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Background: The theoretical and experimental investigations of decay properties of heavy and 
superheavy nuclei are crucial to explore the nuclear structure and reaction dynamics. 
Purpose: The aim of this study is to probe the α-decay properties of 243Fm and 245Fm isotopic chains 
using the relativistic mean-field (RMF) approach within the framework of the preformed cluster-decay 
model (PCM).
Methods: The RMF densities are folded with the relativistic R3Y NN potential to deduce the nuclear 
interaction potential between the α particle and daughter nucleus. The penetration probability is 
calculated within the WKB approximation.
Results: The α-decay half-lives of even-odd 243Fm and 245Fm isotopes and their daughter nuclei are 
obtained from the preformed cluster-decay model. These theoretically calculated half-lives are found 
to be in good agreement with the recent experimental measurements.
Conclusions: The novel result here is the applicability of the scaling factor within the PCM as a 
signature for shell/sub-shell closures in α-decay studies. We have also demonstrated that N=137, 139 
and Z=94 corresponding to 231,233Pu could be shell/sub-shell closures. The least T1/2 is found at 243,245Fm 
which indicate their individual stability and α-decay as their most probable decay mode.
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1. Introduction

Alpha decay is the most prominent mode of decay in the 
heavy and superheavy nuclei (SHN). Gamow [1], Gurney 
and Condon [2] independently provided the first theoretical 
explanation of the alpha decay process through the 
Quantum tunneling phenomenon. Since then, myriad of 
experimental as well as theoretical efforts have been devoted 
to probe the alpha decay properties of various nuclei [3-9]. 
The study of alpha decay provides insightful information 
about the nuclear structure, shell closure and fusion-fission 
dynamics [3-9]. The detection of alpha decay chains from an 
unknown nucleus followed by spontaneous fission provides 
an efficient tool to identify the synthesis of new elements in 
superheavy region [6-9]. Moreover, the exploration of alpha 
decay properties of actinides also plays an important role in 
materials science [10]. 

Numerous theoretical models such as the generalized 
liquid drop model (GLDM), multi-channel cluster model 

(MCCM) and density dependent cluster model (DDCM) 
etc. have been developed to probe the α-cluster radioactivity 
[11-14]. Generally, the alpha particle is perceived to pre-
exist within the parent nucleus before its emission [15-17]. 
The quantum mechanical fragmentation theory (QMFT) 
based preformed cluster-decay model (PCM) also reinforces 
the theory of α-preformation [18-20]. In the PCM, an 
α-cluster is supposed to be preborn inside the parent nucleus 
which afterwards penetrates the interaction barrier formed 
due to the interplay between the attractive nuclear potential 
and repulsive Coulomb potential [18-20]. The deduction 
of Coulomb potential formed between the daughter 
nuclei and α-particle is straightforward unlike the nuclear 
potential. Various phenomenological, semi-microscopic and 
microscopic models have been adopted for the estimation of 
nuclear potential [20] and references therein.

The double folding approach [21] equipped with 
relativistic mean-field (RMF) densities and microscopic 
R3Y nucleon-nucleon (NN) potential have also been 
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applied lately to explore various nuclear phenomenon 
such as the nuclear radioactivity and nuclear fusion  
[22-25]. In a recent experiment [26], the α-decay half 
lives of two Fm-isotopes namely, 243,245Fm and their 
respective daughter nuclei were measured. The authors 
demonstrated the detection of the previously unknown 
235Cm in the α-decay chain of 243Fm isotope. This spurs us 
to theoretically investigate the decay properties of 243,245Fm 
within PCM furnished with microscopic RMF formalism. 
The well-adopted Wentzel–Kramers–Brillouin (WKB) 
approximation is used to deduce the emission probability 
of the α-particle within the framework of PCM [18-20]. 
The preformation probability is calculated using the analytic 
formula proposed by Deng and Zhang [27-28]. The nuclear 
densities and R3Y NN potential obtained for non-linear 
NL3* RMF parameter set are folded to obtain the nuclear 
potential. The paper is structured as follows: the brief 
discussion of the RMF formalism and PCM is given in Sec 
2. The results obtained from the theoretical calculations 
are discussed in Sec. 3. Lastly, the summary and important 
conclusion drawn from this study are given in Sec. 4.

2. Theoretical Formalism
The nucleus is considered to be a composite system of 
nucleons interacting via the exchange of mesons and 
photons in the relativistic mean field (RMF) theory [29-32]. 
The non-linear RMF relativistic Lagrangian density used to 
describe the interaction between nucleons through mesons 
and photons [22-25, 29-32] is expressed as
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Here, all the symbols retain their usual meanings as can be 
found in [22-23] and reference therein. The effective R3Y 
NN interaction deduced from RMF equations of motion 
[22-25] including the single nucleon exchange effect is 
expressed as
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The nuclear interaction potential Vn(R) between the emitted 
α-cluster and daughter nucleus is calculated by integrating 
this R3Y NN potential over nuclear densities within the 
well-known double folding approach [21] as 

V R r r V r r R r d r d rn d d eff d d



   



( ) = ∫ ( ) ( ) − + ≡( )ρ ρα α α α
3 3 .  (3)

Here, the densities of emitted α-clusters and daughter 
nuclei (d) are represented by ρα and ρd respectively. This 
nuclear potential along with the Coulomb potential are used 
to calculate decay half-lives within the Preformed Cluster-
Decay Model (PCM) [18-19]. In the PCM, the decay 
constant and half-life T1/2 for alpha decay are given as

 λ
λα= =v P P T0 1 2
2, ln ./

 (4) 

Here, P is the penetration probability and is written as,

 P PPi b= .  (5)

Pi and Pb are the penetration probabilities from Ra to a  
de-excitation point Ri and from Ri to Rb, respectively. The 
de-excitation probability (Wi) at Ri is taken as one. Pi and Pb 
are deduced within the well-adopted WKB approximation 
[18-20] as,

 P
h

V R V R dRi R
R

i
i= − ∫ ( )− ( ) { }











exp ,
/2 2
1 2

α
µ  (6)

and

 P
h

V R Q dRb R
R

ii

b= − ∫ ( )− { }











exp .
/2 2
1 2

µ  (7)

Here µ is the reduced mass given by µ α α= +( )A A A Ad d/ .
The above integrals in Eqs. (6) and (7) are solved analytically 
[33].The preformation probability Pα  is calculated from the 
analytic formula of Deng and Zhang [27-28] and given as:
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This formula accurately predicts the α-decay half-lives for 
known as well as unknown SHN. Here A and Z represent 
the mass and proton number of the decaying parent nucleus. 
Angular momentum carried by α-particle is denoted by 
ℓ=0. The adjustable parameters a, b, c, e, f, and k were fitted 
to the experimental data as mentioned in Ref. [27], and 
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their respective values are the same for the N ≤126 region 
as given in Ref. [28].

3. Results and Discussion
This section explains the results obtained for the ground state 
decay properties of even-odd Fermium isotopic chains. The 
ground state decay properties along the isotopic chains of 
even-odd 243Fm and 245Fm nuclei are investigated using the 
WKB approximation within the preformed cluster-decay 
model (PCM) as illustrated in the preceding section. Eq. (8) 
is employed to estimate the preformation probabilities Pα. 
The nuclear interaction potential is calculated by folding the 
relativistic mean-field (RMF) based R3Y NN potential for 
the NL3*parameter set with the respective densities of alpha 
and daughter nuclei. The effective interaction potential in 
Fig. 1 illustrates the cluster penetration process across the 
potential barrier. This involves the initial penetration from 

the 1st classical turning point Ra to a point Ri where de-
excitation (Wi) sets in. This is immediately accompanied 
by the penetration from point Ri to Rb whose potential 
V(Rb) corresponds to the Qα-value. The decay energies (Qα) 
are taken from Ref. [26]. The only adjustable parameter 
within the PCM is the neck-length ∆R, which encapsulates 
the neck-formation and deformation effect as fragment 
separates during the decay process. Hence, ∆R determines 
the 1stturning point of the barrier penetration and can 
be optimized for each decay channel in order to predict 
their corresponding experimental half-life T1/2

Expt. Elaborate 
details about the range of proximity of ∆R can be found 
in Refs. [34, 35] and the references therein. Other decay 
properties such as the barrier lowering (∆VB), driving 
potential V(Ra)-Q, penetrability (P) and decay constant (λ)
are analysed for each reaction system in the first decay chain 
(243Fm → 239Cf → 235Cm) and the second decay chain (245Fm
→ 241Cf → 237Cm) are displayed in Table 1.

Figure 1: The effective nuclear interaction potential (Eq. (3)) using the R3Y(NL3*) NN potential as a representative case of 235Cm → 231Pu+α.

Table1: Theoretical predictions of the α-decay properties of 243,245Fm decay chains using the R3Y(NL3*) parameter set. The Qα values and 
T1/2
Expt  are taken from the recent experimental measurement of Khuyagbaatar et al.[26].

Parent 
Nuclei

Decay 
Channel

∆R 
(fm)

Scaling 
Factor

∆VB 
(MeV)

V(Ra)- 
Qα(MeV)

Qα(MeV) P0 P λ (s-1) T1/2 (s)
 
T1/2
Expt

 (s)

243Fm 239Cf+4He 1.876 10-04 -0.877 13.675 8.546 0.044 2.48×10-16 68.500 0.231 0.231(9)
239Cf 235Cm+4He 1.818 10-04 -1.046 14.051 7.636 0.063 1.48×10-18 0.389 28.060 28(2)
235Cm 231Pu+4He 1.488 10-03a -2.97 12.632 6.690 0.099 9.45×10-21 0.023 299.897 300
245Fm 241Cf+4He 1.903 10-04 -0.683 14.271 8.155 0.047 1.30×10-17 3.500 4.200 4.20
241Cf 237Cm+4He 1.721 10-04 -1.662 13.572 7.342 0.068 2.83×10-19 0.073 141.200 141
237Cm 233Pu+4He 1.510 10-03a -2.493 13.175 6.656 0.098 4.36×10-21 0.011 663.160 >600

aThis enhanced scaling factor indicates the presence of a sub-shell closure at 231,233Pu.
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It is worth noting that both the parent nuclei and the decay 
fragments are considered to be in the ground state in the 
present work. This implies that within this PCM framework, 
the temperature effect is ruled-out i.e. (T = 0). Despite, it 
has been demonstrated that with such assumption, the 
calculation of T1/2 requires a constant scaling factor of  
10-04 [36-37]. This earlier assertion is confirmed in column 4 
of  Table 1 for the participating reaction systems. However, 
the decay channels 231Pu+4He and 233Pu+4He displays a 
departure from the norm (highlighted in the footnote a), 
signifying the presence of a shell/sub-shell closure at N=139, 
141 and Z=94 which corresponds to 231Pu and 233Pu, 
respectively. This is somewhat reminiscent of the appearance 
of peaks/kinks in symmetry energy of finite nuclei across the 
isotopic chain as indicators of shell/sub-shell closures [38-40]. 
In this regard, we have shown that the scaling factor within 
the PCM provides an easy avenue for the prediction of sub-
shell closures in α-decay studies.

It is apparent that ∆R monotonously decreases down the 
decay chains. Specifically, the adjustable neck-length of first 
decay chain is bounded within the range (1.876-1.488)fm 
while the second lies between (1.903-1.510)fm as shown in 
in column 3 of  Table 1. As such both scenarios exhibit similar 
behavior. A careful inspection of the difference between the 
neck-length of each successive reaction shows that ∆R could 
be relatively lower for daughter nuclei 231Pu and 233Pu. Further, 
the neck-length parameter modifies the entrance channel and 
incorporates the barrier lowering effect (whose associated 
parameter is denoted as ∆VB) via the maximum barrier height 
VB and the potential at the first classical turning point V(Ra).

The barrier lowering parameter (∆VB = V(Ra)-VB) in 
each case is recorded in the 5thcolumn of Table 1. Here, ∆VB 
is found to decline with each successive decay. However, 
the driving potential V(Ra)- Qα is equally influenced by the 
energy available for the decay process (Qα-value) and the 

potential V(Ra). The variations directly portray the barrier 
characteristics of the respective systems. Besides, the Qα 
values in column 7 are taken from the recent experimental 
data of Ref. [26] to ensure an accurate prediction of the 
observables. It should be noted that a positive Q-value is 
necessary for the reaction/decay process. 

The inter-relationship between the Qα-values as well as 
the preformation probability Pα and penetration probability 
P is quite obvious from columns 7-9 of the Table 1. In 
essence, the Qα-value is directly proportional to the P but 
exhibit an inverse relationship with the Pα. This implies that 
α-particle penetration decreases with decreasing Qα-value 
while the same process hastens the preformation of α-particle 
within the parent nuclei. A very interesting phenomenon 
can be deduced as one compares the decay constants λ and 
their corresponding half-life T1/2 predictions. Notably, these 
two observables are inversely proportional to each other 
and gives ample information about the stability of their 
respective parent nucleus. As presented in column 11 of 
Table 1 and Fig. 2, the least predicted half-life (largest λ) in 
each chain is found at 243Fm and 245Fm, having a relatively 
stabilized shell. This suggests that α-decay is the most 
probable decay mode of the mentioned nuclei. The reverse is 
noticed for 235Cm and 237Cm nuclei. Withal, the calculated 
half-lives are consistent with the recently measured half-
lives [10]. From both graphs in the figure, it is obvious that 
log10 T1/2 increases with increase in the neutron number of 
each nuclei and vice versa. It is imperative to note that for 
237Cm → 233Pu+4He, only the experimental lower limit 
is known at present. Beside the fact that our result is in 
perfect conformity with this observed limit, the calculated  
T1/2 = 663.16s is suggested (for further experimental test) as 
the precise half-life for this reaction.

Figure 2: The Logarithmic half-lives for the α−decay of (a)243Fm and (b)245Fm isotopic chains using the R3Y(NL3∗) NN interaction. The 
experimental data is taken form Ref. [26]
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4. Summary and Conclusions
The decay and barrier properties such as the neck-length, 
barrier lowering, driving potential, α-preformation 
probability, penetration probability, decay constant, and 
half-life, across the 243,245Fm isotopic chains are examined 
using the RMF (NL3*) frame work within the preformed 
cluster-decay model (PCM). In all cases, the calculated half-
lives are found to agree with the experimental data. The 
central role of the Q-value and its relationship with other 
observables is analyzed. For the first time, we have shown 
that an enhanced scaling factor is a good signature for 
shell/sub-shell closures within the preformed cluster-decay 
model. Following our observation, α-decay could be the 
most probable decay mode for 243Fm and 245Fm isotopes. 
However, parameterization may play an important role 
in the α-decay half-life predictions. This effect would be 
incorporated in our subsequent investigation.
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