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Abstract This work theoretically investigates the role of the
projectile degrees of freedom on the fusion dynamics of var-
ious heavy-ion fusion reactions. The impact of the projectile
breakup channel is studied for the fusion mechanism of the
Be+53Y, 2C+53Y, and 32345+ 53 Y reactions within the view
of the coupled channel approach and the energy-dependent
Woods-Saxon potential model (EDWSP model). The above-
barrier fusion cross-section data of the 3Be+59Y reaction is
suppressed by about 20 % with respect to the theoretical pre-
dictions of the coupled channel approach and the single barrier
penetration model while this suppression factor is reduced to
10 % within the context of the EDWSP model calculations.
Such fusion hindrance at above-barrier energies can be under-
stood in terms of the projectile breakup effects that arise due to
its low breakup threshold. However, the observed fusion en-
hancement of the ¢>C+35oY and 12°*S+53Y reactions, wherein
the colliding pairs are stable against breakup, is adequately
explained by the EDWSP model and the coupled channel
approach in the whole range of energy around the Coulomb
barrier. This reveals that the energy dependence in the
nucleus-nucleus potential governs barrier modification effects
(barrier height, barrier position, barrier curvature) in closely
similar way as reflected from the coupled channel
formulation.
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1 Introduction

Heavy-ion fusion reactions at energies lying in the close vi-
cinity of the Coulomb barrier are strongly influenced by the
internal structure of the colliding pairs. In the past few years,
the role of nuclear structure degrees of freedom of the
interacting nuclei, like static deformation, inelastic surface
excitations, and nucleon transfer channels, on the fusion pro-
cess has been extensively analyzed for many projectile-target
combinations. In the case of tightly bound nuclei, it has been
well accepted that the coupling to nuclear structure degrees of
freedom of the fusing systems results in a substantially large
sub-barrier fusion enhancement in comparison to the expecta-
tions of the single barrier penetration model [1]. The coupling
of'the intrinsic channel of the collision partners to their relative
motion leads to a distribution of barriers of different height
and weight and consequently produces an anomalously large
fusion enhancement at sub-barrier energies. However, the sit-
uation gets more complex in fusion reactions involving weak-
ly bound systems due to their breakup effects. As a result of
low breakup threshold, the weakly bound nuclei may break
before reaching the fusion barrier and consequently reduce the
entrance channel flux going into the fusion channel. This kind
of physical effect leads to the suppression of the fusion exci-
tation function data at above-barrier energies. The magnitude
of the suppression factor depends upon the breakup threshold
of the weakly bound system. The recent advancement in the
field of radioactive beam facilities in different laboratories
around the world has triggered the interest in understanding
the role of the breakup channel in the fusion process. The
availability of precise measurements of fusion cross sections
for weakly bound stable nuclei like $7Li and 3Be increases the
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possibilities of exploring the fusion dynamics of loosely
bound systems [2].

The breakup thresholds of these nuclei vary from
1.475MeV to 2.45MeV and hence they have significant
breakup probabilities. In the last few decades, the influ-
ence of the breakup channel of weakly bound nuclei on
the fusion process has been extensively studied and the
literature shows that the complete fusion cross-section
data at above-barrier energies is substantially hindered
with respect to the coupled channel calculations and the
single barrier model calculations [3—11]. However, a
priori estimates of fusion enhancement or fusion sup-
pression induced by the loosely bound system cannot
be made due to the fact that their breakup channel in-
volves the coupling to continuum states. Dasgupta et al.
[12] have shown that the above barrier fusion excitation
function data of the $7Li+33°Bi and Be+329°Bi reactions
is suppressed by ~30 % with respect to the coupled
channel calculations. In the case of the ZBeJr},‘zMSm re-
action, the fusion suppression of 10 % at above-
barrier energies has been pointed out [13—15]. Rath et
al. [16—18] observed a fusion suppression of 32 % for
the $Li+(3*Sm reaction, and 26 % for the $Li+¢>°Sm
and JLi+ $3*Sm reactions. Hagino et al. [19] have shown
that the involvement of the breakup channel results in a
larger fusion cross section at sub-barrier energies, while
it leads to inhibition of the above-barrier fusion data.
Diaz-Torres et al. [20] based on continuum discretized
coupled channel (CDCC) calculations arrived at similar
conclusions. However, the different theoretical ap-
proaches lead to controversial conclusions with regard
to the fusion enhancement/fusion suppression due to
the breakup channel. Therefore, in order to contribute
to the investigation of the role of the breakup channel
on the fusion process, the fusion dynamics of the 3Be+
30°%Y reaction has been theoretically analyzed in the
present work. The reason for choosing this reaction is
of manifold like low breakup threshold of the projectile,
light target isotope, and the breakup of the projectile
may occur via different channels with the different
breakup probabilities. Furthermore, the fusion dynamics
of the Be+59Y reaction is compared with the fusion
mechanism of the stable projectiles with a common tar-
get isotope (39Y). The comparison of the fusion excita-
tion functions of the 3Be+59Y, L2C+53Y, and 3234S+53Y
reactions reveals that the above barrier fusion excitation
function data of the 3Be+39Y reaction is suppressed
with reference to that of the J>C+5Y and 323*S+33Y re-
actions [21, 22]. The theoretical calculations of the fu-
sion excitation functions are obtained using the energy-
dependent Woods-Saxon potential model (EDWSP mod-
el) [23-30] and the coupled channel approach [31]. The
single barrier penetration model calculations and the
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coupled channel calculations predict larger fusion cross
sections for the 3Be+359Y reaction by an amount of
20 % at above barrier energies. In contrast to this, the
EDWSP model-based calculations reduce the magnitude
of the suppression factor by an amount of 10 %, and
hence, the above barrier fusion excitation function data
of the JBe+39Y reaction is hindered by an order of
10 % with respect to the expectations of the EDWSP
model calculations. A brief description of the theoreti-
cal formalism adopted in this article is presented in
Sect. 2. The results of the theoretical calculations are
discussed in detail in Sect. 3, and the summary of the
work is presented in Sect. 4.

2 Theoretical Formalism
2.1 Single Channel Description

The partial wave fusion cross section is defined as

aF:;—ZZ (2£+1)T{ (1)
(=0

The tunneling probability (7%) based on the parabolic ap-
proximation of the effective interaction potential between
heavy ions was proposed by Hill and Wheeler and is given
by the following expression [32]:

1
TfHW = 2 (2)
7r
1 —(V,—E
]
This parabolic approximations were further simplified by
Wong using the following assumptions for barrier position,

barrier curvature, and barrier height [33].

Ri=Ri—o = Rp
W = We=0 = W
7 1
Ve=Vp+—5|+=
T TR [ 2}
where V' is the Coulomb barrier which corresponds to £=0.
Using the above assumptions and by taking the effects of
the infinite number partial waves, one obtains the following
expression for the one-dimensional Wong formula for the
evaluation of fusion excitation functions [33].

hwR%, 27

In the recent work, the EDWSP model [23—30] has been
exploited to explain the observed fusion dynamics of tightly
bound systems wherein it has shown that the energy
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dependence in nucleus-nucleus potential introduces similar
kinds of the barrier modification effects as evident from the
usual coupled channel approach. This work has been extended
to explore the fusion dynamics of the projectile-target combi-
nations involving weakly bound system. In the EDWSP mod-
el, the standard Woods-Saxon potential is modified by intro-
ducing the energy dependence in the diffuseness parameter.
The choice of the standard Woods-Saxon potential is defined
as

V(r) = [1 N ex_pV(Or%)] (4)

1 1
where Ry = rg (A}, + A‘T) . The quantity “V,” is strength, and

“a” is diffuseness parameter of the Woods-Saxon potential. In
the EDWSP model, the depth of real part of the Woods-Saxon
potential is defined by the following expression:

Vo= [A;+A;—(AP+AT)—%] 238+ 6.8(1+1p+1I7)

A4
(@Z;)} Mev
(5)

where Ip = (N”A%_PZ”) and I7 = (NTA—_TZT> are the isospin

asymmetry of the colliding systems. In fusion dynamics, the
various kinds of static and dynamical physical effects such as
variations of N/Z ratio, variations of surface energy and sur-
face diffuseness of the colliding pairs, variations of nucleon
densities in the neck region, and dissipation of kinetic energy
of the relative motion to internal structure degrees of freedom
of the fusing nuclei occur in the surface region of the nuclear
potential. These physical effects produce the modification in
the values of parameters of the standard Woods-Saxon poten-
tial and consequently bring the requirement of the larger dif-
fuseness parameter for accounting the observed fusion data [1,
2, 34-36]. In addition, the surface region of the nuclear po-
tential (#>Rp+ Ry) is more sensitive to small change in the
nucleon density parameters than the inner region, and the nu-
clear structure effects of the colliding nuclei are dominant at
the surface region and are mainly related to the diffuseness
parameter of the nuclear potential. The authors of the ref. [37]
showed that the strengths of the nuclear potential in the region
near the barrier position may vary about 25 % due to nuclear
structure effects and this variation of the nuclear potential in
surface region is associated with modifications of the diffuse-
ness parameter. Furthermore, the energy dependence in the
nuclear potential arises due to non-local quantum effects as
well as due to the presence of channel coupling effects
[37-39]. In order to extract unambiguous picture of the nucle-
ar reaction dynamics, such physical effects must be incorpo-
rated in the theoretical models. Therefore, owing to the impor-
tance of the diffuseness parameter, the energy dependence in

the Woods-Saxon potential is taken via its diffuseness parameter
which takes care of the all above mentioned physical effects in
sub-barrier fusion dynamics. In the EDWSP model calculations,
the energy-dependent diffuseness parameter is defined as

o

a(E) = 085|1+ p fin
1 _1 V_7096
1375(4, + 47 ) [ 1+ exp o

(6)

In the EDWSP model calculations, this expression pro-
vides a wide range of the diffuseness parameter depending
upon the value of 7y and bombarding energy of the relative
motion. In the present model, the value of the range parameter
(r,) is adjusted in order to vary the diffuseness parameter in
order to vary the diffuseness parameter required to address the
observed fusion excitation function data of the colliding sys-
tem under consideration. As all three potential parameters, (7,
a, and V) are interrelated with each other and the variation in
one parameter automatically brings the corresponding change
in the values of other parameters. In the present model, the
value of V) depends upon the surface energy and isospin term
of colliding pairs while the other two parameters (ro and @) are
related through the Eq. (6). Therefore, the variation of diffuse-
ness parameter is controlled by the range parameter (7). In the
EDWSP model, the range parameter (r) geometrically de-

fines the radii {Ry = 7o (Aj%D + A%T) } of the colliding systems

as done in usual coupled channel calculations [1, 2, 31, 40,
41]. Therefore, the value of the range parameter strongly de-
pends on the nuclear structure as well as on the nature of
dominance of nuclear structure degrees of freedom of the fus-
ing pairs like inelastic surface excitations, static deformation,
and nucleon (multi-nucleon) transfer channels. The values of
range parameter used in the EDWSP model calculations are
consistent with the commonly adopted values of the range
parameter (ro=0.90fm to ro=1.35fm) used in literature within
the context of the different theoretical methods for different
fusing systems [1, 2, 35-42]. In the present analysis, the
values of the range parameter extracted for the 3Be+3597,
&2C+53Y, and 32345 +53Y reactions are also consistent with
our previous analysis [23-30, 43—47].

2.2 Coupled Channel Description

This section deals with a brief review of the coupled channel
formulation wherein the internal structure degrees of freedom
of the colliding pairs can be explicitly included. From theoret-
ical point of view, the role of nuclear structure degrees of
freedom like inelastic surface excitations, static deformation,
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nucleon transfer channels, etc. can be adequately addressed
within the framework of the coupled channel formulation. In
the coupled channel calculations, it is quite difficult to include
the impacts of all the intrinsic degrees of freedom but one can
entertain the influences of dominant channels [31, 40, 41]. In
this method, the following set of the coupled channel equation
is solved numerically.

ZpZ

re’
- +éenEcm| ¥,(7)

- d* JJ+ 1) R
pUELET LA

24 dr? 2ur?

+ Y V() 0, (r) =0
(7)

where 7 is the radial coordinate for the relative motion be-
tween the fusing systems.  is defined as the reduced mass of
the fusing pairs. E.,, and ¢, are bombarding energy in the
center of mass frame and the excitation energy of the n chan-
nel, respectively. V,,,, is the matrix elements of the coupling
Hamiltonian, which in the collective model consists of the
Coulomb and nuclear components. The coupled channel cal-
culations are performed by using the code CCFULL [31]
wherein the coupled channel equations are solved numerically
by using no-Coriolis or rotating frame approximation and
ingoing wave boundary conditions (IWBCs). The rotating
frame approximation has been used to reduce the dimension
of'the coupled channel equations [31, 40, 41]. In the condition
of no transfer of the angular momentum from the relative
motion of the reactants to their intrinsic motion, the total or-
bital angular momentum quantum number L can be replaced
by the total angular momentum quantum number J. This ap-
proximation is also known as the isocentrifugal approxima-
tion. Under this approximation, the number of coupled chan-
nel equation reduced to great extent. For instance, in this ap-
proximation, the z-axis is taken in the direction of the relative
separation 7 of the colliding systems so that =0 and the

20 +1 )

4 0,,0- This im-

spherical harmonics become Y J(7) =

plies that the excited states of each nucleus will have same
spin projection on the rotating z-axis as in the respective
ground states and the numbers of the coupled channel equa-
tions to be solved are significantly reduced. For example, the
multi-pole excitation 0" — ) is represented by only one chan-
nel in this approximation whereas (A+ 1) channels are re-
quired in the full problem. Specifically, if one wants to enter-
tain 0, 27, 4", and 6" rotational states of the deformed nucle-
us, a set of 16 coupled channel equations is to be solved, but in
rotating frame approximation, one has to solve only four
coupled channel equations. The IWBCs, which are well ap-
plicable for the heavy-ion reactions, are used to obtain the
numerical solution of the coupled channel equations. Accord-
ing to IWBC, there are only incoming waves at the minimum
position of the Coulomb pocket inside the barrier and there are
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only outgoing waves at the infinity for all channels except for
the entrance channel. The code CCFULL exploited the static
Woods-Saxon potential for the theoretical predictions of the
fusion excitation functions. Therefore, by incorporating the
appropriate number of the relevant channels, the fusion cross
section becomes

> ou(E)

J

or(E) = - %Z@Hlmw) (8)

where P,(E) is the total transmission coefficient correspond-
ing to the angular momentum J.

3 Results and Discussion

The optimum choice of the nucleus-nucleus potential is a cru-
cial input for the theoretical models used to analyze the nucle-
ar reaction studies, and in heavy-ion fusion dynamics, the
different forms of the nuclear potential have been extensively
used to explain the observed behavior of the fusion excitation
function data [1, 2, 37-39]. In this regard, the present work
uses the static Woods-Saxon potential and the EDWSP model
to explain the fusion dynamics of the aBe+53Y, 2C+53Y, and
16525 +53Y reactions. The values of the deformation parame-
ters and the corresponding excitation energies of low lying 2
and 3" vibrational states of the fusing nuclei are listed in Table
1. The barrier height, barrier position, and barrier curvature of
the colliding systems used in the EDWSP model calculations
along with the one-dimensional Wong formula are listed in
Table 2. The potential parameters like range, depth, and dif-
fuseness parameters used in the EDWSP model calculations
for the chosen reactions are listed in Table 3.

The collision partners being spherical in shape exhibit col-
lective surface vibrational states as the dominant mode of
couplings. In the earlier work, the fusion dynamics of the
tightly bound projectile-target systems has been adequately
explored using the EDWSP model. In the recent work, the
fusion mechanism of §Li+33°Ph reaction has been analyzed
wherein the suppression factor of 34 % with respect to the
EDWSP model calculations was pointed out at above barrier
energies [43]. Here, this work has been extended to explore
the role of the projectile breakup channel for the heavier pro-
jectile (3Be) on fusion process. For this purpose, the fusion

Table 1 The deformation parameter (3,) and the energy (£)) of the
quadrupole and octupole vibrational states of the colliding nuclei
Nucleus 0> E> (MeV) B3 E; (MeV) Reference
e 0592 4.440 0.440  9.640 [48, 49]
25 0320  2.230 0.400  5.006 [22]

3¢S 0240  2.130 0390  4.620 [22]

By 0.104  2.011 0208  2.742 [22]
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Table 2 The values of Vg, Rp, and /w used in the EDWSP model
calculations for the chosen reactions

System Vo (MeV) R (fin) 7w (MeV) Reference
9Be+33Y 21.60 9.63 3.76 [21]
Lo+ Ry 31.83 9.88 4.10 [21]
25+8y 78.28 10.52 3.60 [22]
HS+5y 77.48 10.64 3.49 [22]

dynamics of the different projectiles (49,Be, $2C, and 32° 4S) are
studied with a common target isotope (39Y) so that an unam-
biguous conclusion about the impacts of the projectile break-
up channel can be extracted. The coupled channel analysis of
the chosen reactions will be discussed in Figs. 2 and 3. In
Fig. 1, the roles of the barrier modification effects that occur
due to the energy dependence in the nucleus-nucleus potential
are presented. Due to the energy dependence in the nucleus-
nucleus potential, the energy-dependent Woods-Saxon poten-
tial becomes more attractive in the vicinity of the Coulomb
barrier and consequently modifies the barrier characteristics of
the interaction barrier between the colliding systems. This
results in a spectrum of the energy-dependent fusion barriers
of different height. In the spectrum of the energy-dependent
fusion barriers, the height of some fusion barriers is smaller
than that the Coulomb barrier which, in turn, allows the max-
imum penetration of the entrance channel flux to fusion chan-
nel. The splitting of the single fusion barrier into a spectrum of
the energy-dependent fusion barrier represents similar physi-
cally behavior as inferred from a barrier distribution produced
in the coupled channel calculations. As a consequence of the
energy dependence in the nucleus-nucleus potential, the
EDWSP model effectively lowers the fusion barrier between
the colliding systems just in a similar way as reflected from the
coupled channel calculations and hence predicts significantly
larger fusion excitation functions in reference to the calcula-
tions based on the static Woods-Saxon potential. The barrier
modification effects are basic physical mechanism of the

Table 3  Range, depth, and diffuseness of the Woods-Saxon potential
used in the EDWSP model calculations for chosen reaction

System ro (fm) Vo (Me?) iy Rarge (i4¢7)

aBe+ 50y 1.060 42.94 0.94100.85
15 10 35

12+, 89

6 C+3oY 1.090 48.62 0.95 100.85
2510 45

32, 89

1eS+350Y 1.116 91.88 0.97 100.85
701095

340, 89

165 +350Y 1.107 99.71 0.96 100.85
70 to 95

EDWSP model, and barrier lowering effects consistently re-
sult in an adequate explanation of the observed fusion dynam-
ics of various heavy-ion fusion reactions. In Fig. 1, the details
of barrier modification effects for the 12°%S+53Y reactions,
wherein the possibilities of the breakup channel can be
completely ruled out and the concrete conclusions about the
role of the breakup channel on fusion process are directly
evident, are presented.

In EDWSP model calculations, at below barrier energies,
the value of the diffuseness parameter is largest (a=0.97 fin
for the 725+ 59Y reaction and a=0.96 fin for the 1¢S+59Y re-
action) which, in turn, results in the lowest fusion barrier. For
the 32S+50Y system, the lowest fusion barrier produced at
largest diffuseness parameter (¢=0.97 fin and E.. ,, =70MeV’)
is 75.25MeV (for the 3,S+39Y reaction, FB="74.65MeV). The
difference between the lowest fusion barrier produced in the
EDWSP model and Coulomb barrier is 3.03MeV for the 325+
35Y system and 2.83MeV for the Jes+5y system. The pres-
ence of such fusion barrier physically accounts for the shifting
of maximum flux from the entrance channel to fusion channel.
As bombarding energy increases, the diffuseness parameter
reduces from a=0.97 fin to a=0.85 fin which, in turn, increase
the height of the corresponding fusion barrier from 75.25MeV
to 77.38MeV for the 125+ 59Y system (74.65MeV to 76.78MeV
for the 3¢S+59Y system). At above barrier energies, the fusion
cross section is almost independent of the nuclear structure
effects and consequently gets saturated at above barrier ener-
gies. This physical effect is adequately incorporated in the
present model calculations wherein the diffuseness parameter
gets saturated at above barrier energies to its minimum value
(a=0.85fm). At such energies, the fluctuation in the height of
the fusion barrier becomes negligibly small and physically
represents the insensitivity of the fusion excitation function
toward nuclear structure effects. At well above the barrier (E-
e m.=85MeV, a=0.85 fin), the largest fusion barrier for the
162S+53Y system is 77.38MeV (for the 345+53Y reaction,
FB=176.78MeV) which is smaller than that of the Coulomb
barrier as listed in Table 2. The barrier lowering effects, which
are the main stem of the EDWSP model, lead to an adequate
explanation of the sub-barrier fusion enhancement of the var-
ious heavy-ion fusion reactions. The similar kinds of the bar-
rier modification effects are found for the 3Be+59Yand ¢>C+
302Y reactions.

In ref. [38, 39, 50, 51] based on time-dependent microscopic
Hartree-Fock theory, authors have explicitly shown that the cou-
pling between the relative motion and internal structure degrees
of freedom of the colliding pairs strongly affect the fusion barrier
by dynamically modifying the densities of the colliding nuclei.
Due to variation of the nucleon densities of the colliding systems,
the single Coulomb barrier splits into a group of the energy-
dependent fusion barriers. The different fusion barrier at different
bombarding energy automatically includes all the dynamical ef-
fects and hence completely explained the observed fusion
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Flg.3 ;34The gféxsmnbgmer(FB? for . TFBc77.38 wev
thc? 16~ S +39Y reactions obtained 77 1 FBo7715 Mev
using the EDWSP model [23-30] i
704 1 76.90 mev
— —_ 1 FB=
% 65— % 76+ 76.18 MeV
2 |
u 1 JFB=
> 604 >"L 75.25 MeV
75
55 g
504 4
74
20 9
(a)
77
. 1 FB=76.78 mev
75 4 i 34S + BSY
cot | FB=76.58 Mev
704 76 FB=76.25 MeV
65— 1 FB=
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2 604 > 754
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FB=
554 = q74.65 Mev |+
5o 74-_
45 1 :
T T T T T T T T 73 T l' T U T T
6 8 10 12 14 16 18 20 22 9 10 11 12 13
r(fm) r(fm)

dynamics of various heavy-ion fusion reactions. In similar fash-
ion, the EDWSP model results in a spectrum of the energy-
dependent fusion barriers and approximately regulates the influ-
ence of the nuclear structure degrees of freedom as well as the
dynamical effects which arises due to the fluctuations of the
nucleon densities of the interacting nuclei.

The details of the coupled channel calculations for the
4*?Be+53Y reaction are shown in Fig. 2. The projectile (3Be)
is the most suitable candidate to examine the role of the break-
up channel on fusion reactions. This projectile has large break-
up probability due to its low binding energy. The breakup of
the projectile may proceed either via ,°Be+n channel or
y*He+,*He+n channel with a breakup threshold of
1.57MeV or 3He+>He channel with a breakup threshold of
2.47MeV. 5He is an unbound system which finally leads to
,*He+ n. Therefore, the projectile (38¢) has a large probability
of the breaking up into two alpha particles which, in turn,
hinders the complete fusion yields. The breakup of the projec-
tile is a result of the excitation of the 3Be nucleus to energies
above the threshold value for one or more decay channel and
consequently dissociates into alpha particles. This excitation
energy may be mediated either via Coulomb field or nuclear

@ Springer

(b)

field of the target isotope. The breakup of the projectile via
Coulomb field occurs with the population of resonant states
(sequential breakup) and extended to energies far below

1000 4

100 4

G (mb)

= °Be+”Y
- -+ - No coupling
— = - Coupled channel calculations
—-—- EDWSP model calculations
—— EDWSP model calculations*0.90
, (At above barrier energies only)
0.1 - T T T
25 30

E_ (MeV)

c.m.

35

Fig. 2 The fusion excitation functions of the 9Be +53Y reaction obtained
using the EDWSP model and the coupled channel code CCFULL. The
results are compared with the available experimental data taken from ref.

[21]
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classical fusion barrier. The nuclear breakup is a non-resonant
(direct breakup) that arises from the continuum states. The 3Be
nucleus has no bound excited state but has the resonance states
in the continuum at £*=2.43MeV corresponding to %7 state
and E*=6.81MeV corresponding to I state of the K =3
ground state rotational band. The chosen reactions lying in
the medium mass region 4 =80 to 4 =100 are primarily inves-
tigated with the aim to check out whether the suppression of the
fusion cross section occurs in medium mass region or not. The
target isotope is a neutron magic nucleus, and therefore, the
influences of the coupling to low lying inelastic surface exci-
tations are expected to be less than that for the heavier target
isotope (63 >*Sm, %9 Au, 33°Pb, 33’ Pb,and 33°U). In addition to
this, the chosen target isotope is monoisotopic and the contri-
bution to some evaporation residues (ERs) formed from the
other isotopes can be ruled out. This unambiguously single
out the role of the breakup channel on fusion process. The
effects of the breakup channel on fusion excitation functions
are incorporated through the coupled channel calculations per-
formed using a modified version of code CCFULL [31] where-
in the couplings to projectile excited states have been properly
included. The couplings to one phonon 2" vibrational state
alone or 3" vibrational states alone of the target cannot address
the observed sub-barrier fusion data of the 3Be+59Y reaction.
The effects of the 3~ vibrational state of the target isotope are
found to be more pronounced as compared to the other inelastic
surface excitations, and therefore, the inclusion of the one pho-
non 2" vibrational and two phonon 3~ vibrational states im-
proves the theoretical predictions but still unable to account the
observed fusion excitation function data. This suggests that the
projectile excitations must be included in the coupled channel
description in order to explain the sub-barrier fusion data. The
addition of 3 and ] state of the K =3 ground state rotational
band of the projectile along with two phonon vibrational states
in the target isotope reasonably address below barrier fusion
data, but this over predicts to the experimental fusion data in
above barrier energy regions by an amount of 20 %. On the
other hand, this fusion hindrance is minimized within the view
of the EDWSP model-based calculations by an order of 10 %,
and hence, the above barrier fusion data of the 3Be+59Y reac-
tion is hindered by a factor of 10 % with reference to the
EDWSP model predictions as shown in Fig. 2. This fusion
inhibition is a consequence of the projectile breakup effects
that occur due to its low binding energy.

In order to track the isotopic dependence of the sub-barrier
fusion enhancement, the fusion dynamics of the different pro-
jectiles (62C and 72°*S) are examined with a common target
isotope (39Y) wherein inelastic surface excitation is dominant.
The different theoretical results along with the experimental
fusion data of the chosen reactions are shown in Fig. 3. In the
case of the .2C+ 53 reaction, the experimental data is strongly
under-predicted by the theoretical results based on no cou-
pling assumption. The couplings to one phonon 2" and 3~

vibrational states in the projectile alone or one phonon 2°
and 3~ vibrational states in the target alone are unable to
recover the experimental data particularly at below barrier
energies, but the above barrier fusion data is adequately
addressed by such couplings. To overcome the large devia-
tions between above coupling scheme and the below barrier
fusion data, the addition of higher multi-phonon vibrational
states of the target isotope is essentially required. The in-
clusions of two phonon vibrational states in the target as
well as the single phonon vibrational states in the projectile
result in an accurate description of the observed fusion dy-
namics of the ¢>C+50Y reaction as shown in the Fig. 3a. In
the case of the EDWSP model calculations, as a conse-
quence of the barrier lowering effects (see Fig. 1), the the-
oretical results provide complete description of the fusion
excitation function data of the chosen reaction in the whole
range of energy as depicted in Fig. 3a. This clearly mirrors
the fact that the energy dependence in the nucleus-nucleus
potential mimics the dominant influence of the inelastic
surface excitations of the fusing systems.

With a common projectile, the larger sub-barrier fusion
enhancement is expected for the neutron-rich target isotope
and henceforth can be correlated with the increase of collec-
tive nature as well as the large probability of the neutron
transfer channels with positive ground state Q values. In the
case of the fusing systems, wherein a series of the target
isotopes of a given element is involved but ruled out the
possibilities of the neutron transfer channels instead of giv-
ing strong isotopic dependence of the sub-barrier fusion en-
hancement will display a mild isotopic effects on fusion
process. The fusion of the 323404+ 8%y systems [22] is an
example of such interest wherein the coupling to proton
(nucleon) transfer channel seems to be undesirable. The dif-
ferent behavior of the fusion excitation functions of the
16328 +53Y systems in the sub-barrier energy regions clearly
reflects the difference in the nuclear structure of the projec-
tiles. In the case of the 12~ *S+5Y systems, the probability of
the proton transfer channels with positive ground state Q
values is quite large which, in turn, expected to produce
substantially larger sub-barrier fusion cross section. It is well
recognized that the coupling to the neutron transfer channel
with positive O value produces a noticeable fusion enhance-
ment at sub-barrier energies [1, 2] but the puzzling behavior
of the proton transfer couplings on the fusion dynamics has
not been fully recovered because only few candidates are
available for such investigation. Unlike for neutron transfer,
the proton transfer leads to change in the Coulomb energy
which must be taken into consideration as protons are the
charge particles. The fusion of the 32349+ 8y systems has
been considered to elucidate the effects of proton transfer
channel on fusion mechanism. The projectiles, which are
differing in their structure, possess inelastic surface vibra-
tions only. Furthermore, the fusion of the 25+50y system
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Fig. 3 The fusion excitation functions of the 2C+5Y and 32395+ 597 reactions obtained using the EDWSP model and the coupled channel code
CCFULL. The results are compared with the available experimental data taken from ref. [21, 22]

allows one and two proton stripping channel with effective
positive Q value (O=+2.635 MeV for one proton stripping
and O=+3.900 MeV for two proton stripping), while the
16°S+50Y system offers only single proton stripping with
positive ground state Q value (Q=+0.589 MeV).

In both cases, the experimental data is substantially
larger than the predictions of no coupling scheme while
the coupling to inelastic surface vibrations of the colliding
nuclei significantly enhances the sub-barrier fusion cross
section with respect to no coupling calculations. For both
reactions, if projectile is taken as an inert, the coupling to
single phonon 2" vibrational state alone or 3~ vibrational
states alone of the target fails to reproduce the fusion
enhancement at sub-barrier energies. This clearly suggests
the additions of the more intrinsic channels in the coupled
channel analysis of the 32.349+83Y reactions. The cou-
plings to single phonon 2" vibrational state in projectile
and single phonon 2" and 3 vibrational states along with
their mutual couplings in target quantitatively improve the
results but still could not address the fusion data at below
barrier energies. With the inclusion of two phonon vibra-
tion in target and one phonon vibration in projectile along
with their mutual coupling, the coupled channel calcula-
tions reasonably account the observed sub-barrier fusion
enhancement. As the nucleon transfer channels have neg-
ligible influence on the fusion dynamics of the 12°*S+59Y
systems, therefore the observed sub-barrier fusion en-
hancement of these reactions is the consequence of the

@ Springer

collective surface vibrations only. The lighter projectile
is more collective than heavier projectile due to larger
coupling strengths associated with the low lying inelastic
surface excitations and these couplings in the coupled
channel calculations reasonably address the observed
sub-barrier fusion enhancement of the chosen reactions.
The coupled channel calculations predicted that the larger
sub-barrier fusion cross section of the j25+59Y system
(Fig. 3b) with respect to the j¢S+59Y system (Fig. 3c)
can be ascribed to the different collectivity of the projec-
tiles. In both cases, the collectivity dominates over the
nucleon (multi-nucleon) transfer channels, and hence,
these intrinsic channels are the major factor that can be
ascribed for the larger sub-barrier fusion enhancement
over the expectations of the one-dimensional barrier pen-
etration model. The similar conclusions are also reflected
from the EDWSP model calculations wherein the greater
amount of the barrier modification effects are introduced
in lighter projectile with reference to the heavier projec-
tile. In the literature, it is a well-established fact that the
effect of the couplings between the relative motion of the
colliding nuclei and nuclear structure degrees of freedom
of the colliding systems is to replace the single Coulomb
barrier into a distribution of barriers of different height
and weight. This barrier distribution is the image of the
type of couplings involved in the fusion mechanism and
hence can be manifested for the occurrence of the larger
fusion enhancement at below barrier energies. In the same
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analogy, the EDWSP model results in a spectrum of the
barriers of varying height (see Fig. 1), and as a conse-
quence of barrier lowering effect, the EDWSP model ad-
equately explained the observed sub-barrier fusion dy-
namics of the chosen reactions.

4 Conclusions

To summarize, the present work is carried out to investigate
the role of the projectile degrees of freedom in the fusion
process. For this purpose, the fusion of the different projectiles
(3Be, $*C, and 12°*S) with a common target isotope (23)0 has
been analyzed within the context of the EDWSP model and
the coupled channel approach. In the case of the §>C+350Y and
16525+ 50 Y reactions, the above-barrier fusion data is not sup-
pressed and hence the stability of the projectiles against break-
up effects is confirmed. The sub-barrier fusion enhancement
of these reactions is regulated by the nuclear structure degrees
of freedom of the colliding pairs, like inelastic surface excita-
tions, while the proton transfer channels display a negligible
influence on the sub-barrier fusion dynamics of these reac-
tions. The coupled channel model and the EDWSP model-
based calculations completely describe the observed fusion
dynamics ofthe 2C+83vand 3224S + 59 Y reactions in the whole
energy range around the Coulomb barrier. On the other hand,
in case of the 3Be+59Y reaction, the sub-barrier fusion en-
hancement occurs due to the nuclear structure degrees of free-
dom of the colliding system, while the above-barrier fusion
data is suppressed as a consequence of the projectile breakup
effects. The sub-barrier fusion enhancement of the chosen
reaction is completely explained by the EDWSP model calcu-
lations and the coupled channel calculations. However, as one
moves to above-barrier energy regions, both theoretical ap-
proaches predict larger fusion cross sections in
comparison with the observed fusion data. Interestingly, the
large deviations between the coupled channel calculations and
the above-barrier fusion data are reduced to 10 % in
the EDWSP model calculations. Therefore, within the context
of the EDWSP model, the above-barrier fusion data is
inhibited by a factor of 10 %, which is much smaller than a
value reported in the literature. This physical effect occurs due
to breakup of the projectile in the entrance channel before
reaching the fusion barrier, and a part of the projectile frag-
ment is fused with the target leading to the suppression effects
at above barrier energies.
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