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Enhanced α decays to negative-parity states in even-even nuclei with octupole deformation
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The α decays of even-even Ra, Th, U, and Pu isotopes to ground and excited states of daughter nuclei with
neutron numbers of N = 130–140 are investigated. These nuclei show some enhanced α-branching ratios to
negative-parity states (1−, 3−), compared with the decays to positive-parity states (4+) of comparable energy.
This enhancement correlates with appearance of static octupole deformation, rather than spherical nuclear shapes
or dynamic asymmetric vibrational states. The highly enhanced branching ratios occur for α decays to the 1−

and 3− states of the Ra isotopes with N = 134, 136, 138, then to 1− state in Th (N = 134–140) and to the 3−

state in Rn (N = 132–136) isotopes.
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I. INTRODUCTION

The low-lying negative-parity states and static octupole
shapes were observed in Ra and Th isotopes with neutron
numbers around N = 134. Similar behavior of the 1− and 3−
states was indicated in the lanthanide and actinide regions of
Z = 56–82 (N = 86–88) and Z = 82–94 (N = 130–134) [1].
Generally, the transition from spherical shapes and dynamic
vibrations to static asymmetric deformed shapes requires the
investigation of nuclear structure in the region of Z ≈ 88 and
N ≈ 132. In this region, the octupole coupling between or-
bitals around the Fermi surface determines the intrinsic shape
[2,3]. Considering 222Ra as a pear shape (nucleus with static
octupole deformation) and 228Ra as an octupole vibrator, one
can explain the observed behavior of E3 matrix elements of
different nuclear transitions [4]. The presence of low-lying
bands of negative-parity in even-even nuclei in this mass
region is a signature for reflection asymmetry about the plane
perpendicular to the corresponding symmetry axis. This re-
flection asymmetry could be also due to molecular states of α

clusters in these nuclei [5].
The static octupole deformation is considered to be the

extreme case of the asymmetric vibrational and rotational
octupole collectivity of deformed nuclei. The reflection-
asymmetric octupole deformation is experimentally and
theoretically indicated for a few tens of actinides of A =
218–229 [6,7], within the close lying neutron (νg9/2 and
ν j15/2) and proton (π f7/2 and π i13/2) orbitals. Also, a group of
statically octupole deformed nuclei has been observed in the
lanthanide mass regions of A = 144–155 [7]. For such nuclei,
the deviation between the experimentally observed quantities
and their theoretical values had been minimized upon taking
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into account the octupole correlations. This includes their
masses [8], structure [4,9,10], and reactions [11–20]. This
is clearly reflected in the structure of nuclei of low-lying
negative-parity states. Even though the octupole reflection-
asymmetric shapes are not as stable as the quadrupole and
hexadecapole symmetric deformations, they influence the
band structure and its properties. For example, the shift be-
tween the centers of charge and mass in the presence of
reflection-asymmetric deformations may cause dipole mo-
ment to be arisen in the intrinsic frame [6]. Moreover, the
asymmetric mass distribution of a fissioning nucleus puts
its finger on its fission mass distributions. For instance, fis-
sion resonances due to reflection-asymmetric hyperdeformed
shapes have been measured in Th and U nuclei [21,22].

Generally, both the static octupole deformation and the
dynamical octupole vibrations impact the structure-related
spectroscopic properties [4,9,23,24], as well as the height,
position, and curvature of the Coulomb barrier between inter-
acting nuclei [12,13,25,26]. This in turn enhances the fusion
cross section at sub- and near-barrier energies [19,20,27,28].
It influences also the nuclear decays [29–33], determining
the corresponding optimum orientations. α decay becomes
more complex for deformed emitters due to the fact that both
the ground state and low-lying excited states of the daugh-
ter nuclei are available for α transitions. Additionally, the
decay channels of these states are strongly coupled during
the tunneling process [34–36]. In some cases the presence
of the octupole deformation cancel the effect of the other
deformations bringing the fusion barrier back to the spherical
case [15,17]. As found, the values of hindrance factor for α

decay to the 1− level in the Rn and Ra isotopes decrease
with N [14]. It becomes close to unity for N � 136 [37].
This has been attributed to the switch of the structure from
low-lying dynamic vibrational states of negative-parity into
static octupole deformation [2]. All that was mentioned above
motivated us to precisely investigate the α-decay modes to
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the negative-parity states in even-even nuclei, in the region
around N = 136. Our aim is to demonstrate the correlation
between static octupole deformation and enhanced α decays
to negative parity states.

II. THEORETICAL FRAMEWORK

During the α-decay fine structure, α transitions could pro-
ceed to the ground state (g.s.) as well as to the different excited
daughter states. If the daughter nucleus is in the excited state
i, the Q value must be reduced by the excitation energy, E∗

i ,
from the Q value of the g.s. to g.s. transition (Qg.s.→g.s.), as
[38,39]

Qi = Qg.s.→g.s. − E∗
i . (1)

The conservation of angular momentum and parity in the
α-decay process limits the number of feasible transitions to
daughter nucleus states that can be populated, as well as their
intensities according to the following spin-parity selection
rule [40]:

| J − Ji |� � �| J + Ji | and
πi

π
= (−1)�, (2)

where J and Ji are the spins of the parent and the daughter
nuclei, respectively, in the state i, and π and πi are their
corresponding parities. Favored α transitions are among the
most popular, connecting states with the same spin and parity
in which the orbital angular momentum carried by the α par-
ticle vanishes [38]. Unfavored transitions, on the other hand,
occur when the emission states have different spin and parity
assignments than the daughter states and the α particle carries
nonzero orbital angular momentum [41–43].

The total decay width, �, is then calculated as

� =
∑

�

�� =
∑

�

h̄

2

∫ π

0
dθ να�(θ )Pα�(θ ) Sα�, (3)

where the assault frequency να� and penetration probability
Pα� depend on emission angle θ in the case of deformed
daughter nucleus. The integration over θ is required to obtain
the total decay width [44,45]. The spectroscopic factor Sα� is
related to the probability to form an α particle on nuclear sur-
face with angular momentum �. So the multipole expansion of
nuclear surface defines the set of � in Eq. (3). The odd � appear
in Eq. (3) if the daughter nucleus has octupole deformation
[31,46].

We assume that a spherical α particle interacts with a
deformed daughter nucleus that is axially symmetric. At a
certain emission angle θ , the assault frequency is

να�(θ ) =
[∫ R2(θ )

R1(θ )

2 μ

h̄ k(r, θ )
dr

]−1

, (4)

and the penetration probability is calculated within the
Wentzel-Kramers-Brillouin (WKB) approximation [44] as

Pα�(θ ) = exp

(
−2

∫ R3(θ )

R2(θ )
k(r, θ ) dr

)
, (5)

where k(r, θ ) =
√

2 μ |VT (r, θ ) − Qα|/h̄2 is the wave number
and Ri(i = 1, 2, 3) are the three orientation-dependent classi-
cal turning points at which VT (r, θ )|r=Ri = Qα .

The α-decay half-life is related to the decay width � as
[44,47]

T1/2 = h̄ ln 2

�
. (6)

The spectroscopic factor Sα� is related to the square of the
amplitude in the multipole expansion of the wave function of
the relative motion of an α particle on the nuclear surface. The
microscopic calculation of Sα� is cumbersome and requires
a number of assumptions [48]. So, at the first stage, it is
desirable to use a phenomenological method to evaluate Sα�.
For even-even nuclei considered, the spectroscopic factor for
the parent nucleus A(N, Z ) can be estimated, in terms of the
numbers of neutrons (N − N0) and protons (Z − Z0) outside
the corresponding shell/subshell closures (Z0, N0), using the
semiempirical formula given by [29,31,49,50]

Sα� = A[e−0.003(Z−Z0−Zc )2−0.006(N−N0−Nc )2
]H� (7)

with the hindrance (H�) factor given as

H� = e1−n−0.6�. (8)

This expression accounts for the hindrance of the unfavored
α-decay modes to daughter states of different spin than that
of the parent nucleus. In Eq. (8), n defines the order of the
duplicated daughter states of the same spin-parity (Jπ ) [49],
in which the daughter nucleus is produced. As clearly seen in
Eq. (8), H� gradually decreases with increasing both the state
order (n) and the difference in spin (�J) between the parent
and daughter states, which appears in increasing the orbital
angular momentum carried by the α particle (�). This indi-
cates more hindrance for such transitions, where the decay
slows down compared with the corresponding favored decay
modes between states of identical spin-parity. The hindrance
is expected to increase for the odd values of �, which indicate
a change in parity from parent to daughter nuclei [43], than
for the even values. Using Eq. (7), one can satisfactory repro-
duce the experimentally extracted preformation probability
for the favored and unfavored α decays to different states
of the daughter nucleus [29,31,49,50]. For the α emitters of
shell closures Z0 = 82 and N0 = 126, we have A(ZC = NC =
12) = 0.105 [31,51,52]. The values of Zc and Nc define the
intershell numbers of protons and neutrons that yield local
maximum of Sα . The fitting parameters of Eq. (7) are obtained
from extensive studies of huge decay data along the whole
nuclear chart.

The total interaction potential between the α-particle and
daughter nucleus is given by [49]

VT(r, θ ) = λ(θ )VN (r, θ ) + VC (r, θ ) + h̄2

2 μ

�(� + 1)

r2
, (9)

where λ(θ ) is the renormalization factor of the nuclear poten-
tial which is determined by applying the Bohr-Sommerfeld
quantization condition [44,45,53,54]. VC and VN represent
the attractive nuclear and repulsive Coulomb parts of the
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potential, respectively. The last term in Eq. (9) represents the
centrifugal part of the potential.

To compute the nuclear part of the potential, we will use
the Hamiltonian energy density formalism [55] based on the
Skyrme–SLy4 [56] NN interaction. The nuclear interaction
potential is defined in this method as the difference between
the whole system’s energy expectation value E determined at
a finite separation distance r and at infinity [43,57],

VN (r, θ ) = E (r) − E (∞)

=
∫

{H[ρpα (�x) + ρpD(r, �x, θ ), ρnα (�x)

+ ρnD(r, �x, θ )] − Hα[ρpα (�x), ρnα (�x)]

− HD[ρpD(�x), ρnD(�x)]}d�x, (10)

where H, Hα , and HD represent the Skyrme energy den-
sity functionals of the composite system, α particle, and the
daughter nucleus (D), respectively. ρi j (i = p, n and j = α, D)
are the density distributions of the protons (p) and neutrons (n)
associated to α and daughter (D) nuclei. The energy density
functional H is given by [56–58]

H(
ρi, τi, �Ji

) = h̄2

2m

∑
i=n,p

τi(ρi, �∇ρi,∇2ρi )

+ HSky(ρi, τi, �Ji ) + Hexch
C (ρp), (11)

where τi=p,n and �Ji=p,n define, respectively, the kinetic energy
and the spin-orbit densities. The explicit representations of
the nuclear (HSky) and the exchange Coulomb (Hexch

C ) energy
density functionals are provided in Refs. [29,43,56,57].

The double-folding model will be used to determine the
direct Coulomb part of the interaction potential as [45,47,49]

VC(r, θ ) =
∫

d�r1

∫
d�r2

e2

|�r + �r2 − �r1|ρpα (�r1)ρpD(�r2). (12)

The density distribution of the α particle is to be of standard
Gaussian form, ρα (r) = 0.4229 exp(−0.7024r2). The two-
parameter Fermi shape can be used to calculate the proton and
neutron density distributions of deformed daughter nuclei as

ρn(p)(r, ϑ ) = ρ0n(p)
(
1 + e[r−Rn(p) (ϑ )]/an(p)

)−1
. (13)

The half-density radii can be written as an expansion in
spherical harmonics with different multipole deformation pa-
rameters βi(i = 2, 3, 4, 6) [8], ϑ is the deformed nucleus’s
polar angle with respect to its symmetry axis

Rn(p)(ϑ ) = R0n(p)

⎡
⎣1 +

∑
i=2,3,4,6

βiYi0(ϑ )

⎤
⎦. (14)

For reliable determination of the neutron and proton density
distributions, we use the following formulas for radii R0n(p)

and diffuseness an(p) according to Ref. [59] which are in good
agreement with the full Hartree-Fock (HF) calculations and
the available experimental data:

R0n = 0.953 N1/3 + 0.015 Z + 0.774,

R0p = 1.322 Z1/3 + 0.007 N + 0.022,

an = 0.446 + 0.072

(
N

Z

)
,

ap = 0.449 + 0.071

(
Z

N

)
. (15)

III. RESULTS AND DISCUSSION

Here, we study the α decays from the ground state of
even-even actinides to the ground and excited states of their
daughter nuclei. Figures 1(a)–1(c) show the branching ra-
tio of α-decay modes from even-even 216–226Ra, 218–232Th,
and 222–238U isotopes to different states of their 212–222Rn,
214–228Ra, and 218–234Th daughter nuclei, respectively. All
these isotopes have exact or almost 100% total intensity of
α decay, and their daughters have neutron numbers Nd =
126–140. As expected, in Fig. 1 the major fraction of the
α-branching ratio appear for the decays to the ground 0+ state
then to the first 2+ state. Decays to the lowest 1− and 3−
states occur with relatively high intensity for the isotopes pro-
ducing daughter nuclei with even Nd = 130–138. The largest
intensity (about 1%) to negative-parity states is obtained for
the α decays to 220,222Ra (Nd = 132, 134) and 224Th (Nd =
134) daughter isotopes. There is intensity of the order of
10−1 for the α decays resulting in the negative-parity states
of 220,222,224Ra (Nd = 132, 134, 136) and 226Th (Nd = 136)
isotopes. Also a non-negligible intensity (about 10−2%) is
obtained for α decays to negative-parity states of 218,224,226Ra
(Nd = 130, 136, 138) and 226,228Th (Nd = 136, 138). Thus,
the relative enhanced α decays to negative-parity states fre-
quently appear in the α decays leading to Nd = 132, 134, and
136, and with a little enhanced intensity for the decays leading
to Nd = 130 and 138. Moreover, the largest number of partial
decay modes to various states of the daughter nuclei appears
for Nd = 130–140.

The branching ratio as a function of the state energy is
displayed in Fig. 1(d) for even-even 222–230Th isotopes, which
show α-decay modes to negative-parity states of daughter nu-
clei with Nd = 130–138. Figure 1(d) shows that the branching
ratios to the negative-parity states (1−, 3−, 5−) confirm the
expected inverse behavior of Bα with the state energy Eex.
At close state energies, the α decays to negative-parity states
in some isotopes show enhanced Bα with respect to those
observed for the decays to positive-parity states (4+ and 6+)
in other isotopes.

Figure 2 shows the branching ratio of the partial decay
modes of the Ra, Th, and U isotopes to the asymmetric 1−
and 3− states of their daughter nuclei which have a number of
neutrons N = 132–140, relative to the corresponding branch-
ing ratio to the symmetric 4+ states. As seen in Fig. 2, the
larger branching ratios to the negative-parity states 1− and
3− are obtained for the decays leading to Ra (Nd = 134, 136,
138) isotopes. Coming next are the partial decays to 1− state
in Th (Nd = 134–140) then in Rn (N = 134,136) isotopes, or
to the 3− state in Rn (Nd = 132–136) then in Th (Nd = 136,
138) isotopes. As assumed, this behavior is consistent with the
evolution of static octupole deformations in actinides [14,60–
71]. For instance, based on covariant energy density func-
tionals, the evolution of the topology of the potential energy
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FIG. 1. The variation of α-branching ratio with the neutron number Nd of daughter nuclei for (a) Ra isotopes, (b) Th isotopes, (c) U
isotopes. (d) The variation of α-branching ratio with the excitation energy Eex in Th isotopes.

surfaces (PES) of the Ra and Th isotopes have shown that
the energy minima associated with static octupole deforma-
tions start to appear in their isotopes with N � 134 [60].
The well-pronounced minima are obtained at N = 136 and
138. The potential energy surfaces become soft in octupole
direction after N = 138 (Ra) and 140 (Th). The maximum
contribution in binding energy due to octupole deformation
is obtained at N ≈ 136 and 138. More softer PES versus
octupole deformation were obtained for the 222,224Rn (N =
136,138) isotopes relative to the 220Rn, Ra, and Th isotopes
[60]. The extracted electric octupole moments and transi-
tion strengths have shown that 224,226Ra [63] have stronger
octupole collectivity than 224Rn and 230,232Th [72,73], with
clear evidences for strong static octupole deformation. Using
multinucleon transfer spectroscopy, 222,224,226Ra and 224,226Th

were also indicated as well octupole-deformed rotors at low
frequencies [69]. The neighboring 220,228Ra and 222,228–234Th
isotopes were suggested to be octupole-vibrational nuclei
at low frequencies, while at higher rotational frequencies
they possess induced stable octupole deformation before
turning back to reflection-symmetric shapes [69]. Also, dif-
ferent macroscopic-microscopic calculations have indicated
218–222Rn [67], 222–224Rn [71], and 220Rn [65] to be the most
Rn isotopes having octupole deformation with non-negligible
gain in the binding energy due to octupole deformation, which
is less than that of mentioned Ra and Th isotopes.

It is interesting to examine the influences of both the en-
ergy and the orbital angular momentum � on the enhanced
branching ratio of the decays to the lowest negative-parity
states in even-even daughter nuclei comparing with those
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FIG. 2. The variation of the ratios of branching ratios for α

decays of Ra, Th, and U isotopes to the negative-parity states 1−

and 3− of their daughter nuclei with neutron numbers Nd = 132–140
and those to the 4+ states.

corresponding to positive-parity states. Figure 3 displays the
calculated partial half-life against α-decay modes from the
ground state of the 226Th parent nucleus to the 1− (Qα =
0.242 MeV, Tα = 1.46 × 105 s) and the 4+ (0.301 MeV,
9.81 × 105 s) states of its 222Ra daughter nucleus, as a func-
tion of the transferred orbital angular momentum �. The
partial half-live for each decay mode is calculated at its re-
leased energy, and at the released energy corresponding to the
other mode. The calculations based on the correct Qα and �α

exactly reproduce the experimental Tα (4+), but result in rather
small Tα (1−) relative to its observed value. This is due to the
additional hindrance for the decay modes between states of
different parity [43] which is not in Eq. (8) and requires mi-
croscopic consideration. As clearly seen in Fig. 3, the partial

FIG. 3. The variation of the partial α-decay half-lives Tα (0+ →
1−) and Tα (0+ → 4+) of 226Th, with the orbital angular momentum
(�α h̄), transferred by the α particle, at two energies [Qα (1−) = 0.242
MeV and Qα (4+) = 0.301 MeV] for both of them. The horizontal
lines represent the observed Tα (0+ → 1−) and Tα (0+ → 4+).

Tα increases with increasing � and decreases with increasing
released energy. If the energies of the 1− and 4+ states would
be the same (Qα = 0.242 MeV), the calculated Tα (0+ → 4+)
remains larger than the experimental values of Tα (0+ → 1−).
Thus, the enhancement for the decay mode to the 1− state
relative to the 4+ cannot be explained only by the difference
in the energies of the states 1− and 4+. The influence of the
value of � becomes important in this case. The appearance
of this enhancement is related to the octupole deformation of
daughter nucleus pushing down the lowest 1− state.

Table I displays the comparison of the calculated branching
ratios for the observed α decays from the ground states of
even-even 222–232Th to the ground state as well as to the
low-lying excited states of their even-even 218–228Ra daughter
nuclei. The third and fourth columns on Table I list, respec-
tively, the excitation energies Eex (MeV) and the experimental
Qα (MeV) values for the mentioned decay channels [74]. The
experimental α-decay branching ratios are reported in the fifth
column. The octupole deformation β3 is taken into account
beside β2,4,6 in the calculations listed in the last two columns
of Table I, with and without including H�, respectively. This
hindrance factor reduces the spectroscopic factor for the de-
cays to various excited states of the daughter nucleus with
� > 0.

For the Th isotopes presented in Table I, the total sum of the
observed branching ratios for the α decays to excited states of
daughter nuclei is about 20%, with a fraction of about 97% for
the decays to positive-parity states and about 3% the α decays
to negative-parity states. Generally, the estimated branch-
ing ratio for the α decays to negative-parity states slightly
increases with octupole deformation β3. The minimum stan-

dard deviations, σ =
√∑n

i=1[log10(Bcal
i /Bexp

i )]2/(n − 1), for
the calculated branching ratios for various daughter states
and for the negative-parity daughter states, relative to the
experimentally observed values are obtained upon including
the hindrance factor of unfavored decays.

In Table II, we show the comparison between the observed
and calculated α-branching ratios for the decays to differ-
ent daughter states from 222,224,226Ra (N = 134, 136, 138),
228,232U (N = 136, 140), and 230Pu (N = 136). The daughters
of these α emitters are octupole deformed [8]. The calcu-
lations in Table II are performed considering the octupole
deformations, with and without considering the hindrance
factor. The spin-parity assignments of the daughter states to
which the α decay occurs from the ground state of parent
nucleus, the energies of the involved states, and the cor-
responding Qα values are listed in columns 2, 3, and 4,
respectively. As seen, there is satisfactory description of the
experimental branching ratios for the decays to the states of
positive and negative parity, with standard deviations of 0.672
and 1.187, respectively, upon including the hindrance factors
in the α spectroscopic factor.

IV. SUMMARY AND CONCLUSIONS

We studied the α-decay modes to ground and to ex-
cited states of even(Z)-even(N) actinides, which produce
daughters having neutron numbers of Nd = 126–140. A clear
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TABLE I. Comparison of the calculated (B.R. calc) and experimental (B.R. exp) branching ratios. The calculated branching ratios are
presented with and without the inclusion of the hindrance factor (H�). The octupole deformations (β3) of daughter nuclei are taken from [8].

Parent Transition Eex (MeV) Qα (MeV) B.R. exp (%) β3 B.R. calc (%)

with H� without H�

222Th 0+ → 0+ 0 8.1270 9.82 × 101 −0.125 9.89 × 101 9.66 × 101

0+ → 2+ 0.3895 7.7375 1.80 × 100 9.80 × 10−1 3.17 × 100

0+ → (3−) 0.7900 7.3370 1.80 × 10−2 1.21 × 10−2 7.19 × 10−2

0+ → (1−) 0.8530 7.2740 1.40 × 10−2 6.09 × 10−2 1.08 × 10−1

224Th 0+ → 0+ 0 7.2980 7.94 × 101 −0.127 9.51 × 101 8.66 × 101

0+ → 2+ 0.1784 7.1196 1.91 × 101 3.66 × 100 1.11 × 101

0+ → (1−) 0.4129 6.8851 1.21 × 100 1.17 × 100 1.93 × 100

0+ → (3−) 0.4741 6.8239 3.02 × 10−1 8.11 × 10−2 4.46 × 10−1

226Th 0+ → 0+ 0 6.4509 7.55 × 101 −0.141 9.14 × 101 7.87 × 101

0+ → 2+ 0.1111 6.3398 2.28 × 101 5.09 × 100 1.46 × 101

0+ → 1− 0.2421 6.2088 1.26 × 100 3.30 × 100 5.18 × 100

0+ → 4+ 0.3014 6.1495 1.87 × 10−1 5.74 × 10−2 5.45 × 10−1

0+ → 3− 0.3173 6.1336 2.06 × 10−1 1.79 × 10−1 9.33 × 10−1

0+ → (5−) 0.4738 5.9771 2.30 × 10−4 1.88 × 10−3 3.26 × 10−2

0+ → (0+) 0.914 5.5369 3.40 × 10−4 9.70 × 10−4 2.27 × 10−3

0+ → 2+ 1.0249 5.4260 1.70 × 10−4 3.91 × 10−5 3.04 × 10−4

228Th 0+ → 0+ 0 5.52008 7.34 × 101 −0.139 9.22 × 101 8.01 × 101

0+ → 2+ 0.0844 5.43568 2.60 × 101 5.30 1.52 × 101

0+ → 1− 0.2160 5.30408 4.07 × 10−1 2.35 3.72
0+ → 4+ 0.2508 5.26928 2.18 × 10−1 4.62 × 10−2 4.42 × 10−1

0+ → 3− 0.2903 5.22978 3.59 × 10−2 1.0 × 10−1 5.27 × 10−1

230Th 0+ → 0+ 0 4.7700 7.65 × 101 −0.112 9.40 × 101 8.30 × 101

0+ → 2+ 0.0677 4.7023 2.34 × 101 5.32 1.56 × 101

0+ → 4+ 0.2115 4.5585 1.20 × 10−1 3.98 × 10−2 3.87 × 10−1

0+ → 1− 0.2537 4.5163 3.01 × 10−2 5.87 × 10−1 9.45 × 10−1

0+ → 3− 0.3215 4.4485 9.74 × 10−4 2.07 × 10−2 1.11 × 10−1

0+ → 6+ 0.4165 4.3535 8.03 × 10−6 4.25 × 10−5 1.37 × 10−3

0+ → 5− 0.4463 4.3237 1.03 × 10−5 1.25 × 10−4 2.21 × 10−3

0+ → 0+ 0.8246 3.9454 3.41 × 10−6 6.76 × 10−6 1.62 × 10−5

0+ → 2+ 0.8737 3.8963 1.19 × 10−4 4.67 × 10−7 3.76 × 10−6

232Th 0+ → 0+ 0 4.0816 7.83 × 101 −0.083 9.57 × 101 8.70 × 101

0+ → 2+ 0.0638 4.0178 2.17 × 101 4.26 1.28 × 101

0+ → 4+ 0.2047 3.8769 6.91 × 10−2 1.65 × 10−2 1.65 × 10−1

Standard Deviation σ (for all states, including the ground-state) 0.749 0.973
σ (for excited states of even parity) 0.876 0.821
σ (for excited states of odd parity) 0.806 1.376

enhancement is noticed for the decay modes from some even-
even Ra, Th, and U isotopes to low lying asymmetry states
of negative parity (1−, 3−) of their daughter nuclei, relative
to the corresponding decay modes to symmetric (4+) states.
This is observed for the decays leading to Rn, Ra, and Th
daughter nuclei with Nd = 132, 134, and 136, and with a
little enhanced intensity for those leading to Nd = 130 and
138. This opposes the reported additional hindrance for such
decay modes between states of different parity, relative to
those of the same parity. The indicated enhancement appears
as a relative increase in the observed branching ratios and con-
sequently a decrease in the corresponding partial half-lives.
We found that this observed enhancement is independent of
the change in Tα due to the change of the energy of the
involved states, or the variation in the transferred angular
momentum. Generally, the largest number of partial decay

modes to various states of the daughter nucleus appears for the
decays leading to Nd = 130–140. The major fraction of the
α-branching ratio appear of course for the decay modes to the
ground 0+ state then to the first 2+ low lying state. The largest
branching ratios to the asymmetric 1− and 3− states, relative
to those involving symmetric 4+ states, are obtained for the
decays to the Ra (N = 134, 136, 138) isotopes, followed by
the decay modes to 1− state in the Th (N = 134–140) then
to Rn (N = 134, 136) isotopes, or those to 3− state in the Rn
(N = 132–136) then to Th (N = 136, 138) isotopes. The in-
dicated enhancement is linked to the evolution of the octupole
collectivity and the associated static octupole deformation of
the actinides with N � 134.

The calculated branching ratios are compared with the
observed values for the α-decay modes from the ground
states of the even-even 222–232Th, 222,224,226Ra, 228,232U, and
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TABLE II. The same as Table I but for Ra, U, and Pu isotopes.

Parent Transition Eex (MeV) Qα (MeV) B.R. exp (%) β3 B.R. calc (%)

with H� without H�

222Ra 0+ → 0+ 0 6.6780 9.69 × 101 −0.139 9.93 × 101 9.77 × 101

0+ → 2+ 0.3243 6.3537 3.06 6.98 × 10−1 2.29
0+ → (4+) 0.6531 6.0249 4.31 × 10−3 1.70 × 10−3 1.84 × 10−2

0+ → (3−) 0.7969 5.8811 4.31 × 10−3 1.28 × 10−3 7.63 × 10−3

0+ → (3−) 0.8402 5.8378 4.31 × 10−3 2.85 × 10−4 4.62 × 10−3

224Ra 0+ → 0+ 0 5.7889 9.49 × 101 −0.125 9.91 × 101 9.70 × 101

0+ → 2+ 0.2410 5.5479 5.06 8.92 × 10−1 2.91
0+ → 4+ 0.5337 5.2552 7.10 × 10−3 1.51 × 10−3 1.63 × 10−2

0+ → 1− 0.6454 5.1435 7.60 × 10−3 1.08 × 10−2 1.94 × 10−2

0+ → (3−) 0.6630 5.1259 3.01 × 10−3 9.80 × 10−4 5.80 × 10−3

226Ra 0+ → 0+ 0 4.8706 9.38 × 101 −0.125 9.91 × 101 9.71 × 101

0+ → 2+ 0.1862 4.6844 6.16 8.72 × 10−1 2.84
0+ → 4+ 0.4484 4.4222 6.50 × 10−3 7.80 × 10−4 8.42 × 10−3

0+ → 1− 0.6007 4.2699 10−3 1.65 × 10−3 2.94 × 10−3

0+ → 3− 0.6355 4.2351 2.70 × 10−4 9.43 × 10−5 5.59 × 10−4

228U 0+ → 0+ 0 6.8030 7.00 −0.153 8.99 × 101 7.59 × 101

0+ → 2+ 0.0980 6.7050 2.88 × 101 6.27 1.76 × 101

0+ → (1−) 0.2460 6.5570 6.59 × 10−1 3.70 5.70
0+ → 4+ 0.2800 6.5230 5.66 × 10−1 9.20 × 10−2 8.56 × 10−1

232U 0+ → 0+ 0 5.4136 6.81 × 101 −0.111 9.22 × 101 7.78 × 101

0+ → 2+ 0.0578 5.3558 3.15 × 101 7.29 2.05 × 101

0+ → 4+ 0.1869 5.2267 3.00 × 10−1 1.07 × 10−1 9.93 × 10−1

0+ → 1− 0.3279 5.0857 6.16 × 10−3 3.86 × 10−1 5.92 × 10−1

0+ → 6+ 0.3779 5.0357 5.10 × 10−5 2.66 × 10−4 8.22 × 10−3

0+ → 3− 0.3960 5.0176 4.80 × 10−5 1.70 × 10−2 8.68 × 10−2

0+ → 5− 0.5191 4.8945 5.60 × 10−5 1.56 × 10−4 2.65 × 10−3

0+ → 0+ 0.8314 4.5822 2.09 × 10−5 8.59 × 10−5 1.97 × 10−4

0+ → 2+ 0.8746 4.5390 3.90 × 10−6 6.97 × 10−6 5.30 × 10−5

230Pu 0+ → 0+ 0 7.1800 8.10 × 101 −0.139 9.05 × 101 7.41 × 101

0+ → 2+ 0.0590 7.1210 1.90 × 101 9.53 2.59 × 101

Standard Deviation σ (for all states, including the ground-state) 0.800 0.967
σ (for excited states of even parity) 0.672 0.796
σ (for excited states of odd parity) 1.187 1.447

230Pu isotopes, to the ground state and to the different
low-lying excited states of their daughter nuclei. We found
that the estimated branching ratio for the decay modes to
the states of negative parity increases with considering the
daughter deformations including the octupole deformations.

Also, considering the hindrance in the spectroscopic prefor-
mation factor corresponding to the unfavored decay modes
to the various higher excited states of the daughter nu-
cleus is important to reproduce the observed branching
ratios.
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