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Measurement of fusion evaporation residue cross sections in the 48Ti + 138Ba reaction
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Evaporation residue cross sections are measured for the reaction 48Ti + 138Ba which forms the compound
nucleus 186Pt∗. The cross sections are measured at beam energies in the range of 189.3–234.4 MeV. The
experimental evaporation residue cross sections are compared with the dynamical model which employs one-
dimensional Langevin dynamical calculations. The dissipation strength of the Langevin equation is calculated
using both chaos weighted wall formula and a constant reduced dissipation function. The measured ER cross
sections are found to be much less than the theoretical predictions. Further, the measured ER cross sections
for the system 48Ti + 138Ba are compared with those of 32S + 154Sm forming the same compound nucleus. The
suppression in the evaporation residue cross sections of the former reaction may be attributed to the increasing
competition from quasifission. The quasifission reaction is found to have superseded any effect of neutron shell
closure (N = 82) of the target in the present study.
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I. INTRODUCTION

The synthesis of heavier elements using heavy ion beams
is severely hindered by fission and fission-like processes [1,2].
Experimental efforts for the formation of such elements are
extremely challenging as evaporation residues (ER) for such
reactions are heavily suppressed by a nonequilibrium pro-
cess called quasifission (QF) [3–5]. In the case of QF, after
the capture of projectile by the target nuclei, the system
reseparates before the formation of a completely equilibrated
compound nucleus (CN). The investigation into the major
factors promoting this reseparation is not yet complete. Thus,
a deep understanding of the various factors that can suppress
a non-compound-nuclear reaction like QF and the techniques
to enhance the production of super heavy elements (SHE) are
the need of the hour.

The main evidence for QF are (i) strong mass-angle
correlation in the mass-angle distribution of fission frag-
ments [6–8], (ii) broader mass distributions compared to
that of CN fission [7–10], (iii) anomalously large an-
gular anisotropies compared to statistical model predic-
tions [11–13], (iv) lower ER yield [9,14], and (v) unexpected
γ ray multiplicity [15]. The presence of any of these sig-
natures will indicate the reaction to be QF. The competition
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between fusion and QF determines the probability of forma-
tion of a completely equilibrated CN.

The major factors that influence QF process are entrance
channel mass asymmetry [9,16–18], deformation of colliding
partners [6,19–21], shell closure effect [22,23], and neutron
excess of projectile and target [14]. Among the factors influ-
encing QF, the entrance channel mass asymmetry is closely
related to the product of projectile and target atomic numbers
ZpZt (where Zp is the atomic number of projectile and Zt is
the atomic number of target) [7]. The dynamical models have
predicted the onset of QF when the charge product ZpZt >

1600 [3]. However, the onset of QF has been reported for the
systems even with charge product ZpZt ∼ 540 [24–26].

The pre-equilibrium model suggests that, in heavy ion in-
duced reactions, in addition to normal fusion-fission process,
a significant fraction of the non-compound-nuclear reaction is
also present [27]. According to this model, if the critical mass
asymmetry (α) is greater than the Businaro-Gallone mass
asymmetry (αBG) then the flux flow is from the lighter nucleus
to heavier nucleus and it leads to CN formation. On the other
hand, if α < αBG, the flux flow is from heavier to lighter nu-
cleus and the system reseparates before the formation of CN.
However, contradicting results are also reported where α <

αBG results in fusion-fission and α > αBG leads to QF [28].
In a classical experiment for the production of 293,294Ts

through 48Ca induced reaction on 249Bk, it required 70 d of
beam time to detect one nucleus [29]. The cross section for the
reaction is less than 1 pb. The main reason for the hindrance
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TABLE I. Relevant parameters of projectile and target such as
deformation, number of neutrons, and excitation energy of 2+ excited
state.

Nucleus β2 Neutrons E+
2 (MeV)

48Ti +0.276 26 0.984
138Ba +0.093 82 1.436

of the fusion cross section is attributed to QF. In the dinuclear
system (DNS) model of nuclear fission, the probability of
complete fusion (PCN) after the capture of projectile by target
is highly dependent on the extent of QF. For the production
of SHE, the current challenge is to understand the factors that
influence PCN [30].

The above discussion suggests that even though QF is a ro-
bust competitor to the fusion reaction involving heavy nuclei,
a complete picture of the dynamics of QF is not yet known. To
understand the extent of this non-compound-nuclear reaction
in fusion dynamics, systematic measurements of ER cross
sections are carried out for the reaction 48Ti + 138Ba forming
186Pt∗ compound nucleus. Relevant parameters of the projec-
tile and target are given in Table I. We are also interested to
study if there is any enhanced survival probability of CN, due
to the neutron shell closure (N = 82) of the target, is present.
The paper is organized as follows. A detailed description of
experimental set up is given in Sec. II. Data analysis can be
found in Sec. III, and Sec. IV deals with experimental results.
Theoretical calculations of the reaction is included in Sec. V.
A general discussion of the implications of present study is
under Sec. VI, while Sec. VII is devoted for summary.

II. EXPERIMENTAL DETAILS

The ER excitation function measurements are performed
at Inter University Accelerator Centre (IUAC), New Delhi,
using Pelletron+LINAC accelerator facility. Isotopically en-
riched (99.8%) thin targets of 138Ba of thickness 200 μg/cm2

were used in the experiment. In order to protect 138Ba from
oxidation, it is sandwiched between carbon films of backing
thickness ≈20 μg/cm2 and capping thickness ≈10 μg/cm2

with carbon backing facing the beam. The fabrication of the
target has already been reported [31]. The heavy ERs formed
in the experiment are separated from the enormous beam
background using hybrid recoil mass analyser (HYRA) oper-
ated in the gas-filled mode [32,33]. The electromagnetic con-
figuration of first stage of HYRA is Q1Q2-MD1-Q3-MD2-
Q4Q5, where Q is magnetic quadrupole and MD is magnetic
dipole. This first stage is operated in momentum dispersive
mode in the gas-filled mode of operation. The presence of
MD1 and MD2 increase the rejection of primary and scattered
beam as well as target-like particles at the focal plane [32].
This is achieved by the proper choice of the field values which
ensures that only ERs reach the focal plane. The pressure of
He gas is optimized at 0.3 Torr for the present experiment.
The gas-filled region of HYRA is separated from the vacuum
region using ≈660 μg/cm2 window foil of carbon. In order
to optimize the field values of the magnets, field scanning is

FIG. 1. A two-dimensional energy loss versus timing (or time of
arrival of ERs) plot for the laboratory energy 241 MeV.

done within a range of ±10% in steps of 2% of the calculated
values of energy [34].

The measurements were performed at laboratory beam
energies of 189.3, 195.5, 201.7, 208.9, 215.7, 224.0, and
234.4 MeV. The above energies were determined after correct-
ing for the energy loss of the beam particles in 660 μg/cm2

pressure window foil, 0.30 Torr of He gas between pressure
window foil and target (≈35 cm), 20 μg/cm2 carbon backing
and 100 μg/cm2 half thickness of 138Ba. A position sensi-
tive multiwire proportional counter (MWPC) of dimensions
6 in. × 2 in. detects the ERs reaching the focal plane [35]. In
order to detect elastically scattered particles from the target,
two silicon detectors were placed inside the target chamber at
θ = ±25◦. These detectors are also used to focus the beam at
the center of the the target and to normalize ER cross sections.

The MWPC counts are used for the measurement of ER
cross sections. A polypropelene foil of thickness 0.5 μm sepa-
rates HYRA electromagnetic section from the focal plane. The
detector is operated using isobutane gas at 2.5 mbar pressure
and provides position (XL, XR, YU , and YD) signals, energy loss
(�E ) and timing signal. The position signals are processed
through the constant fraction discriminator (CFD) and are fed
to the time to digital converter (TDC) as stop signal, with
anode signal as the common start. Energy signals (which are
from the MWPC cathode and monitors) are fed to an analog
to digital converter (ADC) for further processing. The logical
OR signal of monitors and MWPC anode act as master strobe
for the data acquisition system. A timing (on time of arrival)
spectrum is generated using the timing pulse from the MWPC
anode signal as the start signal and a suitably delayed radio
frequency (RF) pulse as the stop signal. An energy loss versus
timing plot with 250 ns pulse separation for a laboratory
energy of 241 MeV is shown in Fig. 1. Data were collected
and analyzed using IUAC data sorting software CANDLE [36].

III. DATA ANALYSIS

The total ER cross section can be calculated using the
formula

σER =
(

YER

YMon

)(
dσ

d�

)
�M

1

ηHYRA
. (1)
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TABLE II. The different physical parameters such as potential
barrier, critical mass asymmetry parameter, charge product, mean
fissility, and fission barrier for the reactions 48Ti + 138Ba and 32S +
154Sm (which is the asymmetric reaction used for the comparison of
ERs.), both forming same compound nucleus 186Pt∗.

Reaction Vb(MeV) α ZpZt χm Bf (MeV)

48Ti + 138Ba 141.3 0.483 1232 0.66 16.3
32S + 154Sm 115.3 0.656 992 0.54 16.3

Here, YER is the ER yield at the focal plane, YMon is the
yield of elastically scattered particles recorded by the moni-
tor detector, dσ/d� is the differential Rutherford scattering
cross section in the laboratory frame, �M is the solid angle
subtended by the monitor detector, and ηHYRA is the trans-
mission efficiency of the separator. The focal plane yield YER

is obtained from a two-dimensional energy loss versus time
of arrival plot. The yield of the monitor detectors YMon in the
target chamber is obtained from the one dimensional spectrum
using CANDLE software. The differential Rutherford scattering
cross section can be calculated from the formula(

dσ

d�

)
= 1.296

(
ZpZt

Elab

)2[ 1

sin4( θ
2 )

− 2

(
Ap

At

)2

+ · · ·
]
, (2)

where Zp, Zt and Ap, At are the atomic and mass numbers
of the projectile and target, respectively. Elab and θ are the
energy of the incident projectile and scattering angle of the
projectile-like particles in the laboratory frame of reference,
respectively. The value of ZpZt and other physical parameters
are shown in Table II.

The extraction of transmission efficiency is very crucial
in the measurement of cross sections. The transmission effi-
ciency is the ratio of number of ERs reaching the focal plane
of HYRA to the total number of ERs produced in the reaction.
Transmission efficiency depends on several parameters such
as the entrance channel mass asymmetry, beam energy, target
thickness, the exit channel of interest, angular acceptance
of the separator, magnetic field strengths, pressure of gas,
etc. [33,37–39]. The transmission efficiency of 48Ti induced
reactions in the experimental facility of HYRA has already
been reported [40]. We use the 48Ti + 142Nd reaction [40] as
the calibration reaction to estimate the transmission efficiency
of the present system.

To calculate the transmission efficiency, statistical model
code PACE4 [41] is used to find the different possible ER
channels and their relative yields in the reaction 48Ti + 138Ba,
which are used for the normalization of the angular distri-
bution. The ER angular distribution for this system is simu-
lated using Monte Carlo simulation code TERS [34] at each
energy point. This semimicroscopic code takes the actual
input parameters during the experiment like neutron, proton,
α separation energies, etc. The interaction of the beam with
target is calculated event by event and it generates the reaction
distribution of ERs such as angle, energy and charge state in
the output. Here, due to focusing effects, energy and charge
state are assumed nearly 100%, but practically the polar
acceptance angle of HYRA is 9.5◦. The average area under

FIG. 2. Normalized angular distributions of ERs are simulated
using TERS code. The angular acceptance of HYRA is 9.5◦ and is
shown as a dashed arrow mark.

the curve up to 9.5◦ is considered in the calculations. The
normalized angular distributions at each energy is obtained
by adding the individual ER angular distributions with proper
weighted yield. The normalized distributions obtained are
shown in Fig. 2. It has been found that just below and above
the Coulomb barrier, the ERs with xn decay channels diminish
within an angle of 3.5 degrees from the beam axis while the
ERs with α evaporation channels continue to increase up to
5 degrees. This results in the formation of two peaks in the
normalized angular distribution. However, at higher excita-
tion energies, ERs with xn evaporation channels are present
even at larger angles. Hence it gives a continuum at higher
excitation energies. A multiplication factor is obtained by
taking the ratio of area under the curve using 48Ti + 138Ba and
48Ti + 142Nd calibration reaction up to 9.5◦. The transmission
efficiency value for 48Ti + 138Ba is extracted by multiplying
ηHYRA for 48Ti + 142Nd with the multiplication factor. This
way the transmission efficiency extracted for 48Ti + 138Ba is
28.7% ± 4.3%

IV. EXPERIMENTAL RESULTS

The total ER cross section (σER) obtained as a function of
center of mass energy (Ec.m.) is shown in Fig. 3. The overall
error in the calculated cross section is ∼15%. The measured
excitation function shows a decreasing trend at higher beam
energies. Generally, the competition from fission reduces the
ER formation. A detailed study into the reasons that hinder the
ER formation in the present reaction is performed in Sec. VI.
The measured ER cross section for each center of mass energy
along with corresponding excitation energy is shown in Ta-
ble III. In the subsequent section, it can be seen that statistical
model predictions do not reproduce experimental data.

V. THEORETICAL ANALYSIS

Dynamical model calculation is performed to reproduce
the measured ER cross sections. In this calculation, we
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FIG. 3. Total ER cross sections as a function of center of mass
energy. Beyond 160 MeV, there is a sharp fall in the ER cross
sections.

have neglected the possibility of noncompound processes.
Hence, any discrepancy with the experimental data can be at-
tributed to the presence of noncompound reactions. We solve
one-dimensional Langevin equations [42–44] which can be
written as

d p

dt
= − p2

2

∂

∂c

(
1

m(c)

)
− ∂F

∂c
− η(c)

m(c)
p + g�(t ),

dc

dt
= p

m(c)
, (3)

where the “funny-hills” shape parameter c, representing the
elongation of a nucleus, is used as the collective coordinate,
and p is the momenta conjugate to c. The strength of the
random force, g, is related to the friction coefficient η through
fluctuation-dissipation theorem: g = √

ηT [44]. The shape-
dependent collective inertia m(c) is extracted using Werner-
Wheeler approximation [45,46] for the irrotational flow of
incompressible nuclear fluid. The �(t ) represents the ran-
dom force with the time correlation property 〈�(t )〉 = 0 and
〈�(t1).�(t2)〉 = δ(t1 − t2). The Helmholtz free energy F =
V − (a − a0)T 2 is used as the driving force for the collective
motion; V and a being the deformation dependent potential
energy and level density parameter [47], respectively. a0 is

TABLE III. Measured ER cross sections as a function of center
of mass energy and corresponding excitation energy

Ec.m.(MeV) E∗(MeV) σER(mb)

140.4 41.51 4.8 ± 0.7
145.04 46.15 12.6 ± 1.9
149.6 50.71 21.6 ± 3.2
154.9 56.01 25.7 ± 3.9
160.03 61.14 26.6 ± 4.0
166.2 67.31 23.8 ± 3.6
173.9 75.01 18.1 ± 2.7

TABLE IV. CCFULL parameters used in the calculations of 48Ti +
138Ba and 32S + 154Sm reactions.

Reaction V0(MeV) a0(fm) r0( f m)

48Ti+138Ba 79.85 0.685 1.18
32S+154Sm 75.7 0.689 1.18

the value of a at the ground-state deformation. Temperature
T is obtained from the ground-state excitation energy E∗ as
T = √

E∗/a0. V is calculated following the double-folding
Yukawa-plus-exponential model [48].

Large number of Langevin events are simulated and finally
an ensemble average has been taken to extract the experi-
mental observables. The initial angular momentum for each
event is sampled from the spin distribution of partial capture
cross-section calculated using the CCFULL code [49]. The
details of the CCFULL parameters are discussed in Table IV.
Alternatively, we can use the fusion spin distribution given by

dσ (�)

d�
= π

k2

(2� + 1)

1 + exp
(

�−�c
δ�

) , (4)

where k is the wave number for the relative motion of the
target-projectile combination. Here, �c and δ� are obtained
from the systematics given in Ref. [43]. After obtaining the
initial angular momentum, the potential energy is corrected
with the corresponding rotational energy. The initial collective
coordinate of the CN is considered to be the ground state
deformation of the rotating nucleus. The initial momentum
is obtained from the distribution of a thermally equilibrated
system. A Langevin trajectory is considered to undergo fission
when it crosses the scission point. We choose the scission
configuration to correspond to a neck radius of 0.3R, where
R is the radius of the initial shape of the compound nu-
cleus [50]. Possibilities of n, p, α, and γ evaporations are
taken into account during the dynamical evolution. A Monte
Carlo sampling is performed for this purpose at each time step
of the Langevin propagation. The emission probabilities of
these light particles [43,51] and γ rays [43,52] are calculated
using the standard statistical model formula. In case evap-
oration occurs, the CN and other dynamical quantities, like
angular momentum and excitation energy of the composite,
are updated to the corresponding daughter nucleus. An event
is assigned to be an evaporation residue when the excitation
energy reduces below the fission barrier. Therefore, if Nf is
the number of fission events out of Nt Langevin trajectories of
an ensemble, then the ER cross section is defined as

σER = σ f u

(
Nt − Nf

Nt

)
, (5)

where σ f u is the fusion cross section extracted by integrating
Eq. (4).

We have used the shape-dependent chaos-weighted wall
friction (CWWF) [53] for the dissipation strength η. ER
cross section is calculated for the present reaction and is
plotted in Fig. 4(a) as a function of excitation energy. The
calculated results strongly overestimate the experimental data
for the system. In order to see the effect on a less symmetric
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FIG. 4. Comparison of experimental ER cross sections for 48Ti +
138Ba (upper panel) and 32S + 154Sm (lower panel) with dynamical
model calculations. The choices of inputs for the calculations are
indicated.

system, forming the same compound nucleus, the calculation
is performed for 32S + 154Sm also, where the measurement
is already reported [54] and the result is shown in Fig. 4(b).
(The parameters of the system are also given in Table II.)
A comparatively better agreement is observed in case of the
asymmetric channel. Next, for completeness, we have calcu-
lated the ER cross section for the symmetric channel with
a constant reduced dissipation η/m = 1021 s−1 and angular
distribution from the systematics [Eq. (4)]. As depicted in
Fig. 4, this set of calculation also confirms the suppression
of experimental ER cross section for the symmetric system.

VI. DISCUSSION

The theoretical analysis of the reactions shows an over
estimation of the ERs for the symmetric system. This dis-
crepancy between the experimental results and the theoretical
predictions can be explained as follows. The fusion cross
sections, required for the present calculations, are estimated
without incorporating any noncompound processes such as
quasifission. Consequently, for the present target-projectile
combination, the estimated fusion cross section is larger
than the actual value. This may justify the presence of non-
compound reaction mechanism in the 48Ti + 138Ba reaction.

Further, the measured ER cross sections are compared with
the known results for 32S + 154Sm [54] reaction which forms
the same CN, 186Pt∗. The nuclear reactions forming same CN
through different entrance channels provide an opportunity
for a systematic understanding of competing decay modes.
The reduced ER cross sections of the reactions, as shown
in Fig. 5(a), are considered for the comparison to eliminate
any size effect that may appear in the absolute cross sections.
To convert absolute cross sections(σER) into reduced cross
sections, σER is divided by πλ̄2, where λ̄ is the reduced de
Broglie wavelength of ER. The two reactions are compared

FIG. 5. (a) Upper panel: Comparison of reduced ER cross sec-
tions of 48Ti + 138Ba reaction with 32S + 154Sm. (b) Lower panel:
Comparison of the ratio of ER cross section to the CCFULL predicted
capture cross section for the same reactions. In both reactions, lines
guide the eye.
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for the same excitation energy range above the Coulomb
barrier.

In Fig. 5(a), the ER cross section has a steady increasing
trend with Ec.m.

VB
ratio for 32S + 154Sm, while it is different for

48Ti + 138Ba. This indicates a suppression in fusion probabil-
ity, especially at higher energies for present system which is
more symmetric compared to the other reaction. This result
is consistent with the fact that mass asymmetry dependence
of the potential energy surface can influence fusion probabil-
ity [9,19,55]. In the case of mass asymmetric reactions, the
driving force due to the nuclear potential favors absorption
of the light projectile by the heavy target nucleus, which
leads to a compact CN with high probability [14]. However,
for mass symmetric reactions, system tends to become more
symmetric through the mass flow from target to projectile
and eventually the dinuclear system breaks without forming
a shape equilibrated CN.

We next plot in Fig. 5(b), the experimental survival prob-
ability as the ratio of experimental ER cross section to the
CCFULL predicted capture cross section for both reactions. The
various input parameters used in the CCFULL calculations are
shown Table IV. Capture cross section is the sum of fusion
cross section and cross section for non-compound-nuclear
reactions (σCap = σfus + σNCN). A high fission barrier prevent
the system from decaying through fission (see Table II). So
fusion cross section correspond to ER cross section (since
σfus = σfission + σER), which has a decreasing trend. Thus the
deviation of this ratio from unity suggest a lesser probability
for fusion, enhancing the chances of the non-CN reaction.
The survival probability of 32S + 154Sm has a moderate fall at
higher excitation energies above Coulomb barrier, suggesting
higher survival probability for the reaction. However, the
survival probability of 48Ti + 138Ba system is substantially
smaller and this suggest a lower probability for CN formation.

In the present study, both symmetric and asymmetric sys-
tems, forming the same compound nucleus, have same fission
barrier (see Table II). A higher fission barrier reduces the
probability of fission and increases the chances of decay
of the compound nucleus through the evaporation of light
particles. However, there is a decreasing trend in the ER
cross sections in the present reaction at higher excitation
energies. This points towards a fusion hindrance as ERs are
the indisputable signature of fusion. According to dinuclear
system (DNS) concept of nuclear fusion, this suppression in
the fusion is interpreted as due to the presence of quasifission
reaction [56–58]. In addition, for a more symmetric mass pair,
the tendency of mass flow is towards the projectile creating a
symmetric dinucleus before evolving into a mononucleus and
fissioning through an asymmetric conditional saddle leading
to quasifission [59].

The fusion hindrance can also be explained on the basis of
mean fissility [5] (see Table II). The mean fissility represents
the degree of reseparability of the dinuclear system, which
is macroscopically determined by the Coulomb repulsion in
the initial stage of the reaction and balance between surface
and Coulomb energies of the compound system in the later
stage of the reaction [8]. The calculations of mean fissility
parameter depends on the entrance channel fissility and CN

fissility. Even though CN fissility is same for both reactions,
entrance channel fissilities will vary considerably as the angu-
lar momentum imparted by both projectiles are significantly
different, even at the same excitation energies. The angular
momentum imparted by the heavy projectile would be larger
and this in turn decreases the fission barrier or increases the
fissility. A higher mean fissility of symmetric system (χm =
0.66) than that of the asymmetric system (χm = 0.54) point
towards a higher probability of reseparation of the symmetric
system before the formation of a compound nucleus.

It has been shown that the fusion of massive reaction
systems strongly depends on the shell structure of colliding
partners [60]. The presence of shell closure or magic shells
influence the reaction outcome as far as heavy systems are
concerned. The compound nuclear formation probability in-
creases when magic numbers are involved in the entrance
channel [60,61]. This is due to the fact that magic nuclei
are indeed expected to generate cold valleys in the potential
energy surface, favoring the formation of a compact CN [62].
Further, magic nuclei are difficult to be excited, thereby re-
ducing energy dissipation and then allowing the formation of
a more compact dinuclear system [16]. In either explanation,
it is clear that the heavy ion induced reactions involving shell
structures in the input channel enhance the fusion probability.
At the same time, there is instance of quasifission for reaction
involving magic numbers in the entrance channel [22]. In the
present study also, it is observed that the QF supersedes the
shell closure effect of the target. Shell effects are also expected
to be negligible at high excitation energies.

VII. SUMMARY

We have measured the ER cross sections for 48Ti + 138Ba
at excitation energies in the range of 41–75 MeV and com-
pared them with those of 32S + 154Sm, both forming the
same CN. The comparison has clearly shown the evidence
of entrance channel effect with increasing values of charge
product ZpZt . While the theoretical analysis of the reactions
shows a significant deviation of ER cross section from the
experimental values for the symmetric system, it is in good
agreement with asymmetric system. The depletion of ER
cross sections for 48Ti + 138Ba at higher excitation energies
as compared to that of 32S + 154Sm is a clear signature of
the presence of non compound nuclear reaction such as fast
fission, pre-equilibrium fission or quasifission. As fast fission
is dominant at higher angular momenta with vanishingly small
fission barrier heights and that the pre equilibrium fission
takes place when the temperature of the system becomes
comparable to the fission barrier, the reduction in the ER
cross sections of the present study may be attributed to QF.
In addition, it seems that the effect of target shell closure has
no profound influence in the present reaction as there is no
enhanced fusion probability at higher excitation energies.
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