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Systematic study of fusion suppression for tightly bound projectiles at above-barrier energies
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The present work aims to explore the effects of projectile breakup on fusion cross section at energies near
the Coulomb barrier to well above it. The complete fusion cross section for the strongly bound non-α-cluster
projectile 14N in interaction with a 181Ta target was obtained by summing the experimentally measured channel-
by-channel cross section data of evaporated residues. The obtained total fusion cross section was compared with
the theoretical code CCFULL and the results were found to be consistent with each other. Further, the experimental
fusion function data on 181Ta target with 14N projectile were deduced and compared with those obtained for other
strongly bound projectiles, viz., 12,13C, 16O, and 19F, in order to get some systematics in fusion reactions. The
analysis of experimental fusion functions was performed within the framework of a benchmark curve called
the universal fusion function (UFF). A suppression of about 5–25% with respect to UFF was observed for the
presently studied systems at energies above the Coulomb barrier, indicating that the suppression is essentially
due to the prompt breakup of the projectiles and is a strong function of breakup threshold of projectiles. The
magnitude of such suppression was found to be lower for 14N projectile as compared to other strongly bound
projectiles. Moreover, an interesting exponential relation between the experimentally deduced suppression factor
and the breakup threshold of the projectile was obtained.
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I. INTRODUCTION

The study of heavy-ion (HI) induced fusion processes, in
order to understand different mechanisms involved in these
reactions, has been a topic of interest in nuclear physics. With
varying projectile energies, the complex nature and behavior
of projectile and target nuclei makes it possible to characterize
the reaction mechanism and may help to study the possibility
of producing superheavy elements (SHE) in the laboratory
[1–5]. Recent studies on HI interactions indicate the presence
of incomplete fusion (ICF) processes along with the complete
fusion (CF) even at low energies ≈4–7 MeV/A [6–12]. In the
case of CF, the target hugs the entire projectile with all the
incoming partial waves of input angular momenta � < �crit ,
contributing to the formation of a highly excited composite
system. In the case of ICF reactions, the projectile breaks up
into fragment(s) and one of the fragment(s) fuses with the
target nucleus, whereas the remnant continues to move in the
beam direction without any interaction. In such cases, the fu-
sion of the entire projectile with the target nucleus is hindered
for angular momentum values � > �crit . Experimentally, the
analysis of fusion processes in the case of HI reactions is
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rather delicate due to the competition of other reaction mecha-
nisms such as transfer, breakup, preequilibrium reactions, etc.
Further, the breakup and the preequilibrium emission may
become important [13] at relatively higher energies and has
attracted a great deal of interest in recent years [14,15]. In the
literature, investigations carried out for HI fusion reactions
suggest that the effective potential Veff (r), which is the sum
of nuclear, Coulomb and centrifugal potential, is sensitive
around the nuclear surface region and is given as

Veff (r, �) = Vnucl(r) + VCoul(r) + Vcent (r, �), (1)

where the terms Vnucl(r), VCoul(r), and Vcent (r, �) represents
the attractive nuclear, repulsive Coulomb, and repulsive cen-
trifugal potentials respectively. A typical variation of effective
potential Veff (r) with relative separation (r) between projectile
and target nucleus for different angular momentum (�) values
is shown in Fig. 1. As can be seen from this figure, there
is an attractive pocket for lower values of �, which is called
the fusion pocket, where the complete fusion of projectile
and target nucleus takes place. However, for higher values
of �, this pocket starts vanishing and fusion does not occur.
Hence, in order to provide sustainable angular momentum for
fusion to occur, the projectile may break up into fragments
and lead to the ICF process. The presence of ICF reactions
in HI collisions at these energies has inspired an interest to
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FIG. 1. A typical plot of effective potential Veff as a function of
relative separation r for different � values. For details, see text.

study the effects of projectile breakup on fusion cross sections.
Therefore, during the past several decades, both experimen-
tal and theoretical efforts have been made to investigate the
effect of projectile breakup on fusion processes in HI col-
lisions [16–18]. In order to perform a systematic study of
breakup effects of projectile during the interaction process,
it is necessary to follow proper data analysis procedure and
eliminate the geometrical effects [19,20], if any, involved in
fusion reactions. Such experimental data of different systems
should only be compared with the theoretical predictions with
and without coupling through breakup channels. Several data
reduction procedures have been proposed to investigate the
breakup effects near Coulomb barrier energies [21–24]; how-
ever, the widely used ones are used to compare the data with
the predictions of coupled-channels (CC) calculations without
considering the breakup channels [25–27] or with the predic-
tions of the single barrier penetration model (SBPM) [28–31].
Gasques et al., [30,32] after comparing the data with pre-
dictions of SBPM or CC calculations concluded that the CF
suppression for reactions involving 6,7Li and 10B as projectiles
is almost independent of target charge. On the other hand,
Sargsyan et al. [33] investigated the influence of breakup
effects on CF cross sections as a function of target charge and
bombarding energy using the quantum diffusion approach.
Gomes et al. [34] studied the influence of breakup effects
on CF cross sections for 9Be induced reactions by applying
the universal fusion function (UFF) [19,23] approach. The
aforesaid investigations could not observe a clear systematic
behavior of CF suppression as a function of target charge.
As such, there is a need to further investigate the systematic
influence of projectile breakup on CF cross sections. The CF
cross sections for many reactions involving weakly bound
projectiles have been measured [27,35–38] where the suppres-
sion of CF cross section above the Coulomb barrier has been
observed and is attributed to the breakup processes. However,
for reactions involving strongly bound projectiles (especially
non-α-cluster in nature), existing studies are limited. Hence, it
is required to further explore the above for strongly bound pro-
jectiles as well. This may help in investigating the influence of

breakup on CF cross section over a wide range of projectiles
with different breakup threshold energies.

With this motivation, the analysis of experimental data for
one of our recently measured 14N + 181Ta systems was per-
formed within the framework of the universal fusion function
(UFF) [19,23] approach. The present paper is organized as
follows: A brief description of experimental details is given in
Sec. II. Section III deals with the analysis and interpretation
of UFF data. In Sec. IV a brief summary of the presently
investigated system is presented.

II. EXPERIMENTAL DETAILS

In order to investigate the influence of projectile breakup,
a program of measuring fusion cross section for various
projectile-target combinations was undertaken. In the present
experiments the interaction of 14N with 181Ta was performed
using the Pelletron ion-beam facility of the Inter University
Accelerator Centre (IUAC), New Delhi, India. The excitation
functions (EF) for a large number of residues populated via CF
and/or ICF processes were measured. Spectroscopically pure
thin 181Ta targets and aluminium catcher/energy-degrader
foils were prepared by using the rolling technique. The
thickness of each target was measured for precision by the
α-transmission method. Three stacks each consisting of four
target-catcher foil assemblies were irradiated separately at
energies 87.07 ± 0.93, 85.17 ± 0.83, and 83.05 ± 0.95 MeV
with a beam current of 4–5 p nA. The cross sections for
various reaction residues were measured at twelve different
energies ranging from ≈65 to 88 MeV to cover a broad range
of EFs. The irradiations were carried out in the General Pur-
pose Scattering Chamber (GPSC), which has an in-vacuum
transfer facility (ITF). The activities induced in each sample
were recorded several times using a high-purity germanium
(HPGe) detector (100 cm3 active volume) coupled to a
computer-aided measurement and control (CAMAC) based
data acquisition system. The resolution of the HPGe detector
was 1.2 keV for the 1.33 MeV γ -ray of 60Co. The energy
and efficiency calibrations were done by using the standard
γ sources, viz., 22Na, 60Co, 133Ba, and 152Eu. The calibration
was checked several times during the experiments and dead
time corrections were also made.

III. ANALYSIS AND INTERPRETATION OF DATA

A. Calculations with the code CCFULL

The channel-by-channel experimental cross section data
of evaporation residues populated via xn/pxn channels, viz.,
192Hg(3n), 191Hg(4n), 190Hg(5n), 189Hg(6n), 191Au(p3n),
190Au(p4n), and 189Au(p5n), were measured and compared
with the predictions of theoretical model code PACE4 [39] over
a wide range of energy. The cross sections for the 3n, 4n,
5n, and 6n channels were found to be agree well with the
statistical model predictions based on the CN model. How-
ever, in case of p3n, p4n, and p5n channels, the contribution
from the higher charge precursor decay was separated out for
comparison with the predictions of PACE4. After separating the
precursor contribution, the EFs for these residues agreed well
with the theoretical predictions. These reaction residues were
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FIG. 2. A typical γ -ray spectrum of the 14N + 181Ta system for
all CF channels at 85.17 ± 0.83 MeV.

identified by their characteristic γ rays from the recorded γ

ray spectrum. As a representative case, the relevant portion
of the γ -ray spectrum of the 14N + 181Ta system recorded at
85.17 ± 0.83 MeV is shown in Fig. 2 and the γ peaks of
the residues populated via CF channels are labeled by γ -ray
energies as well. Further, the identification of these populated
residues was also confirmed by measuring their half-lives
using decay curve analysis.

Fusion reactions at energies above the Coulomb barrier
have been well studied. Extensive experimental and theoreti-
cal studies have revealed that fusion reactions at energies near
and below the barrier are strongly influenced by the coupling
between the relative motion of the colliding nuclei [40,41].
In order to address the coupling effects between the relative
motion of colliding nuclei and intrinsic degrees of freedom,
the standard way is to solve the coupled-channels equations
including all the relative channels. In order to study the above
effects, a FORTRAN 77 based program CCFULL [42], which
includes the couplings to all channels, was used to determine
the fusion cross section. The coupled-channels differential
equation is given by [42,43][−h̄2

2μ

d2

dr2
+ J (J + 1)h̄2

2μr2
+ V (0)

N (r) + ZPZT e2

r
+ εn − E

]

× ψn(r) +
∑

m

Vnm(r)ψm(r) = 0, (2)

where r is the radial component of the coordinate of the
relative motion, μ is the reduced mass, E is the bombard-
ing energy in the center-of-mass frame, and εn is excitation
energy of the nth channel. Vnm are the matrix elements of
the coupling Hamiltonian and V (0)

N is the nuclear potential
in the entrance channel. The coupled-channels equations can
be solved by imposing boundary conditions. The total fusion
cross section (

∑
σCF ) was obtained for the 14N + 181Ta sys-

tem from the sum of experimentally measured cross section
values for various fusion channels and compared with the
predictions of coupled-channels calculations done using the
code CCFULL [42], as shown in Fig. 3. As can be seen from
this figure, the experimental fusion cross section data match
well with the predictions of the code CCFULL over the entire
range of energy, which strengthens and justifies the validity of
our measurements. In the coupled-channels (CC) formalism,

FIG. 3. The experimentally measured total complete fusion cross
section

∑
σCF is plotted as a function of incident projectile energy.

The red solid line denotes the theoretical fusion cross section calcu-
lated by using the code CCFULL.

the Wood-Saxon (WS) potential, which is a deep attractive
potential, is used as a real nuclear potential and its depth (Vo)
is chosen to reproduce the experimental cross section. The val-
ues of various parameters like Vo, ro, and ao used in this code
to calculate fusion cross section are taken to be 61.4 MeV,
1.7 fm, and 0.63 fm respectively for the 14N + 181Ta system.
For these values of parameters, the theoretically calculated
fusion cross section data agrees well with the experimentally
measured fusion cross section data. It needs to be pointed out
here that the above calculations do not consider couplings
to unbound or continuum states. As such, the theoretical
fusion cross sections were calculated without taking into
account the contribution from breakup channels. The coupled-
channels calculations are found to explain the fusion cross
section data, in general, at above-barrier energies reasonably
well; however, the inelastic excitations and transfer may not
be accounted for simultaneously. The continuum-discretized
coupled-channels (CDCC) calculations [44–47] may handle
breakup and fusion reactions in a coherent manner, especially
for the loosely bound projectiles [45,48–50]. However, the
strongly bound 14N beam, employed in the present work, may
be considered as an inert projectile that makes it easier to
use the inclusive data provided by the activation method to
analyze the results of presently measured cross section data
within the framework of the universal fusion function (UFF)
approach, described in the following sections. It may be men-
tioned that, in order to obtain a systematic analysis, the fusion
cross section data needs to be compared for many projectile-
target combinations, which needs a systematic data reduction
procedure as discussed in the following section. This may also
help us to get significant information regarding the effects of
breakup probability on the fusion cross section data.

B. Reduction procedures and calculation of suppression factor

1. Comparison of fusion data

In the present work, the measured fusion cross section
data for the 14N + 181Ta system were compared with the
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FIG. 4. Comparison of fusion cross section data for strongly bound projectiles. In (a) the data are compared directly while in (b), (c), and
(d) the data are reduced by using different prescriptions. (For details, see text.)

corresponding data for the systems 12C + 169Tm, 12C + 159Tb,
13C + 169Tm, 13C + 159Tb, 16O + 169Tm, 16O + 159Tb,
19F + 169Tm, 19F + 159Tb, and 19F + 175Lu. As can be
seen, these systems have the target nucleus in the mass
number region from A = 159 to A = 181 and involving
beams of 12,13C, 14N, 16O, and 19F. This comparison is shown
in Fig. 4(a). As can be seen from this figure, the fusion
cross section data for the above mentioned projectile-target
combinations when plotted as a function of center-of-mass
energy are not in order, and no conclusion could be drawn
with such a comparison of data. The observed scattered data
for various systems may be due to geometrical effects. In
order to wash out the geometrical effects, the fusion cross
section may be normalized with respect to the geometrical
parameters and the incident projectile energy with respect
to the barrier height. The barrier height is calculated as
Vb = ZPZT e2

4πεoRb
where ZP and ZT are the atomic numbers of

projectile and target nucleus, respectively, and the barrier
radius is approximated by Rb = ro(A1/3

P + A1/3
T ), where AP

and AT are the mass numbers of projectile and target nucleus
respectively. Since the different systems have different barrier
heights, different values of barrier radius are associated.
Hence, cross section may be normalized by the barrier radius
while the center-of-mass energy may be normalized by the
Coulomb factor (ZPZT ).

Such normalized values of cross section and energy plotted
using the above procedures are shown in Fig. 4(b) for the

presently studied system along with several other systems
as already mentioned. It may be observed from this figure
that some of the effects due to different sizes and Coulomb
factor seem to be washed out as compared to Fig. 4(a), but
not completely. Hence, in order to remove these effects com-
pletely, some other procedure may be adopted. The fusion
cross section may also be influenced by geometrical cross
section due to different sizes of target nuclei while the effec-
tive energy av ailable for the reaction is over the Coulomb
barrier (Vb). In order to overcome the above, the fusion cross
sections normalized with πR2

B are plotted with center-of-mass
energy above the Coulomb barrier and normalized with Vb,in
Figs. 4(c) and 4(d) respectively. As can be seen from these
figures, the data for different systems now seem to be in good
agreement with respect to each other. It may be remarked that
these reductions still depend on the system used. However,
minor deviations observed still need to be looked into and it is
desirable to compare the data within some universal approach,
as discussed below.

2. The universal fusion function

In order to obtain a systematic behavior of fusion cross
section data in HI collisions, it may be better to use a standard
procedure for reducing the fusion cross section data to elim-
inate the geometrical and static effects due to the potential
acting between the interacting nuclei. In view of the above,
a method suggested by Canto et al. [19,23] seems to be
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TABLE I. List of different parameters used to calculate the ex-
perimental fusion function for various systems.

System Vb (MeV) Rb (fm) h̄ω (MeV) ZPZT Ref.

12C + 169Tm 50.83 10.99 4.5 414 [53]
12C + 159Tb 48.3 10.88 4.4 390 [6]
13C + 169Tm 50.44 11.08 4.3 414 [54]
13C + 159Tb 47.97 10.97 4.2 390 [7]
16O + 169Tm 66.7 11.16 4.37 552 [55]
16O + 159Tb 63.47 11.04 4.34 520 [56]
14N + 181Ta 61.77 11.27 4.36 511 a

19F + 169Tm 74.12 11.29 4.24 621 [8]
19F + 159Tb 70.78 11.14 4.17 585 [9]
19F + 175Lu 75.83 11.36 4.23 639 [10]

aEffective lifetime not corrected for feedingPresent work.

appropriate and is adopted in the present work for normal-
izing the fusion cross section. In this approach, the fusion
cross section (σF ) is converted into a dimensionless quantity
referred to as the fusion function F (x) and the incident energy
as a dimensionless variable x. A realistic potential is not only
characterized by barrier height but also by its radius as well as
curvature, and these values vary from system to system. The
barrier curvature (h̄ω) influences the tunneling probability and
is significantly important at lower energies. Both the dimen-
sionless fusion function F (x) and the variable x are deduced
to account for the effects due to the above parameters as

F (x) = 2Ec.m.

h̄ωR2
b

σF , (3)

x = (Ec.m. − Vb)

h̄ω
; (4)

here, Ec.m. is the collision energy in the center-of-mass frame,
σF is the fusion cross section, and h̄ω, Rb, and Vb are the bar-
rier curvature, barrier radius, and barrier height respectively.
In the present work, the barrier parameters like h̄ω, Rb, and Vb

are taken from the NRV code [51] and are given in Table I for
various projectile-target combinations. The last column of this
table gives references from where the experimental data are
taken. The experimental fusion function F (x) values are de-
duced from the measured cross sections and the corresponding
theoretical values are obtained from the barrier parameters us-
ing Eq. (3). The reduction procedure given by Eqs. (3) and (4)
was formulated by Wong [52] for the fusion cross section as

σW
F = R2

bh̄ω

2Ec.m.

ln

[
1 + exp

(
2π (Ec.m. − Vb)

h̄ω

)]
. (5)

Replacing σF with σW
F from the above in Eq. (3), the fusion

function F (x) educes to another dimensionless function,

Fo(x) = ln [1 + exp(2πx)]. (6)

The above relation is referred as the universal fusion
function (UFF) [22] or Fo(x) is a general function of a
dimensionless variable x and does not depend upon the
system properties. For x >1, Fo(x) ≈ 2πx. In the simple
approach, at energies larger than Coulomb barrier, fusion

cross section are calculated as

σF = πR2
b(Ec.m. − Vb)/Ec.m.. (7)

In the above expression, the fusion cross section is
independent of width of the barrier and can simply be
described as absorption of the incident flux by the nucleus
representing a black disk of radius Rb. The reduction in CF
flux may be understood as the partial fusion associated with
the unfused fragment of the projectile not being confined
within the black disk. As a result, a component of cross
section due to incomplete fusion of projectile may reduce
the experimental fusion cross section data. The reduction in
fusion cross section may be investigated by comparing the
data of different systems with those obtained from the UFF
analysis. The lowering of experimental data with respect to
the UFF may be attributed to the reduction in CF flux as a
result of breakup and/or partial fusion of the projectile.

During the past few decades, CF cross section data for
several reactions involving weakly bound projectiles have
been measured [27,42–45] and suppression of CF cross sec-
tion with respect to total fusion cross section above the
barrier has been observed. Moreover, a significant contri-
bution from ICF processes for reactions involving strongly
bound projectiles has also been observed [6–10]. In or-
der to investigate the effect of projectile breakup in the
case of strongly bound projectiles as well, in the present
work, the experimental fusion function data of a non-α-
cluster beam 14N on the target 181Ta are presented and
compared with the deduced fusion function for the systems,
viz., 12C + 169Tm, 12C + 159Tb, 13C + 169Tm, 13C + 159Tb,
16O + 169Tm, 16O + 159Tb, 19F + 169Tm, 19F + 159Tb, and
19F + 175Lu. The deduced UFF have been analyzed within
the framework of Wong’s formations [52] and are plotted
as shown in Figs. 5(a)–5(d) and 6. The solid black line in
these figures represents the UFF obtained by Eq. (6) and the
colored dashed line represents the best fitting to the experi-
mental fusion function data. As may be seen, the experimental
fusion functions for all the cases are found to be suppressed
with respect to the UFF line indicating that some part of
the incident flux has been reduced which may be attributed
due to partial fusion as a result of breakup of the projectiles.
It may be observed that the CF data are most suppressed
for 19F and least for 14N projectile. An attempt has been
made to explain the degree of suppression on the basis of
breakup threshold energy (EB.U .) of projectiles. The EB.U . of
19F is 4.01 MeV, hence it is the least tightly bound projectile
among all these, and 14N is the most tightly bound projectile
among all these, with a value of EB.U . equal to 11.62 MeV.
The experimental fusion function for the CF data is found
to be least suppressed for the most strongly bound projectile.
Moreover, it can also be concluded from Figs. 5(a)–5(d) that
the experimental fusion functions for the reactions induced by
the same projectile are close to each other, which implies that
the CF suppression is independent of the target charge. For
the sake of completeness, the experimental fusion functions
for all these systems are also shown together along with UFF
in Fig. 7. The red and blue color dotted lines represents the
range of suppression of CF cross section data and are obtained
by multiplying the UFF with 0.95 and 0.76 respectively. It has
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FIG. 5. The experimental fusion functions plotted separately for (a) 19F projectile, (b) 16O projectile, (c) 12C projectile, (d) 13C projectile,
on different targets. The black solid line represents the UFF.

been found that there is a suppression of about 5–25% in CF
data with respect to the UFF for the projectiles under study.

Further, the above analysis suggests that the suppression
seems to be sensitive to the breakup threshold energy of the
projectile. It has been observed from these figures that if the
breakup threshold of the projectile is higher, the suppression
is lower. As can be seen from the Fig. 6, the suppression with

FIG. 6. The experimental fusion function for the 14N + 181Ta sys-
tem. The black solid line represents the UFF.

respect to UFF is found to be lowest for the 14N projectile
as compared to all the other projectilesm which is related to
the fact that the breakup threshold of 14N is highest (EB.U . =
11.62 MeV) among all these projectiles. In order to correlate
the suppression with breakup threshold energy, the following

FIG. 7. The experimental fusion function for strongly bound pro-
jectiles on different target nuclei. The black solid line denotes the
UFF. (For more details, see text.)
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FIG. 8. The deduced suppression factors for various projectiles
are plotted as a function of their breakup threshold energy. The black
solid line represents the empirical relation given by Eq. (9) and red
dotted line is given by Eq. (10).

empirical relation [57] may be used:

log10 (1 − FB.U .) = −a exp(−b/EB.U .) − cEB.U . (8)

where a, b, and c are the fitting parameters and EB.U . is the
breakup threshold energy of the projectile in MeV. FB.U . is the
suppression factor obtained from the ratio of the experimental
fusion function and Fo(x) given by Eq. (6).

The values of the parameters a, b, and c suggested by Wang
et al. are a = 0.33, b = 0.29 MeV, and c = 0.087 MeV−1. As
a result, Eq. (8) takes the form

log10 (1 − FB.U .) = −0.33 exp(−0.29/EB.U .) − 0.087EB.U .

(9)
The suppression factor FB.U . for the present work using

14N projectile was obtained by fitting the experimental fusion
function data in Fig. 6 by multiplying the UFF with 0.945.
A variation of FB.U . for various projectiles as a function of
their respective breakup threshold energy is shown in Fig. 8.
The black solid line in this figure represents the variation in
suppression as per Eq. (9). It can be observed from this figure
that the experimental data are not in very good agreement with
the empirical equation [Eq. (9)] given by Wang et al. As such,
the constants a, b, and c in Eq. (8) were varied as a = 0.28,
b = 0.39 MeV, and c = 0.085 MeV−1. Using these values of
parameters, Eq. (8) becomes

log10 (1 − FB.U .) = −0.28 exp(−0.39/EB.U .) − 0.085EB.U ..

(10)

A plot of the above equation is shown by the red dotted line
in Fig. 8. It may be observed that the data points in Fig. 8
are found to be in good agreement with the empirical relation
given by Eq. (10) rather than Eq. (9) given in Ref. [57].
Further, the trend is the same for both equations. The val-
ues of log10 (1 − FB.U .) obtained from Eq. (10) by fitting the
experimental data for different projectile-target combinations
are shown in Table II. The analytical relation also suggests
that effect of projectile breakup on fusion cross section is a
breakup threshold energy effect.

TABLE II. The table shows the suppression factor obtained from
the empirical formula (9) and by fitting the experimental fusion
function data for different projectiles. The second column of this
table shows the breakup threshold energy of the projectiles.

EB.U . log10 (1 − FB.U .) FB.U . log10 (1 − FB.U .)
Projectile (MeV) [Eq. (10)] (fit) (fit) Target

12C 7.367 −0.89 0.88 −0.95 169Tm
159Tb

13C 10.648 −1.17 0.93 −1.15 169Tm
159Tb

16O 7.161 −0.87 0.85 −0.824 169Tm
159Tb

14N 11.62 −1.25 0.945 −1.26 181Ta
19F 4.014 −0.59 0.74 −0.58 169Tm

159Tb
175Lu

IV. SUMMARY

In the present work, an attempt has been made to see the
breakup effects of the strongly bound non-α-cluster projectile
14N on fusion cross section at energies above the Coulomb
barrier. The experimentally deduced total complete fusion
cross section was compared and found to be in good agree-
ment with the predictions of the theoretical code CCFULL over
a wide range of energy. Moreover, the fusion cross section
data for other systems involving strongly bound projectiles
were compared with each other. Several reduction proce-
dures were adopted in order to wash out the geometrical
effects affecting the fusion data. Also, with the help of the
experimentally deduced total complete fusion cross section,
the experimental fusion function was deduced and compared
within the framework of a benchmark curve called the uni-
versal fusion function. It was observed that the experimental
fusion function for 14N is ≈5% below the UFF. Along with the
presently studied 14N + 181Ta system, the experimental fusion
functions for various other systems were also deduced and
compared with the theoretically calculated values of UFF. A
significant suppression of about 5–25% in CF cross section
was observed, which clearly suggests that the suppression
is due to the prompt breakup of the projectiles. The CF
suppression for reactions involving the same projectile was
found to be independent of target charge. With the help of
the experimental fusion function, the suppression factors for
different projectiles were also deduced and a strong corre-
lation between the breakup threshold of the projectile and
the suppression was observed. The systematics developed by
Wang et al. was modified by changing the fitting parameters,
confirming that projectile breakup on fusion is a threshold
energy effect.

In order to have a better understanding and to have a
more clear and conclusive picture of the effects of projec-
tile breakup on fusion cross section, theoretical studies in
this direction along with more and more experimental data,
especially for non-α-cluster projectiles, are required. New
experimental data may help in developing universal system-
atics at energies ≈4–7 MeV/nucleon.
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