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Background: Heavy-ion fusion cross-sections at sub barrier energies are found to be enhanced by orders
of magnitude as compared to the predictions of one-dimensional barrier penetration model (1-D BPM). The
coupling of various internal degrees of freedom has been employed to decrypt the mechanism responsible for
the observed sub-barrier fusion enhancement. However, the unambiguous role of multi-neutron transfer channels
in the sub-barrier domain is still elusive.

Purpose: We aim to explore and disentangle the effects of multi-neutron transfer channels from the inelastic
excitations in the vicinity of the Coulomb barrier.

Method: The fusion excitation functions for 28Si + 161201245y gystems were measured from ~14% below to
~15% above the Coulomb barrier by detecting the evaporation residues (ERs) at the focal plane of the Recoil
Mass Separator (RMS), Heavy Ion Reaction Analyzer (HIRA) at the Inter-University Accelerator Centre (IUAC),
New Delhi.

Results: The extracted fusion cross sections for the investigated systems at sub-barrier energies are significantly
enhanced as compared to the predictions of 1-D BPM calculations. To probe the underlying mechanism respon-
sible for the observed sub-barrier fusion enhancement, the coupled-channels (CC) formalism was employed.
Coupled reaction channels (CRC) calculations by incorporating the one-neutron transfer channel to elucidate the
significance of the transfer channel on the fusion dynamics were performed. Further, the semiempirical coupled
channels (ECC) approach was explored to decipher the possible cause of the observed fusion excitation function
trend. A systematic analysis of the neighboring systems available in the literature was also performed.
Conclusions: CC calculations were able to reproduce the measured fusion excitation functions for
BGSi 4 !161208n gystems to a reasonable extent. However, observed sub-barrier fusion enhancement in
288i + 124Sn system could not be explained using CC calculations. The influence of multi-neutron transfer
channels was highlighted in the coupled-channels calculations. The interplay of collective excitations and

neutron transfer was observed.

DOI: 10.1103/PhysRevC.106.064606

I. INTRODUCTION

Despite extensive research in the past few decades, heavy-
ion fusion reaction dynamics around the Coulomb barrier
continue to be an active area of investigation [1-7]. In the sim-
plest classical approach, fusion can take place only at energies
above the barrier, which results from attractive nuclear and
repulsive Coulomb potentials. However, fusion at sub-barrier
energies is purely governed by the quantum mechanical pen-
etration through the barrier. A substantial enhancement in
the sub-barrier fusion cross sections over the predictions of
one-dimensional barrier penetration model (1-D BPM) cal-
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culations has been observed experimentally. The couplings
between various internal degrees of freedom such as static and
dynamic deformation of the colliding partners, viz., inelastic
excitations, nucleon transfer channels, and neck formation,
have been explored to understand the underlying reaction
mechanism. The influence of inelastic excitations on sub-
barrier fusion enhancement is quite well established within
the framework of coupled-channels calculations [8—10]; how-
ever, the unambiguous role of transfer channels is still not
fully understood [11-18]. The role of positive Q-value trans-
fer channels in explaining the sub-barrier fusion data in Ni
systems was first investigated by Broglia et al. [19]. This
observation was then reaffirmed by quasielastic neutron trans-
fer measurements for **Ni + %%4Ni systems [20]. The first
quantitative description of the role of multi-neutron trans-
fer channels on the fusion dynamics was performed with
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3Ni + 4Sn systems [21,22]. To investigate the influence of
channel couplings around the barrier, **¥Ca, 32§ on %%+ 7r
systems have been extensively studied [6,23,24]. A vivid
correlation between the low-lying collective states of the col-
liding nuclei and transfer channels in the sub-barrier fusion
enhancement has been observed in these systems.

The coupling of transfer channels in the sub-barrier region
has been examined through a comparison of radioactive Sn
on Ni and stable Te on Ni systems, which have different
ground state positive Q-value neutron transfer (PQNT) chan-
nels [25]. The reduced excitation functions have been found
to be similar for the investigated Sn + Ni and Te + Ni
systems, suggesting a strikingly different influence of positive
Q-value transfer channels on the fusion process. A similar
trend has also been observed for °%Ni on '““Mo [26], **Ni
on '"88n [27], and '®'30 on ''¥Sn systems [28]. To address the
effect of PQNT channels on sub-barrier fusion enhancement
an exhaustive study was performed by our group with 28Si
on several isotopes of Zr, viz. 90,92,94.9677, 129 30], and *°Ca
on °Zn [31] systems. The fusion cross sections are relatively
enhanced with the number of neutrons getting transferred
outside the closed shell of Zr isotopes. Further, it has been
stated that a clear role of the transfer channels can be ob-
served in the systems with less deformed or nearly spherical
interacting nuclei. Deb et al. [32] investigated the role of trans-
fer channels in the vicinity of the Coulomb barrier with the
180 + '1°Sn system, but an unambiguous role of PQNT chan-
nels could not be inferred from the measured fusion excitation
functions. The measured fusion cross sections for systems
46.50Tj + 124Sn have been compared with those of *°Ca +
12480 and ®Ni + **Sn [33]. This comparison indicated the
significance of positive Q-value transfer channels coupling on
fusion in “°Ca, **Ti + '>*Sn systems. Tripathi ef al. [34,35]
investigated the isotopic dependence and channel coupling
effects in fusion of '°0 + !'2!1168p and 32g 4 121161205,
systems. The significant contribution of coupling of collective
excitations with multiphonon channels for the heavier systems
was emphasized. The clear role of coupling to neutron trans-
fer channels could not be deduced from the measurements.
Fusion excitation functions for the reactions '**!32Sn with
40.48Ca using inverse kinematics have been measured [36].
124.1328n on 40-48Ca systems showed weak sub-barrier fusion
enhancement which was explained by coupling to the low-
lying 2* and 3~ states of the target and projectile. However,
fusion cross sections for '**1328n 4 4°Ca were very strongly
enhanced below the barrier. Although it appeared from the
fusion measurements that the enhancement is solely due to the
presence of large PQNT channels, the relative enhancement
was not found to be proportional to the magnitudes of positive
Q-values, which are much greater for '32Sn + *°Ca than for
the 124Sn + 4°Ca system. Recently, the fusion excitation func-
tion for 28Si + Mo was reinvestigated [37]. The influence
of inelastic excitation, as well as of nucleon transfer channels,
in sub-barrier fusion dynamics, was addressed. However, the
explicit role of transfer channels in the fusion process could
not be concluded from the measurements.

Even after numerous research efforts in the past few
decades, the unambiguous role of PQNT channels in the
sub-barrier fusion enhancement is still not established. In

the present article, we report the fusion measurements on
Bgj 4 116.120.1249 gystems. The fusion cross-sections have
been extracted through the detection of ERs at the focal plane
of the Heavy Ion Reaction Analyzer (HIRA) [38]. Sn isotopes
are nearly spherical with a similar shell structure. The lowest
quadrupole and octupole states are collective in nature and
there are no marked differences in either the energy levels
or deformation values for different Sn isotopes. Also, the
aforementioned systems have varying ground state Q values
for neutron transfer channels. Therefore, with the motivation
to disentangle the effect of multi-neutron transfer channels
from the inelastic excitations in the sub-barrier fusion en-
hancement, we have investigated 22Si on Sn systems. Further,
because Sn is a reservoir of neutrons, the effect of pairing
correlation in connection with superfluidity effects can also
be explored. Sn isotopes have extra neutrons outside their
closed subshell resulting in the flow of neutrons between the
colliding partners, which might take place either sequentially
or simultaneously in the form of a cluster, which can further
shed some light on the pairing correlation among the interact-
ing nuclei. A brief account of the experimental methodology
is presented in Sec. II. The results obtained along with the
theoretical interpretations using coupled channels (CC), cou-
pled reaction channels (CRC), and the semiclassical ECC
approach are described in Sec. III. The systematic analysis of
the various systems available in the literature is also presented
in the same section. The work is summarized in Sec. IV.

II. EXPERIMENTAL DETAILS

The experiment was performed using a 28Si pulsed beam
with a pulse separation of 2 us from the Pelletron acceler-
ator at the Inter-University Accelerator Centre, New Delhi.
Isotopically enriched 161201245 targets of thickness ~2230
ug/em? [39], ~215 pg/em?, and ~100 pg/cm?, respectively
fabricated on thin carbon backing of ~20 pg/cm?® using the
vacuum evaporation technique, were used in the experiment.
The isotopic enrichment of all Sn targets was more than 99%.
Fusion excitation functions were measured in the laboratory
beam energy range of 88—121 MeV spanning *14% below to
~15% above the Coulomb barrier ( Vg), with 1.5 MeV energy
steps around the barrier and 2 MeV steps in the sub-barrier
region. Two silicon detectors with a 1 mm diameter aperture
were mounted inside the target chamber at 15.5° with respect
to beam direction for beam monitoring and cross-section nor-
malization. A carbon foil of thickness 10 pg/cm? was placed
10 cm downstream from the target for reequlibration of charge
states of ERs. The ERs were dispersed at the focal plane of
HIRA in accordance with their mass (A) to charge (¢g) ratio
A/q. Fusion cross sections were extracted from the yield of
ERs, which were separated from the scattered beam particles
using HIRA. For the present experiment, HIRA was kept
at zero degrees with respect to the beam direction and at a
solid angle of acceptance 5 mSr. A position-sensitive mul-
tiwire proportional counter (MWPC) with an active area of
150 x 50 mm?, operated at a pressure of 5 mbar of isobutane
gas, was placed at the focal plane of HIRA to detect the
evaporation residues. The time of flight (ToF) was measured
with the help of a time to amplitude converter (TAC) with
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FIG. 1. Two-dimensional spectrum depicting the energy loss of
reaction products in the MWPC vs time of flight for the 2Si + '?*Sn
system at Ep,, = 106 MeV. The events within the rectangular gate
represents ERs reaching the focal plane detector of the HIRA, which
are clearly separated from the scattered beamlike particles.

an anode signal of the MWPC as the start and delayed radio
frequency (RF) as the stop signal. This ToF resulted in the
clear identification of ERs from multiple scattered beamlike
particles through a two-dimensional spectrum of ToF vs AE
(energy loss of ERs in MWPC). As a representative case, the
AE-ToF spectrum for the 28Si + '2*Sn system at Ej, = 106
MeV is shown in Fig. 1. The events within the rectangular
gate represent ERs which are unambiguously separated from
the scattered beamlike particles. HIRA was optimized through
scanning for the most probable charge state, mass, and energy
of ERs reaching the MWPC at Ej,, = 106 MeV. The best set
of values was obtained with the help of maximum transmis-
sion efficiency and clean separation of ERs from beamlike
scattered particles. The experimentally measured ER cross
section was considered as the fusion cross section since the
fission contribution for the investigated systems is negligible
in the present range of energies. The fusion cross section (o
in mb) was estimated using the following expression:

E)— YER do o 1 1
0= () (@) O

where Ygg is the yield of ERs at the focal plane of HIRA
detected by the MWPC, Yy, is the geometric mean of monitor
yields, (Z—g)kum is the differential Rutherford scattering cross
section (mb/Sr) in the laboratory frame of reference, €2, is
the solid angle subtended by the monitor detectors, and 7 is
the average ER transmission efficiency of HIRA.

The accurate estimation of the transmission efficiency ()
of HIRA is an essential parameter for extraction of absolute
ogr. It is defined as the ratio of the number of ERs reaching
the focal plane to the total number of ERs emerging from
the target. The efficiency (n) for the systems investigated in
the present study was calculated using the semimicroscopic
Monte Carlo code TERS [40,41] (within an uncertainty of
10%). The TERS code generates a distribution for energy,
charge states, and angle of the residues based on the Monte
Carlo method. The charge state distribution of the ERs was
estimated in the code based on the empirical formula proposed
by Nikolaev et al. [42,43]. These were further used to obtain
the trajectory of ERs through the Recoil Mass Separator.
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FIG. 2. The position spectrum obtained at the focal plane MWPC
detector for (a) experiment and (b) simulation using TERS code for the
288i + 124Sn system at Ej,, = 106 MeV.

Further details regarding the simulation code can be found
in Refs. [40,41]. Two charge states (¢ = 147, 157) of ERs
were observed at the focal plane of HIRA and simulated using
the code TERS. A comparison of the experimental spectrum
[Fig. 2(a)] with the simulated spectrum obtained using TERS
[Fig. 2(b)] for the mass/charge (A/q) distribution at the focal
plane of HIRA for the 2Si + '**Sn system at Ep,, = 106
MeV is shown in Fig. 2. The simulation was performed with
10° events of the projectile-target interaction. Two distinct
groups correspond to two different charge states of evapo-
ration residues. A clear agreement between the experimental
and simulated spectra is observed in Fig. 2.

To estimate the average transmission efficiency of HIRA,
a weighted average of the HIRA efficiencies was taken for
relevant evaporation channels at all incident energies. The
relative yield of different ERs channels was estimated from
the statistical model code PACE4 [44]. The simulated range of
n for the systems investigated in the energy range of 88—121
MeV is ~(4-7)%. The value of incident beam energies was
corrected for the energy loss in carbon backing and half target
thickness. The uncertainties associated with measured fusion
cross section consist of statistical and systematical uncertain-
ties, where n has the largest contribution in the latter.

III. DATA ANALYSIS AND RESULTS

A. CCFULL

The quantum mechanical coupled-channels formalism was
employed in deciphering the mechanisms that are responsible
for the experimentally observed enhancement in fusion cross
sections at sub-barrier energies as compared to the predictions
of 1-D BPM calculations [45]. The Akyiiz-Winther (AW)
parametrization of the Woods-Saxon potential was used for
coupled-channels analysis in the present article [46]. The

064606-3



ANJALI RANI et al.

PHYSICAL REVIEW C 106, 064606 (2022)

TABLE 1. Attractive nuclear potential parameters (Vo, ro, ao)
along with the barrier parameters (Vz, Rg) for B8Gj 4 116,120,124gy
systems used in CC calculations.

TABLE II. Excited states with their corresponding energies (E;),
spin, parity (J™), and deformation parameters (f;) used in the
coupled-channels calculations.

System Ve (MeV) Rp(fm) VoMeV) ro(fm) ao(fm) Nucleus Jr E; MeV) By
BSi+!1%Sn  86.19 10.97 249.49 1.07 0.67 88i 2+ 1.779 —0.407
288i+12°Sn 85.89 11.04 250.00 1.07 0.67 4+ 4.617 0.10
BSi+'%Sn 85.19 11.11 250.46 1.07 0.67 1165y 2+ 1.293 0.111
3 2.266 0.213
1208n 2+ 1.171 0.107
3 2.40 0.176
potential parameters for **Si + '*°Sn system were taken from  124g >+ 1131 0.095
Baby et al. [35]. The depth of the nuclear potential was 3- 2.602 0.153

adjusted to match the barrier position with the experimental
fusion barrier. The set of potential parameters potential depth
(Vo), radius (rp), and diffuseness (ap) along with the uncoupled
barrier height and barrier radius used in CC calculations using
the CCFULL program are tabulated in the Table I.

The experimentally measured fusion cross sections (o)
plotted as a function of energy in the center-of-mass frame
(Ec.m.) divided by the uncoupled barrier for 28Si 4 116:120.124g
systems are shown in Fig. 3. The fusion cross sections in
the absence of any coupling were considered as the 1-D
BPM cross-sections [shown by the continuous red line in
Fig. 3(a)], which underpredict the experimentally obtained
fusion cross-sections at the sub-barrier energies. Further, to
investigate the channel coupling effects in the vicinity of the
Coulomb barrier, collective states of colliding nuclei were in-
corporated into CC calculations. The low-lying inelastic states
of the projectile and the target along with the correspond-
ing deformation strength and excitation energies are listed
in Table II [34,47-50]. The value of B4 for 28Si was taken
from Ref. [51]. Sn nuclei are nearly spherical and exhibit
a vibrational spectrum [52,53]. Hence, vibrational states of
Sn isotopes were incorporated in the CC calculations. It is
observed from Fig. 3(a) that the inclusion of the 27 vibrational
state of the Sn target (green dotted line) in the CC calculation
enhances the fusion cross sections as compared to 1-D BPM
calculations but still underpredicts the experimental fusion
cross sections. Further, the 3~ state of ''°Sn (pink dashed line)
was also included in CC calculations.

It can be inferred from the fusion excitation plots that the
3~ state of Sn targets enhances the fusion cross-section more
in magnitude than the 2% state of the targets, implying a

stronger coupling to the 3~ state. The coupled-channels calcu-
lations even after the inclusion of vibrational coupling of the
Sn targets (2, 37), were inadequate to explain the excitation
functions in the sub-barrier region. Therefore, rotational states
of 28Si (blue dot-dash) were also added successively in the
CC calculations. The inclusion of 2% states of the projectile
28Si further enhances the sub-barrier fusion cross section. The
fusion excitation function for 28Si + ''®Sn system was well
reproduced by the CCFULL calculations after the inclusion of
the inelastic couplings (rotational for 28Si and vibrational for
1168n), as shown in Fig. 3(a). For the case of ?°Sn [Fig. 3(b)],
vibrational along with the rotational states of the colliding
nuclei were insufficient to explain the fusion excitation func-
tion in the sub-barrier region. Therefore, mutual excitations of
both projectile and target along with two phonon couplings,
1208n(2*)> ® 37; %Si 2%, 4F (red dashed line), for vibra-
tional states were incorporated in the CC calculations. This
brings an additional enhancement to the cross section but
still is unable to reproduce the fusion cross section in the
entire sub-barrier domain. Further, in an attempt to explain
the underlying mechanism of the reaction dynamics, trans-
fer channels were also included in CC calculations. In the
CCFULL formalism, the effect of the pair transfer channel is
incorporated through a simplistic transfer strength form factor
F;;. The inclusion of the transfer strength form factor with
F;, = 0.3 (green dash-dot line) gave a reasonable fit to the
fusion excitation function in the entire energy range except
deep below the barrier for '°Sn, as shown in Fig. 3(b). The
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FIG. 3. Experimentally measured fusion excitation function for the (a) 28Si 4 '15Sn, (b) 28Si 4 '2°Sn, and (c) ®Si + '**Sn systems along
with uncoupled (1-D BPM) and coupled-channels calculations using the CCFULL program. The error bars on the higher energy side are within

the size of the symbol.
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TABLE III. The ground state Q-values (MeV) for various neutrons pickup (4) and stripping (—) channels for 28Si 4 116:120:124gn gystems

used in theoretical calculation.

System +1n +2n +3n +4n +5n +6n —1n —2n
88i41198n —1.089 +1.973 —1.741 —0.286 —6.563 —7.220 —10.236 —14.22
288j+1208p —0.631 +3.494 +0.755 +3.012 —2.043 —2.074 —11.009 —15.50
BGi41248n —0.015 +4.64 +2.419 +5.449 +0.852 +1.882 —11.446 —16.571

strength of the transfer form factor (#;,) was varied from 0.3
to 0.5, but a negligible effect was observed in the fusion cross
section at sub-barrier energies. The variation of F;, beyond 0.5
substantially underpredicted the fusion cross section at above-
barrier energies. A coupling scheme similar to that adopted for
the 28Si + '?Sn system fails to reproduce the fusion excitation
function for the 2*Si + '2*Sn system even after the inclusion
of one pair of neutron transfer channels along with inelastic
couplings [Fig. 3(c)]. A marginal difference in the fusion cross
section at sub-barrier energies was observed with F;, = 0.3.
The value of F,, was varied further in an attempt to explain
the experimentally obtained fusion excitation function for the
288i + 124Sn system. It enhances the fusion cross section be-
low the Coulomb barrier by an insignificant amount but
underpredicts the cross section at higher energies. Therefore,
even after the coupling of the transfer channel through varying
coupling strengths, CCFULL was unable to explain the entire
experimentally measured fusion excitation function for the
288i 4 !24Sn system. One possible cause of this discrepancy
might be the role of multi-neutron transfer channels in the
sub-barrier fusion enhancement.

The ground state Q-values of the three systems (Table III)
shows that the Si + ''°Sn system has all negative ground
state Q-values for neutron transfer channels except 2n pickup,
while 2Si + '2°Sn has 2n to 4n pickup channels having
positive Q-value transfer channels and the 28Si + '**Sn re-
action has positive Q-values up to 6n pickup channels. As is
apparent from the fusion excitation plots for the three systems,
the inelastic coupling enhances the sub-barrier fusion by an
almost similar amount for each target. This similarity stems
from collective properties of the '%120-124Sn targets having
similar deformation strengths. An additional sub-barrier fu-
sion enhancement in the case of 28Si + '>*Sn system could be
attributed to the presence of multi-neutron positive Q-value
neutron transfer channels, which could not be accounted for
properly in CCFULL.

B. Coupled reaction channel (CRC) calculations

Even after the extensive efforts to explain the discrepancy
between the experimentally measured and theoretically pre-
dicted fusion cross sections, the quantitative description of
this deviation is still ambiguous. This is mainly due to the
inclusion of transfer channel coupling through a very sim-
plistic approach via pair transfer in the CCFULL program and
without proper knowledge of transfer coupling strengths. Fur-
ther, with 28Si as a deformed (oblate) projectile, the relative
contribution of the inelastic excitations and transfer channels
in enhancing the sub-barrier fusion cross section becomes
more intricate. FRESCO [54,55] can include transfer couplings

along with inelastic excitations of the interacting nuclei in
a much more realistic manner. Further, unlike CCFULL, the
one-neutron transfer channel can be incorporated into the
coupled reaction channels (CRC) calculations [56]. Therefore,
to examine the effect of the 1n transfer channel coupling and
inelastic excitation on the sub-barrier fusion enhancement in
an independent manner, CRC calculations using the FRESCO
program were performed for 28Si 4 '2#Sn system.

Akyltiz-Winther (AW) parametrization of the Woods-Saxon
potential was used to calculate the real part of the potential.
The imaginary part of the potential was kept as Wy = 20.0
MeV, r,, = 1.0 fm, and a,, = 0.4 fm. The depth of the binding
potentials was varied to obtain the binding energies of the
composite (neutron + core) system. Single-neutron pickup
channel coupling (Q = —0.015 MeV) along with the low-
lying inelastic excitations of target and projectile (the same
as used in the CCFULL calculation) were incorporated into
CRC calculations. For 1n pickup channels, the ejectile 2°Si
is assumed to be present in the ground state and the residue
12381 is also taken to be in the ground state or two low-lying
excited states. The value of the spectroscopic amplitude for
the various states involved in the CRC calculations was taken
from Ref. [57].

The experimentally obtained fusion cross section along
with CRC calculations including inelastic excitations and
transfer coupling are shown in Fig. 4. The fusion cross sec-
tion is enhanced after the inclusion of inelastic coupling
of both projectile and target (red dashed line) as observed
earlier with the CCFULL calculation. Further, 1n transfer cou-
pling (green dot-dash line) enhances the fusion cross section,

3

10°F T T T T 3
£ o o
10°F 3
i Y ]
10'F / o %gi'sn (Expt)
= £ — uncoupled ]
g ol --IE 1
o 10°F o 1n transfer 3
o I ]
107F o/ 3
F / 3
10%F * E
i ; ]
103l [ A [ I IR B
85 90 95 100 105 110 115 120 125
Elab (MeV)

FIG. 4. Experimental fusion excitation function for the
88i +1248n system along with coupled reaction channel (CRC)
calculations using FRESCO program.
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FIG. 5. Fusion excitation function for the (a) 2*Si + "'°Sn, (b) 2Si + '*°Sn, and (c) Si + '**Sn systems along with the semi-classical

calculations using the ECC program.

although not by a significant amount in magnitude at sub-
barrier energies. The contribution of 1# transfer to the fusion
cross section is almost similar to the collective effect of low-
lying excited states of the participating nuclei. Therefore, it
indicates that the role of neutron transfer channels in enhanc-
ing the fusion cross section at sub-barrier energies is crucial
along with inelastic excitations. Since 28Si + '>*Sn system
has positive Q-values up to 6n pickup channels, we were con-
strained to perform complete CRC calculations with FRESCO
for the present case. Therefore, an alternative semiclassical
approach to extricate the effect of multi-neutron transfer chan-
nels at sub-barrier energies was adopted.

C. Semiclassical approach

An empirical coupled-channels (ECC) model based on
the semiclassical approximation was proposed by Zagrebaev
et al. [58,59]. It includes multi-neutron transfer channels
along with the inelastic coupling for calculation of fusion
cross sections. In this approach, the effect of neutron trans-
fer channels was incorporated through the modified quantum
penetration probability of the Coulomb barrier, which was cal-
culated using the barrier distribution resulting from coupling
of various channels. As tin isotopes have varying ground state
positive Q-value neutron transfer channels, particularly for the
28i + 12*Sn system (27 to 6m), an attempt was made to in-
vestigate the effect of multi-neutron transfer channel coupling
on the sub-barrier fusion enhancement using the semiclassical
approach. The calculated fusion cross sections as a function
of center of mass energies are plotted in Fig. 5.

The fusion cross sections in the absence of any coupling
were calculated and shown by the red continuous line in
Fig. 5. The green dashed line corresponds to the inelastic
coupling of both projectile and target without inclusion of
any neutron transfer channels. In the case of the 8Si +
11681 system [Fig. 5(a)], only inelastic excitation without any
transfer channel (green dashed line) gave a reasonable fit to
the fusion excitation function, as observed earlier with the
CCFULL calculation. The inclusion of neutron transfer chan-
nels slightly overestimates the fusion cross sections around
the Coulomb barrier (blue dash-dot line) for the 2Si + '1°Sn
system. This system has all negative Q-value neutron transfer
channels except 2n pickup. Hence, the nominal effect of the
neutron transfer channel on the fusion cross sections around
the Coulomb barrier might be expected. The 2Si + '20:124Sp

systems have several neutron transfer channels with positive
Q value. It was observed that the inclusion of multi-neutron
transfer channels along with inelastic excitation is required to
explain the experimentally measured fusion excitation func-
tions for 28Si + 20:124Sn systems. In the case of the *Si +
1248n [Fig. 5(c)] system, the inelastic excitations alone are
insufficient for explaining the sub-barrier fusion cross sec-
tions as observed with CCFULL as well as FRESCO calculations;
therefore, neutron transfer channels were also incorporated
successively into ECC calculations. The empirical approach
(Ecc) includes neutron transfer channels sequentially through
the modified quantum penetration probability. The inclusion
of the 1n transfer channel has a marginal effect on the fusion
cross section (pink dot-dash line) depicted in our calculations
with the FRESCO code also. The inclusion of the 2n transfer
channel (blue dash-dot line) into empirical calculations gives
substantial enhancement to the fusion cross section in the
sub-barrier region but underpredicts the above-barrier cross
section. Further addition of neutron transfer channels has min-
imal effect on the sub-barrier fusion cross sections. The effect
of simultaneous 2n and 4n transfer channels seems to be more
significant as compared to 1n and 3n transfer channels. The
inclusion of 4n transfer channels (yellow dash-dot line) into
ECC gave a reasonable fit to the fusion excitation function in
the vicinity of the Coulomb barrier. The major contribution
in the sub-barrier fusion enhancement was observed due to
2n transfer channels despite the presence of multi-neutron
transfer channels with positive Q values. Similar results have
also been reported in the literature [12,31,60].

D. Comparative analysis

To investigate the effect of PQNT channels on sub-barrier
fusion enhancement, a comparative fusion excitation func-
tion for 8Si + 1161201245 gystems plotted on a reduced
scale is shown in Fig. 6(a). Sn isotopes are nearly similar
in their structural properties as depicted by their similar con-
tributions through the inelastic excitations in the sub-barrier
enhancement of all three isotopes. Therefore, the effect of
multi-neutron transfer from the inelastic excitations in the
sub-barrier fusion enhancement can be extricated through a
reduced cross-section plot of three systems. The reduction
of fusion cross section and energies was introduced to rule
out the dependence of 1-D BPM cross section due to struc-
tural mismatch between various investigated systems [61].
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FIG. 6. Reduced fusion cross sections plotted as function of energy scaled as per the reduction procedure mentioned in the text for (a) 28Si
+ 1161201248 gystems, (b) for 8Si as projectile with different targets available in literature [5,11,29,30], and (c) for '**Sn target with different

projectiles having varying deformation strength.

The fusion cross-sections were scaled with the corresponding
geometrical cross section 7rR12g (classical) and energies with
the respective barrier height Vj.

It can be inferred from the reduced plot [Fig. 6(a)], that the
fusion cross sections of 28Si 4 12-1248n systems are enhanced
as compared to ''%Sn. The sub-barrier fusion cross section in-
creases with the number of positive Q-value neutron transfer
channels. This provides evidence of the role of multi-neutron
transfer channels in the sub-barrier fusion enhancement. '2Sn
possesses four valence neutrons outside its closed subshell
(h11/2). These extra neutrons might result in the flow of neu-
trons between the colliding nuclei, viz., superfluidity effects
in the case of '>*Sn, which might be responsible for an addi-
tional enhancement in the fusion cross section at sub-barrier
energies. Further, to explore the structural effects along with
the role of multi-neutron transfer channels in the sub-barrier
region, a systematic study with various systems investigated in
literature with 28Si as projectile was performed. The reduced
fusion cross sections as a function of reduced center-of-mass
energies are shown in Fig. 6(b). It can be seen from the
plot that the sub-barrier fusion enhancement is minimum for
2Si +Ni and ''%Sn (present study) systems which have
negative Q-value neutron transfer channels. The maximum
enhancement was observed in 28Si + **Zr and '?*Sn (present
study) systems, where multi-neutron positive Q-value neutron
transfer channels are available, signaling toward the influence
of multi-neutron transfer channels in the fusion dynamics. A
similar comparative analysis with different projectiles having
varying deformation strength studied for '>*Sn target was also
performed. The reduction scheme is similar, as mentioned in
the context of Fig. 6(a). It can be observed from Fig. 6(c) that
3Ni and **Ni, which have similar ground state deformation
strengths, show similar enhancement in the sub-barrier region.
However, for *°Ca, which is a spherical nucleus, the sub-
barrier fusion enhancement is maximum as compared to 28Si
(present study), which is an oblate deformed projectile. This
observation suggests that the effect of multi-neutron transfer
channels can be observed more vividly with the spherical par-
ticipating nuclei like *°Ca, as observed in an earlier study [60].

IV. SUMMARY AND CONCLUSIONS

The fusion excitation function measurements for the
28Gj 4 116:120.124gy gystems around the Coulomb barrier were

carried out. A significant enhancement was observed in all
three systems as compared to uncoupled (1-D BPM) cal-
culations. Coupled-channels calculations were employed to
explain the underlying mechanism of the reaction. The ex-
perimentally obtained fusion excitation functions for 28Si +
16,1209y systems have been explained to a reasonable extent
within the framework of CC calculations with inelastic exci-
tations. Projectile excitations along with inelastic coupling of
the target with two phonons seem to be a major contribut-
ing factor in fusion enhancement below the barrier in the
case of 1291245y However, sub-barrier fusion enhancement in
288i + 24Sn system could not be explained even after taking
into account one pair transfer coupling with varying transfer
coupling strength in the CC calculations. These observations
suggested the role of multi-neutron transfer channels coupling
in the heavy ion fusion reactions. FRESCO calculations were
performed to investigate the quantitative contribution of 1n
transfer channel coupling along with the inelastic excitation
of the interacting nuclei. The contribution of 1n transfer
channel was observed with marginal effect in terms of mag-
nitude. Further, to probe the underlying mechanism behind
the observed enhancement in the fusion cross-sections be-
low the barrier, a semiclassical approach was applied. The
semiclassical treatment of analysis showed the relevance of
multi-neutron transfer channels in the sub-barrier fusion en-
hancement. The inclusion of sequential 4n transfer channels
in the ECC calculation gave a better fit to the 2*Si + '*Sn ex-
citation function. However, no set of coupling could reproduce
the fusion excitation function in the entire energy domain.
These findings indicate the need to incorporate multi-neutron
transfer channel coupling along with the inelastic excitation
simultaneously in the coupled-channels formalism. A sys-
tematic analysis with 28Si as a projectile on various systems
studied in literature along with '**Sn with different projectiles
was presented. The maximum sub-barrier fusion enhancement
was observed with nearly spherical interacting nuclei. The
neutron transfer cross-section measurements of the systems
investigated in the present study might provide deeper insights
into the influence of transfer channels on the fusion dynamics.
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