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Investigation of isotopic dependence on the O + Ni fusion cross section near barrier energies
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Fusion excitation functions have been measured for 16O + 61Ni and 18O + 61,62Ni systems around the Coulomb
barrier (≈0.7VB–1.3VB) using the recoil mass spectrometer, heavy ion reaction analyzer. The ground state Q
value for two neutron stripping is positive for both systems with 18O as the projectile. Strong enhancement
of the experimental fusion cross sections were observed below the barrier for all the systems compared to
that of the predictions of the one-dimensional barrier penetration model. To understand such enhancement, a
coupled-channels formalism has been used. A comparative study of these systems indicated that the coupling
of two neutron transfer channels with the collective excitations could play the role behind the sub-barrier fusion
enhancement for 18O induced reactions. However, the sub-barrier enhancement for 16O + 61Ni is found to be
due to the coupling of quadrupole vibrations of both the interacting nuclei. Also after comparing these systems
with other systems of different Ni isotopes, we have found that the signature of the role of coupling to neutron
transfer channels due to ground state positive Q value for neutron transfer is ambiguous.
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I. INTRODUCTION

Enhancement in the sub-barrier fusion cross section, in
comparison with the predictions of the one-dimensional bar-
rier penetration model (1DBPM), is observed for many
systems in the last few decades, owing to the advent of
many experimental facilities and techniques [1–3]. The reason
ascribed for such enhancement is the coupling of various
intrinsic degrees of freedom which governs the fusion dy-
namics near the Coulomb barrier (VB) [4–6]. Such couplings
like relative motion to the degree of freedom associated with
inelastic collective excitations and nucleon transfers modifies
the tunneling process vigorously, thereby leading to broad-
ening of spin distributions of compound nuclei, splitting of
single barrier into manifold barrier, etc. In the coupled channel
(CC) framework, coupling to the inelastic excitations in near
barrier is well described [7,8]. Such CC calculations could
reproduce the experimental data correctly for most of the
systems. However, there are many experimental proofs which
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attribute the neutron transfer with positive Q values for the ad-
ditional observed enhancement of the sub-barrier fusion cross
section, as such enhancement could not be reproduced by
CC calculations without considering neutron transfer [9–12].
Contrary to these observations, there are certain systems in
which the role of positive Q value neutron transfer channels
is found to be negligible in the sub-barrier fusion [13,14].
Such ambiguity in observations indicates the importance of
describing the sub-barrier fusion enhancement in terms of the
coupling of neutron transfer channels. The theoretical model
correctly predicting such enhancement due to neutron transfer
is yet to be made available.

The possible transfer reaction influence was observed on
the sub-barrier cross sections of Ni + Ni fusion reactions [15].
Following this study, many experiments were performed
on different systems, especially the systems having positive
ground state Q value neutron transfer channels as they would
give rise to a barrier in the lower energy regime compared
to that of inelastic couplings [16], and an effort has also been
made to separate the few nucleons transfer effect on the fusion
process.
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A case study done for 40Ca + 90,96Zr systems displayed
strongly the interplay of collectivity, transfer in fusion
enhancement [17]. A strong isotopic dependence is observed
in these systems where 96Zr was found to have more
enhancement than 90Zr at the sub-barrier region. This extra
enhancement was due to the transfer channel coupling as
for the 40Ca + 96Zr system, the Q value is positive for
up to eight neutron transfer while for 90Zr the Q value
is negative for all transfer channels. However, in another
study with the same systems, it was observed that the 3−
state is stronger in the case of 96Zr than that of 90Zr which
could play an important role in the fusion enhancement
rather than the positive Q value neutron transfer channel
effect [18]. Investigations were also done on the claimed
effect of the 3− state of 96Zr in the systems 36S + 90,96Zr [19]
having large negative Q values for all neutron transfer. The
results indicated the strong coupling of the 3− vibration
of 96Zr behind the cross section enhancement. Similar
attempts were made to study the effect of transfer channel
couplings on different systems such as 40Ca + 46,48,50Ti;
32,36S + 94,96,98,100Mo, 100,101,102,104Ru, 104–106,108,110Pd;
40Ca + 40,44,48Ca; 40,48Ca + 90,94,96Zr; 32S + 94,96Zr;
28Si + 90,92,94Zr; 28Si + 142,150Zr; 35,37Cl + 130Te;
16O + 58,62Ni; 18O + 112,116Sn; 58Ni + 58,64Ni and
32,36S + 58,64Ni [4,5,17,20–33]. Strong isotopic dependences
were observed in these systems where the different isotopes
considered as the target in each case have similar collective
strengths, due to which the experimental signature of transfer
channels could be highlighted. The isotopic differences of
fusion enhancements suggest the significance of involvement
of the transfer channels in the computation [34]. Thus
to extricate the role of neutron transfer coupling and the
effect of collective excitations behind the sub-barrier fusion
enhancement, the systems should possess weak or similar
inelastic excitations.

In the present work, the fusion excitation functions were
measured for 16O + 61Ni and 18O + 61,62Ni system, with the
18O-induced systems having positive ground state Q values for
the two neutron transfer channel whereas 16O + 61Ni system
have negative Q values for all the neutron transfer channels,
thereby searching for the fact that the neutron transfer channel
could play a role in the sub-barrier fusion cross sections. 16O
is spherical and the deformation effect of 18O is minimal [35].
The Ni isotopes, considered in our work, are nearly spherical
having similar shell structures with the lowest quadrupole
and octupole states being collective in nature with similar
collective strengths. The deformation values or the energy
levels of the different isotopes do not possess any consider-
able differences. Therefore, strong isotopic dependence is not
expected considering collective excitations of the target nu-
clei. Nevertheless due to coupling to positive Q value neutron
transfer channels, the present measurement allows us to study
the isotopic dependence of the fusion excitation function for
these systems. Table I shows the ground state Q values of
different systems for the various transfer channels. It, thus,
offers the chances of examining the multineutron transfer
effects on the fusion process. Moreover in the case of the odd
61Ni isotope, the analog of first collective state 2+ in even
Ni isotopes is split into a multiplet. In the calculations, the

TABLE I. The Q values (in MeV) for the neutron transfer of the
different systems. “Q′′

−xn refers to ground state Q values for stripping
reaction where x number of neutrons transferred from projectile to
target whereas “Q′′

+xn refers pickup reactions.

Reactions Q−3n Q−2n Q−1n Q+1n Q+2n

16O+61Ni −24.975 −11.453 −5.068 −3.677 −7.019
18O+61Ni −0.761 5.245 2.550 −3.864 −7.644
18O+62Ni −5.259 4.307 −1.208 −6.640 −6.852

multiplet was introduced as a single effective state given as a
spin average of the four states [36,37]. The effective energy
and the corresponding deformation parameters of the multi-
plet is calculated using the formula discussed in Ref. [38].
We will also examine the effect of coupling of single and
multiphonon states on the sub-barrier fusion process in the
framework of the CC formalism. The paper presents the ex-
perimental setup in Sec. II followed by the description of data
reduction techniques and the details of its analyses within the
CC model in Sec. III. Section IV gives the summary of the
work done and the conclusion.

II. EXPERIMENTAL SETUP

The fusion cross sections have been measured using both
16O and 18O as pulse beams, with 4 μs pulse separation,
provided by the 15UD Pelletron accelerator facility at the
Inter-University Accelerator Center (IUAC), New Delhi [39],
with methodology being similar to that of Ref. [32]. The
targets used for this work were 61Ni (99.39% enriched) and
62Ni (98.45% enriched), having thicknesses of 106 μg/cm2

and 156 μg/cm2, respectively, prepared on carbon backings
of approximately 30 μg/cm2 thickness using a physical vapor
deposition technique [40,41]. The targets were kept in such
a way that the carbon faces the beam. The measurements
were done using the recoil mass spectrometer, the heavy ion
reaction analyzer (HIRA) [42] at the laboratory energy (Elab)
range of 34.6 MeV to 49.7 MeV (covering 12.7% below the
barrier to 25.3% above the barrier) for 16O + 61Ni, 33.6 MeV
to 52.6 MeV (covering 16.4% below the barrier to 31.1%
above the barrier) for 18O + 61Ni and 33.9 MeV to 52.9 MeV
(covering 15.2% below the barrier to 32.1% above the barrier)
for 18O + 62Ni systems. In this energy range, the contribution
due to fission is found to be negligible [43]. Hence the fusion
yield is the sum of the total yield of the evaporation residues
(ER) which gives the fusion cross section. ERs were detected
at the focal plane of HIRA by a multiwire proportional counter
(MWPC) of active area 150 × 50 mm2 operated at a pressure
of 3 mbar isobutene gas. ERs are dispersed at the focal plane
of the HIRA according to their mass to charge (A/q) ratio
and the intense beam background is rejected. The time of
flight (TOF) was obtained from a time-to-amplitude converter
(TAC) with the start signal from the focal plane detector and
the stop signal as delayed radiofrequency from the beam puls-
ing system. Due to this TOF measurement, a clean separation
between the beamlike particles and the ERs can be seen as
shown in Fig. 1 which allowed us to measure fusion cross
section (σ ) down to Elab ≈ 34 MeV for these three systems.
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FIG. 1. Two-dimensional �E -TOF spectra obtained for (a) the 18O + 62Ni system at Elab = 47 MeV; (b) the 18O + 61Ni system at Elab = 43
MeV; and (c) the 16O + 61Ni system at Elab = 50 MeV, shown here as representative cases. The groups 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).

Figure 2 shows the spectra for these three systems corre-
sponding to the lowest possible energy in the laboratory frame
where ER counts could be obtained. The ER yield so obtained
within the gate marked in each of the spectrums is very low.
Inside the target chamber, two silicon-surface barrier detectors
(SSBD) were mounted symmetrically at 15.5◦ in the horizon-
tal plane to monitor the beam direction and for normalization
of cross sections during data analysis. A carbon foil of ≈30
μg/cm2 thickness was mounted 10 cm downstream from the
target to reset the ER charge state to equilibrium distribution,
following internal conversion, if any. Data were collected in
event mode using FREEDOM [44] and offline analyses were
done using CANDLE [45] and ROOT [46] softwares.

III. DATA ANALYSIS AND RESULTS

The fusion cross sections were obtained at different ener-
gies using the standard procedure discussed in Refs. [47,48].
The set of fusion cross sections so obtained for 16O + 61Ni and
18O + 61,62Ni systems and the corresponding uncertainties are
reported in Table II and are shown in Figs. 3–5. The uncertain-
ties quoted in the fusion cross section are the absolute errors
that include the statistical errors due to the total number of
events detected in the focal plane detector of HIRA, the error
involved in the derived quantities which is calculated using

the standard error propagation formula, the error due to the
uncertainty in the measurement of the detector solid angles,
and the error in HIRA efficiency. The lesser ER statistics is
one of the reasons for significant error in the last two data
points for 18O + 61,62Ni systems.

Among all these quantities, the transmission efficiency of
HIRA (ε) contributes the maximum in overall error in the final
cross sections (≈0.1 in the simulated value with respect to
the measured efficiency) in different systems corresponding
to all the data points [47,49]. ε is a complex function of
several reaction-specific and instrument-specific parameters,
viz., entrance channel mass asymmetry, beam energy, target
thickness, exit channel of interest, angular acceptances of
particles of interest and the HIRA, reference particle settings
of HIRA, size of the focal plane detector [49]. It is defined by
the ratio of the number of ERs reaching the HIRA focal plane
to the total number of ERs emerging from the target. Although
the entrance channel mass asymmetry, target thickness, HIRA
angular acceptance, and focal plane detector size remains
fixed throughout, the other parameters change. Thus ε would
be different for each energy in the laboratory frame (Elab).
Besides, several ER channels are populated at a particular Elab.
The HIRA is normally set for the most dominant ER chan-
nel, thereby transmitting ERs from different channels with
different ε. As measuring ε for each exit channel at each Elab
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FIG. 2. Same as in Fig. 1 but for (a) the 18O + 62Ni system at Elab = 34 MeV; (b) the 18O + 61Ni system at Elab = 34 MeV; and (c) the
16O + 61Ni system at Elab = 35 MeV, which corresponds to the lowest energy of the measured cross section for each system.
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TABLE II. Fusion cross sections (σ ) measured experimentally
for 18O + 61,62Ni, 16O + 61Ni systems at energies (Ec.m.) in the center-
of-mass frame with the corresponding errors in cross sections (δσ ).

18O + 61Ni 18O + 62Ni

Ec.m. (MeV) σ ± δσ (mb) Ec.m. (MeV) σ ± δσ (mb)

25.9 0.069 ± 0.049 26.3 0.076 ± 0.041
26.3 0.142 ± 0.069 26.7 0.131 ± 0.056
27.5 0.631 ± 0.169 27.9 0.776 ± 0.211
28.6 2.43 ± 0.49 29.1 3.61 ± 0.726
29.4 6.80 ± 1.36 29.8 12.1 ± 1.88
30.2 22.4 ± 3.29 30.6 29.8 ± 4.00
30.6 40.9 ± 4.83 31.4 66.2 ± 9.01
30.9 56.0 ± 9.02 31.8 105 ± 12.3
31.3 105 ± 12.3 32.5 161 ± 18.8
32.1 159 ± 18.3 33.3 202 ± 23.5
32.9 213 ± 27.8 34.9 294 ± 33.2
34.4 328 ± 36.7 36.4 418 ± 49.1
36.0 443 ± 52.3 37.9 500 ± 61.4
37.5 545 ± 67.1 39.5 617 ± 74.4
39.1 633 ± 77.0 41.1 774 ± 98.6
40.6 813 ± 98.9

16O + 61Ni

Ec.m. (MeV) σ ± δσ (mb)

27.3 0.077 ± 0.037
28.2 0.380 ± 0.087
29.0 1.71 ± 0.33
30.6 24.2 ± 3.23
32.2 120 ± 14.4
34.6 288 ± 33.3
37.0 470 ± 54.5
39.4 601 ± 71.3

was not possible practically, we relied on the semimicroscopic
Monte Carlo code, TERS [50] for the precise estimation of the
ε theoretically. This code simulates HIRA and gives absolute
transmission efficiency for a system. The relative population
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FIG. 3. Experimental fusion excitation function for the
16O + 61Ni system along with results of the calculation involving
different modes of coupling between interacting partners using the
CCFULL code.

24 26 28 30 32 34 36 38 40
E

c.m.
 (MeV)

10
-2

10
-1

10
0

10
1

10
2

10
3

σ 
(m

b) Expt. Data
1DBPM
61

Ni 2
+

61
Ni (2

+
)
2

61
Ni (2

+
)
2
, 3

-

61
Ni (2

+
)
2
; 

18
O 2

+

61
Ni (2

+
)
2
;
18

O 2
+
; 2n tran

18
O+

61
Ni

V
B

FIG. 4. Same as in Fig. 3 but for the 18O + 61Ni system.

of different ER channels in the present systems was estimated
by the statistical model code PACE4 [43].

The energies quoted in Table II are corrected for the cor-
responding energy loss in the carbon backing of the target
and the half-target thickness. From the figures, it can be seen
that the sub-barrier cross sections for these three systems are
enhanced as compared to the 1DBPM. In order to understand
these observations further, the CC formalism CCFULL [51] is
employed. The CCFULL calculations were carried out using
Wood-Saxon parametrizations of the Akyüz-Winther (AW)
potential [52,53]. The nuclear potential parameters so calcu-
lated for these systems are listed in Table III. The potential
parameters are considered here in such a way that they fit
the fusion cross sections above the Coulomb barrier and give
equivalent barrier parameters which is also quoted in Table III.
The deformation and the energy values of the low-lying states
for the various nuclei [12,54], obtained using the expression
given in Ref. [4], are enumerated in Table IV. The case of
61Ni is somewhat more complicated as it is an odd-A nucleus
whose ground state spin is not 0 and unlike as in 60,62Ni nuclei,
there is no single 2+ level in an excited state of 61Ni. Instead,
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FIG. 5. Same as in Fig. 3 but for the 18O + 62Ni system.

054608-4



INVESTIGATION OF ISOTOPIC DEPENDENCE ON THE O … PHYSICAL REVIEW C 105, 054608 (2022)

TABLE III. Woods-Saxon parameters of the AW potential used in our CC calculations for different systems.

Reactions V0 (MeV) r0 (fm) a (fm) VB (MeV) RB (fm) h̄ω (MeV)

16O+61Ni 77 1.14 0.62 31.60 9.53 3.90
18O+61Ni 83 1.13 0.63 31.13 9.67 3.65
18O+62Ni 80 1.13 0.64 31.01 9.70 3.60

there is a multiplet of states corresponding to the one phonon
2+ and 3− states in 60Ni. In the weak coupling approximation,
the multiplet is formed by the coupling of the single phonon
state in 60Ni with the valence neutron in the 2p3/2 orbit, which
can be replaced by a single effective state given by the spin
average of the multiplet states [36]. Using this method, the
energy was calculated well but the β2 value was largely un-
derestimated as the relation between an experimental B(E2)
and β2 is not the same as that for a transition from the 0+
ground state to the 2+ state in even-even nuclei [38]. Thus,
the prescription described in Ref. [55] is adopted to determine
the β2 value for the effective collective state in 61Ni which is
found out to be 0.24. These spectroscopic properties of the
interacting partners were incorporated in the CC calculations
without changing the potential parameters. The calculations
are then compared with the fusion excitation function as CC-
FULL can include all orders of couplings. As for the inelastic
channels, all known states with a significant E2 or E3 tran-
sition strength to the ground state were taken into account.
The code CCFULL can also schematically take into account the
effect of a nucleon pair-transfer channel using a macroscopic
form factor for the coupling strength, which, along with the
Q value for the neutron pair-transfer channel are considered
as free parameters to obtain the best agreement between the
experimental and theoretical fusion excitation functions.

The fusion excitation function along with the CC calcula-
tions for 16O + 61Ni is shown in Fig. 3. CC calculations were
carried out with both 16O and 61Ni as vibrators. From the fig-
ure, it is seen that by considering the single phonon 2+ or 3−
vibrational states of 61Ni or 2+ states of 16O individually, we
could not reproduce the experimental data, although they have
shown slight enhancement compared to that of 1DBPM. It was
observed that the 3− state of the 16O nucleus, although it is
more collective, overestimates the experimental fusion cross
sections significantly. But considering the coupling scheme

TABLE IV. Deformation parameters (β) and excitation energies
(Eλ) along with the ground state spectroscopic properties of 16,18O
and 61,62Ni nuclei used in the CC calculations [12,55].

Nucleus λπ Eλ (MeV) βλ

2+ 6.917 0.362
16O 3− 6.129 0.79

2+ 1.982 0.355
18O 3− 5.098 0.39

2+ 0.964 0.24
61Ni 3− 3.9 0.20

2+ 1.17 0.21
62Ni 3− 3.75 0.22

of the single phonon 2+ vibrational state of 61Ni with that of
the 2+ vibrational state of 16O, the experimental data could
be reproduced quite well. When we consider the coupling
with neutron transfer, the result is enhanced compared to the
experimental sub-barrier fusion cross sections, which is quite
expected as the system do not possess positive Q values for the
neutron transfer channels, hence is not shown in the figure.

The fusion excitation function along with the CC calcula-
tions for 18O + 61Ni is shown in Fig. 4 which were carried
out with both 18O and 61Ni as vibrators. From Fig. 4 it is
seen that by considering the single phonon or double phonon
2+ vibrational states of 61Ni or mutual coupling of 2+ and
3− vibrational states of 61Ni, we could not reproduce the
experimental data. The various single channel coupling modes
of projectile and target excitations have meagre effects in the
sub-barrier region compared to that of 1DBPM hence is not
shown here. Eventually excitations of single phonon vibra-
tional states of 18O were also included in the coupling scheme
along with the double phonon 2+ vibrational states of 61Ni. In
the calculation, the two phonon excitations in the harmonic os-
cillator approximation have been included. The energy of the
two phonon state, in this case, is taken to be twice that of the
one phonon and the deformation value is the square root of
the quadratic sum of the deformation parameters of the single
phonon states [16]. Yet they could not reproduce the data satis-
factorily. But when the coupling of a pair of neutron transfer is
taken into account in the CC calculations for this system with
transfer form factor being 0.45 MeV, the experimental data
could be reproduced quite well. This CC analysis including
the couplings of the neutron transfer channels has been carried
out in order to investigate whether or not the sub-barrier fusion
enhancement for this system could be explained in terms of
neutron transfer channels. In CC calculations, the inclusion
of transfer coupling requires a transfer form factor derived
from the experimentally measured transfer probability. As the
transfer cross sections have not been measured for the present
system, CC calculations were carried out with various values
of transfer form factor. With 0.45 MeV value, CC calcula-
tions provided an improved description of experimental fusion
cross sections at sub-barrier energies within the experimental
uncertainties. From this analysis, we could infer that the pos-
itive Q-value neutron transfer channels should be taken into
account while interpreting the sub-barrier fusion enhancement
of this system. To validate such a calculation and to see if
the relevant neutron transfer cross section is consistent with
the value of the coupling strength assumed here, the inclusive
measurement of fusion along with the different transfer mea-
surements should be carried out.

In Fig. 5, similar CC calculations were carried out with
another isotope 62Ni which is also considered as a vibrator.
Even in this system, single channel coupling due to both the

054608-5



NABENDU KUMAR DEB et al. PHYSICAL REVIEW C 105, 054608 (2022)

28 30 32 34 36 38
E

c.m.
 (MeV)

-500

0

500

1000

1500

2000

2500

3000

d2 (E
σ)

/d
E

2  (
m

b/
M

eV
)

Expt. Data
1DBPM
Inelastic Effect (

61
Ni 2

+
) 

Inelastic effect (
61

Ni 2
+
;
16

O 2
+
)

16
O+

61
Ni

(a)

26 28 30 32 34 36 38
E

c.m.
 (MeV)

-1000

-500

0

500

1000

1500

2000

2500

d2 (E
σ)

/d
E

2  (
m

b/
M

eV
)

Expt. Data
1DBPM
Inelastic Effect
Inelastic Effect + 2n tran

18
O+

61
Ni

(b)

26 28 30 32 34 36 38 40
E

c.m.
 (MeV)

-1500

-1000

-500

0

500

1000

1500

2000

2500

d2 (E
σ)

/d
E

2  (
m

b/
M

eV
)

Expt. Data
1DBPM
Inelastic Effect
Inelastic Effect + 2n tran

18
O+

62
Ni

(c)

FIG. 6. The fusion barrier distribution for (a) the 16O + 61Ni, (b) the 18O + 61Ni, and (c) the 18O + 62Ni systems. Lines and curves are
self-explanatory.

projectile (18O) and the target excitations could not reproduce
the data satisfactorily. Also, considering the mutual coupling
scheme of multiphonon vibrational states of the target with
the single 2+ excited state of the projectile, the experimental
data could not be reproduced in the barrier and the sub-barrier
energies. When the neutron transfer is considered in this sys-
tem along with the mutual coupling scheme of multiphonon
vibrational states of the target and with coupling strength of
0.3 MeV, the experimental data are reproduced fairly well.

Figure 6 shows the barrier distribution (BD) curve for the
present systems. The BD is related to the second derivative
of the fusion cross section. The BD was extracted using
the point difference formula [48,56,57]. As can be seen in
the figure, BD is well defined towards the lower energies,
but it shows large fluctuations towards higher energies. To
reduce errors at the higher energies, small energy steps are
required, but in this work a larger step size of the energy
is considered. The measured distributions were shown with
that of the 1DBPM calculation using the parameters quoted in
Table III. It shows a single broad peak shifted towards lower
energies compared to 1DBPM barrier peak for these three

systems, i.e., the maximum is obtained at energy below the
nominal Coulomb barrier. The measured peak of 18O + 61Ni
is somewhat reproduced by considering two neutron transfer
coupling. Even 18O + 62Ni shows the similar result supporting
the neutron transfer channel for these systems to an extent.
But for 16O + 61Ni, the inelastic excitation considering the
single phonon 2+ vibrational state of 61Ni with that of the
2+ vibrational state of 16O is found to be enough to match
the experimental BD in the lower energy regime. But overall,
the BDs obtained here are very ill defined and show no dis-
crimination between the two 18O-induced systems. To have
proper shape of BD, more precise data at smaller intervals
are obviously needed compared to what we have at hand.
Moreover the target thickness considered in this work was
clearly not suitable for BD measurement. Consequently, it was
not possible to draw proper conclusions from BDs indepen-
dently. Hence, the inference from BD on the role played by
the transfer coupling channel seems elusive in this case.

After knowing the probable reason for sub-barrier en-
hancement, comparisons were made among these three
systems to understand the isotopic dependence. A general
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FIG. 7. (a) The measured fusion cross sections in reduced scales
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isotopic effect in fusion reactions has been studied for many
years but is still being debated on the different enhancement
observed for the fusing systems with same Coulomb factor
(ZpZt ), where Zp, Zt are the atomic numbers of the projectile
and target, respectively, but different masses, i.e., ApAt , where
the couplings of transfer reactions to the fusion channel play
an important role [58]. The systems considered in this work
have similar ZpZt values and have both positive and nega-
tive ground state Q values for the particular neutron transfer
channels which makes comparison quite effective. To enable
the straightforward comparisons, reduced data is discussed in
Fig. 7. In order to explore the role of neutron transfer between
the interacting nuclei in the fusion process, the reduced fusion
function of the present system has been plotted in Fig. 7(a).
Here, σred and Ered are the dimensionless fusion function and
the dimensionless variable defined as in Refs. [4,12]. The
necessary barrier parameters required for the fusion function

has been obtained from the CCFULL program. From Fig. 7(a),
it can be seen that the isotopic effect is very much prevalent
indicating that the coupling to two neutron channel is effective
for the two 18O-induced systems and hence are expected to
play the role behind the sub-barrier fusion enhancement com-
pared to that of 1DBPM cross section. Thus there are isotopic
differences in the effects of the couplings. In the same figure,
the CCFULL cross sections with inelastic couplings to the 2+
vibrational states of both 16,18O projectiles has been included.
There we can see that the low lying 2+ state of 18O is more
effective in enhancing the sub-barrier cross section compared
to that of 16O nucleus.

It was discussed that at energies around the Coulomb bar-
rier, heavy-ion induced transfer reactions follow the Q-value
systematics [54]. It predicts that in the outgoing channel, the
preferred states are the ones located inside a Gaussian-shaped
Q distribution with its centroid at the optimum Q value (Qopt )
given by

Qopt = Q − Ex = Ec.m.

(
VB f

VBi

− 1

)
,

where Q and Ex is the ground state Q value and the excitation
energy in the outgoing channel, respectively; Ec.m. and VBi, f is
the energy in center of mass frame and the Coulomb barrier
energies in the entrance or exit channels respectively. Using
this relation, following the prescription discussed in Ref. [54],
the excitation energies, Ex in MeV, resulting from the one
to four neutron pickup and one to two neutron stripping
(NTransfer) has been calculated for the present systems as shown
in Fig. 7(b). In the horizontal axis of the figure, NTransfer is
negative for neutron stripping and positive for neutron pickup
accordingly. As can be seen from the figure, positive excita-
tion energies and hence larger transfer yields are expected for
the 18O + 61,62Ni systems. These systems also exhibit shal-
lower slopes in the fusion excitation functions (Fig. 7(a)).

Further comparisons were made with similar systems of
various isotopes having similar ZpZt [5,59,60]. To nullify the
barrier parameters of different systems, the reduced cross
section is plotted in Fig. 8, where the scaling of σ and Ec.m.

was done using the geometrical cross sections (πR2
B) and the

barrier heights (VB), respectively. A marked isotopic effect is
observed between the systems induced by 16O and that of 18O.
These 18O induced systems seem to display enhanced cross
sections compared to that of 16O induced reactions. In that
case, the effect could be due to the neutron transfer for the
systems with projectile 18O as these systems possess a positive
ground state Q value corresponding to two neutron transfer
channel. The importance of coupling to transfer channels
cannot, though, be inferred unambiguously in these systems.
For 16O + 60,64Ni systems, data are not available below the
Coulomb barrier. More data are required for these systems
to figure out the behavior of the sub-barrier fusion cross
section although they do not possess positive Q values for
the neutron transfer channel. To understand all these systems
further, fusion data below the Coulomb barrier are called
for to see the effects of single and multineutron transfer. In
order to find out whether other systems also exhibit similar
behavior, in this figure, 16,18O + 74,76Ge [14] has been plotted
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with similar Coulomb factor for comparisons. Refer to text for
details.

for comparative studies as the ZpZt value of these systems
is close to the O + Ni systems. Enhancement for both these
systems in the sub-barrier regions are also visible. But, when
the reanalysis of the 18O + 74Ge system having positive Q
value neutron transfer channel was carried out within our
analysis framework, it was observed that there is no role of
neutron transfer in the sub-barrier fusion of the 18O + 74Ge
system. There is no additional fusion enhancement at the
sub-barrier energies for the 18O + 74Ge system compared to
the 16O + 76Ge system despite the former reaction having
positive Q value for the two neutron stripping channel. Both
the reactions could be well interpreted by couplings to the
low-lying excitation states. Thus the proper inference on the
role of neutron transfer on the sub-barrier fusion enhancement
still remains an open challenge.

IV. SUMMARY AND CONCLUSIONS

Fusion cross section measurements were carried out for
16O + 61Ni and 18O + 61,62Ni systems in energies ranging
from ≈0.7VB–1.3VB for all these systems using the recoil
mass spectrometer, HIRA. The fusion excitation functions and
the barrier distributions so obtained for 18O + 61,62Ni systems
could be explained by including the two neutron transfer chan-
nel in the CC calculations but for 16O + 61Ni system, simply
coupling with the single phonon 2+ vibrational state of 61Ni
with that of the 2+ vibrational state of 16O, the experimental
data could be reproduced quite well. As expected, strong iso-
topic dependences were observed between these systems and
hence it could be inferred that the coupling effects including
the transfer channel due to 18O on both 61Ni and 62Ni isotopes
are similar and is quite different from that of the 16O + 61Ni
system. But when the 18O-induced systems were compared
with the other 16O-induced systems with different Ni isotopes,
isotopic dependence was observed to an extent. This obser-
vation revealed the 18O-induced systems showing additional
enhancement which could be basically due to neutron transfer
channels with large positive Q value for these systems. Again,
on comparing 18O + 74Ge with 16O + 76Ge, it is observed that
the sub-barrier fusion enhancement of the former system does
not follow the trend. Thus more such data are required to
improve the CC theory and other theoretical models.
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