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In this paper, we conducted a scientific exploration of cluster radioactiv-
ity, with a specific focus on lanthanide parents such as 120−124Ce, 124−128Sm,
and 130−134Gd originating from the trans-tin region. The primary objec-
tive of this study is to gain insights into the fragmentation and structural
characteristics of these nuclei. To achieve this, we have employed Skyrme
Energy Density Formalism (SEDF) within the framework of the Preformed
Cluster Model (PCM). This model addresses the cluster emission process,
which involves tunneling through a potential barrier, with the fragments
preformed and having a relative probability denoted as P0. Our investi-
gation highlights the influence of deformation and orientation effects on
potential energy surfaces, preformation probability, barrier penetrability,
and decay half-live, shedding light on the crucial role of nuclear shape and
structure in view of cluster radioactivity.
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1. Introduction

The concept of cluster radioactivity has gained validation in both ex-
perimental [1] and theoretical [2] aspects, in addition to the more common
emissions such as α, β, and γ radiation. A complete range of these de-
cay processes, encompassing clusters from light to heavy (14C to 34Si) has
been identified originating from a number of actinide elements ranging from
221Fr to 242Cm. Nonetheless, efforts to explore additional cluster emissions
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are actively in progress. Having an understanding of shell effects in the re-
gion beyond lead (Pb) on the periodic table, it was anticipated [3] that the
trans-tin region could also be a favorable zone for the possible occurrence of
cluster radioactivity. In this context, the involvement of closed-shell daugh-
ter nuclei such as 100Sn or 132Sn, along with their adjacent isotopes, might
enhance the probability of cluster emission. To explore this region, ground
state (T = 0) decays of 108−116Xe, 112−120,146Ba, 116−124,152Ce, 120−130,156Nd,
124−130,160,162Sm, and 128−136,166Gd nuclei have been analyzed in [4]. It
has been observed [4] that while neutron-rich radioactive nuclei decay by
emitting clusters via a non-alpha-like structure, A2 = 4n + 2, regardless of
the choice of spherical or deformed fragmentation, neutron-deficient parents
emit with an alpha-like structure (A2 = 4n) cluster along with doubly magic
100Sn, where n refers to the number of nucleons in the fragment. This study
is conducted with a preformed cluster model (PCM) [4–7], in which clusters
of different sizes are preformed in the parent nucleus with relative formation
probability in relation to remaining fragments in the binary exit channel.

Motivated by the above analysis [4], in the present work, we intend to
investigate the ground state of even isotopes of lanthanide parents 120−124Ce,
124−128Sm, and 130−134Gd using the Skyrme energy density formalism (SEDF)
[8, 9]. It may be noted that the Blocki-based nuclear potential was employed
in the previously published work [4], however the density-based formalism
(SEDF) [8, 9] is used in the current study. Another motivation for the
present work is based on our recent study [6] where we examined the clus-
ter decay within the trans-lead region such as Ra, Th, U, and Pu nuclei
referring to lead or neighboring nuclei as a daughter product. The selected
Skyrme forces (SIII, SkI4, and SAMi) yielded reasonable predictions [6] for
the observed cluster decay, with SIII [10] performing substantially better
for nuclei of heavier mass. In view of this, the aim of the present work is
to analyze the influence of a density-dependent potential (SIII force) within
the framework of PCM on the behavior of possible fragmentation of Ce,
Sm, and Gd parents. Here, we intend to analyze the behaviour of poten-
tial energy surfaces (PES) along with half-life to explore the possible role
of shell closure effects. Considering the crucial role played by the shape of
the nucleus, the explicit role of deformation and orientations is studied by
comparing the results with the spherical case. It may be noted that de-
formation effects up to quadrupole β2 are included within the “optimum”
orientation [11] approach. Knowing that the PCM handles the fragmenta-
tion process through a collective approach of clustering, it is fascinating to
investigate how the deformation and orientation effects of the decay frag-
ments impact the interaction potential and, consequently, the PES of these
lanthanide nuclei.
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2. Methodology

Derived from the quantum mechanical fragmentation theory (QMFT),
the Preformed Cluster Model (PCM) [4–7] is formulated using collective pa-
rameters encompassing the mass (ηA) and charge (ηZ) asymmetries along-
with the relative separation (R), the multipole deformations βλi (λ = 2, 3, 4;
i = 1, 2), and orientations θi of decaying (heavy and light) fragments. The
decay constant λ or decay half-life time T1/2 in PCM is defined as

T1/2 =
ln 2

λ
, λ = ν0P0P . (1)

Here, P0 represents the preformation probability of the disintegrating frag-
ments, while P signifies the barrier penetrability, referring to η and R-motions,
respectively. ν0 (∼ 1021 s−1) is the barrier assault frequency of the preformed
cluster.

The structure information of the decaying nucleus is contained in P0 via
the fragmentation potential V and is defined as

V = −
2∑

i=1

[Bi(Ai, Zi)] + VC(Ri, Zi, βλi, θi)

+VN(Ri, Ai, βλi, θi) + Vℓ(Ri, Ai, βλi, θi) . (2)

VC, VN, and Vℓ are, respectively, the Coulomb, nuclear, and angular momen-
tum-dependent potentials for deformed and oriented nuclei (for details, refer
to Ref. [5]). Here, Bi(Ai, Zi) are the ground-state binding energies taken
from references [12, 13].

The radius vector Ri(αi) (i = 1, 2), through which deformation and
orientation effects are added, is defined as

Ri(αi, T ) = R0i(T )

[
1 +

∑
λ

βλiY
(0)
λ (αi)

]
(3)

with half-density radii R0i given by [14] as

R0i(T = 0) = 0.9543 + 0.0994Ai − 9.8851× 10−4A2
i

+4.8399× 10−6A3
i − 8.4366× 10−9A4

i . (4)

Here, Y (0)
λ (αi) are the spherical harmonic functions and αi is an angle formed

by the radius vector Ri with the symmetry axis, measured clockwise [11].
In the present work, quadrupole deformations (β2i; i = 1, 2 for cluster and
daughter respectively) of decaying fragments are considered.
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In Eq. (2), the nuclear potential VN between two colliding nuclei is cal-
culated within the framework of the Skyrme energy density formalism [8, 9]
as

VN(R) = Etot(R)− E1 − E2 , (5)

where

Etot(R) =

∫
H [ρp(r⃗ ), ρn(r⃗ )] dr⃗ , (6)

Ei(R) =

∫
H [ρip(r⃗ ), ρin(r⃗ )] dr⃗ , (i = 1, 2) . (7)

Here, Etot(R) is the total energy expectation value of the colliding partners
at distance R (center to center), whereas the individual energies of non-
interacting projectile and target nuclei are represented by E1 and E2. Here,
ρip(r), ρin(r) are proton and neutron densities of non-interacting nuclei and
ρp(r), ρn(r) densities of interacting nuclei. H(r) in the above equation
stands for energy density functional given as in [8], including the kinetic
energy contribution τ(r) and nuclear interaction parts Hsky(r).

3. Calculations and results

With an aim to explore the structural characteristics, Fig. 1 illustrates
the fragmentation potential as a function of cluster mass for the considered
122Ce, 124Sm, and 132Gd parents. A comparison is conducted for both spher-
ical and β2-deformed fragment choices, aiming to understand the properties
of these radioactive nuclei within the trans-Sn region. It is important to
note that our focus is solely on potential energy minima because the cor-
responding preformation factor P0 is maximized compared to neighboring
fragments. The minima in the fragmentation potential predominantly arise
due to the shell closure effects (spherical or deformed) of one or both frag-
ments, providing insights into nuclear structure effects. Three key findings
are evident from Fig. 1: (i) While there are variations in the magnitude of the
fragmentation potential, the structures of PES exhibit similarity regardless
of spherical or deformed fragments; (ii) The status of the favorable cluster
remains intact, independent of the shape of fragments; (iii) The preferred
clusters shift toward the heavier mass region with the increase in mass num-
ber of parent nuclei. Apparently, the most favorable clusters in the decay of
122Ce, 124Sm and 132Gd parents are 16O, 24Mg, and 28Si, respectively, which
indicates their likely occurrence along with their corresponding daughters
such as 106Sn, 100Sn, and 104Sn.
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Fig. 1. PCM calculated fragmentation potentials for the decay of (a) 122Ce,
(b) 124Sm, and (c) 132Gd considering spherical and β2 deformed choice of decay-
ing fragments.

It is worth mentioning that when the fragmentation potential depicted in
Fig. 1 is normalized relative to the binding energy, it provides the scattering
potential which is used to compute the barrier penetrability P . Here, P
is calculated by solving the WKB integral between the Ra and Rb, the

6 8 10 12 14 16 18
20

40

60

80

100

Ra-Sph.

RbWi

Pb

V(Ra)Def.

Sc
at

te
rin

g 
Po

te
nt

ia
l  

(M
eV

)

Radius R (fm)

 Spherical
 Deformed b2i,qi

opt

124Sm  ®  24Mg+100Sn

Q-value
V(Ra)Sph.

Pi
Ra-Def.

Fig. 2. Scattering potentials for the spontaneous decay of 124Sm → 24Mg + 100Sn,
showing the three steps of barrier penetration used in PCM: (i) the penetrability Pi

from Ra to Ri, (ii) the (inner) de-excitation probability Wi at Ri, taken as unity,
i.e., Wi = 1 for heavy cluster decays [15], and (iii) the penetrability Pb from Ri to
Rb. Here, V (Ra) represents the value of potential at the first tunneling point.
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first and second turning points, respectively. Figure 2 shows a substantial
impact on the scattering potential when transitioning from a spherical to a
deformed configuration. This transition leads to significant changes in both
barrier height and position, thereby influencing the tunneling probability.
The calculated decay half-life (T1/2) in PCM is reliant on penetrability (P )
as per Eq. (1), and consequently, the choice of configuration significantly
affects it. This observation implies the importance of selecting a spherical
or deformed approach in investigating the half-lives and hence the decay of
a particular nuclear system.

To explore further, Fig. 3 shows the computed preformation probabil-
ities, penetrabilities, and logarithms of half-life times for the entire range
of lanthanide parents considered, encompassing 120−124Ce, 124−128Sm, and
130−134Gd. Specifically, the calculations pertain to the clusters 16O, 24Mg,
and 28Si decaying individually from the isotopes of Ce, Sm, and Gd nuclei.
For the majority of the parents investigated, we observe that both P0 and P
increase as one goes from spherical to deformed choice of shapes, highlight-
ing the indispensable role of deformation effects. The resulting values of
log10 T1/2 stemming from these factors are plotted in Fig. 3 (c). As ex-
pected, the magnitude of log10 T1/2 is observed to be least for the deformed
configuration, varying widely from ∼ 2 to 23, thereby presenting an interest-
ing case of investigation. Note that our PCM-predicted half-lives fall within
the experimental limits and align with earlier findings [3, 16, 17] derived
from various mass tables. Such a study emphasizes the significance of defor-
mation effects in determining the clusterization process and thus may serve
as a testing ground for the future experiments on cluster decay studies in
the trans-tin region.
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Fig. 3. Histogram representation of (a) preformation probability, (b) penetrability,
and (c) logarithm of decay half-lives for the 16O, 24Mg, and 28Si clusters emitted
respectively from Ce, Sm, and Gd isotopes.
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4. Summary and conclusions

To summarize, we have conducted a comprehensive investigation of the
ground-state emission of 120−124Ce, 124−128Sm, and 130−134Gd nuclei by em-
ploying the Preformed Cluster Model (PCM). We have investigated the spe-
cific influence of deformation and orientations by comparing the outcomes
with the spherical scenario. By introducing deformation and orientation ef-
fects, we observed substantial modifications to the fragmentation potential,
the penetration pathway, and the associated barrier characteristics. These
modifications had a notable impact on both the preformation probability
(P0) and the penetrability (P ) of the emitting cluster(s). The calculations
are done by using SIII Skyrme force, which imparts an advantage to segre-
gate spin-saturated and spin-dependent part of nuclear potential.
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[2] A. Sǎndulescu et al., Sov. J. Part. Nucl. 11, 6 (1980).
[3] S. Kumar et al., Phys. Rev. C 51, 1762 (1995).
[4] K. Sharma et al., Eur. Phys. J. A 55, 30 (2019).
[5] G. Sawhney et al., Phys. Rev. C 83, 064610 (2011).
[6] Rajni et al., Phys. Rev. C 106, 044605 (2022).
[7] G. Sawhney et al., Eur. Phys. J. A 50, 175 (2014).
[8] D. Vautherin, D.M. Brink, Phys. Rev. C 5, 626 (1972).
[9] Rajni et al., Eur. Phys. J. A 53, 208 (2017).

[10] J. Friedrich, P.-G. Reinhard, Phys. Rev. C 33, 335 (1986).
[11] R.K. Gupta et al., J. Phys. G: Nucl. Part. Phys. 31, 631 (2005).
[12] P. Möller et al., At. Data Nucl. Data Tables 59, 185 (1995).
[13] G. Audi et al., Nucl. Phys. A 729, 337 (2003).
[14] H. de Vries et al., At. Data Nucl. Data Tables 36, 495 (1987).
[15] M. Greiner, W. Scheid, J. Phys. G: Nucl. Phys. 12, L229 (1986).
[16] D.N. Poenaru et al., Phys. Rev. C 47, 2030 (1993).
[17] K.P. Santosh, Pramana J. Phys. 76, 431 (2011).

http://dx.doi.org/10.1038/307245a0
http://dx.doi.org/10.1103/PhysRevC.51.1762
http://dx.doi.org/10.1140/epja/i2019-12697-2
http://dx.doi.org/10.1103/PhysRevC.83.064610
http://dx.doi.org/10.1103/PhysRevC.106.044605
http://dx.doi.org/10.1140/epja/i2014-14175-9
http://dx.doi.org/10.1103/PhysRevC.5.626
http://dx.doi.org/10.1140/epja/i2017-12407-2
http://dx.doi.org/10.1103/PhysRevC.33.335
http://dx.doi.org/10.1088/0954-3899/31/7/009
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.003
http://dx.doi.org/10.1016/0092-640X(87)90013-1
http://dx.doi.org/10.1088/0305-4616/12/10/003
http://dx.doi.org/10.1103/PhysRevC.47.2030
http://dx.doi.org/10.1007/s12043-011-0007-5

	1 Introduction
	2 Methodology
	3 Calculations and results
	4 Summary and conclusions

