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Excitation functions for the 11 evaporation residues populated through complete and/or incomplete fusion in
16O + 124Sn system at low projectile energies ≈3−7 MeV/nucleon have been measured. Recoil catcher activation
technique followed by offline γ -ray spectrometry has been employed. Some of the evaporation residues are
found to have contributions from precursor decays. The precursor contributions have been separated out from
the measured cumulative cross-sections of evaporation residues. Independent cross-sections are compared with
statistical model code PACE-4 predictions. The evaporation residues produced through xn and pxn channels are
found to be well reproduced with the PACE-4 predictions after subtraction of precursor decay contributions. A
substantial enhancement in the measured excitation functions over their theoretical predictions for the evaporation
residues produced in α-emitting channels has been observed, which is attributed to the presence of incomplete
fusion of projectile with target at these low energies. The present study shows that the incomplete fusion and
the break-up probability of the incident 16O into α clusters (i.e., break-up of 16O into 12C + α and/or 8Be + 8Be)
increases with projectile energy. The present data suggests that the deformation of target is highlighting the
important role to affect the ICF reactions independently with different projectiles. The comparison of the present
study with literature data also shows that the ICF probability depends on various entrance channel parameters,
namely, projectile energy, entrance channel mass-asymmetry, α-Q value, Coulomb factor (ZPZT), deformation
parameter (β2), and their combinations. Moreover, the combined parameters ZPZT · β2 and μAS

EC · β2 are not
found suitable to explain whole ICF characteristics, particularly for spherical and slightly deformed targets. On
the other hand, the combined parameter ZPZT · μAS

EC has been found to explain more precisely the ICF dynamics
as compared to other single and combined entrance channel parameters.
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I. INTRODUCTION

The study of heavy ion-induced complete fusion (CF) and
incomplete fusion (ICF) reactions at projectile energies above
the Coulomb barrier has been a topic of resurgent interest. Sev-
eral reaction channels are populated in the interaction of two
heavy ions (heavier than α particle) when brought in contact
with each other within the range of nuclear forces. The heavy
ions (HIs)-induced reactions populate different evaporation
residues with high excitation energy and angular momentum.
Significant contribution in total fusion cross section from ICF
has been observed at energies above the Coulomb barrier
[1–9]. Semiclassically, the CF and ICF processes in HIs
interaction can be categorized on the basis of different values
of driving input angular momenta (�) imparted in the system.
According to the sharp cutoff approximation [10–12], the
driving input angular momentum “�” is distributed in the range
0 � � � �crit in the CF process in which the attractive nuclear
potential overcomes the repulsive Coulomb and centrifugal
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potentials in central and near-central collisions. Consequently,
in the collision of the projectile with the target with relatively
lower value of impact parameter, CF dominates leading to
the formation of a fully equilibrated compound nucleus (CN).
However, in the collision of the projectile with the target with
relatively higher values of energy and impact parameter, the
repulsive centrifugal potential increases. Hence, the attractive
nuclear potential ceases to capture the entire projectile. In such
a situation, incomplete fusion occurs, in which only a part of the
projectile fuses with the target nucleus and remnant projectile
behaves as a spectator. For higher impact parameter collisions,
the driving input angular momentum exceeds the critical limit
(�crit), i.e., � > �crit for CF and, therefore a part of the projectile
is emitted to release excess driving input angular momentum.
Thus, in ICF process, the driving input angular momentum �
is relatively larger compared to that for CF process. As such,
prompt emission of a part of the projectile (predominantly α
clusters) takes place, which reduces input angular momentum
so that partial capture of the projectile may take place [13,14].
Ultimately, an incompletely fused composite system appears
with relatively less charge and mass than the one populated by
CF. The residual nuclei produced through the ICF process is
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therefore assumed to be associated with � values above �crit

for CF.
Morgenstern et al. [15] and Chakrabarty et al. [16] studied

the entrance channel mass-asymmetry dependence of ICF by
measuring the velocity spectra of heavy residues in different
mass-asymmetric systems. In general, their study shows that
for the same relative velocity, a more mass-asymmetric system
has relatively higher ICF contribution than that of a less mass-
asymmetric system. Studies have been done by Shuaib et al.
[17] using measured excitation functions data to investigate
the effect of Coulomb factor (ZPZT) on ICF fraction. Further
systematic studies have also been done by Kumar et al. [18],
Yadav et al. [19], and Tali et al. [20] to investigate the effect
of various entrance channel parameters (namely, entrance
channel mass-asymmetry, α-Q value, ZPZT) on ICF dynamics.
These studies show that a single entrance channel parameter is
not able to explain completely the incomplete fusion dynamics
at low projectile energies.

Apart from experimental studies, several theoretical mod-
els have been proposed to understand the ICF dynamics.
Break-up fusion (BUF) model of Tokugawa and Tamura [21]
qualitatively explained the kinetic energy spectra and angular
distributions of emitted particles. The sum-rule model of
Wilczynski et al. [22] predicts that ICF mainly occurs in the
peripheral interactions and are localized in angular momentum
space above the critical angular momentum for the complete
fusion (CF). However, Mermaz et al. [23] explained the energy
and angular distribution of the projectile like fragments (PLFs)
using a modified distorted-wave Born approximation (DWBA)
formalism for surface transfer reactions. Other theoretical
models are promptly emitted particles (PEP) model [24], hot
spot model [25], and Fermi-jet model [26] were also proposed
to explain various ICF observables. Though, several models
are available to explain the measured ICF data at projectile
energies �10 MeV/nucleon. None of those models are able to
successfully explain the various features of measured ICF data
at relatively low bombarding energies, i.e., 3–7 MeV/nucleon.
A few systematic studies on excitation function of various
projectile target systems have been done to investigate the
dependence of ICF on various entrance channels parameters
namely, projectile energy, projectile structure effect, entrance
channel mass-asymmetry, Coulomb factor (ZPZT), α-Q value.
But none of these studies has been done to investigate the role of
target deformation on ICF dynamics along with the combined
parameters μAS

EC · β2 and ZPZT · μAS
EC using EFs measurement

of the evaporation residues.
The present work has been carried out to investigate the

dependence of ICF dynamics on various entrance channel
parameters at projectile energies above the Coulomb barrier. In
the present study, excitation functions (EFs) for ERs produced
through CF and ICF reactions in the 16O + 124Sn system
at the low projectile energies ≈3−7 MeV/nucleon has been
measured. The measured EFs for several evaporation residues
populated through CF and ICF reactions are compared with
the predictions of statistical model code PACE-4 [27]. Present
data along with those from literature have been analyzed to
get information regarding dependence of incomplete fusion
dynamics on various entrance channel parameters, namely,

entrance channel mass-asymmetry (μAS
EC), Coulomb factor

(ZPZT), deformation parameter (β2), and their combinations
ZPZT · β2, μAS

EC · β2, ZPZT · μAS
EC.

The present paper is organized as follows. The experimental
details are discussed in Sec. II. The procedure used for
extraction of independent cross-sections from the measured
cumulative cross-sections is given in Sec. III. The details of
analysis of measured excitation functions in the framework
of statistical model code PACE-4 is given in Sec. IV. The
interpretations of experimental results are discussed in Sec. V.
The systematic studies for dependence of ICF dynamics on
various entrance channel parameters is described in Sec. VI.
Finally, summary and conclusions of the present study are
given in Sec. VII.

II. EXPERIMENTAL DETAILS

Present experiment for the measurement of EFs of different
evaporation residues produced in 16O + 124Sn system has been
carried out at 15UD Pelletron heavy ion accelerator facility of
the Inter University Accelerator Centre (IUAC), New Delhi,
India.

A. Preparation and irradiation of targets

Enriched targets of 124Sn with purity better than (97.4%)
were prepared by vacuum evaporation technique at Target
Laboratory of IUAC, New Delhi, India. The aluminium
backing/degrader foils of thicknesses 1.2−1.7 mg/cm2 were
prepared by rolling technique for the deposition of 124Sn
material. The thickness of each aluminum and deposited 124Sn
material was determined by using microbalance as well as
by the α particle transmission method using standard 241Am
source. The α particle transmission method is based on the
measurement of the energy loss by 5.487 MeV α particles
emitted from standard 241Am-source, while passing through
the target material. Enriched 124Sn target material of desired
thickness (≈200−300 μg/cm2) was deposited on Al-backings
of thicknesses ≈1.2−1.7 mg/cm2 foil of dimension 1.5 ×
1.5 cm2, which were pasted on the Stainless steel (SS) holders
having concentric holes of diameter 1 cm. The Al backing
along with deposited 124Sn target material was pasted on
SS target holders with silver collider paste for rapid heat
dissipation during experiment.

In the experiment of excitation function measurement,
targets were arranged in the form of the stack for irradiation.
The irradiations have been carried out in the General Purpose
Scattering Chamber (GPSC) at IUAC. The GPSC have in-
vacuum transfer facility (IVTF). The GPSC along with IVTF
has been used to minimize the lapse time between the stop
of irradiation and starting of the counting. The targets in
the stack along with catcher foils were arranged in such a
way that target material faced the beam, so that the recoiled
evaporation residues were trapped in the Aluminium backing
and catcher foils. Two stacks of 124Sn targets backed by thick
aluminum catchers were irradiated at the beam energies ≈80
and ≈100 MeV, respectively. Each stack consisting of four
targets was irradiated with 16O7+ beam. Keeping in view
the half-lives of interest, each stack of 124Sn targets was
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FIG. 1. Typical γ -ray spectrum showing γ lines of different evaporation residues populated via CF and/or ICF reaction in 16O + 124Sn
system at beam energy 99.7 MeV.

irradiated for about∼7.5 h. The beam current was continuously
monitored and was about 2 to 2.5 pnA in both irradiations.
The beam flux was calculated by the total charge collected in
the Faraday cup, which was placed using a current integrator
device behind the target-catcher foil assembly. The energies
of 16O-ion beam on the successive targets have been calcu-
lated using stopping power software SRIM-2008 [28] based
on energy-range formulations. In these calculations energy
straggling effect has not been taken into account due to its
insignificant contribution.

B. Energy and efficiency calibration of HPGe detector

A large number of evaporation residues are produced during
the heavy-ion reactions at energy above the Coulomb barrier.
The evaporation residues produced in heavy ion reactions have
a large number of γ rays. In the present measurements, a
high-resolution high-purity germanium (HPGe) detector of
100 cm3 volume was used for the recording and subsequent
identification of characteristic γ rays of ERs produced in 16O +
124Sn reaction. The detector was coupled to a PC through a
CAMAC based CANDLE [29] software. The characteristic
γ -ray energies, their abundances and half-lives of evaporation
residue are taken from Refs. [30,31]. The standardγ -ray source
and the irradiated samples were counted in the same geometry.
The distance between the irradiated target and HPGe detector
was adjusted so that the dead time of the HPGe detector was
always less than 10%. After irradiation, the stacks of targets
along with catcher foils were taken out quickly from the GPSC
chamber. The evaporation residues produced were identified
by their characteristic γ ray, branching ratio of γ -ray, and
following their half-lives. The software CANDLE [29] has
also been used for data analysis. The energy and geometry
dependent photopeak detection efficiency calibration of the
HPGe detector was carried out using standard 152Eu γ -ray
source of known strength.

C. Identification of evaporation residues

The decay of evaporation residues populated via CF and
ICF processes leads to the emission of characteristic γ rays.
For the determination of cross section of produced evaporation
residues, it is necessary to identify their characteristic γ rays.
After the irradiation, γ activity induced in the individual
irradiated target-catcher (assembly) was recorded using a
precalibrated high resolution HPGe detector coupled to a
PC through CAMAC based CANDLE software. The γ -ray
spectrum of each irradiated target-catcher was recorded at
different times for decay curve analysis. The preliminary
identification of evaporation residues have been done by their
observed characteristic γ lines in γ -ray spectrum. Further,
all evaporation residues were confirmed by their decay curve
analysis. A typical γ -ray energy spectrum obtained from
irradiated 124Sn sample at beam energy of 99.7 MeV is
shown in Fig. 1. Different γ -ray peaks have been assigned to
evaporation residues produced through CF and/or ICF reaction
channels. A list of identified ERs produced via CF and /or
ICF reaction in 16O + 124Sn system and their decay data is
given in Table I. The measured production cross-section σ
for a particular reaction product has been computed using the
expression given in Ref. [32].

A C++ program EXPSIGMA based on the above for-
mulation has been used for the determination of formation
cross-sections of the evaporation residues populated through
CF and ICF reaction channels.

D. Errors and uncertainties in measurements

There are several factors which contribute to the uncertain-
ties in the measured cross-sections of CF and/or ICF reaction.
The main factors are discussed here: (i) fluctuations in the
beam current during the irradiation of target may result in the
variation of the measured cross-section. To keep the constant
current during the target irradiation proper care has been taken.
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TABLE I. List of identified evaporation residues populated via CF and/or ICF channels along with their half-lives, spin, γ -ray energies,
and branching ratios.

Sr. No Evaporation residues Half–life Spin Eγ Branching ratio
with channels (keV) θ1 (%)

1 137m,gCe(3n) 34.40 h (m) 11/2− 254.42 11.0
9.00 h (g) 3/2+ 447.63 1.8

2 135Ce(5n) 17.70 h 1/2+ 265.71 41.8
300.17 23.5
606.76 18.6
518.44 13.6
572.74 10.4

3 133m,gCe(7n) 4.93 h (m) 9/2− 477.58 39.0
130.73 17.9

97.00 min (g) 1/2+ 97.11 45.0
558.01 11.3

4 133La(p6n) 3.91 h 5/2+ 279.10 1.6
303.24 1.1

5 133mBa(α3n) 38.90 h (m) 11/2− 276.23 17.8
6 131m,gBa(α5n) 14.50 min (m) 9/2− 107.98 55.0

11.50 d (g) 1/2+ 496.56 47.0
123.73 28.9

7 129m,gBa(α7n) 2.16 h (m) 7/2+ 182.30 15.7
2.23 h (g) 1/2+ 216.07 13.4

8 135mCs(αp) 53.00 min (m) 19/2− 785.77 100.0
847.33 95.9

9 132Cs(αp3n) 6.48 d 2+ 666.35 98.0
10 131mXe(2αn) 11.84 d (m) 11/2− 164.01 1.9
11 131I(2αp) 8.02 d 7/2+ 365.20 81.7

(m) = metastable state; (g) = ground state; min = minutes; h = hours; d = days

The error due to the fluctuations in beam current is estimated
to be <6%. (ii) The uncertainty due to the nonuniformity of
the target and uncertainty of the thickness measurement was
estimated to be <3%. (iii) The uncertainty arising from the
error in the efficiency calibration of the detector was estimated
to be <5%. (iv) To minimize dead time losses, it was limited
below 10%. (v) Uncertainty due to the straggling of the ion
beam passing through the stack is estimated to be <2%. The
overall uncertainty from all these factors including statistical
errors in the photopeak area is estimated to be <15%.

III. EXTRACTION OF INDEPENDENT CROSS-SECTIONS
FROM THE MEASURED CUMULATIVE CROSS-SECTIONS

Some of the radioactive evaporation residues are produced
independently in the interaction of 16O with 124Sn and give rise
to independent yield, while some of them are also produced by
the decay of their higher and lower Z precursor isobars through
β±-emission and/or by EC process and give rise cumulative
yield. If the half-life of the precursor is considerably smaller
than that of the evaporation residue under investigation, for
such cases, cumulative cross-sections of evaporation residues
have been measured. The cumulative cross section for a given
evaporation residue is the sum of (i) the cross-section for its
independent production and (ii) the cross-section of cumu-
lative/independent production of its precursors multiplied by
numerical coefficient (FMP

). This numerical coefficient may be
greater than unity and depends upon the branching ratios for

the decay of the precursors to the evaporation residue and on
the half-lives of the precursor and the evaporation residue. An
attempt has been made to separate out the contribution from
precursor decay by using the prescription of Cavinato et al.
[33]. Some of the expressions used for deducing independent
cross-sections for those evaporation residues that have precur-
sor contributions in 16O + 124Sn system are given in Table II.

The independent and cumulative cross-sections for all
the measured residues are displayed in Figs. 2–5. Here,
it is important to mention that for the evaporation
residues 137m,gCe(3n), 135Ce(5n), 133m,gCe(7n), 133mBa(α3n),
131m,gBa(α5n), 129m,gBa(α7n), 135mCs(αp), 132Cs(αp3n), and
131mXe(2αn) no higher Z precursor contributions have been
found in their decays, hence measured cross-section values
are independent formation cross-sections of these evaporation
residues. In case of evaporation residue 131mXe(2αn), it is not
possible to separate out the independent contribution from their
cumulative cross-section. In the analysis measured cumulative
cross-sections has been compared with theoretical calculations
based on PACE-4 for this ER.

IV. ANALYSIS OF MEASURED EXCITATION FUNCTIONS
IN THE FRAMEWORK OF STATISTICAL

MODEL CODE PACE-4.

The decay of the excited nuclei produced in HI reactions
can be described by statistical model calculations. To examine
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TABLE II. Deduced expressions used for the extraction of independent cross-sections from the measured cumulative cross-sections for
16O + 124Sn system.

Residues Measurements Expressions for the extraction of independent cross-sections

133La Independent σ meas
cumt (133La) = σ meas

indp (133La) + 1.71σ meas
indp (133gCe)

133mBa Independent σ meas
cumt (133mBa) = σ meas

indp (133mBa) + 1.11σ meas
indp (133La) + 1.20σ meas

indp (133gCe)

m = metastable state, g = ground state, indp = independent cross-section, cumt = cumulative cross-section, meas = measured

the decay of excited compound nucleus 140Ce formed in
16O + 124Sn system, the measured excitation functions of
evaporation residues are compared with statistical model code
PACE-4 [27]. The code PACE-4 is based on the Monte Carlo
simulation procedure used for the de-excitation of compound
nucleus. The angular momentum projections are calculated at
each stage of de-excitation. These angular momentum projec-
tions enable to determine the angular distribution of emitted
particles. The CF cross-sections of the system are calculated
using Bass formula [34]. Using optical model potentials [35],
the transmission coefficient for light particles n, p, and α emis-
sion are determined. The γ -ray strength functions, required for
transitions E1, E2, and M1 may either be taken from default or

the tables of Endt [36]. The masses are read from the atomic
mass table [37] in this code. A fission decay mode is employed
using a rotating liquid drop fission barrier routine [38]. The
ICF is not taken into account in PACE-4 calculations. Hence,
the enhancement in the measured excitation functions (EFs)
over PACE-4 predictions, for the evaporation residues that are
produced in the break-up of projectile into α–clusters, may
be attributed to the ICF process. The rotational energy of the
decaying nuclei was calculated using the rotating liquid drop
model. The level density parameter “a” (=A/K) MeV−1 is
one of the important parameters in this code. Where “A” is
the mass number of the compound nucleus and “K” is called
level density parameter constant, which affects energy spectra

FIG. 2. Excitation functions for the ERs 137m,gCe(3n), 135Ce(5n), 133m,gCe(7n), and 133La(p6n) produced in 16O + 124Sn system. Solid and
hollow symbols represent measured data. The dash, solid, and dash-dotted lines correspond to the theoretical predictions of PACE-4 code for
K = 8, 10, 12, respectively.
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FIG. 3. Sum of all measured EFs of xn and pxn emission
channels (σ meas

SUM(xn+pxn)) populated in 16O + 124Sn system along with
PACE-4 predictions (σ PACE−4

SUM(xn+pxn)) at K = 10.

of the emitted particles. Most of the required input parameters
have been used as default except the mass and charge of the
projectile and target nucleus.

V. INTERPRETATION OF EXPERIMENTAL RESULTS

The excitation functions for 11 evaporation residues
137m,gCe(3n), 135Ce(5n), 133m,gCe(7n), 133La(p6n),
133mBa(α3n), 131m,gBa(α5n), 129m,gBa(α7n), 135mCs(αp),
132Cs(αp3n), 131mXe(2αn), and 131I(2αp) produced in
16O + 124Sn system have been measured. These measured
excitation functions have been analyzed by employing the
statistical model code PACE-4. In general, it is a well-known
fact that almost all evaporation residues predominantly
populated via CF reaction in the xn- and pxn-emitting
channels can be reproduced by theoretical predictions of code
PACE-4. The same input parameter is used to compare the
measured EFs of all α-emitting channels. The enhancement
in the measured EFs over their theoretical predictions for the
α-emitting channels may be attributed to the ICF process, as
PACE-4 code does not take ICF contribution into account.

A. xn and pxn emission channels (CF channels)

To study the reaction mechanism of evaporation residues
populated via xn/pxn channels, an attempt has been made
to reproduce the measured EFs of these evaporation residues
using the statistical model code PACE-4. The level density
“a” ((=A/K) MeV−1 was varied by using different values
of parameter K . The value of K > 10 may give rise to
the anomalous effect in the particle multiplicity and CN
temperature [39]. In the present work, K > 10 values have
been used to observe the sensitivity of the theoretical excitation
functions to this parameter. The effect of variation of “K”
(= 8, 10, and 12) on the theoretical EFs along with the mea-
sured EFs for the ERs produced in the four reaction channels
137m,gCe(3n), 135Ce(5n), 133m,gCe(7n), and 133La(p6n) have
been tested and are shown in Figs. 2(a)–2(d), respectively. No
precursor contribution for the ERs 137m,gCe(3n), 135Ce(5n),

and 133m,gCe(7n) have been observed. It is important to mention
that the formation cross-sections for the 137m,gCe and 133m,gCe
evaporation residues of ground as well as metastable states
have been measured. The measured cross-sections of the ERs
137Ce and 133Ce of metastable as well as ground state along
with the sum of ground- and metastable state contributions
are displayed by respective symbols. The evaporation residue
135Ce (5n) is populated by emission of five neutrons from
compound nucleus 140Ce∗. The metastable state of a half-life
of ≈20 s decays to the ground state by isomeric transition,
which has a half-life of ≈17.7 h. The counting of the irradiated
samples was done after complete decay of metastable state to
their ground state of ER 135Ce. The measured cross-section
is the total cross-section of metastable and ground state. The
measured EFs for the evaporation residues 137m,gCe, 135Ce,
and 133m,gCe populated through xn (x = 3, 5 and 7) channels
are shown in Figs. 2(a)–2(c), respectively. In these figures, the
measured EFs for the ERs 137m,gCe, 135Ce, and 133m,gCe are
found to be in good agreement with that theoretical predictions
of code PACE-4 with the value of level density parameter
“a” = A/10 MeV−1, indicating these reaction channels are
populated via CF process only.

The production detail of these ERs 137Ce, 135Ce, and 133Ce
is shown by the following reaction equation:

16O + 124Sn → 140Ce∗ → 140-xCe + xn(x = 3,5,7).

Measured cumulative and independent cross-sections for
the evaporation residues 133La populated through the pxn
(x = 6) channel have been plotted along with their PACE-4
predictions and is shown in Fig. 2(d).

The independent cross-sections have been deduced using
expression given in Table II. It has been observed from this
Fig. 2(d), that the measured independent cross-sections of the
evaporation residue 133La are well reproduced with theoretical
predictions of PACE-4 at K = 10. The evaporation residue
133La may be produced in CF process. This evaporation residue
may be populated via two different reaction routes as follows.

Further, the sum of experimentally measured cross-sections
(σ meas

SUM(xn+pxn)) of evaporation residues 137m,g,135,133m,gCe (xn)
and 133La (pxn) has been estimated and compared with the
sum of theoretical cross-sections of PACE-4 (σ PACE−4

SUM(xn+pxn)) for
the same evaporation residues at free parameter value K = 10
is shown in Fig. 3. A reasonably good agreement between
experimentally measured cross-sections (σ meas

SUM(xn+pxn)) and

PACE-4 predictions (σ PACE−4
SUM(xn+pxn)) has been observed. This

comparison clearly confirms the fact that the population of
these evaporation residues only via CF of projectile 16O
with 124Sn target. The value of level density parameter “a”
=A/10 MeV−1 can be used consistently as a fixed parameter
for the analysis of all the reaction channels, which are expected
to be populated via both CF and ICF reaction processes. With
this optimization, the value of K = 10 has been taken for the
further EFs data analysis of αxn/αpxn/2αxn/2αpxn-emiting
channels in same system by taking the same set of parameters
as default.
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FIG. 4. Excitation functions for ERs 133mBa(α3n), 131m,gBa(α5n), 129m,gBa(α7n), 135mCs(αp), and 132Cs(αp3n) produced in 16O + 124Sn
system. Solid and hollow symbols represent the measured data. The solid line corresponds to theoretical predictions of the PACE-4 code at
K = 10.

B. αxn, αpxn, 2αxn, and 2αpxn emission channels
(ICF channels)

The excitation function of ERs produced in the reac-
tions 133mBa(α3n), 131m,gBa(α5n), 129m,gBa(α7n), 135mCs(αp),
132Cs(αp3n), 131mXe(2αn), and 131I(2αp) associated with
α-particle(s) emission channels, which are expected to be
produced mainly through the incomplete fusion process are
displayed in Figs. 4 and 5 along with the measured independent

cross-section values. The independent metastable state cross-
sections of the evaporation residues 133mBa (α3n) produced in
1α-emission channel in the reactions 124Sn(16O,α3n)133mBa
has also been separated out from their measured cumula-
tive cross-sections, using the expression given in Table II.
The measured EFs for the production of ER 133mBa(α3n)
corresponds to its metastable state only. The ground-state
contribution could not be measured separately owing very long
half-life. Hence, the total measured independent cross-sections
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FIG. 5. Excitation functions for ERs 131mXe(2αn) and 131I(2αp) produced in 16O + 124Sn system. Solid and hollow circles represent the
measured data. The solid line corresponds to theoretical predictions of the PACE-4 code at K = 10.

(metastable state + ground state) may be expected to be further
enhanced from the present measured independent metastable
state cross-sections as compared to the PACE-4 predictions.
The measured metastable independent cross-sections along
with their cumulative cross-section for the production of
evaporation residue 133Ba compared with PACE-4 predictions,
as shown in Fig. 4(a), it is observed from this figure that
the measured independent EFs are much enhanced over their
theoretical values. Since ICF is not considered in PACE-4
calculations, this enhancement may be attributed to the fact that
this channel may be populated not only by CF of 16O but also
have a significant contribution from ICF of 16O, i.e., fusion of
fragment 12C with the target 124Sn (if 16O breaks up into α and
12C fragments). The evaporation residue 133mBa may also be
formed by EC/β+ decay of their precursor isobars 133Ce (7n)
and 133La (p6n). The precursor decay contribution from their
higher Z isobars into ER 133mBa has been determined at only
projectile energy >94 MeV.

The evaporation residue 133mBa may be populated via three
different reaction routes as follows:

(i) CF of 16O with 124Sn, i.e.,

16O + 124Sn → 140Ce∗ → 133Ba + α + xn(x = 3),

(ii) ICF of 16O (i.e., fusion of the fragment 12C)

16O(12C + 4He) + 124Sn → 12C + 124Sn

+ 4He/α(spectator)

→ 136Ba∗ + α(spectator)
136Ba∗ → 133Ba + xn(x = 3),

(iii) Through EC/β+-decay of the produced higher Z
precursor isobar,

16O + 124Sn → 140Ce∗ → 133La + p + xn(x = 6)

133La EC/β+
−→ 133Ba.

As already mentioned in Sec. III, no precursor contribu-
tion for the ERs 131m,gBa, 129m,gBa, 135mCs, and 132Cs has
been found. Thus, measured cross-sections of the evaporation
residues 131m,gBa, 129m,gBa, 135mCs, and 132Cs are independent.

The measured independent cross-sections for the evaporation
residues 131m,gBa and 132Cs are plotted along with PACE-4
predictions in Figs. 4(b) and 4(e). The measured cross-sections
of the metastable as well as ground state of ER 131m,gBa along
with the sum of metastable and ground state contributions are
also displayed in Fig. 4(b), The enhancement in the measured
cross-sections of ERs 131m,gBa and 132Cs over their theoretical
predictions again indicates the presence of the ICF component
along with CF as displayed in Figs. 4(b) and 4(e).

The evaporation residues 131m,gBa may be populated via
two different reaction routes as follows:

(i) CF of 16O with 124Sn, i.e.,

16O + 124Sn → 140Ce∗ → 131Ba + α + xn(x = 5),

(ii) ICF of 16O (i.e., fusion of the fragment 12C)

16O(12C + 4He) + 124Sn → 12C + 124Sn

+ 4He/α(spectator)

→ 136Ba∗ + α(spectator)
136Ba∗ → 131Ba + xn(x = 5),

and the evaporation residues 132Cs may also be populated via
the two different following reaction routes:

(i) CF of 16O with 124Sn, i.e.,

16O + 124Sn → 140Ce∗ → 132Cs + α + pxn(x = 3),

(ii) ICF of 16O (i.e., fusion of the fragment 12C)

16O(12C + 4He) + 124Sn → 12C + 124Sn

+4He/α(spectator)

→ 136Ba∗ + α(spectator)
136Ba∗ → 132Cs + pxn(x = 3).

For the measured EFs of evaporation residues 129m,gBa and
135mCs populated via (α7n) and (αp) emissions channels, the
theoretical prediction of code PACE-4 gives negligible cross-
sections and hence are not shown in Figs. 4(c) and 4(d). Total
measured cross-section (metastable state + ground state) along
with metastable as well as ground state contributions for the ER

064610-8



MEASUREMENT OF EXCITATION FUNCTIONS OF … PHYSICAL REVIEW C 97, 064610 (2018)

129m,gBa and only measured metastable state contribution for
135mCs are shown in Figs. 4(c) and 4(d), respectively. As can
be seen from these figures, the measured independent cross-
sections for these ERs are comparatively much larger than
PACE-4 predictions. This large enhancement in the measured
cross-sections over their theoretical predictions may again
be attributed to the ICF of the projectile 16O with target
124Sn (if the projectile 16O breaks up into fragments 12C and
4He). Subsequent emission of neutrons and protons during
de-excitation of the composite system 136Ba∗ leads to the
production of the above evaporation residues populated via
ICF process. Here, it is important to note that the measured
EFs for the production of 135mCs(αp) corresponds to its
metastable state only. The ground-state contribution could
not be measured separately owing very long half-life. In this
case, the total measured cross-sections (metastable state +
ground state) would have been expected to be further enhanced
after adding ground-state contribution as compared to PACE-4
predictions. The enhancement in measured cross-sections for
the ERs 129m,gBa may be attributed to ICF process of the type:

16O(12C + 4He) + 124Sn → 12C + 124Sn + 4He/α(spectator)

→ 136Ba∗ + α(spectator)
136Ba∗ → 129Ba + xn(x = 7).

Similarly, the evaporation residues 135Cs may be populated
via ICF reaction route as follows:

16O(12C + 4He) + 124Sn → 12C + 124Sn + 4He/α(spectator)

→ 136Ba∗ + α(spectator)
136Ba∗ → 135Cs + pxn(x = 0).

The measured EFs for the evaporation residues
131mXe(2αn) and 131I(2αp) are plotted and displayed in
Fig. 5. The evaporation residue 131mXe may also have the
contribution from their higher and lower Z precursor isobars
131Ba, 131Cs, and 131I. These isobars may decay through β±
and/or EC in to ER 131mXe.

The measured EFs for the production of 131mXe(2αn)
corresponds to its metastable state only. The ground-state
contribution could not be measured separately due to its stable
state. A comparison of the measured cumulative cross-sections
for the evaporation residue 131mXe along with theoretical cu-
mulative cross-sections of PACE-4 code is shown in Fig. 5(a).
The theoretical cumulative cross-sections are the sum of cross-
sections calculated using code PACE-4 for ERs 131Ba and
131Cs. As can be seen from this figure, the measured cumulative
cross-sections are much higher than the theoretical cumulative
cross-section values, which indicates the presence of ICF
components along with CF.

The residue 131mXe may be populated via four different
reaction routes as follows:

(i) CF of 16O with 124Sn, i.e.,

16O + 124Sn → 140Ce∗ → 131Xe + 2α + xn(x = 1),

(ii) ICF of 16O (i.e., fusion of the fragment 12C)

16O(12C + 4He) + 124Sn → 12C + 124Sn

+4He/α(spectator)

→ 136Ba∗ + α(spectator)
136Ba∗ → 131Xe + α + xn(x = 1),

(iii) ICF of 16O (i.e., fusion of the fragment 8Be)

16O(8Be + 8Be) + 124Sn → 8Be + 124Sn

+8Be/2α(spectator)

→ 132Xe∗ + 2α(spectator)
132Xe∗ → 131Xe + xn(x = 1),

(iv) Through EC/β± -decay of the produced higher and
lower Z precursor isobars,

Case I: 16O + 124Sn → 140Ce∗ → 131Ba + α + 5n

131Ba EC/β+
−→ 131Cs EC/β+

−→ 131Xe,

Case II: 16O + 124Sn → 140Ce∗ → 131I + 2α + p

131I β−
−→ 131Xe.

The theoretical prediction of PACE-4 code gives negligible
cross-sections as compared to measured cross-section for the
evaporation residue 131I produced via 2αp emissions channel
and hence are not shown in Fig. 5(b). No precursor contribution
for evaporation residues 131I have been observed. Hence,
measured EFs correspond to independent cross-sections. The
measured cross-sections are comparatively much higher by
orders of magnitude. This enhancement in the measured
cross-sections over their theoretical PACE-4 predictions may
again be attributed to the ICF process of the projectile 16O,
if 16O break up into 8Be and 8Be fragments and fusion of
8Be fragment with target 124Sn and emission of one proton
takes place from the composite system 132Xe∗. As such, the
evaporation residue 131I may be populated via two different
ICF reaction routes of the type

FIG. 6. Sum of all measured EFs of αxn + αpxn + 2αxn +
2αpxn channels (σ meas

SUM(αxn+αpxn+2αxn+2αpxn)) populated in 16O + 124Sn
system along with PACE-4 predictions (σ PACE−4

SUM(αxn+αpxn+2αxn+2αpxn)) at
K = 10.
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(i) ICF of 16O (i.e., fusion of the fragment 12C)
16O(12C + 4He) + 124Sn → 12C + 124Sn

+ 4He/α(spectator)

→ 136Ba∗ + α(spectator)
136Ba∗ → 131I + α + pxn(x = 0),

(ii) ICF of 16O (i.e., fusion of the fragment 8Be)
16O(8Be + 8Be) + 124Sn → 8Be + 124Sn

+8Be/2α(spectator)

→ 132Xe∗ + 2α(spectator)
132Xe∗ → 131I + pxn(x = 0).

In addition to that the sum of all measured cross-
sections (σ meas

SUM(αxn+αpxn+2αxn+2αpxn)) of evaporation residues
133mBa, 131m,gBa, 129m,gBa, 135Cs, 132Cs, 131mXe, and 131I
populated via αxn, αpxn, 2αxn, 2αpxn emission chan-
nels are compared with that estimated by PACE-4 code
(σ PACE4

SUM(αxn+αpxn+2αxn+2αpxn)) for presently studied system and
is shown in Fig. 6. These plots clearly show that the mea-
sured cross-sections (σ meas

SUM(αxn+αpxn+2αxn+2αpxn)) are found
to be significantly enhanced over that predicted by PACE-
4 (σ PACE4

SUM(αxn+αpxn+2αxn+2αpxn)) in the entire projectile energy
range. Moreover, it may be pointed out that the experimentally
measured ERs of αxn, αpxn, 2αxn, 2αpxn emission channels
are found to be produced through the projectile break-up
process (ICF reaction) in addition to CF process.

VI. SYSTEMATIC STUDIES FOR DEPENDENCE OF ICF
DYNAMICS ON VARIOUS ENTRANCE CHANNEL

PARAMETERS

It may not be possible to directly obtain the relative con-
tributions of ICF from the measured EFs for the 16O + 124Sn
system at projectile energy ≈3−7 MeV/nucleon. An attempt
has been made to estimate the ICF contribution from the
measured excitation function data and to study the dependence
of ICF dynamics on various entrance channel parameters,
i.e., projectile energy, projectile structure, entrance channel
mass-asymmetry, α-Q value, Coulomb factor (ZPZT), and
deformation parameter (β2) of the target.

To estimate the ICF fraction for the present 16O + 124Sn
system, the FICF is a measure of strength of ICF relative to
total fusion (CF and ICF). FICF is defined as the FICF(%) =
(σ ICF

SUM/σ CF+ICF
TF ) × 100 has been deduced. The detailed de-

scription of determination of FICF is given in our earlier
work [40]. The relative velocity (vrelt) of the nucleons in the
compound system has been widely used as a normalization
factor to compare the ICF fractions of different systems [17–
20]. FICF of different systems are also taken at a constant value
of Elab/ECB for comparison [19]. This parameter reduces the
effect of different Coulomb barriers. In the present work, a
new factor (�max-�crit)/�max has been introduced to understand
the dependence of ICF fraction on various entrance channel
parameters. The angular momentum limit of CF and ICF
channels depends on this new factor. In this factor, �max

and �crit are the maximum and critical angular momentum

FIG. 7. The incomplete fusion fraction (FICF) for various projec-
tile target systems as function of entrance channel mass asymmetry
μAS

EC at a constant value (�max-�crit)/�max = 0.12. The dotted lines are
drawn to represent the incomplete fusion fraction (FICF) data for
different projectiles.

of the system, respectively, and their values calculated using
prescription [27]. This factor is related to the entrance channel
angular momentum of the system and, thus, is more suitable
in case of the ICF dynamics where more angular momentum
is involved.

A. Dependence of ICF dynamics on entrance channel
mass asymmetry

The present EF data have also been analyzed within the
framework of entrance channel mass-asymmetry systematics
as suggested by Morgenstern et al. [15] to understand the
dependence of ICF fraction on the entrance channel mass
asymmetry [μAS

EC = AT /(AT + AP )]. Morgenstern et al. [15]
systematics show that the ICF dynamics contribute signif-
icantly for more mass-asymmetric system than less mass-
asymmetric system. With this view, the measured incomplete
fusion FICF for the present system 16O + 124Sn have been
compared with some earlier measurements [40–51] at a con-
stant value (�max-�crit)/�max = 0.12 for the different systems
at a constant value of (�max-�crit)/�max = 0.12 as a function of
entrance channel mass asymmetry and are shown in Fig. 7.
It is important to mention that the available data are limited
for some projectiles to only a few target nuclei. This figure
shows that the ICF fraction increases linearly with their mass
asymmetry, separately for each projectile. The dashed lines
are drawn to represent the incomplete fusion FICF fraction
data for the different projectiles. The FICF is found to increase
almost linearly with mass-asymmetry μAS

EC, separately for
each projectile. The magnitude of FICF for the nearby mass
asymmetry systems 13C + 159Tb (μAS

EC = 0.9244), 12C + 159Tb
(μAS

EC = 0.9298), 13C + 169Tm (μAS
EC = 0.9286), 13C + 175Lu

(μAS
EC = 0.9308), and 12C + 175Lu (μAS

EC = 0.9358) for differ-
ent projectiles are found to be ≈2%, 8%, 9%, 11%, and
17%, respectively. The values of FICF are found to be very
different for similar mass asymmetry systems. These obser-
vations are in contrast to that ICF dependence on the degree
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FIG. 8. Incomplete fusion fraction (FICF) of various systems
as a function of Coulomb factor (ZPZT) at constant value
(�max-�crit)/�max = 0.12. Dotted lines are drawn to represent the
incomplete fusion fraction (FICF) data.

of mass-asymmetry of the entrance channel as suggested by
Morgenstern et al. [15]. In this figure, it is observed that
the increasing rate of FICF fraction is different for different
projectiles. As such, the present analysis indicates a projectile
dependent mass-asymmetry pattern rather than a simple rise
with mass asymmetry of all projectiles. These present results
clearly show that the structure of projectile along with the mass
asymmetry affect the ICF dynamics at these energies.

B. Dependence of ICF dynamics on Coulomb factor

As already discussed in previous subsections of this
manuscript on the basis of Fig. 7, it has been noticed that
the ICF fraction depends on the projectile structure and pro-
jectile dependent mass asymmetry. Therefore, these previous
systematic studies inferred that ICF fraction is sensitive to the
projectile energy, nature of either the projectile or the target
nuclei, and entrance channel mass-asymmetry. To understand
the dependence of ICF fraction on product of the projectile
charge and target charge, i.e., (ZPZT) called Coulomb factor
[22–25], where ZP and ZT are the atomic numbers of the
projectile and target nuclei, respectively. The ICF fraction has
also been plotted as a function of Coulomb factor (ZPZT) of
projectile and target. The deduced ICF fraction for the present
system with few earlier measurements [40–51] at a constant
value (�max-�crit)/�max = 0.12 have been plotted as a function
of Coulomb factor (ZPZT) and displayed in Fig. 8.

An increase in Coulomb factor (ZPZT) will enhance the
strength of Coulomb interaction during the projectile interac-
tion with target nucleus and is related with projectile break-up
probability. It can be seen from this figure that FICF is found to
increase almost linearly with the Coulomb factor (ZPZT), hav-
ing different slope for different projectiles. These observations
are in contrast to that ICF dependence on the Coulomb factor
ZPZT is linear as suggested by Shuaib et al. [17]. In the present
analysis of FICF with ZPZT, it can be seen that the systems
with 20Ne projectile show a smaller slope and the systems

FIG. 9. Incomplete fusion fraction (FICF) of various systems as
a function of deformation parameter (β2) of target at constant value
(�max-�crit)/�max = 0.12. Dash dotted curves are drawn to represent
FICF data for different projectiles.

with 16O and 12C projectiles show similar slope, whereas 13C
projectile is having a greater slope. Here, it is interesting that
20Ne has less negative α-Q value (−4.73 MeV), 16O and 12C
have almost same α-Q value (−7.15 and −7.36 MeV), and
13C has more negative α-Q value (−10.64 MeV). As such,
the present analysis indicates a projectile-dependent pattern
rather than a simple linear rise with Coulomb factor ZPZT.
From this figure, it has also been noticed that the projectile
target systems, which have same or almost same charge product
ZPZT, the values of FICF fraction are significantly different for
different projectiles at the present studied energy range. Some
systems, which have same or almost same ZPZT values are
marked by vertical rectangular boxes and shown in Fig. 8.
These observations indicate that ICF dynamics may depend
on different entrance channel parameters.

C. Dependence of ICF dynamics on deformation parameter (β2)

To understand the role of target deformation on ICF dynam-
ics, the deduced ICF fraction for the present system along with
some other systems mentioned in Sec. VI B of this manuscript,
at a constant (�max-�crit)/�max = 0.12 have been plotted for dif-
ferent projectiles as a function of deformation parameter (β2)
of the target nucleus as shown in Fig. 9. Here, it is important
to mention that the shape of an axially symmetric deformed
nucleus is described by the deformation parameter (β2) and
directly connected to the quadruple moment (Q0). Detailed
description and formulation about deformation parameter (β2)
is given in Ref. [52]. The values of deformation parameter (β2)
for different target nuclei are taken from Ref. [53]. As can be
seen from the Fig. 9 that the value of FICF follows a systematics
exponential growth with increasing the deformation parameter
(β2), but the rising rate of FICF fraction are different for
different projectiles, in general. These observations indicate
that the ICF fraction also depends on projectile structure along
with deformation of the target nuclei. However, the value
of FICF for 16O + 103Rh system is slightly away from the
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FIG. 10. Comparison of incomplete fusion fraction (FICF) as a function of (�max-�crit)/�max for different projectile target systems, with the
same deformation parameter (β2).

increasing trend shown with the curved dash-dotted line. It
may be because of the fact that in case of 16O + 103Rh system
all α-emitting channels could not be measured due to their
short half-lives and/or very low γ intensities. The present
value of FICF for 16O + 103Rh system is expected to go up if
all possible α-emitting channels could be measured. Further,
some systems, which have same and almost same deformation
parameter (β2) values, marked by vertical rectangular boxes
are shown in Fig. 9.

The percentages of ICF fraction for these projectile target
systems are also significantly different. As a representative
case, the ICF fraction along with different projectile-target
systems having the same or almost the same deformation
parameter (β2) of the target nucleus has been plotted in
Figs. 10(a)–10(c). In Fig. 10(a), ICF fraction for 16O + 115In
(β2 = 0.08) and 12C + 115In (β2 = 0.08) systems are found
different for similar values of deformation parameter (β2) of
target nucleus. The values of FICF fraction for the 12C + 115In
system are larger than that of 16O + 115In system (except for a
few energies cross sections are larger for 16O). The observed
large ICF fractions for 12C + 115In (μAS

EC = 0.905) system may
be explained on the basis of its larger mass asymmetry than
the 16O + 115In (μAS

EC = 0.876) system.

In Fig. 10(b), the values of FICF fraction for the 12C +
175Lu (β2 = 0.286) system are significantly larger than that
of 13C + 175Lu (β2 = 0.286) system. The β2 values (of target)
for these systems are the same. In this case, the magnitude of
the ICF fraction is decided by the α-Q value of the projectile.
It may be noticed from Fig. 10(c) that the FICF fraction for
the 20Ne + 165Ho (β2 = 0.293) are much larger as compared
to 16O + 165Ho (β2 = 0.293) system, while for these systems,
the deformation parameter (β2) values are equal. The α-Q
value for the projectile 20Ne is less negative than projectile
16O and projectile dependent mass asymmetry for the system
20Ne + 165Ho is larger than that of 16O + 165Ho. Therefore, it is
expected to have a larger magnitude of ICF fraction for 20Ne +
165Ho system than that of 16O + 165Ho system. Further, these
present observations may be explained on the basis of α-Q
value for the projectile 20Ne and projectile dependent mass-
asymmetry. The present results indicate that the ICF dynamics
cannot be explained on the basis of only a single parameter,
i.e., deformation parameter (β2). The present systematic of
deformation parameters also show that the ICF dynamics not
only affected by the deformation of target, but it also affected
by other entrance channel parameters like projectile energy,
projectile structure, entrance channel mass-asymmetry, α-Q
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FIG. 11. Incomplete fusion fraction (FICF) as a function of (a) ZPZT · β2 (b)μAS
EC · β2 and (c) ZPZT · μAS

EC for different projectile target
systems at a constant value of (�max-�crit)/�max = 0.12.

value of the projectile, and Coulomb factor (ZPZT) in the
entire energy range. These experimental observations are very
important and may be useful for the prediction of incomplete
fusion dynamics. Further, to establish dependency of FICF

on deformation parameter more experimental data using HI
projectiles with same Z (deformed and spherical) target nuclei
are required.

D. Dependence of ICF dynamics on combinations of entrance
channel parameters

As discussed earlier in Secs. VI A–VI C of this paper, from
the study of the dependence of ICF dynamics on entrance
channel mass asymmetry (μAS

EC), Coulomb factor (ZPZT), and
deformation parameter (β2), it has been found that the ICF
dynamics does not depend completely on a single entrance
channel parameter or it cannot be explain through only a
single entrance channel parameter. Further, an attempt has been
made to investigate the dependence of ICF dynamics on these
parameters by taking various combinations of entrance channel
parameters, namely; ZPZT · β2, μAS

EC · β2, and ZPZT · μAS
EC.

Kumar et al. [18] has suggested a combination of parameter
ZPZT · β2 and observed the dependence of ICF on this param-
eter. According to this systematic study, ICF fraction shows a
linear growth with the ZPZT · β2 for different projectile target

combinations at a constant value of (vrelt ). With this in view, the
incomplete fusion fraction (FICF) has been plotted as function
of ZPZT · β2 for the present system along with other systems as
discussed above in Secs. VI A–VI C and is shown in Fig. 11(a).
It may be noticed from this figure that FICF increases linearly
with ZPZT · β2 for different projectiles, independently. These
results are similar as suggested by Ref. [18] for the systems
having highly deformed targets. But the FICF is deviating from
the linear growth in case of spherical or slightly deformed
targets. This is due to the fact that in the case of spherical
targets, the value of deformation parameter (β2) is zero. If
this value of β2 (= 0) multiplied with any other parameter,
it makes the whole term zero. As such, no systematic pattern
will be observed for the spherical and slightly deformed target.
Further, to confirm the above observations, another parameter
μAS

EC · β2 has been taken. In this respect, a graph of FICF as
function of μAS

EC · β2 for the present system along with other
systems has been plotted and is displayed in Fig. 11(b). The
results are found to be similar as observed for FICF versus
ZPZT · β2. On the basis of these results, the deformation
parameter (β2) of the target should be considered as an
independent parameter, which affects the ICF dynamics. But
it should not be multiplied with any other entrance channel
parameters to explain the complete characteristics of ICF
dynamics.
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To understand the complete gross features of the ICF
dependence on various entrance channel parameters, a new
entrance channel parameter ZPZT · μAS

EC has been taken as
a combination of ZPZT and μAS

EC. A graph of FICF as a
function of ZPZT · μAS

EC has been plotted and is shown in
Fig. 11(c) to investigate the dependences of ICF on this new
combined parameter. As can be seen clearly from this figure
that the ICF fraction increases linearly with ZPZT · μAS

EC, but
it has different slopes for different projectiles. This pattern
is also similar as observed for FICF versus ZPZT and μAS

EC
individually for different projectiles. The multiplication of
these two parameters should also retain same characteristics.
It means that the combined parameter ZPZT · μAS

EC is able to
explain the ICF dynamics in place of two parameters ZPZT and
μAS

EC. As a comparison of FICF plots, this parameter explains
ICF dynamics with more consistency than that of ZPZT. Here
it is also important to mention that the different slopes of FICF

for different projectiles have been observed. It may be due to
the projectile α-Q value effect on ICF. The present results
indicate that the combination of parameters ZPZT · β2 and
μAS

EC · β2 are not suitable to explain the whole characteristics of
ICF dynamics, especially for spherical and slightly deformed
targets. The new combined parameter ZPZT · μAS

EC completely
explains the ICF dynamics more precisely than that of other
entrance channel parameters.

VII. SUMMARY AND CONCLUSIONS

Excitation functions of eleven evaporation residues popu-
lated through complete and/or incomplete fusion reaction have
been measured in the 16O + 124Sn system in the projectile
energy range ≈3−7 MeV/nucleon. It has been found that some
of the evaporation residues populated through complete and/or
incomplete fusion have contribution from their precursor
decay of higher or lower charge isobars during the decay
curve analysis. The independent production cross-section and
precursor decay contribution have been separated out from
their measured cumulative cross-sections. The experimen-
tally measured EFs have been compared with predictions of
statistical model code PACE-4 based on compound nucleus
theory. The experimentally measured EFs of evaporation
residues populated through xn/pxn-emitting channels are
found to be satisfactorily reproduced with the statistical model
predictions PACE-4, indicating their production through CF
only. A significant enhancement in the measured excitation
functions over their theoretical predictions of PACE-4 for
the all evaporation residues populated through α-particle(s)
emitting channel has been found. This enhancement may be
attributed to the occurrence of incomplete fusion involving
break-up of projectile 16O into 12C + 4He and /or 8Be + 8Be
followed by fusion of one of the fragments with the target
nucleus 124Sn. Hence, it is inferred that incomplete fusion
plays an important role in the production of ERs involving
single or cluster of α-particle emission at these beam ener-
gies. The present findings of ERs populated via CF and/or
ICF are also consistent with our earlier measurements using
particle-γ -coincidence technique for same system at projectile
energy ≈6.2 MeV/nucleon [54]. Moreover, dependence of

ICF dynamics on various entrance channel parameters namely;
entrance channel mass-asymmetry (μAS

EC), Coulomb factor
(ZPZT), and deformation parameter (β2) of the target have
been studied. Further, to have a better insight into the role of
these entrance channel parameters, the values of incomplete
fusion fraction for some other systems taken from literature
are compared. In general, the magnitudes of FICF values are
found to increase with the μAS

EC, ZPZT, and β2, independently
for different projectiles. It may be inferred that from these
results that the contribution of ICF is not only affected by
μAS

EC, ZPZT, and β2, but it is also affected by the structure
of projectile. It has also been observed that the projectile
target systems, which have the same or almost the same
Coulomb factor (ZPZT), and the values of FICF fraction are
significantly different in the energy range of the present study.
These results indicate that FICF fraction does not follow any
systematic pattern with increasing the Coulomb factor (ZPZT).
It means that the Coulomb factor does not fully affect the
ICF dynamics at low projectile energy. In addition, the FICF

follows a systematic exponential growth with increasing the
deformation parameter (β2) of target, but the rising rates of
FICF are different for different projectiles. The present results
clearly indicate that the deformation of target along with the
other entrance channel parameters affect the ICF dynamics at
respective energies. Again, the present results indicate that the
ICF is also found to be sensitive to projectile structure and α-Q
value of the projectile. For better understanding, an attempt
has been made to investigate the dependence of ICF dynamics
on above discussed entrance channel parameters by taking
various combinations of them, namely, ZPZT · β2, μAS

EC · β2,
and ZPZT · μAS

EC. It has been found that FICF increases linearly
with these three combined parameters ZPZT · β2, μAS

EC · β2,
and ZPZT · μAS

EC, independently for different projectiles. But
the FICF deviates from the linear pattern for spherical or
slightly deformed targets with ZPZT · β2 and μAS

EC · β2. In
conclusions, the deformation parameter (β2) of the target
should be considered as an individual parameter, which affects
the ICF dynamics. But it should not be multiplied with
any other entrance channel parameters to explain the whole
characteristics of ICF dynamics. These results are in contrast
with Ref. [18]. No such inconsistency has been observed with
ZPZT · μAS

EC. These present results further indicate that the
parameters ZPZT · β2 and μAS

EC · β2 are not suitable to justify
the complete characteristic of ICF dynamics, particularly
for spherical and slightly deformed targets. The combined
parameter ZPZT · μAS

EC has been found to explain the ICF dy-
namics more precisely as compared to other entrance channel
parameters.

On the basis of the present results, it may be concluded
that the ICF dynamics strongly depends on various entrance
channel parameters and their combinations. The present sys-
tematic study suggests that the features of ICF dynamics can
be explained in better way through the combination of ZPZT

and μAS
EC. These results observed in the present study are very

new and interesting. More research work is required to probe
a single entrance channel parameter, which will be able to
explain the gross features of ICF dynamics at low projectile
energy.
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