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o decay is a common and important process of natural radioactivity of the heavy and superheavy nuclei. From
the o decay of nuclei, we can obtain much more information of nuclei structure. In our previous works [X.-D. Sun
etal., Phys. Rev. C 93, 034316 (2016); X.-D. Sun et al., ibid. 95, 014319 (2017)], we have done systematic study
on the o preformation probability of both the even-even and odd-A nuclei within the two-potential approach.
The o preformation probabilities will systematically change due to the shell effect, proton-neutron correlation,
and so on. This work is the extension of the previous works. In this work, we systematically study the « decay
of doubly odd nuclei. We find that for superallowed o decay the « preformation probabilities of doubly odd
nuclei are larger than those of odd-A ones in general, and for the heavier nuclei the extra neutrons suppress the
proton-neutron correlation resulting in the small o preformation probabilities. The calculated results can well
reproduce the experimental half-lives. The half-lives of the & decay chain beginning from nuclide ?*°119 are also

predicted and compared with various empirical formulas.

DOI: 10.1103/PhysRevC.95.044303

I. INTRODUCTION

Since « decay was defined in 1899 by Rutherford, great
efforts have been made in the realm of both theory and
experiment, e.g., from the discovery of the atomic nucleus
by « particle scattering to the Geiger-Nuttall law depicting
a relation between « decay half-life and decay energy [1-5],
from the barrier tunneling theory according to the quantum
mechanics to the investigation of proton-rich and superheavy
nuclei [6-13]. Up to now nearly 600 « radioactivity nuclei or
isomers have been detected and measured, including over 140
doubly odd nuclei [14,15]. In the case of doubly odd nuclei,
the unpaired proton and neutron present some interesting
results. On the one hand, an island of light o radioactivity
nuclei appears above the exotic doubly magic nucleus 'Sn,
the heaviest N = Z nucleus, where both proton and neutron
move in the same shell and the enhanced correlation arises
between neutron and proton. Thus, these nuclei are known
as superallowed o decay with large o particle preformation
probability [16-20]. Moreover, the Pauli blocking effect com-
ing from both the unpaired proton and neutron is weakened,
resulting in the increase of « preformation probability of
doubly odd nuclei compared with the neighboring odd-A
nuclei. Besides, it has been found that the « decay nucleus
1081 Jocates beyond the proton drop line [20]. On the other
hand, the total hindrance factor produced by odd proton
and neutron significantly prolongs fission lifetimes for the
superheavy nuclei [12,21]. Therefore « decay chains from
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the new synthesized doubly odd nuclei 1}3Ts are extremely
long and end at dubnium 2’°Db by spontaneous fission [12].
Following the Gamow theory, o decay is interpreted as
the classical two-step mechanism with quantum tunneling
effect [6,22]. In 1966, the Viola-Seaborg formula took into ac-
count the even-odd stagger of « decay half-lives by introducing
hindrance factor & [4,5]. Afterwards o decay was considered
to be a very asymmetric fission process [23], and the «o
preformation probability is interpreted as the penetrability of
the prescission part of the barrier [24]. The quasimolecular
shape mechanism is also introduced to describe the nuclear
shape evolution based on the liquid drop model [25,26].
As a result of nuclear shell structure, o emitters below and
above N = 126 shell closure follow the different quantum
numbers of a-core relative motion, implying « cluster structure
in nuclei [27]. Over time, more and more nuclear structure
effects are considered in « decay, and the « cluster structure
is interesting and worthy of investigation [28-34]. The «o
cluster preformation probability can be extracted from the
experimental « decay half-lives, and analyzed based on
the shell effect and various residual interactions, such as
the pairing force as well as proton-neutron correlation and
so on [33,35-40]. Meanwhile, the microscopic calculations
about « cluster structure, e.g., the shell model [41,42] and
quarteting wave function [43], are still improving. In addition,
the competition among « decay, proton emission, cluster
radioactivity, and spontaneous fission is crucial to stability
of the heavy and superheavy nuclei [44-51]. Previously, we
systematically studied the o decay half-lives of both even-even
and odd-A nuclei by using the isospin-dependent nuclear
potential, whose parameters are obtained by fitting the o
decay half-lives of even-even nuclei because the influence
coming from the unfavored decay can be neglected [52]. The

©2017 American Physical Society
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o preformation probabilities are analyzed taking into account
the nuclear shell effect utilizing an analytic formula. The
calculated results can well reproduce the experimental o decay
half-lives [52]. So it is necessary to test the validity of the
method for doubly odd nuclei and to study systematically the
a decay properties of the heavy and superheavy nuclei. This
constitutes the motivation of this work.

This article is organized as follows. In Sec. II, the theoretical
framework for the calculation of the o decay half-lives is
briefly described. In Sec. III, we show the systematic results
of o decay half-lives for doubly odd nuclei, especially for
superallowed o decay and superheavy nuclei. The calculated o
decay half-lives and the estimated « preformation probabilities
are given and discussed. A brief summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK

The two-potential approach was proposed by Gurvitz and
Kalbermann to treat the decay of a quasistationary state
that bridges the bound and scattering states [53]. In the
two-potential approach, the Gamow formula is improved by
adding a well-defined preexponential factor. Then, the decay
width I" can be written as

hZ r3
= POPaF—exp[—Z/ k(r)dri|, (1)
4u r
where P,, F denote the o preformation probability, normalized
factor, respectively. The part of exponential function expresses
the barrier tunneling similar to the Gamow formula. The
preformation factor Py is introduced to provide the average
o preformation probability of one certain kind of o decay
nuclei, i.e., Py = 0.43 for even-even nuclei, Py = 0.35 for
odd-A nuclei, Py = 0.18 for doubly odd nuclei [54]. The
normalized factor F, expressing the assault frequency, can
be approximated as

F/rz ar_ | )
o 2k(r)

where k(r) = ,/i—’,_‘ | O, — V(r) | is the wave number. The

n denotes the reduced mass of the o particle and daughter
nucleus. The r indicates the mass center distance between
the preformed « particle and the daughter nucleus. In detail,
the ry, rp, and r; are the classical inner, middle, and outer
turning points, respectively. They must satisfy the conditions
V(r)) = V(ry) = V(r3) = Q. The « decay half-life is

hln2

Ty = —. 3
12 T 3)

The potential between the preformed « particle and the
daughter nucleus, including the nuclear, Coulomb, and cen-
trifugal potential barrier, can be written as

V(r) = Wn@r) + Ve(r) + Vi), “

where Vn(r) represents the nuclear potential. In this work, we
choose a type of cosh for the nuclear potential [55]. It can be
expressed as

1 + cosh(R/a)
cosh(r/a) + cosh(R /a)’

W(r) ==V &)
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where Vy and a are the depth and diffuseness of the
nuclear potential, respectively. In our previous work [52]
through analyzing the experimental o decay half-lives of
164 even-even nuclei, we have obtained a set of isospin-
dependent nuclear potential parameters, i.e., a = 0.5958 fm,
Vo = 192.42 +31.05924-% MeV, where Ny, Zg, and Aq
denote the neutron, proton, and mass number of the daughter
nucleus, respectively. Vc(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

B3 - (3]

ZaZqe*
r 9

r <R
Ve(r) = (6)
r > R,
where Z, is the proton number of the « particle. The sharp
radius R is given by

R =128A"2-0.76 + 0847173, (7)

This empirical formula, which is derived from the nuclear
droplet model and the proximity energy, is commonly used to
calculate o decay half-lives [56]. The last part, langer-modified
centrifugal potential, can be estimated by

1> 1\?
Vl(")=m<l+§> , (8)

where [ is the orbital angular momentum taken away by «o
particle.

The o preformation probability can be extracted from the
experimental « decay half-lives [31,35,37]. If P, =1 and

Py = 1, the calculated o decay half-lives are defined as Tff%f;.

We can use Tfazlcolt to compare the o preformation probability

of different kind of « decay nuclei, i.e., even-even, odd-A,
and doubly odd nuclei. In the case of taking into account the
preformation factor Py only, the calculated o decay half-lives
are called as Tlclefi. Then the « preformation probability P,
can be extracted by using

T

Pa = exp (9)
T1/2p,oz

Based on the nuclear shell structure and proton-neutron
correlation, the trend of o preformation probabilities can be
approximated [26,35,52] by

logig Pu = a+b(Z — Z1)(Zy — Z) + (N — N))(N2 — N)
+dA+e(Z —Z))(N — Ny), (10)

where Z, N, and A are the proton, neutron, and mass
numbers of the o decay parent nucleus. Z; and Z, (N;
and N;) are the proton (neutron) magic numbers around
Z (N). a, b, c, d, and e are the adjustable parameters. In
the regions with the well-known shell closures, this formula
can systematically reproduce the trend of the real « cluster
preformation probability in nuclei to some extent. With the
estimated o preformation probabilities P,, the calculated o
decay half-lives {7 can be obtained.
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TABLE I. Calculation results of o decay half-lives Tf/azlfi including even-even, odd-A, and doubly odd nuclei in the superallowed « decay

island above the exotic doubly magic nucleus '*Sn.

o transition Ir I7 Iinin 0.,(MeV) T34 (s) T (s) T/ To)
105Te — 1015 (7/2%) (7/2%) 0 5.075 6.33 x 1077 3.88 x 1078 0.061
106Te — 1028 ot ot 0 4285 8 x 107° 544 x 1073 0.68
W07 Te — 1039 5/2# 5/2%# 0 4.005 443 x 1073 1.16 x 1073 0.261
108 5 1045 ot ot 0 3.420 429 x 10° 2.53 x 10° 0.591
109 —» 105G (5/2%) (5/2%) 0 3.198 1.18 x 107 7.9 x 10! 0.669
10 5 106G ot 0+ 0 2.699 6.2 x 10° 9.28 x 10° 1.496
108] 5 10451 1H# - 0 4.099 3.96 x 1072 1.5 x 1073 0.038
1097 _, 105gp, 172+ (5/2%) 2 3.918 7.36 x 107! 2.86 x 1072 0.039
1oy _, 106Gy, ) 2% 2 3.588 3.91 x 10° 2.15 x 10° 0.55
T 197gp 5/2+4# 5/2# 0 3.274 ~2.5 x 10° 1.04 x 10? 0.041
12y _, 108gp 1+# @t 4 2.957 2.85 x 10° 462 x 10° 1.619
131 — 1998p 5/2# 5/2t# 0 2.706 1.99 x 10° 424 x 10° 0.002
09xXe — 10Te 72t # (7/2%) 0 4215 1.3 x 1072 1.5 x 1073 0.115
H0xe — 106Te ot 0t 0 3.875 145 x 107! 8.52 x 1072 0.587
Uxe —» 07Te 5/2+# 5/2t# 0 3.725 7.12 x 10° 5.86 x 107! 0.082
12xXe — 1%Te ot 0t 0 3.331 3 x 102 1.96 x 10? 0.655
IBXe — YTe 5/2t# (5/2%) 0 3.086 ~2.49 x 10* 1.26 x 10* 0.507
5%e — Te (5/2%) (5/2)* 0 2.505 6 x 10° 2.82 x 10° 469.197
112¢s — 1081 1H# 1H# 0 3.935 >1.88 x 107! 1.51 x 107! 0.799
4cs — 1101 (1 (1) 0 3.355 3.17 x 10° 5.93 x 10? 0.187
4By — 10xe ot o+ 0 3.535 5.89 x 10! 1.68 x 10? 2.848

III. RESULTS AND DISCUSSIONS

We initially pay attention to the superallowed o decay
island. It is well known that as the number of nucleons
increasesupto A > 140, o decay gradually becomes common.
The nuclei with light mass are stable against « decay, except
the superallowed « decay island above the exotic doubly magic
nucleus '®Sn. First, the o decay energy takes local maximum

- o doubly-odd nuclei ' ' '
[ = even-even nuclei . ]
10°L 4 odd-A nuclei S ]
n 3 o E
55 407k .
~~ A !
5 o--- & 4
3o [ 108
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E- - - - | isotope ]
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N

FIG. 1. The ratios of calculated half-lives Tf/'“‘zlf; to experimental
data for the superallowed o decay nuclei as a function of the neutron
numbers of the parent nuclei. The tellurium, iodine, xenon, and
caesium isotopes are denoted by dashed orange, dotted green, solid
violet, and short dashed black lines, respectively.

at the position of nuclear magic number plus another two
nucleons due to the shell effect [52]. Thus, the proton-rich
Te, I, Xe, and Cs isotopes are energy allowed with the o
decay energy near 4 MeV. Second, for the N ~ Z nuclei, the
a decay occurs prior to proton emission [19]. By contrast,
the A ~ 140 and N > Z odd-Z isotopes close to the proton
drip line, for example, light mass Tm, Ho, and Tb isotopes,
undergo proton emission but not o decay. As a result of the
strong proton-neutron correlation and the large o preformation
probability, this o decay are called the superallowed « decay.
The superallowed o decay nuclei are listed in Table 1. The
first five columns include basic o decay data, such as «
transition, spin and parity state of the parent and daughter
nuclei, the minimum orbital angular momentum taken away by
« particle, and o decay energy, respectively. The experimental
data are taken from the NUBASE2012 table [14], and the
NNDC web site [15], where “()”, “#” indicate uncertain spin
and parity, values estimated from trends in around nuclei,
respectively. The angular momentum [ is obtained under the
selection rule according to the spin and parity of both the parent
and daughter nuclei [57]. In some cases where the spin and

TABLE II. The parameters to the o preformation probability P,
in Eq. (10) for doubly odd nuclei in four regions.

Reg. a b c d e

I —8.8466 0.0021 0.0006 0.0548  —0.0043
I —21.3225 0.0009 0.0053 0.0932 0.0019
I —51.866 —0.0047  —0.0077 0.245 —0.0179
v 12.397 0.0034  —0.0027 —0.0597 0.0047
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TABLE III. Calculation results of & decay half-lives for doubly odd nuclei in four regions within a two-potential approach.

« transition Ir 7 Lmin 0.(MeV) Ti)3a(s) T (s) PyP,
region I

SEu — "pm 5- 5 0 2.692 5.01 x 10" 1.22 x 10% 0.087
1%2Ho — “8Th 2- 2" 0 4.507 1.35 x 10° 1.37 x 10 0.132
2o — 8Tp™ 9+ O 0 4.577 4.63 x 10? 5.61 x 10? 0.132
5*Ho — POTb 2- 27 0 4.042 3.71 x 10° 8.14 x 10° 0.134
4Tm — "Ho 2) 2" 0 5.094 1.5 x 10! 1.32 x 10! 0.155
1S4Tm™ — 10H™ Ch) O* 0 5.175 5.69 x 10° 5.49 x 10° 0.155
136Tm — 52Ho 2" 2" 0 4.345 1.31 x 10° 1.35 x 10° 0.151
136y — 1527 m™ 9+ )t 0 5.705 2.11 x 107! 2.29 x 107! 0.174
18Ty — P4y 2) M) 0 6.125 5.1 x 1072 3.98 x 1072 0.188
IS8 s 14y 91 Ch) 0 6.205 3.79 x 1072 1.99 x 1072 0.188
160Re — 156Ta 4) 27) 2 6.695 5.55 x 1073 5.03 x 1073 0.196
12Re — 8Ta 2) M) 0 6.245 1.14 x 107! 1.14 x 107! 0.17

102Rem — 158y 91 Ch) 0 6.275 8.46 x 1072 8.73 x 1072 0.17

164Rem —s 160 9) 9t 0 5.755 2.97 x 10! 1.15 x 10! 0.145
166Re — 192Tq (71 T 0 5.465 4.5 x 10! 246 x 10? 0.123
1661 5 162Re 27) 27 0 6.725 1.13 x 1072 1.75 x 1072 0.135
166 _y 162Rem 91 Cl) 0 6.725 1.54 x 1072 1.75 x 1072 0.135
18Re — 19Ty (71 3M 4 5.068 8.8 x 10 2.22 x 10 0.103
1681 5 164Re 27) 27 0 6.375 23 x 107! 3.6 x 107! 0.11

168 _, 164Rem (9™ ) 0 6.485 2.12 x 107! 1.39 x 107! 0.11

1701m _, 166Re (8M) ) 2 6.265 2.25 x 10° 2 x 10° 0.088
1T0Ay — 166 2) 27) 0 7.175 2.64 x 1073 4.82 x 1073 0.094
170 Ay — 1667m (91 ) 0 7.285 1.48 x 1073 2.14 x 1072 0.094
1721y _, 168Re 31 ) 4 5.985 2.2 x 102 1.34 x 102 0.071
1721pm _ 168Re (71 ) 0 6.125 8.7 x 10° 427 x 10° 0.071
74 — 10Re 31 ) 2 5.624 1.58 x 10° 1.34 x 10 0.056
741 5 170Re (7M) ) 2 5.817 1.96 x 102 1.81 x 102 0.056
180 5 1707y 46 57) 2 6.715 1.82 x 10! 6.9 x 10° 0.022
186 Ay — 182 3~ 3+ 1 4912 8.02 x 107 1.73 x 108 0.009
186, 1824y (71 2" 6 6.016 458 x 10° 3.5 x 10° 0.008

region II

190} _ 1867 31 M) 1 6.863 8.18 x 10° 7.6 x 10° 0.018
1928} — 18871 (31 M) 1 6.371 2.88 x 102 439 x 10% 0.023
1924t — '88Bj 3t# 3t# 0 7.700 1.15 x 1072 2.69 x 1072 0.04

1948 — 19071 31 20) 1 5.915 2.07 x 10* 3.35 x 10* 0.026
194 At — 1Bj 4-,57) 3% 1 7.462 2.53 x 107! 1.32 x 107! 0.052
194 ¢ — 190B;™ (97,107) (107) 0 7.335 3.1 x 107! 2.9 x 107! 0.052
1968 — 19271 (31 M) 1 5.436 2.66 x 107 6.67 x 10° 0.028
At — %Bi (31 3% 0 6.895 4.48 x 10° 6.84 x 10° 0.065
2007t — 1%6Bj (31 3% 0 6.596 8.31 x 10! 9.14 x 10! 0.063
200 A _y 196 m (71 ) 0 6.543 1.09 x 102 1.49 x 10% 0.063
200 4¢m _ 196g;n (107) (107) 0 6.669 7.62 x 10! 47 x 10! 0.063
200y 5 196A¢ 31 3% 0 7.615 4.9 x 1072 6.07 x 1072 0.152
200 _y 196 A gm 10~ # (107) 0 7.705 1.9 x 107! 3.08 x 1072 0.152
22At — 198Bj 2+,3%) 2+,3%) 0 6.353 497 x 10? 9.39 x 102 0.055
202 p¢m sy 198gm (7% ) 0 6.259 2.09 x 10° 2.38 x 10° 0.055
20241 5 198" (107) (107) 0 6.402 479 x 10? 5.83 x 102 0.055
W04At — 200Bj 7t 7+ 0 6.071 1.44 x 10* 1.85 x 104 0.044
W4 5 200A¢ 3hH 31 0 7.170 1.82 x 10° 1.88 x 10° 0.133
W4 s 200 A ¢ (71 ) 0 7.108 2.56 x 10° 3.16 x 10° 0.133
4R s 200 A7 (107) (107) 0 7.154 1.08 x 10° 2.16 x 10° 0.133
206 At — 202Bj 3+ 50+ 0 5.887 2.04 x 10° 1.67 x 10° 0.032
208 At — 294Bj 6" 6+ 0 5.751 1.07 x 10° 1.05 x 10° 0.021
208 s 204A¢ 7t 7+ 0 6.784 6.64 x 10! 7.27 x 10! 0.079
20At — 206Bj 3+ 6w 2 5.631 1.67 x 107 1.17 x 107 0.012
20pp s 200 A¢ 6t 3yt 2 6.671 2.69 x 102 4.94 x 102 0.052
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« transition Ir 7 Lmin 0.(MeV) Ty)5a(s) T (s) Py P,
22Fp _, 208 A4 5+ 6" 2 6.529 2.79 x 10° 2.82 x 10° 0.032
22py > 208Ac TH# 3% 4 8.425 8 x 1073 8.67 x 1073 0.467
24Ac — HOFr S5t 6t 2 7.353 9.21 x 10° 5.42 x 10° 0.08
region II1

212§ — 2087 10 5+ 5 6.207 1.01 x 10* 7.5 x 10° 0.034
22gjm s 2087 87,97) 5+ 3 6.454 2.24 x 10° 1.21 x 10? 0.034
22 At — 208Bj (1) 5+ 5 7.816 3.14 x 107! 8.53 x 1072 0.031
22 ¢ s 208Bj 9 # 5+ 5 8.039 1.2 x 107! 1.81 x 1072 0.031
2l4Bj — 2107 1- 5t# 5 5.621 5.69 x 10° 243 x 10° 0.051
24 At — 210Bj 1- 1- 0 8.987 5.58 x 1077 2.67 x 107° 0.034
2 A s 210 9- 9- 0 8.949 7.6 x 1077 3.32 x 107° 0.034
24Er — 210A¢ (17) 3yt 5 8.589 5 x 1073 2.08 x 1073 0.04

2R s 2107t 87) 3yt 3 8.710 3.35 x 1073 1.92 x 107* 0.04

26 At — 212Bj 10 10 0 7.950 3 x 107 1.19 x 1073 0.044
216 Agn _y 2125m 9 # 87,97) 0 7.863 1 x 107 2.18 x 1073 0.044
26pr 5 212A¢ (17) (17) 0 9.173 7 x 1077 417 x 107° 0.038
2oppm _y 212 A¢m 9) 9 # 0 9.169 8.5 x 1077 425 x 107° 0.038
20Ac — 22Fp (1) 5+ 5 9.236 44 x 107 1.5 x 1074 0.057
20 A s 2Ry 9) 5+ 5 9.279 441 x 107 1.17 x 107* 0.057
218 Ar — 214Bj 1~ # 1- 0 6.874 1.5 x 10° 2.88 x 10° 0.064
28pp _, 214 A¢ 1~ 1~ 0 8.013 1 x 1073 4.83 x 1073 0.041
28Ac — 2MFr 1-# (1) 0 9.373 1.08 x 107° 549 x 10°° 0.045
220pp — 216 A¢ I 1 1 6.800 2.74 x 10! 6.21 x 10! 0.051
20Ac — 210F; 3) (1) 2 8.348 2.64 x 1072 478 x 1073 0.041
20py _, 216A¢ 1~ # (1) 0 9.650 7.8 x 1077 433 x 10°° 0.059
22A¢ — Y8Fr 1- 1- 0 7.138 5.05 x 10° 221 x 10! 0.044
245 — 20F; 0~ 1t 1 6.327 1.06 x 10° 4.09 x 104 0.053
24py > 20A¢ 5 # 3) 2 7.694 8.44 x 107! 2.9 x 10° 0.041
26 ¢ — 2Fr (HH 2" 2 5.535 1.76 x 10° 3.38 x 10% 0.074
28py s A 3+ 0~ 3 6.264 3.96 x 10° 1.64 x 10° 0.05

BINp — 2pa @*) 3+ 2 6.011 441 x 10° 1.52 x 108 0.043
ZONp — 2?Pa 67) 27) 4 5.007 3.02 x 10" 1.76 x 10 0.089
Z%Am — 22Np 57) 44 1 6.255 54 x 109 6.64 x 107 0.033
Z8Am — 2*Np 1+ D) 2 6.038 5.88 x 10° 8.24 x 108 0.044
Am™ — P¥Np 5- 2+ 3 5.637 9.88 x 10" 6.94 x 10'° 0.115
0Bk 22 Am 20) 1~ 2 6.075 1.56 x 108 2.12 x 10° 0.075
2uogg 5 2Bk 4-# 2-# 2 7.735 455 x 10° 3.79 x 10° 0.019
A8gKm _y A 10 1+ 1 5.715 8.53 x 10° 6.47 x 10'° 0.148
U8gg 5 2Bk - 4-# 2 7.159 6.48 x 10° 428 x 10° 0.027
24gg 5 0Bk - 0 7.935 74 x 102 5.89 x 102 0.015
2oMd — 22Es - - 0 8.895 9.2 x 107! 4.68 x 10° 0.008
AoN " — 2Es - - 0 8.945 1.91 x 10 3.31 x 10° 0.008
23Md — 2*Es - - 0 8.695 3.5 x 10! 1.65 x 10! 0.009
20Md — **9Es - 4-# 0 8.305 7.43 x 102 224 x 102 0.01

24Lr — P'Md - - 0 8.815 2.38 x 10! 5.14 x 10! 0.005

region IV

22Eg — 2Bk 4+ 6H# 2 6.795 5.22 x 107 2.61 x 107 0.0146
2B4ggn . 250K 2+ 2~ 1 6.699 442 x 107 5.87 x 107 0.0113
2OMd™ — »?Es (1) @1 3 7.895 5.02 x 10* 1.39 x 10* 0.0104
28Md — *Es 8 # ) 1 7.271 4.45 x 10° 1.66 x 10° 0.0088
BIMA" — PHEs™ 1-# 2+ 1 7.189 >2.85 x 10° 3.07 x 10° 0.0088
2Rg — Mt 5T#, 6# 5T#, 6# 0 11.195 45 x 1073 1.08 x 1072 0.0037
28 — P*Md - 0 # 0 8.905 432 x 10° 1.43 x 10! 0.009
28Dp — 4 r - - 0 9.505 7.14 x 10° 1.52 x 10° 0.0082
200\ d — 250Rg - (1+,07) 0 6.935 4.8 x 107 3.96 x 107 0.0079
2000 — 2%Md - T # 0 8.395 2.25 x 102 6.39 x 102 0.008

044303-5



SUN, DENG, XIANG, GUO, AND LI

PHYSICAL REVIEW C 95, 044303 (2017)

TABLE Ill. (Continued.)

o transition Ir 7 Lvin 04(MeV) Ty )3 a(s) T (s) PyP,
20pp — 261 p - - 0 9.495 1.69 x 10° 1.67 x 10° 0.0073
20Bp — 29D - - 0 10.395 4.1 x 1072 424 x 1072 0.006
202pp — 28 p - - 0 9.055 5.22 x 10! 3.29 x 10! 0.0068
24Bh — 20Dp - - 0 9.965 1.24 x 10° 5.16 x 107! 0.0054
26Bh — 292Db - - 0 9.425 2.5 x 10° 1.49 x 10! 0.0055
268Mt — 2%“Bh S5t - 0 10.665 2.7 x 1072 433 x 1072 0.0043
20Bh — Db - - 0 9.065 2.28 x 102 1.25 x 10? 0.0066
20Mt — 2%Bh - - 0 10.175 6.3 x 1073 6.26 x 107! 0.0048
22Bh — Db - - 0 9.305 8.8 x 10° 1.79 x 10! 0.0078
27Bh — Db - - 0 8.925 2.04 x 107 1.96 x 10? 0.0098
24Mt — ?°Bh - - 0 10.505 8.5 x 107! 5.07 x 1072 0.0069
4Rg — Mt - - 0 11.485 2.9 x 1072 1.78 x 1073 0.0045
25Mt — 2’Bh - - 0 9.995 7.3 x 107! 7.66 x 107! 0.0091
26Mt™ — 2?Bh - - 0 10.135 1 x 10 3.23 x 107! 0.0091
8Mt — Y*Bh - - 0 9.465 2.9 x 10! 1.64 x 10! 0.0124
8Rg — T*Mt - - 0 10.845 8 x 1073 2.61 x 1072 0.0079
BEd — *Rg - - 0 11.845 2.3 x 1073 1.05 x 1073 0.0046
B0Rg — SMt - - 0 10.195 3.8 x 10° 7.67 x 107! 0.0113
BRg — BMt - - 0 9.505 1.9 x 10° 4.26 x 10! 0.017
B2Eq — 2Rg - - 0 10.785 1.4 x 107! 1.22 x 107! 0.0096
BIEQ — M0Rg - - 0 10.225 1.01 x 10° 2.04 x 10° 0.0152
BOEq — 22Rg - - 0 9.775 7 x 10! 2.12 x 10! 0.025
B8R 284Eq - - 0 10.635 1.9 x 107! 479 x 107! 0.0219
20Ef _» 28Rq - - 0 10.395 6 x 1072 1.06 x 10° 0.0398
24Eh — 2Bf - - 0 11.065 2.9 x 107! 4.67 x 1072 0.068

parity are unknown, /,,;; = 0 is taken. The last two columns
present the calculation results and ratios of the calculated
to experimental o decay half-lives. The larger the ratios,
the larger the o preformation probabilities. The calculated
half-lives Tf/dzlcoll are obtained within the two-potential approach
by using the isospin-dependent nuclear potential without
preformation factor Py for different kinds of « decay, i.e.,
even-even, odd-A, and doubly odd nuclei. We can see that
for 3T and 5 Xe isotopes, the calculated « decay half-lives
have significant deviations compared with experimental data,
suggesting the o decay branching ratios may be overestimated
and underestimated, respectively.

Figure 1 shows the ratios of calculated and experimental
half-lives for Te, I, Xe, and Cs isotopes as a function of the
neutron number, and the three kinds of o decay nuclei, i.e.,
even-even, odd-A, and doubly odd nuclei, are indicated by
black squares, blue triangles, and red circles, respectively.
It can be seen that in comparison with odd-A nuclei, the
a preformation probabilities of doubly odd nuclei do not
obviously reduce but abnormally increase in most cases, which
is consistent with the previous study [19]. The reason for
the abnormality may be the strong proton-neutron correlation
resulting in disappearance of the blocking effect coming from
both odd proton and neutron. Note that the main decay mode
of 11 is proton emission, then '®®I locates beyond the proton
drip line [15,20]. The decrease in « preformation probability of
1981 may on account of the proton continuous spectrum effect.

As a successional test, we extract the o preformation
probabilities P, of doubly odd nuclei from the experimental

a decay half-lives and analyze the trend by using Eq. (10),
following the previous work treating the even-even and odd-A
nuclei [52]. The whole « decay nuclei can be divided into
four regions according to the nuclear shell (or subshell) effect,
i.e., region I, 50 < Z < 82 and 82 < N < 126; region II,
82 < Z < 126and 82 < N < 126; region I, 82 < Z < 126
and 126 < N < 152; region 1V, 82 < Z < 126 and 152 <
N < 184. Here the nuclear magic numbers are identical with
the past work [52]. We assume that the « decay of both ground
and isomeric states can be treated in a unified way, because the
nuclear isomers have no clear difference with the ground states
on o decay [39,40,58]. The calculations are performed in the
framework of spherical shape, because angular momentum
[ in the centrifugal barrier [Eq. (8)] is not a good quantum
number for the deformed potential [59]. According to the shell
model, the spin and parity of doubly odd nuclei is determined
by the coupling of both odd proton and neutron, resulting
in various possible spin-parity states. Thus, the unfavored o
decay (angular momentum / is nonzero) becomes common. As
a convenience, the o preformation probabilities of unfavored
o decay are not separated from the favored ones, and the only
difference between the favored and unfavored o decay comes
from the centrifugal potential barrier.

The calculated « decay half-lives Tlc/a‘zlfg, as the final results,
take into account both the estimated « preformation probability
P, and preformation factor Py. The parameters to P, in
Eq. (10) and the calculation results of « decay half-lives are
listed in Tables II and III, respectively. In the top panel of
Fig. 2, we show the products of estimated o preformation
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FIG. 2. (a) The products of estimated o preformation probabili-
ties P, and preformation factors Py. (b) The deviations of calculated
« decay half-lives, containing Tf/"‘zlfozt obtained with P, and Tf;’zlfg
obtained with both P, and P,.

probabilities P, and preformation factor Py, where the product
Py P, presents the effective o preformation probability. In the
bottom panel of Fig. 2, the deviations of both calculated o
decay half-lives Tlc/azlfg denoted by green triangles and Tlcj‘zlfg
indicated by yellow squares are given, respectively. Generally,
as the neutron number increases, the deviations of Tff‘zlfi
enlarge a bit, and the o preformation probabilities become
smaller. The extra neutrons can suppress the proton-neutron
correlation [60], leading to little o preformation probability.
We can see that the deviations of « preformation probability
for heavy and superheavy nuclei (N > 126) are greater than
those for lighter nuclei (N < 126). There may be two main
reasons. On the one hand, deformation is common for heavy
nuclei [61], and the o preformation probability for deformed
nuclei is significantly different from the spherical ones [34].
On the other hand, for heavy and superheavy nuclei the single
nucleon energy levels are close to the Fermi surface for both
proton and neutron, and the occurrence of different subshells,
e.g., N =152, 162, 178, and Z = 108 [62-65], weaken the
influence of the main shell. From Table III, we can see that
the average o decay energy Q, in region IV is large compared
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to the lighter mass nuclei in other regions, implying the stable
limit of heavy mass nuclei.

With the above in mind, we predict the possible « decay
chain beginning from the Z = 119 element. The predicted
optimal evaporation residual cross section with “°Ti 4 >*Bk
hot fusion reaction may be as large as ~10-150 fb [66,67],
which nearly equals the lower limit of 30 fb. In the case of the
3n-evaporation channel, the new doubly odd nuclide 29119
can be synthesized. The « decay half-lives of nuclei from this
« decay chain are calculated and listed in Table IV. Recently,
28Ms and its o decay daughter nuclei have been observed in
*Ca 4+ 2 Am reaction [68], from which the experimental o
decay energies, half-lives, and the corresponding errors are
taken. The unknown « decay energies of 2°°119 and **Db are
derived from the WS4 mass model [69], which provide the
most accurate prediction to reproduce the experimental Q,
values of the superheavy nuclei [70]. For 2**Ts, the experi-
mental data of o decay energy and half-life are taken from the
NUBASE2012 table [14]. Note that for doubly odd nuclei, o
decay is the main decay mode over spontaneous fission up to
the terminal nucleus 2°*Db (Z = 105), resulting in the extreme
long « decay chain compared with even-even nuclei [12].

For comparison, the « decay half-lives of 2*°119 de-
cay chain are also calculated by using various empirical
formulas, i.e., semiempirical relationship based on fission
(SemFIS) [71,72], universal (UNIV) curve [47,72,73], and
Ni-Ren-Dong-Xu (NRDX) unified formula for o decay and
cluster radioactivity [74]. The SemFIS formula, which takes
into account the magic numbers at N = 126,184 and Z =
82,127 and the optimum parameters for transuranium nuclei
(Z > 92)[72], is the best one to predict « decay half-lives [70].
From Table IV, the calculated results in this work (calc3) can
well reproduce the o decay half-lives better than the UNIV and
NRDX formulas. For 2°8Db, the calculated o decay half-lives
within calc3 and SemFIS are similar and comparable with the
measured fission half-life, implying the competition between
spontaneous fission and « decay. In addition, all the calculated
o decay half-lives results of 2°°119 and ***Ts are large enough
for the observation requirement (around 1 us) [75].

IV. SUMMARY

In conclusion, we have extended the calculation of «
decay for even-even and odd-A nuclei to doubly odd nuclei
within the two-potential approach. For the superallowed o

TABLE IV. The « decay half-lives in the « decay chain beginning from the unknown nuclide **°119.

Nucleus 0, (MeV) % T TS T TRDX
26119 12.449 [69] - 150 us 1.44 ms 2.26 ms 3.51 ms
22Ty 11.285+0.8 >10 ms 28.71325 ms 1561135 ms 2631285 ms 4287305 ms
28Ms 10.48 — 10.73 171135 ms 272-1232 ms 864-3958 ms 1.69-7.59 s 2.60-11.9's
4Nh 10.11(5) 0.97701 s 3.07-5.82's 6.06-11.53 s 14-26.6 s 20.1-38.2's
#Rg 9.22-10.01 3.670% s 2.45-528's 3.17-694 s 9.0-1914 s 11.6-2526
oM 9.30-10.10 0.541005/6%5 s 0.4-77 s 0.37-70s 1.28-242 s 1.47-289 s
72Bh 8.86-9.29 12.0%3] s 20-432s 13.6-292 s 58.6-1270's 63.4-1373 s
28Dp 7.937 [69] 2775 h 38.6h 20.3 h 117h 108 h
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decay nuclei, the o preformation probabilities of doubly
odd nuclei are abnormally bigger than those of odd-A ones
due to the strong correlation between the odd proton and
neutron. It is also found that as the neutron number increases
the o preformation probabilities show a downward trend in
general, which may account for the extra neutrons. To some
extent, the « preformation probabilities that extracted from the
experimental o decay half-lives can be estimated by an analytic
formula taking into account the shell effect and proton-neutron
correlation, following our previous work. The final results can
well reproduce the « decay half-lives of doubly odd nuclei. In
addition, the o decay half-lives in the « decay chain beginning
from the unknown doubly odd nuclide 2*°119 are predicted
based on the above framework, and are compared with various
empirical formulas. In the future, the unfavored o decay and
other nuclear structure factors playing a role in « decay, e.g.,

PHYSICAL REVIEW C 95, 044303 (2017)

the nuclear deformation, continuous spectrum, and so on,
deserve further study.
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