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Abstract: We perform a comprehensive analysis of the complete and incomplete fusion cross sections of the reac-
tion residues produced for the '°0 + 93Nb system at energies above the barrier, with.a novel interpretation in terms
of entrance channel parameters. The measured excitation functions of the residues have been compared with the pre-
dictions of the statistical model code PACE4 to understand the reaction mechanisms associated with the energy re-
gion of interest. The experimental cross sections of 1%°In, 195Cd, and '%*¢d residues measured at varying projectile
energies are populated to a large extent through the complete fusion processes. However, a noticeable cross-section
enhancement in the a-emitting channels has been observed compared to statistical model predictions. The observed
enhancement may be attributed to the involvement of breakup fusion processes. To shed light on the onset and
strength of incomplete fusion, the incomplete fusion fraction has been derived as a function of various entrance
channel parameters. Further, the total fusion cross sections of three systems, 80 + 93Nb, 10 + Nb (present
work), and 13C + 93Nb, have been reduced using standard reduction procedures, which show that the incomplete fu-
sion fraction for reactions induced by projectile %0 has-a lower value compared to reactions induced by 30 and a
larger value when compared to reactions induced by '3C. This reduction method undeniably reveals the projectile
type dependency of incomplete fusion reactions, and the results may be explained by considering the projectile Qg
value. In addition, the dependence of incomplete fusion dynamics on the total asymmetry parameter, system para-
meter, fissility parameter, nuclear potential parameters, and target deformation is extensively investigated. Suppres-
sion in the fusion cross section is found when compared to the universal fusion function.
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I. INTRODUCTION

Over the past several decades, a thorough examina-
tion of the fusion reactions of tightly and weakly bound
stable heavy projectiles with medium and heavy targets
has been performed and discussed in the literature [1-5].
However, the mechanisms behind various reaction pro-
cesses, such as complete fusion (CF), incomplete fusion
(ICF), deep inelastic scattering, quasi-fission, precom-
pound processes near the Coulomb barrier, and nucleon
transfer reactions, which are likely to be observed in low-
energy heavy ion-induced reactions, have not yet been
completely understood [6—11]. Despite this, their import-
ance in understanding the synthesis of super-heavy ele-
ments [12, 13], the quantum mechanical tunneling phe-
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nomenon near sub-barrier energies, the fusion hindrance
phenomenon at deep sub-barrier energies [14, 15], and
the behavior of nuclei far from the stability region invest-
igated using radioactive ion beams on medium/heavy
mass targets [16—18], etc., has fascinated researchers for
further studies. Due to the limited availability of intense
exotic beams, researchers have conducted extensive ex-
perimental studies using intense beams of stable weakly
bound nuclei %’Li, and °Be, as well as tightly bound nuc-
lei '*C, '°0, and "F [19-24]. The effects of tightly and
weakly bound (stable, halo, and Borromean) nuclei on the
interaction phenomena are surprisingly distinct [25].
Tightly bound nuclei (**C, '°0) may transfer their full
momentum to the target, resulting in complete fusion. On
the other hand, weakly bound nuclei (like ®’Li, and °Be)
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may break up into one or more fragments before fusing
with the target [19—21]. This phenomenon, known as
break-up fusion or incomplete fusion, results in a partial
amount of momentum transfer. Reduced incoming flux
leads to the formation of a compound nucleus with lower
mass and excitation energy, which in turn affects the pro-
duction cross section of individual evaporation residues.
In heavy ion collisions, particularly induced by light
and/or heavy weakly bound nuclei, the breakup cross sec-
tions are typically very large, and breakup coupling can
have a significant effect on the cross sections of several
other channels [26—28].

Recently, many efforts have been made to compre-
hend the low-energy ICF processes and their sensitivity
to different entrance channel parameters [29—32]. Our re-
search collaborators have also been engaged in investigat-
ing the dynamics of ICF reactions at low energies
[33—37]. Parker et al. [38] observed the occurrence of
ICF for a variety of projectiles 'C, PN, '°0, "°F, and
Ne interacting with a 'V target at energies of ~ 6
MeV/nucleon. In addition, recent studies demonstrate that
the ICF fraction is greatly influenced by both the pro-
jectile energy and its structure [33, 37]. The projectile
structure effect on ICF is explored more effectively in
terms of the projectile Q, value [34]. The theory by Mor-
genstern et al. [39] emphasizes that the ICF fraction is in-
fluenced by the entrance channel mass asymmetry of the
interacting partners. The Universal Fusion Function
(UFF), proposed by Canto et al. [4], is a significant tech-
nique for studying the influence of different entrance
channel characteristics on ICF dynamics. This method
entails comparing the measured fusion cross sections to
UFF in heavy-ion interactions. In this article, with the
motivation of gaining better insight into the ICF depend-
ence on various entrance channel parameters, the excita-
tion functions (EFs) of evaporation residues (ERs) popu-
lated in the interaction of the 0 + *Nb system have
been measured in the energy range from 55.1-98.1 MeV.
The measured excitation function of the residues has been
studied within the framework of one of the widely used
statistical model codes PACE4 [40] to understand the re-
action mechanisms involved in the low energy region. It
is noteworthy that Sharma et al. [41] have also investig-
ated the same projectile-target system. The work of
Sharma et al. [41] was essentially limited to reporting ex-
citation functions of selected residues and comparing
them with statistical model calculations. No attempt was
made to separate independent cross sections for precurs-
or-fed channels, and to extract the incomplete fusion frac-
tion (Ficr) along with its dependency on entrance chan-
nel parameters. Consequently, the present study ad-
dresses the systematic behavior of ICF over the work re-
ported by Sharma et al. [41] for this system.

In view of this, the present work not only supple-
ments the data of earlier work [41], but also provides a
better presentation of the excitation function measure-

ments of the ERs. Independent cross sections have been
deduced to remove precursor contributions, enabling a
more reliable estimation of a-emitting channel strengths.
The ICF cross sections and Ficr values have been quantit-
atively extracted over the entire energy range. Most im-
portantly, the present work undertakes a systematic and
comprehensive correlation analysis, exploring the de-
pendence of ICF strength on entrance channel paramet-
ers, such as projectile energy, projectile Q, value, total
asymmetry, system parameter (), fissility, nuclear poten-
tial parameters, target deformation, and complete fusion
suppression analyzed within the Universal Fusion Func-
tion framework. Furthermore, by incorporating the 'O +
%Nb system into the systematic framework previously es-
tablished for O+ *Nb [33] and '*O + Nb [37] sys-
tems, the present study completes the sequence of three
projectiles on the same target. This controlled comparis-
on significantly reduces target-dependent ambiguities and
provides a more stringent test of projectile-structure and
breakup-threshold effects on ICF dynamics. Therefore,
the present investigation does not merely extend earlier
measurements, but substantially advances the systematic
understanding of low-energy incomplete fusion pro-
cesses. The paper presents the experimental methodo-
logy and data reduction procedures in Sec. II, while Sec.
IIT deals with the analysis of the data with the help of
nuclear model code, and Sec. IV demonstrates the influ-
ence of ICF on CF and its dependency on various en-
trance channel parameters. Section V gives a summary of
the work done and the conclusions.

II. EXPERIMENTAL METHODOLOGY

The present experiment was designed and performed
using the 15UD Pelletron accelerator at the Inter-Uni-
versity Accelerator Centre (IUAC), New Delhi (India),
employing a methodology similar to that of our earlier
publications [33, 37]. Self-supporting targets of natural
Nb were prepared using a rolling mill in the target
laboratory of IUAC, New Delhi. Nb foils (1.712 mg/cm?)
stacked alternately with the 2’Al catcher foils (2.078
mg/cm?) were arranged in front of the '°0O beam. The uni-
formity of each target was confirmed by the o-transmis-
sion method. Al-catcher foils were used for capturing the
recoiling ERs and for energy degradation to achieve a de-
sired range of energy interest. Based on the available
beam intensity and the expected number of events for
each channel, irradiation was performed for approxim-
ately 810 hours in the general-purpose scattering cham-
ber. An in-vacuum transfer facility was used to reduce the
time between the end of irradiation and the start of count-
ing. The weighted average beam current of ~ 25-30 nA
was calculated with an electron-suppressed Faraday cup,
employing a precise current integrator device. Beam
fluxes recorded using two different techniques (time-
weighted beam current and total charge collected in the
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Faraday cup) were found to be consistent within a 10%
variation. A Monte Carlo simulation-based SRIM code
[42] was used to determine the amount of energy lost
with each target. The energy (E) used for analysis was the
average of the incident and outgoing energies.

After the irradiation, the stack of Al catchers along
with the **Nb target was taken out from the scattering
chamber with the help of an in-vacuum transfer facility.
The activities induced in the target catcher assembly were
recorded separately by a pre-calibrated, high-resolution,
high-purity germanium (HPGe) detector coupled with the
computer-automated measurement and control-based data
acquisition system CANDLE [43] software. The target-
catcher foil collections underwent several rounds of
counting: first, for short periods of time (i.e., ~ 100-300
s) to capture the reaction products with short half-lives,
and then for longer periods of time (i.e., ~ 10-60
minutes) to identify reaction products with relatively long
half-lives. The Ge crystal (a part of the detector) was pro-
tected from outside sources of radiation by a lead brick
shield of sufficient thickness. The absolute efficiency and
energy calibration of the detectors were determined us-
ing a set of standard radioactive sources of ?Eu (T, ;=
13.517 yr) and '**Ba (T, = 10.551 yr) at the target posi-
tion. A typical profile of y-ray for the '°0 + *Nb system
at an incident energy of 79.3 + 1.0 MeV is shown in Fig.
1, where the characteristic peaks are marked with corres-
ponding decaying channels. The evaporation residues are
confirmed not only by their characteristic y-ray energies
but also by their decay data. The nuclear spectroscopic
data used to calculate the cross sections are tabulated in
Table 1 and are taken from the Table of Radioactive Iso-
topes [44]. Further, the decay curves of the reaction
residue '»Cd formed via the p4n channel, identified with
two different y rays of 83.6 and 709.3 keV, are given in
Fig. 2. It can be seen in Fig. 2 that the half-life of
1%4Cd(p4n) determined from the decay curves agrees well
with the value given in the literature (57.7 min) [44] with-
in the limit of experimental uncertainty. This verifies the
production of the residue 'Cd via the p4n channel. The
other residues were identified by applying the same meth-
od. Using the standard formulation [33], we calculated
the production cross sections for the identified reaction
residues populated via CF and/or ICF reactions at each
energy:

Aldexp(At,)

o(B) = NogecbK[1 —exp(=At;)][1 —exp(-At3)]

where A is the total number of counts recorded under the
peak in time t;, N, is the number of target nuclei per area,
¢ is the incident flux, t; is the irradiation time, t, is the
time elapsed between the stop of irradiation and the start
of counting, t; is the counting time, @ is the branching ra-
tio, 4 is the decay constant of the evaporation residue, ¢
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Fig. 1.  (color online) Typical y-ray energy spectrum ob-

tained from the interaction of the 190 + ?*Nb system at Ejy =
79.3 + 1.0 MeV. Some of the identified y-ray peaks have been
assigned to the respective evaporation residues populated via
CF and/or ICF channels.

is the geometry-dependent efficiency of the HPGe detect-
or, and K is the self-absorption correction factor of the y-
ray in the target. The evaporation residue (ER) cross-sec-
tion has been calculated using the EXPSIGMA code,
written based on the above formulation. The possible
sources of the associated measurement uncertainties in
the cross-section are as follows: (i) variations of 2% in
the geometry-dependent efficiency of the detector, (ii) in-
accuracy in the measurement of target thickness leading
to an error of 2%, and (iii) incident flux may change due
to fluctuations in beam current during irradiation. The
beam current has been carefully maintained, and the er-
ror due to beam fluctuations is predicted to be less than
6%. (iv) By properly adjusting the source-detector dis-
tance, the dead time of the spectrometer was kept to a
minimum. Additionally, a 50 Hz pulser was used to ac-
curately estimate the dead time of the detector. Efforts
were taken to minimize the uncertainties caused by all the
above factors. Errors in the present measurements, in-
cluding the above-mentioned sources of uncertainties, are
estimated to be <15%.

III. DATA EXTRACTION, ANALYSIS, AND IN-
TERPRETATION

In the present experimental study, EFs of ERs,
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Table 1.

acteristic y-ray energies, and dominant production reaction channels.

Identified evaporation residues produced in the '°0 + **Nb system are listed along with their half-lives, decay modes, char-

Nuclides Half-life Decay mode E, (keV)[L, (%)] Production reaction channel
1061y 6.2 min € + % (100) 861.1[92.0] SBNb(1°0,3n)
105¢cd 55.5 min €+ (100) 961.8[4.6] SNb(1°0,p3n)
10404 57.7 min €+ B (100) 83.6[47.0],709.3[19.5] 93Nb(160,pdn)
105 A9 4129d e+ (100) 280.5[31.0],344.5[42.0] 93Nb(160,0)
443.4[10.7]
10470 1.153 h €+5+(100) 555.8[92.8],857.9[10.3] 93Nb(160,0m)
926.0[12.5],941.7[25.2]
103Ag 65.7 min €+5+(100) 118.6[31.2],148:1[28.3] 93Nb(160,02n)
243.8[8.5]
10270 12.9 min €+B7(100) 719.5[58.0] 93Nb(1°0,a3n)
101Ag 11.1 min e+p7(100) 261.0[52.6] 93Nb(160,a4n)
101pg 8.47h €+B*(100) 269.7[6.41,296.2[19.2] 93Nb(10,ap3n)
565:9[3.41,590.4[12.0]
100pg 3.63d €(100) 74.7[98.0] 93Nb( 160 ,apdn)
100Rp 20.8h €+ B (100) 446.1[11.2],539.5[78.4] 93Nb(160,2an)
822.5[20.0]
9mRh 47h €+8*(>99.84),IT (<0.16) 340.8[69.0],617.7[11.8] BNb(1°0,202n)
1261.0[10.9]
9TRu 2.88d €(100) 215.7[86.0] 93Nb(160,2ap3n)
96T 428d €+B7(100) 778.1[99.71,812.4[82.0] 93Nb(1%0,30n)
849.8[98.0]
ST 20.0h e+B*(100) 765.7[94.0],947.6[1.9] BNb(190,302n)
9% 293 min e+ B (100) 702.6[99.6],871.1[99.9] 93Nb(10,3a3n)
v y v v " v **Tc have been populated through CF and/or ICF chan-
10°} Eiap = 98.1 (MeV) 1%4¢d (pdn) 1 nels in the '°0O + %Nb system at energies 55.1-98.1 MeV.
: t,/, = 57.7 min £ 0.3 min 1 These measured excitation functions have been investig-
5 For EY = 83.6 keV gtgd within the framework of one of the widely used stat-
8 [ T ) istical model codes, PACE4 [40]. This code is based on
g 10°F J the Hauser-Feshbach theory of compound nucleus (CN)
S [ ! t,,, = 57.7 min £ 0.8 min ) decay and employs a statistical approach to CN de-excita-
3 tion via the Monte Carlo procedure [45]. The angular mo-
O foet : mentum projections are taken at each stage of de-excita-
10" tion. The cross—s.ections for a paﬂ.icular reactioq channel
i : are calculated using Bass formulations [46]. Partial cross-
: For Ey =709.3 keV section (¢) for CN formation as a function of incident en-
. Vo . . ergy and angular momentum (o) values is:
2000 4000 6000 8000 2
Lapse Time (s) or =2+ DT,
Fig. 2.  (color online) Decay curve of the reaction residue

104Cd(p, 4n) for 83.6 keV and 709.3 keV y-ray energy.

namely lOﬁIn IOSCd I04Cd IOSAg 104Ag 103Ag 102Ag
lOlAg IOIPd IOOPd IOORh 99mRh 97Ru 96TC 95TC and

where 4 is the reduced wavelength, and the transmission
coefficient (T,) is considered to be

-1
T, = {1 +exp (75 imaxﬂ
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where A is the diffuseness parameter, and ¢,,,x is the max-
imum value of ¢ determined by the total CF cross-sec-
tion.

[ee)
O = E (s
¢

The transmission coefficients for light emitted
particles such as neutrons (n), protons (p), and alpha
particles () are calculated using optical model potentials
(OMP). In Hauser-Feshbach calculations at low energies,
the potential provided by Wilmore and Hodgson [47] is
used as the neutron potential instead of the one provided
by Becchetti-Greenlees [48].

The neutron potential and other OMP parameters are
given in MeV for potentials and in fm for radius.

V =47.01-0.267E - 0.00018E?
ro=1.322-7.6Ax 107 +4A%x 107 -8A3x 107
ay = 0.66
Wy =9.52-0.053E
rp = 1.266-3.7AX 107 +2A? x 107
ap=0.48

The OMP parameters for the proton are
V =53.3-0.55E-27(N-2)/A+0.4Z/A"?)
1o = 125,29 = 0.66
Wp=13.5+2.0
rp = 1.25,ap = 0.47
Vo =7.55,150 = 1.064,a50 = 0.78

re =125

For a particles, PACE4 [40] uses OMP parameters that
are fixed. The OMP parameters for o particles

V =50,ry = 1.17AY3 + 1.77,2, = 0.576

W), = 45.7exp(—x), where x = (r— 1.40A'?)/a,,

p=1.17AY3 +1.77

ap =0.576

In this code, the level density a = A/KMeV~' is another
important parameter of the statistical code, where K is the
free parameter. To match the experimentally measured
cross sections of the ERs, the value of "K" can be adjus-
ted within the physically acceptable limitations [49]. Gil-
bert et al. [50] show that the choice of K above 10 is un-
reasonable, but it has been observed in recent studies [51]
that K =13 and K = 10 satisfactorily reproduce the exper-
imental data for complete fusion channels over a broad
energy range for °Be + ' Tm and °Be + '¥’Re respectively.
Also, for the *Ne + ' Ho system [52], the authors claim
that a level density parameter constant K =12 repro-
duces the measured EFs satisfactorily for the reaction
channels populated via the CF process. Although it is
feasible to elucidate all excitation functions by varying
the parameters of the code for each channel, such an ap-
proach is fundamentally unreasonable from a physics per-
spective. Further, other reports [31, 33, 36, 37] are also
available in the literature where the value of the level
density parameter for statistical model calculations has
been optimized with experimental observations for the re-
action channels expected solely via CF dynamics, and the
optimized parameter thus obtained has been used for fur-
ther analysis of the particular projectile-target system. It
is also important to mention here that the code PACE4
does not take ICF into account, so any enhancement in
the experimentally measured EFs over the theoretical pre-
dictions gives a clear indication of incomplete fusion
[22—24]. The experimentally measured cross section data
are presented in Tables 2 and 3. The residues produced
through various reaction channels in the '°0+%Nb sys-
tem are explained below.

A. Excitation function measurement of xn and p xXn
emitting channels

In order to better understand the reaction mechanism
of evaporation residues populated via xn and/or pxn
channels, an attempt has been made to reproduce the
measured EFs of these evaporation residues using the
statistical model code PACE-4. The experimentally meas-
ured EFs of '®In, '"Cd, and '“Cd are expected to be
populated through the complete fusion process. To de-
termine the suitable value of the level density parameter,
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Table 2. Experimentally measured production reaction cross
sections of the evaporation residues '%In, %Cd, and '%Cd
populated in the 0 + ?>Nb system at different projectile en-
ergies.

Eiab (MeV) o(1%1In) (mb) o(1%5Cd) (mb) o(1%4Cd) (mb)
98.1+1.2 0.3 +0.07 202+2.6 335.6+43.6
89.9+1.1 1.0+0.16 129.5+16.8 299.7 +38.9
793+1.0 19.5+2.9 400.4+52.0 4139+53
67.8+1.3 171.0 £ 25.6 147.8+19.2 -
551+12 65.8+9.7 - -

different values of K (8, 10, and 12) have been tested. As
a representative case, the effect of variation of the para-
meter K on measured EFs of the ERs '%In is reported in
Fig. 3. This figure also displays the results obtained by
Sharma et al. [41] for the same system. As can be seen
from this figure, the experimentally measured excitation
functions for the 3n channel are in good agreement with
the theoretical predictions at K=8, except at an energy of
98.1 MeV. At the higher energy point, the cross-section
value matches with K=10. However, the results obtained
by Sharma et al. [41] significantly mismatch the present
data. The same difference has also been observed for the
cross-section values of the same 3n channel reported by
the same group [53] for another system in the study re-
ported by Chauhan et al. [54]. The observed difference in
the results might be due to the variation of the offline

counting statistics because of the very short half-life (6.2
min) of '%In. Furthermore, the experimentally measured
and PACE4-calculated ratio of o 4,/0,3, as a function of
Ei is given in Fig. 4. For the ratio of o u,/0p3,, PACE4
with K=8 is in good agreement with the experimental
data throughout the energy range. Since the PACE4 cal-
culations are based on compound nucleus theory and do
not take the ICF into account, it is evident that the evap-
oration residues '%In, '%Cd, and '"Cd are clearly formed
by de-excitation of the compound nucleus '®In* through
xn and/or pxn channels. This is in accordance with the
statement reported in earlier publications [31, 33, 36, 37].
Furthermore, no contribution of ICF to the formation of
1061, 195Cd, and '“Cd can be claimed in the considered
energy range.. The experimentally measured reaction
cross-sections for xn and/or pxn channels are presented in
Table 2.

B." Evaporation residues populated through the a-emit-
ting channels

The ERs emerging through the a-emitting channels
have the dual probability of being populated through both
the CF process and the ICF process. The excitation func-
tions of ERs, namely ®Ag, 1MAg 18Ag 10270 101Ag,
101pg, 190pq, 100RM, mRh, “7Ru, *Tc, #Tc, and **Tc, are
found to be populated through different a-emitting chan-
nels in the 'O+%Nb system at energies of 55.1-98.1
MeV. The experimentally measured EFs of individual o-

Table 3. Experimentally measured production reaction cross-sections o (mb) of identified evaporation residues in the 0 + 9*Nb sys-

tem at different projectile energies.

Epp (MeV) oM Ag) (mb) oM Ag) (mb) o('"Ag) (mb) o('Ag) (mb) (""" Ag) (mb)
98.1+1.2 13.8+23 208.3+27.0 902+11.7 32.9+42 1654+21.5
89.9+ 1.1 458 +7.7 192.1+24.9 9.7+1.2 1173+152 105.4 +13.7
793+ 1.0 91.7+15.5 56.4+7.3 189+2.4 1642+21.3 10.6+1.3
67.8+1.3 425+72 10.6+ 1.3 76.9 + 10.0 453+5.8 -
55.1+1.2 54+0.92 11.7+15 75.1+9.7 - -

Elp (MeV) ond(101pg) (mb) o('Pd) (mb) o('Rh) (mb) 99MRh (mb) o(°’Ru) (mb)
98.1+1.2 219.4+28.5 65.1+84 92+12 96+12 20.8 +0.65
89.9+ 1.1 1450+ 18.8 10.8+ 1.4 3.8+0.50 20.6+2.7 126+1.6
793+1.0 92+1.1 1.5+0.20 4.9+0.64 222+2.8 5.7+0.74
67.8+1.3 - 1.0+0.13 6.2+ 0.81 95+12 8.8+18
55.1+1.2 - - - -

Elp (MeV) o(°°Tc) (mb) a(*Tc) (mb) o(**Tc) (mb)

98.1+1.2 5.0+0.65 6.4+0.8 3.4+045

89.9+ 1.1 3.8+0.50 3.1+0.41 13+0.16

793+1.0 2.0+0.26 1.5+0.20 0.5+ 0.07

67.8+13 1.2+0.16 - 12+0.1

55.1+1.2 - - -
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Fig. 3.  (color online) Comparison of experimentally meas-

ured cross-sections of %In with the results obtained from

PACEA4 calculations for different values of the level density

parameter (a = A/K MeV™', where K = 8, 10, and 12) is

presented. Solid (red) circles with error bars in incident en-

ergy and cross-sections are the results of the present work, and
solid (green) circles represent the work of Sharma et al. [41].
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(color online) Variation of the cross-section ratio
opan 10 03, With energy Ej,p for the 1°0 + %Nb system. The
experimental data are compared with PACE4 statistical mod-

Fig. 4.

el calculations using different level density parameters K =8,
10, and 12.

emitting channels are compared with PACE4 predictions
using the same set of parameters. It is worth emphasizing
that the experimentally measured cross sections for the
ERs '®Ag, '™Ag, and '"'Pd are strongly fed from their
higher charge precursor isobars, '°Cd, '“Cd, and '"'Ag,
respectively, through an electron capture (EC) process
and/or B* emission. The independent cross sections (ojuq)
have been calculated from the cumulative cross sections
(0 cum) using the Cavinato et al. [55] formulation given as

tD
= -P __z
Tind = O cum pre | D P agp
Hp—tp

Here op is the production cross-section of the pre-
cursor or parent nuclei, 1P, and ¢, are the half-lives of
the daughter and precursor nuclei, respectively. The P
is the branching ratio of the precursor to its daughter nuc-
lei.

The values of o, and oy along with the results of
Sharma et al. [41] for 'Ag are given in Fig. 5(a).
However, Sharma et al. [41] did not calculate independ-
ent cross sections for this channel in their results. The cu-
mulative production of 'Ag has also been reported by
Agarwal et al. [37] recently. In contrast, measurement by
Sharma et al. [41] showed a large difference in cross-sec-
tion compared to PACE4, where a difference of hun-
dreds/tens of mb for ' Ag has been fully attributed to the
sum (ICF+transfer). Similarly, the experimentally meas-
ured EFs of the residues '®Ag, BAg, '2Ag, 101Ag, 101Pd,
100pq, 1Rk, and *™Rh, populated through a or 2a emit-
ting channels, also show an enhancement over the
PACE4 predictions even after removing precursor contri-
butions in the case of '“Ag and "'Pd channels. This in-
dicates the production of these ERs through CF as well as
ICF throughout the energy range.

It is interesting to note that the ER '"'Pd may be pop-
ulated via three different reaction routes represented as
follows:

(a) CF of 150 with *Nb:

0 +”Nb = '"In* = '"""Pd+a+p+3n
(b) ICF of '°O with **Nb:
1C(™*C +*He or a) + *Nb = ' Ag + « (Spectator)
5Ag = """Pd+p+3n
(c) EC/B* decay of the precursor isobar
0 +”Nb = '"In* = '“Cd+p+3n
05Cd = EC/B* 1% Ag

Further, Fig 5(b) shows the experimentally measured
EFs of residue ’Ru, where the theoretical predictions
made by the PACE4 code give negligible cross sections
and are not displayed here. This suggests that the “’Ru
residue is only contributed by the ICF process. It is im-
portant to note that the measured EF of °’Rh has been re-
ported for the first time in this study using this reaction
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Fig. 5.  (color online) (a) Comparison of experimentally

measured cross sections of 'Ag with the results obtained
from PACE4 calculations for different values of the level
density parameter (a=A/8 MeV™'). Solid (blue) and (red)
circles represent the measured cumulative and independent
cross sections for the present study, respectively. Solid (green)
circles represent the work of Sharma et al. [41]. (b) Comparis-
on of experimentally measured cross sections of *’Ru with the
results obtained from PACE4 calculations for different values
of the level density parameter (a =A/8 MeV ™).

pathway. However, the experimentally measured EFs of
the residues **Tc and *Tc significantly underestimate the
PACE4 predictions, and for **Tc, PACE4 gives negli-
gible cross-sections. Consequently, it may be noted that
the contribution of these residues is fed via the ICF pro-
cess. The experimentally measured reaction cross sec-
tions of the observed ERs populated through a-emitting
channels are given in Table 3.

IV. EFFECT OF ENTRANCE CHANNEL PARA-
METERS ON ICF

The dependence of ICF dynamics on various en-
trance channel parameters has been explored by a num-

ber of researchers [23, 31, 35-37]. It is now well docu-
mented that the ICF fraction greatly depends on various
entrance channel parameters, namely: projectile energy,
projectile structure, mass asymmetry of interacting part-
ners, Coulomb factor, projectile Q, value, and neutron
skin thickness of the target. The role of ICF processes in
the formation of all the a-emitting channels has been cal-
culated by subtracting the PACE4 contributions for all a-
evaporating channels from the total experimentally meas-
ured EFs for a-channels. As such, the ICF cross section
has been calculated at each projectile energy as
Zoicr = X0Exp. — Z0pack. 1O investigate the dependence of
ICF on various-entrance channel parameters, the ICF
fraction or ICF probability, Ficp(%), for the '®O+°*Nb
system has been calculated. The Ficp(%)is a measure-
ment of the strength of the ICF relative to total fusion
(o1r = Zocr +2Z071cF) and is defined as
[Ficr(%)= (if;?) x100]. It is worth mentioning that
the difference between the experimental cross-sections
and the PACE4 predictions ascribed solely to incomplete
fusion represents an approximation. The PACE4 code,
based on the statistical Hauser—Feshbach formalism, in-
volves model-dependent parameters such as level densit-
ies and transmission coefficients, which may introduce
uncertainties in the calculated channel strengths, particu-
larly in the near-barrier region where the influence of dy-
namical effects can be more pronounced. Consequently,
the extracted Ficr(%) values should be regarded as effect-
ive estimates rather than absolute quantities. Neverthe-
less, since the same analysis methodology has been con-
sistently adopted in analyzing the experimental data for
all systems considered in the present study, the observed
systematic trends and comparative behavior of Ficgp re-
main qualitatively reliable. Further, the variation of
Ficr(%) in terms of relative velocity (V. /c) has been
plotted and displayed in Fig. 6. The following expression
has been considered for the calculation of relative velo-
city:

Viel = 2(Ecm. - VCB)/,u

where u is the reduced mass of the system, E., is the
center of mass energy for the reaction, and Vcp is the
Coulomb barrier between two interacting partners. A
widely used value of Vi, i.e., 0.053c, is considered to be
the lower limit by Morgenstern et al. [39] for establish-
ing incomplete fusion. Fig. 6 shows that Ficr increases
with V4, and its contribution is also found to be consider-
ably below the limit of V,; =0.053c. Based on the ob-
served behavior of Ficg, ICF contributions are likely to
increase from V., =~ 0.02¢ to 0.08c. The same trend has
also been observed earlier for a cluster projectiles like
12C [56], '*O [36], and '*0 [37]. The role of various en-
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Fig. 6.
fusion fraction, Ficr(%), as a function of the effective relative
velocity, Vi (c), for the 10 + ?3Nb system. The solid curve
through the experimental data points represents the best fit to
the data points.

trance channel parameters on the ICF reaction dynamics
will be examined in the following subsections.

A.

Recent studies on heavy ion interactions indicate that
the geometric aspects of various systems can be-affected
by reducing the center of mass energy and fusion cross-
sections [5]. A direct comparison of the fusion cross-sec-
tions involved in the various reaction processes for sys-
tems with different projectiles and forming different com-
pound nuclei may lead to misinterpretation of the experi-
mental results. In this regard, to understand the role of
different projectiles on ICF reactions at low beam energy,
the measured TF and ICF cross-sections in reduced scale
for the present 'O + **Nb system along with 80 + **Nb
[37] and '*C + ®Nb [33], have been shown in Figs. 7(a)-
7(d). The reduction process eliminates the Coulomb bar-
rier effect and the geometrical size of the interacting nuc-
lei for the presently studied projectile-target combina-
tions. The projectiles 0, °0O, and '*C have different
breakup thresholds. Two different reduction methodolo-
gies have been employed to compare these experimental
data on reduced scales. In the first reduction process, the
reduced cross-section and energy are given by
Trea = Top /A +ATY and  Freg = Eon (A + A1)/
(ZpZy), where Zp and Zy represent the charge of the pro-
jectile and target, and E.,, is the center of mass energy
[5]. In the second case of the reduction process, the re-
duced cross-sections are taken to be the division of the
cross-section by the quantity 7R3, where R; is the barrier
radius, and reduced energies are taken to be "E.,, — V3".
A Woods Saxon form using the Akyuz-Winther potential

ICF dependence on projectile structure

parameterization [57] was used for the potential paramet-
ers Vy =43.51 MeV and R = 10.12 fm. From Figs. 7(a)-
7(b), it can be noted that the TF as well as ICF cross-sec-
tions for 'O + **Nb are less than for 0 + *Nb and lar-
ger than for the C + **Nb system. This may be due to
the lower value of the breakup threshold for *O as com-
pared to '*O and a larger value as compared to the '3C
projectile. Hence, the present results indicate that the
probability of ICF is also affected by projectile structure
(o and non-a clusters). These reduction procedures are
also crucial for understanding how projectile structure af-
fects low energy ICF dynamics.

B.

This subsection examines the influence of the pro-
jectile Q, value on incomplete fusion dynamics at near-
barrier energy. Figure 8 illustrates the variation of
Fice(%) with the projectile Q, for the systems *C + *Nb
[33], 'O + **Nb (present work), and 80 + *Nb [37] at
constant relative velocities V., = 0.071c and 0.053c. The
Q. values [0,(1%0) =-7.16 MeV; Q,('*C) =-10.65 MeV;
0.,('*0) =-6.22 MeV] are different. Despite the observ-
able association, Q, should not be construed as a direct
physical cause of incomplete fusion. A favorable Q,
value indicates the energetic closeness of the nucleus to a
cluster-decay configuration that includes an a-particle
and the residual nucleus, and is associated with the effect-
ive a-separation energy, which determines the threshold
for a-breakup within the nuclear field of the target [58].
In cluster structure models, the probability of breakup in
the contact region is contingent upon the preformation of
a-like configurations and the energy necessary for pro-
jectile dissociation. A relatively lower effective breakup
threshold can increase the probability of projectile frag-
mentation before complete fusion, thereby aiding in in-
complete fusion. The observed pattern, as shown in Fig.
8, indicates that projectile structural effects significantly
influence incomplete fusion dynamics rather than Q,
alone. These findings are in agreement with earlier stud-
ies [23, 31, 59, 60].

ICF dependence on projectile Q, value

C. ICF dependence on total asymmetry parameter

(a'total)

Efforts have been made to understand the behavior of
ICF with entrance channel total asymmetry (i)
between interacting partners. The total asymmetry para-
meter of the system () can be defined by the follow-
ing equation:

Qotal = XmassXcharge

(At —Ap)

where Qmas =
(Ar+Ap)

is the mass-asymmetry and



Anuj Kumar Jashwal, Avinash Agarwal, Munish Kumar et al.

Chin. Phys. C 50, (2026)

50 —mm——mp4—m—7——7—"1—T—717—"7 20 —p———mp4————"—T—7—7—
L -e-"%0 + ®*Nb[Agarwal (2021)] . -0-"%0 + ®*Nb[Agarwal (2021)]
iy 40 | -0-'°0 + ®*Nb[Present work] 1= | -9-'°0 + ®*Nb[Present work]
= -o-°C + ©Nb[Agarwal (2022)] £ -o-"3C + ®*Nb[Agarwal (2022)]
o | 1
e _30F 42,_10F -
< (a) < (c)
+ - 1 +
N o
< 20 | 1< -
= B 4 o9 B -
“’b 10 “’b 0
0 1 " 1 M 1 M 1 " 1 M L " (] [l " (] " 1 M (] " (] " (] " (]
10 12 14 16 18 20 22 10 12 .14 16 18 20 22
13, A1/3 13, A1/3
{Ec_m_ (Ap"+A°)Z Z.} MeV {Ec_m. (Ap"+A;")Z Z} MeV
gt T T T T T T T AT T T T T T
L -@-"%0 + ®*Nb[Agarwal (2021)] ] -¢-"%0 + ®*Nb[Agarwal (2021)]
-¢-"°0 + ¥Nb[Present work] |l —¢-"°0 + ®*Nb[Present work]
= 6 - -e-"°C + ®*Nb[Agarwal (2022)] 1 5 -o-"°C + Nb[Agarwal (2022)]
E | {1 &, -
o m b o m d
K4 _ (b) 1 (d)
b oL 5 P <)
0 -
O.I.I.I.I.I.I-I.I.I oA o o 1 o 1 o 1 . 1 . 1 .1 .1
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

{E. .- Vgl MeV
Fig. 7.

{E...- Vg} MeV

(color online) Reduced total fusion and incomplete fusion cross-sections for the systems 80 + *Nb, 10 + ?3Nb, and 13C +

9Nb were obtained using the first and second methods as described in the text. The lines are drawn just to guide the eyes.

(Zr —Zp)

(Zr+7Zp) ) )
bols have their usual meanings. Our recent studies found

that ICF probability increases with the entrance channel
mass asymmetry of the projectile-target combinations
[33, 37]. However, in addition to mass asymmetry, the
charge asymmetry of the system is also expected to have
an impact on the ICF dynamics. Therefore, the individual
mass asymmetry effect cannot be used as a parameter for
observing the overall asymmetry effects of the entrance
channel on ICF dynamics, as stated by Morgenstern et al.
[39] and other researchers [23, 24, 31]. Hence, the incor-
poration of charge asymmetry along with mass asym-
metry is necessary to fully explain the dynamics of ICF.
Apart from that, in order to reach a definitive conclusion
on this point, the present study on low-energy ICF dy-
namics has considered the charge asymmetry with the en-
trance channel mass-asymmetry of the system. Thus, the
deduced ICF fraction Ficp(%) for the present system '°O
+ %Nb has been compared with those obtained for '°O-
induced reactions with 'V [34], '®In [61], "°Tb [62],
1Ho [36], and '"Lu [63] targets at the constant relative
velocity (V. = 0.053c) as a function of the @, paramet-
er in Fig. 9(a). From this graph, it can be noted that the

Qcharge = is the charge asymmetry, and the sym-

ICF fraction increases with the total asymmetry paramet-
er.

D. ICF dependence on system parameter ¢

In our recent studies [34, 37], we have discussed the
role of the Coulomb factor (ZpZr) in ICF dynamics and
found that the Coulomb factor may play a vital role in the
breakup of the projectile. The semiclassical or classical
techniques are more suitable and effective when dealing
with situations that involve considerable angular mo-
mentum and smaller wavelengths. The semiclassical
treatment is applicable when the Sommerfeld parameter
is significantly greater than one. Therefore, the semiclas-
sical treatment can be used to comprehend the dynamics
of the reaction. The Sommerfeld parameter is explained
as

_ ZPZT€2
" drehu

The symbols have their usual meanings. The relative
velocity v can be written as v= v2E,,, /+u. Thus, the
Sommerfeld parameter can be rewritten as
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1=0.1575x ZpZr 1/ E"

H _ APAT
T e An
jectile-target combinations. The Sommerfeld parameter
can now be defined as follows:

is the reduced mass of the pro-

_0.1575%¢
~ VEo.

Here, the symbol { = ZpZy/ i is-called the "system
parameter." From the above expression, it is evident that
the system parameter { is directly proportional to the
charge product ZpZr and inversely proportional to the
square root of the reduced mass u. Since the Sommerfeld
parameter 7 is proportional to ¢/ VE. ., the system para-
meter effectively governs the relative strength of Cou-
lomb repulsion compared to the kinetic energy of the in-
teracting nuclei. A larger value of { implies stronger Cou-
lomb interaction and comparatively lower relative accel-
eration of the system due to increased inertia. Under such
conditions, the projectile experiences enhanced Coulomb
stress in the interaction region, which may increase the
probability of its breakup prior to complete fusion. There-
fore, { encapsulates both the Coulomb repulsion and the
dynamical inertia of the entrance channel, making it a
physically meaningful scaling parameter for understand-
ing the breakup—fusion competition and the observed
variation of Ficr. Further, to observe the ICF's reliance on
this system parameter, which appears to be a more com-
prehensive parameter (as it includes the Coulomb factor
as well as the masses of the interacting partners) com-
pared to the above-discussed parameters, the values of

Fier(%) for the present system '°0 + ®Nb, along with
those obtained for 'O induced reactions with >V [34],
SIn [61], Tb [62], '*Ho [36], and ' Lu [63] targets,
have been shown against the system parameter { at a con-
stant V., in Fig. 9(b). This figure indicates that the ICF
fraction increases with the system parameter. Moreover,
the system parameter {, which takes into account the
Coulomb factor (ZpZr) and the mass dependence of the
interacting partners, is a suitable parameter for compre-
hending the dynamics of the ICF reaction at low energies.

E.

The incorporation of ICF events, as well as other re-
action mechanisms such as fission and quasifission, may
elevate the difficulty of synthesizing superheavy materi-
als [64, 65]. The main objective of the present study is to
investigate exactly how the features of the interacting
partners affect the ICF reactions and, of course, to identi-
fy the trends that can be summarized into a systematic
framework. Fissility is a measure of the stability of
charged liquid droplets. It is a valuable theory first pro-
posed by Lord Rayleigh [66] and then applied by Niels
Bohr [67] to atomic nuclei, leading to the development of
the theory of nuclear fission based on the liquid drop
model (LDM). Therefore, to comprehend the impact of
the fissility parameter on the ICF reactions, we have plot-
ted the F;cr(%) values for the presently studied system,
along with results obtained for '°0O induced reactions with
STV [34], '51In [61], °Tb [62], '**Ho [36], and ' Lu [63]
targets, at a constant relative velocity V. = 0.053c as
shown in Fig. 10. It can be seen from this figure that the
Ficr(%) increases with the fissility parameter (y) for pro-
jectile-target combinations, and this trend seems to mir-
ror the total asymmetry parameter dependence of the ICF

ICF dependence on fissility parameter y
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Fig. 9. (color online) The deduced incomplete fusion frac-
tion Ficp(%) for the '90-induced reaction with 'V, 93Nb,
15y, 139Th, 195Ho, and "Lu targets is presented as a func-
tion of entrance channel parameters: (a) the total asymmetry
parameter a1, and (b) the system parameter ({) at a constant
relative velocity (Vi = 0.053c). Refer to the text for further
details.

reactions.

F.

The knowledge of nuclear potential is fundamental to
any nuclear reaction. Different mechanisms of nuclear re-
actions are introduced by interpreting the outgoing chan-
nels in terms of various entrance-channel parameters,
e.g., energy, mass, structural properties, and nuclear po-
tential. The nuclear potential parameters, i.e., potential
depth (V,), radius (ry), and diffuseness (ay), have been
shown to influence the reaction dynamics, including in-
complete fusion, albeit having some peculiar characterist-
ics that differ from system to system. To justify the ef-
fect of nuclear potential parameters on incomplete fusion,
nuclear potential parameters for various reactions have
been estimated using Winther nuclear potential [68], and
are presented in Table 4. The systems are the same as

ICF dependence on nuclear potential parameters
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Fig. 10. (color online) The deduced incomplete fusion frac-

tion" Ficp(%) for the '°O-induced reaction with 'V, %Nb,
151y, 19T, 195Ho, and 'Lu targets is presented as a func-
tion of the fissility parameter (y) at a constant relative velo-
city (Vi = 0.053c). The line is included merely to guide the
eyes. Refer to the text for further details.

Table 4. Nuclear potential parameters, i.e., potential depth
(Vy), radius parameter (ry), and diffuseness (ag) for different
reactions calculated using NRV [68] and ICF fraction Ficg(%)
at a constant relative velocity (V. = 0.053c¢).

System Vo(MeV)  ry(fim) ap (fim) Ficp(%)  Ref.
Projectile: '°0
93Nb —58.25 1.174 0.644 5.69 #
159 —62.79 1.177 0.653 18.79 [62]
1751 4 —63.58 1.178 0.655 25.47 [63]
Projectile: 80
93Nb —58.72 1.175 0.648 12.78 [37]
159 —62.58 1.178 0.657 27.39 [69]
1751 4 —63.30 1.178 0.659 30.78 [63]

given in the previous subsection. As the mass of target
nuclei increases, the values of nuclear potential paramet-
ers and ICF probability increase individually for '°O and
180 projectiles. The reason may be that the nuclear poten-
tial tends to attract more incoming particles, but it is un-
able to capture them all due to the increase in diffuseness,
which reduces the sharpness of nuclear potential at the
surface. The input angular momentum of the projectile
drastically increases owing to the combined increase in
radius and radius parameter. As both sharpness and input
angular momentum increase simultaneously, the whole
projectile cannot be captured by the attractive potential of
the target nuclei. Therefore, complete fusion gives way to
incomplete fusion to provide sustainable input angular
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momentum.

G. Role of target deformation parameter (53,)

This subsection describes the role of target deforma-
tion on the dynamics of the ICF for low projectile ener-
gies. The deformation parameter (8,) is related to the
quadrupole moment of a nucleus (Qp), which in turn ex-
plains the nucleus shape. Inamura et al. [70] found that
peripheral interactions are mostly responsible for ICF
processes. Therefore, the change in ICF fraction may be
understood on the basis of the target deformation para-
meter. In view of these aspects, the deduced Ficr for the
present system °0O+°*Nb has been compared with the
earlier studied systems '°O+!'"5In [61], '*O+'*Tb [62],
and '*0O+'’Lu [63] and plotted against the target deform-
ation parameter (in Fig. 11) at the same relative velocity
0.053c. The values of the deformation parameter (3,) are
taken from Ref. [71]. Detailed information about the for-
mulation of the deformation parameter (8,) is given in
Ref. [72]. It can be observed from Fig. 11 that Ficr(%) in-
creases with the increase in the deformation parameter
(B2), as also mentioned in the study of Singh et al. [73].
The present work indicates that the nucleus deformation
parameter (3,) may also play an essential role in ICF re-
action dynamics along with projectile structure.

H. Universal fusion function: Effect of projectile
break-up on complete fusion cross sections

In order to study the breakup effects of strongly
bound projectiles (130, '°0, and 3C, which have higher
break-up thresholds) on the fusion cross-section at ener-
gies above the Coulomb barrier, we further employed the
UFF methodology in this analysis. This method, pro-
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Fig. 11.
fraction Ficr(%) with target deformation (B,) at a relative ve-
locity, Ve ~ 0.053c. Refer to the text for details.

posed by Canto et al. [4], aims to reduce fusion data by
eliminating geometrical parameters such as radii and bar-
rier heights, as well as the static effects of the potential
between two interacting nuclei. To calculate the reduced
cross-section and collision energy, one must use the re-
duction procedure in the form

2EC.m.

Ec.m. - Vb
Rihw

hw

ocr — FX)= OCF, E — x=

Here, hw, R, and V,, are the barrier curvature, radius,
and barrier height, respectively, while E.,, is the energy
in the center of mass frame, and o is the fusion cross-
section. These dimensionless fusion cross-sections were
termed fusion functions F(x). The reduction of the fusion
cross-section to the fusion function F(x) is calculated us-
ing the Wong formula [74].

In {1 +exp<

On simplifying the Wong formula, F(x) reduces to

Rfiw 21(Eem. ~ Vi)

O—}:V(Ecm) = o

c.m.

Fo(x) =In[1 +exp(2nx)],

Note that the above fusion function is a general func-
tion of the dimensionless variable X, Fy(x), which does
not depend on the system. For this reason, it was called
the Universal Fusion Function in Ref. . It is important
to mention that the only limitation of Wong's formula is
that it fails to represent the sub-barrier fusion cross sec-
tion of lighter nuclei. However, this study deals with pro-
jectile energies much larger than the Coulomb barrier,
where Wong's formula can be applied. In the present
work, the experimental fusion functions (EFFs) are de-
duced for three systems, viz., 10 + “Nb (present work),
80 + %Nb [37], and *C + ?>Nb [33], and plotted against
the dimensionless variable x as shown in Fig. 12. The
EFFs have been obtained using the experimentally meas-
ured fusion cross sections (o$f) for the above-men-
tioned systems. The solid lines in Fig. 12 represent the
UFF, which was calculated using the prescription in Ref.
[4]. Tt is evident from this figure that the CF function is
observed to be suppressed below the UFF line for all the
given systems. The suppression of complete fusion ob-
served from the comparison with the UFF prediction can
be directly related to the presence of incomplete fusion
processes identified in the present work. In reactions in-
volving cluster-structured projectiles, breakup in the vi-
cinity of the barrier diverts a fraction of the incoming flux
away from the complete fusion channel. This lost flux
does not disappear but instead contributes to partial fu-
sion processes, which are experimentally observed as in-
complete fusion residues. The extracted FICF values
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Fig. 12. (color online) Fusion function F(x) as a function of

x for 180, 190 (present work), and '*C induced reactions on a
Nb target. The solid black curve is the benchmark UFF
curve (see text for details). The two dotted curves are the UFF
curve multiplied by 0.85 and 0.70.

therefore represent a redistribution of reaction flux that
would otherwise contribute to complete fusion. It is note-
worthy that the magnitude and energy dependence of the
observed CF suppression are consistent with the trend of
the ICF component. Similar flux-diversion mechanisms
leading to CF suppression have been discussed in recent
publications [4, 29]. Moreover, the data for all systems
are within the range of the UFF curve multiplied by 0.70
to 0.85, implying CF suppression of 15% to 30%.

V. SUMMARY AND CONCLUSION

Fusion cross-section measurements have been carried
out for the 'O + *Nb system at energies ranging from
55.1 to 98.1 MeV using the activation technique along
with off-line p-ray spectroscopy. The experimentally
measured EFs have been compared with the statistical
model PACE4 code to shed light on their production
mechanism. The results of previous work [41] on the
same system, '°O + **Nb, are compared to the findings of
the present study. Cavinato et al.'s [55] formalism has
been used to calculate the independent cross-sections of
some ERs fed by their higher charge precursor isobars.
The measured EFs of ERs populated through xn and/or
pxn-emitting channels are found to be in good agreement
with the predictions of the theoretical code, indicating
their production via CF only over the studied energy re-
gime. However, the measured production cross-sections
of ERs populated via a-emitting channels significantly
exceed their theoretical predictions, which may be associ-
ated with an incomplete fusion process. Furthermore, a
comprehensive analysis of the present work along with

literature data reveals that the incomplete fusion fraction
greatly depends on entrance channel parameters. To un-
derstand the influence of projectile structure on ICF, the
total fusion cross-sections of systems '*0 + *Nb, 190 +
%Nb, and *C + »Nb have been reduced using two differ-
ent procedures. It has been noticed that the reduced total
fusion cross-sections for 30 are larger than those of the
60 and "C projectiles with the *Nb target. These
present results show that the ICF contribution of '°O is
larger than that of '3C and less compared to the 'O pro-
jectile, which may be explained on the basis of the Q,
value. Additionally, togain insight into the entrance
channel total-asymmetry effect on ICF dynamics, the
Ficr(%) values of the present study are compared with
other existing systems in the literature. The present work
shows that the ICF probability increases exponentially
with entrance channel total-asymmetry. Furthermore, the
ICF strength function has been measured in terms of the
system parameter. The system parameter ¢, which encom-
passes the Coulomb factor (ZpZr) and the mass depend-
enceof the interacting partners, appears to be an ad-
equate parameter for comprehending the ICF reaction dy-
namics at these low energies. It has also been noted that
the probability of ICF is sensitive to the fissility paramet-
er, nuclear potential parameters, and target deformation.
To gain a better understanding of the effect of projectile
break-up on fusion cross-section at projectile energies
above the Coulomb barrier, the fusion function F(x) de-
rived from the total CF cross-section data for the '#1°0
and '*C-induced reactions has been compared with the
universal fusion function. A significant total CF suppres-
sion was observed, which is assigned to the prompt
breakup of the projectiles. Moreover, the results obtained
in the present study are significant and may be useful for
improving the understanding and modeling of ICF reac-
tion dynamics at low energies.
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