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Abstract: In the present study, the newly established preformation formula is applied for the first time to study the
kinematics of the cluster emission from various radioactive nuclei, especially those that decay to the double shell
closure 208 Pb nucleus and its neighbors as daughters. The recently proposed universal cluster preformation formula
has been established based on the concepts that underscore the influence of mass and charge asymmetry (74 and
nz), cluster mass A., and the Q-value, paving the way to quantify the energy contribution during preformation as
well as during the tunneling process separately. The cluster-daughter interaction potential is obtained by folding the
relativistic mean-field (RMF) densities with the recently developed microscopic R3Y using the NL3* and the phe-
nomenological M3Y NN potentials to compare their adaptability. The penetration probabilities are calculated from
the WKB approximation. With the inclusion of the new preformation probability Py, the predicted half-lives of the
R3Y and M3Y interactions are in good agreement with the experimental data. Furthermore, a careful inspection re-
flects slight differences in the decay half-lives, which arise from their respective barrier properties. The Py for sys-
tems with double magic shell closure 293 Pb daughter are found to be an order of ~ 10% higher than those with neigh-
boring Pb daughter nuclei. By exploring the contributions of the decay energy, the recoil effect of the daughter nuc-
leus is evaluated, in contrast to several other conjectures. Thus, the centrality of the Q-value in the decay process is
demonstrated and redefined within the preformed cluster-decay model. Additionally, we have introduced a simple
and intuitive set of criteria that governs the estimation of recoil energy in the cluster radioactivity.
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I. INTRODUCTION

Clustering is one of the notable dynamical attributes
of an atomic nucleus exhibiting regular patterns, despite
the complexities associated with nuclear many-body sys-
tems. The prediction of cluster decay dates back to the
theoretical investigation of Sandulescu et al. in 1980 [1],
in which the shell closure effect of one of the reactants
was used to reproduce a cold reaction on the basis of
fragmentation theory [2]. Subsequently, Rose and Jones
[3] validated the findings, where cluster radioactivity was
established as a highly asymmetric spontaneous disinteg-
ration of radioactive nuclei in which the particle emitted

is heavier than “He and still smaller than the lightest fis-
sion fragments. Thus far, the emission of*C, 18200, 23F,
2224-26Ne, 2830Mg, and 3234Si clusters from various
trans-lead nuclei (**!' Fr — 2*>Cm) have been observed [4].
The emitted clusters in this region are usually associated
with the double magic nucleus 233Pb or nuclei in its vi-
cinity as daughters. Taking into account the kinematics of
cluster emission, previous studies [5, 6] have revealed
that, like a-decay and spontaneous emission, the rate at
which clusters are emitted from odd-parent nuclei is con-
fronted with more structural obstacles than the rate of
cluster emissions from its neighboring even-even iso-
topes. Furthermore, it has been shown that there is a sub-

Received 23 December 2023; Accepted 27 February 2023; Published online 28 February 2023

* Supported by the Fundamental Research Grant Scheme (FRGS/1/2019/STG02/UNIMAP/02/2) from the Ministry of Education Malaysia stipulated with the Insti-
tute of Engineering Mathematics (IMK) of the Faculty of Applied and Human Sciences UniMAP as the beholder, Science and Engineering Research Board (SERB,
CRG/2021/001229), FOSTECT Project (FOSTECT.2019B.04), FAPESP Project (2017/05660-0)

" E-mail: majekjoel@gmail.com
* E-mail: bunuphy@um.edu.my
¥ E-mail: rajkumar@thapar.edu

©2023 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

074106-1


http://orcid.org/0000-0001-6698-7731
http://orcid.org/0000-0002-8677-4220
http://orcid.org/0000-0003-0012-7215
http://orcid.org/0000-0002-8072-6885
http://orcid.org/0000-0003-4019-9942

Joshua T. Majekodunmi, M. Bhuyan, K. Anwar et al.

Chin. Phys. C 47, 074106 (2023)

stantial difference between the observed kinetic energy
and the Q-value of the cluster decay, suggesting a consid-
erable recoil effect [7].

From the theoretical viewpoint, cluster radioactivity
follows the description of the Gamow model of a-decay,
which hinges on the quantum tunneling effect. This de-
scription can be grouped into two main categories accord-
ing to the treatment of cluster emission, i.e., fission and
a-like models. The fission models, e.g., the analytic su-
per asymmetric fission model (ASAFM) of Poenaru et al.
[8, 9], assume that the parent nucleus undergoes continu-
ous deformation until it penetrates the confining interac-
tion barrier and thus attains the saddle configuration. This
approach takes no cognizance of the preformation of the
cluster within the parent nucleus before its emission. In
other words, the preformation probability (Pp) is taken as
unity. In contrast, the a-like models such as the pre-
formed cluster-decay model (PCM) [10— 12], which is
rooted in the quantum mechanical fragmentation theory
(QMFT), assume that clusters are composed of several
nucleons pre-born within the parent nucleus before tun-
neling through the potential barrier. Thus, realistic values
of Py can be calculated, and as a result, the experimental
half-lives can be accurately reproduced. The literature
[13—17] is replete with different expressions to estimate
Py, and the predictive powers of most are restricted to a
certain region of the nuclear chart or fitted with arbitrary
constants without a clear link/relevance to the kinematics
and the underlying concept of cluster emission.

This concept was investigated in the derivation of our
newly proposed preformation formula [18], and it was ex-
tended in the present study to reproduce the experiment-
ally measured half-lives of cluster decay. Additionally, by
exploring the mechanism and kinematics in the decay
channel, we contemplate that a certain amount of energy
must be expended during cluster formation just before its
emission, in contrast to previous studies [19, 20], where
emphasis was placed on the kinetic energy but the recoil
energy was assumed to be negligible. An assumption
such as Levinger's approximation [21], where the recoil
energy is considered too low, becomes invalid for natural
radioactivity in which heavy ions are emitted [22].
Hence, this study aims to investigate the systematic con-
tribution of the decay energy into three distinct parts, ac-
counting for cluster preformation, emission or tunneling,
and the residual energy with which the daughter nucleus
recoils. Furthermore, the relative separation between the
decay fragments denoted AR is used to account for the ef-
fect of neck formation that determines the first turning
point for barrier penetration within the PCM [23], which
is used for the present investigation. This barrier is
formed by the interplay of the Coulomb and nuclear po-
tentials.

The Coulomb potential can be simply estimated as the
ratio of the product of the charges of the decay fragments

(emitted cluster and the daughter nucleus) to the sum of
their radii. However, obtaining the nuclear potential typ-
ically involves the use of phenomenological [24, 25] or
microscopic approaches [26, 27]. In addition to the fun-
damental approaches [28, 29], the R3Y nucleon-nucleon
(NN) potential [30, 31], which stems from the relativistic
mean-field (RMF) Lagrangian using the NL3* parameter
set, is employed in the present study, along with the phe-
nomenological M3Y NN potential [32]. The RMF theory
is apt for handling the ground and excited-state proper-
ties of the atomic nuclei [33—35]. The Q-values are also
calculated from the RMF (NL3*) and are compared with
the macroscopic-microscopic WS3 [36] and those ob-
tained from the experimental binding energy data [37].
The WKB approximation is used to estimate the penetra-
tion probability P. The remainder of this paper is organ-
ized as follows: Sec. II gives a brief description of the
theoretical framework, which includes the relativistic
mean-field (RMF) and the folding procedure for the R3Y
and M3Y NN potentials. The preformed cluster-decay
model (PCM) and the new formula Py that produces a set
of new equations are also presented. Section III presents
the results in detail, along with corresponding discus-
sions. Finally, the conclusions and a summary of this
work are given in Sec. IV.

II. THEORETICAL FORMALISM

The relativistic mean-field (RMF) Lagrangian is built
from the interaction between the nucleonic field and the
three mesonic fields, i.e., isoscalar-scalar o, isoscalar-vec-
tor w, and isovector-vector p, as well as the photon field
A, together with their respective coupling constants (g,
Sus 8) [38-41];

L=y, {iy"(?,, - M} Wi+ %6”0'6#0'

- %midz - %gzO'3 - %83(74 —goihior
- %Q’” o+ %miw“wy = 8V Wiwy
1B B S B 8 T i
B %FWFMV - e@v"( 1 _2T3i Wil (D

The parameters g», g3, and e?/4n are the coupling con-
stants of the non-linear terms. The third component of the
isospin is 73;. M represents the mass of nucleons, where-
as the masses of o, w, and p-mesons are m,, m,,, and m,,
respectively, and the respective fields are w*, g, and A,,.
It is worth noting that the contribution of the z-meson has
been omitted in Eq. (1) in the calculation of the mean
field as a result of its pseudo-scalar nature [39, 42]. A de-
tailed description of the field tensors for w*, g,, and A,
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fields can be found in Ref. [43] and the references
therein. The field tensors are treated as classical fields;
thus, the Dirac equation is obtained for the nucleons and
simplified as

[-ia.V+B(M* +g,0) + guw + &oT3p31Wi = €hi.  (2)

Similarly, the Klein-Gordon equations for the participat-
ing mesons are simplified as

(=V2+m2)0(r) = = gops(r) — g20°(r) — g30° (1),
(=V2+m2)V(r) =gup(r),
(=VZ+m)p(r) =gpp(r). €))

These equations are solved self consistently using the
NL3* parameter set. Within the limit of one-meson ex-
change for a heavy and static baryonic medium, the mi-
croscopic R3Y NN potential is obtained as

- 2 _
VRIY () :é e g™ gpe™
eff 4 r 4r r 4 r
2 2 =3m,r
4 82 gmr 83 € +Joo(E)O(s),  (4)
4r . r

where Joo(E)6(s) represents the pseudopotential of the
zero range that denotes the exchange effect. Equation (4)
is similar to the Reid-Elliott [32] phenomenological pre-
scription called the M3Y NN potential, which is construc-
ted to reproduce the element of the G matrix. The M3Y
NN potential takes the form

—4r —2.5r

21348t J(E)S(s).  (5)

M3Y _
Veir () =799 2.5r

The double folding technique [32] is employed to estim-
ate the nuclear interaction potential V,(R), which is ex-
pressed as

Va(R) = /drc/drdpc(Vc)pd(Vd)Veff(7cd =R+7-7), (6)

where p. and p, represent the nuclear matter densities of
the cluster and daughter nuclei, respectively. V,(R) given
by Eq. (6) is combined with the Coulomb potential

Z.Z . . . .
Ve(R) = 22462 to obtain the total interaction potential

V(R) = Va(R) + Vc(R) + Ve(R), (7

which is used to estimate the WKB penetration probabil-
ity (as illustrated in Fig. 1) and therefore the half-lives of

cluster decay using the preformed cluster decay model
(PCM) [23]. Note that the contribution of the centrifugal

e+ 1)

potential V,(R) = 7 (where pu =m(A.Ay/A) repres-

ents the reduced mass) is neglected in ground state-to-
ground state transitions where the angular momentum
is¢ = 0. The penetration probability of clusters across the
tunneling path is given as

P=P,W;Pyp, 8)

which involves a three-step process, as shown in Fig. 2.
However, W; in Eq. (8) is estimated as unity, that is,
W; =1, following the Greiner and Scheid de-excitation
ansatz [44]. Thus, P = P, P, where

R
P, = exp(—; / {2M[V(R)—V(Ri)]}”2dR>, 9)
R,
and
2 (B
Pb=exp(—h / {2u[V<R,->—Q]}”2dR>. (10)
R;

A. Preformed cluster-decay model (PCM)
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Fig. 1. (color online) Schematic representation of the total

nucleus-nucleus interaction potential ¥ (MeV) and the re-
spective contributions of the Coulomb and double-folded R3Y
(NL3*) and M3Y nuclear potentials as a function of the radial
separation R (fm) for a representative case of 2Th —200 +
208Pb, The inset shows a magnified view of the barrier height
and position.
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Fig. 2. (color online) Total interaction potential for the ener-

getically favoured reaction 22Th —2°0 + 208Pb for both the
M3Y and R3Y NN potentials, satisfying the criterion for
cluster penetration V(R,) > Qva at AR = 1.0 fm (for relative
comparison). The three-step penetration process of the interac-
tion potential is also shown.

The decay half-life T}, within the preformed cluster
decay model (PCM) can be defined in terms of the decay
constant A, penetration probability P, and preformation
probability Py with the expression

In2

T1/2 = 7, A= V()P()P. (11)

The assault frequency vy has a nearly constant value of
102! s~! and can be calculated as

velocity  V2E./u
2Ry 2Ry,

(12)

Vo =

where Ry denotes the radius of the parent nucleus and E,
represents the kinetic energy of the emitted cluster. The
Q-values are estimated from the ground state binding en-
ergies from the RMF, AME2016 [37], and WS3 [36]
mass tables using the expression

Q = BE, + BE,. - BE,,, (13)

where BE,, BE,, and BE, represent the binding energies
of the parent and daughter nuclei and the emitted cluster,
respectively.

Instead of the primitive cluster-mass dependent preforma-
tion formula of Blendowske and Walliser [13], here, we
have paid close attention to the relationships among vari-
ous theoretically established properties/factors that influ-
ence cluster preformation, such as the cluster mass A,
[45], the mass and charge asymmetries ny = (A4—

A)/(Ag+Ay) and nz=(Z;-7Z.)/(Zs+Z.) (because the
emission of the same cluster from different parent nuclei
as well as different clusters from the same parent nucleus
is an experimentally observed fact [2, 4, 46]), the relative
separation between the centres of the fragments rp=
1.2(A13 + A7) [5, 47], and the Q-value [48]. Therefore,
we have proposed a new formula Py [18]:

aA cnA

log Pp = — -Zmnz+b0+c, (14)

where a, b, and ¢ are the fitting parameters in Table 1.

The precision measure is evaluated using the expression

X2

Expt. ’ 2

) - [logio™ Tij2 —logiy 71 2
X = :

— log§y 12

for 14 even-even nuclei and 5 odd-4 nuclei, whose val-
ues are also given in Table 1. As explained in the 3%
footnote of the table, it is worth mentioning that only the
experimentally measured systems yielding Pb-daughters
are preferentially considered in this fundamental study.
Moreover, it is interesting to note that the third term on
the right-hand side of Eq. (14) opens a new window to
probe the contributions of the decay energy. In other
words, the term bQ gives a quantitative description of en-
ergy contributed in cluster formation. Thus, for the first
time, the Q-value is presented in terms of its usage/dis-
bursement in the kinematics of cluster emission as

Table 1.
formula in Eq. (14) for known experimentally favoured cluster

Fitting parameters a, b, and ¢ for the preformation

decays. The chi-squared (y?) for the half-life predictions of
the M3Y and R3Y interactions are given in columns 5 and 6,
respectively (see text for details). Note that odd-odd cluster
emitters have not been experimentally observed.

Constant Parameters ch
System
a b c M3Y R3Y
e-e 11.98 0.037 3.56° 0.078 0.409
11.98 0.037 1.52° 0.060 0.130
0-A 16.12 0.119 4.02 0.071 0.109

* From our observation, all systems with 28Pb daughters, which
corresponds to the double magic shell closure, require a larger
value of parameter c. = The value of parameter ¢ is smaller for
systems with non-298Pb daughters. ° The y? values are very small
because preference is given to experimentally measured cluster-
decays yielding Pb-daughters only. Moreover, this validates the
newly proposed Eq. (14).
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E.
0= b0+ VO + Eu (1)
energy energy recoil

contributed in contributed in energy of
cluster formation  cluster emission  daughter nucleus

where «+/Q represents the energy contributed in cluster
emission. Furthermore, following the work of Gupta et al.
[45], the kinetic energy of the emitted cluster is ex-
pressed as

Ecz%szQH\/Q (16)

Simplification yields
K=\/§<%—b>. (17)

The quantity x in Eq. (17) refers to the tunneling factor.
Detailed explanations and implications of the newly de-
rived Egs. (14)—(17) are typified, analysed, and discussed
in the subsequent section.

III. CALCULATIONS AND DISCUSSIONS

The decay properties of '“C, 18200, 23F, 22-26Ne,
28-30Mg, and 3*Si clusters emitted from various heavy
nuclei lead to the formation of daughters of Pb isotopes.
The effect of double-shell closure in terms of the 2%Pb
daughter is analysed using the theoretical formalism dis-
cussed in the previous section. The relativistic mean-field
theory (RMF) is employed here, being an efficient tool to
reproduce the ground state properties of the decaying par-
ent nuclei. The RMF-based R3Y (NL3*) and the phe-
nomenological M3Y NN interactions are folded with their
respective RMF densities to deduce the nuclear interac-
tion potential. As a representative case, Fig. 1 illustrates
the individual contributions of the nuclear and Coulomb
potentials, which collectively form the total interaction
potential V(=V,.+V,) for ?Th -0 + 2%Pb for the
cases of R3Y (NL3*) and M3Y interactions.

A. Barrier characteristics from M3Y and
R3Y NN-potentials

From Fig. 1, it is observed that the total interaction
potential V' and nuclear potential V,(R) display similar
characteristics for both R3Y and M3Y NN potentials.
However, the difference lies in their qualitative descrip-
tion, which is apparent in the central region [38, 49] but
decreases proportionately with the radial separation R.
Moreover, the R3Y and M3Y AN interactions are charac-
terized by different barrier properties; hence, the barrier
height of the R3Y can be relatively low (approximately

3.6 MeV), which is more attractive, as shown in the inset.

The cluster penetration process for the energetically
favoured reactions, taking 228 Th —200 + 2%8Pb as a rep-
resentative case, is shown in Fig. 2. The three-step pro-
cedure involved is initiated by barrier penetration at the
first turning point R, up to the point R; and followed by a
de-excitation (given in the excitation model of Greiner
and Scheid [44] for heavy cluster emissions as W;=1)
from V(R;); thereafter, the cluster penetrates from R; to
point R, such that V(R,) = Q. It is imperative to note
that this process is significantly influenced by the decay
energy (-value, which must be positive. Although this
description is not altogether new, the contribution of the
(O-value to the energy contributed during cluster preform-
ation (captured by the proposed preformation formula) is
separately estimated/analyzed for the first time. The fig-
ure further stresses the disparity in the barrier properties
of the M3Y and R3Y NN potential, as mentioned previ-
ously. Here, for relative comparison, the neck-length
parameter is kept at AR = 1.0 fm for both NN potentials.
Consequently, there is a significant difference between
their respective barrier peak/height Vg and its derivatives,
such as the barrier lowering parameter AVp and the driv-
ing potential V(R;) — Qva.

The barrier lowering parameter AVg is an inherent
feature of the pre-formed cluster decay model (PCM) that
encapsulates various modifications in the barrier region,
especially those caused by the neck length values [50].
Figure 3 illustrates the profile of AV with respect to the
neutron number N of the 230.232.233.235] isotopes at differ-
ent values of the neck length parameter AR that lie with-
in the proximity potential limit [51-53]. Considering the
predictions from the M3Y (open symbols) and R3Y (sol-
id symbols) potentials separately, it is clear that the barri-
er lowering parameter is largely influenced by the neck
configuration; therefore, its modification increases with
AR. Thus, AVy dictates the tunnel tunneling path of the
cluster, and it is usually negative, because the penetration
point is always below V.

Similarly, the difference between the interaction po-
tential and the energy available for the cluster decay pro-
cess is referred to as the driving potential Vy(=
V(R,)— Qame)- Figure 4 shows the variation of V,; as a
function of the neutron number of 230232233.2357J isotopes
at different neck-lengths (AR). It is worth mentioning that
the Q-value (Qame) used here is calculated from the ex-
perimental binding energy data [37] only for the sake of
accuracy. In several studies, the minima in V,; were used
to indicate the most probable decay channels; here, vari-
ations are made in order to decide on the most appropri-
ate neck length, especially for the recently developed
R3Y interaction. We have previously demonstrated that
AR = 0.5 fm [23, 54] is suitable for the M3Y interaction
in cluster decay studies. However, this AR value is not
energetically favorable in the case of R3Y, owing to its
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Fig. 3.  (color online) Barrier lowering parameter AVjp
(MeV) of *Ne emission of 230:232.233235J isotopes at different
values of the neck-length parameter AR.
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Fig. 4. (color online) Driving potential V(R,)— Qame (MeV)
of 24Ne emission as a function of the neutron number of
230232.233.2351J isotopes at different neck-lengths (AR).

unique barrier charactertistics (see Refs. [55-57] for de-
tails on the predictability range of both R3Y and M3Y in-
teractions). Despite the change in AR, a regular pattern is
maintained in the driving potential profile for both inter-
actions. Other than these variations, AR is fixed at 1.0 fm
for R3Y in the remaining part of this paper for the sake of
comparison.

B. Recoil energy (E;)

A careful inspection of the 4" column of Table 1 and
its footnote shows that the constant parameter 'c' (see Eq.
(14)) is highly susceptible to the shell and/or sub-shell ef-
fect and thus is higher for all the systems having 208 Pb-
daughter shell closure. In other words, 'c' can be used to
indicate the signature of shell and/or sub-shell closure
over an isotopic chain. The shell effect is shown in the

—&— AME |-
--®- WS3
— * -RMF|3

o)
~
T

e
(o]
T

kQ"? (MeV)
N N N Y
\S] N (@) oo ()

124 125 126 127 128 129
Nd

Fig. 5.  (color online) Variation of preformation properties:

(a) recoil energy of the daughter nuclei, (b) cluster emission

energy, and (c) weighted Q-values of various radium and

uranium isotopes as a function of the neutron number of the

daughters formed from 4U —2* Ne +472* Pb.

last column of Table 2, where the same group of differ-
ent isotopes of the particular nucleus is characterized by a
unique Q-value and recoil energy. In such cases, the re-
coil energy of the daughters for double magic 2%®Pb is
higher than those of the neighboring isotopes. Further-
more, Fig. 5 (upper panel) shows the variation of the re-
coil energy of the daughter nuclei w.r.t. the correspond-
ing neutron number N, for different O-values calculated
from the RMF and Qrmr(dashed line with blue star), in
comparison with the binding energies of Wang et al. [37]
denoted as Qame (solid line with black square), as well as
the WS3 given by Liu et al. [36] denoted as Qws; (dot-
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Table 2.

Decay half-lives and preformation analysis of various experimentally observed clusters [4] forming different Pb-daughters.

The Q-values are calculated using the binding energies from experimental data (Qamg)[37]. Columns (8)—(13) are exclusively devoted
to the cluster preformation and emission details from the proposed Eqgs. (14)—(17).

Parent Cluster Daughter OAME logyoT1/2 Py b0 k\O E, E,

nuclei cluster nuclei /MeV Expt. M3Y R3Y Eq. (14) /MeV § /MeV /MeV /MeV
221Ra l4c 207 pp 32.40 13.39 13.95 14.22 9.19x 10718 3.86 4.65 26.49 30.34 2.05
22Ra 4 208 pty 33.05 11.01 11.12 11.94 8.82x 10716 1.22 5.17 29.74 30.96 2.08
223Ra l4c 209py 31.83 15.06 14.71 15.40 8.22x 10718 3.79 4.62 26.04 29.83 2.00
24Ra 140 210 py, 30.53 15.86 16.58 17.10 6.71x 10718 1.13 4.98 27.50 28.63 1.91

226Ra l4c 212py 28.20 21.19 20.31 20.60 5.68% 10718 1.04 4.78 25.41 26.45 1.75
26Th 18y 208 py, 45.73 >15.30 17.31 17.63 9.84x 10720 1.69 5.97 40.39 42.09 3.64
228Th 200 208 p 44.72 20.72 20.54 22.28 3.78x 1072 1.65 5.85 39.15 40.80 3.92
230y 2Ne 208 ppy 61.39 19.57 19.91 19.48 4.46% 10723 2.27 6.80 53.25 55.52 5.87
231pg 2F 208 p 51.89 26.02 25.67 25.34 5.65% 10726 6.17 5.63 40.55 46.72 5.17
20y 24Ne 206 py, 61.35 > 18.20 23.68 23.18 2.47% 10726 2.27 6.73 52.68 54.95 6.40
232y 24Ne 208 p 62.31 21.08 20.58 20.94 2.92x 10724 2.31 6.79 53.56 55.86 6.45
23y 24Ne 209 pty 60.49 24.84 24.39 24.55 2.30x 10726 7.20 6.05 47.06 54.26 6.23
24y 24Ne 210py 58.83 25.92 26.11 26.11 1.97x 10726 2.18 6.60 50.62 52.79 6.03
235y 24Ne 211 py 57.36 27.62 28.29 26.44 1.06x 10726 6.85 5.90 44.65 51.51 5.86
24y 26Ne 208 p 59.41 25.92 25.02 26.61 1.63x 10725 2.20 6.57 50.61 52.81 6.60
2367 26N 210 py, 56.69 >25.9 30.10 31.66 1.16x 10727 2.10 6.42 48.35 50.45 6.25
236py Mg 208 p 79.67 21.67 21.48 21.40 5.99% 10727 2.95 7.54 67.27 70.22 9.45
238py, 0Mg 208 pty 76.80 25.70 25.10 25.18 4.59% 10728 2.84 7.33 64.27 67.12 9.68
22Ccm 34 208 ppy 96.51 23.24 23.70 25.46 3.80x 10730 3.57 8.08 79.38 82.95 13.56

ted line with red circle). The profile shows a regular pat-
tern for the three sets of Q-values, which directly influ-
ences their magnitude. However, in all cases, the peaks
are observed for the magic and/or close shell neutron
number N = 126.

Classically, the recoil energy of the daughter nuclei
(E4) can be correlated with the mass of the parent nuclei
and the cluster in the outgoing channel. Here, we intro-
duce a simple and intuitive system that governs the quant-
itative estimate of the recoil energy of the daughter nuc-
lei (last column of Table 2) based on three distinct pos-
sibilities:

First, we consider a case in which the same cluster is
emitted from different parent nuclei. From these systems,
one can observe that the heavier parent produces a lower
recoil energy, provided that the daughters formed are not
magic nuclei. For example, from the table, the reaction
systems ?2*Ra —!'*C+2%Pb and ?**Ra —!4C+219Pb yield
E; =2.00 and 1.91 MeV, respectively. This observation
is found to be consistent, provided A, is not a shell and/or
subshell closure. Second, we consider emission of differ-
ent clusters from the same parent nucleus. It is observed
that massive clusters produce a relatively high recoil en-
ergy. For example, the reaction systems 23U —

24Ne+219Pb and 2U—2°Ne+?!Pb are associated with
E; =6.03 and 6.25 MeV, respectively. Third, we con-
sider the emission of the same cluster from different par-
ent nuclei in which at least one of the daughters formed is
a magic nucleus. We notice that the heavier parent can
produce a higher or equal recoil energy. For example, the
reaction systems 2*'Ra —!#C+2Pb and ?*’Ra—
14C+208Pb yield E; = 2.05 and 2.08 MeV, respectively.
A similar finding is observed for the reaction systems
B0Y 5XNet+2Ph and P2U —*Ne+28Pb with E; =
6.40 and 6.45 MeV, respectively.

C. Cluster emission energy (x vO)

The dominance of the shell effect on the cluster emis-
sion energy x+/Q is hinged on the formation of the
double magic 2Pb daughter nucleus in which the
highest peak (at N =126) is formed, as shown in Fig.
5(a). However, the usual peak at N = 128 is mainly attrib-
uted to the lower value of the parameter 'c' in Table 2, in-
dicating the formation of non-double magic daughter nuc-
lei. Thus, because the shell effect is weaker in such cases,
the corresponding energy for the cluster tunneling pro-
cess is amply increased. On this account, we define « as
the precise quantity/fractional amount of energy required
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to liberate a preformed cluster through the potential barri-
er. In other words, x is the specific amount of energy with
which the preformed cluster tunnels across the Coulomb-
nuclear interaction barrier. Hence, x can be termed as the
tunneling factor. From Eq. (17), it is evident that x is
largely dependent on the mass of the parent and daughter
nuclei and hence the emitted cluster.

D. Weighted Q-value (bQ)

We reiterate that the weighted Q-value 'bQ' is the
share of the decay energy contributed during the cluster
preformation process. The third panel of Fig. 5 depicts
the weighted Q-value of 2*Ne cluster emission from
even-even 230232.2347J and even-odd 23323°U isotopes as a
function of the neutron number of their respective daugh-
ter nucleus. By composition, »Q can only be influenced
by the Q-value and the parameter b. The predictions from
the Q-values estimated using the experimental binding
energies and those from the WS3 mass table have relat-
ively good agreement with the RMF-deduced Q-values.
For example, the difference in Qave and Qwss ranges
between 0.1 and 0.5 MeV, whereas the Qrmr has a differ-
ence of approximately 1.0-3.0 MeV. However, despite
the wvariation of the (-values, the behaviors of the
even(Z)-even(N) systems differ from those of the
even(Z)-odd(N) systems. In other words, Fig. 5(c) shows
that all the even-even systems have lower bQ values and
follow the same trend, in contrast to the even-odd sys-
tems, which are marked with higher values. As such, it is

apparent that the parameter b captures the odd-even stag-
gering effect, as the presence of unpaired protons or neut-
rons in the open-shell radioactive cluster emitters is
uniquely associated with higher b values (at N = 127 and
N =129) and thus influences the preformation probabil-
ity. This fully agrees with the systematic study in Ref.
[58]. The pairing effect for open-shell nuclei and the odd-
even staggering effects, as well as their connection with
the single-particle energies and orbital filling, were ex-
tensively discussed in Refs. [59-62]. Therefore, it is evid-
ent that careful determination of Py provides ample in-
formation about the nuclear structure and the kinematics
of cluster emission. Using Eq. (14), a detailed calculation
of the cluster preformation is carried out for heavy nuclei
decaying to the double-shell closure 2! Pb-daughters and
its neighbors. Thus, the credibility of the estimated Py is
illustrated and discussed graphically. Because the pre-
formation probability is not a direct experimentally ob-
served quantity, one relies on the theoretical models for
its deduction.

E. Cluster preformation Py and half-lives 7,

Figure 6 (upper panels (a) and (b)) displays the calcu-
lated preformation probabilities of '#C and **Ne clusters
from Ra and U isotopic chains, respectively, as a func-
tion of the neutron number of the corresponding Pb-
daughter nuclei formed. From the figure, it is apparent
that cluster preformation in heavy nuclei is usually ac-
companied by the appearance of a notable dip at N = 126.
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Fig. 6.  (color online) Variation of the preformation probability Py and logarithmic half-lives log,, 71> with Qame [37] only for
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This agrees with the statistical analysis of Bonetti et al.
[63] and Hodgson ef al. [64] and with the theoretical find-
ings in Refs. [65, 66] for a-particle preformation. The fig-
ure further indicates that the Py cannot maintain a con-
stant magnitude for different nuclei, in contrast to the
conjecture in Refs. [67, 68]. Thus, in both figures, the
—log Py values for similar cluster emissions from differ-
ent isotopes of an element have a clear distinction. Tak-
ing the inverse of the —log Py values in Figs. 6(a) and (b),
the Py values fall in the range 0 < Py < 1. Hence, the
treatment of Py as unity relegates the exclusive proper-
ties of the participating nuclei. A detailed inspection of
both figures (and column 8 of Table 2) for 4Ra—
14C+A-14Ph and AU —»*Ne+42*Pb reveals that the
cluster preformation probability P, at the double magic
shell closure of the 2°Pb daughter is higher than those of
its neighboring daughter nuclei with the order of approx-
imately 10> and exhibits relatively short half-lives. This
reflects the stability of the parents >*?Ra and 232U against
decays of the '*C and ?*Ne clusters, respectively.
Similarly, the half-lives theoretically determined us-
ing the M3Y and R3Y potentials are compared with the
experimental data. As representative cases, Figs. 6(c) and
(d) show the variation of the logarithmic half-lives
log,oT1/2 for “C and 2*Ne cluster decay from Ra and U
isotopes, respectively, as a function of the neutron num-
ber of the daughter (N;). In both instances, the minima in
log;T12 are identified with the decay leading to the
double magic daughter 2Pb (Z; = 82 and N, = 126). In
other words, the shell stabilises at magic daughter nuclei.
This implies that the stability of the cluster emitters can
be explained by the shell closure effect. Additionally, the
half-lives of cluster emitters appear to increase w.r.t. the
magnitude of the neutron number of the daughter nuclei
formed until a magic number (or its neighbor) is attained.
The M3Y and R3Y predictions are found to be consistent
with the experimentally observed half-lives for all the
systems under study. However, the cluster decay half-
lives of certain systems (such as for N; = 124 in Fig. 6(d))
lack precise experimental measurement, for which only
the lower limits were given (marked with an upward ar-
row). In that vein, the prediction of M3Y and R3Y agrees

with the experimental lower limit and can be considered
to be more probable from the theoretical point of view (as
the deepest minima are usually associated with the double
magic number N, = 126). The slight difference in the es-
timation of the M3Y and R3Y NN potentials reflects the
uniqueness of their barrier characteristics.

IV. SUMMARY AND CONCLUSIONS

The proposed new preformation probability Py for-
mula captures several known theoretically established
factors (such as the cluster mass A., mass and charge
asymmetry (174 and 7rz), and Q-value) affecting the mech-
anism and kinematics of the cluster emissions. Addition-
ally, for the first time, an expression for the contribution
of the decay energy in terms of the cluster preformation,
emission, and recoil energy is applied in the cluster radio-
activity. Furthermore, we present a new set of criteria for
estimating the recoil energy of daughter nuclei in the
cluster radioactivity. Using the relativistic mean-field
(RMF) approach, the cluster decay half-lives of various
nuclei decaying to (or around) 2°® Pb-daughters are calcu-
lated within the preformed cluster decay model (PCM).
As a result, the stability of the cluster emitters is closely
linked with the pairing and shell closure effect. Although
the barrier properties of the phenomenological M3Y and
microscopic R3Y NN potentials differ qualitatively, their
respective predictions are found to agree relatively well
with the experimentally measured half-lives. To gain
comprehensive insight into the cluster decay dynamics, it
is of future interest to systematically investigate the pre-
formation properties and half-lives of systems yielding
non-Pb daughters along with various proximity poten-
tials with deformation and orientation effects. This study
can also be extended to predict cluster radioactivity in the
unknown territories of the superheavy mass region. The
deformation of the decaying nucleus and/or the decay
fragments is known to also play a significant role in
cluster decays. However, this effect could be less signi-
ficant at the point of cluster formation but more promin-
ent at the scission point. The full-fledged calculation of
the shape degree of freedom from the saddle-to-scission
point will be considered in our future study.
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