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Background: In heavy-ion induced reactions, the sub-barrier fusion cross sections are found to be higher
as compared to the predictions of the one-dimensional barrier penetration model. Attempts have been made
to explain sub-barrier fusion enhancement by including the static deformations, the couplings to inelastic
excitations, and non-fusion channels.

Purpose: To investigate factors which influence the sub-barrier fusion in the *’Cl+ '**Te system and to
understand the interplay of couplings, the fusion excitation function was measured at energies from 10% below
to 15% above the Bass barrier.

Method: The fusion excitation function was measured by employing a recoil mass spectrometer, the Heavy-Ion
Reaction Analyser (HIRA), at the Inter-University Accelerator Centre, New Delhi. To study the behavior of the
fusion excitation function and the effect of couplings at sub-barrier energies, the excitation function was analyzed
in the framework of the coupled-channels code CCFULL.

Results: In the present work, the fusion cross section was measured down to 1 b at the lowest measured energy,
i.e., 10% below the barrier. It was found that the inclusion of couplings of low-lying excited states along with
the modified barrier between interacting nuclei satisfactorily reproduces the fusion excitation function of the
37C1 4 139Te system. For better insight into the sub-barrier fusion, the fusion barrier distribution, the logarithmic
derivative L(E) factor, and the astrophysical S factor were extracted from the analysis of the experimentally
measured fusion excitation function.

Conclusions: The analysis of the fusion excitation function in terms of the astrophysical S factor and the L(E)
factor suggests the absence of fusion hindrance in the 3’Cl + "**Te system down to a 1 b cross section achieved
at the lowest measured energy. The excitation function of the present system is compared with the existing
measurements in which *’Cl has been used as a projectile to understand the interplay of entrance-channel

parameters in sub-barrier fusion enhancement.
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I. INTRODUCTION

In heavy-ion induced reactions, a massive rearrangement
of a complex quantum system takes place with the repetitive
interactions of all nucleonic degrees of freedom between the
interacting partners [1-4]. According to the simplest barrier-
passing model, fusion occurs only if the energy of the incident
projectile overcomes the residual barrier, formed due to equi-
libration of an attractive nuclear potential and the repulsive
Coulomb potential between the interacting partners. However,

“rnsahoo @iitrpr.ac.in
Tpps@iitrpr.ac.in

2469-9985/2019/99(2)/024607(10)

024607-1

it has been found that the nuclear interactions lead to fusion
even at sub-barrier energies, i.e., Ec,. < Vp, which has been
attributed to the quantum tunneling through the barrier [5],
termed the one-dimensional barrier penetration model (1D
BPM). A significant enhancement in the sub-barrier fusion
cross sections over the predictions of the 1D BPM has been
observed [1,2]. Hence, nuclear fusion around the barrier has
been extensively investigated in the past few decades to im-
prove the understanding of the underlying dynamics [2,6—13].

The enhancement in sub-barrier fusion cross sections
provides a doorway to introduce the effect of static and
dynamic deformations and, subsequently, the coupling of
inelastic excitations [14,15]. These couplings transform the
one-dimensional single barrier into multiple barriers and,
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consequently, reduce the strength of the original barrier, which
leads to sub-barrier fusion [16—19]. Although the inclusion
of couplings explained the enhancement of sub-barrier fusion
cross sections over the standard 1D BPM calculations in
some cases, the simultaneous interpretation of fusion cross
section from sub- to above-barrier energies is found to be
inconsistent, which may be an indication of coupling of
non-fusing channels at below-barrier energies [20-23]. It has
been observed that the presence of positive Q-value neutron
transfer (PQNT) channels enhances fusion cross sections at
sub-barrier energies [24-29]. However, this effect has been
found to be negligible in some studies [30-35]. This suggests
that the inclusion of PQNT channels may not be sufficient,
but is necessary to explain an additional enhancement in sub-
barrier fusion cross sections over the prediction of coupled-
channels calculations [36-38].

Furthermore, Jiang er al. [11,39] observed that the fusion
excitation function for a few systems shows an unexpected
behavior with a much steeper falloff than that predicted by
conventional coupled-channels calculations, termed fusion
hindrance [11,40]. The phenomenon of fusion hindrance,
observed initially in symmetric systems involving medium-
heavy nuclei at sub-barrier energies, has been emphasized
through the astrophysical S factor [41,42], and the logarithmic
derivative L(E) factor [11,39,43]. The S factor and L(E) factor
provide a possibility to interpret the steep falloff of fusion
cross sections at deep sub-barrier energies as a signature of
fusion hindrance. To explain fusion hindrance in heavy-ion
reactions, several dynamical models have been proposed. The
sudden model [44] takes into account nuclear incompress-
ibility when the interacting partners overlap by including a
repulsive core in the density folded potential. Ichikawa et al.
[45,46] proposed a model based on the adiabatic picture,
in which a damping factor is imposed onto the coupling
strength as a function of internuclear separation to consider
a gradual change from the sudden to the adiabatic case. It
has been demonstrated that this damping factor originates
from the reduction of quantum vibrations when the interacting
partners adiabatically approach each other for fusion [46].
Diaz-Torres et al. [47] and Dasgupta et al. [21] suggested
that the influence of quantum decoherence is responsible for a
decrease in coupling effects. Recently, Simenel et al. [48,49]
used the density constrained frozen Hartree-Fock method to
show the reduction in tunneling probability as a result of
the Pauli exclusion principle and showed that the Coulomb
reorientation modifies the fusion cross section around the
barrier for light deformed nuclei.

Despite the existing studies, sub-barrier fusion is not yet
fully understood. This suggests that the dynamics of heavy-
ion fusion is more complex than a simple inclusion of cou-
plings of inelastic excitations between the interacting partners
and non-fusion channels and thus continues to be an active
area of investigation [11,21,50,51]. A rich set of fusion data
is required to establish the behavior of fusion at sub-barrier
energies and for the improvement of existing theoretical mod-
els. Intending to investigate different aspects of sub-barrier
fusion, we measured fusion cross sections for the *’C1 4 1*9Te
system at energies available at the center of mass frame (E. )
from 93.68 to 120.18 MeV, i.e., from 10% below to 15%

above the Coulomb barrier. The present work is a part of
our efforts to understand the effect of positive Q-value neu-
tron transfer channels on sub-barrier fusion in 3>3’Cl 4 1¥9Te
systems. The °Cl + '3°Te system has six positive Q-value
neutron transfer channels, whereas there is none in ¥’Cl +
130Te system. This makes the *’Cl 4+ '**Te system a less com-
plex case to interpret in the framework of coupled-channels
code, and thus our choice to begin with. In this work, the
fusion cross-section measurement is extended down to 1 ub
at the lowest measured energy. An experimentally measured
excitation function was analyzed in the framework of the 1D
BPM and coupled-channels formalism [20]. To understand the
behavior of fusion at sub-barrier energies, the fusion barrier
distribution, the L(E) factor, and the S factor were extracted
from the fusion excitation function. The description of the
experimental setup and data reduction methodologies (Sec. 1)
is followed by the presentation of the results and analysis in
Sec. III. Section IV summarizes the findings of the present
work.

II. EXPERIMENTAL SETUP AND METHODOLOGY

The experiment was performed at the 15UD Pelletron
accelerator [52] facility of the Inter-University Accelerator
Centre, New Delhi, using the recoil mass separator HIRA
(Heavy Ion Reaction Analyser) [53]. The total length of HIRA
is 8.6 m, i.e., the distance between the target position and
the focal plane, which consists of a Q1Q2-ED1-M-MD-ED2-
Q3Q4 configuration to transport the recoiling reaction prod-
ucts from the reaction zone to the focal plane, without losing
the energy of evaporation residues (ERs), as per their m/q
values. The schematic layout of HIRA is shown in Fig. 1. The
angular acceptance of the spectrometer, which is adjustable,
can be varied from 1 to 10 msr. In this experiment, the angular
acceptance of the spectrometer was kept at 5 msr, i.e., 2.2°
polar angle.

The experimental methodology of the present work is
the same as that discussed in Refs. [8,27,54,55]. However,
a brief account of the experimental conditions which are
unique to the present work is given here. An isotopically pure
139Te (enrichment 99.15%) target of ~175 pg/cm? thickness
was prepared on an ~20 ug/cm? thick carbon backing, as
tellurium is brittle in nature and becomes unstable during
the irradiations. The thickness and purity of the target were
measured using a Rutherford backscattering (RBS) setup.
The *’Cl pulsed beams of energy ranging from 121 to
155 MeV were bombarded onto the '*°Te target mounted
inside the target chamber of HIRA maintained at ~10~° mbar
pressure.

Entrance ED1 ED2
aperture
\
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Q3 Q4 detector
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FIG. 1. A schematic layout of the recoil mass separator HIRA
employed for this experiment at [UAC New Delhi.
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The incident energies have been corrected for the energy
loss due to target thickness by subtracting energy loss at
the half thickness from its corresponding incident projectile
energy. A carbon charge reset foil of thickness 30 pg/cm?
was placed 10 cm downstream of the target for charge state
equilibration of ERs reaching the focal plane of HIRA through
multiple Auger processes. In the present work, the charge
state distribution at different energies was not measured. The
mean charge state increases with beam energy. Therefore, the
charge state distribution was calculated using the Monte Carlo
simulation code TERS [56] at each energy point to estimate
the transmission efficiency of HIRA during the experiment,
and the separator was tuned for the most probable charge
state. The fraction of the most probable charge state (171)
of the total charge state distribution at Ej, = 136 MeV is
found to be 0.18 (i.e., 18%). The same can be quoted at other
energy points as well. Two silicon surface barrier detectors
provided with a 1-mm-diam entrance aperture were mounted
inside the target chamber at a £15.5° angle with respect
to the incident beam direction to monitor the beam and to
calculate the normalized cross section of ERs. Counts in the
two monitor detectors were closely monitored to maintain the
ratio as unity, and the same was not allowed to vary beyond
5%. Whenever more deviation was noticed, the beam was
steered to keep the ratio of the counts in the two monitor
detectors within the acceptable limit. Pulsed beams were
used to get a clear separation between projectile-like particles
and forward recoiling ERs. The time interval between two
successive pulses was slightly more than the time of flight
(TOF) of ERs, from the reaction point to the focal plane of
HIRA. For the 7Cl 4 '*Te system, the time interval between
two pulses was kept at 2 us as the time of flight of ERs was
estimated to be ~1.5 us for energy around the Bass barrier
(Vg = 104.24 MeV).

To detect the ERs, one position-sensitive multi-wire pro-
portional counter (MWPC) of an active area of 150 x 50 mm?
was employed at the focal plane of HIRA. The timing infor-
mation was obtained through a time-to-amplitude converter
(TAC) with the arrival of particles at the focal plane as the
start signal, and the delayed RF as the stop signal. The timing
information was very useful for the separation of scattered
beam-like particles from the ERs at the focal plane. The spec-
trometer was optimized for the mean charge state, mass, and
energy of ERs at different incident energies. The best setting
of the spectrometer was achieved by looking at the maximum
transmission efficiency and clear separation of beam-like
particles from ERs. The ERs were identified by making an
electronic gate between timing, i.e., the actual flight time of
ERs subtracted from repetition time between two pulses, and
corresponding energy loss (AE) was measured in the MWPC.
Since the group of ERs was very clearly identifiable, the
timing calibration was not performed. However, the electronic
delay introduced in start and/or stop signals used for generat-
ing TOF signal was left undisturbed during the experiment.
Thus, the relative timing calibration was maintained between
different beam energy points. This enabled us to calculate
the shift in channel numbers of the mean TOF (along the y
axis of Fig. 2) when beam energy was changed, which was
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FIG. 2. Two-dimensional -time spectra obtained for the *’Cl +
130Te system at E., /Vg = 0.90, 0.93, and 1.01. The group of ERs
and the beam-like particles are well separated from each other. The
rectangles enclosing the ERs at different energies were used to
account for the fusion events. Both x and y axes are displayed in
arbitrary units (channel numbers).

crucial while placing the rectangular gate at the lowest energy
points.

As a representative case, AE-time spectra obtained for
the ¥Cl 4+ *'Te system at E., /Vg = 0.90, 0.93, and 1.01
are presented in Fig. 2, where the ERs are clearly separated
from the projectile-like particles. At the lowest measured
energy, i.e., Ecm./Vp = 0.90, only eight ER events have been
recorded in a duration of 7.5 h with beam current ~2 pnA. To
correct for any unwanted background and to obtain a precise
cross section at this energy, a run of 2-h duration with blank
target frame was taken in which no event was detected within
the gate specified for ERs. Furthermore, the cross sections
of ERs in the ¥’Cl + '*Te system are assumed to be fusion
cross sections as the contribution of fission in this system is
found to be negligible at the studied energy range [57]. The
fusion cross section at different energies was estimated using
the expression

o (E)_l<ﬁ)<d_a) Q (1)
fus _77 YM FTe) . M,
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where 7 is the average ER transmission efficiency of HIRA,
Ykgr is the yield of evaporation ERs at the focal plane, Yy =
(ML Mg)'/? is the geometric mean of monitor yields, (g—g)R is
the Rutherford differential cross section, and 2y is the solid
angle subtended by the monitor detectors with respect to the
beam direction.

The transmission efficiency of HIRA () is defined as the
ratio of ERs reaching the focal plane to the ERs produced
at the target. Experimentally, the transmission efficiency of
HIRA is extracted using the particle-gamma coincidence [27].
For the present system, the transmission efficiency of HIRA
is calculated using the semi-microscopic Monte Carlo code
TERS [56], which has been found to reproduce the efficiency of
HIRA within an accuracy of 10% [8,55]. The value of monitor
yield, Yy, is the geometric mean of monitor counts My, and
Mg. The Rutherford scattering cross sections are calculated at
different energies by using the following expression:

{do }L B {1.13SZPZT}2 1 Z[MP]Z )
e |, EL sin*(6./2) M| |

where Zp, Mp, Zt, and Mt represent the respective charge and
mass of the projectile and the target nuclei, and E; and 6 are

the bombarding energy and scattering angle in the laboratory
frame, respectively.

III. RESULTS AND INTERPRETATIONS

The excitation function for the 3’Cl+ **Te system was
generated by measuring fusion cross sections from 10% below
the barrier to 15% above the barrier and is represented in
Fig. 3. The experimentally measured fusion cross sections and
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FIG. 3. Experimentally measured fusion excitation function for
the 7Cl 4'3°Te system. The inset shows fusion cross sections
in linear scale for better visualization of fusion excitation func-
tions in above-barrier energies. Uncertainty in a few data points is
hidden in the size of the symbol.

TABLE I. Experimentally measured fusion cross sections (oys)
for the *’Cl + *°Te system from E,,, = 93.68 to 120.18 MeV, i.e.,
from 10% sub- to 15% above- barrier energies.

Ec.m. Ofus + 4 Ofus Ec.m. Ofus + SUfus
(MeV) (mb) (MeV) (mb)
93.68 0.0012 £ 0.0005 105.37 115+ 14
94.46 0.0043 £ 0.0001 106.93 165 + 17
95.24 0.012 £ 0.004 108.49 224 +22
96.02 0.063 £ 0.011 110.83 313+ 34
97.58 0.602 £+ 0.075 113.17 399 £45
99.14 3.59+£0.38 115.51 473 £55
100.70 14.71 £ 1.65 117.85 562 £ 63
102.25 34+4 120.18 648 £ 75
103.81 68+8

corresponding error are given in Table 1. The presented errors
are absolute errors consisting of the statistical error and error
in the transmission efficiency of HIRA. As can be seen in
Fig. 3, the fusion cross section was measured down to 1 ub
at the lowest measured energy in the present work.

A. Analysis with CCFULL code

The coupled-channels code CCFULL has been used to inter-
pret the trend of fusion cross sections at sub-barrier energies
and to put the fusion data in a perspective that can be a
convenient starting point for further theoretical treatment [20].
This code has the scope to calculate fusion cross sections
with or without considering inelastic excitations of interacting
partners. The predictions of cross sections without implement-
ing inelastic excitations are considered in the 1D BPM. It is
formulated by taking the distance of closest approach and the
interacting potential between the interacting nuclei, and the
ofus can be expressed as

= IoRs 1 L o exp [ 2 B — Vi) 3)
Ofus = 2. Xp T e B s
where fiw, Ry, Ecm., and Vp represent the barrier curvature,
barrier radius, available energy in the center-of-mass frame,
and residual barrier, respectively.

Recently, various types of potential have been proposed
to explain fusion data over different energy ranges. The ion-
ion potential used in the present work is the Akyuz-Winther
(AW) potential where the parameters are Vo = 74 MeV, 1y =
1.18 fm, and ag = 0.67 fm [58-61]. The most sensitive and
critical parameter of the nuclear potential is the diffuseness
(ap), which affects the slope of the nuclear potential in the
surface region, and thus the curvature of the effective poten-
tial. The magnitude of diffuseness changes with bombarding
energy, due to the strong influence of density distributions
inside the composite system.

To understand the effect of diffuseness on fusion, an exper-
imentally measured excitation function for the 3’Cl 4 1*°Te
system is compared with the prediction of the 1D BPM by
changing the numerical value of the diffuseness parameter
from 0.67 to 0.90 fm in Fig. 4. As can be seen in this
figure, the standard AW treatment, with diffuseness parameter
0.67 fm, does not reproduce the fusion excitation function for
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FIG. 4. The fusion excitation function for the ’Cl 4 *Te sys-
tem is compared with that calculated using the 1D BPM for different
values of diffuseness parameter, ranging from 0.67 to 0.90 fm, as
discussed in the text. Total errors, statistical plus systematic ones,
are included. Lines and curves are self-explanatory.

the entire measured energy range. The calculations performed
using higher values of diffuseness parameter predict larger
fusion cross sections at sub- and above-barrier energies, but
do not reproduce the fusion excitation function at around
the barrier for the presently studied system. This discrepancy
indicates the unknown nature of the nuclear potential and/or
the involvement of other non-fusing reaction channels [58].
On the basis of the results presented in Fig. 4, it may be
inferred that the incident energy influences the diffuseness and
subsequently the nuclear potential. The energy-dependent nu-
clear potential brings different dynamical factors with various
incident energy regimes. As such, the inclusion of couplings
of inelastic excitations and non-fusion channels may be used
to explain the fusion excitation function.

Figure 5 shows the coupled-channels calculations for dif-
ferent inelastic excitations of the interacting partners. The cal-
culations were performed using a Woods-Saxon form of the
AW potential. The spectroscopic properties of the interacting
partners, *’Cl and '**Te, used in the coupled-channels calcula-
tions are given in Table II [20,62,63]. As CCFULL can include
all orders of couplings, the experimentally measured fusion
excitation function was compared with the coupled-channels
calculations by imposing different excited states of interacting
partners without changing the potential parameters.
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= [ ]
g 10°F E
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FIG. 5. The experimentally measured excitation function is com-
pared with the 1D BPM and for different modes of coupling between
interacting partners using CCFULL. It shows that the inclusion of cou-
plings of different inelastic excitations of interacting partners with
radius parameter ryp = 1.2 fm reproduces the experimental excitation
function fairly well. Lines and curves are self-explanatory.

As shown in Fig. 5, by the inclusion of the 2% rotational
state of the '*°Te target and 3’Cl projectile as inert, the
coupled-channels calculation under-predicts the experimental
excitation function but enhances the fusion cross section as
compared to 1D BPM calculations. When the rotational 2+
state of '**Te and 1™ vibrational state of the *'CI projectile
with one-phonon coupling were taken into account, the sub-
barrier fusion cross sections were enhanced significantly as
compared to the previous values. Similarly, other coupling
conditions were included in the CCFULL calculations as pre-
sented in Fig. 5. It may be pointed out that the inclusion of
2% and 4* states as well as the 27 vibrational state with one-
phonon coupling of the **Te target, and the 1™ state of the

37CI projectile with two-phonon coupling, further enhances
the sub-barrier fusion cross sections but fails to reproduce the
experimentally measured fusion excitation function. However,
the interaction potential is slightly modified by changing the

TABLE II. Deformation parameters and excitation energies
along with the spectroscopic properties of *’Cl and **Te nuclei used
in the coupled-channels calculations [20,62,63].

Nucleus E.x (MeV) I E()) B

(] 1.73 vib. (1/2)* 2 0.14
3.09 vib. (5/2)* 2 0.24

130Te 0.83 rot. 2+ 2 0.11
2.45 rot. 4% 2 0.11
1.59 vib. 2+ 2 0.11
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FIG. 6. The fusion barrier distribution for the *’Cl 4 1**Te sys-
tem. The experimental fusion distribution is broad and splits into
multiple components, while the prediction of the 1D BPM shows
a single peak at the undivided barrier energy. Lines and curves are
self-explanatory.

radius parameter to rp = 1.2 fm instead of rp = 1.18 fm in
the coupled-channels calculations with the same set of target
and projectile excitations [64]. It can be seen in Fig. 5 that
the experimental fusion excitation function is well reproduced
within the experimental uncertainties. On the basis of the
analysis presented here, it may be inferred that a slight change
in potential parameters is required to interpret fusion at sub-
barrier energies along with the inclusion of couplings in the
coupled-channels approach.

B. Fusion barrier distribution

In heavy-ion reactions, fusion at sub-barrier energies has
been interpreted by including couplings of low-lying excited
states owning to inelastic excitations, and transfer channels
[14,18-21,23-25]. It has been found that the couplings of
inelastic excited states modify the single barrier into multiple
components by reducing its original strength, leading to the
sub-barrier fusion. Therefore, the fusion barrier distribution
may be used as a fingerprint to probe the nature of couplings
involved in sub-barrier fusion [16,17,64,65]. The fusion bar-
rier distribution is expressed as the second energy derivative
of the fusion cross section times the energy, that is,

d*(Eorys)
dE?

where ops represents the fusion cross section, and E is its
corresponding beam energy.

Figure 6 shows the fusion barrier distribution obtained by
double differentiation of the fusion excitation function for
the Cl1 4 *0Te system. As can be seen in this figure, the

Dfus (E) = ’ (4)

experimental fusion barrier distribution is found to be broad
and splits into two peaks around the barrier. This may be
due to the coupling of low-lying excited states resulting from
the inelastic excitations of interacting partners as described in
connection with Fig. 5. Therefore, it may be inferred that the
higher-order couplings due to nuclear-surface vibrations and
collective rotation play an important role in sub-barrier fusion.
Furthermore, as shown in Fig. 6, the shape of the experimental
barrier distribution closely resembles the predictions of the
coupled-channels calculations in the first part, i.e., below
E.m. & 105 MeV. However, in the second part, the height
of the experimental barrier is found to be more as compared
to the coupled-channels calculations, which signifies the in-
volvement of non-fusion channels and/or that the couplings
do not influence the above-barrier fusion. The involvement of
inelastic couplings well reproduces the measured sub-barrier
fusion cross sections for the systems with no positive Q-
value neutron transfer channels. To probe the behavior of
the measured fusion excitation function at extremely below-
barrier energies the astrophysical S factor and the logarithmic
derivative L(E) factor are derived and compared with that
predicted by CCFULL.

C. Astrophysical S factor

The astrophysical S factor is a useful procedure to interpret
fusion cross sections at zero center-of-mass energy using the
extrapolation of the experimentally measured fusion excita-
tion function [41,66]. The S factor is defined in terms of the
fusion cross section, of(E), as

S(E) = Ecmotus (B)

exp(—27n)’ )

where E.p, is the center-of-mass energy, oq,s(E) is the fusion
cross section, and 7 is the Sommerfeld parameter. The Som-
merfeld parameter can be expressed as

Z,Z»¢> 2
= 1£2¢ or OlZ]Zz e s
hv 2E. m.

where v is the beam velocity, w is the reduced mass of the
system, and Z; and Z, are the charges of projectile and target
nuclei, respectively.

The Gamow factor (—2mn) in the denominator of the
S-factor expression accounts for the main part of the strong
energy dependence of the fusion cross sections in light-ion
induced fusion reactions such that the S factor is essen-
tially a constant or display a very weak dependence at deep
sub-barrier energies. It may be pointed out that the fusion
in positive Q-value systems can take place even at zero
center-of-mass energy, and the S factor is often extrapolated
to E = 0. However, for the medium-heavy systems with
Z1Z-[A1A2 /(A + Ar)]'/? > 1500, where the ground state Q
values are negative, the S-factor interpretation is needed. In
heavy-ion induced reactions, the fusion cross sections drop
rapidly with decrease in bombarding energy, corresponding to
an energy point where the fusion is forbidden. The S factor
must reach a maximum at a particular energy and below
which the fusion cross sections drop significantly, which is
considered a signature of the fusion hindrance [42,67]. To
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FIG. 7. Astrophysical S factor derived from experimental fusion
cross sections in the *’Cl 4 '**Te system. The lines and curves are
self-explanatory. The top portion of this figure is magnified in the
inset to show discrepancy in experimental data with coupled-channel
calculations.

probe if the astrophysical S factor reaches a maximum for
the 37Cl 4 '*0Te system, the experimental fusion excitation
function was analyzed to extract the astrophysical S factor and
compared with the prediction of the 1D BPM and coupled-
channels approach in Fig. 7.

As can be seen from this figure, the astrophysical S factor
does not show a maximum and exhibits a continuous increase
for the entire sub-barrier energy range. The absence of an
S-factor maximum signifies the absence of fusion hindrance
for the 7Cl + '*Te system in the measured energy range
which is due to multiple barriers, caused by the static and
dynamic deformations, which leads to different turning points
depending on the mutual orientation and excitation of inter-
acting nuclei. The S factor predicted by the 1D BPM appears
to be saturated just below the barrier but the experimentally
extracted S factor increases steeply and is found to be in
good agreement with the coupled-channels calculations as
shown in Fig. 7. Moreover, the inset of Fig. 7 shows that
the coupled-channels calculations slightly under-predict a few
experimental data points, below E. ;,,, = 96 MeV. This may be
an indication of the evolution of other reaction channels at
deep sub-barrier energies.

D. L(E) factor

The trend of fusion cross sections was studied in the
S-factor illustration at the lowest energies where no maximum
has been seen in this work, indicating no fusion hindrance
down to 1 ub cross section at the lowest measured energy.
For some systems, where it is not necessary to achieve an S-
factor maximum, the fusion hindrance in the rapidly changing
sub-barrier fusion cross sections may be recognized by an

(22 = e L S S B e B B B B
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FIG. 8. The logarithmic derivative L(E) factor plotted as a func-
tion of the center-of-mass energy for the *’Cl 4+ '*Te system. Lines
and curves are self-explanatory.

alternative pragmatic representation, the logarithmic deriva-
tive L(E) factor [11,39,43]. This is defined as the energy-
weighted fusion cross sections,

din(Bo)]l _ 1 d(Eo)

L(E) = =
dE Eo dE

(6)
and shows a strong increase around the energy point where the
S factor reaches its maximum. It may be pointed out that when
the S factor reaches its maximum, the L(E)-factor curve gets
saturated. The advantage of the S factor is that it gives a simple
and direct representation of the fusion excitation function,
whereas the logarithmic derivative and the barrier distribution
are more indirectly derived quantities. At deep sub-barrier
energies, the L(E) factor is proven to be a conclusive tool for
the excitation function analysis.

To study the behavior of the fusion cross section o, with
decreasing energy in the sub-barrier region, the L(E) factor
was extracted for the *’Cl + '*°Te system by using the central
difference method of differentiation by keeping the same
interval between the data points, as shown in Fig. 8. In this
figure, the experimental L(E) factor is compared with that
predicted by the 1D BPM and coupled-channels approach by
including suitable couplings as shown in Fig 5. As can be seen
in Fig. 8, the experimental L(E) factor keeps rising towards
the lowest measured energy, which suggests the absence of
fusion hindrance even though the present measurement has
been extended down to a 1 ub cross section. According to
Jiang et al. [10,11,51,67], the soft systems do not exhibit
fusion hindrance until 7-15 MeV lower than the systematics
for stiff systems with negative Q value. The present system
does not show any exception to the systematics and can be
considered a soft system.
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FIG. 9. Reduced fusion excitation functions of *’Cl as a pro-
jectile on different targets are compared with the presently studied
system, *’C1 4 '3%Te. Fusion cross sections for comparison are from
Ref. [68].

E. Comparison of *"Cl 4 5%:6%:6264Nj_130Te systems

To generate some systematics for fusion at sub-barrier en-
ergies, the excitation functions for 311 4 38.60.62.64N; 130T
systems are compared in Fig. 9. As shown in this figure, the
fusion cross sections (oy,s) are normalized with a geometrical
cross section (rR?), and the bombarding energies (E. ., ) are
normalized with Bass barrier height (Vg) to incorporate the
effects of nuclear radius and barriers of different systems in
comparison [30]. The radius is calculated as R = rQ(A;,/ 34

AIT/ 3), where rp=1.2 fm, and Ap and At represent the mass of
the projectile and target nucleus, respectively.

As can be seen in Fig. 9, the fusion cross sections for
37C1 + 13%Te system (present work) are somewhat lower than
that of 3"Cl 4 38.60-62.64Nj systems [68]. It may be pointed out
that the fusion cross section in the present work is achieved
down to 1 ub which is two orders of magnitude less than that
measured for ’Cl4+Ni systems. The spectroscopic properties
of reactions in comparison, e.g., deformation, N/Z ratio,
fusion Q value (Qf;), and the ground state Q value (Qgg) of
neutron pick-up channels, are presented in Tables III and IV
for all systems compared in Fig. 9.

As shown in Table III, the deformation parameter of
130Te is nearly half as compared to Ni isotopes; thus, the
one-dimensional barrier height of the *’Cl + '3%Te system
comparatively decreased, hence the fusion probability. The
fusion Q value of the *’Cl + '*°Te system is 4.5 times smaller
as compared to 3'Cl + 8:60-62.64Njj gystems. The more neg-
ative fusion Q value restricts the interacting partners to be
fused, suggesting less fusion probability in the case of the
present system. The excitation energies of low-lying excited

TABLE III. Excitation energies (E*), angular momentum and
parity (I"), transition E(A), deformation parameter (8), and N/Z
value of targets selected for comparison [62,63,68]. Fusion Q values
(Qgus) of different targets with *’CI projectile are presented in this
table.

Nucleus E*(MeV) [I* EO) B N/Z  Qus (MeV)

BNi 1.45 2+t 2 020 1.07 —13.65
4.47 3 3 0.21

ONi 1.33 2+ 2 022 1.14 —13.68
4.04 3 3 0.19

Ni 1.17 2+ 2 021 121 —12.93
3.75 3 3 0.22

%Ni 1.35 2+ 2 0.19 1.28 —11.45
3.58 3 3 0.22

130Te 0.83 2+ 2 0.11 1.50 —56.57
1.59 2+ 2 0.11

states (Eex) of *’Cl and Ni isotopes are almost the same.
The value of E* for *°Te is significantly less than the Ni
isotopes. Since the excitation energies are similar in the case
of *'Cl and Ni isotopes, this may lead to more favorable
couplings as compared to '**Te nuclei, and therefore the
enhanced fusion cross sections for Ni isotopes as compared
to the '*°Te. Furthermore, as shown in Table IV, the ground
state Q values of all neutron transfer channels are negative
for 37C1 + 286062641 130 systems. As such, it may be
concluded that the transfer channels are not suitable to explain
these excitation functions.

IV. SUMMARY AND CONCLUSIONS

In the present work, the fusion excitation function of
the ¥Cl1+ 0Te system was measured from E.,, ~ 94 to
~120 MeV, i.e., from 10% below to 15% above the Bass
barrier. To study the behavior of fusion in the sub-barrier
energy region, the measurement of fusion cross sections was
extended down to 1 ub at the lowest measured energy. The
experimentally measured fusion excitation function was ana-
lyzed in the framework of the coupled-channels code CCFULL.
The fusion excitation function is found to be significantly
higher than the predictions of the 1D BPM, where the standard
Akyuz-Winther potential parameters were used. The sub-
barrier fusion enhancement was explained by the inclusion
of inelastic couplings and modified potential. In order to

TABLE IV. The ground state Q value (Qg,) of neutron pick-up
channels in MeV from In to 6n transfer channels for different
projectile-target combinations used for comparison in Fig. 9.

System In 2n 3n 4n 5n 6n
IC1+%Ni —6.11 —823 —19.1 —254 —37.44 —442
IC14+9Ni  —5.28 —620 —12.6 —15.02 —259 —327
O+ NI —449 —423 —980 —10.1 —17.5 —202
IC1+ NI —3.54 —231 —-7.08 —7.08 —12.8 —143
IC14+ 0T —2.31 —032 —-327 —174 —5.18 —4.26
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interpret the trend of rapidly changing fusion cross sections
at sub-barrier energies, the experimentally measured fusion
excitation function was processed to extract the fusion barrier
distribution, the astrophysical S factor, and the L(E) factor. It
was observed that the original one-dimensional barrier splits
into multiple components with a complex structure around
the barrier owing to couplings of low-lying excited states of
interacting partners. The astrophysical S factor does not attain
a maximum, and no saturation was observed in the L(E)-factor
curve for the *’Cl + *°Te system even for the fusion cross
section as low as 1 ub measured at an energy ~10% below the
barrier. The results and analysis presented in this work suggest
the absence of fusion hindrance for the 3’Cl + '**Te system
down to 10% below the barrier. The fusion excitation function
achieved in this work was compared with a few systems
where the same projectile (*’Cl) was used. The comparative

analysis indicates that the sub-barrier fusion is sensitive to the
deformation and consequently to the inelastic excitations and
ground state fusion Q value of the reaction.
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