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ABSTRACT 

 

Proximity interactions have been studied for three channel i.e. 

64
Ni+

112,118,124
Sn

176,182,188
PtA1+A2. The role of Proximity potential has been studied for 

above mentioned nuclear reactions using semi classical Extended Thomas Fermi (ETF) 

approach in SEDF under frozen approximation. Dynamical Cluster Decay (DCM) model is 

used to investigate the decay pattern whereas ℓ-summed Wong formula has been used for the 

estimation of fusion excitation functions.  

The present work consists of three chapters. 

Chapter 1: Introductionary part of all proximity potentials, its different versions and related 

historical background in reference to fusion-fission dynamics. 

Chapter 2: Contains Dynamical cluster Decay Model (DCM), which has been extensively 

used during last one decade to understand the decay mechanism of nuclear systems formed in 

heavy ion reactions. In this work we have exploited the advantage of using different Skyrme 

forces, giving different barriers within one reaction. The dynamical cluster Decay Model 

(DCM) is a vibrant model which includes the deformation effects of nuclear system and the 

preformation probability impart much needed nuclear structure information. Wong formula is 

also discussed in brief. 

Chapter 3: Consist of calculations and results. We observe that, the DCM based cross-

sections (using GSkI force in proximity interaction) find good comparison with experimental 

data except at one highest energy, indicating a possibility of competing quasi-fission process 

at this highest energy. The ℓ-summed Wong formula, with effects of deformation and 

orientation of nuclei included, fits the fusion cross-sections data exactly for GSkI force, 

requiring additional barrier modification for SIII Skyrme force. 
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CHAPTER 1 

1.1 INTRODUCTION 

 

In the low energy heavy-ion collisions, quasi-elastic scattering and fusion reactions have been 

studied in recent decades. These studies provide us an ample opportunity to extract the 

information about the nuclear structure and nucleus-nucleus interaction. One can also explore 

the mechanism of heavy-ion reactions at near barrier energies. In order to have better 

understanding of light, heavy and super heavy nuclear systems. Since fusion is a low energy 

phenomenon, several theoretical models have been developed in recent past at 

microscopic/macroscopic level and have been robust against vast available experimental data 

[1-14]. Irrespective of the basis of a theoretical model, one always tries to parameterize the 

potential in terms of some known quantities like, the charges, masses and isospin of the 

colliding systems. Various authors have parameterized fusion barriers in terms of these 

quantities using different approaches. With the availability of different versions of proximity 

potentials [15], it is of interest to parameterize the fusion barriers using these different 

versions of proximity potentials and subsequently see it’s possible impact in the decay path. 

The proximity interaction plays a significant role in addition to coulomb rotational potential. 

Although the contribution of coulomb and angular momentum dependent interactions have 

been understood quite Well including the effect of deformations and orientations etc. On 

these interactions , the choice of nuclear proximity interaction is always a matter of concern 

and therefore a variety of nuclear proximity potentials is made available as reported in [1-15]. 

In the present work we focus to understand the role of proximity interaction in reference to 

formation and decay path of a nuclear system. 

When two surfaces approach each other within small distance of 2-3 fm Comparable to the 

surface thickness of interacting nuclei(as in heavy ion collisions) or when a nucleus is at the 

verge of dividing  itself into two fragments (as in nuclear fission) , then the two surfaces 

actually face each other across a small gap or crevice. In both the cases, the surface energy 

term alone (corrected for the curvature effect etc.) could not give rise to the strong attraction 

that is observed when the two surfaces are brought in close proximity. Such additional forces 

are called proximity force [1] . 

 

 Vp = ∬ ( )                                                               (1)    
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this is the proximity energy term associate with curved gap Here e(D) is the interaction 

energy per unit area of two parallel surfaces at the appropriate separation D. the integration is 

taken over the gap or crevice area .As there is always a possibility of curvature of surface 

defining the gap so a correction term is included. It may be note that the gap width D is a 

slowly varying function of position on the surface. if we define J(D)dD as the area of surface 

that define two such curve at D and D+dD then eq.(1) may be written as  

 
 VP(gap,surf)=∫  ( )  ( )                                     (2) 

 

It is worth mentioning that J(D) corresponds to the geometry of gap and therefore the two 

sides of the gap are rotated, twisted, then J(D) will be accordingly modified. The nuclear 

proximity interaction is calculated in reference to the proximity theorem. Which state that 

“the force between two gently curved surfaces in close proximity is proportional to the 

interaction potential per unit area between the two flat surfaces”. This theorem is very useful 

in contest of proximity interaction in reference to nuclear dynamics and all the proximity 

potentials are based on this theorem. 

There are some models which explain these potential and these model are 

prox77,prox88,prox00,prox00DP,Bass1973,Bass1977,Bass1980,CW76,BW91,Winther95,Ng

o1980,DenisovDP are used extensively to understand the role of nuclear proximity potential 

in formation of a compound nuclear system. 

Different proximity potentials can be written as a product of geometrical factor and universal 

function (). According to the original version of proximity potential [1], interaction 

potential between two surfaces can be written as 

)(4)(77   RbrV prox

N MeV        (3) 

Where surface energy coefficient 0 taken from the Lysekil mass formula (in MeV= fm
2
) is 

written as: 



















 


2

0 1
A

ZN
k s              (4) 

Here N, Z, and A refer to the combined system of the two interacting nuclei. Here, o=0.9517 

MeV fm
2
 and ks = 1:7826. WithR is the mean curvature radius and () is the universal 

function. This proximity potential is popularly known as Prox 77.  
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With modified mass formula, the values of coefficients o and ks are 1.2496 MeVfm
2
 and 2.3, 

respectively, showing deeper alteration compared to above coefficients. This potential is 

marked as Prox 88. In recent years, modifications over original proximity potential have also 

been suggested. The prime aim behind this modification is to correct the overestimates 

reported in prox 77 and to account for new data. In the modified version much attention is 

paid to improve the geometrical factor and surface energy coefficient o. () is also 

modified in Prox 00. So in this way we have different potential/models which improve these 

coefficients and consequently provide better understanding of nuclear reaction dynamics. 

In the different versions of potentials(given by blocki) like Bass 73, Bass 77, Bass 80, and 

CW 76 one may see that although the form of the radius is different but all these potential are 

spin independent.  The newer versions of Winther (BW 91 and AW95) have incorporated a  

similar to the one used in the Prox 77 potential with a slightly different form. The latest 

version of Ngˆo (Ngˆo 80) has some isospin dependence in the radius parameter. In most of 

the potentials, modifications are made either through the surface energy coefficients or via 

nuclear radii.  

Another form of proximity potential based on Skyrme Energy Density Formalism (SEDF) 

has also been exploited in the nuclear reaction dynamics and related phenomena. The shell 

model density and Thomas Fermi density distribution have been used extensively in the 

frame work of SEDF.The energy density formalism defines the nuclear interaction potential 

as 

                                     VN(R) = E(R) – E(∞)   

 i.e. the nucleus-nucleus interaction potential as a function of separation distance, VN(R), is 

the difference of the energy expectation value E of the colliding nuclei that are overlapping 

(at a finite separation distance R) and are completely separated(at R=∞).                    

An extended discussion of the proximity forces has been given in ref.[1] 

 

 1.2 GENERAL TREATMENT 
 

 In the frame work of proximity theorem [1], the geometry of the gently variable gap is 

specified by first choosing a mean gap surface  (a two dimensional surface in space) and 

then considering normal displacements nA,nB, locating the gap, nA-nB= D(u,v) being the 

distance between the two sides A, B of the gap. The gap width D(u,v) is a (slowly varying) 

function of position on the surface r, the position being specified by two coordinates u and v. 
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Since e(D) is, a function of only one variable D, rather than of the two position variables u 

and v, the surface integral in Eq. (1)  reduces to eq.(2). 

However if structure of surface is taken into consideration then,eq.(2) can be written as  

Vp(gap,surf)=∫  (      ) (     )                              (5) 

 

As regards the geometry of the gap we can illustrate the applications of Eq.(5) by several 

assumptions about the function D(u,v) and the mean gap surface . 

Now if we consider the mean gap surface  to be  so gently curved that the coordinates u,v on 

the surface  are taken as Cartesian coordinates x,y and the normal coordinate n used to 

specify the gap (nA- nB= D) may be taken as the Cartesian coordinate z, with zA- zB= D. If the 

gap width D(x,y) has a least value D = s at x = y = 0 then its  width in the vicinity of this 

point is given by tailor’s expansion 

 

 D(x, y) = s+ 1/2  Dxxx
2
 + 1/2 Dyy y

2
 + .... 

  = s+ 1/2 (x
2
 / Rx) + 1/2 (y

2
/ Ry) + ....     (6) 

 

Here DXX and DYY are the second derivatives of D with respect to x and y evaluated at the 

point of least gap width. The directions of x and y are chosen along the principal axes of the 

quadratic form D(x,y) and there is no cross term in xy in Eq. ( 6) .  

 by changing variables from x, y to  ,  defined by, 

= x/(2RX)
1/2

,=y/(2Ry)
1/2 

D may be written as D = s + 
2
 , with 

2
 = 2

 +
2
. The proximity energy can be written as 

  ( )  ∬       ( )   (    )
 

 ∬       ( ) 

                                              (    )
   
∫         ( )

 

 

 

                                                ̅ ∫     ( )

 

   

 

                                               ̅ ( )                                                                                      ( ) 
 

 
The quantity  ̅ geometric mean of the two principal radii of curvature Rx, RY, characterizing 

the gap D. The reciprocal of R is 1/(RX Ry)
1/2

, the square root of the invariant Gaussian 

curvature at x = y = 0 of the surface obtained by plotting D Verses x and y. the negative of 

the partial derivative of Vp(s) with respect to s gives the force between the two surfaces as a 

function of the separation degree of freedom 
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 ( )   (
   

  
)      ̅  ( )                                                                                           ( )  

This leads to the Proximity Force Theorem which has been used extensively in heavy ion 

physics to impart important information in reference to formation and decay process of 

nuclear systems. 

As all the proximity potentials arise from proximity forces, based on the proximity force 

theorem. The nuclear part of the interaction potential in different proximity potentials is 

described as a product of geometrical factor representing the mean curvature of the 

interacting surfaces and a universal function depending on the separation distance. Therefore 

proximity theorem is used as an important tool for investigation of problems related to heavy 

ion interaction and their subsequent decays. 

 

1.3 HISTORICAL BACKGROUND OF NUCLEAR PROXIMITY 

POTENTIALS 

 BASS1973, this model was based on the assumption of Liquid drop model.[3] 

 Christensen and Winthe give the another form called as Christensen and Winthe1976 or 

CW76.[4] 

 The next was BASS1977.It drive the nucleon-nucleon potential by using Liquid drop 

model.[5] 

 J. Blocki, J. Randrup, W. J. S´wia˛tecki, and C. F. Tsang, gave the another version of 

proximity potential and this is called as original version of proximity potential  and termed as 

prox77.[1] 

 BASS 1977  model was improve by Bass and this model is termed as BASS1980.[7] 

 NGO1980 was another form.it was given by H. Ngˆo and Ch. Ngˆo[9] 

  Then proximity potential modified by MOLLER & NIX ,they were the two scientist who 

modified previous form(prox77) of proximity potential & give prox88.the name prox88 

comes because it was modified in 1988.[6] 

 The refind form of Bass80 potential given by Broglia andWinther known as Broglia 

andWinther 1991or BW91.[7] 

 The another form was given by Aage Winther and known as Aage Winther95.[10] 

 The proximity potential again modified by two scientist Mayers & Swiaecki.it is known as 

proximity 2000 or prox00.[8] 
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 The next modified form was “modified proximity2000”orprox00DP.it was modified by 

Royer and Rousseau.[14] 

 New Denisov Potential (Denisov DP) was the form given by Denisov.[2] 

One may conclude that variety of nuclear proximity potentials are available  and a sincere 

effort is required to summarize their respective utility in reference to heavy ion physics. 

1.4 DIFFERENT KIND OF MODLES & PROXIMITY    POTENTIALS 

FORMALISM:- 

 
We present the details of various proximity potentials used for the Calculation of fusion 

barriers. Various versions of these Potentials take care of different aspects including the 

isospin Dependence. In the following, we discuss each of them in brief. 

 

1. Bass 1973 (Bass73):-- 

 
This model is based on the assumption of liquid-drop model [3]. Here change in the surface 

energy of two fragments due to their mutual separation is represented by exponential factor. 

By multiply with geometrical arguments, one can obtained the nuclear part of the interaction 

potential as 

 








 


d

Rr
AAa

R

d
rV s

Bass

N
123/1

2

3/1

1

12

73 exp)( MeV                       (1) 

With R12=ro(A1
1/3

+A2
1/3

), d=1.35fm, as=17.0Mev. The cut-off distance R12=1.35fm is chosen 

to yield saturation density in the overlap region and ro=1.07 fm corresponding half of the 

maximum density for individual nucleus. this potential is labelled as Bass 73. 

2. Christensen and Winther 1976 (CW 76):-- 

 
Christensen and Winther [4] derived the nucleus-nucleus interaction potential by analyzing 

the heavy-ion elastic scattering data, based on the semi classical arguments and the 

recognition that optical-model analysis of elastic scattering determines the real part of the 

interaction potential only in the vicinity of a characteristic distance. The nuclear part of the 

empirical potential due to Christensen and Winther is written as 

)(50)( 21

21

2176 RRr
RR

RR
rV CW

N 


 MeV         (2) 
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This form of the geometrical factor is similar to that of Bass77.they uses the different radius 

parameter 

 

  3/13/1 978.0233.1  iii AAR fm        (i=1,2) 

 The universal function (s = r – R1 – R2) has the following Form  

(s) = exp[-(r – R1 – R2/0.63)]                                                                                       (3) 

 

This model is labelled as CW76. 

 

3. Bass 1977(Bass77):-- 

 
In this model, nucleus-nucleus potential is derived from the information based on the 

experimental fusion cross sections by using the liquid drop model and general geometrical 

arguments. The nuclear part of the potential (for spherical nuclei with frozen densities) can be 

written as [5] 

 

)(4)( 21

21

2177 RRrf
RR

RR
rV Bass

N 


 

 

                    )( 21

21

21 RRr
RR

RR



MeV, 

 

,1
ds

df
 for s=0           (4) 

Note that f (s = r – R1 – R2) and (s = r – R1 – R2) are the universal functions. Here radius Ri 

is written as Ri = (1.16A1
1/3

 − 1.39A2-
1/3

 )fm (i = 1, 2)                                           (5) 

The form of the universal function (s) reads as 

 

(s) = [Aexp(s/d1)+ B exp( s/d2)]
-1

                             (6) 

  

This model was very successful in explaining the barrier heights, positions, and cross sections 

over a wide range of incident energies and masses of colliding nuclei. This potential is  

labelled as Bass 77. 

 

4. PROXIMITY 1977(PROX77):-- 

 
According to the original version of proximity potential 1977 [1], the interaction potential 

VN(r) between two surfaces can be written as: 
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






 


b

CCr
RbrVN

214)(  MeV         (7) 

In this, the mean curvature radius R , has the form 

 ̅   
    
     

   

Here 

        [  (
 

  
)
 

    ]  

Ri , effective sharp radius, given as 

          
   
           

    
fm  (i=1,2). 

In Eq. (7) (ξ = r−C1−C2/b ) is a universal function that depends on the separation between 

the surfaces of two colliding nuclei only.  

As these factors do not depend on the isospin content. However , the surface energy 

coefficient, depends on the neutron/proton excess as 

   =0(1-ks[(N-Z)/N+Z)]
1/2

)                                              (8) 

Where N and Z are the total number of neutrons and protons. In the present version, γoand ks 

were taken to be 0.9517 MeV/fm
2
 and 1.7826, respectively. Note that for the symmetric 

colliding pair, i.e., (N = Z), γ = γo = 0.9517 MeV/fm
2
. If the (N−Z /N+Z ) ratio is 0.5, γ 

reduces to 0.5276 MeV/fm
2
. Defining asymmetry parameter As=[N1+N2−(Z1+Z2) 

N1+N2+(Z1+Z2) ]. most of the modified proximity type potentials use different values of the 

parameter γ[7,8]. 

The surface width b has been evaluated close to unity. Using the above form, one can 

calculate the nuclear part of the interaction potential VN(r). This model is referred to as Prox 

77 and the corresponding potential as ).(Pr77 rV ox

N  

 

5. Bass 1980 (Bass 80):-- 
 

The BASS77 potential form was further improved by Bass[7]. Here (s = r – R1 – R2) is  

given as: 

  (s) = [0.033 exp (s/3.5)+ 0.007 exp(s/0.65)]
-1 

 

with central radius, Ri, as 



 
 

16 
 

     (  
    

   
)  (     )  

 

Where Ri is same as using ref.[15] This potential is labelled as Bass80. 

6. Ngˆo 1980 (Ngˆo 80):-- 
 
Now BW91 potential  was improved by H. Ngˆo and Ch. Ngˆo [9] by using a Fermi-density 

distribution for nuclear densities as 

 

 
   
( )   

 
   
( )

     [(      )      ]
 

 

Where Cn,p represent the central radius same as in prox77.here n,p (0) is written as  

 

  ( )  
 

  
 
 

 
 
 

   
              ( )   

 

  
 
 

 
 
 

   
    

 

They again using the different values of different functions . The universal 

function (s = r – C1 – C2) (inMeV/fm) is noted by 

 

 ( )  {

       (    )
                             

      [ 
 

 
(    )

 ]           
                                                        ( ) 

 

This potential is labelled as Ngo80. 

 

7. PROXIMITY 88(PROX88):-- 

In this version, using the more refined mass formula due toM¨oller and Nix [6], the value of 

coefficients γo and ks were modified the value of the coefficient  & ks were modified yielding 

the value = 1.2496MeV/fm
2
 and 2.3, respectively. With modified mass formula, the values of 

coefficients o and ks respectively, showing deeper alteration compared to above coefficients 

(used in prox77).  

So by using more refind mass formula due to moller & nix. Residrof [7], this is marked as  

“proximity 1988”. In this set of coefficient give stronger than above set (prox77) and called 

as prox88.  

8. Broglia andWinther 1991 (BW 91):-- 

A refined version of the CW76 potential was derived by Broglia and Winther [7] by taking 

Woods-Saxon parametrization. This refined potential resulted in 
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;

63.0
exp1

)(
0

091 MeV
Rr

V
rV BW

N








 




 

With ,16
21

21
0 a

RR

RR
V 


                    (10) 

by using different value of R & a. We get another modified form of surface energy term  

with slightly difference value as in prox77 

 

    [    (
     
  

) (
     
  

)]   

 

Where    = 0.95 MeV/fm
2
 and ks = 1.8. Note that the second term used in this potential gives 

different results when the projectile is symmetric (N = Z) and the target is asymmetric (N 

>Z). The radius used in this potential has same form like that of Bass with different 

constants. This potential is labelled as BW 91. 

 

9. Age winther(AW95):-- 

 
Winther adjusted the parameters of the above potential through an extensive comparison with 

experimental data for heavy-ion elastic scattering. This refined adjustment to slight different 

values of “a” and Ri as [10] 

  0
 

    (      (  
    

   
    

))
1 fm 

 

And          
   
      fm        (i=1,2). 

 

Here Ri=R1+R2 and This potential is labelled as AW95. 

 

10. Proximity 2000(prox00):-- 

Myers and S´wia˛tecki [8] modified Eq. (7) by using up-to-date knowledge of nuclear radii 

and surface tension coefficients using their droplet model concept. The prime aim behind this 

attempt was to remove discrepancy of 

the order of 4% reported between the results of Prox 77 .Using the droplet model [11], matter 

radius was calculated as 

  Ci = ci+(Ni/Ai)ti       (i = 1, 2),                                                           (11) 
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where ci denotes the half-density radii of the charge distribution and ti is the neutron skin of 

the nucleus. To calculate ci, these authors [8] used two-parameter Fermi function values given 

in Ref. [12]. 

 By using the value of nuclear charge radius R00 (Ref.(13)),The half-density radius, ci, is 

obtained as 

       .  
 

 
 
  

    
  

  

 

  

    
    /   (     )  

  

By using the value of neutron skin [ref. (15)].The nuclear surface energy coefficient γ in 

terms of neutron skin was given as 

 

 

  =1/4πr0
2
 [18.63(MeV) – Q (t1

2
 + t2

2
)/20

2
] 

  

 Where t1 & t2 are calculated using eq. Given in ref. (15). The value of universal function is 

obtain as 

 (ξ)  {
        ∑*

  
   

+ (    ξ)                     ξ      

 

   

            [(     ξ)       ]     ξ                      (  )

 

  

This potential is labelled as Prox 00. 

 

11. Modified proximity 2000(Prox00DP):-- 

 

In this proximity model two scientists modified nuclear charge radius R00i by slightly 

different constants. 

 

             
   
[  

        

  
          (

      
  

)]                    (  ) 

 

Where (i=1,2)         

The above formula is mainly improved by adding the Coulomb diffuseness correction or the 

charge exchange correction to the mass formulas [14].We implement this radius in the 

proximity 2000 version instead of the form given in the proximity 2000. This new version of 

the proximity potential is labelled as Prox 00DP. 
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12. New Denisov Potential (Denisov DP):-- 

Denisov [2] performed numerical calculations and parametrized the potential based on 7140 

pair within semimicroscopic approximation. In total, 119 spherical or near spherical nuclei 

along the β-stability line from 16O to 212Po were taken. The potential is evaluated for any 

nucleus-nucleus combinations at 15 distances between ions around the touching point. By 

using this database, a simple analytical expression for the nuclear part of the interaction 

potential VN(r) between  two spherical nuclei is presented as 

VN(r) = -1.989843[R1R2/R1+R2](r-R1-R2-2.652.65) 

[1+0.003525139[A2/A1+A2/A1]-0.4113263(I1+I2)] 

With 

   
     
  

 (     )  

The effective radii Ri is given as 

      .  
        

   
 /           (   

     
      

) (     )  

Where proton radius Rip is given by, 
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Where (i=1,2)  and (s=R1-R2-2.65) is given by the following complex form 
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This potential is termed as Denisov DP. 
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Beside this EDF based proximity potential has also been used extensively in the problems 

related to heavy ion collisions. The details of EDF base proximity potential are given in 

chapter 2. 

In a recent study [15], all kind of reactions involving symmetric (N = Z; A1 = A2) as well as 

asymmetric nuclei (N >>Z; A1 << A2) were considered. Barrier positions were parameterized 

in terms of surface distance SB = RB – C1 –C2.  As SB reduces with mass of the system 

indicating deeper penetration is needed for heavier nuclei. By adding radii of two nuclei, one 

can compare the fusion barrier. All proximity potentials follow exponential parametrization 

[15] 

         *  (   )
 

 +                     (16) 

Where a and b are the constants having different values for different proximity potentials. 

The quality of this parameterized fusion position can be judged by analyzing the percentage 

deviation defined as 

       
  
       

     

  
                                            (17) 

The RB verses Z1 Z2variation reported in [15] indicated that  in all the three 

cases(prox77,prox88,prox00), the analytical parameterized forms give good results within in 

   Further, they also parameterized the fusion barrier heights VB as 

     [
              

  
    (  

 

  
    )]           (18) 

Here  is a constant having different values for different proximity potentials. The second 

term in the above relation takes care of the deviations at lower tail of the fusion barrier 

heights. Again, the quality of the analytical parametrization is tested [15] where percentage 

difference between exact and analytical values is in     

In these different versions of potentials like Bass 73, Bass 77, Bass 80, and CW76 one may 

see that although the form of the radius is different but it is still isospin independent. Further, 

the corresponding universal functions are also isospin independent. The newer versions of 

Winther (BW 91 and AW95) have incorporated a  similar to the one used in the Prox 77 

potential with a slightly different form. The latest version of Ngˆo (Ngˆo 80) has some isospin 

dependence in the radius parameter. In most of the above-mentioned potentials, modifications 

are made either through the surface energy coefficients or via nuclear radii. One may note 

that the nuclear part of the potential becomes more s hallow with asymmetry of the reaction. 

On the other hand, a detailed comparison of different potentials does not show any preference 
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for the isospin-dependent potential. All models can explain the fusion barrier heights within 

 10% and potentials from Prox 88, Bass 80, AW 95, and Denisov DP perform better than 

others [15]. The fusion cross sections are nicely explained by Bass 80, AW95, and Denisov 

DP potentials at below as well as above barrier energies. 

 

In the present work we intend to see the role of proximity forces in reference to the decay of 

hot and rotating nuclear system formed in heavy ion reaction using well known dynamical 

cluster decay model (DCM), which carries distinct advantage over competing statistical 

models as the possible decay path is evaporation residue (ER), intermediate mass fragment 

(IMF) and fusion, fission(FF) etc. In other words ER, IMF and FF can be worked out within 

one formalism on equal footing. Beside this the important structure effects are also included 

via preformation probability in the frame work of DCM .        
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                                             CHAPTER 2 

2.1 The Dynamical Cluster Decay Model (DCM) For Hot and Rotating 

Compound Nucleus.   

The Dynamical Cluster Decay Model (DCM) [1]-[9] for hot and rotating nuclei (i.e. angular 

momentum and temperature both not equal to zero) is a reformation of the preformed cluster 

model of Gupta and collaborators for ground state decay (ℓ =0,t=0)in cluster radioactive 

(CR)and related phenomena [10]-[18].The DCM is based upon the dynamical (or quantum 

mechanical) fragmentation theory of cold phenomena in heavy ion reaction and fission 

dynamics. In DCM, besides the temperature and angular momentum effects in the decay of 

excited compound nuclei, the deformation and orientation effect of the decay products are 

also taken care, especially in the decay of heavy excited CN for which the deformation of the 

decay product seems to play significant role. The DCM, worked out in terms of the collective 

coordinates of mass asymmetry η=
       

        
 and relative separation R respectively gives 

1. The nucleon-division (or exchange )between the outgoing fragments and 

2. The transfer of kinetic energy of incident channel (Ecm) to internal excitation (total 

excitation or total kinetic energy, TXE or TKE) of the outgoing channel. It may be noted that 

the fixed decay point R = Ra (defined later),at which the process is calculated depends upon 

temperature T as well as on  η (i.e.R(T, η)) .This energy transfer process can be calculated 

with the help of fig 2.1 . 

 

   
  =    Ec.m +Qin =  IQoutI + TKE(T) + TXE(T)                                          (2.1) 

The CN excitation     
  is related to temperature T (in MeV) and is given by   

  
 

  
    

 (   ). Using the decoupled approximation to R and η–motions, the DCM define the decay 

cross section, in terms of partial waves, as [3]-[9]                                 

   k √
(      )

   
   ∑     

    
 

   
∑ (    )     
                         (2.2)                           

Where Po, the preformation probability  refers to η-motion and P, the penetrability to the R- 

motion . Here the complex fragments (both light and heavy fragments) are treated as the 

dynamical collective mass motion of preformed cluster or fragments through the barrier .The 

structure information of the CN enters the model via preformation probability Po (also known 

as spectroscopic factor) of the fragments given by the solution of stationary Schrödinger 
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equation in η at the fixed R=Ra, the first turning point of the penetrability path shown in 

figure 1 for different ℓ -values.  
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With  =0,1,2,3,….referring to the ground state and excited state solution . 

For the decay of the hot compound nucleus, we use the postulate of first turning point  

                   

 

 

        Ra=Rt+∆R(T)                                                                                       (2.4)      

 

Where  

 

          Rt=R1+R2                                                                                                            (2.5)                

 

∆R(T) is the neck length parameter that assimilates the neck formation effects. This method 

is introducing a neck length parameter similar to that used in scission point [21] and saddle 

point [22],[23]statistical fission model. The Ri are radius vectors which are also made 

temperature dependent can be calculated as  









  )(1)( )0(

0 iiiii YRR  



                                                                (2.6)  

 With          R0i(T) = 1.28   
     

− 0.76 + 0.8   
    

× (1 + 0.0007T
2
),                               (2.7)        

The corresponding potential V (Ra) acts like an effective Q-value, Qeff , for the decay of the 

hot CN at temperature T, to two exit-channel fragments observed  (T=0), defined by 

 

               Qeff (T) = B(T) − [ BL(T = 0) + BH(T = 0) 

     = TKE(T) = V (Ra(T))                                                                            (2.8) 

With B’s as the respective binding energies. The above defined decay of a hot CN into two 

cold (T=0) fragments, via Eq.(2.8), could apparently be achieved only by emitting some light 

particle (s)(LPs), like n, p, α, or γ-rays of energy. 

 By defining Qeff (T) as in Eq. (2.8), in this model we treat the LP emission at par with the 

heavy fragments, called intermediate mass fragments (IMFs) emission. Thus, in this model a 

non-statistical dynamical treatment is attempted for not only the emission of IMFs but also of 
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multiple LPs, understood so-far only as the statistically evaporated particles in a CN 

emission. It may be reminded here that the statistical model (CN emission) interpretation of 

IMFs is not as good as it is for the LP production [21–26]. 

In terms of Qeff (T), the second turning Rb satisfies (fig.1) 

       V (Ra,  ) = V (Rb,  ) = Qeff (T,  ) = TKE(T).                                                               (2.9) 

With the   -dependence of Ra defined by 

                      V (    ) = Qeff (T,   = 0),                                                                           (2.10) 

which means that the Ra, given by Eq. (2.4), is the same for all   -values, and that V (Ra,  ) 

acts like an effective Q-value, Qeff (T,  ), given by the total kinetic energy TKE(T). Then, 

using (2.9), Rb( ) is given by the   -dependent scattering potentials, at fixed T as 

 

 V (R, T,  ) = Vc(Zi, β λi, θi, T) + VN(Ai, β λi, θi, T) +    (R,Ai, βλi, θi, T)                           (2.11)                                                  

 

 

Which is normalized to the exit channel binding energy BL(T) + BH(T). Such a potential is 

illustrated in Fig.1,  112
Sn+

64
Ni→

178
Pt, at ℓ =0 value.The second turning point Rb is marked 

for the ℓ = 0ħ case of Ra = Rt + ∆R(T). The decay path for the    -values begins at R = Ra. 

The collective fragmentation potential V(R,η,T) in Eq. (2.11) is calculated according to the 

Strutinsky method by using the T-dependent liquid drop model energy VLDM of [27], with its 

constants at T=0 refitted [3, 4] to give the recent experimental  binding energies given by  

[28], and again refitted [9] to give  the recent experimental binding energies[29] and calculate 

binding energies[30] (only for those nuclides for which experimental data is not available. the 

“empirical” shell corrections δU are of Ref. [31]. Then, including the T-dependence also in 

Coulomb, nuclear interaction potential, and   -dependent potential in complete sticking limit 

of moment of inertia, we get 

 (  η  )   ∑[    (     

 

   

  )   ∑[δ  ]   .
   

  
 /

 

   

    (   βλ  θ   ) 

   (   βλ  θ   )    (  βλ   θ   )                                                                              (    ) 

2.2   Energy Density Formalism 

The energy density formalism defines the nuclear interaction potential as 

                                     VN(R) = E(R) – E(∞)                                              (2.13) 
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i.e. the nucleus-nucleus interaction potential as a function of separation distance, VN(R), is 

the difference of the energy expectation value E of the colliding nuclei that are overlapping 

(at a finite separation distance R) and are completely separated(at R=∞),where  

                                              ∫ ( ⃗)  ⃗                                       (2.14) 

 

with the Skyrme Hamiltonian density  
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           (2.15)  

Here  q, τq and Jq (q=n,p) are the nucleonic, kinetic energy and spin-orbit densities, 

respectively. m is the nucleon mass. xi, ti, α0 and W0 are the Skyrme force parameters, fitted 

by different authors to obtain better descriptions of various ground state properties of nuclei. 

The Hamiltonian density H( ⃗) is a function of the nucleus density )(r


 ,kinetic energy 

density )(r


  and spin density )(rJ


and these quantities can be obtained from the 

semiclassical ETF or alternatively from microscopic shell model approaches. The total 

Hamiltonian density given in Eq. (2.15) is the sum of the spin-orbit density independent 

Hamiltonian density  ,H and spin-orbit density dependent Hamiltonian density ),( JH


 .  

Then from Eq.(2.13), we get the nuclear interaction potential 

                      rdJHJHJHRVN


22221111 ,,,,),,()(      

                           =VP(R)+VJ(R)                                                                                          (2.16) 

With the spin-orbit density independent part of the interaction potential 

                 rdHHHRVP


),(),(),()( 222111                         (2.17) 

And the spin-orbit density dependent interaction potential 

              rdHHHRVJ


),(),(),()( 222111                                                     (2.18) 

Here,  = 1+ 2 and 21 JJJ


  are for the composite system. 

Where   ( ⃗) is given as, 
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With fq as the effective mass form factor, 
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The spin J


 is a purely quantal property, and hence has no contribution in the lowest (TF) 

order. However, at the ETF level, the second order contribution gives 
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For the frozen approximation, 

                                           ( )    (  )    (  )  

                                            ⃗( )   ⃗ (  )   ⃗ (  )                                    (2.21) 

With  i =  in+ ip, τi( i) = τin( in)+τip( ip), and  ⃗ (  )   ⃗  (   )   ⃗  (   ).  

 

For nuclear density  i, we use the T-dependent Fermi density distribution 
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With Z2 = R-Z1 = [R1(α1)+R2(α2)+s] – Z1, and central density 
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with nucleon densities   iq further defined as 
i

i

i
ipi

i

i
in

A

Z

A

N
   , , and the half density radii 

R0i(T = 0) and the surface thickness parameters ai(T = 0) obtained by fitting the experimental 

data to the polynomials in nuclear mass A (= 4-209), as [40] 
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The temperature dependence in the above formulae are then introduced as in Ref. [41],  

]T.)[(Ta(T)a,]T.)[(TR(T)R iiii

22

00 010100005010          

Now, Coulomb potential that describes the force of repulsion between two interacting nuclei 

due to their charges. It acts along the line joining the two nuclei. The Coulomb potential for 

two interacting spherical nuclei is given as 

                                             Vc = Z1Z2e
2
/ R                                                             (2.24)     
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For interacting deformed and oriented nuclei, different authors [35]-[39] have derived it 

differently. In this dissertation work, we have started with Coulomb potential of Wong [38], 

given for two non-overlapping charge distributions, having quadrupole deformations only, 

i.e., 
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 In this expression, the quadrupole-quadrupole interaction term, proportional to β21β22, is 

neglected since it has a short-range character. For nuclei lying in the same plane we have 

generalized it to include the higher order deformations (λ = 3, 4...), obtaining 
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Now the rotational motion gives an additional energy due to the angular momentum define as 

                        (R,Ai,βλi,θi,T)=
ħ
    (    )

   ( )
                                                                    (2.27)                                                                                                                                 

 with I = µ  , is the non-sticking limit of moment of inertia with as the    
    

     
  reduced 

mass. m is the nucleon mass. In the complete sticking limit, the moment of inertia I is given 

as, 

                     Is(T) =µR
2 

+
 

 
A1mR1

2
(α1, T) + 

 

 
A2mR2

2
(α2, T).                                            (2.28)    

  
 

However, for the relative separation of interest here, we use the sticking limit. It is relevant to 

mention here that value of angular momentum extracted experimentally, is based upon 

moment of inertia limit. 

Further, in Eq. (2.26), within the Strutinsky renormalization procedure, we have defined the 

binding energy B of a nucleus at temperature T as the sum of liquid drop energy VLDM(T) and 

shell correction δU(T) i.e. 

                          B(T) = VLDM(T) + δU exp(
   

  
 )                                                                (2.29) 

The T dependent liquid drop part of the binding energy VLDM(T) is from Davidson et al. 

[27], based on the semi-empirical mass formula of Seeger [32]. For the shell correction δU in 
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Eq. (2.29), since there is no microscopic shell model known that gives the shell corrections 

for light nuclei, we use the empirical formula of Myers and Swiatecki [31].  

 The mass parameters Bηη(η), representing the kinetic energy part in Eq. (2.3),are the smooth 

classical hydro-dynamical masses [33], given by  
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  δ  
 

   
[(1-cos ט1ּ  )+( 1 - cos ּ2ט)]                                                                                       (2.31)     

and  vc = π
2
R

2
cR                                                                                                  

for  ּ0 = 2טּ =1ט
0
 and Ri taken as temperature dependent. 

Finally, the  c-value in Eq. (2.6) is the critical  -value, in terms of the bombarding energy 

Ec.m. the reduced mass   and the first turning point Ra of the entrance channel ηin, given by  

                             = Ra√ (2µ[Ec.m. − V (Ra, ηin,  = 0)])/ħ                                    (2.32)                          

or, alternatively, it could be fixed for the vanishing of fusion barrier of the incoming channel, 

called    fus, or else the  -value ( max) where the light-particle cross section  

σLP → 0. This, however, could also be taken as a variable parameter [22,34]. 
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2.3 WONG FORMULA   

After natively Wong formula has also been applied to study the formation process of a 

compound nuclear system. 

According to Wong [51], the fusion cross-section, in terms of angular-momentum  partial 

waves, for two deformed and oriented nuclei (with orientation angles i), lying in two same 

planes, and colliding with center-of-mass (c.m.) energy Ec.m., is  

                      σ(      θ )  
π

  
∑ (    )  
    
   

(      θ )                             (2.34) 

with    √
       

 
  , and  as the reduced mass. Here, P is the transmission coefficient for 

each  which describes the penetration of barrier  

VT
(R, Ec.m., θi) = VN(R, Ai, βλi, T, θi ) + VC(R, Zi, βλi, T, θi)+V(R,Ai, βλi, T,θi)), and max is 

the maximum angular momentum, defined later. For =0, total potential VT is given by,  

              VT
=0

 (R, Ec.m., θi) = VN(R, Ai, βλi, T, θi ) + VC(R, Zi, βλi, T, θi), 

where nuclear potential VN is given by  
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 Using Hill-Wheeler [52] approximation of  assimilating the shape of the interaction barrier 

V(R,Ec.m., θi) through an inverted harmonic oscillator [VT
(R,Ec.m.,θi) = VB

(Ec.m.,θi) - 
 

 
 ω

2
(R 

- RB
)

2
],  the penetrability P, in terms of its barrier height V

B (Ec.m.,θi ) and curvature 

 ω(Ec.m.,θi), is 

                                       ℓ  [     (
 π(  

 (      θ )      )

 ω (      θ )
)]                                        (2.35) 

with  ω(Ec.m.,θi), given as 

                                     ω (      θ )   [    ( )        
   
]                                  (2.36) 

and,the R
B obtained from the condition  

                                        
( )        

                                                                       (2.37) 

Instead of solving Eq.(2.28) explicitly, which require the complete -dependent potentials 

V
T(R,Ec.m.,θi), Wong [51] carried out the -summation in Eq. (2.34) approximately under the 

condition: 
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(i)  ω ≈  ω0 , and        (ii) V
B ≈ V

0
B+ 

  (  )

     
   

Which means to assume R
B ≈ R

0
B also. In other words, both   

  and  ω are obtained in terms 

of its =0 values, with   
  given as the sum of nuclear proximity potential VP and coulomb 

potential VC at R=R
0
B, 

  
    (    

     βλ        θ )    (    
     βλ        θ ) 

Where βλi , λ=2,3,4 are the static quadrupole, octupole and hexadecapole deformations. 

Using the above two approximations, and replacing the -summation in Eq. (2.34) by an 

integral, gives on integration the Wong formula [51] 
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Which on integrating over θi gives  fusion cross-section, 

               .sinsin),()( 221
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ddEE
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                                                         (2.39) 

It may be noted that only point of difference between Wong and DCM is that penetrability in 

Wong formula is calculated by using Hill Wheeler [52] approximation whereas the same in 

DCM is calculated using WKB approximation. Beside this probability of formation equal to 

one of fragment at compound nucleus state is taken contrary to DCM approach. 
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CHAPTER 3 

3.1 Role of Proximity interaction in 64
Ni +

112,118,124
Sn  

176,182,188
Pt. 

In this work we planned to see the effective contribution of Proximity interaction in heavy 

ion collision and related phenomena. The heavy ion collision gives new possibilities to 

examine the form of ion-ion interaction potential which enables us to investigate the problem 

related to structure, stability, scattering, decay, multi fragmentation etc. A precise and 

systematic understanding of the ion-ion interaction between the colliding nuclei is essential in 

order to have a better insight of a numerous physical phenomena including the universe, 

working of stars and the abundance of elements available/ anticipated in the universe. 

It is well known fact that the Coulomb interaction alone is not enough to describe the 

formation of a compound nuclear system, beside this the nuclear interaction play a very 

significant role along with other contributions like angular momentum and deformation 

dependent interactions. Although the liquid drop energy together with shell correction gives 

reasonable account of binding strength of a composite nuclear system. But it has been 

suggested that for ion-ion interactions the contribution of additional Proximity forces is quite 

essential. The details of these Proximity interactions are given in chapter 1 and 2. 

There are various approaches to estimate the ion-ion potential. We have phenomenonological 

modes like that of Bass [1] who introduce a simple analytical expression for the potential. 

Then Blocki et al [2] introduced a simple formula for nucleon-nucleon energy as a function 

of separation between the surfaces of colliding nuclei. This formula is popularly known as 

pocket formula of Proximity potential. It is relevant to mention that the Proximity potential is 

free from any adjustment parameter and uses the measured values of surface tension and 

surface diffuseness. With the availability of data and related development in reference to 

nuclear interaction, a variety of Proximity formulas have been made available. Such as 

prox77, prox88, prox00, prox00DP, Bass1973, Bass1977, Bass1980, CW76, BW91, 

Winther95, Ngo1980, DenisovDP and SEDF based proximity potential. These potential are 

discussed briefly in chapter 1.  

In the present work we propose to see the role of Proximity force in the decay of compound 

nuclear system formed in heavy ion reactions. We intend to see the effect of different Skyrme 

forces in reference to Proximity potential used to understand the decay mechanism of heavy 

nuclear systems within the framework of Dynamical Cluster Decay Model DCM (discussed 

in chapter 2). As stated earlier DCM, is a versatile model with effects of deformations and 
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orientations explicitly included and the preformation probability being a handy parameter in 

reference to nuclear structure information. This effort of testing the role of different Skyrme 

interactions in the Proximity interactions will certainly be of use to single out the appropriate 

Skyrme force for the decay mechanism within DCM approach. 

 

3.2 Calculation and results  

 
The decay of 

176
Pt nuclei is measured over a wide range of centre of mass energies 

[3,4,5],both below as well as above the Coulomb barrier. We made the Proximity potential 

calculations to study the decay mechanism of 
176

Pt by using semi classical Extended Thomas 

Fermi (ETF) approach in SEDF under frozen approximation.  

In figure 3.1 shows the calculated fragmentation potential for 
64

Ni+
112

Sn
176

Pt A1+A2 

reaction using dynamical cluster model DCM. It may be noted that proximity potentials 

within DCM approach is generally calculated using Blocki pocket formula. In the present 

work we have studied proximity interaction with Blocki as well as EDF based Proximity 

potential using GSkI [6] and SIII forces.     
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Figure 3.1  Fragmentation potential for the decay of 
176

Pt nuclei, plotted for ℓ=0 and ℓmax and 

compare with GSkI ,SIII and Blocki. 
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From figure 3.1 one may clearly see that behavior of Blocki based fragmentation path is 

similar to that with SIII Skyrme force. However fragmentation path changes drastically for 

GSkI force. The interesting aspect of present set of calculation is that the evaporation residue 

or fission data could be fitted with either with the three chosen Proximity interactions for 

different value of neck length parameter R, the only parameter of DCM. As the available 

data could be fitted with either of chosen proximity interaction, so there seems an opportunity 

to account for comparative behavior of these Proximity interactions in reference to decay of a 

hot compound nucleus 
176

Pt formed in 
64

Ni induced reaction. 
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Figure 3.2 Preformation probability P0 as a function of fragment mass A2 for 
176

PtA1+A2. 

 

In figure 3.2 we have plotted the preformation probability P0 as function of fragment mass for 

SIII and GSkI force at two extreme values of angular momentum ℓ. The P0 for Blocki is not 

shown, as the behaviour of fragmentation is similar to SIII case as shown in figure 3.1. 
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Although the fragmentation path is different for SIII based Proximity and Blocki based 

Proximity at ℓ=0, the same seems to be quite similar at ℓ=ℓmax. In other words the probability 

of formation of fragments is similar for GSkI and SIII force at ℓ=ℓmax where as the same 

becomes quite different at ℓ=0. Another interesting aspect to be noted that the symmetric 

fission seems to be more favourable with either of the Proximity interaction, just in line with 

[7,8] for blocki case. 
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Figure 3.3 Fission cross-section for 

64
Ni+

112
Sn

176
PtA1+A2 compare with experimental 

data. 

 

Figure 3.3 gives the comparison of DCM based fission cross-section calculated using GSkI 

force (in Proximity potential), with experimental data. The available data could be fitted at 

Ec.m. energies except at the highest one where DCM based calculations seems to 

underestimate experimental data , predicting possibility of Quasi fission component at this 

highest  center of mass energy. 
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The similar comparison could be worked out with SIII force as well but results are shown 

only for GSkI force in figure 3.3. 

Figure 3.4 shows DCM based evaporation residue cross-section compared with experimental 

data. A near exact comparison for ER data over a wide range of incident center of mass 

energy spread on either side of Coulomb barrier, shows the strength and importance of DCM 

model in reference to problems involving nuclear reaction dynamics at low energy region. 

Figure 3.5 gives the neck length parameter R as function of Ec..m. ( a) for ER fitting and  

(b) for Fission fitting. One may see that R for fission increases almost linearly with Ec..m 

whereas the same for ER shows similar trend at lower center of mass energies and then 

stabilizes higher energy region. 
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Figure 3.4 DCM based evaporation residue cross section ER for 
64

Ni+
112

Sn
176

PtA1+A2 

compared with experimental data.     
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Figure3.5 The neck-length parameter R plotted as a function of Ec.m.for                

64
Ni+

112
Sn

176
PtA1+A2. 

 

We have also worked on fusion of 
64

Ni+
112-124

Sn reaction by fitting the fusion cross 

sections(ER+fission) over a wide range of center of mass energies using ℓ-summed Wong 

formula [9].  

The wong formula[10] is same as DCM , the only difference is that the penetrability in Wong 

formula is calculated in the Hill wheeler approximation[11] of inverted harmonic oscillator 

for the interaction potential of the incoming channel whereas in DCM it is calculated by 

WKB integral. Beside this the preformation probability is P0=1 in Wong formula. In ref 

[3,4,5] the data for evaporation residue and fission cross-section is separately available and to 

get the data  for fusion cross-section we have take average value of closely related Ec.m. 

values and then fitted the cross sections by using ℓ-summed Wong formula. 
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Figure 3.6 The comparison of  fusion (Wong) with Ec.m. using GSkI and SIII forces, compared 

with averaged experimental data for 
64

Ni+
112

Sn
176

Pt. 

 

We notice that in figure 3.6 GSkI force fits the averaged experimental fusion cross-section 

data nicely. Whereas SIII force needs barrier modification [9] below the Coulomb barrier 

energies. Although with addition of extra neutrons that is for the reactions 
64

Ni+
118-124

Sn, the 

comparison with SIII improve relatively as shown in figures 3.7 & 3.8.  

 

 



 
 

43 
 

   

152 160 168 176 184 192 200
10

-1

10
0

10
1

10
2

 

 

C
ro

ss
-s

ec
ti

o
n

 
 (

m
b

)

E
C.M.

(MeV)

 Crosssection exp.(mb)

 Wong(GSkI)

 Wong(SIII)

64
Ni+

118
Sn      

182
Pt  

  
Figure 3.7 The comparison of  fusion (Wong) with Ec.m. using GSkI and SIII forces, compared 

with averaged experimental data for 
64Ni+118Sn182Pt.     
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Figure 3.8 The comparison of  fusion (Wong) with Ec.m. using GSkI and SIII forces, compared 

with averaged experimental data for 
64Ni+124Sn188Pt. 
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So one may conclude that for 
64

Ni based reactions only GSkI force fits the fusion 

experimental data with ℓ-summed Wong formula at below and above the Coulomb barrier. 

SIII force seems to be fine at higher Ec.m. values and for relatively neutron rich cases even at 

smaller Ec.m. values. On the other hand SIII and GSkI seems to complement each other in the 

frame work of DCM. Whereas SIII based fragmentation is similar to Blocki case and GSkI 

gives modified fragmentation path. The details of DCM and Wong based calculation cross-

section are given in table 3.1 and 3.2 respectively. 

 

 
Table 3.1(a) Fusion excitation functions for 

64Ni+112Sn176Pt using ℓ-summed Wong formula 

using GSkI and SIII force, compared with fusion(expt.). 

 

   

Ec.m.(MeV)       Cross-section (mb)        ℓmax   

     exp GSkI SIII GSkI SIII 

149.75 1.77 1.6063 0.000002 53 11 

153.8 9.90 10.31 .010843 10 36 

157.15 22.60 23.58 3.839 14 49 

160.15 35.6 36.15 36.47 18 20  

162.45 68.70 65.29 67.92 24 25 

173.75 223.3 227.05 226.9 47 47 

188.25 393.60 391.73 391.22 64 64 

   

Table 3.1(b) Fusion excitation functions for 
64Ni+118Sn182Pt using ℓ-summed Wong 

formula using GSkI and SIII force, compared with fusion(expt.). 

 

    

Ec.m.(MeV)      Cross-section (mb)        ℓmax   

     exp GSkI SIII GSkI SIII 

193.95 473.5 473.34 472.6 71 71 

164.5 104.2 102.35 101.96 30 30 

158.8 44.5 44.17 25.054 20 53 

155.8 14.8 13.23 0.4379 10 44 
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Table 3.1(c) Fusion excitation functions for 
64Ni+124Sn188Pt using ℓ-summed Wong formula 

using GSkI and SIII force, compared with fusion(expt.). 

 

. 

 

Ec.m.(MeV)     Cross-section (mb)        ℓmax 

     exp GSkI SIII GSkI SIII 

195.8 665.9 660.51 659.89 85 85 

170.01 237.9 241.37 240.89 48 48 

164.89 200.6 204.19 196.65 43 67 

161.85 154.6 151.57 109.04 37 61 

 

 
 
Table 3.2 DCM based parameterization for 

64
Ni+

112
Sn  

176
Pt  A1+A2. The calculated ER 

and fission cross-section are compared with experiments (with GSkI force) 

 

 
Ec.m. 

(MeV) 

  Cross-

section 

ER (mb) 

 R   

(fm) 

  

ℓmax 

Ec.m.(MeV)             Cross-section 

              Fission (mb) 

      R  

(fm) 

  ℓmax 

Exp DCM Exp DCM 

198.4 35 34.8 2.38 68 188.3 354.6 236(fission)+11

8(Quasi fission) 

=354 

2.95fiss/2.

8222 Qf 

74 

188.2 39 40 2.401

1 

67 175.5 179.7 177.4 2.71 70 

180.1 43.4 43.5 2.402 66 162.9 19 18.42 2.52 65 

172 43.6 43.7 2.411 65 160.3 8.3 8.84 2.47 64 

166.5 51.5 51.2 2.43 64 157.3 5.8 5.98  2.444 63 

162 49.7 49.8 2.430

3 

63 154.2 1 1.02 2.3663 60 

160 27.3 27.2 2.396

7 

62 150.5 0.8 0.9 2.36 59 

157 16.8 16.1 2.369 61      

153.4 8.9 8.94 2.335 59      

149 0.97 1.09 2.17 59      
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