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HIGHLIGHTS

e Cluster radioactivity in superheavy nuclei is a quantum tunneling process and a probe of underlying nuclear structure.
e Increase in neutron number enhances the probability of heavy cluster emission while suppressing light cluster channels.
e Decay modes occur when emitted cluster and residual daughter nucleus approach magic or near-magic configurations.

ABSTRACT

This work systematically investigates the cluster radioactivity of superheavy parent
nuclei 267:270:27L.272.2TA Y (7 — 1(7) and 268:269:270.2TL.27T2[g (7 — 108) within a binary
decay model. We consider a wide range of emitted clusters, including %He, '*C, %200,
2, 22,24.2526N¢  28,29.30\[g and 32:34Si, along with their corresponding daughter nuclei.
Using the Wentzel-Kramers-Brillouin (WKB) approximation, we compute @-values,
interaction barriers, driving potentials (V — @), barrier penetrabilities, decay constants
A, and half-lives for all energetically allowed (Q > 0) clusterdaughter combinations. From
the full set of possible emissions, we identify the most probable clusters based on the
largest )-values and significant penetrabilities. The resulting half-lives are tabulated
and analyzed as a function of parent mass number, revealing systematic trends that
underscore the dominant role of nuclear shell effects in determining favored cluster
emissions. Our calculations provide a comprehensive data set on the decay properties
of superheavy isotopes for Z = 107 and Z = 108 and mass region A = 267274,
offering valuable insights into their stability and the underlying mechanisms of cluster
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1 Introduction

The first insights into the structure of the atomic nucleus
were obtained at the beginning of the twentieth century
through the study of radioactivity, following the pioneer-
ing discovery by Becquerel. For a long period, nuclear de-
cay phenomena were believed to be limited to only three
fundamental modes, namely a decay, 5 decay, and v emis-
sion. This conventional picture of nuclear disintegration
prevailed until theoretical advances suggested the possi-
bility of more exotic decay channels.

In 1980, Sandulescu, Poenaru, and Greiner theoret-
ically predicted the existence of a new type of nuclear
decay lying intermediate between a decay and sponta-
neous fission, based on macroscopicmicroscopic consid-
erations (Sandulescu et al., 1980). This decay mode,
later termed cluster radioactivity, was experimentally con-
firmed in 1984 when Rose and Jones observed the emission
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of a 11C nucleus from ?23Ra for the first time (Rose and
Jones, 1984). This groundbreaking discovery opened a
new field in nuclear physics and established cluster emis-
sion as a genuine decay mode of heavy nuclei.

Subsequent experimental and theoretical investiga-
tions revealed the emission of various clusters from differ-
ent parent nuclei, particularly in the trans-lead and heav-
ier regions of the nuclear chart. To date, the emission
of clusters ranging from *C up to 34Si and even heavier
fragments has been confirmed for several parent nuclei.
These observations demonstrated that cluster radioactiv-
ity is not an isolated phenomenon but a systematic decay
process governed by nuclear structure effects (Gales et al.,
1984; Poenaru and Greiner, 2010a,b; Poenaru et al., 2012).

From a theoretical standpoint, cluster radioactivity is
analogous to « decay and is described as a quantum tun-
neling process. In order to be emitted, the preformed
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cluster must penetrate a potential barrier generated by
the interplay of Coulomb, nuclear, and centrifugal inter-
actions. One of the primary objectives in this domain is
the accurate calculation of cluster decay half-lives. For
computational simplicity, many models assume spherical
shapes for the daughter and cluster nuclei, or consider ax-
ial quadrupole or ellipsoidal deformations for one of the
fragments. A widely used and successful approach for
half-life calculations is the one-dimensional WKB approx-
imation, in which the decay probability is highly sensitive
to the height and width of the effective potential barrier
(Soylu et al., 2012; Pahlavani and Shamami, 2020).

The effective interaction potential plays a crucial role
in determining decay half-lives. It is generally constructed
as a sum of the Coulomb, nuclear, and centrifugal poten-
tials. By employing suitable nuclear interaction poten-
tials and incorporating additional physical effects such as
nuclear deformation, temperature dependence, and shell
corrections, the predictive power of half-life calculations
can be significantly improved. These refinements have
enabled systematic studies of cluster decay and fission-
related processes in heavy and superheavy nuclei (San-
thosh and Joseph, 2004; Zhang et al., 2016; Wei and
Zhang, 2020).

Beyond conventional binary fission, heavy nuclei may
also undergo more complex decay processes. Under cer-
tain conditions, the parent nucleus can split into three
fragments simultaneously, giving rise to ternary fission:
In this decay mode, two heavy fragments are accompa-
nied by the emission of a lighter cluster, which may be
emitted in equatorial or collinear geometrical configura-
tions. Ternary fission can be regarded as a natural exten-
sion of binary fission and cluster radioactivity, reflecting
the collective dynamics of highly deformed nuclear sys-
tems. Recent theoretical studies have demonstrated that
cluster-accompanied ternary fission is energetically feasi-
ble for specificactinide nuclei and fragment combinations,
with shell effects and fragment geometry playing a decisive
role (Warda et al., 2018).

In this context, systematic investigations of ternary
fission in heavy nuclei such as 24*Cf and 2**Fm have pro-
vided valuable insights into the influence of fragment mass
asymmetry, nuclear deformation, and emission geometry
on decay characteristics. Detailed comparisons between
equatorial and collinear configurations, as well as anal-
yses of light and heavy isobaric fragment combinations,
have highlighted the importance of nuclear structure ef-
fects in determining the most probable ternary fission
pathways (Pahlavani and Babi, 2024, 2025; Pahlavani and
Saeidi Babi, 2025; Pahlavani and Saeidibabi, 2025). These
studies emphasize that ternary fission represents a rich
and complementary decay mode that bridges cluster ra-
dioactivity and spontaneous fission, offering a deeper un-
derstanding of multi-fragment decay mechanisms in heavy
and superheavy nuclei.

Motivated by the ongoing interest in exotic decay
modes and the need for reliable theoretical predictions in
the superheavy mass region, the present work focuses on
the calculation of cluster decay half-lives for superheavy
parent nuclei with proton numbers Z = 107-108 and mass
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numbers A = 267-274. These nuclei lie in a region where
strong Coulomb repulsion, shell effects, and deformation
play a decisive role in determining decay characteristics.
Within this framework, cluster emission is treated as a
quantum tunneling process, and the decay half-lives are
evaluated using a one-dimensional WKB approximation
combined with an effective interaction potential consisting
of Coulomb, nuclear, and centrifugal terms. By systemati-
cally investigating different clusterdaughter combinations,
the present study aims to elucidate the role of nuclear
structure effects on the stability and decay properties of
superheavy nuclei.

The present study considers a representative set
of emitted clusters, namely SHe, 4C, 18200, 23F,
22,24.25,26 N, 28,29.30Mg and 3234Si. These clusters were
selected from the energetically allowed decay channels
(Q > 0) to provide a systematic investigation of cluster
radioactivity over a broad range of cluster masses. This
representative set enables the study of the dependence of
cluster decay properties on the emitted cluster mass and
the associated nuclear structure effects in the superheavy
region.

The organization of the paper is as follows. In Sec. 2,
the theoretical framework and computational methodol-
ogy employed for the calculation of cluster decay half-lives
are presented, including the formulation of the interaction
potential and the WKB penetration probability. Section 3
is devoted to the presentation and discussion of the numer-
ical results, where the calculated half-lives are analyzed in
relation to cluster mass, decay @-values, and shell effects
of the daughter nuclei. Finally, the main conclusions of
the present study are summarized in Sec. 4.

2 Theoretical methods of calculations

Binary cluster decay is treated as a two—body quantum
tunneling process in which the parent nucleus (Z,, 4,)
decays into a daughter nucleus (Z;, A4) and a preformed
cluster (Z.,A.). Here, Z and A denote the proton
(atomic) number and mass number, respectively, while the
subscripts p, d, and c refer to the parent nucleus, daugh-
ter nucleus, and emitted cluster. The decay is governed
by the total interaction potential and the tunneling prob-
ability obtained using the WKB approximation.

2.1 Q-value

The decay energy is
Q= M, — (Mq+ M), (1)

where only channels with @ > 0 are considered. The
quantity @) represents the energy released during the de-
cay process, while M, My, and M, are the mass excesses
of the parent nucleus, daughter nucleus, and emitted clus-
ter, respectively. The mass excess values were taken from
the AME2020 atomic mass evaluation (Wang et al., 2021).
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2.2 Total Interaction Potential

In this work, the total potential is
Vi(r) =Ve(r) + Uaw(r) + Vi(r), (2)

where V(r) is the total interaction potential between the
daughter nucleus and the emitted cluster as a function
of the center-to-center separation distance r. V¢ is the
Coulomb interaction, Uy is the full Akyiiz—Winther nu-
clear potential (Akyuz and Winther, 1979), and V] is the
centrifugal term.

2.2.1 Coulomb Potential

Volr) = ZaZe”. 3)

r

Here, Z; and Z. denote the atomic numbers of the
daughter nucleus and emitted cluster, respectively, e is the
elementary electric charge, and r is the separation distance
between the centers of the two fragments.

2.3 Full Akyz—Winther Nuclear Potential

The Akyiiz—Winther (AW) potential is used in its full
microscopic—macroscopic form. The nuclear interaction
is expressed as

Vo
r—Rd—RC)’ (4)

U

UAw(’I“) = —
1 +exp<

where Vj is the nuclear potential strength, R; and R,
are the effective nuclear radii of the daughter nucleus and
emitted cluster, respectively, and a, is the diffuseness pa-
rameter describing the surface thickness of the nuclear po-
tential.

2.3.1° Nuclear Strength Parameter

Vo = 16m7a, R, (5)

with
R4R,.

R=—"°_.
Ry + R,

(6)

In these expressions, 7 is the surface energy coefficient
and R is the reduced radius characterizing the geometry
of the interacting nuclei.

2.3.2 Nuclear Radii

The radii of interacting nuclei are given by

R, =1.20AY% —0.09 fm,  (z=d,c). (7)

Here, A, denotes the mass number of nucleus z, where
x = d corresponds to the daughter nucleus and z = ¢ to
the emitted cluster.
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2.3.3 Surface Tension Coefficient

The surface energy coefficient is

Ny— ZyN. — Z.
720.95(1—1.8 d__ 2d )

Ad Ac (8)

The quantities Ny and N, represent the neutron num-
bers of the daughter nucleus and emitted cluster, respec-
tively.

2.3.4 Diffuseness Parameter

The diffuseness of the AW potential is (Akyuz and
Winther, 1979)

1
117 (140534, 4+ A1)

ay = (9)
2.4 Centrifugal Potential

Angular momentum conservation leads to the centrifugal
contribution (Langer, 1937)

B2+ 1)
=1 1
it = (10)
with the reduced mass
AgA,
W= A (D

Here, [ is the orbital angular momentum carried by the
emitted cluster, p is the reduced mass of the daughter—
cluster system, 7 is the reduced Planck constant, and m
denotes the nucleon mass.

The angular momentum [ is fixed by spin—parity selec-
tion rules:

Ay, Aj even and 7, = 7y,
- Aj+1, Ajeven and m, # 74, (12)
A, A; odd and 7y # mq,
Aj+1, Ajodd and m, = 7,
where
Aj = jp = Ja — Jel- (13)

In the above equations, jp, jq, and j. denote the in-
trinsic spins of the parent nucleus, daughter nucleus, and
emitted cluster, respectively, whereas 7, and 74 represent
the corresponding parities.

2.5 Penetration Probability

The WKB transmission probability is

Tout

P =exp [—; Vou(V(r)—Q)dr|, (14)

Tin

where P is the barrier penetrability, while r;, and ry,¢ are
the inner and outer classical turning points determined
from the condition V (r) = Q.
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2.6 Decay Constant and Half-life

The half-life of cluster decay is evaluated as follows:

In2

T7 )\ZZ/F)7 (15)

Typ =
where A is the decay constant, which represents the proba-
bility of decay per unit time, and v is the assault frequency,
i.e., the average number of barrier assaults made by the
preformed cluster per second.

The assault frequency is obtained from

V= — = ——, (16)

where w is the angular vibration frequency of the pre-
formed cluster, F, is the empirical vibrational energy, and
h is Planck’s constant.

The vibrational energy is then calculated as

4 — Arcp

FE, =@ |0.056 + 0.039 exp < 75

ﬂ MeV, (17)

where Arcp denotes the mass number of the emitted light
charged particle (cluster).

2.7 Computational Details

All numerical calculations presented in this work were
performed using independent computational routines de-
veloped by the authors. The numerical implementation
was carried out using Python, MATLAB, and Mathemat-
ica, allowing independent verification of the calculated in-
teraction potentials, WKB barrier penetrabilities, decay
constants, and half-lives. No previously published cluster-
decay computational codes were employed in the present
calculations. /The Akyliz—Winther nuclear potential and
all associated model parameters, including the nuclear ra-
dius, surface energy coefficient, and diffuseness param-
eter, were adopted directly from the original literature
(Akyuz and Winther; 1979) without any modification, op-
timization, or iterative fitting procedure. Likewise, the
remaining physical quantities, including the atomic mass
excesses, were taken from the corresponding literature
sources (Wang et al., 2021). Consequently, the calculated
results represent direct predictions of the adopted theo-
retical model without the introduction of any adjustable
parameters.

3 Results and Discussion

In this study, we systematically analyzed the cluster ra-
dioactivity of superheavy nuclei 267-270:271,272.2T4B} (7 =
107) and 208:269.270271.272Hg (7 = 108). Using a bi-
nary decay model, we computed @Q-values, interaction bar-
riers, driving potentials (V — @), penetrabilities, decay
constants, and half-lives for multiple clusters: %He, 14C,
18,200) 23 22,24,25,26N¢ 28.2930\[g and 3234Si. All re-
sults are presented in Tables 1-10 and Figs. 1-2.
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3.1 Bohrium Isotopes (Z =107)

267Bh. The cluster decay landscape of 267Bh is shaped
by pronounced nuclear shell effects, with silicon emissions
demonstrating clear dominance. The 32Si cluster (Z = 14,
N = 18) emerges as the optimal decay pathway, achiev-
ing the highest Q-value of 101.80 MeV when forming the
daughter 2*°Am (Z = 95, N = 140) and exhibiting the
maximum penetrability of P = 1.72 x 10737, These con-
ditions yield the shortest half-life of 17/, = 1.46 x 10'?
s. In contrast, the even magic 3*Si (Z = 14, N = 20)
presents a competitive ) =100.80 MeV but experiences
a significantly reduced penetrability of P = 5.53 x 10739,
illustrating how structural properties beyond simple ener-
getics govern tunneling dynamics. Figure 1-a captures this
nuanced competition, while Table 1 documents the com-
plete dataset, including mid-mass clusters such as 2*Ne
(Z =10, N = 14) with T} 5 = 3.88 x 10'7 s.

270Bh. For 279Bh; silicon emissions maintain prominence
with distinctive quantitative characteristics. The 32Si
cluster (Z =14, N = 18) delivers the highest = 100.85
MeV and shortest half-life of T /5 = 9.47 x 10'® s, cor-
responding to the daughter 23%Pu (Z = 94). Despite a
nearly identical Q-value of 100.84 MeV, 34Si (Z = 14, N =
20) shows a penetrability of P = 1.10 x 10738 that is ap-
proximately 2.4 times lower than 32Si’s P = 2.68 x 10738,
suggesting subtle structural influences on barrier penetra-
tion. Figure 1-b reveals an additional penetrability peak
for 2Mg (Z =12, N = 16, P = 2.24 x 10749), while the
200 cluster (Z =8, N = 12) displays the shallowest po-
tential minimum of 26.73 MeV. All calculated values are
compiled in Table 2.

2Bh. In the odd-neutron nucleus 2'Bh (N = 164),
silicon isotopes exhibit a balanced competition. 34Si
(Z = 14, N = 20) attains the highest ¢ = 100.98
MeV, while its counterpart 32Si (Z = 14, N = 18) fol-
lows closely with @ = 100.62 MeV. Their comparable
penetrabilitiesP = 1.93 x 1072% and P = 1.81 x 10738,
respectivelyresult in similar half-lives: T}/, = 1.31 x 106
s for 34Si and Tip = 1.41 X 1016 s for 32Si. The 200
cluster (Z = 8, N = 12) shows the shallowest potential
minimum at V = 26.28 MeV, corresponding to an assault
frequency v = 1.29 x 102! Hz. At the opposite extreme,
BF (Z =9, N = 14) exhibits minimal penetrability of
P = 1.48 x 107%8. The full penetrability spectrum ap-
pears in Fig. 1-c, with detailed results in Table 3.

272Bh. The decay characteristics of 272Bh further empha-
size silicon dominance with quantitative refinements. 34Si
(Z = 14, N = 20) yields the highest @ = 101.32 MeV,
the greatest penetrability of P = 5.82 x 1073%, and the
shortest half-life of T’ /o = 4.34 x 10'® s. The near-magic
32Gi (Z = 14, N = 18) presents Q = 100.55 MeV and
Typ = 1.43 x 10*® s. Beyond silicon, Mg (Z = 12,
N = 16) emerges as a notable mid-mass candidate with
Q = 83.93 MeV and T /5 = 6.29 x 10'7 s, while lighter
clusters such as 22Ne experience suppression exceeding fif-
teen orders of magnitude in half-life. These trends are
visualized in Fig. 1-d and quantified in Table 4.
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Figure 1: enetration probability as a function of emitted cluster mass number for the five berkelium isotopes: (a) 2*’Bh, (b)
2708, (c) 2"'Bh, (d) ?"*Bh, and (e) >**Bh. The plots illustrate the systematic variation in tunneling probabilities across different
cluster emissions, with peaks indicating the most probable decay channels for each isotope.

274Bh. In neutron-rich 2™“Bh (N = 167), heavy cluster
emission is strongly enhanced. 3!Si (Z = 14, N = 20)
dominates with the highest ) = 101.44 MeV, maxi-
mum penetrability of P = 1.17 x 10737, and shortest
half-life of T}/ = 2.16 x 10" s. The near-magic **Si
(Z = 14, N = 18) follows with @ = 100.42 MeV and
Ty/2 = 1.36 x 10'® s. Mid-mass Mg (Z = 12, N = 16)
maintains relevance with 7'/ = 6.65 x 10'7 s, while ?*Ne
(Z 10, N = 14) marks the transition to light clus-
ters with T/, = 6.03 x 10'? s. The systematic half-life
increase with decreasing cluster mass underscores the in-

terplay between @)-value and Coulomb barrier. Figure 1-e
and Table 5 provide comprehensive visualization and data.

3.2 Hassium Isotopes (Z = 108)

268Hs. The cluster decay of 2%%Hs is dominated by sili-
con emissions, with 32Si (Z = 14, N = 18) exhibiting the
highest @-value of 104.14 MeV and the shortest half-life of
Ti/5 = 8.27 x 10" s. Tts penetrability of P = 2.97 x 1073
is the largest among all considered clusters. The doubly
magic 34Si (Z = 14, N = 20) follows with Q = 102.61
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Figure 2: Penetration probability as a function of emitted cluster mass number for the five hassium isotopes: (a) 2°*Hs, (b)
269Hs, (c) ?"°Hs, (d) *"'Hs, and (e) >"*Hs. The plots demonstrate the variation in tunneling probabilities across different cluster
emissions for Z = 108 nuclei, highlighting the most favorable decay channels for each isotope.

MeV and Tj/, = 9.27 x 10" s. Beyond silicon, **Mg
(Z = 12, N = 16) presents a competitive half-life of
Ty = 3.21 x 106 s, while 22Ne (Z = 10, N = 12) is
suppressed by several orders of magnitude. The full pen-
etrability spectrum is shown in Fig. 2-a, and detailed
results are compiled in Table 6.

269Hs. For 2%9Hs, 32Si again dominates with Q = 103.48
MeV and Ty/5 = 3.63 x 10! s, accompanied by a pen-
etrability of P = 6.82 x 10737, The 34Si cluster yields
Q = 102.30 MeV and T}/, = 1.70 x 106 s. The 2®Mg iso-

tope remains a notable mid-mass candidate with T}, =
9.78 x 1016 s, while the odd-neutron Mg exhibits a longer
half-life of T 5 = 2.52x 1020 5. These trends are visualized
in Fig. 2-b and tabulated in Table 7.

270Hs. In 2"Hs, the 32Si cluster maintains its leading role
with @ = 103.03 MeV and T}/, = 9.37 x 10 s, while 34Si
follows with @ = 102.20 MeV and T}/, = 1.81 x 10'¢ .
The ?®Mg emission shows a half-life of T} /5 = 3.27 x 107
s, and the neutron-rich 3°Mg is highly suppressed with
Ty =1.39X% 1022 5. The penetrability distribution across
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clusters is displayed in Fig. 2-c, with complete data avail-
able in Table 8.

2"'Hs. The decay spectrum of 2" Hs is characterized
by 22Si emission, which yields @ = 103.18 MeV and
Ty =5.21x 10'* s. The 34Si cluster presents Q = 102.59
MeV and T} /5 = 5.34 x 10'% s. Mid-mass clusters such as
28Mg and **Ne exhibit half-lives of T 5 = 1.53 x 107 s
and Ty/5 = 1.20 x 10?° s, respectively. Figure 2-d illus-
trates the corresponding penetrability trends, and Table 9
provides the full dataset.

272Hs. For the neutron-rich 272Hs, 32Si remains the most
favorable cluster with @@ = 102.96 MeV and Ti,, =
7.65 x 10'* s. Interestingly, 4Si shows a significantly en-
hanced penetrability of P = 1.06 x 10737 and a half-life of
Ti/9 = 2.35 X 10'% s. The 22Mg and ?*Ne clusters display
half-lives of Ty = 1.14 x 10'7 s and Ty = 5.53 x 1019
s, respectively. The systematic variation in penetrability
with cluster mass is captured in Fig. 2-e, and all calcu-
lated values are compiled in Table 10.

3.3 Comparative Analysis and Nuclear Structure
Effects

The comprehensive analysis of cluster decay across
Bohrium and Hassium isotopes reveals fundamental nu-
clear structure effects that govern decay preferences and
probabilities. Figure 3 presents the collective penetration
probability distributions, with panel (a) showing Bh iso-
topes and panel (b) showing Hs isotopes. The consistent
dominance of silicon clusters (*2Si and 34Si) across both
series is particularly striking, with pronounced peaks at
A, =~ 32— 34. This preference emerges from the combined
shell effects in both the emitted cluster and the residual
daughter nucleus. The even-magic 3*Si (Z = 14, N = 20)
exhibits enhanced stability due to shell closures, while 32Si
(Z = 14, N = 18), being near the N = 20 shell closure,
benefits from similar structural advantages. The result-
ing daughter nuclei following silicon emission approach
shell-stabilized configurations, particularly evident in de-
cays leading to 238Pu (Z = 94, N = 144) and other nuclei
near the N = 144 subshell closure.

The secondary maxima observed for magnesium clus-
ters (2*730Mg) in Fig. 3 demonstrate how mid-mass clus-
ters can compete when they connect parent and daughter
nuclei to favorable shell structures. For instance, 2*Mg
emission often leads to daughters near the Z = 94 — 96,
N = 144 — 146 region, which experience enhanced sta-
bility. The systematic suppression of light clusters (Ne,
O, F) reflects the diminishing influence of shell effects as
cluster size decreases, making these emissions increasingly
dependent on pure energetics rather than structural sta-
bilization.

Figure 4 displays the Geiger-Nuttall relationships,
plotting log,o(T1/2) against the parameter ZgZ.//Q,
where Z; and Z. are the atomic numbers of daughter
and cluster, respectively. Panel (a) for Bh isotopes and
panel (b) for Hs isotopes both reveal cluster-specific lin-
ear correlations, but with notable nuclear structure effects
manifesting as deviations from perfect linearity. Silicon
clusters form the lowest-lying lines, indicating their struc-
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tural preference beyond what the simple Coulomb-energy
parameter would predict. The systematic offset between
32Gi and 34Si trends, despite their similar Z;Z./v/Q val-
ues, directly illustrates how shell closures in the cluster
itself modify tunneling probabilities. This effect is par-
ticularly pronounced in Hs isotopes, where the N = 162
subshell closure in the parent nuclei influences the decay
energetics of different cluster types.

The influence of odd-even effects is observable through-
out both isotopic series. In odd-neutron nuclei like 271 Bh
(N = 164) and 2%°Hs (IV = 161), certain clusters exhibit
slightly enhanced or suppressed probabilities compared to
their even-even neighbors. This suggests that the single
unpaired neutron can modify the preformation probability
of specific clusters, likely through its influence on nuclear
pairing correlations and collective degrees of freedom.

The combined analysis highlights several key nuclear
structure findings:

e Dual shell effects: The most probable emissions
occur when both the emitted cluster and the resid-
ual daughter nucleus approach magic or near-magic
configurations, maximizing the energy release and
minimizing the potential barrier.

e Structural hierarchy: Clusters can be ranked by
their structural favorability: silicon (magic or near-
magic) j magnesium (transitional shell region) |
neon/oxygen (weak shell effects).

e Neutron number systematics: Increasing neu-
tron number enhances the probability of heavy clus-
ter emission while suppressing light clusters, as
the neutron-rich environment stabilizes heavier frag-
mentation patterns.

e Geiger-Nuttall deviations: The linear correla-
tions in Fig. 4 show systematic offsets between dif-
ferent cluster types that correlate with their shell
structure, providing a quantitative measure of nu-
clear structure effects beyond the simple tunneling
model.

To place the present calculations in context, we note
that systematic theoretical investigations of cluster ra-
dioactivity have mainly focused on heavier superheavy
nuclei (Z > 116), while corresponding studies for Bh
(Z = 107) and Hs (Z = 108) isotopes remain very lim-
ited. Previous theoretical works have shown that clus-
ter decay in the superheavy region is strongly governed
by the decay energy and nuclear shell effects, with fa-
vored decay channels corresponding to enhanced stability
of the resulting fragments (Santhosh and Priyanka, 2014;
Liu et al., 2024). The systematic trends obtained in the
present work, including the increase in penetrability with
increasing (Q-value and the preference for specific silicon-
cluster emissions, are consistent with these general theo-
retical expectations, while extending such investigations
to the previously unexplored Bh and Hs isotopic chains.

These findings collectively demonstrate that cluster ra-
dioactivity in superheavy nuclei is not merely a quantum
tunneling phenomenon but a sensitive probe of nuclear
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Table 1: Cluster decay properties for parent nucleus 25"Bh.

Daughter Cluster Q (MeV) P V (MeV) v (s7T) T1/5 (s)
219Es o) 48.37 2.14 x 10~ 27.80 1.31 x 1071 2.47 x 10%3
24TEg 200 46.39 1.09 x 10*50 27.91 1.26 x 102! 5.06 x 1028
244 Cf 23p 54.00 2.83 x 10~51 29.91 1.46 x 103! 1.67 x 1039
245K 22Ne 64.98 4.31 x 104+ 31.64 1.76 x 103! 9.13 x 1021
243K 24Ne 66.03 1.71 x 10~43 28.87 1.79 x 102! 2.27 x 1021
242 25Ne 63.05 1.09 x 10—48 31.04 1.71 x 103! 3.72 x 10%6
241K 26Ne 62.30 1.83 x 10750 31.01 1.69 x 103! 2.24 x 1028
239 Am 28 Mg 84.39 7.81 x 10—40 29.91 2.29 x 1021 3.88 x 1017
238 Am 29Mg 80.96 1.12 x 10~%4 32.59 2.19 x 102! 2.82 x 1022
237 Am 30Mg 81.08 7.74 x 10~45 31.74 2.20 x 1021 4.08 x 1022
235Np 3251 101.80 1.72 x 10737 30.78 2.76 x 102! 1.46 x 1015
233Np 345i 100.81 5.53 x 10—39 30.37 2.73 x 1021 4.59 x 1016

Table 2: Cluster decay properties for parent nucleus 2"°Bh.

Daughter Cluster Q (MeV) P V (MeV) v (s7h) T/ (s)
252 g B0 47.72 2.09 x 10~ 28.10 1.30 x 102t 2.56 x 10%%
250 200 47.21 6.97 x 10~ 49 26.74 1.28 x 102! 7.77 x 1026
247Cf 23p 54.84 1.57 x 10~ 28.69 1.49 x 103! 2.97 x 1027
248 Bk 22Ne 64.12 3.57 x 10~ 32.08 1.74 x 1021 1.12 x 1023
246 24Ne 66.21 5.23 x 10~ 43 28.26 1.79 x 102! 7.39 x 1020
245Bk 25Ne 64.45 3.45 x 10~ 29.22 1.75 x 103! 1.15 x 103
244BKk 26Ne 63.04 5.38 x 10~ 29.86 1.71 x 102! 7.55 x 1026
242 A 28 Mg 83.78 2.24 x 10~ 40 30.05 2.27 x 1021 1.36 x 1018
241 Am 29Mg 81.91 3.85 x 10~ 31.16 2.22 x 102! 8.12 x 1020
240 A 30Mg 81.60 7.15 x 10—44 30.74 2.21 x 102! 4.39 x 1021
238Np 326i 100.85 2.68 x 1038 31.19 2.73 x 102! 9.47 x 1015
236Np 345i 100.84 1.10 x 10-38 29.80 2.73 x 1021 2.31 x 1016

Table 3: Cluster decay properties for parent nucleus 2™ Bh.

Daughter Cluster Q (MeV) P V (MeV) v (s—T) T/ (s)
253 80 47.63 1.66 x 10-16 28.07 1.29 x 1021 3.23 x 10%4
251pg 200 47.55 3.73 x 10~48 26.28 1.29 x 103! 1.44 x 1036
248 Cf 23p 55.34 1.48 x10—48 28.06 1.50 x 103! 3.12 x 10%6
249K 22Ne 64.04 3.08 x 10~45 32.03 1.74 x 102! 1.30 x 1023
247K 24Ne 66.32 8.82 x 10~43 28.02 1.80 x 103! 4.37 x 1020
246 B 25Ne 63.93 5.83 x 10~47 29.60 1.73 x 102! 6.87 x 104
245K 26Ne 63.56 4.87 x 1048 29.19 1.72 x 102! 8.27 x 1025
243 Am 28Mg 83.70 2.11 x 10—40 29.96 2.27 x 102! 1.45 x 1018
242 A 29Mg 81.00 2.68 x 10~44 31.91 2.19 x 1021 1.18 x 1022
241 Am 30Mg 81.81 1.64 x 10—43 30.38 2.22 x 102! 1.91 x 102!
239Np 325j 100.63 1.81 x 1038 31.24 2.73 x 1021 1.41 x 1016
23"Np 348i 100.98 1.93 x 10738 29.48 2.73 x 102! 1.31 x 1016

Table 4: Cluster decay properties for parent nucleus 27?Bh.

Daughter Cluster Q (MeV) P V (MeV) v (sfl) T/ (s)
25T 1e) 47.58 1.50 x 10~ 46 28.01 1.29 x 1021 3.58 x 10%4
2525 200 47.70 8.13 x 10~ 26.02 1.29 x 103! 6.59 x 10%°
249Cf 23F 55.78 1.06 x 10~ 47 27.49 1.51 x 102! 4.33 x 1025
250K 22Ne 63.86 1.91 x 1045 32.07 1.73 x 102! 2.10 x 1023
248 B 24Ne 66.61 2.75 x 10~42 27.59 1.80 x 103! 1.40 x 1020
247BK 25Ne 65.33 1.17 x 10~44 28.06 1.77 x 1021 3.35 x 1022
246K 26Ne 64.34 1.08 x 10~ 46 28.28 1.74 x 102! 3.68 x 1024
244 A 28Mg 83.93 4.85 x 10~ 29.58 2.27 x 102! 6.29 x 1017
243 Am 29Mg 82.22 1.47 x 10~ 42 30.53 2.23 x 102! 2.12 x 1020
242 A 30Mg 82.20 6.75 x 10~43 29.82 2.23 x 1021 4.61 x 1020
240N 32gi 100.55 1.78 x 10738 31.14 2.72 x 102! 1.43 x 1016
238Np 34§i 101.32 5.82 x 1038 28.96 2.74 x 102! 4.34 x 1015

Table 5: Cluster decay properties for parent nucleus 27Bh.

Daughter Cluster Q (MeV) P V (MeV) v (s™Th T1/5 (s)
2565 80 47.36 777 x 1047 27.99 1.29 x 1071 6.94 x 10*2
254 200 47.97 3.60 x 10~47 25.51 1.30 x 102! 1.48 x 1025
251 Cf 28R 56.34 1.39 x 1046 26.68 1.53 x 102! 3.27 x 10%4
252 22Ne 63.25 2.97 x 10—46 32.40 1.71 x 103! 1.36 x 1024
250K 24Ne 66.76 6.36 x 1042 27.17 1.81 x 103! 6.03 x 1019
249K 25Ne 65.95 1.45 x 10~43 27.17 1.79 x 102! 2.68 x 1021
248K 26Ne 65.15 3.04 x 10~45 27.20 1.76 x 103! 1.29 x 1023
246 Am 28Mg 83.79 4.59 x 1040 29.41 2.27 x 102! 6.65 x 1017
245 Am 29Mg 82.47 4.51 x 1042 29.97 2.23 x 102! 6.88 x 101
244 A 30Mg 82.76 5.59 x 10~42 28.95 2.24 x 1021 5.53 x 1019
242Np 32gi 100.42 1.88 x 1038 30.91 2.72 x 1021 1.36 x 1016
240Np 348i 101.44 1.17 x 10737 28.50 2.75 x 102! 2.16 x 1013

structure, where shell closures, pairing correlations, and shape degrees of freedom collectively determine the most
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Table 6: Cluster decay properties for parent nucleus %% Hs.

Daughter Cluster Q (MeV) P V (MeV) v (s7T) T1/5 (s)
250Fm o) 49.68 3.90 x 103 27.47 1.35 x 1071 1.32 x 1072
248y 200 47.27 4.62 x 1050 27.99 1.28 x 102! 1.17 x 1028
245 g 23p 53.37 9.97 x 10—54 31.62 1.45 x 103! 4.81 x 1031
246 Cf 22Ne 66.90 2.01 x 1042 30.93 1.81 x 103! 1.90 x 1030
244f 24Ne 67.44 1.44 x 10—42 28.65 1.83 x 102! 2.63 x 1020
243 Cf 25Ne 64.01 2.35 x 10~48 31.27 1.73 x 103! 1.70 x 1036
242¢f 26Ne 63.10 2.15 x 10—50 31.40 1.71 x 103! 1.89 x 1028
2400 28 Mg 86.26 9.24 x 10—39 29.47 2.34 x 1021 3.21 x 1016
239Cm 29Mg 82.43 5.50 x 1044 32.53 2.23 x 102! 5.65 x 1021
238Cm 30Mg 82.40 2.38 x 10~44 31.83 2.23 x 102! 1.31 x 1022
236py 3251 104.14 2.97 x 10—36 30.08 2.82 x 1021 8.27 x 1013
234py 34gj 102.61 2.69 x 10~38 30.21 2.78 x 102! 9.27 x 1015

Table 7: Cluster decay properties for parent nucleus 2°°Hs.

Daughter Cluster Q (MeV) P V (MeV) v (s_l) T/ (s)
25Tpm 30 49.32 1.05 x 10~ * 27.71 1.34 x 1021 4.93 x 10%2
249pm 200 47.18 3.43 x 10750 27.97 1.28 x 102! 1.58 x 1028
246 g 23 53.39 1.28 x 10753 31.47 1.45 x 103! 3.74 x 1031
247Cf 22Ne 66.41 4.55 x 1043 31.28 1.80 x 102! 8.47 x 1020
245Cf 24Ne 67.06 4.59 x 10—43 28.89 1.82 x 102! 8.31 x 1020
244 cf 25Ne 65.05 1.32 x 10—46 30.09 1.76 x 103! 2.98 x 1024
243Cf 26Ne 63.02 1.88 x 1050 31.34 1.71 x 1021 2.16 x 1028
241Cm 28 Mg 85.81 3.05 x 10—39 29.76 2.32 x 1021 9.78 x 1016
2400 29Mg 83.38 1.22 x 10—42 31.42 2.26 x 1021 2.52 x 1020
239Cm 30Mg 82.23 1.63 x 10~%4 31.84 2.23 x 1021 1.91 x 1032
23Tpy 32gi 103.48 6.82 x 10737 30.57 2.80 x 1021 3.63 x 104
235py 34gi 102.30 1.47 x 10—38 30.33 2.77 x 1021 1.70 x 1016

Table 8: Cluster decay properties for parent nucleus >"°Hs.

Daughter Cluster Q (MeV) P V (MeV) v (s *1) T /5 (s)
252pm 80 49.08 457 x 10— 27.83 1.33 x 1021 1.14 x 10%3
250Fm 200 47.24 5.32 x 10750 27.79 1.28 x 103! 1.02 x 1028
24TEg 28R 53.25 7.93 x10~54 31.48 1.44 x 1021 6.06 x 1031
248 Cf 22Ne 65.90 9.55 x 10~44 31.65 1.79 x 102! 4.06 x 1021
246 Cf 24Ne 66.97 4.01 x 10—43 28.84 1.81 x 103! 9.53 x 1020
245Cf 25Ne 63.76 1.26 x 10—48 31.24 1.73 x 1021 3.19 x 1026
244Cf 26Ne 63.15 3.69 x 10—50 31.07 1.71 x 102! 1.10 x 1028
242C0m 28 Mg 85.33 9.17 x 10—40 30.08 2.31 x 1021 3.27 x 1017
241Cm 29Mg 82.02 2.18 x 10~44 32.62 2.22 x 1021 1.43 x 1022
2400 30Mg 82.27 2.24 x 10~44 31.64 2.23 x 1021 1.39 x 1022
238py 32g; 103.03 2.65 x 10737 30.84 2.79 x 102! 9.37 x 104
236py 34gi 102.20 1.38 x 1038 30.25 2.77 x 1021 1.81 x 1016

Table 9: Cluster decay properties for parent nucleus 71 Hs.

Daughter Cluster Q (MeV) P V (MeV) v (s~ Ty /9 (s)
2535Fm 80 49.13 6.38 x 10~ % 27.67 1.33 x 102! 8.14 x 10%2
251 P 200 47.94 1.38 x 10—48 26.98 1.30 x 102! 3.86 x 1026
248 g 28R 54.11 4.13 x 10—52 30.50 1.47 x 1021 1.14 x 1030
249Cf 22Ne 65.99 1.53 x 10—43 31.41 1.79 x 103! 2.53 x 10!
247Cf 24Ne 67.53 3.15 x 10~ 42 28.14 1.83 x 1021 1.20 x 1020
246@s 25Ne 65.64 1.53 x 1045 29.22 1.78 x 102! 2.55 x 1023
245Cf 26Ne 63.82 6.00 x 10—49 30.26 1.73 x 103! 6.68 x 1026
243Cm 28 Mg 85.53 1.95 x 10739 29.72 2.32 x 1021 1.53 x 1017
242C0m 29Mg 83.50 2.50 x 10~42 30.99 2.26 x 1021 1.23 x 1030
241Cm 30Mg 82.87 1.78 x 1043 30.88 2.24 x 1021 1.74 x 1031
239py 32gi 103.18 4.76 x 1037 30.51 2.79 x 1021 5.21 x 1014
237Tpy 34gi 102.59 4.67 x 1038 29.68 2.78 x 1021 5.34 x 101°

Table 10: Cluster decay properties for parent nucleus 2"Hs.

Daughter Cluster Q (MeV) P V (MeV) v (s_l) Ty /9 (s)
254pm B0 48.88 2.70 x 10~ 27.79 1.33 x 1071 1.93 x 1073
252p 200 48.39 1.17 x 10*47 26.41 1.31 x 102! 4.52 x 1025
249 g 2B 54.54 3.19 x 10~51 29.93 1.48 x 102! 1.47 x 102°
250Cf 22Ne 65.86 1.13 x 10~43 31.41 1.78 x 103! 3.44 x 1021
248 Cf 24Ne 67.72 6.83 x 10~42 27.82 1.83 x 102! 5.53 x 1019
247Cf 25Ne 64.93 1.37 x 10—46 29.79 1.76 x 103! 2.88 x 1034
246Cf 26Ne 64.43 7.23 x 10748 29.51 1.75 x 103! 5.49 x 10%°
2440 28 Mg 85.57 2.63 x 10—39 29.52 2.32 x 1021 1.14 x 107
243Cm 29Mg 82.43 1.13 x 10=43 31.89 2.23 x 102! 2.75 x 1021
242C0m 30Mg 83.08 4.13 x 10~43 30.51 2.25 x 1021 7.46 x 1020
240py 32gi 102.96 3.25 x 10737 30.55 2.79 x 1021 7.65 x 1014
238py 34gi 102.83 1.06 x 10—37 29.26 2.78 x 102! 2.35 x 1015

probable decay pathways.
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Mixed Penetrability Plot for Bh Isotopes
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Mixed Penetrability Plot for Hs Isotopes
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Figure 3: Collective penetration probability distributions for (a) 267-270-27L2722T4BY and (b) 268:269.270.27L2T2 1 {]lustrating
consistent structural preferences across isotopic series. Silicon clusters dominate due to their magic or near-magic nature, while
magnesium clusters show secondary maxima corresponding to transitional shell structures.
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Figure 4: Geiger-Nuttall plots showing log,(71/2) versus ZqZ.//@ for (a) Bh and (b) Hs isotopes. The cluster-specific linear
trends demonstrate the universal tunneling dependence, while systematic offsets between different cluster types reveal underlying
nuclear structure effects, particularly for magic and near-magic clusters.

3.4 Remarks on Theoretical Uncertainties

The calculated half-lives are obtained within the WKB
approximation and therefore depend on the input quanti-
ties entering the barrier penetration calculation. Among
these, the decay energy (Q-value) is expected to have
the most significant influence, since it directly determines
the barrier penetrability. Additional sensitivity may arise
from the adopted interaction potential and the associated
model parameters. In the present work, however, all pa-
rameters of the Akyliz—Winther potential were adopted
directly from the original literature without any modifi-
cation or parameter adjustment, while the nuclear mass
excesses were taken from the AME2020 evaluation (Wang
et al., 2021). Consequently, the calculated half-lives rep-
resent predictions of the adopted theoretical framework
using a consistent and fixed set of input parameters. Al-
though a detailed quantitative uncertainty analysis has
not been performed in the present study, the systematic
trends discussed throughout this work are expected to re-

main reliable because all investigated decay channels were
evaluated within the same theoretical formalism and un-
der identical computational conditions.

4 Conclusions

In the present work, the cluster radioactivity of
superheavy nuclei in the region Z = 107-108
(267,270.271,272,274B]y an 268,269,270.271,272 ) has been sys-
tematically investigated within a binary decay framework.
Particular attention was paid to the role of nuclear struc-
ture, including magic and near-magic configurations, and
the evenodd character of the parent nuclei. Cluster ra-
dioactivity, first observed experimentally in heavy nuclei,
is strongly influenced by shell effects and cluster stability
(Rose and Jones, 1984).

The calculated decay properties, summarized in Ta-
bles 11 and 12, highlight clear structural effects. Heav-
ier clusters, particularly 32Si and 34Si, consistently ex-
hibit the shortest half-lives for both Bh and Hs isotopes
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(T1/2 ~ 10'-10" s), reflecting their enhanced Q-values,
barrier penetrabilities, and favorable preformation proba-
bilities due to near-magic (N = 18) and magic (N = 20)
neutron numbers. Lighter clusters such as '%2°0 and
22-26Ne display significantly longer half-lives, emphasizing
the stabilizing effect of shell closures on cluster emission.

= UC from 267.270-272.274g

14C from 265-272Hg

24.5 1

24.0
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o
235
K
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23.0 1
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20l ‘ . ‘ ‘ . ‘ .
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Neutron number of daughter nuclei (Ny)
Figure 5: Representative half-lives for the emission of 4C

from the parent Bh and Hs nuclei, plotted as a function of the
neutron number of the emitted cluster. This figure serves as a
visual example of the systematics discussed in the text.

Table 11: Total half-lives of emitted clusters summed over
all considered isotopes of Bh (Z = 107) and Hs (Z = 108).
Clusters are ordered by increasing charge and mass.

Emitted Cluster 7795 (Bh) [s] 7795 (Hs) [s]

B0 1.93 x 10% 8.17 x 101
200 1.09 x 102%° 4.00 x 10%°
28F 3.00 x 10%* 1.29 x 10%?
22Ne 7.591 x 10?1 1.35 x 1020
24Ne 3.59 x 109 3.07 x 10"
25Ne 2.47 x 1021 2.16 x 1023
26Ne 1.24 x 10?3 5.02 x 10%°
Mg 1.403 x 107 1.67 x 106
29Mg 4.85 x 1019 7.86 x 10
30Mg 4.75 x 1019 4.72 x 1020
32gi 9.95 x 1014 5.22 x 1013
34gi 1.19 x 10'° 1.19 x 10'°

Table 12: Total half-lives of Bh and Hs isotopes obtained
by summing the decay constants over all considered cluster-
emission channels.

Element Parent Isotope  T795T (s)
Bh 267Bh 1.40 x 1013
Bh 270Bh 6.68 x 10'°
Bh 2T1Bh 6.75 x 10'°
Bh 272Bh 3.31 x 10%°
Bh 274Bh 1.85 x 101
Hs 268Hs 8.17 x 10™
Hs 269Hs 3.54 x 10™
Hs 270Hs 8.88 x 10
Hs 271Hs 4.73 x 10
Hs 27215 5.74 x 104

Radiation Physics and Engineering 2026; 2(%):2-2

The total half-lives of the parent isotopes (Table 12)
further demonstrate the influence of nuclear structure:
even-N nuclei, such as ??Bh (T}, = 3.31 x 10 s) and
268 g (T2 = 8.17 x 102 s), exhibit the shortest overall
half-lives across all clusters, reflecting the enhancement
of decay probability in even-even systems. Hs isotopes
systematically show shorter half-lives than Bh, consistent
with their fully paired nucleons and the resulting higher
tunneling likelihood.

While the general trends are derived from the compre-
hensive cluster calculations, Figure 5 illustrates a repre-
sentative case for the emission of C from the parent nu-
clei, demonstrating how half-lives vary with neutron num-
ber of the emitted daughter and serving as a visual exam-
ple of the underlying systematics.

Overall, these results confirm that nuclear shell effects,
magic and near-magic configurations, and the intrinsic
structure of both parent and emitted nuclei govern the
systematics of cluster radioactivity in the Z = 107-108
region. The dominance of 32:34Si emissions, together with
the observed evenodd trends in parent nuclei, provides
aconsistent framework to understand cluster decay be-
havior in superheavy systems, in agreement with previous
theoretical and experimental studies (Poenaru et al., 2012;
Jiavet al., 2021).
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