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Nuclear spin of odd-odd α emitters based on the behavior of α-particle preformation probability
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The preformation probabilities of an α cluster inside radioactive parent nuclei for both odd-even and odd-odd
nuclei are investigated. The calculations cover the isotopic chains from Ir to Ac in the mass regions 166 � A � 215
and 77 � Z � 89. The calculations are employed in the framework of the density-dependent cluster model.
A realistic density-dependent nucleon-nucleon (NN ) interaction with a finite-range exchange part is used to
calculate the microscopic α-nucleus potential in the well-established double-folding model. The main effect of
antisymmetrization under exchange of nucleons between the α and daughter nuclei has been included in the
folding model through the finite-range exchange part of the NN interaction. The calculated potential is then
implemented to find both the assault frequency and the penetration probability of the α particle by means of the
Wentzel-Kramers-Brillouin approximation in combination with the Bohr-Sommerfeld quantization condition.
The correlation of the α-particle preformation probability and the neutron and proton level sequences of the
parent nucleus as obtained in our previous work is extended to odd-even and odd-odd nuclei to determine the
nuclear spin and parities. Two spin coupling rules are used, namely, strong and weak rules to determine the nuclear
spin for odd-odd isotopes. This work can be a useful reference for theoretical calculation of undetermined nuclear
spin of odd-odd nuclei in the future.
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I. INTRODUCTION

In recent years, the investigation of the α decay of radioac-
tive nuclei has become a very interesting and popular research
topic in nuclear physics, as it provides a powerful and useful
tool for probing nuclear structure [1–5]. It can provide reliable
information on ground-state lifetime, nuclear charge radius,
nuclear incompressibility, nuclear spin, parity, and the collec-
tive excitations of the involved nuclei [6–11]. Moreover, the α
decay plays a key role in the recent exploration of the island of
stability of the newly synthesized superheavy nuclei [12–15].

The α-decay process is treated conventionally as the tunnel-
ing process of the preformed α particle through an interaction
potential barrier between the cluster and core nucleus [16].
The α-decay half-life of the radioactive nucleus is completely
determined by the decay width. In the cluster model, the decay
width is well described as a product of three model-dependent
quantities, namely, the barrier penetration probability which
can be obtained in terms of the well-known Wentzel-Kramers-
Brillouin (WKB) semiclassical approximation, the assault
frequency, and the preformation probability of the emitted
clusters inside the decaying nucleus.

An interesting aspect in α decay is how to estimate the α
preformation probability, which gives the probability that the
α particle exists as a recognizable entity inside the nucleus
before its emission [17]. The determination of the exact
value of the preformation factor is essential for improving the
accuracy of theoretical calculations. It would help in estimating
the half-lives of the superheavy elements which affect their
survival probability against different decay channels. On the
other hand, this preformation factor is considered to carry
most of the valuable information about nuclear structure,
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especially about the dynamic states of nucleons around the
nuclear surface[18]. It is expected to reflect the influences of
the different nuclear structure properties of the parent and its
decay components, such as their isospin asymmetry[19], shell
and pairing effects [20], and their deformations [21–23]. It
was revealed in our recent studies [24–26] that the behavior
of the preformation factor is associated with the neutron and
proton level sequences of the parent nucleus, and can be used
to predict the nuclear spin for both even-even and even-odd
nuclei. Moreover, it was pointed out that the existence of
unpaired nucleons in the open shells of the parent nucleus
influences the preformation mechanism [27]. The α-cluster
preformation probability inside the nuclei that have unpaired
nucleons is less than it would be in the neighboring nuclei
of the same shell and subshell closures but have no unpaired
nucleons [27].

In principle, the preformation factor can be calculated
from the overlap between the actual wave function of the
parent nucleus and the wave function of the decaying state
describing the α particle coupled to the residual daughter
nucleus [28,29]. In these calculations, the wave function is
necessary, and it is not easy to include very large basis
and massive configuration mixing to access the actual wave
function, which becomes even more sophisticated when
more nucleons relevant to the preformation are considered.
Several factors may affect the calculated values of the α-
preformation probability from different theoretical approaches
such that the deformation of the involved nuclei, the isospin
asymmetry, and the angular momentum transfer in case of
involved nuclei include odd nucleon numbers. It should be
noted that the extracted α-preformation factors are differ-
ent for various models; that is, they are model-dependent
factors [30–33]. More strikingly, the varying trend of the
preformation factor, such as for an isotopic chain, is model
independent [34].
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In a previous work [24–26], we studied the correlation
between α-particle preformation probability, Sα , and the
energy levels of parent nuclei for a wide range of even-even
and even-odd nuclei. We also clarified how to predict unknown
or confirm the doubted nuclear spins and parities for these kind
of nuclei.

The aim of the present paper is to clarify the rules used
to determine the total nuclear spin and parities for α emitters
with atomic number 77 � Z � 89 for both odd-even and odd-
odd nuclei based on the behavior of α-particle preformation
probability. In odd-A and odd-odd nuclei, the ground-state
spin-parities of parent and daughter nuclei are generally
different, leading to the hindrance of the additional centrifugal
barrier. Therefore, the transitions between ground states are
hindered ones. Theoretically, the hindered α transition is an
effective tool to study the properties of α emitters because it
is closely related to the internal structure of nuclei.

The outline of the paper is as follows. In Sec. II a
description of the microscopic nuclear and Coulomb potentials
between the α and daughter nuclei is given. The methods for
determining the decay width, the penetration probability, the
assault frequency, and the preformation probability are also
presented. In Sec. III, the calculated results are discussed.
Finally, Sec. IV gives a brief conclusion.

II. THEORETICAL FRAMEWORK

In the performed cluster models, the α particle is considered
to be formed with a definite probability as an individual
cluster inside the parent nucleus at the preliminary stage. Once
formed, it will try to emit, leaving the daughter nucleus behind.
The α-decay partial half-lifetime, T1/2, of the parent nucleus
is given in terms of the α-decay width, �, as

T1/2 = � ln 2

�
. (1)

The absolute α decay width is mainly determined by the
barrier penetration probability (Pα), the assault frequency (ν),
and the preformation probability (Sα), � = � Sα ν Pα . The
barrier penetration probability, Pα , could be calculated as the
barrier transmission coefficient of the well-known Wentzel-
Kramers-Brillouin (WKB) approximation, which works well
at energies well below the barrier:

Pα = exp

(
−2

∫ R3

R2

dr

√
2 μ

�2
|VT (r) − Qα|

)
. (2)

Here μ is the reduced mass of the cluster-core system and Qα is
the Q value of the α decay. Ri(i = 1,2,3) are the three turning
points for the α-daughter potential barrier, where VT (r)|r=Ri

=
Qα .

The assault frequency of the α particle, ν, can be expressed
as the inverse of the time required to traverse the distance back
and forth between the first two turning points, R1 and R2, as
[35]

ν = T −1 = �

2 μ

⎡
⎣∫ R2

R1

dr√
2 μ
�2 |VT (r) − Qα|

⎤
⎦

−1

. (3)

The total interaction potential of the α-core system com-
prises the nuclear and the Coulomb potentials plus the
centrifugal part, and is given by [5,36]

VT(R) = λ VN (R) + VC(R) + �
2

2 μ

(
� + 1

2

)2

R2
, (4)

where R is the separation distance between the mass center of
the α particle and the mass center of the core. The latter term
in Eq. (4) represents the Langer modified centrifugal potential,
and � is the angular momentum carried by the α particle. The
value of angular momentum �, which is used for the calculation
of the centrifugal term, is arranged in column five of Table I.
These are the minimum values of possible angular momenta;
the α particle can transfer any value of the angular momentum
according to the following spin-parity selection rule:

|Ji − Jf | � � � |Ji + Jf | and
πf

πi

= (−1)�, (5)

where Ji , πi and Jf , πf are the spin and parity of parent and
daughter nuclei, respectively.

The renormalization factor λ, introduced to the nuclear part
of the folding potential based on the M3Y interaction, is not
an adjustable parameter, but it is determined separately for
each decay by applying the Bohr-Sommerfeld quantization
condition∫ R2

R1

dr

√
2 μ

�2
|VT (r) − Qi | = (G − � + 1)

π

2
, (6)

where the global quantum number G = 20 (N > 126) and
G = 18 (82 < N � 126) [36]. In Ref. [35], the half-lives are
found to be sensitive to the implementation of this condition in
the WKB approach, which fixes the depth of the double-folding
nuclear potential λ.

The nuclear part of the potential, VN (R), consists of
two terms: the direct, VD(R), and the exchange, VEx(R),
terms. The direct part of the nuclear interaction potential
between two colliding nuclei and the equation describing
the Coulomb interaction have similar forms involving only
diagonal elements of the density matrix [37,38]:

VD(R) =
∫

d�r1

∫
d�r2ρα(�r1) υD(ρ,E,s) ρd (�r2), (7)

where s = |�r2 − �r1 + �R| is the relative distance between a
constituent nucleon in the α particle and one in the daughter
nucleus. E is the incident laboratory energy per nucleon. ρα(�r1)
and ρd (�r2) are, respectively, the density distributions of the
α particle and the residual daughter nucleus as described in
Ref. [36].

The exchange potential accounts for the knock-on exchange
of nucleons between the interacting nuclei. The exchange term
is, in general, nonlocal [39]

VEx(E,R) =
∫

d�r1

∫
d�r2ρα(�r1,�r1 + �s) ρd (�r2,�r2 − �s)

× υEx(ρ,E,s) exp

[
i�k(R) · �s

M

]
. (8)
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TABLE I. The preformation probability, Sα , and the α-decay half-lives, T calc
1/2 , calculated without Sα for Ir, Au, Tl, Bi, At, Fr, and Ac

isotopes using the CDM3Y1-Paris NN interaction. Experimental Q values, α-decay half-lives, and spins and parities are taken from Ref. [48].
Uncertain spin and/or parity assignments are in parentheses. The sign * means the spin and/or parity assignments as well as the angular
momentum of transition are modified according to the behavior of Sα and their modified values are in square brackets beside the values used
in our calculations. The sign † means the tabulated spin is confirmed by the behavior of Sα .

Reaction Qexpt
α (MeV) J π

i J π
f �min T

expt
1/2 (s) T calc

1/2 (s) Sα

166Ir → 162Re + α 6.722 ± 0.006 (2−)† (2−) 0 (1.13 ± 0.24) × 10−2 8.02+0.40
−0.38 × 10−4 0.071 ± 0.015

167Ir → 163Re + α 6.505 ± 0.003 1/2+ 1/2+ 0 (7.33 ± 0.42) × 10−2 4.62+0.12
−0.12 × 10−3 0.063 ± 0.004

169Ir → 165Re + α 6.141 ± 0.004 (1/2+)† (1/2+) 0 (7.84 ± 0.09) × 10−1 1.07+0.04
−0.04 × 10−1 0.137 ± 0.005

171Ir → 167Re + α 6.001 ± 0.015 (11/2−)† (9/2−) 2 (3.10 ± 0.30) × 100 7.2+1.1
−1.0 × 10−1 0.233 ± 0.040

172Ir → 168Re + α 5.991 ± 0.010 (3+)† (7+) 4 (2.20 ± 0.15) × 102 3.45+0.35
−0.32 × 100 0.016 ± 0.002

173Ir → 169Re + α 5.716 ± 0.010 (3/2+),(5/2+)† (9/2−) 3 (1.29 ± 0.11) × 102 2.20+0.24
−0.22 × 101 0.172 ± 0.023

174Ir → 170Re + α 5.624 ± 0.010 (3+)† (5+) 2 (1.58 ± 0.12) × 103 2.90+0.33
−0.29 × 101 0.018 ± 0.002

175Ir → 171Re + α 5.430 ± 0.030 (5/2−)† (9/2−) 2 (1.06 ± 0.24) × 103 2.33+0.94
−0.66 × 102 0.233 ± 0.091

177Ir → 173Re + α 5.080 ± 0.030 5/2− (5/2−) 0 (5.00 ± 0.33) × 104 7.0+3.2
−2.2 × 103 0.150 ± 0.054

170Au → 166Ir + α 7.177 ± 0.015 (2−)† (2−) 0 (2.60 ± 0.46) × 10−3 1.56+0.18
−0.16 × 10−4 0.060 ± 0.013

173Au → 169Ir + α 6.836 ± 0.005 (1/2+)† (1/2+) 0 (2.66 ± 0.11) × 10−2 1.96+0.08
−0.08 × 10−3 0.074 ± 0.004

177Au → 173Ir + α 6.298 ± 0.004 (1/2+)†,(3/2+) (3/2+,5/2+) 2 (3.65 ± 0.08) × 100 3.24+0.12
−0.12 × 10−1 0.089 ± 0.004

179Au → 175Ir + α 5.981 ± 0.005 (1/2+)†,(3/2+) (5/2−) 3 (3.23 ± 0.14) × 101 1.18+0.06
−0.06 × 101 0.365 ± 0.024

181Au → 177Ir + α 5.751 ± 0.003 (3/2−)[5/2−∗] 5/2− 2[0∗] (5.07 ± 0.52) × 102 6.07+0.20
−0.19 × 101 0.120 ± 0.013

183Au → 179Ir + α 5.465 ± 0.003 (5/2)−† (5/2)− 0 (7.78 ± 0.18) × 103 6.84+0.24
−0.23 × 102 0.088 ± 0.004

184Au → 180Ir + α 5.234 ± 0.005 5+ (4,5) 2 (1.29 ± 0.06) × 105 1.93+0.12
−0.11 × 104 0.150 ± 0.011

185Au → 181Ir + α 5.180 ± 0.005 5/2− 5/2− 0 (9.81 ± 0.14) × 104 1.89+0.12
−0.11 × 104 0.193 ± 0.012

186Au → 182Ir + α 4.912 ± 0.014 3− 3+ 1 (8.03 ± 0.38) × 107 7.3+1.5
−1.2 × 105 0.009 ± 0.002

177Tl → 173Au + α 7.067 ± 0.007 (1/2+)† (1/2+) 0 (2.47 ± 0.69) × 10−2 2.07+0.12
−0.11 × 10−3 0.084 ± 0.024

179Tl → 175Au + α 6.710 ± 0.005 (1/2+)† (1/2+) 0 (2.30 ± 0.40) × 10−1 3.56+0.15
−0.17 × 10−2 0.154 ± 0.028

180Tl → 176Au + α 6.710 ± 0.005 (4−)†, (5−) (5−) 0[2∗] (1.82 ± 0.02) × 101 3.44+0.14
−0.15 × 10−2 0.002 ± 0.001

181Tl → 177Au + α 6.321 ± 0.006 (1/2+)† (1/2+,3/2+) 0 (3.20 ± 0.30) × 101 1.06+0.06
−0.06 × 100 0.033 ± 0.004

184Bi → 180Tl + α 8.020 ± 0.005 (3+)† (4−,5−)[2−∗] 1 (1.30 ± 0.20) × 10−2 1.44+0.56
−0.40 × 10−5 0.001 ± 0.001

185Bi → 181Tl + α 8.140 ± 0.080 1/2+ (1/2+) 0 (5.80 ± 0.40) × 10−4 5.2+3.5
−2.1 × 10−6 0.010 ± 0.005

186Bi → 182Tl + α 7.757 ± 0.012 (3+)[2−∗] (7+) 4[5∗] (1.48 ± 0.07) × 10−2 4.85+0.43
−0.39 × 10−4 0.033 ± 0.003

187Bi → 183Tl + α 7.779 ± 0.004 (9/2−)† (1/2+) 5 (3.70 ± 0.20) × 10−2 1.09+0.03
−0.03 × 10−3 0.029 ± 0.002

188Bi → 184Tl + α 7.264 ± 0.005 (10−)[3+∗] (7+)[2−∗] 3[1∗] (2.65 ± 0.15) × 10−1 7.51+0.36
−0.22 × 10−3 0.029 ± 0.002

189Bi → 185Tl + α 7.268 ± 0.003 (9/2−)† (1/2+) 5 (1.35 ± 0.02) × 100 4.36+0.12
−0.09 × 10−2 0.032 ± 0.001

190Bi → 186Tl + α 6.863 ± 0.004 (3+)[2−∗] (7+) 4[5∗] (7.00 ± 0.11) × 100 4.09+0.14
−0.15 × 10−1 0.058 ± 0.002

191Bi → 187Tl + α 6.778 ± 0.003 (9/2−)† (1/2+) 5 (2.43 ± 0.06) × 101 2.27+0.06
−0.06 × 100 0.093 ± 0.003

192Bi → 188Tl + α 6.376 ± 0.005 (3+)† (2−)† 1 (2.88 ± 0.08) × 102 4.71+0.23
−0.22 × 100 0.016 ± 0.001

193Bi → 189Tl + α 6.304 ± 0.005 (9/2−)† (1/2+) 5 (1.82 ± 0.09) × 103 1.63+0.08
−0.08 × 102 0.090 ± 0.006

194Bi → 190Tl + α 5.918 ± 0.005 (3+)† 2(−)† 1 (2.07 ± 0.07) × 104 4.36+0.24
−0.23 × 102 0.021 ± 0.001

195Bi → 191Tl + α 5.832 ± 0.005 (9/2−)† (1/2+) 5 (6.10 ± 0.13) × 105 1.96+0.11
−0.10 × 104 0.032 ± 0.002

191At → 187Bi + α 7.822 ± 0.014 (1/2+) (9/2−) 5 (2.10 ± 0.80) × 10−3 4.47+0.47
−0.42 × 10−3 2.14 ± 0.84

193At → 189Bi + α 7.572 ± 0.007 (1/2+) (9/2−) 5 (2.90 ± 0.50) × 10−2 2.57+0.14
−0.13 × 10−2 0.89 ± 0.16

194At → 190Bi + α 7.463 ± 0.015 (9−,10−)[7+∗] (3+) 7[4∗] (3.10 ± 0.08) × 10−1 7.41+0.91
−0.81 × 10−1 2.41 ± 0.28

195At → 191Bi + α 7.339 ± 0.005 1/2+ (9/2−) 5 (3.28 ± 0.20) × 10−1 1.42+0.06
−0.06 × 10−1 0.435 ± 0.032

196At → 192Bi + α 7.198 ± 0.004 (3+)† (3+) 0 (4.08 ± 0.07) × 10−1 2.09+0.07
−0.07 × 10−2 0.051 ± 0.002

197At → 193Bi + α 7.100 ± 0.005 (9/2−)† (9/2−) 0 (4.04 ± 0.06) × 10−1 4.47+0.19
−0.18 × 10−2 0.111 ± 0.005

198At → 194Bi + α 6.890 ± 0.002 (3+)† (3+) 0 (4.22 ± 0.44) × 100 2.52+0.05
−0.05 × 10−1 0.060 ± 0.006

199At → 195Bi + α 6.777 ± 0.001 (9/2−)† (9/2−) 0 (7.81 ± 0.17) × 100 6.51+0.07
−0.07 × 10−1 0.083 ± 0.002

200At → 196Bi + α 6.596 ± 0.001 (3+)† (3+) 0 (8.27 ± 0.19) × 101 3.22+0.04
−0.04 × 100 0.039 ± 0.001

201At → 197Bi + α 6.473 ± 0.002 (9/2−)† (9/2−) 0 (1.20 ± 0.02) × 102 9.85+0.15
−0.15 × 100 0.082 ± 0.002

202At → 198Bi + α 6.354 ± 0.001 (2+),(3+)† (2+,3+) 0 (4.97 ± 0.03) × 102 3.00+0.04
−0.04 × 101 0.060 ± 0.001
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TABLE I. (Continued.)

Reaction Qexpt
α (MeV) J π

i J π
f �min T

expt
1/2 (s) T calc

1/2 (s) Sα

203At → 199Bi + α 6.210 ± 0.001 9/2− 9/2− 0 (1.43 ± 0.04) × 103 1.21+0.01
−0.01 × 102 0.084 ± 0.002

204At → 200Bi + α 6.070 ± 0.001 7+ 7+ 0 (1.40 ± 0.02) × 104 4.93−0.06
+0.06 × 102 0.035 ± 0.001

205At → 201Bi + α 6.020 ± 0.002 9/2− 9/2− 0 (1.61 ± 0.05) × 104 8.15+0.15
−0.15 × 102 0.051 ± 0.002

206At → 202Bi + α 5.887 ± 0.005 (5)+[6+∗,7+∗] 5+ 0[2∗] (2.04 ± 0.05) × 105 3.30+0.19
−0.18 × 103 0.016 ± 0.001

207At → 203Bi + α 5.872 ± 0.003 9/2− 9/2− 0 (7.58 ± 0.13) × 104 3.77+0.13
−0.12 × 103 0.050 ± 0.002

208At → 204Bi + α 5.751 ± 0.002 6+ 6+ 0 (1.07 ± 0.02) × 106 1.42+0.04
−0.04 × 104 0.013 ± 0.001

209At → 205Bi + α 5.757 ± 0.002 9/2− 9/2− 0 (4.75 ± 0.04) × 105 1.28+0.03
−0.03 × 104 0.027 ± 0.001

210At → 206Bi + α 5.631 ± 0.001 (5)+† 6+ 2 (1.67 ± 0.08) × 107 9.87+0.12
−0.12 × 104 0.006 ± 0.001

211At → 207Bi + α 5.982 ± 0.001 9/2− 9/2− 0 (6.21 ± 0.01) × 104 9.92+0.14
−0.14 × 102 0.016 ± 0.001

212At → 208Bi + α 7.817 ± 0.001 (1−)† 5+ 5 (3.14 ± 0.02) × 10−1 1.22+0.01
−0.01 × 10−3 0.004 ± 0.001

213At → 209Bi + α 9.254 ± 0.005 9/2− 9/2− 0 (1.25 ± 0.06) × 10−7 1.01+0.03
−0.03 × 10−8 0.081 ± 0.004

214At → 210Bi + α 8.987 ± 0.004 1− 1− 0 (5.58 ± 0.10) × 10−7 4.22+0.10
−0.09 × 10−8 0.076 ± 0.002

215At → 211Bi + α 8.178 ± 0.004 9/2− 9/2− 0 (1.00 ± 0.20) × 10−4 5.47+0.15
−0.14 × 10−6 0.055 ± 0.011

216At → 212Bi + α 7.950 ± 0.003 1− 1(−) 0 (3.00 ± 0.30) × 10−4 2.43+0.05
−0.05 × 10−5 0.081 ± 0.008

200Fr → 196At + α 7.620 ± 0.050 (3+)† (3+) 0 (4.90 ± 0.40) × 10−2 4.9+2.2
−1.5 × 10−3 0.107 ± 0.039

201Fr → 197At + α 7.520 ± 0.050 (9/2−) (9/2−) 0 (6.20 ± 0.50) × 10−2 1.01+0.48
−0.32 × 10−2 0.175 ± 0.066

202Fr → 198At + α 7.389 ± 0.004 (3+)† (3+) 0 (3.00 ± 0.50) × 10−1 2.71+0.09
−0.08 × 10−2 0.090 ± 0.015

203Fr → 199At + α 7.275 ± 0.004 (9/2−) (9/2−) 0 (5.50 ± 0.10) × 10−1 6.51+0.22
−0.21 × 10−2 0.119 ± 0.004

204Fr → 200At + α 7.170 ± 0.003 (3+)† (3+) 0 (1.96 ± 0.33) × 100 1.48+0.03
−0.03 × 10−1 0.076 ± 0.013

205Fr → 201At + α 7.055 ± 0.002 (9/2−) (9/2−) 0 (4.03 ± 0.04) × 100 3.79+0.08
−0.08 × 10−1 0.094 ± 0.002

206Fr → 202At + α 6.923 ± 0.004 (2+,3+)[7+∗] (2+,3+) 0[4∗] (1.60 ± 0.01) × 101 1.14+0.04
−0.04 × 100 0.088 ± 0.003

207Fr → 203At + α 6.893 ± 0.002 9/2− 9/2− 0 (1.56 ± 0.01) × 101 1.44+0.03
−0.03 × 100 0.092 ± 0.002

208Fr → 204At + α 6.785 ± 0.024 7+ 7+ 0 (6.64 ± 0.03) × 101 3.64+0.88
−0.71 × 100 0.056 ± 0.012

209Fr → 205At + α 6.777 ± 0.004 9/2− 9/2− 0 (5.67 ± 0.08) × 101 3.78+0.14
−0.13 × 100 0.067 ± 0.003

210Fr → 206At + α 6.672 ± 0.005 6+ (5)+ 2 (2.69 ± 0.05) × 102 1.75+0.08
−0.08 × 101 0.065 ± 0.003

211Fr → 207At + α 6.662 ± 0.003 9/2− 9/2− 0 (2.14 ± 0.01) × 102 1.02+0.03
−0.03 × 101 0.048 ± 0.001

212Fr → 208At + α 6.529 ± 0.002 5+ 6+ 2 (2.79 ± 0.08) × 103 6.31+0.10
−0.10 × 101 0.023 ± 0.001

213Fr → 209At + α 6.905 ± 0.001 9/2− 9/2− 0 (3.50 ± 0.01) × 101 1.06+0.01
−0.01 × 100 0.030 ± 0.001

214Fr → 210At + α 8.589 ± 0.004 (1−)† (5)+ 5 (5.00 ± 0.20) × 10−3 3.95+0.10
−0.10 × 10−5 0.008 ± 0.001

215Fr → 211At + α 9.540 ± 0.007 9/2− 9/2− 0 (8.60 ± 0.50) × 10−8 1.04+0.04
−0.04 × 10−8 0.122 ± 0.008

216Fr → 212At + α 9.174 ± 0.003 (1−)† (1−) 0 (7.00 ± 0.20) × 10−7 7.29+0.12
−0.12 × 10−8 0.104 ± 0.003

217Fr → 213At + α 8.469 ± 0.004 9/2− 9/2− 0 (1.90 ± 0.30) × 10−5 4.66+0.12
−0.12 × 10−6 0.245 ± 0.039

218Fr → 214At + α 8.014 ± 0.002 1− 1− 0 (1.00 ± 0.60) × 10−3 9.21+0.13
−0.13 × 10−5 0.092 ± 0.055

219Fr → 215At + α 7.449 ± 0.002 9/2− 9/2− 0 (2.00 ± 0.20) × 10−2 5.67+0.08
−0.08 × 10−3 0.266 ± 0.034

220Fr → 216At + α 6.801 ± 0.002 1+ 1− 1 (2.75 ± 0.03) × 101 1.51+0.03
−0.03 × 100 0.055 ± 0.001

221Fr → 217At + α 6.458 ± 0.001 5/2− 9/2− 2 (2.86 ± 0.01) × 102 5.35+0.07
−0.07 × 101 0.187 ± 0.003

206Ac → 202Fr + α 7.940 ± 0.050 (3+)† (3+) 0 (2.20 ± 0.90) × 10−2 2.5+1.1
−0.8 × 10−3 0.122 ± 0.065

207Ac → 203Fr + α 7.840 ± 0.050 (9/2−)† (9/2−) 0 (2.7 ± 1.1) × 10−2 5.0+2.3
−1.6 × 10−3 0.20 ± 0.11

208Ac → 204Fr + α 7.730 ± 0.050 (3+)[7+∗] (3+) 0[4∗] (9.6 ± 2.4) × 10−2 1.11+0.51
−0.35 × 10−2 0.124 ± 0.055

209Ac → 205Fr + α 7.730 ± 0.050 (9/2−)† (9/2−) 0 (1.01 ± 0.51) × 10−1 1.07+0.49
−0.34 × 10−2 0.114 ± 0.070

210Ac → 206Fr + α 7.610 ± 0.050 (7+)† (7+) 0 (3.85 ± 0.55) × 10−1 2.6+1.2
−0.8 × 10−2 0.073 ± 0.029

211Ac → 207Fr + α 7.620 ± 0.050 (9/2−)† 9/2− 0 (2.10 ± 0.30) × 10−1 2.3+1.1
−0.7 × 10−2 0.119 ± 0.047

212Ac → 208Fr + α 7.520 ± 0.050 (6+)† 7+ 2 (1.63 ± 0.09) × 100 8.8+4.3
−2.9 × 10−2 0.058 ± 0.022

213Ac → 209Fr + α 7.500 ± 0.050 (9/2−)† 9/2− 0 (7.38 ± 0.16) × 10−1 5.5+2.7
−1.8 × 10−2 0.081 ± 0.031

214Ac → 210Fr + α 7.352 ± 0.003 (5+)† 6+ 2 (9.21 ± 0.23) × 100 3.17+0.08
−0.08 × 10−1 0.034 ± 0.001

215Ac → 211Fr + α 7.746 ± 0.003 9/2− 9/2− 0 (1.70 ± 0.10) × 10−1 7.77+0.18
−0.17 × 10−3 0.046 ± 0.003
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Here k(R) is the relative-motion momentum given by

k2(R) = 2 μ

�2
[Ec.m. − VN (E,R) − VC(R)], (9)

where Ec.m. is the center-of-mass (c.m.) energy. VN (E,R) =
VD(E,R) + VEx(E,R) and VC(R) are the total nuclear and
Coulomb potentials, respectively. The folded potential is
energy dependent and nonlocal through its exchange term
and contains a self-consistency problem because the relative-
motion momentum, k(R), depends upon the total nuclear po-
tential, VN (E,R) = VD(E,R) + VEx(E,R), itself. This prob-
lem is solved by the iteration method. The exact treatment
of the nonlocal exchange term is complicated numerically,
but one may obtain an equivalent local potential by using a
realistic localized expression for the nonlocal density matrix
(DM) [40].

Following the work of Refs. [41–43], one easily obtains the
self-consistent and local exchange potential VEx as

VEx(E,R) = 4 π

∫ ∞

0
ds s2 υEx(ρ,E,s) j0(k(R)s/M)

×
∫

d �yρd (|�y − �R|) ĵ1(keff(|�y − �R|)s)

× ρα(y) exp

(
− s2

4 b2
α

)
. (10)

The local Fermi momentum keff(r) is given by [40,41]

keff(r) =
{

5

3ρ(r)

[
τ (r) − 1

4
∇2ρ(r)

]}1/2

. (11)

The kinetic energy density is then given by

τ (r) = 3

5

(
3π2

2

)2/3

ρ(r)5/3 + 1

3
∇2ρ(r) + 1

36

| �∇ρ(r)|2
ρ(r)

.

(12)
A realistic NN interaction is used in our calculations whose

parameters reproduce consistently the equilibrium density and
the binding energy of normal nuclear matter as well as the
density and energy dependence of the nucleon-nucleus optical
potential. The density dependent M3Y-Paris effective NN
interaction, CDM3Y1, has been adopted in the present work
as described in Ref. [41].

Finally, the obtained α-daughter interaction potential is
employed to compute the barrier penetrability, Eq. (2), and the
assault frequency, Eq. (3), which are used in turn to obtain the
decay half-life time. Now, the calculated half-lives, without Sα ,
and the experimental ones allow for deducing the spectroscopic
factor of the α cluster inside the parent nucleus as [27,33]

Sα = T calc
1/2 /T

expt
1/2 . (13)

III. RESULTS AND DISCUSSION

The interaction potential between the α particle and daugh-
ter nucleus plays an important role in the theoretical calculation
of the penetration probability and half-life of α decay; the
calculation of this potential becomes important in describing
the decay process. In the present study, we have constructed
the microscopic α-nucleus potential numerically in the well-
established double-folding model for both Coulomb and

nuclear potentials. A realistic density-dependent CDM3Y1
interaction, based on the G-matrix elements of the Paris NN
potential, has been used in the folding calculation. In contrast
to the other traditional semiclassical approximations which
ignore the main effect of antisymmetrization under exchange
of nucleons between the α and the daughter nuclei, the present
calculations took into account such an effect in the folding
model through the finite-range exchange part of the NN
interaction. The local approximation for the nondiagonal one-
body density matrix in the calculation of the exchange potential
was included by using the harmonic oscillator representation
of the nondiagonal density matrix of the α particle.

In a series of articles [9,24–26], we investigated the
correlation between the variation of α-particle preformation
probability, Sα , with the neutron number for isotopes of
an element and the neutrons and protons energy levels of
the parent nucleus occupied by the emitted α particle. This
correlation was done for even-even and even-odd nuclei in the
range 74 � Z � 102. We found that Sα has a regular behavior
with the N variation if the neuron pair in the α particle, emitted
from adjacent isotopes, comes from the same energy level or
from a group of levels assuming that the order of levels in this
group is not changed. Irregular behavior of Sα with N occurs if
the levels of the adjacent isotopes change or holes are created
in lower levels. Based on the similarity in the behavior of Sα

with N for two adjacent nuclei, we predicted and confirmed
the unknown or doubted spin and parity for the considered
nuclei.

In the present analysis, we assume that the states of the
parent nucleus consist of a few valence configurations which
determine its spin and parity in the framework of the shell
model. The level sequences and occupation number of levels
are deduced from the spin and parity assignments of the parent
and daughter nuclei and, in some cases, they are confirmed by
the tabulated values of Jπ of the neighboring isotopes and/or
isotones of the parent nucleus. We consider, in the present
study, the odd-even and odd-odd nuclei with 77 � Z � 89.
Two rules [44] are used to determine the total spin of odd-odd
isotopes. The first is the strong rule given by J = |jp − jn|
if jp = �p ± 1

2 and jn = �n ∓ 1
2 . The other rule is the weak

rule given by J = jp + jn if jp = �p ± 1
2 and jn = �n ± 1

2 .
The weak rule is frequently given in the less specific form
|jp − jn| < J � jp + jn. jp and �p (or jn and �n) represent
the total and orbital angular momenta of the odd proton (or
neutron). In the present work, a useful measure for the average
strength of the proton-neutron interaction is used which plays
an important role in the behavior of Sα . It is given by the
average value [45–47] fnp = ( 1

1+�n+��+�j
)avg, where �n, ��,

and �j are the differences in quantum numbers n, �, and j ,
respectively, of the levels occupied by protons and neutrons.
The average is taken over the two protons’ and two neutrons’
energy levels.

Figure 1 shows the neutron number variation of Sα for
both even and odd neutron number isotopes of Ir (Z = 77).
The value of the α-emission preformation probability, Sα ,
varies strongly with the neutron number, which indicates that
the neutron levels, proton levels, or both change rapidly as
N increases. For N = 100, the spin of the isotope 177Ir is
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FIG. 1. Extracted α-preformation probability, Sα , for different Ir
isotopes (Z = 77) with the parent neutron number N .

confirmed and it has a value Jπ = 5/2−, indicating that the
unpaired proton exists in the 2f5/2 level. Another confirmed
spin is for the 167Ir isotope with N = 90: it has Jπ = 1/2+
(proton occupies the 3s1/2 level). The proton levels 2d5/2, 2d3/2,
and 1h11/2 also appear in the tabulated spins of the odd-even Ir
isotopes. For neutron levels, the 2f7/2 level is filled by neutrons
at N = 100 and we found that the levels 3p3/2, 2f5/2, and 3p1/2

contribute to α emission for the odd neutron number isotopes of
the elements Pt (Z = 78) and Os (Z = 76) [26]. We also found
that the level 1i13/2 can contribute to the emission process,
leaving holes in the lower neutron levels. For N = 100, the
value of Sα is about 0.150 ± 0.054, and Jπ for the 177Ir isotope
is 5/2−. Thus the unpaired proton exists in the 2f5/2 level and
the neutron pair in the α-particle comes from 2f7/2 level. The
measure of n-p interaction in this case is fnp = 1/2 which is
too large, which explains the small value of Sα . For N = 98,
the value of Sα is about 0.233 ± 0.091, indicating that the value
of fnp is reduced. This can be satisfied by assuming that the
neutron pair comes from 1i13/2 level. In this case, fnp = 0.11.
For N = 96, the tabulated spin value is 3/2+ or 5/2+ and
Sα 	 0.172 ± 0.023, the odd proton is in the 2d3/2 or 2d5/2

levels, and the neutron pair in the α particle occupies the 2f7/2

level (fnp = 0.33 if the proton level is 2d5/2 and fnp = 0.25 for
the 2d3/2 level). Since the value of Sα is small, we choose the
proton level 2d5/2. At N = 94, Sα increases to 0.233 ± 0.040
and Jπ = 11/2−, indicating that the level 1h11/2 contributes
to the emission. The value of fnp is too small, thus the proton
pair occupies the 1h11/2 level and the neutron pair exists in
the 2f5/2 level (the Jπ value of 171Os is 5/2−). This reduces
the value of fnp to 1/7, producing a large value of Sα . For
N = 97, the tabulated spin is Jπ = 3+, the odd proton may
exist in the 1h11/2 level, and the unpaired neutron occupies the
2f5/2 level; the coupled spin according to the strong coupling
rule is J = 11/2 − 5/2 = 3+ which agrees with the tabulated
spin value and the value of fnp, in this case, is 1/7. Since the
value of Sα is too small, the emission levels of proton and
neutron pairs are probably 1h11/2 and 1i13/2, respectively. In

this case, fnp is equal to 1/3. The point N = 95 is the same as
N = 97, indicating that the levels for these two neutron values
are the same. For N = 92, Jπ = 1/2+ and the unpaired proton
exists in the 3s1/2 level while the neutron may be in the level
2f5/2 (Jπ of 169Os is 5/2−). The proton pair is emitted from
two different levels. The same level sequences exist at N = 90
since the difference in the values of Sα at N = 90 and N = 92
is small. For N = 89, Sα is almost the same as N = 90, thus
the odd proton and the odd neutron exist in the levels 3s1/2 and
2f5/2, respectively, and couple to Jπ = 2−.

Figure 2(a) is the same as Fig. 1 except it is for the Au
(Z = 79) isotopes. For the odd-even Au isotopes, the following
tabulated spins appear: Jπ = 5/2−, 3/2−, 3/2+, and 1/2+
indicating that the unpaired proton has the levels 2f5/2, 3p3/2,
2d3/2, and 3s1/2, respectively. The level 3p3/2 is excluded
since it appears at Z = 99 [48]. For N = 106, the proton
pair occupies the 2f5/2 level and the neutron pair occupies
the 1i13/2 level (Jπ for 187Pb with N = 105 is 13/2+). If
proton pair and neutron pair in α particle come from the above
mentioned levels, the neutron-proton interaction will be small
due to the large differences in quantum numbers between the
two levels and Sα will be large. For N = 107, the confirmed
spin of the odd-odd 186Au isotope is 3−, and Sα for this point is
reduced strongly due to the change in the proton and neutron
level sequences. The value Jπ = 3− can be obtained from
the weak rule of coupling spins if the unpaired proton is in
the 3s1/2 level and the unpaired neutron is in the 2f5/2 level.
Since one proton occupies the 3s1/2 level then the proton pair
comes from two different levels. For N = 105, the confirmed
spin of 184Au isotope is 5+ coming from coupling of spins
of the proton in the 2d3/2 level and the neutron in the 1i13/2

level. fnp, in this case, has the value of 1/12. For N = 104,
the proton is in the 2f5/2 level and the neutron is in the 3p3/2

level (Jπ for 185Pb is 3/2− [48]). For N = 102, the proton
exists in the 2f5/2 level and the neutron exists in the 3p1/2

level (Jπ for Hg with A = 181, 183, and 185 is 1/2− [48]). It
should be noted that the value of fnp for the two levels 2f5/2

and 3p3/2 is 0.2, while its value is 0.167 for the 2f5/2 and
3p1/2 levels. For N = 100, the odd proton occupies the 3s1/2

level while the neutron exists in the 1i13/2. The large reduction
in the neutron-proton interaction causes a jump in the value
of Sα . For N = 98, 94, and 91, the values of Sα are almost
the same (Sα 	 0.07), indicating that α decay happens from
the same levels. The neutron-proton interaction is large for the
above mentioned neutron values while Sα has a small value.
The proton for the three points exists in the 3s1/2 level while
the neutron exists in the 3p3/2.

Table II lists the experimental Q values with their uncer-
tainties, as obtained in Ref. [49]. The experimental half-lives
with their asymmetric uncertainties and the values of spin
and parities of the ground states of parent nuclei are obtained
from Ref. [50] for Au isotopes. The calculated α decay-half
lives with their asymmetric uncertainties and the extracted pre-
formation factors with their uncertainties are also presented.
We also displayed in Fig. 2(b) the extracted α preformation
factors with their uncertainties for different Au isotopes using
the experimental data of Refs. [49,50] for comparison with our
calculations using the updated experimental data of NNDC of
Ref. [48]. The general trend of variation of preformation factor
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FIG. 2. The same as Fig. 1 but for Au isotopes. Panel (b) presents the extracted alpha preformation factors with their uncertainties for
different Au isotopes using the experimental data of Refs. [49,50]

is almost the same in the two figures, which does not affect
our conclusion on the nuclear spin and parities.

The α emitters of the Tl (Z = 81) isotopes are only
four isotopes with N = 96, 98, 100, and 99. Sα values are,
respectively, 0.084 ± 0.024, 0.154 ± 0.028, 0.033 ± 0.004,
and 0.002 ± 0.001. The tabulated spin for the even neutron
number isotopes is 1/2+; this value does not change by
emission. Thus, the proton pair in the α decay comes from
other occupied levels below the level 3s1/2. The change in Sα

is due to change in the neutron levels. The neutron pair may
come from the 2f7/2 level at N = 96 and 100. At N = 98,
the neutron pair comes from the 1i13/2 level; this is why the
value of Sα is large at N = 98. For the odd-odd 180Tl isotope,
the tabulated spin is 4− or 5−. The value of Jπ = 4− can be
obtained by strong coupling rule of the proton in the 3s1/2

level and the neutron in the 2f7/2 level; the other spin value,
Jπ = 5−, cannot be obtained from the proton and neutron

levels considered in the neighboring elements Z = 77 and 79.
Thus, we confirm Jπ = 4− for 180Tl.

Figure 3 shows our results of α-preformation probability
for the Bi (Z = 83) isotopes. For even neutron number Bi
isotopes, the odd proton occupies the proton level 1h9/2, which
exists above the closed shell Z = 82. The upper level in
this closed shell is 3s1/2. The proton pair in the α particle
for the odd mass number Bi isotopes with neutron numbers
N = 104–112 comes from the two levels 1h9/2 and 3s1/2,
as discussed in Ref. [26]. When the proton pair is emitted
from the parent nucleus, it leaves the daughter nucleus with
spin Jπ = 1/2+. When the neutron number is decreased to
N = 102, the confirmed spin of the parent nucleus becomes
1/2+ and the proton pair comes from the level 1h9/2. As
discussed in Ref. [26], the neutron pair in the emitted α particle
for Bi isotopes with N = 112, 110, and 106 comes from the
level 3p3/2. For N = 108, the increase in Sα is due to the

TABLE II. The preformation probability, Sα , and the α-decay half-lives, T calc
1/2 , calculated without Sα Au isotopes using the CDM3Y1-Paris

NN interaction. Experimental Q values with their uncertainties are taken from Ref. [49]. The experimental partial half-life is extracted by using
the experimental half-life and the intensity given in Ref. [50]. Presented in the third and fourth columns are the spin and parity of the ground
states of parent (column 3) and daughter (column 4) nuclei, respectively obtained from Ref. [50]. Uncertain spin and/or parity assignments are
in parentheses. The sign * means the spin and/or parity assignments as well as the angular momentum of transition are modified according to
the behavior of Sα and their modified values are in brackets beside the values used in our calculations. The sign † means the tabulated spin is
confirmed by the behavior of Sα .

Reaction Qexpt
α (MeV) J π

i J π
f �min T

expt
1/2 (s) T calc

1/2 (s) Sα

170Au → 166Ir + α 7.177 ± 0.015 (2−)† (2−) 0 (2.64 ± 0.46) × 10−3 1.56+0.18
−0.16 × 10−4 0.060 ± 0.012

173Au → 169Ir + α 6.836 ± 0.005 (1/2+)† (1/2+) 0 (2.91 ± 0.12) × 10−2 1.96+0.08
−0.03 × 10−3 0.068 ± 0.003

177Au → 173Ir + α 6.298 ± 0.004 (1/2+)†,(3/2+) (1/2+,3/2+) 0 (3.65 ± 0.08) × 100 1.71+0.06
−0.06 × 10−1 0.047 ± 0.002

179Au → 175Ir + α 5.981 ± 0.005 (1/2+)†,(3/2+) (5/2−) 3 (3.23 ± 0.14) × 101 1.18+0.06
−0.06 × 101 0.365 ± 0.024

181Au → 177Ir + α 5.751 ± 0.003 (3/2−)[5/2−∗] 5/2− 2[0∗] (5.07 ± 0.52) × 102 6.05+0.19
−0.18 × 101 0.119 ± 0.013

183Au → 179Ir + α 5.465 ± 0.003 5/2− (5/2)− 0 (7.78 ± 0.18) × 103 6.82+0.23
−0.22 × 102 0.088 ± 0.004

184Au → 180Ir + α 5.234 ± 0.005 5+ (4,5)(+) 2 (1.29 ± 0.06) × 105 1.93+0.12
−0.11 × 104 0.150 ± 0.011

185Au → 181Ir + α 5.180 ± 0.005 5/2− 5/2− 0 (9.81 ± 0.14) × 104 1.89+0.12
−0.11 × 104 0.193 ± 0.012

186Au → 182Ir + α 4.912 ± 0.014 3− 3+ 1 (8.03 ± 0.38) × 107 7.25+1.51
−1.24 × 105 0.009 ± 0.002
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FIG. 3. The same as Fig. 1 but for Bi isotopes.

contribution of the neutron level 1i13/2 to the emission process
(the neutron levels in this neutron range are similar to Po levels
in the same neutron number range [9,24]). The 3p3/2 level is
filled by neutrons several times to contribute again at N = 102
to the α emission. It should be noted that the measure of fnp

for N = 102, 106, 110, and 112 is 0.217 and is reduced to
0.158 at N = 104 and 108.

For odd neutron number isotopes of Bi, Fig. 3 shows that
the behavior of Sα is quite similar to that for even neutron
number isotopes. This means that the levels of Bi isotopes
do not change when a neutron is added in the neutron range
N = 101–111. For the neutron values 111, 109, 105, and 101,
the unpaired proton exists in the level 1h9/2 and the unpaired
neutron occupies the level 3p3/2; the two nucleons couple to
spin 3+ using the strong rule. After the emission, the unpaired
neutron (proton) exists in the level 3p3/2 (3s1/2); they couple
their spins to 2−. For N = 103 and 107, the unpaired neutron
(proton) exists in the level 1i13/2 (1h9/2); they couple their
spins to 2−. After the emission, the unpaired neutron (proton)
occupies the level 1i13/2 (3s1/2); they couple their spins to 7+.
Thus, the variation of Sα predicts the spin value 3+ for Bi
isotopes with neutron numbers N = 101, 105, 109, and 111
while Jπ = 2− for N = 103 and 107.

Figure 4 shows the neutron variation of Sα for At isotopes
with odd and even neutron numbers. The figure shows almost
similarity of Sα for even-odd and odd-odd isotopes. This means
that the addition of a neutron to odd-even isotopes does not
affect their level sequences. For At with even neutron numbers
in the range 112 � N � 130, the unpaired proton occupies
the 1h9/2 level; this is clear since Jπ values in this neutron
variation range for the parent and daughter nuclei are 9/2−.
Thus we confirm the value Jπ = 9/2− for parent and daughter
nuclei with neutron numbers in the range 112 � N � 130. For
N = 126, 128, and 130, the upper occupied neutron levels are
3p1/2, 2g9/2, and 2g9/2, respectively. This is reasonable since
the spin of odd neutron number isotopes of Po (Z = 84) is
9/2+ for the N values 127, 129, and 131. Thus, for N = 126,
128, and 130 isotopes of At, the two protons of the emitted α

FIG. 4. The same as Fig. 1 but for At isotopes.

particle come from the 1h9/2 level and the two neutrons come
from the 2g9/2 level (for N = 130 and 128) and from the 3p1/2

level for N = 126. This change in the neutron levels causes
a decrease in Sα at N = 126. For the odd neutron number
isotopes with N = 127, 129, and 131, the odd proton exists
in 1h9/2 level and the odd neutron occupies 2g9/2; they couple
their spins to 1− (weak rule). For N = 127, emission occurs
from the levels 1h9/2 (for protons) and 2g9/2 and 3p1/2 (for
neutrons), thus the daughter nucleus has the resulting spin of
coupling 1/2− and 9/2− which is 5+, in agreement with the
confirmed tabulated value. For N = 129 and 131, the unpaired
nucleon does not change its level after emission, so the spin
of daughter nucleus is 1−. For N = 125, remembering that
the unpaired proton is in the 1h9/2 level, the unpaired neutron
exists in the 3p1/2 level and as in Po [9] the emitted neutrons
come from 3p1/2 and 2f5/2 levels. Thus Jπ for the parent
nucleus is 5+ (strong rule) and for the daughter the confirmed
value is 6+ (rule j1 + j2 − 1).

Following the neutron level sequence of Po [9], for N =
123 the odd neutron is in the 2f5/2 level and Jπ

p = Jπ
d = 6+ by

the weak rule of coupling. For N = 121, the unpaired neutron
exists in the level 2f5/2 (occupied by three neutrons) and the
pair comes from the same level as N = 123 (Sα has almost
the same value for N = 121 and 123) thus Jπ = 6+ or 7+
as required by the Fr isotope with the same value of N (the
confirmed spin value of 208Fr is Jπ = 7+ as seen from Table I).
For N = 119, the single neutron occupies the level 2f5/2 and
the unpaired proton in the level 1h9/2 couples with the neutron
to Jπ = 7+, which is confirmed. Emission of two neutrons
does not change the level of the unpaired neutron, perhaps
because the neutron pair comes from a lower level. For N =
117, the neutron pair comes from 3p3/2 and the proton in 1h9/2

couples to 3/2− to give 3+. For N = 115, 113, and 111, the
emission of the neutron pair is from 3p3/2 level which is filled
two times; the value of Sα is almost constant and its possible
value of spin is 3+. For N < 111, the spins of the odd-even
isotopes change from 9/2− to 1/2+, which means creation of a
proton hole in 3s1/2 level. The neutron level 1i13/2 contributes
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FIG. 5. The same as Fig. 1 but for Fr isotopes.

to emission, producing a jump in the value of Sα at N = 106,
108, 110, and 109. At N = 109, the odd proton in 3s1/2 couples
with the odd neutron in 1i13/2 to produce 7+.

Figure 5 shows the results for Fr (Z = 87) even and odd
neutron number isotopes. At N = 134, Jπ = 5/2−, which
means that the unpaired proton is in the level 2f5/2 while
the level 1h9/2 has four protons. After decay, the level 1h9/2

has three protons and the spin of the daughter is 9/2−. For even
neutron isotopes in the range 114 � N � 132, the spins of the
parent and daughter nuclei indicate that the odd proton exists
in the 1h9/2 level. For Fr isotope with N = 133, the unpaired
neutron and unpaired proton couple their spins to Jπ = 1+.
This confirmed spin value can be obtained by assuming that
the odd proton exists in the 2f5/2 level (the spin of 221Fr
isotope has the confirmed value Jπ = 5/2−) and the unpaired
neutron occupies the 3p3/2 level. After decay, the daughter
nucleus will be an At isotope with N = 131 (proton in 9/2−
level and neutron in 9/2+ level). The appearance of the 3p3/2

level at this large value of N causes a sudden increase in Sα

at N = 133 and 134. The behavior of Sα for Fr isotopes at
N = 131, 129, 127, and 125 is exactly the same as for At
isotopes (Fig. 4) at the corresponding N values. Moreover, the
corresponding values of Sα for the two elements are almost
the same. Thus, the neutron and proton level sequences of Ac
and Fr at N = 131, 129, 127, and 125 are the same. So we
confirm the following spin values for Fr isotopes: 218–214Fr
have Jπ = 1− and 212Fr has Jπ = 5+. Comparing Fig. 5 for Fr
and Fig. 4 for At isotopes, one can see almost similar behavior
of Sα , in the two figures, at neutron numbers 113 � N � 125,
indicating that the level sequences of proton and neutron for the
two elements At and Fr are the same in this neutron variation
range. Thus, we confirm the spins of 206Fr and 200–204Fr are,
respectively, 7+ and 3+.

Figure 6 shows the neutron number variation of the
α-particle preformation probability for the isotopes of the
element Ac (Z = 89). For even neutron number isotopes,
the values of Sα are in the range 0.046–0.200 with the
smallest value of Sα at N = 126 and largest value at N = 118.
Comparison of the behavior of Sα in the neutron variation

FIG. 6. The same as Fig. 1 but for Ac isotopes.

range N = 118–126 for Ac with the corresponding quantities
for Ra (Fig. 3 and Table I of Ref. [9]) shows that the behavior
of Sα with neutron variation for Ac is almost the same as for
Ra. Moreover, the values of Sα for Ra in this neutron variation
range are almost equal to the corresponding values for Ac.
This shows that for the isotopes with N values in the range
118 � N � 126 the addition of one proton to Ra does not
affect the level sequence, and the neutron and proton pairs
in the α particle come from the same proton and neutron
levels in the two adjacent elements. Since the unpaired proton
exists in the 1h9/2 level, we can confirm the spin value
Jπ = 9/2− for odd-even Ac isotopes in the neutron variation
range 118 � N � 126.

For odd neutron number isotopes of Ac, Sα varies slowly
with neutron number variation (from about 0.034 to 0.124).
Its variation is almost similar to that of Fr shown on Fig. 5.
Thus the spins of odd-odd Ac isotopes in the N -variation range
117 � N � 125 are the same as the corresponding spins of Fr
in the same neutron variation range. As in the case of Fr, the
Jπ values for odd-odd isotopes with N = 117, 119, 121, 123,
and 125 are 3+, 7+, 7+, 6+, and 5+, respectively.

Figure 7 displays the deviations of calculated α-decay half-
lives from the experimental data as a function of the neutron
number N of the parent nucleus for both odd-even and odd-odd
nuclei. It is essential to evaluate the absolute α-decay half-lives
with the inclusion of the α-preformation factor, Sα , which gives
the probability that the α particle exists as a recognizable entity
inside the nucleus before its emission. It is convenient and
applicable to take a constant preformation factor for certain
types of nuclei. The motivation for this is clearly shown in
Refs. [51–53]. In the present study, we use the preformation
probability Sα = 0.25 for odd-A nuclei and Sα = 0.15 for odd-
odd nuclei, as indicated in Ref. [53].

It is clear that, for most of the decays, the deviation
of calculated α decay half-lives with the corresponding
experimental data lie within the order 2. This means that most
of the calculated α decay half-lives are in good agreement
with the experimental data for the studied nuclei. Because the
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FIG. 7. Deviation of the calculated partial half-lives with the
corresponding experimental data for both odd-odd and odd-A nuclei.

constant preformation factor cannot completely describe the
detailed features of nuclear structure, one can notice, for some
decays, that there is slight deviation with the corresponding
experimental data, especially in case of odd-odd nuclei.

Finally, to show the effective strength of our calculations,
we have evaluated the standard deviation (σ ) of both odd-even
and odd-odd half-lives from the expression

σ =
√√√√ 1

n − 1

n∑
i=1

[
log10

(
T calc

1/2

T
expt

1/2

)]2

(14)

The obtained standard deviation of half-life for odd-even
nuclei is 0.580 and that for odd-odd nuclei is 0.830.

IV. SUMMARY AND CONCLUSION

A study of the α-particle preformation probability in the
ground state to ground state unfavored decays of odd-even
and odd-odd nuclei has been performed. The calculations
cover the isotopic chains from Ir to Ac in the mass regions
166 � A � 215 and 77 � Z � 89. We have treated α decay
as a one-dimensional problem and worked in the framework
of the well-known WKB semiclassical approximation in
combination with the Bohr-Sommerfeld quantization condi-
tion. The potential barrier is numerically constructed in the
well-established double-folding model for both Coulomb and
nuclear potentials. A realistic density-dependent CDM3Y1-
Paris NN interaction with a finite range exchange part has
been used.

Based on the similarity in the behavior of Sα with the
neutron number variation for two adjacent elements, we
correlate the proton and neutron energy level sequences for
the two elements. In this regard, we consider the confirmed
nuclear spin and parity assignments of isotopes of an element
and predict the unknown or doubted nuclear spin values for
other isotopes based on the equality in values or similarity in
the behavior of Sα for the isotopes of an element or isotopes
of adjacent element. We used two spin coupling rules, namely,
the strong and weak rules, to get the values of nuclear spin for
odd-odd isotopes. Weak coupling rule has been used for three
or four cases only. We used, in some cases, a simple measure
for proton-neutron interaction to interpret the behavior of Sα

with the neutron number variation. We found that the addition
of one proton to the isotopes of Ra with neutron numbers in
the range 118 � N � 126 does not affect the behavior of Sα .
Moreover, the addition of one neutron to the odd-odd isotopes
of Bi keeps the behavior of Sα with the neutron variation almost
unchanged.

This study presents a significant step forward in interpreting
the rules governing the nuclear spin for odd-odd nuclei based
on the behavior of α-particle preformation probability.
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