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Abstract

The present work deals with the proximity potential which is an important aspect for
the study of nuclear interaction. Various types of proximity potential have been
investigated over the years. In our present work, we choose five such potentials as
they cover wide barrier characteristics. These potentials are studied in the different
mass regions for the fusion cross section using Wong formula to check their
effectiveness. This thesis comprises of three chapters. A brief account of each is

described below.

Chapter-1 consist of introductory part of nuclear reaction, low energy heavy —ion
reaction, nucleus-nucleus interaction potential and the proximity formalism. To study
the effect of nuclear potential the mass regions are described. Beside this, the role of

deformation and orientation has been discussed.

Chapter-2 give the details of the methodology used. In this chapter, firstly various
proximity potentials are explained. Further, Wong model is described which is used to

calculate the fusion cross section.

Chapter-3 presents the calculation and results. The interaction potential is calculated
using five nuclear proximity potentials for spherical choice of nuclei and then effect
of deformation and orientations is shown on these potentials. Afterwards, fusion
excitation functions are calculated for two sets of reactions from four different mass
regions of the periodic table, as defined in Chapter 1, with and without the effect of
deformation and orientation in order to investigate that which nuclear potential works

well in the considered mass regions.
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1.1 Introduction

Nuclear physics is a branch of physics that deals with the study of atomic nuclei, its
behavior, structure and its components. Nuclei are tangled in a variety of applied pure
research but nuclear physics overlays with members of other fields. It has wide
variety of applications which comprises nuclear power, nuclear weapons, nuclear
medicines, materials engineering, industrial and agricultural isotopes etc., for better
understanding of origin of universe and inner working of stars, its main application

i.e. nuclear astrophysics is essential.

In earlier discoveries, the radioactivity was observed by Henry Becquerel in 1986, to
understand the structure of atom and nucleus. Later on three types of radiation were
discovered by physicists and were named alpha, beta and gamma. Sir J. J. Thomson
[1] in his “plum pudding model” describes the inner structure of atom and proposed
that atom was consider to be a positively charged ball with negatively charged
electrons inserted in it. Later on, Bohr- Rutherford proposed a model, according to
which each atom at its center contains an extremely dense, positively charged nucleus
which is made up of nucleons (neutrons and protons). Afterwards, Chadwick
measured the radii of few heavy nuclei which were found to be much smaller than
atomic radii. The issues regarding the structure of the nuclei and its properties were
solved by experimental methods proposed by many physicists. Finally, the present
understanding of nucleus and atom is a result of efforts made experimentally and

theoretically.

The occurrence of various phenomenon like, fusion process inside the sun, working of
stars are due to various nuclear reactions. A wide knowledge of nuclear reactions are
required to study these processes. To understand the nuclear reaction dynamics

various techniques have been developed in recent years.
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1.2 Nuclear reactions

It is a mechanism in which two or more nuclei or else a nucleus and subatomic
particles collides to form unlike products that are different from the earlier ones that

initiate the process.

Nuclear reactions can be classified into two reactions i.e. Fusion reaction and fission
reaction, which provides the significant information about the formation of new
elements and their structure .The above practice generally subject to excitation
energy, impact parameter, angular momentum, atomic masses, charges of the nuclei
etc. The capability to explain all these phenomenon is complex as the nuclear
interaction is not fully understood, though a significant amount of effort are already
spend in studying it. The main motive of present work is to study the nuclear reaction
via fusion process.

Fusion is defined as the reaction in which two or more atom collides with enough
kinetic energy so that it can overcome the repulsion occurring between them and
forms a new heavier nuclei with release of energy. The reason of release in energy is
the difference in the mass of two products which is less than the mass of fissioning
nuclei. The nuclei having atomic number greater than or equal to 2 and mass number
greater than or equal to 4 are called heavy-ion. These nuclei are equal or heavier than
a- particle. On the basis of energy of the incident particle (projectile) the nuclear
reaction dynamics can be categorizes into low energy (E < 15 MeV/nucleon),
intermediate energy (15 < E< 1 GeV/nucleon), and high energy (E > 1 GeV/nucleon).

In this study, we worked on low energy reaction.
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1.3 Low energy heavy ion reactions:-

During past few decades, low energy, heavy ion reaction is a topic of interest and
have received greater attention in nuclear physics as it presents the information about
the nuclear structure, nuclear forces and the nucleus-nucleus interaction. Heavy ion
fusion reaction mechanism provides an opportunity to examine the barrier distribution

and nucleus-nucleus potential.

The two forces i.e., Coulomb force and nuclear force will act on the interacting nuclei
when they come close to each other from infinity. The Coulomb force is a long ranged
force and it is due to the repulsion between the nuclei while the nuclear force is due to
the attraction and is a short range force. To overcome the repulsive force the energy of
the incident particle must be high enough to overcome a barrier which is called
“Coulomb barrier” having an energy pocket inside it. Beside these two forces,
centrifugal force is also present in heavy ion induced reactions. The nuclear structure
effect are prominent in the region which is around and below the Coulomb barrier
whereas, it fades at energies above the Coulomb barrier where centrifugal effect

dominates.

When the collision of projectile and target takes place there is a formation of
composite system, which leads to the formation of compound nucleus. In order to
confine within the range of nuclear interaction the colliding nuclei should have
sufficient energy. The formation of compound nucleus depends on interacting
potential [2].

1.4 Nucleus-nucleus interaction potential: - For better understanding of
any nuclear aspects, the fundamental key is nucleon-nucleon interaction. Heavy ion
collision gives new possibilities for investigation of ion-ion interaction potential. To
describe the interaction potential various models have been developed at

microscopic/macroscopic level.
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The total interaction potential comprises the sum of repulsive Coulomb force,

centrifugal interaction and attractive nuclear potential.

The Fig.1 depicts the variation of different parts of total interaction potential plotted
for the 1°F+ 3°La reaction. The Coulomb and centrifugal interactions determines the
long range part whereas the nuclear surface properties and readjustment of nuclear
system is determined by the nuclear proximity potential. Both the Coulomb
interaction and nuclear interaction plays an important role in the formation of

compound nucleus (CN).

200

19F+139La —158¢6Dy

150!
100

50

Interaction Potential

Vp
-50

-100

6 8 10 12 14 16 18 20
Radius (R)
Fig.1.1:- Interaction potential for °F+3°La reaction as a function of internuclear

separation.

The study of nuclear interaction potential part is not well established in comparison
to centrifugal and Coulomb part. The potential barrier cannot be described only by
the Coulomb potential, a proper choice of nuclear potential is also required to study

the heavy-ion reaction dynamics.
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From the studies, it is obvious that experimentally, it is not possible to reveal the
information about fusion barrier, it measures only fusion cross section [3]. The fusion
barrier can be extracted by various theoretical models which gives the knowledge
about the nuclear interaction at microscopic/ macroscopic level. Among various
theoretical models, the ready to use pocket formula [4] from phenomenology are
widely used by experimentalists and theoreticians.

The potential is parameterized by well-known quantities like charge, mass and isospin
of colliding nuclei. Using several approaches the fusion barrier is parameterized by

various authors [5, 8-10].

1.5 Proximity formalism:-

When the two surfaces are approaching each other within a distance of < 2-3 fm, or
when at the time of separation nucleus distributes itself into two fragments, then both
the surfaces face each other by short distance. When the two surfaces are brought into
close proximity, then the strong attraction is not only due to surface energy term, an
additional force due to proximity of the surface will also appear, which is known as
proximity force [4]. The potential due to proximity force is known as “Proximity

potential”.

The majority of phenomenological proximity potentials are based on proximity
theorem, which shows that nuclear part of interaction potential can be taken as a
product of factor that depends on the mean curvature of interaction surface and
universal function that depends on separation distance. The universal function does
not depend on the mass of the colliding nuclei but depend on the separation between
their surfaces. The separation among the two colliding nuclei is associated to
internuclear distance between centermost parts of the colliding nuclei from their

nuclear radii.



Chapter-1

The nucleus-nucleus interaction can be calculated and the fusion barrier can be
parameterized by using various proximity potential [5]. These potentials are backbone
of all microscopic/macroscopic models.

Firstly Bass [6-7] proposed an expression for nuclear interaction potential. Later on a
formula of proximity potential was introduced by Blocki. et.al. [4], known as “pocket
formula”, which presents the interaction energy of the nucleus as a function of
separation between the surfaces of two colliding nuclei. In the nuclear reaction
studies, the nuclear proximity potential is considered to be an interesting topic, so
various versions of proximity potentials have been developed over the years [5], [8-
10]. Few of these potentials have been able to explain the fusion barrier height and

scattering data.

The Proximity Potential has gone under various modifications over the past few
decades [11-12]. The experimental data was described by these modifications which
further depend upon the surface energy coefficients or nuclear radius. Among various
available versions for nuclear proximity potential we intend to use five potentials,
which covers wide range of barrier characteristics, to study their effectiveness in

different mass regions of the Periodic table.

1.6 Different mass regions: -
The various mass regions are categorized as follows:-

1.6.1 Lighter Mass Region: - The nuclei with mass number A < 80 lies in this mass
region. The N/Z or neutron to proton ratio in chosen the reactions of this region is
approximately equals to 1. Due to their small size, the effect of nuclear and the

Coulomb potential is strong in this region.

1.6.2 Intermediate and Heavy Mass Region: - For the intermediate mass region, the
mass of nuclei should lie in the region 80-190 for intermediate and 190-270 for

heavy mass region.
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The N/Z ratio for the elements of the reaction in this reaction is greater than 1, due to

which the barrier height get decreased due to the addition of neutrons in the elements.

They deviates from the spherical shape to deformed shape, after the inclusion of
deformation and orientation effect.

1.6.4 Super Heavy Mass Region: - The elements having mass greater than 270 lies
in this region. After the deformation effect, they formed highly deformed nuclei
which reduces the barrier height. In this region, the Coulomb and proximity potential

is modified by the multipole deformations.

1.7 Deformation and Orientation Effects:-

Deformation and orientation are important aspects in the study of nuclear fusion
reactions dynamics. The shapes of target and projectile changes the interaction barrier
during the fusion reaction. Hence it is important to account the contribution of

deformation along with their orientation degree of freedom.

Majority of the nuclei deviates from the spherical shape and these deformation are
defined on the basis of electric quadrapole deformation. The nuclei are supposed to
possess mainly deformations such as quadrapole, octupole and hexadecapole shown
in the Fig.1.2.

The amount at which the nucleus is deformed can be provided by a deformation
parameter B, where g is an amplitude of how much scissioning nucleus is different
from spherical shape and A corresponds to the order of deformation. The value of 7}
can be 2,3 and 4.

The quadrapole deformation are further classified into prolate deformed (Q > 0) and
oblate deformed Q < 0, nuclei, where Q is the electric quadrapole moment is shown in
Fig.1.2.
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_ A= 2, quadrupoles _
2=0, sphere oblate (Q < 0) A= 2, quadrupoles

prolate (Q > 0)

A= 3, octupoles
Pear shape J=4 , hexadecapole 4=4, hexadecapole
Belly-out Belly-in

Fig.1.2:- Multipole deformations along with their shapes

The orientation of these deformed nuclei also plays major contribution in reaction
dynamics. Gupta and his co-workers in their research work [15] explained the
influence of deformed and oriented nuclei on interaction barrier i.e. height and its
position. In order to analyses the optimum effect of all the orientation, the optimum
orientations have been calculated for the fusion reactions, which are defined as “Cold
— non compact or elongated” orientation and “Hot- compact or flattened” orientation

as shown in Fig.1.3.

The “Hot-compact” configuration refers to large barrier height and lower interaction
radius while the “cold- non compact” configuration leads to lower barrier height and

large interaction radius [13-15].

To establish the effect of deformation and orientation on fusion reaction there is a
need of experimental and theoretical study of collision between deformed and
oriented nuclei [18-21].
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The Fig. 1.3 depicts the deformation of the prolate-prolate and oblate-oblate colliding

nuclei on collision axis for both “cold-non compact” and ‘“hot-compact”

configuration.

Symmetry axis

— . Collision axis
- "
68,=90° @g,=90° 6,=0° .= 180"
@ ()
Symmetry axis
s ) | _
Collision axis . N e

-

8,=0° e,=180°
8,=190° g,=90°
© @

Fig.1.3:- The deformation of the ((a), (b) oblate and (c), (d) prolate) colliding

nuclei on collision axis for both “cold-non compact” ((a), (d)) and “hot-compact”

configuration ((b), (c)).

This specification had been shown in the Ref. [15], but our present work is based on
“hot compact” configuration.

Mostly quadrapole deformations affect the fusion anomalies and therefore our current
work is restricted to quadrapole deformations only.
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But mostly quadrapole deformations affect the fusion anomalies and therefore our

current work is restricted to quadrapole deformations only.

In the fusion reaction due to the deformation in the nuclei, the barrier height is
lowered which delivered an easier way for the formation of compound nucleus.
Likewise, orientations change the Coulomb barrier along with the centers between the
two colliding nuclei. So, the deformation along with the orientation are necessary for
the study of the nuclear reaction dynamics. In the present work, the role of

deformation and optimum orientation is also analyzed in different mass regions.

10
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Methodology:-

The details of total interaction potential and contributing terms are presented in Sec. 2.1. For
the calculation of fusion cross section the Wong formula is used. The corresponding details

are given in subsequent Sec. 2.2.

2.1 Total Interaction Potential: - The total interaction potential is the sum of long  range
Coulomb potential, angular momentum dependent potential and proximity potential and it

can be written as
VZT(R' Ec.m' 91) = VC(R: Zif .Bi: T, 91) + Vl (R; Ai ) ﬁi: T' 91) + VN (R' Ai' ﬁil T' 91) (21)

Here V., V;,Vy are the temperature, deformations and orientations dependent Coulomb
potential, angular momentum dependent potential (centrifugal potential) and proximity

potential respectively.

The detail of each part of total interaction potential is discussed below:

2.1.1 Coulomb potential: - The repulsive force acting between two interacting nuclei

defines

the Coulomb potential. The Coulomb potential between the two spherical nuclei is given by

V, = %ﬁez 2.2)

If the interacting nuclei are deformed then the Coulomb potential is given by [11]:-

_ Z1Z262 Rll(al_)

4
Ve =25+ 32122" Lpim12 Gy Y4 (0D [Bai + 5 Bii Y7 (6)] (2.3)

Here 6, represents the orientation angle measured from the collision axis and symmetry axis
to the axis of collision in the anti-clock wise direction. a; is the angle measured in clockwise
direction between the symmetry axis and radius vector of colliding nuclei from symmetry
axis. Y2 (6;) denotes the spherical harmonics functions. 8;; signifies deformation parameter
taken from the table of Moller et al. [2] with “hot-compact” optimum orientations taken
from the table of Gupta et al. [1].

13
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2.1.2 Angular momentum dependent potential: -

Due to angular momentum effect the rotational energy is defined as:-

_ RZ1(1+1)

V, = 21(T) (2.4)

Here u = %m is the reduced mass with m is the nucleon mass and I = uR?. is the
1 2

moment of inertia calculated in non-sticking limit.
2.1.3 Proximity potential for deformed and oriented nuclei. :-

As discussed in chapter 1 that when two surfaces come in contact within a distance of < 2
fm,then a force come into play which bring them into closed proximity, which is called
proximityforce. The potential due to these forces are called proximity potential. A wide
range of these types of potentials are available. But in the present work, a set of five
potentials are considered as these covers a wide range of barrier characteristics. A detail of

various proximity potential used in are present work is given below.

Proximity 1977 (Blocki): Blocki et al. [3] proposed that the force between the two
surfaces in close proximity is proportional to interaction potential per unit area. The

proximity potential (\n) for hot, deformed and oriented nuclei is given as [4]:-
Vn(Ay Bri 0i, T) = 4mRyb(T)@(5,(T)) (2.5)

Here ®(s,) is the universal function, which is independent of the shape of the nuclei but it
depends upon s, i.e. separation distance, b and R are the surface diffuseness parameter and
mean curvature radius respectively.

- %(s0 —2.54)" —0.0852(s, —2.54)°,s, <1.2511

#(s,) = (2.6)

3.437exp| - 2| s, >1.2511
0.75

14
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Here s, is represented in terms of b i.e. s, = %" . Itis defined for negative, zero and positive

values of s, (distance of closest approach) [5].

The surface energy coefficient y is given by:-
Y = ¥oll — k(557 (2.7)

where y, and k, are the surface energy coefficient and surface energy constant. In the
present version the value of ¥, and kg are 0.9517 MeV/fm? and 1.7826. Here N and Z are

the total number of neutrons and protons.
The radius vector R; can be written as
R; = [1.8 473 - 0.76 + 0.8 47| (1 + 0.0007T2), (i = 1,2). (2.8)
Here temperature T is related to energy by following expression:
* A 2
Eoy ==T? =T, (2.9)
where a = 9-10, depending on the mass A of CN.

Proximity 1988 (Prox88):- This formula was introduced by Moller and Nix [6] by
modifying the value of coefficients as y, =1.2496 MeV/fm? and k,= 2.3. This modified
version is referred as “Proximity 1988”. This parameter set give deeper pocket and

stronger isospins effect in comparison to Prox 77.

Bass 1980 (Bass80):- The nuclear interaction potential Vn(R) can be written as:-

R1Rp
Ri+R;,

Vn(R) = ¢ (s) (2.10)

where, s = r — R; — R,, the universal function ¢(s) for this potential [7] is in the form

as:-

S IE
#(s) = {0.033 EXP(EJ +0.007 exp(ﬁﬂ (2.11)

15
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with central radius, R; as

R; = R, (1 - (?))(1 =1.2) (2.12)

2
N

Christensen and Winther 1976 (CW 76):- Based on semi-classical approach, the
nuclear interaction was derived by Christensen and Winther [8]. The nuclear proximity

interaction for this potential can be written as:-
where R with

1 1
R; = |1.2334,° — 0.9784,°|, (i = 1,2) (2.14)

The universal functions ¢(s = R — Ry — R;), IS

b (s) = exp(—) (2.15)

Broglia and Winther 1991(BW 91):- This potential is the modified version of CW
1976 and was derieved by Broglia and Winther [9]. The nuclear proximity interaction for
this potential can be written as:-

_VO

1 +exp(R —%)

Vp(R) = MeV (2.16)

with V, = 16mRya where a=0.63 fm, R, = R; + R, + 0.29

and

1

1
R; = l1.233Ai 3-0.9784, 3] ,(i=12) (2.17)

The surface energy constant used for this potential is:-

= ro 1=y (B252) (222)] e fm-2 218)

16
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Here N and Z are the total number of neutrons and protons .The value of y, and k, taken to
be 0.95 MeV/ fm? and 1.8.

2.2 Wong Formula

At sub barrier energies the cross section for fusion of two nuclei have been determined at a
large scale. It was observed that the magnification of cross section get affected at near and
below the Coulomb barrier and from this determination the nucleus-nucleus interaction can
be observed. This explanation of cross section leads to the penetration of one - dimensional
barrier. This barrier governs the fusion and gives some parameters of potential barrier. The

cross section can be find by changing these parameters [10].

According to Wong [11], for the two deformed and oriented nuclei, which lie in the same
plane and collides with center of mass with energy Ecm , the fusion cross section in the

form of angular momentum partial waves, can be written as:-

0(Eem 0:) = 5 2i20(2L + P, (Ec.m., 6)) (2.19)

2UEcm.
K2

where, k = , u is the reduced mass and P; is the transmission coefficient which

describes the penetration of barrier.

The penetrability P, in terms of its height Vi (E. . 8;,) and curvature Aw;(E; ., 6;,) is

20(VA(Ecn,0:) = Ecam ) \4—
P=[1+ exp( (;i)l(Ec_m_?ei) ))] 1 (2.20)

with A, (E., 0;,¢) estimated at the barrier position R=R% corresponding to the

maximum barrier height Vi(En, 0:, @) , given as

d?vi(R)
dR?

A (Ecm, 01,) = [ /ul'? (2.21)

R=RL

17
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and, the R} obtained from the condition
|dVl(R)/dR|R=R}3 =0 (2.22)
Wong carried out the £ summation under the condition as follows:-

0] hw, = hw,

2
(i) Vi=VP+ h;(;;l) , Which means to assume R} ~ R3.
Hip

Both V} and hw, are obtained in terms of its £ = 0 Values, with V gives as the sum of

nuclear proximity potential V, and Coulomb potential V. at
VB = VP(R = Rg,Ai, ﬁli' Ec.m' 91) + VC(R = Rg'Zil Ec.ml 01) (223)
where $;;, 4 = 2,3,4 are the multipole deformations.

Using the above two approximations and integrating over ¢, gives the Wong formula
[11].

Bh
0(Ecm 0, $) = "5 In[1 + exp (m (Eem = V£)>] (2.24)

which on integration over the orientation angle 6; (a« = 1,2) gives the fusion cross

section

T
Eem) = | 91{ 2 o 0(Ecm,6,) sin 6, d6; sin 6, d6, (2.25)
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Result and Discussion

3.1 Introduction

In this chapter, the effect of different types of proximity potential on the fusion excitation
function is analyzed for the various reactions taken from different mass regions of the
periodic table. It is generally observed that with increase in mass region, the sub barrier
fusion anomalies increases across the Coulomb barrier. This might be due to the nuclear
structure effect which plays prominent role in sub-barrier regions. However, at above barrier
regions, the nuclear structure effect fades down with the dominance of centrifugal effect.
Hence, in order to deal with fusion probability at low energies, proximity potential plays an
important role in heavy—ion reactions.

A variety of nuclear proximity potential have been derived on the basis of proximity
theorem and are studied extensively in recent years [1-3], which confirms their effectiveness
in complete understanding of fusion mechanism. Making use of above information, here five
proximity potential namely Prox 77, Prox 88, Bass 80, BW 91 and CW 76 , which covers
the wide range of barrier characteristics have been used in the present work.

In this chapter we first investigate the effect of deformation and orientation on the barrier
characteristics by using above mentioned proximity potential to be discussed in Sec. 3.2. In
Sec 3.3, the fusion cross section are calculated with the Wong formula [4], using above
mentioned proximity potential in different mass regions. Two different sets of reaction
corresponding to the light, intermediate, heavy and super heavy mass regions are chosen for

the analysis.
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3.2 Interaction potentials using different proximity potential: -

The Coulomb potential along with the nuclear potential is required for obtaining the fusion
barrier height (Vs) and the barrier position (Rs). Experimentally, the Coulomb barrier height

and its position cannot be measured directly.

The typical fusion excitation functions are attained by fitting the experimental data with the
Wong formula and the appropriate parameters including the barrier height, position and
curvature are extracted. The fusion barrier height gets modified significantly for the

deformed nuclei in comparison to the spherical choice of nuclei [3].

Fig. 3.1 depicts the interaction potential for the reaction *0+"®Yb at T=0 (a) considering
spherical and (b) deformed choice of nuclei using different nuclear proximity potentials
namely Prox 77, Prox 88, Bass 80, BW 91, CW 76. These potentials are considered as they

cover entire range of barrier characteristics.

In Fig. 3.1(a), for the spherical case, it is clearly seen that the barrier profiles of different
potentials BW 91, Bass 80, Prox 77, Prox 88 and CW 76 are different. Here the highest
barrier correspond to BW 91 and CW 76 whereas lowest barrier corresponds to Prox 88. On
the inclusion of deformation along with the optimum orientations the barrier profiles get
significantly affected [5]. From Fig. 3.1(b), it is noticed that BW 91 yields the highest
barrier while, the barrier characteristics of Bass 80 and CW 76 shows quiet similar behavior
with barrier higher than Prox 77. However, Prox 88 in resemblance to the spherical case

shows the lowest barrier.
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Fig 3.1 :- Total interaction potential calculated V(MeV) as a function of radius R (fm) for
160+178Yp reaction using Prox 77, Prox 88, Bass 80, BW 91, CW 76 potentials at T=0for

(a) the spherical and (b) deformed choice of nuclei along with the optimum orientations.

Hence, the consequences of deformation on barrier characteristics combined with the use of
distinct proximity potential deliver an interesting input to recognize the formation procedure

in various nuclear reactions which covers the wide mass range.

3.3 Fusion cross-section in different mass regions of periodic table using

various proximity potential:-
In this section, we investigate the effect of different proximity potentials by calculating the
fusion cross section of various reactions using the Wong formula. Each reaction is taken
from different mass regions of the periodic table i.e. 28Si + 2Si, "4Ge + "“Ge, 0 +1"%Yb and
2IAl+ 28U corresponding to lighter, intermediate, heavy and super- heavy mass region

respectively.
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The calculated fusion cross sections using different proximity potentials have been
compared with experimental data [6-9].
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Fig. 3.2 Fusion excitation function using various proximity potential for the reactions (a)
28Sj + 28Sj | (b)"*Ge + "“Ge, (c)!%0 + 17® Yb and (d) ?’Al + 28U calculated with the Wong

formula considering spherical choice of nuclei and compared with the available
experimental data [6-9].
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Firstly, considering spherical choice of nuclei, the variation of fusion cross section is
analyzed at energies below and above the Coulomb barrier as shown in Fig. 3.2 for different

mass regions using various proximity potentials

It is observed that for lighter mass region i.e. for 28Si + 28Sj reaction as shown in Fig.3.2 (a),
the proximity potentials BW 91 and Bass 80 with highest barrier gives relatively better

agreement with experimental data at energies below as well as above the Coulomb barrier.
While the potentials namely Prox 77, Prox 88 and CW 76 with their lowest barrier
overestimates the experimental data.

We further checked the behavior of these potentials in intermediate mass regions for the
reaction “Ge + “Ge in Fig. 3.2(b), and it is observed that in this mass region, the
performance of proximity potentials gets changed. Here the potential with highest barrier i.e.
BW 91 and CW 76 and Prox 77 perform badly in sub- barrier region. While the potential
with lowest barrier i.e. Prox 88 shows close agreement with experimental values below the

barrier whereas Bass 80 matches the experimental data for above barrier energies.

The role of different proximity potentials is further analyzed in the heavy mass region for
the reaction %0 + 176 Yb in Fig.3.2 (c). From this figure, it is observed that the proximity
potentials exhibiting highest barrier namely BW 91 and Bass 80 shows better agreement in
reference to experimental fusion cross- section at below and above the Coulomb barrier,
while the other potentials like CW 76, Prox 77 and Prox 88 overestimates the experimental

data due to their lower barrier.

This behavior seems to be consistent in the super- heavy mass region for the reaction
2Al+28U as shown in Fig.3.2 (d). For this reaction, BW 91, Prox 77 and Prox 88
underestimates the experimental data below the coulomb barrier. However, below the barrier

CW 76 and above the barrier Bass 80 perform better in reference to experimental values.
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As discussed earlier, the deformation and orientation significantly affect the barrier
characteristics which consequently affect the fusion cross- section. For the deformed choice
of nuclei the effect upto B2 has been included with optimum choice of orientation and fusion
cross section has been calculated by integrating over the orientation angles. The reactions
mentioned above have been analyzed with inclusion of deformation and orientation and
accordingly fusion cross section has been calculated and compared with available

experimental data as shown in Fig. 3.3.

In Fig. 3.3, fusion excitation functions have been calculated by including the effect of
deformation and orientation for the different mass regions: 28Si + 2Si, Ge + "Ge, 1°0
+178yb and ?’Al+ 28U, From this figure, it is clear that the fusion excitation function shows
the similar result as for spherical case. In the lighter mass region (see Fig. 3.3(a)), the
potentials Bass 80, BW 91 and CW 76 due to their higher barrier, gives comparatively better
with experimental data at energies across the Coulomb barrier. Here, Bass 80 behaves better
below the barrier and CW 76 above the barrier. While the Prox 77 and Prox 88 with their
lower barrier overestimates the data to a larger extent.

The behavior of these potentials further changed in intermediate mass region for the reaction
Ge + "Ge as shown in Fig. 3.3(b). From this figure, we see that the fusion excitation
functions calculated with Bass 80 and Prox 77 lie comparatively closer to the experimental
values while BW 91 and CW 76 shows the similar result and Prox 88 due to their lower

barrier overestimates the experimental fusion cross section on larger scale.
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Fig. 3.3:- Same as Fig. 3.2 but for deformed choice of nuclei.

26



Chapter-3

The effect of these potentials are further analyzed in heavier mass region for the reaction
80 + 176 Yb shown in the Fig. 3.3(c). From this figure, it is observed that the fusion

excitation functions show the similar behavior as for the spherical case.

Here, CW 76 and Bass 80 shows value close to the experimental data as compared to other
potentials but BW 91, Prox 77 and Prox 88 overestimates the same.

As we move further and check the performance of these potentials in super-heavy mass
region for the reaction 2’Al + 2%U in Fig.3.3 (d), we have examined that the fusion excitation
functions calculated with the deformed choice of nuclei shows consistent behavior with the
spherical choice. In this region, all the potentials i.e. Prox 77, Prox 88, Bass 80, BW 91 and
CW 76 shows the similar behavior and overestimates the experimental values but we choose

Prox 77 as the best option as it yields relatively closer values to the experimental data.

In order to check the above mentioned observations, there is a need to take another set of
reactions each corresponding to different mass regions. In this set, we have chosen the
reaction 28Si+ 30Si from lighter mass region, ®Ni+ ¥Te from intermediate mass region,
F+139 La from heavy mass region and *Cl +23U from super heavy mass region. The
fusion excitation functions for these reactions using various proximity potential are
calculated with spherical choice as well as deformed choice of nuclei and are compared with
experimental data [6, 9 -11] corresponding results are shown in Fig 3.4 and Fig. 3.5

respectively.

For the reaction, i.e. 28Si + %Si in the lighter mass region in Fig. 3.4 (a), Bass 80 and BW 91
and CW 76 are found to perform better at above and below the Coulomb barrier energies.
Whereas Prox 77 and Prox 88 overestimates the experimental data due to their lower barrier
height.

27



Chapter-3

In the intermediate mass region, the result for the reaction °F + 3La is shown in
Fig.3.4 (b). From this figure, it is evident that the fusion excitation function for the reaction
F + 139 a behaves differently as compared to the intermediate mass region reaction of Set-
I shown in Fig. 3.2(b). In the present case, the fusion excitation functions calculated for
different proximity potentials are closer to experimental data as compared to that of Fig.
3.2(b). Out of different choice of proximity potentials, Prox 77 seems a good choice to
analyze the fusion cross section at below barrier energy regime. While above the barrier BW
91 and Bass 80 shows the comparative result whereas Prox 88 overestimates the data

These potentials are further checked for heavy mass region corresponding to the reaction
®4Ni + 13°Te displayed in Fig. 3.4(c). In this mass region, Bass 80, BW 91 and Prox 77,
provides better choice in estimating the experimental values at lowest incident energy after
that it over estimates. A closer look at Fig.3.4 (c) suggests that Bass 80 perform better as
compared to other potentials. While CW 76 and Prox 88 overestimates the experimental
data. The result are consistent with the intermediate mass region reaction of first set shown
in Fig.3.3 (c).

Further analysis is carried out in super heavy mass region for the reaction *Cl+ 28U in Fig
3.3(d). Here we conclude that all the proximity potentials exhibits the similar behavior but
one should prefer to choose BW 91 below the barrier as it is more closer to the experimental

data and Bass 80 performs well prefer to above the barrier.
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Fig. 3.4 :- Fusion excitation function using various proximity potential for the reactions (a)
28Si + 39Si | (b)°F + 138La, (c)**°Te+%Ni, and (d) *°CI + 23U calculated with the Wong

formula considering spherical choice of nuclei and compared with the experimental data [6,
9-11].
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In Fig. 3.5, the effect of deformations and orientation are switched on for the second set of

reactions and fusion excitation function are calculated using different choices of proximity

potentials.
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Fig. 3.5:- Same as Fig. 3.4 but for deformed choice of nuclei.
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Firstly, in the lighter mass region, for the reaction 26Si + 30Sj the fusion excitation functions
with the consideration of deformations are shown in Fig. 3.5(a). Inclusion of deformation in
the lighter mass region does not affect the results significantly. Here also Bass 80, BW 91
and CW 76 expresses the fair behavior in reference to experimental data whereas Prox 88
and Prox 77 overestimates the experimental data and behaves badly in addressing the same.

In the intermediate mass region for the reaction *F + *°La the results are shown in
Fig.3.5 (b), In this case, different proximity potentials act differently at near sub — barrier
energies. All the potentials show different comparative result but out of these potentials one
choose CW 76 and Prox 77 as it best fits the corresponding experimental data. Here also the
results with deformed choice are same as for spherical. Here, the potentials namely BW 91,
CW 76 and Prox 77 perform appropriately below the barrier and Bass 80 seems to be good

option above the barrier while Prox 88 overestimates the data.

The results of the fusion excitation function in the heavy mass region for the reaction
®4Ni+ *Te are shown in Fig. 3.5(c). In this case the results are similar to spherical choice.
Here Bass 80, Prox 77 and BW 91 estimates the cross section better in comparison to other

potentials, while Prox 88 and CW 76 perform badly.

For the reaction *Cl+ 238U in the super-heavy mass region, the results are shown in Fig.
3.5(d). With the inclusion of deformation and orientation, the calculated fusion cross section
overestimates as compared to experimental data. In this mass region, the fusion cross
sections for the reaction *CI+ 28U are consistent with the result of reaction?’Al + 238U of

Set-1. Here, Prox 77 shows better agreement with the experimental data.

Out of all the calculations for two mentioned set of reactions, we have observed that in
lighter mass region, with the spherical choice of nuclei, the behavior of different proximity
potentials is similar for both the sets. The three potentials namely Bass 80, CW 76 and BW
91 perform comparatively better in relevance to experimental data.
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After including the effect of deformation and orientation, it is observed that the performance
of potentials doesn’t change. With inclusion of deformation and orientation, cross section is
increased. In the intermediate mass region, for the spherical choice Bass 80 best fits the
experimental data while after including the deformation effect, Prox 77 holds well. After
moving towards the heavier mass region, Bass 80 expresses the fair behavior for spherical as
well as for deformed choice of nuclei. At last, in super heavy mass region, we examined that
Bass 80 holds good result in spherical case while after the inclusion of deformation and

orientation, Prox 77 behaves better in comparison to other potentials.
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Summary

In the present work, the role of different proximity potentials in estimating the fusion
excitation functions for the various reactions chosen from different mass region of the
periodic table has been studied using the Wong formula. This analysis has been carried out
with spherical as well as for deformed choice of nuclei. It is observed that the deformation
impart significant effect on barrier characteristics which results in modification of fusion
cross section, especially in below barrier region. Different proximities provide information
of nuclear structure effect in different mass regions. As a result, the performance of
proximity potential changes as we move from lighter to super heavy mass region. In lighter
mass region, Bass 80, BW 91 and CW 76 perform better in comparison to other potentials.
The behavior of Bass 80 and Prox 77 is in decent in agreement with experimental data for
intermediate mass region. In heavy mass region, Bass 80 and BW 91 performs nicely. On
moving towards the super heavy mass region, we observed that Prox 77 and Bass 80
performs best. Hence, to obtain the fusion cross section in different mass region, a proper
choice of proximity potential is required. Interestingly, it is observed that the Bass 80
potential is common for both the sets from different mass regions. However, at energies
below the Coulomb barrier further investigations are required.

Different proximity potential which overestimates the experimental data could be further
improved by using ¢- summed Wong formula. In this work, we have tried to test the
effectiveness of proximity potential by considering the two set of reactions from different
mass regions of the Periodic table. In order to achieve an overall generalized choice of
proximity potentials in different mass region further investigations on large number of

target- projectile combinations are required.
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