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The challenging task in heavy-ion collisions is unambiguously identifying the true fusion events in the
deep sub-barrier region. Considering the primary challenge, we have measured fusion excitation functions for
28Si + 158Gd reaction at energies above to deep sub-barrier region to decipher the role of multineutron transfer
with positive Q value and fusion hindrance in an asymmetric system. A comparison has been made with our
previous measurement for 30Si + 156Gd system where only one transfer channel with Q > 0 exists and populates
the same compound nucleus 186Pt∗. The enhancement in fusion cross sections is observed on a reduced scale
in the 28Si + 158Gd reaction over 30Si + 156Gd system at sub-barrier energies. The measured fusion data and
extracted barrier distribution have been analyzed within the framework of coupled-channels (CC) programs,
CCFULL and empirical channel coupling. Coupling to rotational excitations in projectile and target along with
up to 2n transfer channel with positive Q value is found to be promising to explain the fusion excitation functions
except for the lowest energy point. However, the influence of more than two neutrons transfer is insignificant
in 28Si + 158Gd system. At the lowest energy (≈14% down the Coulomb barrier), a deviation from standard CC
has been found, which may indicate the threshold for fusion hindrance, but additional lower-energy data are
needed to prove this. The experimental threshold energy (ES) for fusion hindrance is in good agreement with
the empirical formula, and it is consistent with the observed pattern of ES as a function of the entrance channel
parameter (ζ ) for other nearly symmetric and asymmetric systems.
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I. INTRODUCTION

In heavy-ion (A � 4) collisions, various reaction processes,
such as fusion and a few nucleon transfers, play an essential
role in understanding the interplay between reaction dynamics
and associated structural peculiarities [1,2]. In particular, fu-
sion reactions are governed by the quantum penetration model
at below to deep sub-barrier energies where complexity is
involved due to the influence of different intrinsic degrees
of freedom of fusion participants. However, nucleon transfer
reactions are initiated at large internuclear distances where
the flow of nucleons between the colliding nuclei occurs in
a short interaction time 10−22 s. In addition, heavy-ion fusion
reactions are greatly influenced by the transfer of nucleons,
which is still an ongoing quest for fundamental research even
though the effect of collective excitations on fusion reactions
is somewhat established [1,3–5].

Intense experimental and theoretical efforts have been
made to understand the sub-barrier fusion enhancement in
comparison to the one-dimensional barrier penetration model
(1D-BPM) in the past few years [1,3–10]. This enhancement
was explained by the coupled-channels (CC) effect and static
deformations of colliding nuclei which distribute the single
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barrier into multidimensional barriers known as “barrier dis-
tribution” (BD) [5]. However, the role of the positive Q-value
neutron transfer (PQNT) channels on the sub-barrier fusion
cross sections is still somewhat ambiguous and, therefore,
an interesting research topic [1,3]. In this direction, the first
observation of the PQNT effect on the fusion process was
proclaimed by Beckerman et al. [11] in 58,64Ni + 58,64Ni reac-
tions. Subsequently, a series of experiments revealed a close
connection between PQNT and sub-barrier fusion enhance-
ment [12–16]. However, no such correlation due to the PQNT
channel on fusion was witnessed in Refs. [7,10,17–19]. Our
previous measurement of fusion and quasielastic scattering of
30Si + 156Gd [7] also did not reveal any significant enhance-
ment in sub-barrier fusion cross section due to 2n transfer with
positive Q value (Q2n = +0.8 MeV). Theoretically, Stelson
et al. [20,21] proposed a pragmatic approach to deal with the
sequential transfer of neutrons, which could trigger the fusion
process at a large internuclear distance. Later, an empirical
channel coupling (ECC) model was proposed [22] that could
account for the multineutron transfer channels with positive Q
value in CC calculations. The above-mentioned facts suggest
that PQNT channels and their correlation with the fusion
process are a complex job that is not yet fully understood.

Fusion reactions at deep sub-barrier energies where
cross sections exhibit a much steeper fall than the standard
CC calculations are also of astrophysical interest [1]. First
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experimental evidence of such unexpected behavior known
as “fusion hindrance” was observed by Jiang et al. [23] in
60Ni + 89Y at extreme sub-barrier energies. Subsequently, a
set of experiments were undertaken using closed-shell and
open-shell medium- and heavy-mass systems [24–31]. This
hindrance in deep sub-barrier fusion cross section is often
characterized by astrophysical S(Ec.m.) factor and logarithmic
slope L(Ec.m.) and also leaves an open question about their
maxima. Ambiguity in the physical origin of fusion hindrance
persists, and a few aspects have been nicely pointed out in
a recent review article [1], using Ni+Ni, Si+Si, Ca+Zr, and
Ni+Mo systems which consist of positive and/or negative
Q values for transfer channels as well as for fusion process.
Moreover, if the systems have a positive fusion Q value,
then there should not be a maximum in S(Ec.m.) factor visible
[1,3]. On the theoretical front, only a few models, viz. sudden,
adiabatic, and a smooth transition between them, have been
proposed to explain the fusion hindrance [32–34]. However,
it would be worth mentioning that 28Si + 30Si [15] is the only
experimental study in which fusion hindrance was reported
even after considering the PQNT couplings in the CC calcu-
lations thus far. The aforementioned facts help to examine the
role of the PQNT channels and fusion hindrance in deep sub-
barrier fusion cross sections using a soft asymmetric system
like 28Si + 158Gd owing to the scarcity of experimental data.

In this report, we have measured the fusion excitation
functions from above (≈12%) to deep below (≈14%) the
Coulomb barrier energies with the following objectives: (i) to
decipher the role of multineutron transfer channels with posi-
tive Q value (up to 6n pickup) in the 28Si + 158Gd system and
comparison with previously measured data for 30Si + 156Gd
reaction (with negative Q values except for 2n pickup channel)
as both systems form the same compound nucleus 186Pt∗, (ii)
to investigate the fusion hindrance effect at deep sub-barrier
energies and comparison with the previously measured data
for 30Si + 156Gd reaction, and (iii) systematic comparison on
the threshold energy for fusion hindrance using various sym-
metric and asymmetric reactions.

The structure of this work is as follows: Section II presents
the experimental method, data analysis is provided in Sec. III,
and results and interpretation of data are discussed in Sec. IV.
Finally, Sec. V concludes the work.

II. EXPERIMENTAL METHOD

The measurement of fusion-evaporation residues for
28Si + 158Gd reaction was carried out employing the Heavy
Ion Reaction Analyser (HIRA) [35], a mass spectrometer at
the 15 UD Pelletron accelerator facility of the Inter-University
Accelerator Center (IUAC), New Delhi, India. The experi-
mental setup and procedure were analogous to that used in
a previous measurement [7]. However, some of the specific
details of the present experiment are presented here.

The isotopically enriched (97.32 ± 0.3%) thin 158Gd
target was bombarded with a pulsed beam of 28Si with
pulse separations of 2 and 4 µs at energies above and below
the Coulomb barrier, respectively. The thin 158Gd (thickness
≈134.4 µg/cm2) target foils were fabricated on ≈50 µg/cm2

carbon foil backing [36]. The targets were mounted in such

a way that carbon backing faced the beam during the ex-
periment. The projectile energies were considered within the
range of 107 � Elab � 140 MeV covering ≈14% below to
≈12% above the Coulomb barrier (V lab

b = 124.64 MeV). The
recoil mass spectrometer HIRA was operated at θlab = 0

◦
with

respect to the beam direction with acceptance of 5 mSr (2.2
◦

polar angle).
Two solid-state silicon detectors with 1-mm-diameter cir-

cular aperture were mounted symmetrically at θlab = 15.5◦
in regard to the beam direction to monitor the beam and for
normalization of the measured fusion data. To reequilibrate
the charge state of the evaporation residues (ERs), 10 cm
downstream from the target, a thin (≈10 µg/cm2) carbon foil
was used. A multiwire proportional counter (MWPC) [37] of
15 × 5 cm2 dimensions in the X−Y direction was installed
at the focal plane of HIRA to detect and to measure energy
loss of the heavy recoiling ERs, which were transported from
target chamber of HIRA based on their m/q ratio.

At the onset of the experiment, field scanning of the spec-
trometer was done to optimize the most probable charge
state, mass, and energy of ERs at Elab = 127.1 MeV. The
best setting was achieved by seeking maximum transmission
efficiency and a clear separation between ERs and beamlike
particles at each projectile energy. The two-dimensional spec-
tra of ER energy loss (�E ) in the MWPC vs ER time of
flight (TOF) at Ec.m./Vb = 1.12, 0.99, and 0.86 in Figs. 1(a)–
1(c), respectively, shows a clear separation between ERs and
scattered beamlike particles. Also a blank run (fields set for
28Si + 158Gd ERs) with no target was recorded (at the lowest
energy Ec.m./Vb = 0.86) for a few hours where hardly a few
events were registered within the ER gated region, shown
in Fig. 1(d). The CANDLE software [38] has been used to
conduct offline data analysis operations.

III. DATA ANALYSIS

Since the predicted fusion-fission cross section from
the theoretical model code PACE4 [39] is negligible for
28Si + 158Gd reaction within the studied energy window, the
measured ER cross sections are assumed as the total fusion.
The fusion cross sections were derived from the experimental
counts using the following relation [Eq. (1)]:

σfus = 1

ε

(
YER

YM

)(
dσ

d�

)
Ruth

�norm, (1)

where σfus, YER, and YM are the fusion cross section (mb),
the yield of ERs detected at the focal plane of HIRA, and
the geometric mean of yields in the two left-right monitor

detectors, respectively. ( dσ
d�

)Ruth is the differential Rutherford
scattering cross section (mb/Sr) in the laboratory frame of
reference, �norm (Sr) is the solid angle subtended by each
monitor detector, and ε is the average transmission efficiency
of HIRA.

The ε is defined as the ratio of the number of ERs detected
at the focal plane to the number of ERs produced from the
target. It is a complex function of a number of parameters,
including the size of the focal plane detector, the entrance
channel mass asymmetry, the projectile’s energy, the target
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FIG. 1. Two-dimensional scatter spectra of ER energy loss (�E ) in the MWPC vs ER time of flight (TOF) for 28Si + 158Gd fusion reaction
at [(a) Ec.m./Vb = 1.12, (b) Ec.m./Vb = 0.99, and (c) Ec.m./Vb = 0.86], and (d) Ec.m./Vb = 0.86 with no target. The black contours show the
group of ERs that are clearly separated from scattered beamlike particles.

thickness, and the solid angle acceptance of HIRA [40].
Accordingly, ε varies depending on the beam energy. The
transmission efficiency of HIRA is calculated in this study
using the semimicroscopic Monte Carlo code TERS [41].
The ≈10% uncertainty in the simulated values of HIRA
efficiency is expected with respect to the measured efficiency
of different systems [12,40,42]. Moreover, the possibility of
the relative production of different ERs has been estimated
using the statistical model code PACE4 [39] with level
density parameter (a = A/9) within the studied energy.
Using the TERS code, we calculated the ER transmission
efficiency of HIRA for each potential dominant ER channel
at each incident energy. To estimate the average transmission
efficiency (ε) of HIRA at each Elab, the weighted average of
HIRA efficiencies for all individual evaporation channels have
been taken into account. For the current system, the calculated
range of ε is 5.2–8.2%. Finally, an estimated ε has been used
to determine the ER cross section using Eq. (1). The derived
fusion cross section, except for two data points (Ec.m. = 96.0
and 99.5 MeV), experienced <2% relative change when the
level density parameter (a = A/10) in the statistical model
code PACE4 was altered. A thorough explanation of the
HIRA’s transmission efficiency using the TERS code can be
found in Ref. [43]. The measured fusion cross sections are
shown in Fig. 2 and listed in Table I with uncertainties. The
corresponding uncertainty in the fusion cross section is due
to (a) statistical error in ER and monitor yields, and (b) error
in determining HIRA’s transmission efficiency.

IV. RESULTS AND DISCUSSION

A comparison between the measured fusion cross
section and corresponding barrier distribution (inset) of
28Si + 158Gd and 30Si + 156Gd [7] reactions is made on the
reduced scales to eliminate the differences due to geometrical

size and barrier height, as shown in Fig. 2. Fusion BD and
associated uncertainty are calculated using the three-point
difference formula as prescribed in Ref. [5]. The fusion
cross section and BD for 30Si + 156Gd reaction are taken
from our previous measurement [7]. The observed interesting
features of Fig. 2 are (1) both systems show almost identical
fusion cross sections above the Coulomb barrier energies;
(2) however, enhanced fusion cross section is observed
for 28Si + 158Gd system compared to 30Si + 156Gd [7]
reaction at sub-barrier energies. This relative enhancement in
28Si + 158Gd reaction might be due to the collective effect of
static deformation of colliding partners and positive Q-value

FIG. 2. The fusion excitation functions of 28Si + 158Gd (present
work) and 30Si + 156Gd; “Prajapat 2022” [7] reactions are shown on
a reduced scale. The joining lines are to guide the eye. The inset
represents the fusion barrier distributions of the two systems.
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TABLE I. Measured fusion cross section (σfus) from 28Si + 158Gd
reaction at various energies (Ec.m.) and the associated uncertainties
δσfus.

Energy (Ec.m.) σfus ± δσfus Ec.m. σfus ± δσfus

(MeV) (mb) (MeV) (mb)

90.9 0.017 ± 0.004 104.6 78.9 ± 10.3
91.8 0.101 ± 0.019 106.3 109.7 ± 14.3
92.6 0.188 ± 0.029 108.0 137.9 ± 18.0
94.3 0.85 ± 0.12 109.7 196.0 ± 22.0
96.0 3.3 ± 0.4 111.4 195.7 ± 25.6
97.7 7.3 ± 1.0 113.1 232.8 ± 30.4
99.5 13.3 ± 1.7 114.8 268.3 ± 35.4
101.2 29.1 ± 3.8 116.5 266.8 ± 34.9
102.9 51.6 ± 6.7 118.2 267.3 ± 35.1

neutron transfer channels. Interestingly, it can be seen from
Table II that all the neutron pickup transfer (up to 6n) Q
values are positive in the case of 28Si + 158Gd. In contrast, all
neutron pickup channels have negative Q values except for
the 2n pickup case in 30Si + 156Gd reaction. However, it is
to be noted that no significant influence of the +2n transfer
channel was witnessed in the 30Si + 156Gd reaction [7]. It
is also more likely for 28Si to pick up to 6n from target to
fill its outermost shell configuration [(1d5/2)6(2S1/2)(1d3/2)].
A similar observation had been reported in 32S + 112,120Sn
systems [10], where 32S + 112Sn possess all negative Q value
(except for 2n case) for neutron transfer channels while all
were positive for 32S + 120Sn reaction.

The BDs for both the systems 28Si + 158Gd and
30Si + 156Gd [7] exhibit almost similar patterns within sys-
tematic uncertainties. It is difficult to comment on the shape
of BDs as the associated uncertainties are large. Moreover,
CC calculations are required to deepen the understanding
by considering inelastic excitations and multineutron transfer
channels, which are discussed in the following sections.

A. Coupled-channels calculations using CCFULL

To explain the fusion cross section of the 28Si + 158Gd sys-
tem, CC calculations have been performed using the CCFULL
program [45]. In CCFULL, all orders of inelastic couplings
are incorporated by considering vibrational couplings within
the limit of harmonic oscillators and rotational ones as pure
rotors. The Akyüz-Winther (AW) parametrization is taken
into account to obtain the standard Woods-Saxon ion-ion
potential parameters, well depth (V0) = 73.3 MeV, radius
parameter (r0) = 1.18 fm, and diffuseness (a) = 0.67 fm.

TABLE II. Q+xn (MeV) values for multineutron pickup (by a
projectile from target) transfer channels from the ground state (g.s.)
of one to g.s. of another interacting nucleus for 28,30Si + 158,156Gd
systems.

Reaction Q+1n Q+2n Q+3n Q+4n Q+5n Q+6n

30Si + 156Gd −1.9 +0.8 −3.6 −2.3 −8.4 −8.8
28Si + 158Gd +0.5 +4.7 +2.8 +5.6 +1.2 +2.4

TABLE III. Excited states (λπ ) with excitation energies (E∗) and
corresponding deformation parameters (βλ) [12,44] of 28Si and 158Gd
used in the coupled-channels calculations.

Nucleus E∗(MeV) λπ βλ

28Si 1.779 2+ −0.407
4.618 4+ 0.187

158Gd 0.795 2+ 0.282
0.2615 4+ 0.082

However, these parameters are adjusted to V0 = 80.0 MeV,
r0 = 1.15 fm, and a = 0.776 fm to fit the above barrier data
and to obtain the corresponding equivalent uncoupled barrier
parameters, barrier height (Vb) = 105.09 MeV, barrier radius
(rb) = 11.34 fm, and curvature = 3.81 MeV. The low-lying
collective states, excitation energy, and corresponding defor-
mation of projectile and target are reported in Table III.

Figure 3 shows the comparison of measured fusion data
[Fig. 3(a)] and extracted fusion barrier distribution [Fig. 3(b)]
with theoretical calculations by considering no coupling
(1D-BPM) and coupling of various rotational states of the
projectile (P) 28Si and target (T) 158Gd nuclei. The mea-
sured sub-barrier fusion cross section is much larger than the
1D-BPM (no coupling limit). To improve the prediction, we
assumed 28Si as inert and included coupling of various states
in the rotational band (NRot = 1, 2, 3, and 4) of 158Gd one
after other but reported only NRot = 4 in Fig. 3 to avert
the crowd. NRot is defined as the number of levels in the
rotational band to be included (up to 2*NRot+ states) along
with ground state, e.g., if NRot = 4, then 0+, 2+, 4+, 6+, and

FIG. 3. The comparison between the measured fusion data (top
panel), extracted barrier distribution (bottom panel), and results
obtained from coupled-channels code CCFULL for 28Si + 158Gd
reaction (see text for the details).
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8+ states are considered. The result from such calculations
enhanced the sub-barrier fusion cross sections. In the next
step, the coupling of different rotational states of 28Si was
tested by considering NRot = 1 to 3, though depicted only
NRot = 3 in Fig. 3. The 0+, 2+, 4+, and 6+ states of 28Si
enhanced the sub-barrier fusion cross section marginally as
compared to couplings in the target. It is essential to note
that further inclusion of rotational states in target (NRot =
5) and projectile (NRot = 4) did not alter the sub-barrier
cross section. It suggests that individual couplings in colliding
nuclei are insufficient to reproduce the fusion and BD data
at below-barrier energies. As a result, the combined effect
of P and T was considered. Hence, the CC calculations with
rotational states from NRot = 4 in 158Gd and NRot = 2 and
3 in 28Si are shown in Fig. 3. The theoretical predictions
for fusion cross section and BD are almost similar in both
cases, indicating the significant role of rotational states up
to 0+, 2+, and 4+ in 28Si. Including combined couplings in
P-T nuclei brings in an additional enhancement and provides
a good fit to the data except for the three lowest energy points
and in Ec.m. = 99–106 MeV region. The combination of CC
calculations is consistent with the extracted BD within the
experimental uncertainties over the energy range.

The energy of 4+ state (4.618 MeV) of 28Si lies in the
middle of the vibrational prediction (2 × 1.78 = 3.56 MeV)
and rotational estimate (3.33 × 1.78 = 5.93 MeV), where
1.78 MeV is the experimental energy of 2+ state. Hence, it
is unclear which couplings (rotational/vibrational) in 28Si are
more appropriate to explain the fusion data and subsequent
BD. Therefore, CC calculations were also performed consid-
ering vibrational couplings in the projectile and rotational ex-
citations in the target, displayed in Figs. 4(a) and 4(b). A com-
parison is made by considering the 2+ state with one and two
phonons (1ph and 2ph) in 28Si and rotational excitations in
target (NRot = 4; optimum value). One can notice that consid-
eration of 2ph 2+ state of 28Si enhances the magnitude of sub-
barrier fusion cross section in comparison to 1ph 2+ state in
projectile along with rotational couplings in the target. How-
ever, the result of such predictions could not reproduce the
measured cross section at the three lowest energy points and
around the Coulomb barrier (Ec.m. = 96–110 MeV). It was
pointed out in Ref. [46] that the 3− state of 28Si is high in en-
ergy (6.878 MeV); thus, it was not expected to play any signif-
icant role in CC calculations. However, to make the compari-
son with 30Si + 156Gd reaction on equal footing, where we had
considered the 156Gd (NRot = 4) + 30Si (2+, 3−) couplings
(see Fig. 5(b) in Ref. [7]) in the colliding partners, we have
included 3− state of 28Si in the current study. We found that
the inclusion of one phonon in 2+ and 3− states of 28Si, along
with rotational excitations in target, could not improve the
fitting of fusion excitation function in the sub-barrier zone.

Based on the above analysis, it could be pointed out that
treating 28Si as a rotor rather than a vibrator gives a somewhat
better fit to the measured excitation function, and BD is con-
sistent within experimental uncertainties. In literature, fusion
data appears to be explained in most cases by considering
coupling to rotational excitations in 28Si [12,47].

It is to be noted that even after incorporating the
full-fledged collective excitations in colliding nuclei, all

FIG. 4. Same as Fig. 3 with vibrational couplings in 28Si and
rotational excitations in 158Gd (see text for the details).

failed to explain the fusion data in deep sub-barrier energy
region, indicating the necessity of multineutron transfer
couplings with positive Q value (see Table II).

B. Empirical channel coupling calculations using ECC

Since CCFUL with various inelastic excitations in collid-
ing nuclei could not explain the fusion excitation function
throughout the energy range, the ECC approach was adopted.
ECC model was proposed by Zagrebaev et al. [22], which
allows incorporating multineutron rearrangement/transfer
channel couplings along with inelastic excitations in colliding
partners. Within this model, the incoming flux may penetrate
the multidimensional Coulomb barrier in the channels with
different intermediate neutron transfers. More details about
ECC formalism can be found in Refs. [48,49].

ECC calculations have been performed using the Woods-
Saxon ion-ion potential with AW parameters V0 = 80.0 MeV,
r0 = 1.16 fm, and a = 0.78 fm. The coupling strength param-
eters for rotational excitations in projectile and target nuclei
used in the calculation are tabulated in Table III.

A comparison has been made between the experimental
fusion cross section [Fig. 5(a)] and those predicted from the
ECC model for 28Si + 158Gd reaction and similarly for BD
in Fig. 5(b). We first considered 1D-BPM (uncoupled) and
ECC without neutron transfer in its calculation kernel. Later,
neutron transfer channels with positive Q values and collective
excitations in P-T nuclei were taken into account one by one
(see Fig. 5). It can be observed that ECC calculations with up
to 2n transfer are in good agreement with the measured fusion
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FIG. 5. Same as Fig. 3 with theoretical calculations from the
ECC program (see text for the details).

data throughout the energy range, except at Ec.m. = 90.9, 91.8,
and around Ec.m. = 103 MeV. The slight deviation between
the experimental cross section and theoretical estimation [see
inset of Fig. 5(a)] may be an indication of fusion hindrance
at extreme sub-barrier energy (Ec.m. = 90.9 MeV). The inves-
tigation of fusion hindrance is presented in the next section.
Interestingly, the experimental fusion BD is consistent with
ECC calculations. This may indicate the role of 2n transfer
with Q > 0 on sub-barrier fusion. However, further inclusion
of 3n and 4n transfer channels did not alter the fusion cross
section, which describes the insignificant role of multineutron
transfer (more than 2n) on fusion data in the present study.
The situation is quite similar to previous studies [48,50] where
transfer channels with positive Q values were found signif-
icant up to 2n. However, the slight wideness in the fusion
BD due to transfer channels along with inelastic excitations
is reported in Ref. [49].

C. Investigation of fusion hindrance

At extreme sub-barrier energies, astrophysical S(Ec.m.) fac-
tor and logarithmic derivative L(Ec.m.) factor are convenient
components for characterizing the discrepancy between ex-
perimental and theoretical fusion EFs. The factors are defined
as [1,24,30]

S(Ec.m.) = Ec.m.σfus(Ec.m.)exp[2π (η − η0)], (2)

L(Ec.m.) = d[ln(Ec.m.σfus)]

dEc.m.

= 1

Ec.m.σfus

d (Ec.m.σfus)

dEc.m.

, (3)

where η = Z1Z2e2
√

μ/(2Ec.m.h̄
2) is the Sommerfeld parame-

ter (μ is reduced mass of the system, Z1 and Z2 are projectile
and target charge numbers, respectively). We introduce a con-
stant η0 (η = η0 at Ec.m. = Vb) in the exponent to make the
presentation more apparent.

The experimental and theoretical representation of S(Ec.m.)
factor is shown in Fig. 6(a). The CC [158Gd (NRot = 4) +
28Si (NRot = 3)] predictions are in good agreement with
the experimental S(Ec.m.) factor, except for a few lowest en-
ergy points, and reflect a good description of S(Ec.m.) factor.
However, it can also be noticed that the experimental S(Ec.m.)
factor is not exhibiting the maximum, but CC (ECC with
1n + 2n) calculations are above the experimental S(Ec.m.) fac-
tor at the lowest energy point [see inset of Fig. 6(a)] while
reproducing it well towards higher energy zone. This may
suggest the presence of fusion hindrance in the 28Si + 158Gd
reaction at deep sub-barrier energies. However, additional
experimental data at low energies are required to be more
specific. Note that a similar scenario was reported in the lit-
erature [18,30,51]. Moreover, it is worth mentioning that 28Si
is a soft nucleus (i.e., well deformed), and additional influence
of one and two neutron transfers with positive Q value is
observed in 28Si + 158Gd reaction. This fact could result in
different turning points based on the mutual orientation of col-
liding nuclei that may lead to multiple barriers. Hence, such
transfer couplings and nuclear structural peculiarities of col-
liding partners can push down the S(Ec.m.)-factor maximum
or even vanish it as also observed in 48Ti + 58Fe reaction [30].
Moreover, additional experimental data are required at deep
sub-barrier energies to delineate the S(Ec.m.)-factor maximum
for the 28Si + 158Gd system.

Another indirect method to illustrate the fusion hindrance
is the logarithmic derivative L(Ec.m.) of the energy-weighted
cross section, which is defined by Eq. (3) and estimated us-
ing the two-point difference method. As it has been argued
[24], the S-factor maximum appears when L(Ec.m.) reaches
the constant S(Ec.m.)-factor value, LCS(Ec.m.) = πη/Ec.m., and
the energy (ES) at which LCS(Ec.m.) intersect the L(Ec.m.) is
termed as the experimental threshold energy for fusion hin-
drance. A comparison between experimental and theoretical
results of the L(Ec.m.) factor is shown in Fig. 6(b). As seen,
the experimental and theoretical [158Gd (NRot = 4)+ 28Si
(NRot = 3)] logarithmic slopes have a steeply rising trend
with the decreasing energy around and below the barrier.
In the deep sub-barrier region, L(Ec.m.) has a very narrow
maximum; a similar behavior was revealed in a more sym-
metric system, 48Ti + 58Fe [30]. Contrary to that, no such
maximum is observed in theoretical ECC predictions with one
and two neutron transfer channels, and the logarithmic slope
has increasing behavior with decreasing energy throughout
the energy window. It may be the effect of strong transfer cou-
plings in the deep sub-barrier region. Also, it has already been
exhibited that there is a crossover between LCS(Ec.m.) line and
the experimental L(Ec.m.) in those systems, which revealed the
signature of fusion hindrance [1,3,25]. In the present study,
the LCS(Ec.m.) line is intersecting the experimental L(Ec.m.) at
energy Ec.m. = 92.6 MeV, which is the experimental threshold
energy (ES) of fusion hindrance.
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FIG. 6. Experimentally derived and theoretically predicted (a) astrophysical S(Ec.m.) factor and (b) L(Ec.m.) factor for 28Si + 158Gd system.
The insets show the closer visualization of excitation functions in the deep sub-barrier region.

Further, we have calculated the logarithmic slope L(Ec.m.)
for the 30Si + 156Gd system using the measured fusion data
from Ref. [7] and compared with the 28Si + 158Gd reaction
(present study) on a normalized energy scale in Fig. 7. Both
systems depict similar behavior except at the lowest energy
points, possibly due to the structural effect of two different
projectiles (28,30Si) and neutron transfer channels. In the
case of the 30Si + 156Gd reaction, L(Ec.m.) is grossly rising
with decreasing energy and fusion excitation functions (see
Ref. [7]) are well reproduced by CC predictions, which
indicates no signature of fusion hindrance within the studied

FIG. 7. The logarithmic derivatives (slopes) of the excitation
functions for the two systems; 28Si + 158Gd (present study) and
for 30Si + 156Gd reaction “Prajapat 20222” [7] on the reduced
energy scale.

energy window. A similar discussion has been made for
64,60Ni + 100Mo [18,25], containing a set of positive and
negative neutron transfer Q values, the onset of fusion
hindrance is witnessed in 64Ni + 100Mo system which has a
positive Q value for 2n transfer only, which is opposite to the
current study for 28,30Si + 158,156Gd reactions.

Furthermore, threshold energy (ES) for fusion hindrance is
estimated using the following empirical formula [Eq. (4)]:

ES (ζ ) = 0.356ζ 2/3 MeV, (4)

where ζ = ZpZt
√

ApAt/(Ap + At ) is the entrance channel pa-
rameter which is characterizing the size of the colliding
partners. Zp−Zt and Ap−At are the charge and mass numbers
of projectile-target nuclei. However, it is to be noted that this
systematic relation for ES [Eq. (4)] was derived for the stiff
colliding partners and provides an upper limit for the soft
systems. A systematic comparison is made between the ex-
perimentally obtained ES [crossing point between LCS(Ec.m.)
line and L(Ec.m.)] and the empirically estimated values
[Eq. (4)] for symmetric to near symmetric (64Ni + 100Mo
[25], 60Ni + 89Y [23], 64Ni + 64Ni [24], 28Si + 30Si [52], and
28Si + 64Ni [28]) and asymmetric reactions (11B + 197Au [26],
12C + 198Pt [29], and 16O + 208Pb [27]) in which the reaction
partners are soft and/or stiff nuclei. It can be seen from Fig. 8
that all the systems follow the systematics, including present
measurement. The deviation from the empirical line can be
observed for 64Ni + 100Mo and 64Ni + 64Ni systems which
have open-shell soft nuclei leading to the strong coupling
effect in broadening the BD and pushing down the threshold
for fusion hindrance. This reflects a good correlation between
the entrance channel parameter (ζ ) and threshold for fusion
hindrance, which is nicely fitted by the empirical formula for
different systems (see Fig. 8) including 28Si + 158Gd (present
study).
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FIG. 8. Comparison between the experimental and empirically
[Eq. (4)] obtained fusion hindrance threshold energy (ES) as a func-
tion of entrance channel parameter (ζ ) for 28Si + 158Gd (present
study), 64Ni + 100Mo “Jiang 2005” [25], 60Ni + 89Y “Jiang 2002”
[23], 64Ni + 64Ni “Jiang 2004” [24], 28Si + 30Si “Jiang 2008” [52],
28Si + 64Ni “Jiang 2006” [28], 11B + 197Au “Shrivastava 2017” [26],
12C + 198Pt “Shrivastava 2016” [29], and 16O + 208Pb “Dasgupta
2007” [27] systems.

V. CONCLUSION

In this article, we reported the fusion excitation function
for 28Si + 158Gd reaction at energies around and deep below
the Coulomb barrier (≈14% down). The experimental data
have been analyzed within the coupled-channels formalism
by considering 28Si as a rotor (also vibrator) and 158Gd as a
rotor within the framework of CCFULL and ECC programs.
The rotational couplings in projectile and target nuclei
significantly enhance the fusion cross section at energies
around the Coulomb barrier but failed to reproduce the data
in the extreme sub-barrier region. Since the system has
positive Q values for the neutron pickup channels (up to
6n), the transfer coupling along with collective excitations
are examined using the ECC model. Including up to 2n
transfer channel grossly reproduces the measured fusion
excitation function (except at Ec.m. = 90.9, 91.8, and around
Ec.m. = 103 MeV) and corresponding BD. The deviation
between the standard CC calculations and experimental data

at deep sub-barrier energy point may indicate the threshold for
the fusion hindrance in 28Si + 158Gd reaction, but additional
experimental data at low energies are required for conclusive
remark. Besides, the influence of multineutron pickup transfer
channels (more than two neutrons) having positive Q values
is not established for 28Si + 158Gd system.

Furthermore, to interpret the fusion excitation function at
extreme sub-barrier energies, S(Ec.m.) and L(Ec.m.) factors
have been extracted for 28Si + 158Gd reaction. No maximum
in S(Ec.m.) factor is observed, which might be washed out
due to well-deformed colliding nuclei and transfer channel
couplings. However, a well-pronounced maximum in L(Ec.m.)
factor is exhibited, and the logarithmic slope increases with
decreasing the energy except for a few deep sub-barrier energy
points. Experimentally obtained threshold energy for fusion
hindrance agrees with the empirical formula. We have also
compared the experimental fusion hindrance threshold as a
function of the entrance channel parameter with the empiri-
cal formula for different symmetric and asymmetric systems,
including our measurements. Except for a few systems, there
is a good consistency between the experimental and empirical
values.

A qualitative comparison between 28Si + 158Gd reaction
and 30Si + 156Gd [7], leading to the same compound nucleus
186Pt∗, provides the following conclusions: (i) the measured
sub-barrier fusion cross section is larger for the 28Si + 158Gd
than 30Si + 156Gd, indicating the role of neutron transfer (up
to 2n) with positive Q values in the first system, (ii) no evi-
dence of fusion hindrance has been observed in 30Si + 156Gd
reaction as the L(Ec.m.) is grossly increasing with decreasing
energy. More experimental data are needed in the deep sub-
barrier zone to conclude on fusion hindrance in 30Si + 156Gd
reaction.
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