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Abstract The role of barrier modifications and the relevant

nuclear structure effects in the fusion of the 16
8 O þ

144;148;150;152;154
62 Sm and 6;7

3 Liþ 152
62 Sm systems is analyzed

within the context of the energy-dependent Woods-Saxon po-
tential model (EDWSP model) and the coupled channel mod-

el. For the 16
8 O þ 144;148;150;152;154

62 Sm reactions, where the col-
liding pairs are stable against breakup, the collective excita-
tions and/or static deformations are sufficient to account for
the observed fusion enhancement. In contrast, the model cal-
culations overpredict the complete fusion data at above - bar-

rier energies for the 6;7
3 Liþ 152

62 Sm systems, where the impor-
tance of projectile breakup effects has been pointed out. Due
to the low threshold of the alpha-breakup channel, the weakly

bound projectiles 6;7
3 Li

� �
break up into charged fragments

before reaching the fusion barrier and consequently the com-
plete fusion cross section is suppressed by 28% (25%) in the
6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

reaction with respect to predic-
tions of coupled channel calculations. However, the EDWSP
model based calculations can minimize the suppression factor

by as much as of 13% (8%) in the 6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

reaction with reference to the predictions made by the coupled
channel calculations. Therefore, the complete fusion data of the
6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

reaction at above - barrier ener-
gies is reduced by 15% (17%) with respect to the expectations

of the EDWSP model. The extracted suppression factors for
the studied reactions are due to the modifications of the barrier
profile as a consequence of the energy - dependence in
nucleus-nucleus potential, and thus greater barrier modifica-
tions occur for more weakly bound system, which in turn,
confirms the breakup of projectile in the incoming channel.

Keywords Woods-Saxon potential . Heavy-ion near-barrier
fusion reactions . Coupled channel equations .Weakly bound
nuclei

1 Introduction

The dynamics of heavy ion fusion reactions attracts researchers
not only for stellar energy production and nucleosynthesis in stars
but also for providing good insight about nuclear structure and
related aspects of the participating nuclei. In the fusion process,
the projectile and target interact with each other via repulsive
Coulomb interaction and short-range attractive nuclear interac-
tions, and form a compound nucleus either by overcoming or by
quantum tunneling through the fusion barrier [1–8]. The substan-
tially large enhancement observed in measured fusion cross sec-
tions over the expectations of the one-dimensional barrier pene-
tration model for many projectile-target combinations points to-
ward the involvement of nuclear structure effects associated with
the colliding systems. Recent experimental and theoretical inves-
tigations revealed that such fusion enhancement has an intimate
link with the collective excitations and/or static deformations of
the colliding nuclei [9–11]. In heavy ion reactions, one of the
familiar problems is to decide which of the various degrees of
freedommust be explicitly included in the theoretical description
of the collision. In spite of this, permanent shape deformations,
collective surface vibrational modes, and nucleon (multi-
nucleon) transfer channels have proven to be most relevant
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channels, which in turn, modify quantum tunneling and conse-
quently lead to larger fusion cross sections by several orders of
magnitude over the predictions of the single barrier penetration
model [12–15]. In the eigen-channel approach, the coupling to
such intrinsic channels results in the replacement of nominal
fusion barrier by a distribution of the potential barriers of different
height and weight; henceforth, the channel coupling effects can
be beautifully correlated with the observed fusion enhancement
of various heavy ion fusion reactions around the Coulomb barrier
[16–18].

In a fusion process, the most difficult problem is to include all
channels simultaneously in the theoretical description. However,
it is very interesting to account for the effects of the relevant
channels only. The influences of static deformations and/or in-
elastic surface vibrations in the enhancement of sub-barrier fu-
sion cross section have been well accounted by the theoretical
models [6, 16–18]. For instance, the authors of refs. [19–21]
clearly identified the role of low lying inelastic surface excitations
in the fusion process, whereas the impacts of static and dynam-
ical deformations are directly evident from the fusion dynamics
involving Sm-target isotopes [4, 6, 13, 14, 17, 22–27]. With the
increase of the target isotopic mass, there is a structural change of
the Sm isotopes from spherical to a statically deformed shapes.

For the lightest targets 144;148
62 Sm

� �
, the collective surface vibra-

tionalmodes are found to dominate the couplings, while in heavi-

est targets 150;152;154
62 Sm

� �
, the rotational states, rather than vi-

brational excitations, are responsible for the isotopic enhance-
ment of sub-barrier fusion [4, 6, 13, 14, 17, 22–27]. Thus, the
fusion of Sm isotopeswith different projectiles represents an ideal
opportunity for testing theoretical models. Keeping this view, this

work analyzes the fusion of the 16
8 O þ 144;148;150;152;154

62 Sm sys-
tems, using the coupled channel approach [28] and the energy-
dependentWoods-Saxon potential model (EDWSP)model [3, 7,
20, 29, 30].

It is well known that the abovementioned fusing systems
are stable against breakup effects. Therefore, it is quite inter-
esting to study the fusion of loosely bound projectiles with the
Sm isotopes. Recently, Rath et al. [31–33] have measured the

complete fusion excitation function in 6;7
3 Liþ 144;152

62 Sm reac-
tions. They found that the complete fusion data at above -

barrier energies is suppressed due to projectile breakup effects.

The authors use the recoil catcher technique followed by off-

line gamma-ray spectrometer to perform precise measure-

ments of the fusion cross section and claimed that the inhibi-

tion of complete fusion of the 6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

sys-
tem at above-barrier energies is of 28% (25%). The projectiles
6;7
3 Li

� �
are weakly bound due to their low threshold of the

alpha-breakup channel and consequently the amount of the in-
cident flux going into the complete fusion channel is reduced [33,
34]. The missing complete fusion cross sections appears as

incomplete fusion. Several conflicting experimental and theoret-
ical findings about the enhancement and the suppression of fu-
sion in collisions of loosely bound nuclei have been reported in
the literature [35–39]. For instance, the authors of refs. [40–43]
predicted the enhancement of the fusion cross sections due to
breakup effects, while in other studies, the authors suggested an
inhibition of the complete fusion data at above - barrier energies
when compared with the theoretical expectations [44–48]. Such
suppression effects can be correlated with the breakup of the
projectile before reaching the fusion barrier, with either one or
both breakup fragment being captured by the target, leading to
partial or complete fusion yields [44–48]. In this regard, we have

analyzed the fusion dynamics of 6;73 Liþ 152
62 Sm reactions, where

the fusion suppression factor of the order of 28% (25%) for the
6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

collision at above - barrier energies
has been found in the literature. In this work, the calculations are
done by the EDWSP model and the coupled channel model.
Interestingly, the EDWSP model based calculations estimate

the suppression factor to be 15% (17%) for 6
3Liþ 152

62 Sm
7
3Liþ 152

62 Sm
� �

system, which is smaller than the reported
values. In contrast, the sub-barrier fusion enhancement of the
studied reactions occurs as a consequence of the channel cou-
pling effects and hence reasonably recovered by the adopted
model calculations. The brief description of the method of cal-
culation is given in Sect. 2. The results are discussed in detail in
Sect. 3 while the conclusions drawn are discussed in Sect. 4.

2 Theoretical Formalism

The total fusion cross section can be estimated by using the
following expression

σF ¼ π

k2
∑
∞

ℓ¼0
2ℓ þ 1ð ÞT F

ℓ ð1Þ

Based on parabolic approximation, Hill and Wheeler [49]
proposed an expression for tunneling probability T F

ℓ

� �
and is

defined as

T ℓ
F ¼ 1

1þ exp
2π
ℏωℓ

V ℓ−Eð Þ
� � ð2Þ

This parabolic approximation was further simplified by
Wong using certain assumptions for barrier position, barrier
height, and barrier curvature and obtains the following formu-
la for evaluation of fusion excitation functions [50]

σF ¼ ℏωR2
B

2E
ℓn 1þ exp

2π
ℏω

E−VBð Þ
� 	� �

ð3Þ
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In the recent works, it has been well recognized that the
EDWSP model is an efficient theoretical tool to explore the
sub-barrier fusion dynamics [3, 7, 20, 29, 30, 51]. This work
makes the use of the standard Woods-Saxon potential to ana-
lyze the available fusion data. The standard Woods-Saxon
potential is described via three parameters and is defined as

VN rð Þ ¼ −V0

1þ exp
r−R0

a

� 	� � ð4Þ

with R0 ¼ r0 A
1
3
P þ A

1
3
T

� �
as radius parameter. V0 is strength

and a is diffuseness of the Woods-Saxon potential. In the
EDWSP model, V0 is defined as

Vo ¼ A
2
3
P þ A

2
3
T− AP þ ATð Þ23

h i
2:38þ 6:8 1þ IP þ ITð Þ A

1
3
PA

1
3
T

A
1
3
P þ A

1
3
T

� �
2
64

3
75MeV

ð5Þ

where IP ¼ NP−ZP
AP

� �
and IT ¼ NT−ZT

AT

� �
are the isospin asym-

metry of the colliding systems.
In the EDWSP model, the energy-dependent diffuseness

parameter is defined as

a Eð Þ ¼ 0:85 1þ r0

13:75 A
−1
3

P þ A
−1
3

T

� �
1þ exp

E
VB 0

−0:96

0:03

0
BB@

1
CCA

0
BB@

1
CCA

2
66666666664

3
77777777775
fm ð6Þ

The range parameter (r0) is strongly affected by the nature
of dominant channel coupling effects. Three potential param-
eters (r0,a, and V0) are intrinsically interrelated, and the vari-
ation in one automatically brings the corresponding adjust-
ments in the values of the other parameters [3, 7, 20, 29,
30]. In the present model, the depth (V0) can be obtained by
using the Eq. (5) while other two parameters are mathemati-
cally related with each other via Eq. (6). The range of diffuse-
ness parameter is controlled by the range parameter (r0) which
geometrically defines the radii of the fusing systems through

R0 ¼ r0 A
1
3
P þ A

1
3
T

� �
. Furthermore, the fluctuations in the dif-

fuseness are directly linked with the variations of radii of the
colliding systems during their nuclear interactions. It is rele-
vant to mentioned here that the values of range parameter used
in the EDWSP model calculations are consistent with the
commonly adopted values ranging from r0 = 0.90 fm to r0 =
1.35 fm [16, 17, 52–58].

Theoretically, the influences of channel coupling effects on
fusion process can only be judged by using the theoretical
models based on the coupled channel methods. In the coupled

channel approach, the non-elastic channels associated with the
colliding pairs are coupled with their relative motion and one
can estimate the impacts of nuclear structure effects on fusion
process. Although, it is very difficult to include the effects of
all intrinsic channels, it is fruitful to entertain the relevant
intrinsic channels in the theoretical calculations [28, 59, 60].
In this work, the coupled channel calculations have been per-
formed by opting the code CCFULL [28] wherein the coupled
channel equations are solved numerically by adopting rotating
frame approximation and ingoing wave boundary conditions
(IWBC) [28, 59, 60]. The following set of coupled channel
equations are to be solved in the coupled channel approach.

−ℏ2

2μ
d2

dr2
þ J J þ 1ð Þℏ2

2μ r2
þ VN rð Þ þ ZPZT e2

r
þ εn−Ecm

� �
ψn rð Þ

þ ∑
m
Vnm rð Þ ψm rð Þ ¼ 0

ð7Þ

where, r! is the radial coordinate for the relative motion be-
tween fusing nuclei. μ is defined as the reduced mass of the
projectile-target system. Ecm and εn represent the bombarding
energy in the center of mass frame and the excitation energy of
the nth channel respectively. The Vnm is the matrix elements
of the coupling Hamiltonian, which in the collective model
consists of the Coulomb and nuclear components. By
employing the rotating frame approximation and the IWBC,
one can obtain the numerical solution of the coupled channel
equations. The code CCFULL makes the use of static Woods-
Saxon potential for the calculations of fusion cross sections;
and therefore, by taking in account of all the relevant channels,
the fusion cross section can be written as

σF Eð Þ ¼ ∑
J
σ J Eð Þ ¼ π

k20
∑
J

2J þ 1ð ÞPJ Eð Þ ð8Þ

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

3 Results and Discussion

The significance of barrier modification effects that originate
due to energy dependence in the nucleus-nucleus potential and

nuclear structure effects in the fusion dynamics of 16
8 O þ

144;148;150;152;154
62 Sm and 6;7

3 Liþ 152
62 Sm reactions is highlighted

by opting the coupled channel model and the EDWSP meth-
od. The values of the deformation parameters and correspond-
ing excitation energies for low lying 2+ and 3− vibrational
states of the chosen nuclei are listed in Table 1. The rotational
states of the deformed target nuclei along with their corre-
sponding rotational energies and higher deformation such as
hexadecapole deformation are listed in Table 2. In Table 3, the
values of range, depth, and diffuseness of the EDWSP model
calculations for various fusing systems are listed. The barrier
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height, barrier position, and barrier curvature of the fusing
nuclei, which are obtained from the uncoupled potential used
in the CCFULL calculations in no coupling limit, are listed in
Table 4. These parameters are used in the EDWSP model
calculations along with the Wong formalism.

The modifications of barrier characteristics such as barrier

height, barrier position, and barrier curvature for 16
8 O þ 144;154

62 S
m reactions are shown in Fig. 1a–d. The similar results are found
for other projectile-target combinations, and hence are not

shown. The longer tail of the fusion barrier for 16
8 O þ 154

62 Sm
reaction (Fig. 1c) in comparison to that of 168 O þ 144

62 Sm reaction
(Fig. 1a) indicates that fusion process starts at larger internuclear
separation for former system than that of the later system. Such
results are also consistent from the nuclear structure of
144;148;150;152;154
62 Sm isotopes, wherein the lighter target has spher-

ical symmetry 144
62 Sm
� �

, while the heavier targets are statically

deformed in shape 150;152;154
62 Sm

� �
. Among the chosen isotopes,

the degree of static deformation is largest for 14462 Sm nucleus and
consequently has larger spatial extension along a particular direc-
tion. In EDWSP calculations, as listed in Table 3, the magnitude
of the range parameter (r0) is of increasing order as one move

from 16
8 O þ 144

62 Sm reaction to 16
8 O þ 154

62 Sm reaction, which in
turn, predicts substantially large fusion enhancement at below

barrier energies for 16
8 O þ 154

62 Sm reaction in comparison to that

of 16
8 O þ 144

62 Sm reaction. At below barrier energies, the largest

diffuseness (a = 0.97 fm) for 168 O þ 154
62 Sm reaction (a= 0.95 fm

for 168 O þ 144
62 Sm reaction) produces lowest fusion barrier, hence-

forth, allows the shifting of maximum flux from incoming chan-
nel to fusion channel. For instance, the lowest fusion barrier

produced for 16
8 O þ 154

62 Sm reaction is 57.42 MeV

FB ¼ 59:70 MeVfor 168 O þ 144
62 Sm

� �
as depicted in Fig. 1.

Further, with the increase of the bombarding energy, the diffuse-
ness parameter gradually decreases and this decrease is compen-
sated by increasing the height of the corresponding fusion barrier,
and thus, variations in both are saturated in above barrier energy
regions. At well above barrier energies, the variations in diffuse-
ness and corresponding fusion barrier cease which ultimately
leads to overlapping of the predictions due to different theoretical
methods. This reflects the insensitivity of the fusion data toward
channel coupling effects. The authors of refs. [56, 57] based on
density-constrained time-dependent Hartree-Fock theory (DC-
TDHF) have shown that the channel coupling effects and the
coordinate-dependent mass modify the phenomenological ion-
ion potential and generate the energy dependence in nucleus-
nucleus potential. In this approach, the spectrum of the energy-

Table 1 The deformation parameter (βλ) and the energy (Eλ) of the
quadrupole and octupole vibrational states of various nuclei

Nucleus β2 E2 (MeV) β3 E3 (MeV) Reference

144
62 Sm

0.110 1.660 0.210 1.810 [6]

148
62 Sm

0.140 0.555 0.190 1.160 [6]

150
62 Sm

0.190 0.333 0.110 1.071 [22]

Table 2 The deformation parameter (βλ) and the energy (Eλ) of the
static deformation of the deformed nuclei

Nucleus β2 E2 (MeV) β4 Reference

150
62 Sm

0.250 0.334 0.050 [24]

152
62 Sm

0.280 0.112 0.050 [24]

154
62 Sm

0.330 0.082 0.050 [24]

Table 3 Range, depth, and diffuseness of Woods-Saxon potential used
in the present calculations for various systems [29, 30]

System r0 (fm) V0 (M eV)
apresent

energy range
apresent

energy range

� �

16
8 O þ 144

62 Sm
1.110 67.68

0:95 to 0:85
55 to 95

16
8 O þ 148

62 Sm
1.120 69.30

0:95 to 0:85
53 to 77

16
8 O þ 150

62 Sm
1.135 70.09

0:96 to 0:85
52 to 75

16
8 O þ 152

62 Sm
1.140 70.86

0:96 to 0:85
52 to 70

16
8 O þ 154

62 Sm
1.145 71.62

0:97 to 0:85
50 to 101

6
3Liþ 152

62 Sm
1.075 34.00

0:94 to 0:85
18 to 40

7
3Liþ 152

62 Sm
1.075 42.11

0:94 to 0:85
18 to 40

Table 4 Fusion barrier parameters like VB0, RB, and ℏω obtained from
the uncoupled potential used in the CCFULL calculations for various
heavy ion systems

System VB0 (MeV) RB (fm) ℏω (MeV) Reference

16
8 O þ 144

62 Sm
61.11 10.23 4.23 [28]

16
8 O þ 148

62 Sm
59.59 11.26 4.45 [28]

16
8 O þ 150

62 Sm
59.62 11.26 4.48 [28]

16
8 O þ 152

62 Sm
59.46 11.30 4.47 [28]

16
8 O þ 154

62 Sm
59.41 10.81 4.50 [28]

6
3Liþ 152

62 Sm
25.10 9.98 5.05 [28]

7
3Liþ 152

62 Sm
24.40 10.32 4.61 [28]

464 Braz J Phys (2017) 47:461–472



dependent fusion barriers is produced and as a consequence of
dynamically lowering of the effective fusion barrier, DC-TDHF
approach adequately explained the fusion dynamics of various
heavy ion fusion reactions. In similar way, in the essence of the
production of spectrum of energy-dependent fusion barrier of
variable height, the EDWSP model reasonably explored the ob-
served fusion dynamics of the chosen reactions.

As far as projectile 16
8 O
� �

is concerned, it is doubly magic
and possesses low lying inelastic surface excitations as most
relevant intrinsic channels. But due to high excitation energy,
their influences on fusion process are expected to be very
weak and thus the effects of the target degrees of freedom

are directly inferred from the fusion dynamics of 16
8 O þ

144;148;150;152;154
62 Sm reactions. In case of 168 O þ 144;148

62 Sm reac-
tions, the colliding nuclei are spherical in shape and the cou-
pling to low lying collective excitations like 2+ and 3− vibra-
tional states play a crucial role in the enhancement of the
fusion excitation functions at below barrier energies over the
expectations of the one-dimensional barrier penetration mod-
el. The experimentally observed data is substantially larger
than the no coupling calculations obtained by treating the
colliding pairs as inert systems. The coupling to one phonon
2+ vibrational state improves the calculated results but unable
to bring the close agreement with the below barrier fusion
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Fig. 1 The fusion barrier (FB) for 168 O þ 144
62 Sm (a, b) and 16

8 O þ 154
62 Sm systems (c, d) obtained using the EDWSP model [29, 30]. The similar results

are found for the 16
8 O þ 148;150;154

62 Sm reactions
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data, while the above barrier fusion data has been reasonably
recovered by such calculations as evident from Fig. 2. For
addressing the sub-barrier fusion data, the inclusions of more
intrinsic channels are necessarily required. The addition of the
one phonon 2+ and 3− vibrational states along with their mu-
tual couplings such as (2+ × 3−) reproduces the fusion en-

hancement of 16
8 O þ 144;148

62 Sm systems [6, 13, 14, 17,

22–25]. In 144;148
62 Sm i sotopes , the impacts of the

anharmonicities associated with the low lying inelastic surface
excitations on fusion process have been pointed out in litera-

ture [61–64]. For 144
62 Sm isotope, the presence of

anharmonicities in the low lying quartet states, which seems
to correspond to the double octupole phonon excitations,
strongly modifies the energy dependence of tunneling proba-
bility as well as the fusion cross section. The authors [61, 62]
explicitly showed that the addition of the double-phonon cou-
pling spoils agreement between the data and theory. Thus, in

case of 16
8 O þ 144

62 Sm system, the fusion cross sections data is
quite sensitive to the presence of considerably large
anharmonicities in the octupole surface vibrations of the target
isotope and must be entertained in the numerical calculations

in order to achieve good description of the fusion data. For 16
8

O þ 148
62 Sm system [61–64], the target nucleus 148

62 Sm
� �

also
exhibits anharmonic surface vibrations and possesses negative
and positive static quadrupole moments for the first 2+ and 3−

vibrational states respectively. Therefore, the coupling to
such vibrational states produces larger sub-barrier fusion

enhancement of 16
8 O þ 148

62 Sm system. On the other hand,
the EDWSP model calculations reasonably address the

fusion data of 16
8 O þ 144;148

62 Sm systems in the domain of
the Coulomb barrier, which in turn automatically accom-
modate the effects of the anharmonicities associated with
the collective states as well as the influences of the low
lying inelastic surface excitations of the target isotopes as
depicted in Fig. 2.

For 168 O þ 150
62 Sm system, the coupled channel calculations

are performed by treating the spherical as well as statically
deformed choice of the target isotope. The no coupling calcu-
lations, wherein the collision partners are taken as an inert, are
much smaller than the fusion data particularly at below barrier
energies. The inclusion of the one phonon 2+ and 3− vibra-
tional states along with their mutual coupling is unable to
describe the observed fusion dynamics. This clearly indicates
that the higher order vibrational states, like two phonon, three-
phonon states are required to achieve good agreement be-
tween theoretical calculations and experimental data.
However, the addition of two-phonon and three-phonon states
in target does not bring additional sub-barrier fusion enhance-

ment. The 150
62 Sm isotope lies in the region of the structural

change of Sm isotopes from spherical symmetry to a statically
deformed shape. Therefore, it is reasonable to test the effects
of rotational states of the target isotope on fusion process.
Interestingly, the coupling to rotational states up to 10+ ground

state rotational band having β2 = 0.250 and β4 = 0.005 for 150
62

Sm nucleus reproduces the fusion enhancement of 16
8 O þ 150

62

Sm system and hence unambiguously indicates the domi-
nance of rotational states associated with target isotope over
its vibrational states as evident from Fig. 3.
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Fig. 2 The fusion excitation functions of 168 O þ 144
62 Sm (a) and 16

8 O þ 148
62 Sm (b) reactions obtained using the EDWSP model [29, 30] and the coupled

channel code CCFULL [28]. The results are compared with available experimental data taken from ref. [6]
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In fusion of 16
8 O þ 152;154

62 Sm systems, the targets

152;154
62 Sm

� �
are statically deformed, wherein the rotational

states of targets are playing a crucial role in fusion process.
The coupling to such relevant channels produces substantially
large fusion enhancement over the expectations of the single

barrier penetration model. In case of 16
8 O þ 152;154

62 Sm reac-
tions, the no coupling calculations predict very small sub-
barrier fusion cross section in comparison to the experimental
data, while the above barrier fusion data can be reasonably
recovered within the view of no coupling calculations. In the-
oretical analysis of deformed nuclei, the vibrational model is
not suited. The couplings to rotational states (up to 10+ ground
state rotational bands of the target isotopes) lead to significant-
ly larger fusion cross sections with reference to the no cou-
pling calculations, but still there remain large discrepancies
between the coupled channel treatment and the below barrier
fusion data. The inclusions of rotational states higher than 10+

ground state rotational bands are unable to produce the addi-
tional fusion enhancement, and hence more intrinsic channels
such as higher order deformations are required in order to
achieve the close agreement with the experimental data. In

literature, it has been well populated that the heavier targets

152;154
62 Sm

� �
exhibit higher order deformation such as β2,β4,

and β6 deformation but the effects of β6 deformation are quite
small in comparison to that of β4-deformation. Therefore, the

larger fraction of the sub-barrier fusion enhancement of 16
8 O

þ 152;154
62 Sm reactions can be attributed to the coupling to

rotational states and hexadecapole deformation of the target
isotopes.

In present treatment, we include the impact of rotational
states in ground state rotational band as well as β4-deforma-

tion associated with the target isotope. In 16
8 O þ 152;154

62 Sm
reactions, the coupling to rotational states up to 10+ ground

state rotational band having β2 = 0.280 and β4 = 0.005 for 152
62

Sm nucleus, while β2 = 0.330 and β4 = 0.005 for 154
62 Sm nu-

cleus result in reasonable addressal of the fusion data in the
whole range of energy spread across the Coulomb barrier [Fig.
4]. The small discrepancies between the coupled channel cal-
culations and the experimental data in deep sub-barrier energy
regions can be correlated with the existence of the non-zero
values of β6-deformation which must be incorporated in order
to achieve the good description of the fusion dynamics [17]. In
contrast, in the EDWSP model calculations, the barrier mod-
ification effects, which are induced due to the energy depen-
dence in nucleus-nucleus potential, account for the fusion en-

hancement of 16
8 O þ 150;152;154

62 Sm reactions. The larger sub-

barrier fusion enhancement of 16
8 O þ 150;152;154

62 Sm systems in

comparison to that of 16
8 O þ 144;148

62 Sm systems can be as-
cribed to the dominance of static deformation over the collec-
tive excitations of the target isotopes [6, 13, 14, 17, 22–27,
65]. In the O + Sm reactions, the colliding pairs are stable
against breakup effects; henceforth, the above barrier com-
plete fusion data of O + Sm reactions is not suppressed with
respect to the theoretical expectations. Therefore, within the
view of present model calculations, it is quite interesting to

analyze the fusion dynamics of 6;7
3 Liþ 152

62 Sm reactions,
wherein the projectiles display breakup effects on the fusion
process. The barrier modification effects introduced here [Fig.
5] have close resemblance to that of O + Sm reactions as al-
ready discussed in Fig. 1.
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Fig. 3 The fusion excitation
functions of 168 O þ 150

62 Sm
reaction obtained using the
EDWSP model [29, 30] and the
coupled channel code CCFULL
[28]. The results are compared
with available experimental data
taken from ref. [60]
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The coupled channel calculations for 6;7
3 Liþ 152

62 Sm reac-

tion are shown in Fig. 6. As far as the projectiles 6;7
3 Li

� �
are

concerned, they are loosely bound nuclei and display the sig-

nature of the breakup effects, while the target isotope 152
62 Sm
� �

rules out such possibilities due to stability against breakup

effects. In case of 6
3Liþ 152

62 Sm system, no coupling calcula-
tions are significantly smaller than the experimental data. By
taking projectile as inert, the inclusion of rotational states up to
10+ ground state rotational band improves the results but still

there are large discrepancies between theory and fusion data at
below barrier energies. Rath et al. [32] have explicitly shown
that the higher order deformation such as β2 and β4-deforma-

tion associated with the 152
62 Sm isotope is playing an important

role in the fusion dynamics of the given reaction. The inclu-
sion of rotational states up to 10+ ground state rotational band

having β2 = 0.280 and β4 = 0.005 for the 152
62 Sm nucleus sig-

nificantly enhances the magnitude of fusion cross sections and
brings theoretical calculations nearer to the fusion data.
However, the additions of more intrinsic channels are needed
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Fig. 4 The fusion excitation functions of 168 O þ 152
62 Sm (a) and 16
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62 Sm (b) reactions obtained using the EDWSP model [29, 30] and the coupled

channel code CCFULL [28]. The results are compared with available experimental data taken from refs. [6, 60]

4 6 8 10 12 14 16 18 20

14

16

18

20

22

24

(a)
 6Li + 152Sm 

 r(fm )

 Ec.m .= 19 MeV
 Ec.m .= 24 MeV
 Ec.m .= VB0

 Ec.m .= 30 MeV
 Ec.m .= 35 MeV   

 r(fm )
4 6 8 10 12 14 16 18 20

14

16

18

20

22

24

8 9 10 11 12
23.0

23.5

24.0

24.5

25.0

 r(fm )
V F(M

eV
 )

(b) FB=25.75 MeV

FB=25.62 MeV

FB=24.37 MeV

FB=
24.13 MeV

 6Li + 152Sm  

V F(M
eV

 )

 r(fm )

8 9 10 11 12

23.0

23.5

24.0

24.5

25.0

V F(M
eV

 )

V F(M
eV

 )

Fig. 5 (a) The fusion barrier (FB) for 6
3Liþ 152

62 Sm system (b) obtained using the EDWSP model [29, 30]
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to account for the explanation of the observed fusion enhance-
ment. To address the below barrier fusion data, the projectile
excitations must be incorporated. The projectile exhibits a
non-zero quadrupole moment (Qm = − 0.082 fm2) in its
ground state and also the unbound first excited state (3+,
2.186 MeV). The spectroscopic analysis suggested a non-
zero transition probability (BE 2, 1+→ 3+) of the order of
21.80 e2 fm4 for 3+ excited states of the projectile which lies
at the excitation energy of 2.186MeV [31–34, 48]. Therefore,
the inclusion of 3+ excited state of the projectile along with
rotational states as well as higher deformation of the target
recovers fusion data in a reasonable way. This shows that
the below barrier complete fusion data can only be addressed
if one includes the collective vibrational modes and/or static
deformations of the colliding pairs. However, at the cost of
good addressal of the experimental data, the complete fusion

data at above barrier energies for 6
3Liþ 152

62 Sm system gets
suppressed with respect to the coupled channel calculations.
The authors [48] with continuum discretized coupled channel
(CDCC) approach [66–68] have pointed out the breakup of
the projectile in the entrance channel and consequently ex-

plained the fusion dynamics of 63Liþ 90
40Zr reaction by treating

projectile 6
3Li
� �

as two body a + d cluster structure with a
breakup threshold of 1.475MeV. The breakup of the projectile
into a + d cluster structure is also supported by the experimen-
tal investigations of Signorini et al. [69].Otomar et al. [70, 71]

performed the CDCC calculations for 6
3Liþ 144

62 Sm reaction
and confirms the a + d cluster structure model for the projec-
tile. The breakup channel results in the production of repulsive
polarization potential and consequently increases the barrier
height and reduces the complete fusion yields. Furthermore,

authors pointed out that at low energies, the breakup process
occurs due to the dominance of the Coulomb force for all
scattering angles. As incident energy reaches to above barrier
energies, the contribution from the Coulomb breakup de-
creases, while nuclear breakup becomes dominant at larger
angles [70, 71]. The recent experimental measurements have
been shown that the transfer process followed by breakup of
the projectile may predominate over the breakup of stable
weakly bound system at below barrier energies [72–74]. To

estimate the breakup fraction in complete fusion for 6
3Li -in-

duced reactions, Elmahdy et al. [75] analyzed the coupled
channel calculations for complete fusion yields using the
distorted wave Born approximation (DWBA). On theoretical
ground, the authors have shown that the enhancement of
breakup cross section at above barrier energies increases with
the increase of charge and mass numbers. Due to long ranged
Coulomb force, the Coulomb breakup dominates at below
barrier energies while the nuclear breakup contributes up to
grazing collisions. For weakly bound systems, breakup itself
cannot result enough suppression of fusion cross section at
near and sub-barrier energies, and therefore, it is necessary
to take into account of the transfer channels which are well
populated at above barrier energies. It is quite interesting to
note that in case of weakly bound nuclei, the dynamic polar-
ization potential produced due to breakup effects is of repul-
sive nature in the nuclear surface region for all incident ener-
gies, and hence, authors claimed that the above barrier com-
plete fusion data is inhibited with respect to the theoretical
predictions by 28% [32] as evident from Fig. 6a.

In case of 7
3Liþ 152

62 Sm reaction, the same rotational de-

grees of freedom as used for 6
3Liþ 152

62 Sm system have been
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Fig. 6 (a) The fusion excitation functions of 6;7
3 Liþ 152

62 Sm reactions (b) obtained using the EDWSP model [29, 30] and the coupled channel code
CCFULL [28]. The results are compared with the available experimental data taken from refs. [32, 33]
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adopted for target nucleus and the different suppression fac-

tors for 6;73 Liþ 152
62 Sm reactions occur as a consequence of the

different nuclear structure of the projectiles. The breakup
threshold of the projectile 7

3Li
� �

is 2.45MeVand is larger than

that of the 6
3Li -projectile (BE = 1.475 MeV), and thus, the

effects of the breakup channel are more pronounced in the

fusion dynamics of 6
3Liþ 152

62 Sm reaction in comparison to

that of 73Liþ 152
62 Sm reaction. The projectile 7

3Li
� �

can be taken
as two body a + t cluster structure with a breakup threshold of
2.45MeV. Rath et al. [33] pointed out that the above barrier
complete fusion data of this reaction is reduced by 25% with
reference to the expectations coupled channel calculations.
The projectile 7

3Li
� �

possesses quadrupole moment (Qm = −
4.06 fm2) in its ground state along with the bound first excited
state 1−

2 ; 0:4776 MeV
� �

. The transition probability (B(E 2↑))
is equals to 8.30 e2 fm4 from first excited state to the ground
state [33]. The coupling of the projectile degrees of freedom
and rotational states up to 10+ ground state rotational band

having β2 = 0.280 and β4 = 0.005 for 15262 Sm nucleus are capa-

ble of reproducing the sub-barrier fusion enhancement of 7
3Li

þ152
62 Sm reaction, but it leads to the over predictions to the

complete fusion data at above barrier energies. Thus, the

above barrier complete fusion data of 7
3Liþ 152

62 Sm reaction
is suppressed by 25% with respect to the coupled channel
description as inferred from the Fig. 6b.

In spite of this, the EDWSP model calculations properly
accounted the sub-barrier fusion data. Although the complete
fusion data in above barrier energy regions is also inhibited
with respect to the expectations of the EDWSP model, the
large discrepancies between the coupled channel calculations
and the above barrier complete fusion data can be minimized

up to 13% (8%) for 6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

reaction as
depicted in Fig. 6. This fusion suppression can be correlated
with the breakup of the projectile due to its low binding ener-
gy. In the vicinity of target field, the projectile breakup before
reaching the Coulomb barrier and hence displays a strong
impression of the breakup channel on the tunneling probabil-
ity as well as the fusion cross sections. It is well recognized
that the channel coupling effects impart negligible influence to
the complete fusion data in above barrier energy region;
henceforth, the overestimations of the coupled channel calcu-
lations to data reflect the shifting of the fusion flux into other
reaction channels and thus maintains the suppression of the
complete fusion data in above barrier energy regions. The
EDWSP model calculations estimate the suppression factor

up to 15% (17%) for 6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

reaction.
The extracted fusion suppression factor is smaller by 13%

(8%) for 6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

reaction with respect to
the reported values [31–33] as depicted in Fig. 6.

3.1 χ2 Analysis of the Fusion Data

For fusion excitation function, the goodness of fit of a given
model calculations can be judged by χ2 analysis which can be
obtained by using following relation [5, 76].

χ2 ¼ 1

N
∑
N

i¼1

σExp Eið Þ−σModel Eið Þ
 �2

σModel Eið Þ

" #

where, N are the number of points, Ei are the experimental
energies, σExp and σModel are the experimental and model
cross sections, respectively. χ2 measures the deviation of the-
oretical predictions from the experimentally observed data,
and therefore, χ2 analysis has been done for EDWSP model

calculations in above barrier energy region for 6;7
3 Liþ 152

62 Sm
reactions. The values of χ2 per degrees of freedom obtained

under present model calculations are χ2 = 2.25 for 6
3Liþ 152

62 S

m reaction and χ2 = 1.80 for 7
3Liþ 152

62 Sm reaction. For 16
8 O

þ 144;148;150;152;154
62 Sm reactions,χ2 analysis have been obtain-

ed for EDWSP model calculations predictions of fusion cross
sections. The χ2 values for the spherical choice of projectile-

target combinations such as 16
8 O þ 144

62 Sm and 16
8 O þ 148

62 Sm
reactions are 1.92 and 2.25, respectively. For deformed nuclei,

the χ2 values are 2.82, 3.08, and 1.98 for 16
8 O þ 150

62 Sm,
16
8 O þ 152

62 Sm, and 16
8 O þ 154

62 Sm reaction, respectively. The
minimum χ2 values obtained for abovementioned reactions
suggest that the predictions of the EDWSP model are ade-

quate for 6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

reaction, and hence,
the fusion suppression at above barrier energies is 15%
(17%) with reference to the EDWSP model calculations. In
other words, the present model calculations provide a fine
tuning that produces a better χ2 fit to the experimental fusion
data.

In below-barrier regions, the close agreement between the-
oretical predictions and the fusion data can be easily observed
in Fig. 6. However, to highlight the agreement between theo-
retical results and above barrier complete fusion data, the fu-

sion excitation functions of 6;7
3 Liþ 152

62 Sm reactions (theoreti-
cal calculations and fusion data) are shown in linear scale [Fig.
7]. At above barrier energies, the theoretical results of coupled
channel approach (with and without internal structure degrees
of freedom) merge each other. The EDWSP model calcula-

tions, with a suppression factor of 15% (17%) for 6
3Liþ 152

62 S

m 7
3Liþ 152

62 Sm
� �

reaction, provide the close agreement with
the above barrier complete fusion data. This clearly suggest
that the intrinsic degrees of freedom associated with the col-
liding pairs offers negligible influence on fusion cross sections
at above barrier energies while the sub-barrier fusion
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excitation functions are quite sensitive to the addition of the
intrinsic channels of collision partners.

4 Conclusions

Wehave analyzed the fusion dynamics of 168 O þ 144;148;150;152;154
62

Sm and 6;7
3 Liþ 152

62 Sm reactions within the coupled channel ap-
proach and the EDWSP model. In the case of
16
8 O þ 144;148;150;152;154

62 Sm, the target isotopes exhibit a structural
change from spherical symmetry to a statically deformed shape
and consequently the dominance of rotational couplings over
vibrational couplings, which increases with the neutron richness

of the target. For the lightest targets 144;148
62 Sm

� �
, the collective

excitations of the colliding pairs are the dominant mode of cou-

plings, while for the heaviest isotopes 150;152;154
62 Sm

� �
, the rota-

tional states play a major role in the fusion enhancement at sub -
barrier energies. The larger sub-barrier fusion enhancement of the
16
8 O þ 150;152;154

62 Sm systems in reference to the 16
8 O þ 144;148

62 Sm
systems can be correlated with the dominance of static deforma-
tions over the inelastic surface excitations associated with the
target nuclei.

In contrast, complete fusion data at above - barrier energies for
6;7
3 Liþ 152

62 Sm reactions were found to be lowered considerably

when compared with the predictions of the theoretical ap-
proaches (coupled channel approach and EDWSP model).
Within the view of the EDWSP model, the extracted fusion
suppression effects at above - barrier energies can be estimated

to be 15% (17%) for 6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

reaction,
which are smaller than those predicted in literature by 13%

(8%) for 6
3Liþ 152

62 Sm 7
3Liþ 152

62 Sm
� �

reaction. Such suppres-
sion effects can be correlated with the low breakup threshold of
alpha-breakup channel associated with weakly bound system.

The projectiles 6;7
3 Li

� �
are loosely bound nuclei due to their

low breakup threshold, which, in turn, breakup before reaching
the fusion barrier and, henceforth, automatically regulates the
suppression of the complete fusion data at above barrier energies.
Further, the observed suppression effects suggest that greater
barrier modifications occur for more weakly bound system.
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