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Abstract. The light neutron-rich nuclei play a vital role in nucleosynthesis process and the extent 
of alpha (α) clustering significantly influence the astrophysical rates. Thus, it is significant to 
explore the α clustering in these nuclei and in the present work, we have studied the α clustering 
in 41,45,49Ca* nuclei formed in neutron induced reactions within the dynamical cluster decay 
model (DCM). The results present that with progression towards neutron-rich 45Ca* and 49Ca* 
nuclei, there is a significant decrease in the α-cluster preformation factor P0. The inclusion of 
relativistic mean field theory (RMFT) based microscopic temperature-dependent binding 
energies (T.B.E.) within DCM, give relatively enhanced α-cluster preformation factor for 
41,45,49Ca* nuclei compared to the case of macroscopic T.B.E. based upon Davidson mass 
formula. The cross-section associated with α-cluster emission depicts strong isospin dependence 
and falls off significantly with increasing neutron number of Ca* nuclei. Further, for the first 
time, we inculcate the microscopic nuclear potential constructed via folding the standard Fermi 
form fitted RMFT cluster densities and M3Y nucleon-nucleon interaction within the DCM. The 
neutron skin thickness of the Ar cluster, complementary to α-cluster, is varied and its effect upon 
the nuclear interaction potential and α-cluster preformation factor is analysed. The results present 
that with growing neutron skin of Ar cluster, the α-cluster preformation factor decreases. It 
explores a strong correlation among the neutron skin thickness and α-cluster preformation factor 
in light mass 41,45,49Ca* nuclear systems. 

1. Introduction 
Clustering is a generic phenomenon, which transcends from the cosmic scale to the sub-nuclear scale. 
The atomic nucleus exhibits the clustering of nucleons owing to a subtle equilibrium between short 
range repulsive force, medium range attractive force and long range Coulomb repulsion between 
protons. Alpha (α) clustering is a distinctive feature of light mass α-conjugate N = Z nuclei, which is 
palpable from the peaks in the binding energy curve for nuclei having nα type structure [1]. The 
clustering also manifests in non-alpha conjugate neutron-rich nuclei. The covalent exchange of valence 
neutrons with α-core, analogous to covalent bonding of electrons in atomic molecules, aids to the 
stability of neutron-rich nuclei [2]. 

To study the clustering in nuclei, different nuclear reactions such as quasi-elastic scattering, cluster 
knockout and cluster transfer etc. act as a potent tool [3]. The recent study of (p, pα) reaction involving 
α-cluster knockout has been carried out to probe α clustering in the isotopic chain of mid mass Sn nuclei               
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[4]. The observed gradual decrease in the cross-section with increasing neutron number of Sn nuclei 
explicates that with evolution of neutron-skin, the α-cluster formation gets supressed in heavy nuclei. 
Such an interplay between neutron-skin and α-clustering in light nuclei needs to be investigated as these 
light exotic nuclei exhibit an important role in the nucleosynthesis and the degree of α-clustering can 
significantly affect the astrophysical reaction rates [5]. Therefore, it is intriguing to examine the isotopic 
dependence of α-clustering in light nuclei and Ca isotopic chain with magic proton number Z = 20 act 
as an ideal ground to probe aforementioned interplay. To explore the nuclear clustering several models 
like generalized two centre cluster model, antisymmetrized molecular dynamics, molecular orbit model, 
fermionic molecular dynamics, cluster formation model, mean field model etc. have been developed [6, 
7]. In the present work, the dynamical cluster decay model (DCM) is used to investigate the clustering 
aspects in the isotopic chain of Ca nuclei formed in neutron-induced reactions. The clustering features 
in light mass nuclei had been explored successfully within DCM [8-10].       

In the present work, we explore the α-clustering in the decay of 41,45,49Ca* nuclear systems formed 
via neutron-induced reactions at same neutron energy En = 14 MeV within DCM. For this, we inculcated 
the microscopic temperature-dependent binding energies (T.B.E) from relativistic mean field theory 
(RMFT) replacing the Davidson mass formula based macroscopic T.B.E., as discussed in our previous 
work [11]. Here, for the first time, we incorporate the microscopic nuclear interaction potential obtained 
by folding the M3Y nucleon-nucleon interaction with RMFT based cluster densities [12] within the 
DCM and explore the effect of varying neutron skin thickness of Ar cluster, which is complementary to 
α-cluster, upon the α-cluster preformation factor. The organization of the paper is as follows. The 
theoretical framework used is presented briefly in Section 2. The results obtained are discussed in the 
following section. The summary and conclusion are given the Section 4. 

2.  Methodology 
Dynamical cluster decay model (DCM) involves the collective coordinates of mass asymmetry (η) and 
relative separation (R) between daughter and cluster nuclei [8-10]. The cluster decay or production 
cross-section in terms of �-partial waves is:  
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where P0 is the cluster preformation probability and P is penetrability (P) and these denote the η-motion 
and R-motion, respectively. ℓmax is the maximum angular momentum for which the cross-section due to 
light particles (A ≤ 4) is negligibly small (σLP � 0). The penetrability P is calculated using WKB 
approximation and cluster preformation factor P0 is given by: 
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obtained via the solution of Schrödinger equation of dynamic flow of mass and charge 
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where Bηη is hydrodynamical mass parameter [13] and VR(η, T) is fragmentation potential defined as 
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and Vc, V� and VP denote the Coulomb, centrifugal and nuclear proximity potentials, respectively. VLDM  
are the temperature-dependent binding energies (T.B.E.) by Davidson mass formula and δUi represent 
the empirical shell corrections given by Myers- Swiatecki. We have replaced the T.B.E., i.e. first two 
terms of the Eq. (4), by inclusion of microscopic T.B.E. from RMFT with NL3 parameter set [14,15]. 
The RMFT Lagrangian is solved using the variational method and employing the mean field 
approximation to get the equations of motion for the nucleons and Bosons field. The temperature 
enters the formalism via occupation number ni given as [15]: 
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is the Fermi-Dirac distribution for the quasi particle energy. The set of coupled differential Eqs. are 
solved which provide the temperature-dependent binding energies, radii, densities etc. 
       The neutron and proton densities of clusters are taken in the standard Fermi forms ρip(ri) = ρ0

ip/[1 + 
exp[(ri − ci)/a] and ρin(ri) = ρ0

in/[1 + exp[(ri − ci)/a]. The values of ρ0
ip and ρ0

in are fixed by the integration 
of density distribution which reproduces the proton and neutron numbers, respectively. The surface 
thickness a = 0.54 and half-radius ci = 1.07Ai

1/3 fm are taken from [16], which gives matter radius of 
heavy nuclei as Rrms = 1.2 Ai

1/3 fm. The temperature-dependent cluster densities and M3Y nucleon-
nucleon interaction are folded together [17] and incorporated within DCM to calculate the microscopic 
nuclear potential. The subsequent effect of these inculcations upon the α-cluster preformation 
probability P0 is investigated. 

3.  Results and discussion 
In this section, the clustering aspects in the decay of 41,45,49Ca* formed in the (n, α) reactions with incident 
neutron energy En = 14 MeV are discussed. The fragmentation potential governs the probability of 
preformation of different clusters since lesser the magnitude of fragmentation potential (see Figure 1(a)) 
more is the preformation factor of the particular mass cluster. The preformation probability of different 
light clusters within 41,45,49Ca* nuclei is shown in Figure 1(b). We note that 1n is the most probable for 
all nuclei under study and 2H, 3H and 4He are other probable clusters for 41Ca*. While progressing 
towards the neutron-rich nuclear systems (45Ca* and 49Ca*), the 2n and 3n become more probable and 
the preformation probability of α-cluster (4He) decreases significantly from 41Ca* to 49Ca* case.  

To further explore the α-clustering, we inculcated the RMFT based microscopic (mic) T.B.E. within 
DCM, which are more reliable compared to Davidson mass formula based macroscopic (mac) T.B.E. 
The underlying significance of mic T.B.E. compared to mac T.B.E. is discussed in our previous work 
[11]. T.B.E. are the essential ingredient of fragmentation potential, which is an important input to 
Schrödinger equation used to evaluate the preformation probability of various clusters within the 
composite nuclear system. Consequently, T.B.E. carries its footprints in P0 calculations through 
fragmentation potential. Figure 2(a) depicts the mass dependence of α-cluster preformation  
 

       
 
Figure 1: (a) Fragmentation potential (b) preformation probability P0 of different light clusters for � =0� 
in the 41,45,49Ca* nuclei at temperature corresponding to experimental excitation for En = 14 MeV.    



6th National Conference on Advanced Materials and Radiation Physics (AMRP 2023)
Journal of Physics: Conference Series 2663 (2023) 012049

IOP Publishing
doi:10.1088/1742-6596/2663/1/012049

4

 
 
 
 
 
 

 
 

  
Figure 2: (a) Mass dependence of α-cluster preformation probability P0 for 41,45,49Ca* at � = 0� for 
microscopic T.B.E. and macroscopic T.B.E. cases (b) Mass dependence of α cross-section within 
DCM using microscopic T.B.E. (σDCM) and comparison with experimental data (σExptl).   
 
probability P0 for mac T.B.E. and mic T.B.E. cases, comparatively. It is noted that for the case of 
mic T.B.E., α-cluster P0 is enhanced comparatively. Depending upon their tunnelling probability 
across the Coulomb barrier, the α-cluster contribute towards the total cross-section. The cross-section 
associated with α-cluster emission is calculated for mic T.B.E. case and comparison is made with the 
available experimental data [18] (see Figure 2(b)). We note that mass dependence of α cross-section 
follows the same trend as in case of α-cluster P0 advocating that preformation factor encompasses 
the underlying nuclear structure information.  

Further, we probe the dependence of α-cluster preformation probability upon the varying neutron 
skin thickness of Ar (which is complementary to α-cluster). For this, the neutron and proton densities 
of clusters are fitted in the standard Fermi forms as discussed in the methodology section. The neutron 
half-density radius (ci) of 37,41,45Ar is changed in steps while the density distribution of proton and 
other quantities remain unchanged. This gives the varying neutron skin of 37,41,45Ar. The 
normalization with respect to neutron number i.e. ∫ρn(r) dr = 37, 41 and 45 is also checked for 37Ar , 
41Ar and 45Ar, respectively. The microscopic nuclear interaction potential is calculated for varying  
 

 
     Figure 3: Variation of α-cluster preformation probability P0 with neutron skin thickness of (a) 37Ar                     
     (b) 41Ar and (c) 45Ar for the 41,45,49Ca* nuclei at temperature corresponding to experimental energy.  
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neutron skin of Ar nuclei and it affects the fragmentation potential being an essential ingredient (see Eq. 
(4)). This fragmentation potential further acts as a key input in the solution of Schrodinger the α-cluster 
preformation probability. In other words, the effect of varying neutron skin is carried over in 
preformation probability calculations via fragmentation potential. Figure 3 depicts that with an evolution 
of neutron skin, there is a reduction in α-cluster preformation probability in 41,45,49Ca* nuclei portraying 
a correlation among them. It apparently happens due to change in the strength of attractive nuclear 
potential with growing size of neutron-rich nuclei, since the interaction potential is the key factor to 
calculate the fragmentation potential and hence the cluster preformation probability. Further, the effect 
of varying neutron skin upon tunnelling across the barrier and α cross-section is under progress.   

4.  Summary 
We have investigated the α-clustering in 41,45,49Ca* nuclei formed via neutron induced reactions with 
neutron energy En = 14 MeV within the dynamical cluster decay model (DCM). Among the light 
clusters, 1n is the most probable followed by 2H, 3H and 4He for 41Ca*. For neutron-rich 45,49Ca* nuclei, 
2n and 3n clusters comes into the picture and here the α-cluster preformation probability P0 drops 
significantly compared to 41Ca*. With the inclusion of relativistic mean field theory based microscopic 
T.B.E. within DCM, the α-cluster preformation probability P0 value increases compared to Davidson 
mass formula macroscopic T.B.E. The cross-section associated with α-cluster emission also falls off 
rapidly with increasing neutron number of the Ca* nuclei. This trend is similar to as noted for α-cluster 
preformation factor P0 which advocates that preformation factor contains the essential nuclear structure 
information. Further, the variation of the neutron skin thickness of Ar cluster, complementary to                         
α-cluster, has significant influence upon the α-cluster preformation probability P0 and results present a 
strong correlation between the neutron skin thickness and α-cluster preformation probability for these 
light mass 41,45,49Ca* nuclear systems.  
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