bj 7.95 0.18
20py _, 212A¢ 9.174 0.233
20ppn _y 212 Apm 9.17 0.196
28 At — 214Bj 6.874 0.127
28pp 214 A¢ 8.013 0.205
28A¢ — 24pr 9.373 0.24
20py _, 216A¢ 9.65 0.346

1.5 x 10! 1.21 x 10! 1.28 x 10!
5.69 x 10° 5.01 x 10° 5.32 x 10°
2.11 x 107! 2.52 x 107! 2.52 x 107!
5.1 x 1072 5.13 x 1072 4.8 x 1072
3.79 x 1072 2.56 x 1072 2.39 x 1072
1.14 x 107! 1.19 x 107! 1.23 x 107!
8.46 x 1072 9.12 x 1072 9.4 x 1072
1.13 x 1072 1.45 x 1072 1.49 x 1072
1.54 x 1072 1.45 x 1072 1.49 x 1072
2.64 x 1073 3.07 x 1073 2.88 x 1073
1.48 x 1073 1.36 x 1073 1.28 x 1073
448 x 10° 3.97 x 10° 4.16 x 10°
8.31 x 10! 6.12 x 10! 6.14 x 10!
4.97 x 10? 6.84 x 10? 6.65 x 10%
1.44 x 10* 1.41 x 10* 1.36 x 10*
1.82 x 10° 1.93 x 10° 1.9 x 10°
2.04 x 10° 1.34 x 10° 1.34 x 10°
1.07 x 10° 1.03 x 10° 1.3 x 10°
6.64 x 10! 8.3 x 10! 7.86 x 10!
5.58 x 1077 6.01 x 1077 543 x 1077
7.6 x 1077 748 x 1077 6.76 x 1077
3 x 107 2.81 x 10~* 2.68 x 1074
7 x 1077 8.52 x 1077 8.36 x 1077
8.5 x 1077 8.69 x 1077 8.54 x 1077
1.5 x 10° 8.44 x 107! 8.32 x 107!
1 x 1073 821 x 107 8.6 x 10~*
1.08 x 107 1.15 x 107 1.21 x 107°
7.8 x 1077 1.03 x 107 1.17 x 107°
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width. In addition, the « preformation probability may also be
affected by the changes of nuclear structure configurations.
We will make more detailed theoretical investigations in the
future.

IV. SUMMARY

In summary, we have performed a systematic study of «
decay for closed shell odd-A and doubly-odd nuclei related to
ground and isomeric states around the doubly magic cores at
Z =82, N =82and Z = 82, N = 126 shell closures, respec-
tively, within a two-potential approach. The o-decay widths are
calculated by using the semiclassical WKB method along with
the isospin dependent nuclear potential. The o preformation
probabilities are evaluated by the linear relationships of
NyN, and N,N,I, considering the shell effect and residual
valence proton-neutron interaction. In order to clearly show
the different shell closures, the «-decay candidates are divided
into five regions in the N,N, or N,N,I scheme. It is found

PHYSICAL REVIEW C 94, 024338 (2016)

that closed shell odd-A and doubly-odd nuclei also satisfy
the linear relationships, and the calculated half-lives agree
well with the experimental data within a factor of 2 or better.
The results show that the residual proton-neutron interaction
is essential to evaluate the o preformation probabilities of
even-even nuclei as well as odd- A and doubly-odd nuclei. This
work will provide theoretical supports for future experiments.

ACKNOWLEDGMENTS

This work is supported in part by the National Natural
Science Foundation of China (Grant No. 11205083), the Con-
struct Program of the Key Discipline in Hunan Province, the
Research Foundation of Education Bureau of Hunan Province,
China (Grant No. 15A159), the Natural Science Foundation
of Hunan Province, China (Grant No. 2015JJ3103), the
Innovation Group of Nuclear and Particle Physics in USC,
Hunan Provincial Innovation Foundation for Postgraduate
(Grant No. CX2015B398).

[1] D. Geesaman, C. Gelbke, R. Janssens, and B. Sherrill, Annu.
Rev. Nucl. Part. Sci. 56, 53 (2006).

[2] S. Hofmann and G. Miinzenberg, Rev. Mod. Phys. 72, 733
(2000).

[3] M. Pfiitzner, M. Karny, L. V. Grigorenko, and K. Riisager, Rev.
Mod. Phys. 84, 567 (2012).

[4] A. N. Andreyev, M. Huyse, P. Van Duppen, C. Qi, R. J. Liotta,
S. Antalic, D. Ackermann, S. Franchoo, F. P. HeBberger, S.
Hofmann, I. Kojouharov, B. Kindler, P. Kuusiniemi, S. R.
Lesher, B. Lommel, R. Mann, K. Nishio, R. D. Page, B.
Streicher, S. Saro et al., Phys. Rev. Lett. 110, 242502 (2013).

[5] Z. Kalaninova, A. Andreyev, S. Antalic, F. HeBberger, D.
Ackermann, B. Andel, M. Drummond, S. Hofmann, M. Huyse,
B. Kindler ef al., Phys. Rev. C 87, 044335 (2013).

[6] L.Ma, Z. Y. Zhang, Z. G. Gan, H. B. Yang, L. Yu, J. Jiang, J. G.
Wang, Y. L. Tian, Y. S. Wang, S. Guo, B. Ding, Z. Z. Ren, S. G.
Zhou, X. H. Zhou, H. S. Xu, and G. Q. Xiao, Phys. Rev. C 91,
051302 (2015).

[7] H. B. Yang, Z. Y. Zhang, J. G. Wang, Z. G. Gan, L. Ma, L. Yu,
J. Jiang, Y. L. Tian, B. Ding, S. Guo, Y. S. Wang, T. H. Huang,
M. D. Sun, K. L. Wang, S. G. Zhou, Z. Z. Ren, X. H. Zhou, H.
S. Xu, and G. Q. Xiao, Eur. Phys. J. A 51, 88 (2015).

[8] J. Khuyagbaatar, A. Yakushev, C. E. Diillmann, D. Ackermann,
L.-L. Andersson, M. Asai, M. Block, R. A. Boll, H. Brand, D.
M. Cox, M. Dasgupta, X. Derkx, A. Di Nitto, K. Eberhardt,
J. Even, M. Evers, C. Fahlander, U. Forsberg, J. M. Gates, N.
Gharibyan et al., Phys. Rev. Lett. 112, 172501 (2014).

[9] R. J. Carroll, R. D. Page, D. T. Joss, J. Uusitalo, I. G. Darby, K.
Andgren, B. Cederwall, S. Eeckhaudt, T. Grahn, C. Gray-Jones,
P. T. Greenlees, B. Hadinia, P. M. Jones, R. Julin, S. Juutinen, M.
Leino, A.-P. Leppanen, M. Nyman, D. O’Donnell, J. Pakarinen
et al., Phys. Rev. Lett. 112, 092501 (2014).

[10] D. S. Delion, R. J. Liotta, and R. Wyss, Phys. Rev. C 92, 051301
(2015).

[11] D. Ni and Z. Ren, Ann. Phys. (N.Y.) 358, 108 (2015).

[12] B. Buck, A. C. Merchant, and S. M. Perez, J. Phys. G 17, L91
(1991).

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

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

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

[16] K. Santhosh, S. Sahadevan, B. Priyanka, and M. Unnikrishnan,
Nucl. Phys. A 882, 49 (2012).

[17] X. Bao, S. Guo, H. Zhang, Y. Xing, J. Dong, and J. Li, J. Phys.
G 42, 085101 (2015).

[18] A. Astier, P. Petkov, M.-G. Porquet, D. S. Delion, and P. Schuck,
Phys. Rev. Lett. 104, 042701 (2010).

[19] A. Andreyev, M. Huyse, P. Van Duppen, L. Weissman,
D. Ackermann, J. Gerl, F. Hessberger, S. Hofmann, A.
Kleinbohl, G. Munzenberg et al., Nature (London) 405, 430
(2000).

[20] H. O. Fynbo, C. A. Diget, U. C. Bergmann, M. J. Borge, J.
Cederkall, P. Dendooven, L. M. Fraile, S. Franchoo, V. N.
Fedosseev, B. R. Fulton et al., Nature (London) 433, 136 (2005).

[21] N. Kinoshita, M. Paul, Y. Kashiv, P. Collon, C. Deibel,
B. DiGiovine, J. Greene, D. Henderson, C. Jiang, S. Marley
et al., Science 335, 1614 (2012).

[22] A. Tohsaki, H. Horiuchi, P. Schuck, and G. Ropke, Phys. Rev.
Lett. 87, 192501 (2001).

[23] D. S. Delion, A. Sandulescu, and W. Greiner, Phys. Rev. C 69,
044318 (2004).

[24] D. Karlgren, R. J. Liotta, R. Wyss, M. Huyse, K. VandeVel, and
P. VanDuppen, Phys. Rev. C 73, 064304 (2006).

[25] R.D. Macfarlane and A. Siivola, Phys. Rev. Lett. 14, 114 (1965).

[26] M. Patial, R. J. Liotta, and R. Wyss, Phys. Rev. C 93, 054326
(2016).

[27] R. G. Lovas, R. Liotta, A. Insolia, K. Varga, and D. Delion,
Phys. Rep. 294, 265 (1998).

[28] D. E. Ward, B. G. Carlsson, and S. Aberg, Phys. Rev. C 88,
064316 (2013).

[29] G.Ropke, P. Schuck, Y. Funaki, H. Horiuchi, Z. Ren, A. Tohsaki,
C. Xu, T. Yamada, and B. Zhou, Phys. Rev. C 90, 034304
(2014).

[30] C. Xu, Z. Ren, G. Ropke, P. Schuck, Y. Funaki, H. Horiuchi,
A. Tohsaki, T. Yamada, and B. Zhou, Phys. Rev. C 93, 011306
(2016).

[31] D. Deng and Z. Ren, Phys. Rev. C 93, 044326 (2016).

[32] H. F. Zhang, G. Royer, and J. Q. Li, Phys. Rev. C 84, 027303
(2011).

024338-8


http://dx.doi.org/10.1146/annurev.nucl.55.090704.151604
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151604
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151604
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151604
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1103/RevModPhys.84.567
http://dx.doi.org/10.1103/RevModPhys.84.567
http://dx.doi.org/10.1103/RevModPhys.84.567
http://dx.doi.org/10.1103/RevModPhys.84.567
http://dx.doi.org/10.1103/PhysRevLett.110.242502
http://dx.doi.org/10.1103/PhysRevLett.110.242502
http://dx.doi.org/10.1103/PhysRevLett.110.242502
http://dx.doi.org/10.1103/PhysRevLett.110.242502
http://dx.doi.org/10.1103/PhysRevC.87.044335
http://dx.doi.org/10.1103/PhysRevC.87.044335
http://dx.doi.org/10.1103/PhysRevC.87.044335
http://dx.doi.org/10.1103/PhysRevC.87.044335
http://dx.doi.org/10.1103/PhysRevC.91.051302
http://dx.doi.org/10.1103/PhysRevC.91.051302
http://dx.doi.org/10.1103/PhysRevC.91.051302
http://dx.doi.org/10.1103/PhysRevC.91.051302
http://dx.doi.org/10.1140/epja/i2015-15088-9
http://dx.doi.org/10.1140/epja/i2015-15088-9
http://dx.doi.org/10.1140/epja/i2015-15088-9
http://dx.doi.org/10.1140/epja/i2015-15088-9
http://dx.doi.org/10.1103/PhysRevLett.112.172501
http://dx.doi.org/10.1103/PhysRevLett.112.172501
http://dx.doi.org/10.1103/PhysRevLett.112.172501
http://dx.doi.org/10.1103/PhysRevLett.112.172501
http://dx.doi.org/10.1103/PhysRevLett.112.092501
http://dx.doi.org/10.1103/PhysRevLett.112.092501
http://dx.doi.org/10.1103/PhysRevLett.112.092501
http://dx.doi.org/10.1103/PhysRevLett.112.092501
http://dx.doi.org/10.1103/PhysRevC.92.051301
http://dx.doi.org/10.1103/PhysRevC.92.051301
http://dx.doi.org/10.1103/PhysRevC.92.051301
http://dx.doi.org/10.1103/PhysRevC.92.051301
http://dx.doi.org/10.1016/j.aop.2015.03.001
http://dx.doi.org/10.1016/j.aop.2015.03.001
http://dx.doi.org/10.1016/j.aop.2015.03.001
http://dx.doi.org/10.1016/j.aop.2015.03.001
http://dx.doi.org/10.1088/0954-3899/17/6/001
http://dx.doi.org/10.1088/0954-3899/17/6/001
http://dx.doi.org/10.1088/0954-3899/17/6/001
http://dx.doi.org/10.1088/0954-3899/17/6/001
http://dx.doi.org/10.1103/PhysRevC.80.024310
http://dx.doi.org/10.1103/PhysRevC.80.024310
http://dx.doi.org/10.1103/PhysRevC.80.024310
http://dx.doi.org/10.1103/PhysRevC.80.024310
http://dx.doi.org/10.1103/PhysRevC.83.014601
http://dx.doi.org/10.1103/PhysRevC.83.014601
http://dx.doi.org/10.1103/PhysRevC.83.014601
http://dx.doi.org/10.1103/PhysRevC.83.014601
http://dx.doi.org/10.1103/PhysRevC.79.054330
http://dx.doi.org/10.1103/PhysRevC.79.054330
http://dx.doi.org/10.1103/PhysRevC.79.054330
http://dx.doi.org/10.1103/PhysRevC.79.054330
http://dx.doi.org/10.1016/j.nuclphysa.2012.04.001
http://dx.doi.org/10.1016/j.nuclphysa.2012.04.001
http://dx.doi.org/10.1016/j.nuclphysa.2012.04.001
http://dx.doi.org/10.1016/j.nuclphysa.2012.04.001
http://dx.doi.org/10.1088/0954-3899/42/8/085101
http://dx.doi.org/10.1088/0954-3899/42/8/085101
http://dx.doi.org/10.1088/0954-3899/42/8/085101
http://dx.doi.org/10.1088/0954-3899/42/8/085101
http://dx.doi.org/10.1103/PhysRevLett.104.042701
http://dx.doi.org/10.1103/PhysRevLett.104.042701
http://dx.doi.org/10.1103/PhysRevLett.104.042701
http://dx.doi.org/10.1103/PhysRevLett.104.042701
http://dx.doi.org/10.1038/35013012
http://dx.doi.org/10.1038/35013012
http://dx.doi.org/10.1038/35013012
http://dx.doi.org/10.1038/35013012
http://dx.doi.org/10.1038/nature03219
http://dx.doi.org/10.1038/nature03219
http://dx.doi.org/10.1038/nature03219
http://dx.doi.org/10.1038/nature03219
http://dx.doi.org/10.1126/science.1215510
http://dx.doi.org/10.1126/science.1215510
http://dx.doi.org/10.1126/science.1215510
http://dx.doi.org/10.1126/science.1215510
http://dx.doi.org/10.1103/PhysRevLett.87.192501
http://dx.doi.org/10.1103/PhysRevLett.87.192501
http://dx.doi.org/10.1103/PhysRevLett.87.192501
http://dx.doi.org/10.1103/PhysRevLett.87.192501
http://dx.doi.org/10.1103/PhysRevC.69.044318
http://dx.doi.org/10.1103/PhysRevC.69.044318
http://dx.doi.org/10.1103/PhysRevC.69.044318
http://dx.doi.org/10.1103/PhysRevC.69.044318
http://dx.doi.org/10.1103/PhysRevC.73.064304
http://dx.doi.org/10.1103/PhysRevC.73.064304
http://dx.doi.org/10.1103/PhysRevC.73.064304
http://dx.doi.org/10.1103/PhysRevC.73.064304
http://dx.doi.org/10.1103/PhysRevLett.14.114
http://dx.doi.org/10.1103/PhysRevLett.14.114
http://dx.doi.org/10.1103/PhysRevLett.14.114
http://dx.doi.org/10.1103/PhysRevLett.14.114
http://dx.doi.org/10.1103/PhysRevC.93.054326
http://dx.doi.org/10.1103/PhysRevC.93.054326
http://dx.doi.org/10.1103/PhysRevC.93.054326
http://dx.doi.org/10.1103/PhysRevC.93.054326
http://dx.doi.org/10.1016/S0370-1573(97)00049-5
http://dx.doi.org/10.1016/S0370-1573(97)00049-5
http://dx.doi.org/10.1016/S0370-1573(97)00049-5
http://dx.doi.org/10.1016/S0370-1573(97)00049-5
http://dx.doi.org/10.1103/PhysRevC.88.064316
http://dx.doi.org/10.1103/PhysRevC.88.064316
http://dx.doi.org/10.1103/PhysRevC.88.064316
http://dx.doi.org/10.1103/PhysRevC.88.064316
http://dx.doi.org/10.1103/PhysRevC.90.034304
http://dx.doi.org/10.1103/PhysRevC.90.034304
http://dx.doi.org/10.1103/PhysRevC.90.034304
http://dx.doi.org/10.1103/PhysRevC.90.034304
http://dx.doi.org/10.1103/PhysRevC.93.011306
http://dx.doi.org/10.1103/PhysRevC.93.011306
http://dx.doi.org/10.1103/PhysRevC.93.011306
http://dx.doi.org/10.1103/PhysRevC.93.011306
http://dx.doi.org/10.1103/PhysRevC.93.044326
http://dx.doi.org/10.1103/PhysRevC.93.044326
http://dx.doi.org/10.1103/PhysRevC.93.044326
http://dx.doi.org/10.1103/PhysRevC.93.044326
http://dx.doi.org/10.1103/PhysRevC.84.027303
http://dx.doi.org/10.1103/PhysRevC.84.027303
http://dx.doi.org/10.1103/PhysRevC.84.027303
http://dx.doi.org/10.1103/PhysRevC.84.027303

SYSTEMATIC STUDY OF FAVORED «-DECAY ...

[33] Y. Qian and Z. Ren, Sci. China Phys., Mech. Astron. 56, 1520
(2013).

[34] G.L.Zhang, X. Y. Le, and H. Q. Zhang, Phys. Rev. C 80, 064325
(2009).

[35] W. M. Seif, M. M. Botros, and A. I. Refaie, Phys. Rev. C 92,
044302 (2015).

[36] W. M. Seif, M. Shalaby, and M. F. Alrakshy, Phys. Rev. C 84,
064608 (2011).

[37] G. Gamow, Z. Phys. 51, 204 (1928).

[38] S. A. Gurvitz and G. Kalbermann, Phys. Rev. Lett. 59, 262
(1987).

[39] Y. Qian and Z. Ren, Phys. Rev. C 85, 027306 (2012); Nucl.
Phys. A 852, 82 (2011); 866, 1 (2011).

PHYSICAL REVIEW C 94, 024338 (2016)

[40] X.-D. Sun, P. Guo, and X.-H. Li, Phys. Rev. C 93, 034316
(2016).

[41] C. Xu and Z. Ren, Nucl. Phys. A 760, 303 (2005).

[42] B. Buck, A. C. Merchant, and S. M. Perez, Phys. Rev. Lett. 65,
2975 (1990).

[43] G. Royer, J. Phys. G 26, 1149 (2000).

[44] D. Ni and Z. Ren, J. Phys. G 37, 035104 (2010).

[45] G. Audi, M. Wang, A. Wapstra, F. Kondev, M. MacCormick, X.
Xu, and B. Pfeiffer, Chin. Phys. C 36, 1287 (2012).

[46] R. F. Casten, D. S. Brenner, and P. E. Haustein, Phys. Rev. Lett.
58, 658 (1987).

[47] Y. M. Zhao, R. F. Casten, and A. Arima, Phys. Rev. Lett. 85,
720 (2000).

024338-9


http://dx.doi.org/10.1007/s11433-013-5159-5
http://dx.doi.org/10.1007/s11433-013-5159-5
http://dx.doi.org/10.1007/s11433-013-5159-5
http://dx.doi.org/10.1007/s11433-013-5159-5
http://dx.doi.org/10.1103/PhysRevC.80.064325
http://dx.doi.org/10.1103/PhysRevC.80.064325
http://dx.doi.org/10.1103/PhysRevC.80.064325
http://dx.doi.org/10.1103/PhysRevC.80.064325
http://dx.doi.org/10.1103/PhysRevC.92.044302
http://dx.doi.org/10.1103/PhysRevC.92.044302
http://dx.doi.org/10.1103/PhysRevC.92.044302
http://dx.doi.org/10.1103/PhysRevC.92.044302
http://dx.doi.org/10.1103/PhysRevC.84.064608
http://dx.doi.org/10.1103/PhysRevC.84.064608
http://dx.doi.org/10.1103/PhysRevC.84.064608
http://dx.doi.org/10.1103/PhysRevC.84.064608
http://dx.doi.org/10.1007/BF01343196
http://dx.doi.org/10.1007/BF01343196
http://dx.doi.org/10.1007/BF01343196
http://dx.doi.org/10.1007/BF01343196
http://dx.doi.org/10.1103/PhysRevLett.59.262
http://dx.doi.org/10.1103/PhysRevLett.59.262
http://dx.doi.org/10.1103/PhysRevLett.59.262
http://dx.doi.org/10.1103/PhysRevLett.59.262
http://dx.doi.org/10.1103/PhysRevC.85.027306
http://dx.doi.org/10.1103/PhysRevC.85.027306
http://dx.doi.org/10.1103/PhysRevC.85.027306
http://dx.doi.org/10.1103/PhysRevC.85.027306
http://dx.doi.org/10.1016/j.nuclphysa.2011.01.007
http://dx.doi.org/10.1016/j.nuclphysa.2011.01.007
http://dx.doi.org/10.1016/j.nuclphysa.2011.01.007
http://dx.doi.org/10.1016/j.nuclphysa.2011.01.007
http://dx.doi.org/10.1016/j.nuclphysa.2011.07.002
http://dx.doi.org/10.1016/j.nuclphysa.2011.07.002
http://dx.doi.org/10.1016/j.nuclphysa.2011.07.002
http://dx.doi.org/10.1103/PhysRevC.93.034316
http://dx.doi.org/10.1103/PhysRevC.93.034316
http://dx.doi.org/10.1103/PhysRevC.93.034316
http://dx.doi.org/10.1103/PhysRevC.93.034316
http://dx.doi.org/10.1016/j.nuclphysa.2005.06.011
http://dx.doi.org/10.1016/j.nuclphysa.2005.06.011
http://dx.doi.org/10.1016/j.nuclphysa.2005.06.011
http://dx.doi.org/10.1016/j.nuclphysa.2005.06.011
http://dx.doi.org/10.1103/PhysRevLett.65.2975
http://dx.doi.org/10.1103/PhysRevLett.65.2975
http://dx.doi.org/10.1103/PhysRevLett.65.2975
http://dx.doi.org/10.1103/PhysRevLett.65.2975
http://dx.doi.org/10.1088/0954-3899/26/8/305
http://dx.doi.org/10.1088/0954-3899/26/8/305
http://dx.doi.org/10.1088/0954-3899/26/8/305
http://dx.doi.org/10.1088/0954-3899/26/8/305
http://dx.doi.org/10.1088/0954-3899/37/3/035104
http://dx.doi.org/10.1088/0954-3899/37/3/035104
http://dx.doi.org/10.1088/0954-3899/37/3/035104
http://dx.doi.org/10.1088/0954-3899/37/3/035104
http://dx.doi.org/10.1088/1674-1137/36/12/002
http://dx.doi.org/10.1088/1674-1137/36/12/002
http://dx.doi.org/10.1088/1674-1137/36/12/002
http://dx.doi.org/10.1088/1674-1137/36/12/002
http://dx.doi.org/10.1103/PhysRevLett.58.658
http://dx.doi.org/10.1103/PhysRevLett.58.658
http://dx.doi.org/10.1103/PhysRevLett.58.658
http://dx.doi.org/10.1103/PhysRevLett.58.658
http://dx.doi.org/10.1103/PhysRevLett.85.720
http://dx.doi.org/10.1103/PhysRevLett.85.720
http://dx.doi.org/10.1103/PhysRevLett.85.720
http://dx.doi.org/10.1103/PhysRevLett.85.720



