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Abstract—This paper analyzed the role of intrinsic degrees of freedom of colliding nuclei in the enhancement
of sub-barrier fusion cross-section data of various heavy ion fusion reactions. The influences of inelastic sur-
face vibrations of colliding pairs are found to be dominant and their couplings result in the significantly larger
fusion enhancement over the predictions of the one dimensional barrier penetration model at sub-barrier
energies. The theoretical calculations are performed by using energy dependent Woods—Saxon potential
model (EDWSP model) in conjunction with the one dimensional Wong formula. The effects of dominant
intrinsic channels are entertained within framework of the coupled channel calculations obtained by using the
code CCFULL. It is quite interesting to note that the energy dependence in Woods—Saxon potential simu-
lates the effects of inelastic surface vibrational states of reactants wherein significantly larger value of diffuse-
ness parameter ranging from a = 0.85fm to a = 0.95 fm is required to address the observed fusion excitation

function data of the various heavy ion fusion reactions.
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1. INTRODUCTION

Dynamics of fusion reactions at near barrier and
sub-barrier energies is an active area of research on the
theoretical as well as on the experimental grounds.
Heavy ion fusion reactions can be used to probe differ-
ent aspects of nuclear interactions and nuclear struc-
ture of colliding nuclei. The importance of fusion
reactions is also evident from production of nuclei
away from the valley of stability and superheavy ele-
ments. During last few decades, an anomalously large
enhancement in the sub-barrier fusion cross-sections
in comparison to the predictions of one dimensional
barrier penetration model, which have been observed
in many projectile-target combinations, shows puz-
zling features of the low energy fusion excitation func-
tion data [1—7]. Such fusion enhancement of dinu-
clear system has an intimate link with the internal
degrees of freedom of reactants such as permanent
deformation, vibrations of nuclear surface, rotations,
neck formation and nucleon transfer reactions. The
relations between static deformation and inelastic sur-
face vibrations with sub-barrier fusion enhancement
have been well established by various coupled channel
formulation and hence strongly recomanded that such
internal structure degrees of freedom of fusing pairs
can be ascribed for an anomalous behaviour of the
fusion cross-section data in the domain of the Cou-
lomb barrier [1—18].

! The article is published in the original.

The nucleus-nucleus potential, which is directly
related with the fundamental characteristics of nuclear
interactions, plays a central role in the good under-
standing of the nuclear reaction dynamics. The prop-
erties of surface region of nucleus-nucleus potential
can be extracted by studying the elastic and inelastic
scattering process while the properties of inner region
of nucleus-nucleus potential can be explored by study-
ing the fission and fusion reactions [ 19—21]. The Cou-
lomb and centrifugal terms are well understood due to
their simple expression whereas because of the large
ambiguities in the optimum form of nuclear potential,
it limits the complete understanding of nuclear reac-
tion dynamics. Among different forms of nuclear
potential proposed in literature, the standard energy
independent Woods—Saxon potential is most widely
used for description of the diverse form of nuclear
interactions [22—29]. The various theoretical models
also make the use of this potential for exploring the
sub-barrier fusion dynamics [1—7]. A value of
a = 0.65fm is best suited for elastic scattering analysis.
Interestingly, the diffuseness parameter of static
Woods—Saxon potential is related to the slope of
fusion excitation functions and significantly larger
value of diffuseness parameter ranging from
a =0.75fmtoa =1.5fm has been exploited to explain
the observed fusion dynamics. Surprisingly, the cause
of this diffuseness anomaly, which might be an artifact
of various kinds static and dynamical physical effects,
is still far from good understanding [30, 31].
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Following this concept, the present work is moti-
vated to address the fusion dynamics of 120 + 46’5202Ti,
lgO + 58’60’g§Ni and ggNi + ;gNi reactions within the
context of the energy dependent Woods—Saxon
potential model (EDWSP model) [32—47] and cou-
pled channel approach [48]. In EDWSP model,
closely similar physical effects that are induced
because of couplings between elastic channel and
internal structure degrees of freedom of fusing nuclei
can be governed by introducing the energy depen-
dence in the nucleus-nucleus real potential in such a
way that it becomes more attractive at sub-barrier
energies. The energy dependent nucleus-nucleus
potential in conjunction with one dimensional Wong
formula [49] predicts significantly larger sub-barrier
fusion cross-sections with respect to the energy inde-
pendent one dimensional barrier penetration model
[32—47]. Very recently, the EDWSP model has been
successfully used for entertaining the effects of neu-
tron transfer channels and inelastic surface vibrations
in the fusion dynamics of wide range of projectile-tar-
get combinations. The present work has been extended
to explain effects of rapid variation of collectivity of
target nuclei, target isotopic dependence of sub-bar-
rier fusion enhancement and also explore the fusion
hindrance at deep sub-barrier energies. In case of

16 46,50 - 16 58,60,64 17 .
O+ 75,Ti and (O + ,s Ni reactions, the com-

mon projectile (120) is kept as inert while the low lying
surface vibrational states of target nuclei are included
in the coupled channel calculations performed by
using the code CCFULL [48]. Various coupled chan-
nel models suggested that the fusion dynamics of

RO+ *0Ti, SO+ "% Ni and J3Ni+Ni sys-
tems are significantly influenced by the inelastic sur-

face vibrational states such as 2"and 3 vibrational
states of target nuclei [50—52]. Furthermore, the
applicability of the EDWSP model has also been
tested for the exploration of the fusion dynamics of

;gNi + ;SNi reaction wherein the hindrance of the
fusion excitation function data with respect to the cou-
pled channel calculations has been clearly identified
[52]. Therefore, due to the energy dependence in
nucleus-nucleus potential, the EDWSP model calcu-
lation results in the barrier modification effects and
hence adequately describes the observed sub-barrier
fusion enhancement of various heavy ion fusion reac-
tions. It is worth noting here that the energy depen-
dence in nucleus-nucleus potential simulates the
dominant effects of nuclear structure degrees of free-
dom of the fusing systems in the sub-barrier fusion
dynamics. The details of the theoretical method
adopted for this paper is discussed in section 2. The
results are discussed in detail in section 3 while the
summary of the work is presented in section 4.
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2. THEORETICAL FORMALISM
2.1. One Dimensional Wong Formula

The partial wave fusion cross-section is given by
the following expression

op =5 Q0+, (1)
k (=0
Hill and Wheeler proposed an expression for tunneling

probability (7, (F) which is based upon the parabolic
approximation wherein the effective interaction
between the collision partners has been replaced by an
inverted parabola [53]

T(HW _ 1 . )
21
l+exp| ==V, -E)
ho,
This approximation was further simplified by Wong
using the following assumptions for barrier position,
barrier curvature and barrier height [49].

R =R_y=Rp, 0, =0,=0
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By using these assumptions and Eq. (2) into Eq. (1),
the fusion cross-section can be written as

V(/=VB+

or =53 @+1) 2; B
k =0 1+exp%[V¢ _E]

Wong assumes that the infinite number of partial
waves contribute to the fusion process so one can
change the summation over /¢ into integral with
respect to / in Eq. (3) and by solving the integral one
can get the following expression of Wong formula [49].

hoR; [ (27: ﬂ
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2.2. Energy Dependent Woods—Saxon Potential Model
(EDWSP Model)

Very recently, the EDWSP model has been suc-
cessfully used to probe the role of nuclear structure of
degrees of freedom of the colliding pairs on the
dynamics of sub-barrier fusion cross-sections. The
theoretical calculations make the use of the EDWSP
model in conjunction with one dimensional Wong for-
mula and static Woods—Saxon potential in the cou-
pled channel calculations. Therefore, the shape of
static Woods—Saxon potential is defined as

V) = —— 5)
el ]
a

with R, = rO(A,lL{3 + A;/ 3). The quantity V; is depth and
a is diffuseness parameter of Woods—Saxon potential.
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In EDWSP model, the depth of real part of Woods—
Saxon potential is defined as

Vo = |:A12’/3 + Aiﬂ —(A4p + Ar)z/q

/3 1/3 (6)
x|2.38+6.8(1+ 1, +1,) 2241 __|pey
(4f + 4l%)

where ]P = M

and [, = Mj are the
P Ay

isospin asymmetry of colliding systems. This parame-
terization of potential depth has been deduced by
reproducing the fusion excitation function data of
large number of fusion reactions ranging from
ZpZ; =84 to ZpZ; =1640 [32—47]. In heavy ion
collisions, the various static and dynamical physical
effects occur in the tail region of nuclear potential
which in turn modify the parameters of the nuclear
potential. In heavy ion collisions, the fluctuation in
the surface energy of colliding nuclei strongly depends
upon the collective motion of all the nucleons inside
the nucleus. The first term in the square bracket of
Eq. (6) accommodates such kinds of the static and
dynamical physical effects. In addition to this, the

a(E) = 0.85|1 +
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densities of collision partners in neck region also
responsible for fluctuations of diffuseness parameter
of static Woods—Saxon potential which in turn bring
the requirement of abnormally large diffuseness
parameter ranging from a = 0.75fm to a = 1.5fm for
accounting the fusion excitation function data [1-7,
30, 31]. The second term inside the square bracket of
Eq. (6) is directly proportional to isospin asymmetry
effects of colliding nuclei which is different for differ-
ent isotopes of a particular element. The isotopic
effects of reactants are entered in the nucleus-nucleus
potential through this term. Furthermore, the non-
local quantum effects that arise due to the nucleon-
nucleon interactions induce the energy dependence in
nucleus-nucleus potential. The energy dependence in
nucleus-nucleus potential is also reflected from the
microscopic time dependent Hartree—Fock theory
wherein it arises due to various channel coupling
effects [54—57]. Therefore, owing to the importance
of the fluctuations of diffuseness parameter of
Woods—Saxon potential, the energy dependence in
Woods—Saxon potential is taken via its diffuseness
parameter. The energy dependent diffuseness param-
eter is defined as [32—47].

"

Sm. (7

13.75(4;" + 4;7)

In real physical situations, there is dissipation of
kinetic energy of relative motion to internal structure
of colliding pairs which must be incorporated in the
theoretical calculations of the fusion excitation func-
tions. Therefore, in fusion dynamics, the variation of
surface energy, N/Zratio, variation of densities in neck
region, dissipation of kinetic energy of relative motion
to internal structure of collision partners or other
static and dynamical physical effects, which brings the
modification in the value of diffuseness parameter of
static Woods—Saxon potential, are accurately accom-
modated in the EDWSP model. In EDWSP model
calculations; all such physical effects are entering
through energy dependent diffuseness parameter [see
Eq. (7)]. For heavy ion fusion reactions, the EDWSP
model provides a wide range of diffuseness parameter

depending upon the value of range parameter (#,) and
bombarding energy of reactants. The value of range

parameter (r,) is adjusted in order to vary the diffuse-
ness parameter required to address the observed fusion
excitation function data of fusing system under con-
sideration [32—47]. It will be shown later that the the-
oretical calculations based upon static Woods—Saxon
potential (CCFULL calculations) must include differ-
ent kinds of channel coupling effects such as inelastic
surface excitations of colliding pairs, rotational states
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of deformed nuclei and multi-nucleon transfer chan-
nels or other static and dynamical physical effects to
reproduce the sub-barrier fusion data. However, the
energy dependence in Woods—Saxon potential pro-
duces similar kinds of barrier modification effects that
arise due to coupling of relative motion of reactants to
their intrinsic degrees of freedom and thus accurately
explain the energy dependence of sub-barrier fusion
cross-section data.

2.3. Coupled Channel Model

This section briefly reviews the structure of the
coupled channel model. Theoretically, the standard
way to entertain the effects of internal structure
degrees of freedom of colliding nuclei is to solve the
coupled channel equations by including all the rele-
vant channels [48, 58, 59]. Therefore, the set of the
coupled channel equations can be written as

2 52 2
id—z +M +Vy(r) + ZrZre e, — E.,
2u dr 2ur r
XYL+ D V(W) = 0, )
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Table 1. The deformation parameter (3; ) and the corre-
sponding energy (£;) of the quadrupole and octupole
vibrational states of various colliding nuclei

Nucleus| B, |E,,MeV| B; | E;, MeV |Reference
120 0.362 | 6917 | 0.370 | 6.192 [60]
‘;62'[1 0.317 | 0.899 | 0.122 | 3.059 [12]
5202Ti 0.166 1.555 | 0.156 | 4.410 [12]
ggNi 0.183 1.450 | 0.175 | 4.480 [61]
ggNi 0.207 1.330 | 0.190 | 4.040 [61]
%Ni 0.179 1.350 | 0.230 | 3.560 [61]

where, 7 is the radial coordinate for the relative
motion between fusing nuclei. 1 is defined as the
reduced mass of the projectile and target system. The

quantities £, and g, represent the bombarding
energy in the centre of mass frame and the excitation

energy of the n™ channel respectively. The V,,, is the

matrix elements of the coupling Hamiltonian, which
in the collective model consists of the Coulomb and
nuclear components. For the coupled channel calcu-
lations, one can use the code CCFULL [48] wherein
the coupled channel equations are numerically solved
by using the following basic approximations. The
rotating frame approximation has been used for reduc-
ing the number of the coupled channel equations
[48, 58, 59]. In the condition of no transfer of the
angular momentum from relative motion of reactants
to their intrinsic motion, the total orbital angular
momentum quantum number L can be replaced by the
total angular momentum quantum number J. This
approximation is also known as the isocentrifugal
approximation. Under this approximation, the num-
ber of coupled channel equation reduced to great
extent. For instance, in this approximation, the z-axis
is chosen in the direction of the relative separation ¥ of
colliding nuclei so that 6 = 0 and the spherical har-

24 + 1
At S0

monics become Y{Z(f') = . This implies

that the excited states of each nucleus will have same
spin projection on the rotating z-axis as in the respec-
tive ground states and the numbers of the coupled
equations to be solved are significantly reduced. For

example, the multipole excitation 0° — A is repre-
sented by only one channel in this approximation
whereas (A + 1) channels are required in the full prob-

lem. Specifically, if one want to entertain 0°, 27,

4"and 6" rotational states of the deformed nucleus a
set of 16 coupled channel equations is to be solved but
in rotating frame approximation, one has to solve only
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4 coupled channel equations [48, 58, 59]. The ingoing
wave boundary conditions (IWBC), which are well
applicable for heavy ion reactions, are another approx-
imations used to obtain the numerical solution of the
coupled channel equations. According to IWBC, there
are only incoming waves at the minimum position of
the Coulomb pocket inside the barrier and there are
only outgoing waves at infinity for all channels except
the entrance channel (n=0) [48, 58, 59]. The code
CCFULL [48] makes the use of static Woods—Saxon
potential for addressing the role of the internal struc-
ture degrees of freedom of colliding pairs such as
inelastic surface vibrations, rotational states and
multi-nucleon transfer channels. By including all the
relevant channels, the fusion cross-section can be
written as

6(E) =) 0,(E) = ﬁZ(U +1)P(E)  (9)
J 0y

where, P,(F) is the total transmission coefficient cor-
responding to the angular momentum J.

3. RESULTS AND DISCUSSION

The focus of the present work is to address the
interplay of the vibrational states of colliding systems
on the energy dependence of the fusion excitation
functions at sub-barrier energies. The inclusions of
these collective vibrational states significantly
enhance the magnitude of sub-barrier fusion cross-
sections over the predictions of the one dimensional
barrier penetration model. Furthermore, the effects of
rapid variation of collectivity of target nuclei as well as
the target isotopic dependence of the sub-barrier
fusion enhancement are also evident from the analysis
of "0+ *Ti, "0+ "% Ni and 33Ni+ 3xNi
reactions. The values of the deformation parameters
and corresponding excitation energies of the low lying
2" and 3~ vibrational states of the colliding nuclei are
listed in Table 1. The barrier height, barrier position
and barrier curvature of the fusing nuclei as required in
the EDWSP model calculations along with the one
dimensional Wong formula is listed in Table 2. The
values of range, depth and diffuseness parameters used
in the EDWSP model calculations for various combi-
nations of the colliding nuclei are listed in Table 3.

The spherical nuclei exhibit low lying inelastic sur-
face vibrations as dominant mode of couplings and
coupling to inelastic surface vibrations of colliding
nuclei significantly enhances the magnitude of sub-
barrier fusion cross-sections. The dynamics of spheri-
cal nuclei is expected to be very simple due to involve-
ment of the fewer internal structure degrees of free-
dom and hence provides the concrete conclusion
about the role played by the nuclear structure of reac-
tants [50, 51]. In addition, the rapid variation of col-
lectivity of target isotopes as well as the target isotopic
dependence of the enhancement of sub-barrier fusion
Vol. 13
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cross-sections is directly reflected from the present

analysis. As far as the projectile (ISO) is concerned, it
possesses low lying surface vibrations only and due to
very high excitation energies of the inelastic surface
excitations, it offers negligible influence on the fusion

dynamics of ISO + 46’5202Ti and 120 + 58’60’331\11 systems
[50, 51]. However, there is significant variation in the

collectivity of 2"vibrational states in target isotopes
which mirrors the difference in the energy dependence
of sub-barrier fusion cross-sections of these systems.
The beauty of Ti-isotopes is that the collectivity
decreases with increase of neutron richness and hence
spans a significant variation in the quadrupole deforma-
tion with increase in the number of neutrons. Further-
more, due to low excitation energy (£ = 0.889 MeV)

and large qudruploe deformation of 4262Ti nucleus, it
exhibits the strongest low lying quadrupole vibration
in the mass region 4 = 40-60. Therefore, the effects of
the quadrupole vibrational states are more pro-
nounced in comparison to that of the other vibrational
states of the colliding pairs. As the strength of quadru-

pole deformation in 4262Ti isalmost double (, = 0.317
and £, = 0.889 MeV) and lies at very small excitation
energy with respect to the corresponding values in

PTi (B, =0.166 and E, = 1.555MeV). Therefore, it
is expected that the addition of the 2" vibrational state

of 4262Ti nucleus strongly alters the behavior of the low
energy fusion excitation functions.

The octupole vibration in lighter target nucleus lies
at low excitation energy in comparison to heavier tar-
get nucleus but has almost same coupling strength and
hence displays weak influences on sub-barrier fusion

16 46,50 - . .
process. For (O + ", Ti reactions, the experimental

data are strongly under-predicted by the no coupling
calculations wherein the colliding pairs are taken as
inert. This suggests that the low lying surface vibra-
tions of colliding nuclei must be incorporated to
reproduce the sub-barrier fusion enhancement. The

inclusion of one phonon 2" vibrational state of target

alone or one phonon 3  vibrational state of target
alone unable to bring the observed fusion enhance-
ment at below barrier energies. However, coupling to

one phonon 2* and 3~ vibrational states along with
their mutual couplings in target recover observed
enhancement of sub-barrier fusion excitation function

of ISO + 46’5202Ti reactions. The larger fusion enhance-
ment of 120 + 4262Ti system (Fig. 1a) with respect to

1;:O+ 5202Ti system (Fig. 1b) is the signature of the
opposite target mass dependence of the sub-barrier
fusion enhancement. In both cases, the possibility of
the neutron transfer channel can be ruled out because
of negative Q-values for neutron transfer channels.
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Table 2. The values of V', R and 7im used in the EDWSP
model calculations for various heavy ion systems

System Vo, MeV| Rp, fm |hm, MeV | Reference
0+ 4262Ti 25.70 8.63 2.60 [50]
lgo + 9Ti 25.40 9.15 3.80 [50]
lgo + 38Ni 33.60 8.70 3.51 [51]
120 + ggNi 33.70 8.67 3.51 [51]
120 + %Ni 33.40 8.76 3.47 [51]
NI + 5Ni 97.87 | 10.50 3.30 [48]

Table 3. Range, depth, diffuseness of Woods-Saxon poten-
tial used in EDWSP model calculations for various heavy
ion fusion reactions [32—47]

Present
System 1o, fm Vo, MeV Energy Range
fm
MeV
0.94 t00.85
16 46 1. 1.090 45.36 B —
3O+ 5,Ti 15 to 55
0.94 t00.85
16 50 s 1.070 49.45 S
sO+ 5,Ti 15 to 55
0.94 t00.85
16 58y 1.020 48.62 e —
80 + 28N1 25 to 55
0.94 t00.85
16 60y 1.030 50.40 U E—
3O + 53 Ni 25 to 55
0.94 t00.85
16 647 1.030 53.74 —
3O + 5 Ni 25 to 60
0.95 t00.85
58a7:  58yr- 1.120 101.69 P Te—
25 Ni + 23 Ni 90 to 115

Therefore, the observed sub-barrier fusion enhance-
ment can only be correlated with the dominance of the
inelastic surface vibrations of target nuclei. It is worth
mentioning here that the predictions of the EDWSP
model along with the one dimensional Wong formula
provide quite close agreement with the experimental

data of 120 + 46’5’202Ti reactions in all range of energies
spread across the Coulomb barrier as evident from
Fig. 1. The close resemblance of the predictions of the
coupled channel model and the EDWSP model for

No.4 2016
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Fig. 1. The fusion excitation functions of ‘go + ", Ti reactions obtained by using the EDWSP model [32—47] and coupled
channel code CCFULL [48]. The theoretical results are compared with the available experimental data taken from Ref. [50].

. . 16 46,50 .
observed fusion dynamics of ;O + ", Ti systems

unambiguously indicates that the energy dependence
in Woods—Saxon potential mimics the effects of
dominant internal degrees of freedom of the collision
partners.

The fusion dynamics of 1§O+ 58’60’§§Ni systems

[51] has been strongly influenced by the low lying sur-
face vibrations of the Ni-isotopes and also display the
target isotopic dependence of sub-barrier fusion
enhancement. With the increase of neutron richness
of target nuclei, the magnitude of the sub-barrier
fusion enhancement increases and such physical effect
in the fusion process is the consequence of different
collective properties of Ni-isotopes. In other words,
one can say that with increase of neutron richness in
Ni-isotopes, the target nuclei become more collective
and display its signature by enhancing the magnitude
of sub-barrier fusion excitation function data. In this

regard, the fusion dynamics of lgO + 58"’0’2‘§Ni systems

is very interesting wherein with increase of the target
isotopic mass, the excitation energies of inelastic sur-
face vibrations decrease. Therefore, the effect of cou-

pling of 2" and 3~ vibrational states in target nuclei
becomes more pronounced as one move from the
lighter target isotope to heavier target isotope and con-
sequently, large isotopic enhancement in the fusion
cross-sections has been found in sub-barrier energy
regions. Due to the lower quadrupole excitation

energy, the effect of coupling to 2 vibrational state of
target is playing a significant role and hence strongly

PHYSICS OF PARTICLES AND NUCLEI LETTERS

modifies the energy dependence of the sub-barrier
fusion cross-sections of these fusing systems.

For 'gO + 58’6°’§§Ni reactions, the projectile is
taken as inert in the coupled channel calculations. If
both colliding pairs are considered as inert, no cou-
pling calculations are significantly smaller than that of
the experimental fusion data. The inclusion of the sin-

gle phonon 2" vibrational state alone in target or single

phonon 3 vibrational states alone in target fails to
recover experimental fusion data particularly at below
barrier energies. This suggested that more intrinsic
channels are required to reproduce the observed
fusion enhancement at sub-barrier energies. The cou-

plings to one phonon 2" and 3~ vibrational states along
with their mutual couplings in target reasonably
account the magnitude of sub-barrier fusion enhance-
ment for all Ni-isotopes. In the fusion of

ISO + 58’60’§§Ni systems, the coupled channel calcula-
tions show that the contribution of the inelastic surface
vibrations enhances the sub-barrier fusion excitation
functions over the predictions of the one dimensional
barrier penetration model as evident from Fig. 2. Fur-
thermore, it is worth noting here that the predictions
made by the EDWSP model along with the one
dimensional Wong formula give quite close agreement
with the experimental data in domain of the Coulomb
barrier. As both coupled channel model and the
EDWSP model predict closely similar behavior of the
various heavy ion fusion reactions which in turn con-
crete the conclusion that the EDWSP model mocks
Vol. 13
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Fig. 2. Same as Fig. 1 but for lgO + 380084 \j; reactions. The theoretical results are also compared with the available experimental

28
data taken from Ref. [51].

up the effects of dominant internal degrees of freedom
of collision partners and hence produces barrier mod-
ification effects in similar way to that of the coupled
channel approach.

It is quite interesting to check out the applicability
of the EDWSP model to explain the observed fusion

dynamics of ggNi + ggNi reaction. This reaction is
chosen because of two reasons. The first reason is that
the colliding pairs form a symmetric pair in the
entrance channel and second reason lying in the inter-
est to explore the fusion data particularly at deep sub-
barrier energies. In literature, it has been well estab-
lished that the fusion excitation function data of

ggNi + ggNi reaction falls more steeply than the theo-

PHYSICS OF PARTICLES AND NUCLEI LETTERS
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retical predictions of the coupled channel approach.
This steep fall of the fusion excitation function data at
deep sub-barrier energies is termed as fusion hin-

drance. For 32 Ni + 33 Ni reaction, the inelastic surface
excitations such as one phonon, two phonon vibra-
tional states are the dominant mode of couplings and
the inclusion of such dominant collective vibrational
states of the fusing pairs reasonably explain the
observed fusion dynamics of chosen reaction in near
and sub-barrier energy regions. However, at deep sub-
barrier energies, such coupled channel calculations
falls more slowly with reference to the experimentally
observed fusion data. On the other hand, the energy
dependence in nucleus-nucleus potential modifies the
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Fig. 3. Same as Fig. 1 but for ggNi + ggNi reaction. The
theoretical results are also compared with the available
experimental data taken from Ref. [52].

interaction barrier between the fusing pairs and ade-
quately explains the observed fusion dynamics of

;gNi+ ;gNi reaction in whole range of energy as
shown in Fig. 3. This clearly reveals that the energy
dependence in nucleus-nucleus potential introduces
similar kinds of the barrier modification effects as
observed in the usual coupled channel approach.

In literature, it is well recognized that the effect of
couplings to inelastic excitations of projectile (target)
or permanent deformations or nucleon (multi-
nucleon) transfer is to split the Coulomb barrier into
number of barriers of different heights which is known
as barrier distribution. The penetration through the
barriers whose height is smaller than that of the Cou-
lomb barrier is more probable and hence ultimately
predict large fusion enhancement at sub-barrier ener-
gies. Similarly, an energy dependent Woods—Saxon
potential model (EDWSP model) produces a distribu-
tion of the energy dependent fusion barriers of varying
height which is analogous to the distribution of barri-
ers that arise due to various channel coupling effects
and hence reasonably explains the dynamics of the
various heavy ion fusion reactions. Therefore, the
clarifications of the fact that the various kinds of static
and dynamical physical effects that are induced due to
intrinsic degrees of freedom such as inelastic surface
vibrations, nucleon transfer channel and other
dynamical effects whether represents a true picture of
the dominant channels in sub-barrier fusion enhance-
ment or simply mirror the limitations of the static
Woods—Saxon potential parameters require more
intensive studies. Furthermore, the energy depen-
dence in Woods—Saxon potential whether represents
optimum form of the nuclear potential or simulates
other static and dynamical physical effects is still not
clear.
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4. CONCLUSIONS
This work analyzed the fusion dynamics of

0+ *30Ti, "0 + **$INi and JNi+ 3Ni reac-
tions in the close vicinity of the Coulomb barrier by
using EDWSP model and coupled channel model.

The role of inelastic surface vibrations such as 2" and

3" vibrational states is entertained within the context
of coupled channel calculations performed by using
the code CCFULL. The coupled channel model and
the EDWSP model provide closely similar behavior of
the various heavy ion fusion reactions considered in
the present work. This unambiguously mirrors that the
energy dependence in Woods—Saxon potential intro-
duces barrier modification effects in somewhat similar
way to that of the usual coupled channel formulations
and hence simulates different kinds of static and
dynamical physical effects that arise because of cou-
pling between relative motion of the fusing nuclei and
their intrinsic degrees of freedom. Furthermore, sig-
nificantly large values of diffuseness parameter rang-
ing from a = 0.85/m to a = 0.95fm are necessarily
required to bring the observed fusion enhancement at
below barrier energies. This suggested that the
EDWSP model has an effect that is closely similar to
that of the static Woods—Saxon potential with abnor-
mally large diffuseness parameter ranging from
a=0.75fmtoa=1.5fm.
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