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Abstract: A new α-emitting 214U has been recently observed experimentally. This opens the window
to theoretically investigate the ground-state properties of the lightest known even–even neutron
deficient 214,216,218U isotopes and to examine α-particle clustering around the shell closure. The
decay half-lives are calculated within the preformed cluster-decay model (PCM). To obtain the α-
daughter interaction potential, the RMF densities are folded with the newly developed R3Y and
the well-known M3Y NN potentials for comparison. The alpha preformation probability (Pα) is
calculated from the analytic formula of Deng and Zhang. The WKB approximation is employed
for the calculation of the transmission probability. The individual binding energies (BE) for the
participating nuclei are estimated from the relativistic mean-field (RMF) formalism and those from
the finite range droplet model (FRDM) as well as WS3 mass tables. In addition to Z = 84, the so-called
abnormal enhancement region, i.e., 84 ≤ Z ≤ 90 and N < 126, is normalised by an appropriately
fitted neck-parameter ∆R. On the other hand, the discrepancy sets in due to the shell effect at (and
around) the proton magic number Z = 82 and 84, and thus a higher scaling factor ranging from
10−8–10−5 is required. Additionally, in contrast with the experimental binding energy data, large
deviations of about 5–10 MeV are evident in the RMF formalism despite the use of different parameter
sets. An accurate prediction of α-decay half-lives requires a Q-value that is in proximity with the
experimental data. In addition, other microscopic frameworks besides RMF could be more reliable
for the mass region under study. α-particle clustering is largely influenced by the shell effect.

Keywords: preformed cluster decay; relativistic mean-field; alpha-particle clustering; neck-length

1. Introduction

Instability is highly prevalent in heavy nuclei due to the Coulomb repulsion of several
protons involved. To gain stability, heavy nuclei naturally dispose of the excess positive
charges via alpha (α)-decay. An α-particle itself is characterised by high stability and a
tightly bound structure. The discovery of α-decay dates back to 1896 when it was observed
as natural radioactivity and later confirmed in Rutherford’s experiment in 1908. This
was given credence in the theoretical interpretation of α-decay explained as a quantum
tunnelling effect. Thereafter, the relationship between the decay energy of α-particles and
half-lives was empirically deduced by Geiger and Nuttal [1,2]. Alpha decay has been
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proven to be a powerful tool that incorporates nuclear structure information [3,4], such as
ground-state half-life and energy [5,6], stellar nucleosynthesis [7,8], cluster decay [9], exotic
nuclei in the superheavy mass region [8], closed-shell region [10,11], proton-neutron drip
line region [12,13], and the shell structure [11,14].

The development of radioactive beams across the globe since they were first used a
few decades ago has extended the frontiers of the knowledge of the nuclear shell structure,
especially in light nuclei. Yet, from the experimental front, little is presently known of
the structure evolution in the heavy nuclei around and below the neutron shell closure at
N = 126 [12,15,16]. Particularly, some neutron-deficient nuclei around the region Z = 82
in the heavy-ion reaction are often excluded in the in-beam γ-ray experiments [17]. On the
other hand, all theoretical probes on this shell closure emanate from either the nuclear
fission [18–20] or Gamow theory of α-decay [21–25]. The former relegates the idea of prefor-
mation; i.e., it is assumed that clusters are formed during the separation/deformation pro-
cess of the parent nucleus while penetrating the confining interaction barrier. In Gamow’s
prescription [26], the α-particle decay is considered as a quantum tunnelling process of a pre-
formed α-particle penetrating the potential barrier. This presupposes that α-preformation
probability could be incorporated into α-decay theories as α-cluster preformation. One of
the models that embraces this theory is the preformed cluster-decay model (PCM), which
stems from the well-known quantum mechanical fragmentation theory (QMFT). In the
PCM, an α-particle is assumed to be preborn within the parent nucleus and thereafter
tunnels through the potential barrier generated by the superposition of the nuclear and
Coulomb potentials [26–28]. Obtaining the Coulomb potential is straightforward, whereas
the nuclear potential can be deduced via phenomenological [29,30] and microscopic ap-
proaches [31,32]. Thus, to gain insight into the decay phenomena, the choice of nuclear
potential is crucial [30]. In addition to the fundamental approaches [33,34], the newly
developed R3Y nucleon-nucleon (NN) potential [35,36], which is analogous to the phe-
nomenological M3Y [37], is derived from the relativistic mean-field (RMF) Lagrangian and
is applied in the present work for the study of α emission using the NL3∗ parameter set,
which has been successfully employed in the study of various ground- and excited-state
properties [38–40].

Recently, a new neutron-deficient α-emitting isotope 214U produced by the fusion-
evaporation reaction 182W(36Ar, 4n)214U has been observed [15]. Its α-decay energy and
half-life were measured to be Qα = 8533(18) KeV and T1/2 = 0.52+0.95

−0.21 ms, respectively.
Hence, 214U is the lightest known even-A uranium isotope until now. This necessitates
a detailed investigation of the ground-state properties of 214U. The authors [15] also
reported that an abnormal enhancement was observed in the reduced width of other re-
measured light even-even 216,218U isotopes around the proton closed-shell 84 ≤ Z ≤ 90
and neutron closed-shell N < 126. This constitutes our motivation to theoretically examine
this phenomenon in the α-decay chain of these lighter uranium isotopes using the PCM
within the RMF framework [41–43], which is cognate with the energy density functional
formalism and gives an accurate description of both ground and excited-state properties
across the entire nuclear landscape [44]. However, previous theoretical studies [28,45] hold
that a constant scaling factor (CSF) of 10−4 is required for the calculation of the α-decay
half-lives of nuclei in the superheavy region within the PCM framework at the ground state
(at temperature, T = 0). Thus, the present study is also aimed at answering two pertinent
questions: (1) Does the α-decay of lighter uranium follow a similar trend as those from
other superheavy nuclei? More precisely, does the constant scaling factor that appears in
PCM calculations for the superheavy region apply to other regions in the nuclear chart?
(2) If yes, what will be the course (of the CSF) for the lightest 214,216,218U isotopes (around
84 ≤ Z ≤ 90 and N < 126 shell closures) where an abnormal enhancement has just been
observed?

The only variable parameter in the PCM is the neck-length parameter ∆R, which
assimilates the neck formation effect between two nuclei and determines the first turning
point of the barrier penetration. In this context, ∆R is always fitted to the experimen-
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tal data within the proximity potential limit of up to 2 fm [28,46]. The inputs of PCM
include the preformation probability (Pα), calculated from the analytic formula of Deng
and Zhang [47,48], and penetration probability (P), using the WKB approximation [49–51].
The binding energy (BE) estimated from the microscopic RMF formalism and those from
the FRDM [52] and WS3 [53] are utilised to calculate the Q-values of the α-decay. Thus,
the dynamics of α-decay are analysed in detail.

The paper is organised as follows: In Section 2, the relativistic mean-field formalism
and the nucleus–nucleus potential obtained from the double-folding procedure for R3Y and
M3Y NN-potential using the densities of the daughter and cluster. This section concludes
with a brief overview of the PCM. Section 3 is assigned to the discussion of the results
obtained from our calculation. The summary of our findings and a brief conclusion is given
in Section 4.

2. Theoretical Framework

The isotopes of uranium, namely 214,216,218U, are studied here microscopically within
the relativistic mean-field formalism in which the interaction between the many-body sys-
tem of nucleons and mesons is expressed via the non-linear effective Lagrangian [41–43,54–58],

L = ψi
{

iγµ∂µ −M
}

ψi +
1
2

∂µσ∂µσ

−1
2

m2
σσ2 − 1

3
g2σ3 − 1

4
g3σ4 − gsψiψiσ

−1
4

ΩµνΩµν +
1
2

m2
ωVµVµ − gωψiγ

µψiVµ

−1
4
~Bµν.~Bµν +

1
2

m2
ρ
~Rµ.~Rµ − gρψiγ

µ~τψi.~Rµ

−1
4

FµνFµν − eψiγ
µ(

1− τ3i
2

)ψi Aµ. (1)

The scalar meson σ and vector meson Vµ account for the medium-range attraction
and the short-range repulsion between the nucleons, respectively. The isovector-vector
meson ~Rµ describes the isospin-dependent effects in the nuclei. Their respective masses are
mσ, mω and mρ with the coupling constants gs, gω and gρ. The Dirac Spinor, isospin and its

third component are denoted as ψi, τ and τ3, respectively. Parameters g2, g3 and e2

4π are the
coupling constants of the non-linear terms. M is the mass of nucleon and Aµ stands for the
electromagnetic field. The π-meson is not considered since its contribution is negligible
owing to its pseudoscalar nature [42,57]. From Equation (1), the classical variation principle
is employed to deduce the Dirac equation,

[−iα.∇+ β(M∗ + gσσ) + gωω + gρτ3ρ3]ψi = εiψi (2)

to obtain the nuclear spinors and the Klein–Gordon equations

(−∇2 + m2
σ)σ(r) = −gσρs(r)− g2σ2(r)− g3σ3(r),

(−∇2 + m2
ω)V(r) = gωρ(r),

(−∇2 + m2
ρ)ρ(r) = gρρ3(r). (3)

A numerical solution is then carried out self-consistently using an iterative approach
with NL3* parameter set [59]. Taking the limit of a single-meson exchange for static
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baryonic medium, the scalar, σ- and vector (ω, ρ)-fields are expressed in terms of the
nucleon–nucleon potentials as

Vσ = − g2
σ

4π

e−mσr

r
+

g2
2

4π
re−2mσr +

g2
3

4π

e−3mσr

r
,

Vω(r) =
g2

ω

4π

e−mωr

r
, Vρ(r) = +

g2
ρ

4π

e−mρr

r
. (4)

The contribution of δ-meson is subsumed in the ρ-field [57] and, hence, Vδ is negligible.
The sum of the expressed NN interactions in Equations (4) gives the RMF-based-R3Y NN
effective interactions plus a single-nucleon exchange effect [60]

VR3Y
eff (r) =

g2
ω

4π

e−mωr

r
+

g2
ρ

4π

e−mρr

r
− g2

σ

4π

e−mσr

r

+
g2

2
4π

re−2mσr +
g2

3
4π

e−3mσr

r
+ J00(E)δ(s), (5)

where J00(E) = −276(1− 0.005Eα/Aα) MeV fm3. Aα represents the mass of the α-particle
and Eα symbolises the energy measured in the centre of mass of the decay fragments
(α-daughter) system whose magnitude is equal to energy released for the decay process
(Qα-value). Unlike the energies required in high-energy α-scattering, J00(E) could be
independent of the Qα-value and is often used in its approximated form, as seen in Ref. [61].

The M3Y (Michigan-3-Yukawa) is composed of a 0.25 fm medium-range attractive
part, 0.4 fm short-range repulsive part and 1.414 fm long-range tail of one-pion exchange
potential (OPEP), which proceeds from the fitting of G-matrix elements predicated on
Reid-Elliott soft-core NN interaction [37] on an oscillator basis. The M3Y plus exchange
term takes the form

VM3Y
eff (r) = 7999

e−4r

4r
− 2134

e−2.5r

2.5r
+ J00(E)δ(r), (6)

where the unit of the ranges are in fm and the strength is in MeV. The nuclear interaction
potential Vn(R) is calculated here within the double-folding approach [37] and is given as

Vn(R) =
∫

ρα(~rα)ρd(~rd)Veff(|~rα −~rd + ~R| ≡ r)d3rαd3rd. (7)

Here, ρα and ρd are the nuclear matter density distributions of the alpha particle
(α) and the daughter nucleus (d), respectively. To obtain the alpha–daughter interaction
potential, the nuclear potential Vn(R) is added to the Coulomb potential VC(R) (= ZcZd

R e2)
and is given as

V(R) = Vn(R) + VC(R). (8)

This potential is used in the calculation of the WKB penetration probability in the PCM.

Preformed Cluster-Decay Model (PCM)

The alpha-decay half-life in the preformed cluster-decay model (PCM) can be esti-
mated as [62,63]

T1/2
α =

ln 2
λ

, λ = ν0P0P. (9)

The decay constant λ denotes the probability per unit time for each nucleus to decay.
It is assumed that clusters are preborn within the parent nucleus with certain preformation
Pα and hits the potential barrier with an assault frequency ν0, given as

ν0 =
velocity

R0
=

√
2Eα/µ

R0
, (10)
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and thereafter tunnels with a probability P. R0 represents the radius of the parent nucleus.
A necessary condition for the energetically favoured spontaneous emission of the α-particle
is a positive Q-value. This is the total energy available for the decay process. The Q-values
are obtained from the ground-state binding energies from the expression

Q = BEp − (BEd + BEα), (11)

where BEp, BEd and BEα are the binding energies of the parent and daughter nuclei and
the emitted α-particle, respectively. The Q values are rationed between both fragments
such that α-particle Eα = Ad

A Q and the recoil energy of the daughter Ed = Q− Eα since
Q = Eα + Ed.

The first turning point Ra shown in Figure 1, which illustrates the penetration path of
the decaying compound nucleus 214U→ 210Th + α, is given as

R = Ra = R1(α1, T) + R2(α2, T) + ∆R. (12)

Here, ∆R is the relative separation distance between two outcoming nuclei, which
incorporates the neck formation effects between them and hence is referred to as the neck-
length parameter. ∆R is introduced similarly as those of the scission point [64] and saddle
point [65,66] in statistical fission models. In the present context, the neck parameter is fitted
to predict the experimentally measured half-lives. It is pertinent to note that the Q-value
of the reaction influences the choice of the neck length. As such, it is required that the
potential at the first turning point V(Ra) should be higher than the Q-value.

In the PCM framework, the preformation probability Pα (otherwise called the spec-
troscopic factor) encapsulates the structural information of the decaying parent nucleus.
From a microscopic perspective, it is difficult to obtain the exact value of Pα due to the
complexities associated with the nuclear many-body problem. Nonetheless, Pα could be
several orders of magnitude below unity [22,62]. Here, the α-particle preformation is calcu-
lated from the analytic formula of Deng and Zhang [47,48], who successfully employed it
in the investigation of some neutron-deficient nuclei. The authors also reported that this
formula gives an accurate prediction of α-decay half-lives for known and unsynthesised
superheavy nuclei and sheds light on some microscopic nuclear structure information such
as odd-even staggering and the shell effect. It takes the expression

log10 Pα = a + bA1/6
√

Z + c
Z√
Qα
− kχ′ − eρ′ + f

√
l(l + 1), (13)

where

χ′ = ZαZd

√
Aα Ad

(Aα + Ad)Qα
and

ρ′ =

√
Aα Ad

(Aα + Ad)
ZαZd(A1/3

α + A1/3
d ).

The mass and proton numbers of the decaying parent nucleus are denoted as A, Z,
respectively. l is the angular momentum carried by the α-particle. In this study, l = 0 since
all nuclei are considered to be in the ground state. The adjustable parameters a, b, c, e, f
and k have been fitted with the experimental data as given in Ref. [47] and their respective
values are the same for the N ≤ 126 region, as mentioned in Ref. [48]. It is worth noting
that this analytical P0 formula from Deng et al. is based on the GLDM with an elliptic
lemniscatoid geometry. The family of the elliptic lemniscatoid geometries are obtained by
the inversion of spheroids [67], in which the daughter nucleus is assumed to be almost
spherical. Moreover, it has been established [68] that the shape evolves continuously
from one spherical nucleus to two touching spherical nuclei and naturally results in the
formation of a conspicuous neck. This geometry may not be the best compromise in α-
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emission since its touching-point configuration is characterised by the existence of cusp,
leading to an abrupt reversal in motion of the relative distance (see Ref. [69] for elaborate
details). However, our goal in the present work is to investigate the behaviour of the
RMF formalism. A more suitable preformation formula is being developed and will be
communicated shortly.

The α-particle tunnels through the interaction potential V(R), starting from the first
turning point R = Ra, and terminates at the second turning point R = Rb, whose corre-
sponding potential V(Rb) = Q for ground-state decays (illustrated in the inset of Figure 1).
On the other hand, V(Ra) = Q + Ei, where Ei (as adopted by Malik et al. [62]) is the
energy with which the α-particle or daughter nucleus decays into an excited state. At the
radius of the parent nucleus R = R0, the potential of the system is equal to its Q value.
The shape of the parent nucleus changes as instability sets in, leading to the separation of
the α-particle and neck formation. To deduce the barrier penetration probability P, using
the WKB approximation, three basic steps are involved [62]: (a) the penetrability Pi from
Ra to Ri, (b) the (inner) de-excitation probability Wi at Ri, taken as one [70], and (c) the
penetrability Pb from Ri to Rb, which leads to the penetration probability

P = PiPb, (14)

where Pi and Pb are the integrals in the WKB approximation and are given as:

Pi = exp
(
−2

h̄

∫ Ri

Ra
{2µ[V(R)−V(Ri)]}1/2dR

)
, (15)

and

Pb = exp
(
−2

h̄

∫ Rb

Ri

{2µ[V(Ri)−Q]}1/2dR
)

, (16)

where µ is the reduced mass given by µ = Ad Aα/(Ad + Aα). The above integrals in
Equations (15) and (16) are solved numerically to obtain the penetration probability.
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Figure 1. The total nucleus-nucleus interaction potential V (MeV) and its components, namely,
nuclear and Coulomb potentials as a function of radial separation R (fm) for R3Y (NL3∗) and M3Y
NN potentials as a representative case of 214U→ 210Th + α. The inset shows a magnified view of the
barrier height and position.

3. Calculations and Discussions

The present work aims to theoretically investigate the α-decay properties of the newly
measured 214U as well as the even-even 216,218U isotopes within the PCM framework.
The nuclear interaction potential (shown in Figure 1) is deduced from the RMF approach
using the recently developed R3Y (with NL3∗ parameter set) and the well-known phe-
nomenological M3Y NN interactions. Three different sets of Q-values calculated from
the binding energy data FRDM [52], WS3 [53] and those from the RMF formalism (NL3∗)
were employed.

As a representative case, the total radial density distribution of the fragments (daughter
nucleus 210Th (red line) and α-particle (blue line)) in Figure 1 is conspicuously shown in
Figure 2 as a function of the radius. A similar figure can be obtained for all the participating
nuclei under study (but not shown here for the sake of clarity). From the figure, the density
of 210Th displays a lower magnitude around the central position and increases towards the
surface region while the reverse is observed for the α-particle due to Coulomb repulsion
and the difference in their respective mass. It is imperative to note that in Ref. [71],
the density-dependent M3Y (DDM3Y) NN interactions were introduced to reproduce the
saturation properties of nuclear matter. The inclusion of the DDM3Y NN interaction in the
double-folding approach leads to the modification of nuclear potential, especially at small
separation distances where the density overlap is larger and hence the density dependence
of NN interaction becomes important. However, the present study aims to compare the
results of widely adopted M3Y and recently proposed relativistic R3Y NN interactions.
Therefore, to avoid complexities, we have only considered the simple density-independent
M3Y NN interaction. A more comprehensive study involving the density dependence of
both M3Y and R3Y is under process and will be communicated shortly. The respective neck
parameter is optimised for each reaction system about the experimental half-life for both
the cases of M3Y and R3Y NN interactions.
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Figure 2. The total radial density distribution of 210Th obtained from the RMF (NL3∗) parameter
set and those of α-particle, deduced from the experimental data [72] (following the illustration in
Figure 1). See text for details.

Several parameters are involved in estimating the ground-state properties of nuclei
using the relativistic mean-field Lagrangian. Examples of such parameters which include
the binding energy (BE), charge radius rc, quadrupole deformation parameter β2, pairing
energies Epair and other bulk properties, are replete in the literature [40,73,74]. These
mentioned parameters are obtained from RMF predictions for all the participating nuclei
in the first decay chain (214U→ 210Th→ 206Ra→ 202Rn→ 198Po→ 194Pb), second decay
chain (216U → 212Th → 208Ra → 204Rn → 200Po → 196Pb) and the third decay chain
(218U → 214Th → 210Ra → 206Rn → 202Po → 198Pb) and are compared with those of the
FRDM ones given in the Table 1. As such, with an appropriate choice of parameter set,
the predicted results are nearly force independent [6]. Note that, in Table 1, the RMF (NL3∗)
results are displayed in columns 2–10 and their respective FRDM and WS3 predictions are
given in columns 11–13 and 14–16, respectively.
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Table 1. The RMF (NL3∗) predictions for the binding energy (BE), pairing energy Epair, deformation
β2, root-mean-square radii (rms), charge radii rc, proton radii rp and neutron radii rn in comparison
with their results from FRDM [52] and WS3 [53]. The energy is in MeV and radii in fm.

Nuclei
RMF FRDM WS3

Epair Ec.m. B.E B.E/A rc rn rp rms β2 B.E B.E/A β2 B.E B.E/A β2

214U 16.49 −5.141 1640.51 7.67 5.66 5.73 5.60 5.68 0.001 1630.22 7.62 −0.115 1629.70 7.62 −0.106
210Th 16.59 −5.173 1618.15 7.71 5.62 5.70 5.56 5.64 0.045 1610.37 7.67 −0.135 1610.53 7.67 −0.124
206Ra 16.36 −5.207 1596.11 7.75 5.58 5.67 5.52 5.61 0.095 1589.89 7.72 −0.125 1590.06 7.72 −0.123
202Rn 16.35 −5.241 1573.09 7.79 5.54 5.64 5.49 5.58 0.109 1568.87 7.77 −0.115 1569.16 7.77 0.096
198Po 16.40 −5.276 1549.31 7.83 5.50 5.61 5.44 5.54 0.111 1547.43 7.82 0.075 1547.97 7.82 0.074
194Pb 16.31 −5.312 1524.98 7.86 5.47 5.58 5.41 5.51 0.124 1526.18 7.87 0.000 1526.38 7.87 0.083
216U 15.81 −5.125 1659.59 7.68 5.66 5.76 5.61 5.69 0.000 1648.69 7.63 −0.073 1648.16 7.63 −0.084

212Th 16.00 −5.157 1637.16 7.72 5.62 5.72 5.57 5.66 0.003 1628.74 7.68 −0.094 1628.38 7.68 −0.101
208Ra 15.89 −5.190 1614.15 7.76 5.59 5.69 5.53 5.62 0.059 1608.11 7.73 −0.125 1608.51 7.73 −0.116
204Rn 15.84 −5.224 1590.80 7.80 5.55 5.66 5.489 5.59 0.083 1586.94 7.78 −0.115 1587.23 7.78 −0.101
200Po 15.73 −5.258 1566.81 7.83 5.51 5.63 5.45 5.55 0.089 1565.52 7.83 −0.063 1565.66 7.83 −0.065
196Pb 15.43 −5.294 1542.13 7.87 5.47 5.60 5.41 5.52 0.096 1543.48 7.88 0.000 1543.96 7.88 0.008
218U 15.10 −5.109 1677.21 7.69 5.67 5.78 5.62 5.71 0.001 1666.17 7.64 0.000 1665.89 7.64 −0.004

214Th 15.29 −5.141 1655.61 7.74 5.63 5.75 5.58 5.68 0.000 1646.39 7.69 −0.063 1645.97 7.69 −0.072
210Ra 15.46 −5.173 1632.02 7.77 5.59 5.71 5.56 5.64 0.019 1625.80 7.74 −0.084 1625.57 7.74 −0.096
206Rn 15.38 −5.207 1608.23 7.81 5.55 5.68 5.49 5.60 0.047 1604.44 7.79 −0.094 1604.86 7.79 −0.097
202Po 15.22 −5.241 1583.85 7.84 5.51 5.65 5.45 5.57 0.056 1582.71 7.84 −0.063 1582.92 7.84 −0.070
198Pb 14.66 −5.276 1558.98 7.87 5.47 5.62 5.42 5.54 0.075 1560.26 7.88 0.000 1560.75 7.88 0.022

The newly measured α-emitting isotope 214U [15], produced via a fusion evaporation
reaction and the re-measured even-even 216,218U, furnishes us with helpful data with which
the RMF (NL3∗) is tested. In addition to the calculation of the α-decay energies, binding
energies can be employed to probe the stability of nuclei as well as test the reliability of the
model adopted if it can quantitatively replicate the experimental binding energies. Figure 3
displays the variation of the binding energy (B.E) and the binding energy per particle
(B.E/A) with the mass number of their respective parent nuclei. In each case, the values
of the binding energies increase proportionately with the increasing mass of the parent
nuclei until notable peaks are formed at A = 214, 216 and 218 (near and) at magic numbers
N = 122, 124 and 126, respectively. Unlike the former, the B.E/A values decrease, leading
to a higher mass until a minimum is observed around the same closed shell. In both varied
parameters, similar trends are observed. It is seen that the FRDM and WS3 predicted
binding energies agree closely, while the RMF (NL3∗) predictions display a considerable
deviation, gradually decreasing from uranium to radon isotopes with about 5–10 MeV
(comparing the corresponding values in columns 4, 11 and 14 of Table 1). As a necessary
input for the calculation of the α-decay energies, this deviation would lead to an inaccurate
estimation of the decay properties.
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Figure 3. The binding energy B.E (upper panel) and the binding energy per particle B.E/A (lower
panel) for the decay chains of even-even 214,216,218U isotopes, estimated from the RMF (NL3∗) in
comparison with the results from FRDM [52] and WS3 [53].

The decay energy (Q-value) plays an indispensable role in the calculation of the
half-lives of nuclei [75]. From Figure 4 and Table 2 (columns 5–7), it is observed that
the estimated alpha-decay energies from FRDM and WS3 are in good agreement with
the experimental data and notably, the FRDM gives a perfect fit. Meanwhile, the RMF
predictions are found to be at least 2 MeV less as compared with the recent experimental
measurement, although it accurately reproduces a similar trend of Qα with the neutron
number [17]. We have also compared the RMF Q-values using NL3, NL3∗ and DD-ME2
parameter sets with the experimental Q-values and those of WS3 (not shown in the present
analysis for the sake of brevity), yet, a discrepancy of about 2 MeV is still present. This
underestimated RMF prediction of the α-decay energies is obvious in all the comparisons
made in this study. It is well known that little deviation in the Q values alters the resulting
half-lives by a few orders of magnitude [5]. This suggests that the RMF formalism is not
the best compromise to accurately estimate the Qα values (for the region under study)
and hence certain improvements in the interaction term of the Lagrangian density are
needed to ensure its reliability in the prediction of the α-decay half-lives. The parameters of
the macroscopic–microscopic FRDM have been fitted to the ground-state masses of about
1654 nuclei (Z, N ≥ 8), while the RMF approach is predicated on a Lagrangian describing
the interactions of nucleons through the exchange of mesons and photons [76].
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Figure 4. The Qα energies for the α-decay chain of 214U isotopes obtained from the RMF formal-
ism (NL3∗) in comparison with those from the FRDM [52], WS3 [53] and the recent experimental
measurement of Zhang et al. [15].

Table 2. The R3Y and M3Y predictions of the α-decay half-lives T1/2 within the PCM (T = 0) and the
calculation details for the decay chains of the neutron-deficient even–even 214,216,218U isotopes from
RMF (NL3∗) in comparison with the experimental data [15,77,78]. The Q-values also are calculated
using the binding energies from FRDM [52] and WS3 [53] for comparison.

R3Y M3Y

α-Transition Experiment Q Values (MeV)
∆R Scaling Factor

log10 T1/2
∆R Scaling Factor

log10 T1/2

Parent Daughter Qexpt
α log10 T1/2 RMF FRDM WS3 RMF FRDM WS3 RMF FRDM WS3

214U 210Th 8.533 −3.284 5.942 8.446 9.126 1.270 10−4 5.672 −3.285 −4.950 0.540 10−4 5.291 −3.197 −4.721
210Th 206Ra 8.069 −1.790 6.247 7.816 7.831 1.537 10−4 3.913 −1.789 −1.835 0.590 10−4 3.654 −1.846 −1.889
206Ra 202Rn 7.415 −0.620 5.280 7.276 7.394 1.737 10−4 8.001 −0.633 −1.020 0.836 10−4 7.622 −0.833 −1.209
202Rn 198Po 6.774 1.093 4.518 6.856 7.099 0.728 10−4 9.098 1.094 0.717 1.487 10−4 12.858 1.088 0.230
198Po 194Pb 6.309 2.270 3.966 7.046 6.710 1.469 10−8 a 18.299 2.269 3.404 1.302 10−7 a 18.525 2.271 3.433
216U 212Th 8.384 −2.326 5.863 8.346 8.513 1.810 10−4 7.004 −2.319 −2.779 0.914 10−4 6.796 −2.387 −2.837

212Th 208Ra 7.958 −1.499 5.287 7.666 8.424 1.393 10−4 8.513 −1.496 −3.643 0.610 10−4 8.219 −1.505 −3.553
208Ra 204Rn 7.273 0.137 4.951 7.126 7.019 1.913 10−4 10.236 0.119 0.492 1.110 10−4 10.291 0.214 0.584
204Rn 200Po 6.546 2.013 4.303 6.876 6.727 0.700 10−4 10.568 2.014 2.205 0.956 10−6 a 15.236 2.014 2.543
200Po 196Pb 5.981 3.794 3.614 6.256 6.589 0.797 10−6 a 16.290 3.795 3.123 1.103 10−6 a 20.254 3.794 2.513
218U 214Th 8.775 −3.292 6.692 8.516 8.366 1.318 10−4 2.609 −3.293 −2.896 0.592 10−4 2.316 −3.293 −2.920

214Th 210Ra 7.827 −1.060 4.708 7.706 7.896 1.812 10−4 12.896 −1.060 −1.641 0.872 10−4 −9.977 −1.060 −1.631
210Ra 206Rn 7.151 0.585 4.500 6.936 7.591 1.622 10−4 13.039 0.585 −1.599 0.828 10−4 12.905 0.585 −1.558
206Rn 202Po 6.384 2.740 3.924 6.566 6.353 0.964 10−7 a 16.978 2.741 3.486 1.188 10−5 a 18.083 2.740 2.735
202Po 198Pb 5.701 5.143 3.422 5.846 6.130 1.655 10−6 a 21.800 5.142 3.913 0.840 10−6 a 21.656 5.144 3.934

a A higher scaling factor between the range 10−8–10−5 is required to calculate the α-decay half-lives with daughter
nuclei near (and at) proton shell closure Z = 82.

In summary, the difference in the Q-values estimated from the considered mass
tables can be attributed to their respective parameterisations [76] and the mass correlation
distance between surrounding nuclei, which is usually r ≤ 3, but ranges up to r ∼ 10
for RMF, being characterised with a larger rms deviation [79]. The α-decay half-life is a
viable tool used in nuclear structure physics to reveal the shell effect of both parent and
daughter nuclei. Figure 5 shows the profile of the logarithmic half-lives log10 T1/2 as a
function of different α-emitting parent nuclei for the three decay chains, starting from
the lightest uranium isotope 214U. Again, the FRDM predictions appear to be the most
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consistent with the measured data [77,80]. Likewise, the WS3 is in fair agreement with
the experimental data with a tolerable difference. On the other hand, the RMF half-life
predictions were all-time higher with a wide difference, traceable to its relatively low alpha-
decay energy. These discrepancies in the RMF predictions are reconciled by a random
fitting (not following the systematic trend of FRDM and WS3) of the scaling factor, as well
as the neck-length parameter ∆R, as shown in Table 3. From the table, it is clear that an
appropriate scaling and fitting can compensate for the divergent RMF values. Nonetheless,
the refitting process appears to play a small effect on the penetration probability P. This
is because the decay energy directly imparts and determines the magnitude of cluster
penetration in the decay process. As reported by Kumar and collaborators [81–83], parent
nuclei with stabilised shells are marked with high half-life values and such a situation in
the daughter nuclei results in relatively lower values of the half-life. The shell structure
effect is prominent in all cases for the α-emitting parent 198,200,202Po (Z = 84) having higher
log10 T1/2 values. On the other hand, from Figure 5, the decay energy Qα of Polonium
isotopes, whose daughter Pb has a proton number at (or near) the magic shell closure
Z = 82, which assumes the deepest minima as a result of its stability. This stability can be
linked to the magicity of protons at (or near) (Z = 82, 84) or of the neutrons magic numbers
N = 214, 126, 218. This phenomenon was also reported by Phookan [22] and Manjunatha
and Sowmya [84]. Interestingly, in Figure 5, the variation in Qα seems to be the inverse of
those of the logarithmic half-lives log T1/2. Yet, a similar profile with the experimental data
is maintained from the calculated values of RMF, FRDM and WS3. It is also noticed that Qα

increases to the size of the (neutron number of) the parent nuclei.
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Figure 5. The logarithmic half-lives (upper panel) and the Qα for the α-decay chain of 214U, 216U
and 218U, obtained of from the RMF formalism (NL3∗) in contrast with those from the FRDM [52],
WS3 [53] and the recent experimental measurement of Zhang et al. [15].

In the PCM framework, it is assumed that the penetration probability P0 will be less
than unity and manifests an abrupt reduction with an increasing mass number A of the
parent nuclei. Here, our calculated P0 values are in tune with the shell model, with notable
minima around the magic numbers. This conforms with the recent findings of [24,25],
in which it was demonstrated that P0 can be influenced by the isospin asymmetry of the
parents, the deformation of the daughter nuclei, and pairing and shell effects and that
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the minima of P0 can be ascribed to the presence of proton, neutron shells and sub-shell
closures. A careful evaluation of Figure 6, which portrays the relationship between the
preformation probability P0 and the penetrability P, where both parameters are shown as a
function of the mass number, reveals that lower P0 values correspond to a higher P and
vice versa, such that their products P0P are near to the same order for all the decay chains
under study.
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Figure 6. Preformation probability P0 (calculated from Equation (13)) and the penetration probability
P using the Q-values estimated from RMF (NL3∗), FRDM [52] and WS3 [53] for 214U, 216U and
218U decay chains.

Pairing is a vital quantity used in determining the nuclear properties of open-shell
nuclei. Here, the pairing correlation is taken into account using the BCS approach. There
exists a marginal relationship between the pairing energy Epair and the deformation pa-
rameter β2 [6]. In other words, the variation of β2 yield a meagre change in Epair. Figure 7
(upper panel) outlines the variation of the pairing energy Epair with the mass number A of
the parent nuclei. In our context, the pairing is found to increase until a peak is reached
at 210Th, 212Th and 210Ra, corresponding to N = 120, 122, 122, respectively, just before the
neutron magic shell closure. However, in the first decay chain, the sudden surge at 198Po
(Z = 84) indicates the presence of shape coexistence [14,85–87]. Shape coexistence is a
habitual hallmark of neutron-deficient nuclei [14,87,88]. The RMF formulation has been
successfully employed in the investigation of the quadrupole moment and found to be in
harmony with the experimental data [86,89]. Figure 7 (lower panel) shows the changes
in the quadrupole deformation parameter β2 obtained from the RMF (NL3∗), FRDM and
WS3 results as a function of the mass number A. The RMF predicts far from the others.
In the first chain, shape changes are observed with increasing mass numbers. Except for
194Pb from the FRDM results, a shape change is noticed, from prolate to oblate, at A = 198
and thereafter descends steeply to a highly deformed oblate at A = 202. Most of these
isotopes are nearly spherical in their ground-state configurations [90]. Additionally, a closer
examination of the FRDM predictions (which is the most consistent with the experimental
data in our study) of β2 values in Table 1 shows that the deformation at (and near) the shell
closures Z = 82 and Z = 126 are approximately zero, indicating a state of stability.
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Figure 7. Pairing energies Epair from RMF prediction and the quadrupole deformation parameter β2

obtained from the RMF (NL3∗), FRDM [52] and WS3 [53] for the three decay chains.

In the present study, we have also extended the theoretical investigation of Sawh-
ney et al. [28] to neutron-deficient nuclei using the preformed cluster-decay model (PCM)
within the RMF framework at temperature T = 0 for generalisation. The details of our
calculations are shown in Table 2, highlighting the α-transitions (Columns 1 and 2), the ex-
perimental and calculated Q values (Columns 3 to 7), and details of R3Y calculations
(Columns 8 to 12), as well as those of the M3Y (Columns 13 to 17) of the alpha-decay chains.
The large deviation of the RMF-calculated Q values seen in their corresponding logarithmic
half-life predictions have been extensively discussed. Columns 8 and 13 of Table 2 show
the trend in the fitted neck-length parameter participating in the three decay chains for
R3Y and M3Y, respectively. A close difference can be observed in the ∆R values, except
in the case of Polonium (Z = 84), in which a smaller ∆R is required for its fitting. One
very clear observation is that, in addition to the Po, almost all the ∆R values in M3Y were
smaller than those of R3Y. This alludes to the fact that the R3Y and M3Y NN interactions
have different barrier characteristics [91].

The difference in the effective R3Y and M3Y interactions is conspicuously shown in the
driving potential (V(Ra)−QFRDM). Figure 8 displays the driving potential as a function
of the mass number of the parent nuclei for R3Y (in black squares) and M3Y (in red circles)
NN interactions for the three decay chains. The FRDM-calculated Q-values were chosen for
this comparison. Despite the well-fitted neck-parameter ∆R, the influence of the different
barrier characteristics of the R3Y and M3Y NN potential is visible. Mostly, the R3Y driving
potential was found to be higher than M3Y, except for Rn and (in the second decay chain)
Po isotopes. This anomaly occurs because these nuclei are found in the vicinity of the
proton shell closure Z = 82. Indeed, α-decay studies of neutron-deficient isotopes provide
information on nuclei near the proton drip line [92].
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Figure 8. Upper panel: The driving potential (V(Ra)−QFRDM) for the decay chains of 214,216,218U
isotopes for R3Y (in black squares) and M3Y (in red circles) NN potentials as a function of the parent
nuclei A. The lower panel illustrates the rms radii for matter distribution rm and charge distribution
rc for the 214,216,218U isotopes using the relativistic mean-field formalism RMF (NL3∗).

The scaling factors for the decay chains of the considered Uranium isotopes are
given in columns 9 and 14 of Table 2. The previous findings [28,45] at PCM (T = 0),
indicating ground-state α-decays, are confirmed for the first three α-transitions in each
of the chains. However, higher scaling factors in the range 10−8–10−5 are required to
normalise the penetrability P of the decay channels around the proton shell closure Z = 82.
This is obvious for Z = 82 and 84, whose scaling factors are given in the footnote “a”.
The deviation in the RMF Q-values necessitates the use of random scaling to attain the
measured experimental half-lives, as shown in Table 3. Despite this fact, the need for higher
scaling factors around the proton magic number Z = 82 is confirmed, as highlighted with
the footnote “b”. Thus, the previous knowledge is now broadened around the proton magic
number 82. The root mean square (rms) rm and the charge radii rc are deduced from the
RMF formalism with the NL3∗ force parameter set and the corresponding values are given
in the lower panel of Figure 8 as well as Columns 6 and 9 of Table 1, respectively. A similar
behaviour and trend are noticed in the variation of both rm and rc. Specifically, both rms
and charge radii increase monotonously with the increase in the mass of the parent nuclei.
A close examination of the three decay chains reveals that the difference between rm and rc
becomes larger with the increase in the neutron number. Currently, there are no available
data for comparison.
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Table 3. Details of the random fitting of the neck-length ∆R and scaling factor due to the deviations
found in RMF (only).

Parent Nuclei
Expt. R3Y M3Y

log10 T1/2 ∆R (fm) Scaling Factor log10 T1/2 ∆R (fm) Scaling Factor log10 T1/2

214U −3.284 1.249 105 −3.285 0.544 105 −3.200
210Th −1.790 1.208 101 −1.791 1.390 103 −1.850
206Ra −0.620 1.070 103 −0.636 0.560 104 −0.833
202Rn 1.093 0.728 104 1.098 1.010 107 1.104
198Po 2.270 1.480 108 b 2.276 1.050 109 b 2.267
216U −2.326 1.156 104 −2.319 0.492 104 −2.326

212Th −1.499 1.399 106 −1.499 0.730 106 −1.501
208Ra 0.137 1.911 106 0.189 0.980 106 0.127
204Rn 2.013 1.030 105 2.008 0.961 107 2.225
200Po 3.794 1.710 1010 b 3.816 1.400 1011 b 3.796
218U −3.292 0.793 101 −3.280 0.625 102 −3.296

214Th −1.060 0.591 109 −1.061 1.020 105 −1.129
210Ra 0.585 1.090 107 0.549 0.730 108 0.581
206Rn 2.740 1.364 109 2.734 1.200 108 2.742
202Po 5.143 0.690 107 5.144 0.780 1010 b 5.194

b The need for a higher ‘random’ scaling factor is evident to estimate the α-decay half-lives with daughter nuclei
near (and at) proton shell closure Z = 82.

4. Summary and Conclusions

The RMF framework is employed for the calculation of the ground-state properties
(binding energies, quadrupole deformation, rms charge and matter radii and Q-values) of
the newly measured 214U and remeasured 216,218U together with the decay product in their
respective α-decay chains and compared with those from the FRDM and WS3 mass tables.
The α-decay process was treated as a quantum tunnelling effect across a potential barrier
using the WKB approximation and the half-lives are deduced within the PCM framework.
The phenomenological M3Y and the recently developed R3Y NN potentials are used to
obtain the nuclear interaction potential following the double-folding technique. In all
cases, the FRDM data with the new R3Y NN potential are found to be in close agreement
with the experimental half-lives. Moreover, from our calculations, we observed that in
the so-called region of abnormal enhancement, the scaling factor 10−4 is maintained and
normalised with the optimised neck-parameter ∆R. Nonetheless, a discrepancy is noticed
around the proton shell closure with Z = 82 and 84, and this is consistently found in all
three decay chains. As such, the required scaling factor to estimate the experimental half-
lives may range from 10−8–10−5 at Z = 82, 84. However, it has been lately demonstrated
in another study that the need for scaling factor is not necessary when the temperature
effect T 6= 0 is considered. This assertion will be subsequently verified around the magic
number Z = 82. Moreover, a number of studies have demonstrated that the quantisation,
deformation and orientation degrees of freedom can influence the alpha-decay half-lives
quantitatively. These effects will also be incorporated in our future study. In contrast
with the FRDM- and WS3-estimated binding energies for the considered neutron-deficient
nuclei, an unusually large difference (gradually decreasing from uranium to radon isotopes
with about 10.288 MeV up to 4.219 MeV) is also observed in the those of RMF despite
various parameter sets employed. This contrast can be attributed to the difference in their
respective parameterisations as well as the mass correlation distance between surrounding
nuclei, which has a larger rms deviation for RMF. This indicates that certain improvements
are needed in the RMF framework in this mass region.
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