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Stability and « decay of translead isomers and the related preformation probability of o particles
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Nuclear isomers provide an opportunity to investigate the role of the single-particle configuration and its exotic
rearrangements in nuclear stability, away from the shell closures. We explored the configurations of translead
isomers from Pb to U and their stability relative to ground states, and then we investigated their well-defined
«a-decay modes relative to the ground-state decays. The a-preformation probability S, is deduced from the
experimental half-life and that calculated without implementing S,, within the preformed cluster model based
on the Wentzel-Kramers—Brillouin tunneling penetrability and assault frequency in terms of the Skyrme o +
core potential. We found that the single valence Z = 83, 85, 87 protons (7 1h'*3y,,-) and N = 127 neutron
v2g'y /2+) outside the doubly magic Pb core play a main role in enhancing the stability of translead isomers,
whether they last in the original orbital or promote to another one, solely or coupled to another valence nucleon.
The spin-gap isomers of high spin may be attributed to coupling of two protons or neutrons to stretched large
spin, and then they jointly couple with a single valence nucleon. For favored « decays, the isomers indicate
larger a-preformation probability than ground states. The decays from isomeric states of lower energy to higher
daughter states and that involve a change in parity exhibit not only less S, but also less relative stability than the
higher-to-lower decays and those keep the parity unchanged, respectively. Increasing the difference in spin of
the isomer relative to its daughter nucleus is found to enhance its stability, yielding larger half-live and smaller

preformation probability.

DOLI: 10.1103/PhysRevC.108.024308

I. INTRODUCTION

The a-decay process serves as a powerful tool for investi-
gating the properties of finite nuclei in various regions of the
nuclear chart. Through the study of «-particle emissions, valu-
able insights into nuclear structure, decay modes, and related
phenomena can be obtained [1-10]. In particular, the exam-
ination of «-decay observables contributes to refining our
understanding of diverse nuclear structure properties, includ-
ing nuclear density distributions, static deformations, radii,
proton and neutron skins, pairing and shell effects, as well as
spin-parity configurations of nuclei in both their ground and
excited states [11-14]. Additionally, o decay provides valu-
able information on the nuclear equation of state, including
quantities such as the symmetry energy and incompressibility,
and their isospin asymmetry dependence [15-18].

In the quest for a deeper understanding of nuclear structure
and decays, the investigation of the excited and isomeric states
plays a significant role. Nuclear isomers are long-lived excited
states of nuclides that offer unique opportunities to explore
specific nuclear phenomena and their underlying physics. The
study of isomers in nuclear physics has a rich history. The
concept of long-lived or stable states of a single nuclide was
proposed by Soddy in 1917 [19], and in 1921 Hahn discovered
the first example of an isomer [20]. Since then, extensive
research has been conducted to understand the properties,
formation mechanisms, and potential applications of isomers
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in various scientific fields [21-26]. These exotic states ex-
hibit extended half-lives ranging from nanoseconds to years,
providing valuable insights into the behavior of individual
nucleons and the collective behavior of the nucleus as a whole.
The latest version of the NUBASE evaluation lists data for
3340 nuclide, of which 1938 have at least one isomer with a
half-life of 100 ns or longer [27], while “Atlas of Nuclear Iso-
mers” presents data for about 2623 isomers with a half-life of
10 ns or longer [28]. Isomers have significant implications in
various scientific disciplines, including astrophysics, atomic-
nuclear interface studies, and the potential development of a
y-ray laser [23,28-33]. The coupling between the «-decay
phenomena and isomerism provides a good opportunity to in-
vestigate the mutual transitions involving ground and excited
states, as well as isomeric states [34-36].

Understanding the properties and characteristics of ex-
cited states of nuclides is crucial to unravel the mysteries
of isomerism. Excited states are characterized by different
arrangements of nucleons, resulting in a diverse array of iso-
mers. Low-energy excited states typically deexcite rapidly to
the ground state through electromagnetic decay, primarily via
y-ray or conversion-electron emission, within picoseconds.
However, isomers represent excited states that possess ex-
tended half-lives, often due to specific factors such as spin,
nuclear symmetry, or shape changes [30,37]. The existence of
isomers is influenced by the interplay of individual nucleon
orbits and the collective behavior of the nucleus. Spin iso-
mers, which arise from large spin changes and low transition
energies, are prevalent in low-energy states of nuclides with
odd-A, with one unpaired nucleon, and odd-odd, with two
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unpaired proton and neutron, configurations [38,39]. Higher
excitation energies can generate substantial spin values due to
broken pairs of nucleons [40]. Another form of isomerism is
associated with changes in the nuclear symmetry axis, giving
rise to K isomers. Nuclei can exhibit nonspherical shapes
with axial symmetry, and the projection of the total angular
momentum on the symmetry axis is denoted as the K quantum
number. Incomplete conservation of K allows for K-forbidden
transitions, which are inhibited rather than strictly forbidden.
The inhibition of decay transitions in K isomers is attributed
to associated shape changes and configuration changes in
individual nucleon orbits [40—43].

Shape isomers constitute a distinct class of isomers, in-
cluding fission isomers and other shape-changing phenomena.
Fission isomers, which have been observed in specific nu-
clides within certain nucleon number ranges, exhibit extended
half-lives compared with the ground state [44]. These iso-
mers are characterized by significant shape changes in the
atomic nucleus and accompanying configuration changes in
the individual nucleon orbits [45]. The study of shape iso-
mers, particularly fission isomers, provides valuable insights
into the behavior of atomic nuclei under extreme conditions
and contributes to our understanding of nuclear structure and
shape-changing phenomena [30,46].

In this context, the focus of this study is on the translead
isomers and the influence of the single-particle shell structure
on their stability. To provide a comprehensive analysis, we in-
vestigate the different «-decay modes of these isomers and the
related a-preformation probability inside them. By examining
the preformation probabilities of « particles within translead
isomers, we seek to shed light on their unique characteristics
and contribute to our understanding of the nuclear structure in
this region. To achieve our objectives, we employ a rigorous
calculation methodology based on realistic & + core interac-
tion potentials, taking into consideration the deformation of
daughter nuclei. The a-decay spectra are analyzed using pre-
cise data and semimicroscopic theoretical scheme, allowing
for a quantitative evaluation of the «-particle preformation
probabilities within translead isomers. Through this compre-
hensive analysis, we aim to contribute to the understanding
of the nuclear structure and decay patterns in this particular
region of the nuclear chart that provides rich structure infor-
mation.

The remainder of this paper is organized as follows: In
the subsequent section, we provide a detailed description of
the methodology used to calculate the «-decay widths and
half-lives, and to estimate the « preformation probabilities
from experimental half-lives. Section III presents the analysis
and discussion of the relative stability of translead isomers
and their a-decay properties, comparing them to the decay
modes from ground states. Finally, we conclude the paper
with a summary of the main findings and their implications
in Sec. IV.

II. THEORETICAL FRAMEWORK

The preformed cluster model (PCM) [47-49] will be
adopted in the present study to describe the a-decay pro-
cess. In the different versions of this model, the emitted o

particle and the daughter nucleus are assumed to be formed
as separate entities inside the parent nucleus, with a cer-
tain preformation probability S,. Subsequently, the emitted
o particle attempts to tunnel through the confining Coulomb
barrier that holds the two formed fragments inside the parent
nucleus. The tunneling process is significantly influenced by
the shape and deformations of the daughter nucleus and its
relative orientation with respect to the emitted alpha particle.
The o + daughter potential can be calculated in the framework
of energy density functional as the difference between the
energy of the @ 4+ daughter compound system and the sum
of free nuclei energy, in addition to the centrifugal potential
contribution [17,50],

Vr(R,0) = /[H(pa(r) + op(R, 1,0)) — H(pa(r))

L+ 1)

— HlpprDMr + = 2

) ey

where R is the separation distance between the « particle and
the daughter centers. 6 defines the orientation of the emit-
ted o particle relative to the symmetry axis of the deformed
daughter. / is the angular momentum carried by the emitted
«a particle, while u is the reduced mass of the ¢ + daughter
system. p, and pp denote the densities of the o particle and
daughter nuclei, respectively. The macroscopic energy density
H includes the kinetic, nuclear, and Coulomb contributions of
energy densities defined as follows:

h2
H(r) = ﬁ[rp(r) + T()] + Hy (@) + Heou),  (2)

where 7,—, ,(r) are the kinetic energy densities of protons and
neutrons, Hy (r) is the nuclear energy density, and Hcou (7) is
the Coulomb energy density. The Coulomb energy density is
computed based on the direct and exchange parts [51-53], and
the nuclear energy density is considered in the form of Skyrme
nucleon-nucleon interaction with SLy4 parametrization [54].

The proton (p,,) and neutron (p,) density distributions of
the axially symmetric deformed nucleus are expressed in the
two-parameter Fermi shape,

Loi
1 4 exp (—’7R"(9)) ’

ai

pi(r,0) =

R(@®) =Rou|1+ Y BXO)|. i=pn (3
k=2,3,4,6

The radius R(; and diffuseness a; parameters represent the
set of radial distribution parameters, while B; represent the
angular parameters of the distribution, which together deter-
mine the size and shape of the deformed distribution. The full
quadrupole (k = 2), octupole (k = 3), hexadecapole (k = 4),
and hexacontatetrapole (k = 6) deformations [55] are consid-
ered to account for accurate nuclear shapes. py; in Eq. (3)
defines the central density of the distribution, calculated by
normalization to the total number of particles. The defor-
mation parameters are obtained from the FRDM(2012) mass
table [55].
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The kinetic (t;—,,) and radial density [p;(r)] distributions
of protons and neutrons of the involved o and daughter nuclei
have been obtained by the self-consistent Hartree-Fock (HF)
calculations based on the Skyrme-SLy4 NN interaction, by the
sum over the included single-particle states, adding the pairing
and shell corrections to the kinetic, nuclear, and Coulomb
terms in Eq. (2) [56,57]:

7(r) = Z V! (7, U)|2”ﬂw
Bi

i @
,Oi:p(n)(r) = E |§0IZ(?’ O)| nﬁi‘
Bi

Here, ¢! (7, o) and ng, represent the single-particle wave
functions and the corresponding occupation numbers, respec-
tively, given in terms of the orbital (£) and spin (o) quantum
numbers, 8 = (¢, o). The pairing correction is considered by
the Bardeen-Cooper-Schrieffer (BCS) method, using a con-
stant gap approximation [57]. The pairing energy functional is
schematically expressed as a function of the constant pairing
matrix elements (G;) as

Hp,iy = — Z G; Z,/nﬁ(l —nﬁ) ,

i=p,n Bei

with the occupation weights are given in connection with the
pairing gap (A;) and the Fermi energy (er;) as

1 1 €p €ri
ng=—=|1- .
) V(€g —€ri)?* + A?
Considering constant force of pairing, A; and e€p; are

determined simultaneously using the particle number re-
striction (N; = ) 4., ng) and the gap function (A;/G;=

» pei v/ pl1 — ngl). The pairing gap can be also parametrized
by an average pairing gap A= 11.2/+/A MeV, which is ac-
ceptable for all known nuclei. While the occupation weight is
unity for completely filled shells, it is determined for the par-
tially filled shells by the adopted pairing scheme. The radius
and diffuseness parameters of the density distributions of the
different nuclei across the nuclear chart, which obtained from
the self-consistent Skyrme (SLy4) HF 4 BCS calculations,
had been expressed in the simple form [56]

Ron(fm) = 0.953N'/3 4+0.015Z 4 0.774,
Rop(fm) = 1.322Z'7 + 0.007N + 0.022,
an(fm) = 0.072(N/Z) + 0.446,
a,(fm) = 0.071(Z/N) + 0.449.

&)

The spin J; and parity n; of the parent (i = P) and daughter
(i = D) nuclei are crucial in the «-decay study, especially in
the present study as we investigate o decay from isomeric
states, which often exhibit various and high spin values. The
angular momentum / carried by the « particle can takes values
in the range |Jp — Jp| < I < |Jp + Jp| such that the parity
conservation condition is satisfied, 7p = 7p(—1)". Based on
the principle of least action, the emitted « particle preferably
carries the minimum allowed angular momentum, typically

one of two values: [ = |Jp — Jp|orl = |Jp — Jp| + 1, accord-
ing to the conservation of parity requirement [58].

The Wentzel-Kramers—Brillouin (WKB) approximation
can be considered to deal with the o decay as a tunneling
process [59]. The o particle is supposed to relocate from
the inner pocket region, between the first two turning points
R(#) and R,(0), of the o + core interaction potential to
the Coulomb barrier region, between R,(6) and R3, with an
assault frequency given by

() = /RZ(Q)Z—“dR _1. (6)
@) TR, 0)

The orientation-dependent penetrability P(6) of the « par-
ticle through the Coulomb barrier is then given by

R3
P) = exp|:—2/ k(R, 9)dR:|. @)
R

2(6)

The wave number k(R, 6) = [2u|Vr(r, 0) — Qq|/H*1"/? is
defined in terms of the reduced mass u and the Q, value of
the decay. The turning points R;(0) are the solutions of the
equation Vr(R, 8) = Q,. The third turning point R3 can be
completely determined by the interacting total charges and
the Q, value, where it lies within the extreme outer region of
the interaction potential, and thus it does not show orientation
dependence [60,61]. For fission and cluster decays with emit-
ted nuclei heavier than an « particle, and for fusion reactions
as well, it is better to calculate the penetration probability in
terms of the inertia tensor instead of the reduced mass, to
account more precisely for the mass transfer and dynamics
through the r-dependent inertia. The nuclear inertia tensor
can be obtained using the microscopic cranking model [62],
or by the classical Werner-Wheeler approximation in terms
of the internuclear separation distance and the radius of the
light fragment [63]. Adopting the distance between the two
fragments as deformation coordinate, the effective mass and
the reduced mass become the same at the touching point [62].
The small size of the « particle allows the correct use of the
reduced mass in calculating the penetrability.

The a-decay width I is then mainly determined by averag-
ing over orientation of the product of assault frequency v(6)
and the penetration probability P(6),

= %/ﬂ v(0)P(6)sin (0)d6. ®)
0

Finally, the partial half-life time (7;) of a given nucleus
against an « decay can be obtained in terms of the calculated
decay width I' and the preformation probability S, as
_In2
s, T

T, €))

The preformation probability of the alpha cluster inside
the parent nucleus can be then estimated by comparing the
calculated half-life using Eq. (9), without considering S, , with
the experimental partial half-life (7, **"),

_ TOtCalc (without S,)

S, a T aexpt

10)

024308-3



W. M. SEIF AND A. R. ABDULGHANY

PHYSICAL REVIEW C 108, 024308 (2023)

102

106

103
1

Ty/2 (iso/gs)
e

103 107 111 115 N 119 123 127 131

Ty, (iso/gs)

81 83 85 7 87 89 91 93

FIG. 1. The comparative half-lives Ty »(iso/gs) =
T1/2(is0)/Ty/2(gs) of the isomeric states for (a) the isotopes of
Bi, Po, and At isotopes and for (b) the isotones of N = 115, 126,
127 and 128 relative to their ground states.

III. RESULTS AND DISCUSSION

A total of 292 isomers have been observed between the
elements lead (Pb) and uranium (U) in the nuclear chart,
spanning from "8"Pb (J™ = 13/2F) to 2°U(5/2"). These iso-
mers includes 78 even(Z)-odd(X), 77 even-even, 70 odd-odd,
and 67 odd-even isomers, with relatively more participation
of paired protons. Most of the observed isomers in this region
of nuclear chart are those of g3Bi (57 isomers) and g,Pb (55
isomers), followed by those of gsAt (36 isomers), g4Po (34
isomers), and g7Fr (32 isomers). In terms of neutron numbers,
the highest number of isomers are observed in the isotones
with neutron numbers N = 126 (24 isomers), N = 127 (19
isomers), and N = 124 (14 isomers). The most stable among
these isomers are 2'Bi” (97, T, = 3.04 My), **Pb"
(9, 66.93 min), and >*'Bi” (1/2F, 57.50 min). Relative to
their respective ground states (gs), the most stable isomers are
210Bi™ [9=, Ty a(iso/gs) = 2.2 x 108], 21 At" (49/2F, 360),
and 2!"Po™ (49/2%, 48.8). The highest-spin isomeric states
are observed for “Fr? (337, E =6.675MeV, T =
108 ns), 2BFr? (65/27, 8.095MeV, 3.10 us) and
2IRn"  (63/27, 8.855MeV, 201ns). Furthermore,
the highest-spin isomeric states observed in the most
stable isomers relative to their ground states are 2'3At"
(49/2%, E =2.926 MeV, Tijp =45 us, Tip(iso/gs) =
360), 217 Ac™ (29/2%F, 2.012 MeV, 740 ns, 10.7) and 2!'Po™
(25/2%, 1.462MeV, 2525, 48.8). It is worth noting that
approximately 60% of the high-spin isomers with angular
momentum J > 17h are observed for N = 126 £ 1.
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FIG. 2. The decimal logarithm of the partial half-life time
(log,, Ti,) for the observed favored (/, = 0) and unfavored [/in (0t) =
5h, 8] a-decay modes from (a) the ground states and from (b) the
isomeric states of the investigated translead nuclei from Pb to U as
function of (Q;")"/2.

The half-lives of the observed translead isomers relative
to their ground-state half-lives, 7;,(iso/gs), are displayed for
the isotopes of Bi, Po, and At in Fig. 1(a), and for the isotones
of N =115, 126, 127, and 128 in Fig. 1(b). While the total
half-life 77, reflects the overall stability of the nucleus, pri-
marily influenced by its mass excess, pairing effects, and shell
effects, Ti,(iso/gs) will help to scrutinize the parameters that
merely affect the stability of the isomeric states. Figures 1(a)
and 1(b) respectively show the principle role of the single
v2gly o+ neutron (N = 127) and that of the single proton
wlh'y /2~ (Z =83), outside the doubly magic Pb core, in
enhancing the stability of the observed translead isomers. As
seen in Fig. 1(a), among the identified Bi and At isomers with
Ti,2(iso) greater than or equal to 7;,>(gs), there are 11 odd-N
isomers and only 3 even-N isomers, and all of these are At
isomers. This suggests that the presence of unpaired neutrons
increases the stability of isomers with an unpaired proton.
Similarly, the presence of an unpaired neutron also enhances
the stability of isomers with an even number of protons. In
general, among the identified isomers with T, (iso/gs) > 1,
there are 18 odd(Z)-odd(N) isomers, 8 even-odd isomers, only
4 odd-even isomers, and a single even-even isomer.

In pursuit of our main objective, the current study focuses
on investigating the «-decay modes from the isomeric states
of nuclei within the aforementioned translead region. A total
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of 105 a-decay modes from 70 isomers of 62 nuclei, ranging
from 18827 Pb;p5 to 29128U126, will be compared with their cor-
responding 81 decays from ground states. These represent
the well-defined w-decay modes observed from the afore-
mentioned isomers [64,65]. Figures 2(a) and 2(b) show the
partial half-life time against « decay for the decay modes
from ground states and from isomeric states, respectively, as
functions of (Q;")!/2, for all decay modes under study. For
these decays, the minimum allowed orbital angular momen-
tum (Ii,) transferred by the emitted o particle, to conserve
the angular momentum and parity, is 07 for the favored decays
from 58 ground states and 60 isomeric states. According to
the spin-parity assignments of the parent and daughter states
involved in each decay mode, /., reaches 57 for the decays
from the ground states of 18%19%195Bj (J7 = 9/27), 212Bi(17),
21po(9/21), 212At(17), 2"*Fr(17), and 2'®Ac(17). For decays
from isomeric states, /.y, reaches 117 for the decays from
HTAC™(29/27) to 21*Fr(9/2~ and 7/27). As seen in Fig. 2,
the observed log,, 7;, for the decay modes from both the
ground states [Fig. 2(a)] and isomeric states [Fig. 2(b)] tend
to increase linearly with (Q;l)l/ 2 with distinctive charac-
teristic lines corresponding to different values of [,;,. Such
characteristic lines can be employed to estimate the unknown
spin-parity assignment of a given nuclear state based on its
observed half-life time. In general, the half-life times tend to
increase as the transferred angular momentum increases.

Twenty-one of the investigated translead nuclei, which
possess well-defined a-decay modes, exhibit longer-lived iso-
mers compared with their ground states. The o-decay modes
of these nuclei, from their ground and isomeric states, are
presented in Table 1. The first seven columns of Table I
respectively identify the parent P and daughter D nuclei,
the spin and parity J™ of the states involved in the decay
process, the minimum allowed value of the orbital angu-
lar momentum transferred by the emitted « particle (/i)
for angular-momentum conservation, and the energy of the
involved states. Different isomers of the same nucleus are
distinguished by the upper suffixes m and n [66]. The released
energy O, (MeV) [64,65] in the decay is presented in column
8, taking into account the energy of the involved states. The
total half-life time Tle/"zpt (s) of the nucleus and of its isomer(s),
the intensity I,(%) of the decay mode [64,66] and its cor-
responding partial half-life time 7, ™ are listed in columns
9-11, respectively. Column 12 displays the ratio of the par-
tial 7" of the isomeric decay mode to its corresponding
77" (gs). The deduced preformation probabilities Sg** that
are listed in the last column, are obtained using Eq. (10) in
terms of the experimental partial half-life time and that calcu-
lated in the present work [Eq. (9)] without considering S, . The
uncertainties in Q, that are used to calculate T}, and in 7",
are taken into account in determining the uncertainty of the
estimated values of S,,. The details of the o-decay modes for
the investigated isomers that exhibit slightly shorter half-lives
compared with their ground states [0.1 < 7j,(iso/gs) < 1]
are listed in Table II. Table III presents information and calcu-
lations related to the o decays of the significantly less stable
isomers under study, with 7; > (iso/gs) < 0.1.

The most stable known isomers are '‘$9Ta”(J" =
97, Tijp > 7.15 Py) in the transtin region and the translead

219Bi"(9~, Ty, = 3.04 My), which have significantly longer
half-lives compared with their respective ground-state nu-
clei, "9Ta(1*, 8.154 h) and 2'Bi(1~, 5.012 d) [64].
20Bi possesses a single valence proton (T(lhlg/zf) and
single valence neutron (v2g19/2+) outside a doubly magic
208pb core. With this (T[lhlg/z* ®v2g19/2+) configuration
for this nucleus, the 1~ ground state is observed, instead
of the expected O~ state that appeared next to it with
E =46.059keV and Ty, <3 ns [64]. The long-lived 9~
(271.31 keV) isomeric state is observed as the third en-
ergy level of 2'°Bi. Similar coupling between the single
valence proton (7 1h'y ,2-) and a valence unpaired neutron
is also observed in relatively more stable isomers such as
BB [107 (mlh'y @ v1i®i3)5+), Tijp(iso/gs) = 4.417],
HOBi™ [37 (w1hlg)y- Q128790+ ), 2.933], *Bi” [6T, 7T
(wlhly- @vli'l 3 04), 1.316], *Bi" [107 (wlhly),-
Qvli'l 350, 1.211], 2Bi" [10™ (w1h'g)- @ v1i%13/24),
1.145], and 'Bi" [7T (wlh'g, @v3p's), 1.127],
and in the relatively less stable isomers such as '*°Bi"
[10~ (1hlyy @ v1iT15,5+), 0.984], 2OBi” [2F (w1hly),-
Qv3py+), 0.852], OBi" [10™ (w1h'y, @ vli'?y5),0),
0.780], and *"*Bi" [9~ (1h'y;,- @ v2g%5+), 0.413]. Ad-
ditionally, there are fifteen observed (odd-N) Bi isomers
with 107! < Ti>(iso/gs) < 0.2. Regarding the Bi isomers
with paired neutrons, 31 (even-N) Bi isomers have been
observed, among which are the relatively more stable
195,197,199,201Bim [1/2+’ T[/z(iSO/gS) 2 05]’ 187,189,191,193Bim
[1/2F, 0.001 < Ty (iso/gs) < 0.05], 21°Bi™ (25/27, 0.08),
and 2PBi" (25/27, 0.06) isomers. The occurrence of
the 1/2% state in ten Bi isomers suggests a possible
(r1h?y & 357 /o+) proton configuration, where a proton
pair in the 73s;,,+ state may be split, with the promotion
of one of the protons to occupy a vacancy in the m1hg,,-
orbital, leaving an excited 3s;,+ state with a hole. Such a
scenario has been suggested to explain certain nuclear ground
states [67].

In addition to the isomer 2'°Bi”, the role of a single va-
lence neutron (v2g'y /o+) outside the closed shell N = 126
is also evident in the relatively more stable isomer 2!'Po™
[25/27 (m1h%g;5- @ v2g'95+), Tija(iso/gs) = 48.837] com-
pared with its ground state. The high spin value of 25/27
can be attributed to the (1h%y,,- @ v2g'y,+) configura-
tion, via stretching the protons pair in the m1h%, /- orbital
to have spin 84. This is analogous to the high spin state
of 2'"'Bi"(25/27), which occurs with (7 1h'g - ® v2g% 2+)
configuration [68]. In addition to « decay, the high-spin state
of the spin-gap isomer 2!''Po™ (25/2", E = 1.462 MeV) can
decay to lower observed states of 17/2% (E = 1.428 MeV),
15/2"7 (1.459 MeV), or 15/2~ (1.065 MeV) states through
E4, M5, or ES y transitions, respectively. The lower 23/ 2+,
21/2%, and 19/2% states, which could be more readily
connected to the 15/2% state via M1, E2, or M3 tran-
sitions, are not observed in 2''Po. That is why 2!'Po”
(25/2") is classified as a spin-gap isomer that does not
exhibit y transitions of low spin change [69]. Further-
more, the same neutron state (v2g'q /2+) is coupled with the
unpaired 7z 119 - proton, resulting in the formation of isomers
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such as 2'°Ac™ [97 (w1h7g;- @ v2g'9)5+), Tipa(isolgs) =
1.002], *MFr" [8~ (w1h’g,- @v2g'g,+), 0.670], and
RA (97 (w1 @128 0+), 0.379]. Additionally,
there are relatively less stable isomers including 2!At"
(257), 2MFr" (111), and >'™Fr? (33%), all of which exhibit
Ti2(iso/gs) values less than 0.001. Similar phenomena are
observed in isomers with paired protons, such as 2!"Th"
[25/27, Ti2(iso/gs) = 0.287], and the highly spin isomers of
2Hlponr (31727, 43/27), 2B3Rn™"P (25/27, 31727, 55/27),
25Rp™™P (25/27,29/27,43/27), and 2" Th™ (15/27), all of
which exhibit 7j > (iso/gs) values ranging from 1077 to 1073.

The presence of the unpaired valence eighty-fifth
proton (n1h39/27) plays a significant role in the relatively

higher stability of several isotopes, such as !22At™
(O, 107 (wlhdg, @vli’y5,0)Ti a(is0/gs) = 7.652],
PIAC" (7727 (w1l @v1i®y50+),  1.048], A"
97, 107 (mlhy @vl1i®3+), 1.129], and MAt"

[9~ (n1h39/27®v2g39/2+), 1.362]. This proton couples
with the single v1i7j35+, v1i%3/+, and v2g%»+ neutrons
in 12At", 4At", and 2'“At", respectively. The coupling
between the valence proton mlhg,- (w2f'7,- [69])
and the v2§9/2+ neutron results in the observation of
negative-parity states ranging from 0~ to 9~ for 2!*At, except
57 state, within a narrow energy range. Furthermore, the
1/2" state is observed as a stable isomeric state in 7 At™
[(1/2%, Ti2(iso/gs) = 5.249], as well as the less stable
isomers 'PAt" (1/2%, 0.045) and °'At™ (1/2F, 0.0005),
and as the ground states of 191193195 At, and the low-lying state
of 201-23 At This can be attributed to a (77 1k - @ 357" /5+)
proton configuration rather than n1h39/2-, as explained
earlier for the odd-A Bi”(1/2%) isomers. Additionally, the
observation of ' At" (13/2%, 0.966), 7 At™ (13/2%, 1079),
A" (13/2F, 107%), A" (7/27, 0.724), and 'S At"
(7/27, 0.493) suggests the promotion of the unpaired
proton in the n1h39/27 orbital to the vacant mlij3/,+
(w2f7/,-) orbitals. The coupling between the valence
proton state (n1h39/27, n1i113/2+, or 712f17/27) and
the valence neutron state (v3p13/27 or vlij3pn+) leads
to the presence of various isomers such as 2%0At”
[7*, Tip(iso/gs) = 1.093], 22At™ (7+, 0.989), 2'°At"
(9-, 0.333), 8A¢™ (71, 0.280), 2PAt" (10~, 0.081),
and 22At" (10—, 0.003), as well as the relatively less
stable isomers 'At™"(5%, 107) and 20420°At"(107). In
addition to the observation of the relatively more stable
BA[49/2Y (w1 @ v2g%0+ ), Tipa(isolgs) = 3601,
other high-spin At (even-N) isomers with less relative
stability have been observed, namely !9%:201.205.209 p¢m.n.p
(29/2%), 27 At™ (25/21), 2'TAE™ (39/27), as well as 2B At
(167), 20At™" (15—, 19T), and 2'2At” (257), which exhibit
both unpaired neutron and unpaired proton configurations.
The coupling of the unpaired eighty-seventh proton
in the n1h59/2- orbital with an wunpaired neutron
contributes to the stability of the observed isomers
ME 87, 97 (mlhdgy ®v2g%0),  Tipliso/gs) =
21.9001, *®Fr" [107 (w1hg, @vli'?5,0), 3.878],
MO 97 (wlhgy @128 ,),  1.214],  MFr"

7t (wlhg, ®@v3p*s-),  1.053],  and  %Fr”

(77 (w1hg- @v2f's/,-), 1.000], which show longer
or comparable half-lives relative to their ground states.
The coupling between the valence w1k’ s>~ proton and
another valence neutron also appears in the isomers
202,204.208Frm,n(10—)’ 216Frn(3—)’ and 212,214Frm.n (] 1+)’
which are less stable than their ground states. Additionally,
the valence 7 1/, /o- proton promotes to another orbital in
the isomers '""?Fr"(7/27) and 201.203.205Fpmn(1 /2% 13 /27),
which exhibit 7j,,(iso/gs) values less than 1. Within the
excitation energy range up to 3.068 MeV, 2Fr exhibits
multiple stable states with half-lives of nanoseconds, with
spins of 9/27(gs), 13/2%, 17/27, 15/27, 19/2~, 23/27,
27/27,29/2%,33/2%,33/27, and 39/2~ [64]. Furthermore,
other high-spin Fr isomers with relatively lower stability
have been also observed, such as Z22Fr*P(15~, 277),
209Frm(45/27), 2 Er™(29/2%F, 45/27), and 2PBPFr™(21/27,
29/2%), as well as the highest-spin isomers 2'*Fr”(33%)
and 2*Fr?(65/27). For instance, the 29/2% state of the
odd-A Fr isomers can be attributed to the 7T1h49/2®i 132
configuration, with a single proton in the 1i;3/, orbital and
coupling of two protons in lhg/, orbital to spin eight [69],
with a typical ground-state configuration of paired neutrons.

The obtained values of spectroscopic preformation fac-
tor S5 that indicates the a-preformation probability ranges
from 0.0003 [>'3Fr"(97)] to 0.417 ['7Bi™(1/2")], with an
average value of 0.068, for the favored decays of all inves-
tigated isomers. Less values within the range from 0.0006
[*1°Bi(17)] to 0.227 ["Fr(1/2%)], with an average value of
0.051, are obtained for the corresponding decays of the same
nuclei in their ground states. The isomeric states then indi-
cate larger a-preformation probability than ground states. For
the investigated unfavored decays, Sg™" lies between 10~!!
[29Bi"(97)— 20TI(17), lmin = 10] and 0.129 [>'?Po™(87)],
with an average value of 0.006, for the isomeric states, and
between 107> [2"*Fr(17)] and 0.025 [*'Th(0")], with an av-
erage value of 0.006, for the nuclei in ground states. While
the maximum transferred angular momentum of the unfa-
vored decay modes of the investigated isomers is [y, = 11
PY7Ac" (29/2%)— 23Fr (9/27, 7/27)], that of nuclei in
ground-states is five, which lowers the indicated preformation
probability inside isomers for unfavored decays. Figure 3(a)
displays the estimated preformation probability for the differ-
ent decay modes of Bi isotopes, in their ground and isomeric
states, as function of the energy of the parent Bi state. The
obtained values of S, presented in Tables I, II and III, and in
Fig. 3(a), indicated that the favored decays from the isomeric
states yield larger preformation probability than ground states.
The unfavored decay modes from the isomeric states indicate
the smallest preformation probabilities, due to the higher val-
ues of the transferred angular momentum by the emitted o
particle in such decays.

The favored decays from the investigated isomers can be
classified into two categories, namely, the decays in which
the isomeric state is of higher energy than the state of the
daughter nucleus (32 decays) and decays from lower- to
higher-energy state (28 decays). While the former decays
(Ep > Ep) yield preformation probability within the range
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FIG. 3. The preformation probability S as extracted from the
TP and T, (without S,) for (a) the decay modes of Bi isotopes, in
ground and isomeric states, against the energy of the parent state, and
for (b) the favored and unfavored decay modes of Bi and At isomers,
against the difference in energy between parent and daughter energy
states. (c) S for the unfavored decays of Bi and At isomers, versus
the minimum transfer of the orbital angular momentum, carried
by the emitted o particle, according to the conservation of angular
momentum.

from 0.007 to 0.417, the latter (Ep < Ep) indicate lower-
values range from 10~ to 0.287. On the contrary, the former
exhibit lower-values range of T, (iso/gs) range, from 107°
to 4.2, than the latter that shows a range from 0.02 to 418.
The corresponding favored decays from the ground states of
the same nuclei yield a range of S, from 0.005 to 0.227.
The favored ground-state decays corresponding to fifteen of
the investigated isomeric states with Ep < Ep take place to
excited states of daughter nuclei. Such ground-state decays
indicate preformation probability range from 0.001 to 0.154.

The isomers of excitation energy lower than their daughter
nuclei then indicate less preformation probability and larger
T, (iso/gs) values than the isomers of higher excitation energy
than their daughters.

On the other hand, the unfavored decays from the studied
isomers can be divided into four sets, namely, the decays of
Ep > Ep without (24 decays) or with (12) a change in parity,
and those of Ep < Ep without (7) or with (2) parity change.
These decay types yield an average (maximum) preforma-
tion probability of about 0.0090 (0.1285), 0.0012 (0.0046),
0.0020 (0.0041), and 0.0019 (0.0028), respectively, taking
into consideration that the last type appears only in two decay
modes. Excluding the extreme large value of T, (iso/gs) = 103
of the decay mode [*!°Bi”(97)— 2%°TI(17)], the correspond-
ing average values of T, (iso/gs) for the same sets are about
1439, 1028, 569, and 69, respectively. The larger preforma-
tion probability for the unfavored decays of isomers appears
then for those keep the parity unchanged. All the isomers of
Ti,2(iso/gs) < 0.001 decay to daughter states of less energy,
and the unfavored decays among them do not change par-
ity. One of the key factors influencing both the preformation
probability and the half-life against a given decay mode is the
orbital angular momentum [, carried by the emitted « particle.
Figure 3(b) displays the extracted preformation probability for
favored and unfavored decay modes of the Bi and At isomers,
as a function of the difference in energy (Ep — Ep) between
the parent and daughter states among them the decay modes
take places. The same quantity is displayed in Fig. 3(c) for
the unfavored decays of Bi and At isomers, as a function of
the minimum angular momentum /y,;, allowed for the emitted
o particle. As seen in Fig. 3(b), the estimated preformation
probability tends to increase with increasing the difference of
energy, Ep — Ep. Increasing the minimum required value of
angular momentum indicates less preformation probability, as
clearly seen in Fig. 3(c). This is why many isomers of high
spin exhibit more relative stability than their ground states,
either generally or against certain decay modes, as described
above for 2'°Bi”(97) and 2!'Po™(25/2").

IV. SUMMARY AND CONCLUSIONS

The most appearing isomers among the observed 292
translead isomers from 187Pb(13/2+) to 239U(5/2+) are
those of Bi and Pb, which contribute with 57 and 55 iso-
mers, respectively. The most appearing isotones are those
of N = 126 (24 isomers) and N = 127 (19 isomers). >'°Bi"
(97, Tijp = 3.04 My), *Pb" (97, 67.93 min), and **'Bi"
(1/2%, 57.50 min) are the most stable translead isomers.
210Bi™ [(97, Tjja(iso/gs) = 2.2 x 108] is also the most stable
isomer relative to its ground state, then 2'>At” (49/2%, 360)
and 2!"Po™ (49/2%, 48.8). The highest-spin appear for the
24ErP (331), 23Fr? (65/27), and 2'Rn" (63/27) isomers.
The isotones of N = 126 + 1 contribute about 60% of the ob-
served isomers of high spin >17/. We have used the relative
values of the total T, (iso/gs) and « decay T, (iso/gs) half-life
of the isomer relative to its ground-state half-life, to scrutinize
the factors that merely influence the stability of the isomeric
state, far away that determine the absolute stability of the
nucleus. Both the single valence Z = 83 proton and N = 127
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neutron, outside the doubly magic Pb core, were indicated to
play a main role in enhancing the stability of the translead
isomers, either they remain in their original nlh'9/2- and
v2gy o+ orbitals or when they promote to another orbital.
The promotion or coupling of the unpaired valence 85th
(r1h3y /»-) and 87th (ﬂlhsg/zf) protons similarly contribute
to the relatively stable At and Fr isomers, respectively. The
presence of an unpaired neutron is found to increase the sta-
bility of the isomer, relative to its corresponding ground-state
nucleus, either when it leaves its original orbital to another
one or when it couples with a single valence proton. In many
cases, a proton (neutron) pair may decouple with promotion
of one of them to a vacancy in other orbital, leaving excited
state with a hole. The high-spin of spin-gap isomers can be
attributed to stretching two protons (neutrons) to have large
spin, which couples in turn with a single valence proton
(neutron).

We investigated 105 o-decay modes of 70 isomers from
87ph(13/2%) to 2'8U(8*), and compared them with their
corresponding ground-state decays. log;, 7, of the different
a decay of isomers, as well as of their corresponding ground
states, are found to increase linearly with (Q;!)!/?, yielding
distinguishable characteristic lines for the different values
of liin, which would help to estimate unknown spin-parity
assignments. Increasing /, of a given decay mode increases

its corresponding half-life. For the favored decay modes, the
isomeric states tend to indicate larger o-preformation prob-
ability than their corresponding ground states. The favored
decay modes from higher isomeric state to lower energy state
of daughter nuclei indicate larger S, and lower T, (iso/gs)
than those from lower to higher-energy states. The key factors
influencing both the preformation probability and the half-life
against a given decay mode are the orbital angular momentum
needed to be carried by the emitted o« particle and the parity
of the involved states. Larger values of I, appear in the de-
cays of isomers to low-lying energy states of daughter nuclei,
which indicate less preformation probability in isomers for
unfavored decays. This is the reason why many isomers of
high spin are relatively more stable than their corresponding
ground states. Moreover, the unfavored decays involving a
change in parity from the parent to daughter nuclei exhibit
less preformation probability relative to those keep the parity
unchanged. Increasing the difference in energy between the
parent and daughter states tend to indicate larger preformation
probability. The smallest 7, (iso/gs) for the unfavored decays
of isomers are indicated for those from lower Ep to higher
Ep energy state of opposite parity. Understanding such corre-
lations between nuclear structure and the stability of isomers
builds a basis towards the optimal benefit of nuclear isomers
as a form of energy storage.
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