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Background: The relevance of including channel coupling effects in the form of target deformation and vibration
in fusion reactions has been well established. Many reactions with positive Q values for neutron transfer show
enhancement in sub-barrier fusion cross sections. However, there are exceptions to these cases.

Purpose: We aim to make a comprehensive list of factors influencing the sub-barrier fusion enhancement in
systems with neutron transfer channels having positive Q values.

Method: Evaporation residue cross sections were measured for '8Q +!82184186y reactions in the energy range
68-104 MeV in the laboratory frame, using a recoil mass spectrometer.

Results: Inclusion of deformation of target and projectile low-level excitations in the coupled channels calcula-
tions explains the measured fusion excitation functions of '3Q +!82:18+.186yy reactions.

Conclusions: Considering that all the targets have similar deformation, and comparing with '0Q 4-182184.186yy
reactions having negative 2n transfer Q values, we can conclude that the positive Q values of neutron transfer

channels have no effect on the observed fusion cross sections of '8Q + 182184186y reactions.

DOI: 10.1103/PhysRevC.105.054614

I. INTRODUCTION

Nuclear fusion studies are crucial for understanding stellar
evolution and power generation in stars. Moreover, investiga-
tions into fusion reactions play a vital role in the synthesis of
heavy elements and the extension of the periodic table [1-4].

In the collision between two nuclei, a barrier is formed by
combining the attractive nuclear potential and the repulsive
Coulomb potential. Fusion occurs only when the energy of
the incident projectile overcomes this barrier. However, fusion
occurs even at energies below the fusion barrier via quantum
tunneling, and this has been explained by the one-dimensional
barrier penetration model (1D-BPM) [5,6]. In heavy-ion fu-
sion, a significant amount of enhancement was observed in
below-barrier fusion cross sections in comparison with 1D-
BPM [1,5-8]. Fusion enhancement is affected by the structure
of colliding nuclei [9-14] and inclusion of neutron transfer
channels [15-21] in the coupled channels (CC) calculations.
Incorporating the above mentioned aspects in couplings cal-
culations reduces the fusion barrier and leads to enhanced
sub-barrier fusion cross sections; e.g., see Ref. [22].

Barrier distribution (BD) studies also have crucial roles
in nuclear reaction and structural studies [23,24]. The BDs
are known to be highly sensitive to higher order nuclear
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deformations. The experimental BDs can be obtained using
either fusion cross sections or quasielastic scattering cross
sections [25-27]. The heights of the barriers in the barrier
distributions can be reduced by inclusion of transfer channels
in CC calculations, even with a low transfer strength. Transfer
strength is usually determined from measured transfer an-
gular distributions. Existing theoretical models [28-30] have
already identified the role of nuclear deformation and vibra-
tion in the enhancement of experimental sub-barrier fusion
cross sections. However, further understanding of the role of
neutron transfer channels in fusion enhancement is required.
The effect of the positive Q value of the neutron trans-
fer (PQNT) on the sub-barrier fusion enhancement was first
observed by Beckerman et al. [31] in the *Ni+%Ni sys-
tem. Broglia er al. [20,32] further theoretically explained
such an enhancement due to positive Q value transfer chan-
nels. Studies on “°Ca +**3Ca added evidence for the fusion
enhancement in below-barrier fusion cross sections due to
PQNT [33]. Theoretical studies of Stelson [34] proposed
that neutron transfer may start at distances far away from
the barrier distance itself, which creates a neck between
the colliding nuclei. This neck formation reduces the bar-
rier and causes fusion enhancement. Several experimental
studies attributed the enhancement in fusion cross sec-
tions to the PQNT channel [16,18,19]. Experimental studies
on systems like 2Si+'"Mo [35], “°Ca+"%7Zr [27,36],
328i +119Pd [37], **Ca +'2*+1328n [18], *°Ca +"Zn [38], etc.
confirmed the PQNT channel effects. However, many mea-
surements, such as those from 80 +'"¥Sn [39], 70 +'*Sm

©2022 American Physical Society
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[9]’ 58’64Ni+130TC [40], 58,64Ni+13ZSn [40], 60,64Ni+100M0
[41], 0180 4+7674Ge [42], etc., do not show a significant
fusion enhancement in the below-barrier energy region even
with a PQNT channel.

The inclusion of PQNT in CC calculations explained the
fusion enhancement in many cases; however, its presence
alone is not sufficient to explain the enhanced cross sections.
The goal of many of the systematics and theoretical studies
was to figure out what was causing the fusion enhancement.
To find the influence of neutron transfer on the fusion ex-
citation function, Jiang et al. [43] carried out a systematic
study, and their results show that significant enhancement was
possible in systems with neutron-poor projectiles and neutron-
rich targets. Rachkov et al. [44] pointed out that the PQNT
channel significantly influences sub-barrier fusion when the
system has large positive Q values for neutron transfer and the
coupling to the collective states is weak at sub-barrier energy.
Further, the systematic investigations of Zhang et al. [45]
on systems with PQNT observed that. after neutron transfer,
fusion enhancement occurs when the deformation of interact-
ing nuclei increases and the mass asymmetry of the system
decreases. The deformation of nuclei having a similar effect
on transfer coupling can be seen elsewhere [46—48].

The relevance of neutron transfer with positive Q values for
nuclear fusion lies in the insensitive nature of the Coulomb
barrier to the neutrons. For radioactive and weakly bound
nuclei, couplings to neutron transfer play a significant role
in enhancing fusion at below-barrier energies. Such a large
influence of neutron transfer is most likely due to the ex-
tended wave functions of the loosely bound neutrons [17,49].
Studies on weakly bound nuclei showed that the coupling
to breakup channels enhances cross sections for complete
fusion at energies below the Coulomb barrier, while it reduces
them at energies above [50,51]. However, determining the
involvement of weakly bound nucleons in sub-barrier fusion
is difficult due to the difficulty of simultaneously considering
decay channels as well as nucleon transfer in complete fusion
[49,52].

Even with several theoretical works [28,29,34,53,54] in
the area of transfer and fusion, a detailed understanding of
PQNT on sub-barrier fusion is missing [55]. This lack of a
comprehensive idea about transfer is due to the difficulties in
integrating these channels into theoretical models. There is
not sufficient experimental data to get a clear understanding
of this aspect.

In the present work, for evaporation residue measurements
we have selected 180 +!82:184.186y reactions, which have a
positive Q value for 2n transfer. The goal of this study is to
compare the fusion cross sections of these reactions to those
of 160 4182184186y reactions [56—58], which have negative Q
value for 2n transfer. Even though the compound nuclei (CN)
formed in 18Q 4182.184.186\ reactions are fissile, the fission
cross section in the below-barrier energy region is negligible.
Thus, there will be no undesired bias when comparing the
fusion cross sections of '0Q 4182184186y with evaporation
residue (ER) excitation functions of '3Q 182184186y in the
below-barrier energy regions. In the case of '3Q induced re-
actions after 2n transfer, the target-like nuclei show a change

in deformation. Also, different observations by Rachkov et al.
[44] showed that, for colliding nuclei with a magic proton or
neutron number, neutron rearrangement would play a signifi-
cant role in fusion enhancement.

Even with a high positive transfer Q value, fusion excita-
tion functions of 80 on different isotopes of Sn do not show
enhancement in the sub-barrier energy range [47,48,59]. How-
ever, recent work of Deb er al. [60] shows an increase in the
below-barrier fusion cross sections for '*0 + ''°Sn due to the
PQNT effects. Like Sn isotopes, 182.184.186\y  which exhibit
a more significant deformation, will be an ideal selection to
study the role of the PQNT channel on fusion enhancement in
the heavy mass region. The majority of '3Q induced reactions
have negative Q), transfer and positive Q,, transfer, which
prevents a sequential transfer and favors a pair transfer. Es-
bensen et al. [33] attributed a strong pair-transfer channel with
a positive Q value to fusion enhancement in below-barrier
cross sections. Due to the rarity of '80Q-induced reactions in
heavy-ion fusion, '3Q +'3% 184186y will be a good candidate
for studying the neutron transfer effect in heavy-ion fusion
enhancement in the below-barrier energy regions.

The present work is organized as follows. Section II dis-
cusses the experimental setup and technique, followed by
Sec. III, which details the analyses done. Section IV con-
tains descriptions of coupled channels calculations, as well
as comparisons of these calculations with experimental data.
Section V has a summary and conclusion.

II. EXPERIMENTAL DETAILS

The experiment was performed at the 15 UD Pelletron
accelerator facility of the Inter-University Accelerator Centre
(IUAC), New Delhi. The experiment was carried out using
Heavy Ion Reaction Analyser (HIRA) [61], which was kept
at zero degrees to the beam direction with a 10 msr entrance
aperture. A pulsed beam of '8Q with 4 us pulse separation
bombarded the isotopically enriched targets of '82W (91.6%),
184W (95.2%), and '3¢W (94%) with approximate thicknesses
of 70, 300, and 100 1.g/cm? respectively. ER excitation func-
tions were measured at laboratory beam energies of 68 to 104
MeV (10% below to 35% above the fusion barrier) in 2—4
MeV energy steps.

Two silicon surface barrier detectors (SSBDs) of active
area 50 mm? each with a collimator diameter of 1 mm were
placed at a distance of 90 mm from the target inside the target
chamber. The SSBDs were placed at angles of + 15° to beam
direction for normalization of ER cross sections. A carbon foil
with a thickness of 40 11g/cm? was placed 10 cm downstream
from the target for equilibration of the charge states of ERs.
A multiwire proportional counter (MWPC) of active area
150 x 50 mm? was placed at the focal plane (FP) of HIRA
to detect the ERs. A time of flight (ToF) was set up between
the anode signal of the MWPC and the rf signal to separate
the scattered beam-like particles from ERs. Data acquisition
was carried out using a computer automated measurement and
control (CAMAC) based system, and analysis was performed
with the software CANDLE [62].
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FIG. 1. Scatter plot between AE and ToF of the events recorded at the focal plane of HIRA for the %0 + '8¢W reaction at energies (Ey,,)

80.0 and 70.0 MeV are shown in panels (a) and (b) respectively.

III. DATA ANALYSIS

The total ER cross section was calculated using the equa-

tion
<d0 ) < : )
A~ Qnorm )
d2 ) rum €HIRA

where Ygr is the number of ERs detected at the FP of the
HIRA, Y,orm 1s the number of elastically scattered projectile-
like particles detected by the normalization detectors, (Zl_gz )Ruth
is the differential Rutherford-scattering cross section in the
laboratory system, Quorm 1S the solid angle subtended by
the normalization detectors, and epgra is the average ER
transmission efficiency of HIRA. There were two significant
challenges in the extraction of opr from the experimental
data. One was the estimation of eyra, the efficiency of the
spectrometer, and the other was the unambiguous recognition
of ERs at the HIRA focal plane.

€yraA 18 a dynamic function of many parameters that are
unique to the reaction and the instrument. Transmission effi-
ciency egra 1S the ratio of the number of ERs reaching the
focal plane of HIRA to the total number of ERs emerging out
of the target for a reaction under consideration. It is a function
of parameters such as the beam energy, entrance-channel mass
asymmetry, target thickness, magnetic field, angular accep-
tance of the separator, and the exit channels of interest. Since
it was not practical to find the efficiency of each exit channel
separately, we relied on a Monte Carlo code, TERS [63,64],
to find channel-wise efficiency. We calculated the efficiency
for all channels (which contribute more than ~1% of total ER
cross section) using TERS and estimated egra for each energy
by taking the weighted average of all efficiencies over total
ER. The relative population of each channel for calculating the
weighted average was estimated using statistical model code
PACE4 [65]. These average HIRA efficiency values generally
have ~10% uncertainty.

Another matter of considerable importance was the un-
ambiguous identification of ER at the FP detector. The ER

o Yer
R = >
Ynorm

ey

identification was achieved by simultaneously measuring en-
ergy loss, AE (measured at the cathode of the MWPC),
and ToF of the ERs, providing a clear separation of ERs
from projectile-like background events. The scatter plots of
AE versus ToF at Ej, = 80.0 and 70 MeV for the reac-
tion 80 +'%W are shown in Fig. 1. The relative strength
of background events on the HIRA FP detector, although
negligible in most cases, was observed to increase gradually
with a decrease in Ej,, for below-barrier energies [66]. In
the present investigations, we obtained adequate distinction
between ERs and background events across the entire range
of Ej,. The measured ER cross sections as a function of
projectile energies in the center-of-mass frame (E., ) and
laboratory frame (Ej;p) are listed in Table I. The sum of
statistical and systematic errors is quoted as the total error
in the measurement. The overall error was estimated to be
< 20% below the barrier energies. In the total error, the major
part is from egra (R210%). Statistical model calculations [65]
of 180 182184186y revealed that the calculated fission cross
sections are negligibly small in the measured energy range.
For 30 +182.184.186\y reactions, the estimated fission cross
sections are 5%, 3%, and 2% respectively at the highest ener-
gies where measurements were carried out. Hence, ER cross
sections in the energy range of measurements were considered
as oy, in the present study.

IV. RESULTS AND DISCUSSION

Coupled channels calculations [28,29] explain the fusion
cross section rather well at lower excitation energies by
precisely considering different degrees of freedom such as
deformation of colliding nuclei, collective surface vibrations,
and neutron transfer. In the present study, CC calculations
were carried out to explore the effect of coupling of different
states of the targets and projectile below the Coulomb barrier
energy region.
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TABLE I. Measured ER cross sections for '8Q+182184186yy reactions. The quoted errors include systematic and statistical errors.

180182y 180y 184y 180y 186y

Eyp, MeV)  Ecn (MeV) ogr (mb) Eyp, MeV)  Ecn (MeV) ogr (mb) Egp MeV)  E.p (MeV) ogr (mb)
104.0 94.52 1081 £152 104.0 94.43 766 £ 134 104.0 94.67 767 £91
100.0 90.87 1094 £ 151 100.0 90.78 887+ 171 100.0 91.02 67378
96.0 87.23 786 £285 96.0 87.12 932 +£195 96.0 87.37 723 £87
92.0 83.58 778 £130 92.0 83.48 815+ 168 92.0 83.72 656 £ 77
88.0 79.94 590 £ 81 88.0 79.83 705 £ 129 88.0 80.07 606 £71
84.0 76.30 368 +59 84.0 76.17 369 £ 69 84.0 76.41 484 £54
80.0 72.65 194 £35 80.0 72.52 182 £30 80.0 72.76 215+25
78.0 70.83 120 £ 24 78.0 70.69 129 £22 78.0 70.93 164 £18
76.0 69.01 554+79 76.0 68.87 68.5+11.2 76.0 69.11 73.4+8.7
74.0 67.19 263+3.8 74.0 67.04 323439 74.0 67.28 245+3.0
72.0 65.37 9.03+1.40 72.0 65.22 7.17+1.45 72.0 65.46 8.61+1.25
70.0 63.55 1.53+£0.25 70.0 63.38 2.55+0.53 70.0 63.63 1.11+0.21
68.0 61.73 0.24+0.05 68.0 61.80 0.31+£0.06

A. Coupled channels calculation

The fission cross sections for 80 4182184186y reactions
are negligibly small in the below-barrier energy regions.
Hence, we can directly compare the measurements against
the coupled channels calculations. The measured fusion cross
sections for '8Q 4182184180y reactions are analyzed us-
ing coupled channels code CCFULL [28,29,67]. The cross
sections are first compared with the 1D-BPM calculations.
Contributions of inelastic states of colliding nuclei are also
included in the computations to study the channel coupling
effects. Table II lists the projectile and target excitation ener-
gies and their corresponding deformations.

The Akyuz-Winther (AW) parametrization of nuclear po-
tential is used to obtain Woods-Saxon potential parameters
in CC calculations. For CC calculations, parameters such as
depth of potential (Vy), radius (rg), and diffuseness (a), are
taken from the closest system, ''80Q +'3!Ta [72]. The pa-
rameters Vj, ro, and a are selected as 98.76 MeV, 1.15 fm,
and 0.73 tfm for CC calculations, which reproduces the exper-
imental fusion barriers for '0Q 4182184186\ reactions. The
cross sections from CCFULL calculations with these potential
parameters without including any coupling are termed 1D-
BPM excitation functions. For 0Q +!82184.186y reactions,
1D-BPM calculations explain the fusion cross sections in the
above-barrier region.

In order to explain the below-barrier fusion cross sec-
tions of 100 4182184186\ reactions, first we include the

TABLE II. Deformation parameters and first excitation energies
of different nuclei used in the CC calculations.

Energy of first
Nucleus excited state (MeV) B> Ba Ref.
'°0(Sphe.)
30(Vib.) 1.982 0.355 [68]
1829 (Rot.) 0.100 0251  —0.066  [68,69]
184w (Rot.) 0.111 0.236 —0.093 [68,69]
186y (Rot.) 0.122 0.226 —0.045 [68,70]

lowest energy state (that is, the 3~ state) of '°0 having en-
ergy 6.130 MeV and octopole deformation B3 = 0.729 [73]
in the CC calculations. The inclusion of the 3~ state of '°Q
alone in CC calculations shows higher values compared to the
experimental fusion cross section, as shown by brown dotted
lines in Figs. 2(a), 2(b), and 2(c). According to Hagino et al.
[74], the energy of the 3~ state of '6Q is very high compared to
the curvature (%w) of the excitation function and its inclusion
in the CC calculations will have a re-normalization effect on
the static potential without significantly changing the shape
of the barrier distribution. In the same way, inclusion of the
3~ state in CC calculations of '°Q +'82184186yy reactions
gives higher theoretical values compared to the experimental
fusion data. Accordingly, corresponding coupling was not
included in our final CC calculations. We treat the '°Q as
spherical for CC calculations of 10Q 43184186y reactions.
Also, we treat the tungsten isotopes as deformed. In CC calcu-
lations we included their 0.250, 0.234, 0.226 quadrupole and
—0.066, —0.093, —0.045 hexadecapole deformations respec-
tively for 182184186y nuclei. Thus, coupling of quadrupole
and hexadecapole deformation of the target with the relative
motion of colliding nuclei explained the fusion cross sec-
tions of 160 4182184186y "ag shown by the brown solid lines
in Figs. 2(a), 2(b), and 2(c).

The same set of deformation parameters used for the target
nuclei in 100 +!8%18+186yy reactions are used for the CCFULL
calculations of '8Q +!82184186yy reactions also. Eventually
projectile excitations are added in the CC calculations. With
the inclusion of the 3~ state of '*Q with energy 5.097 MeV
[73] and octopole deformation 0.595 [75] along with the
quadrupole and hexadecapole deformation of targets, CC
calculations show higher cross sections as compared to the
experiment, as shown by the brown dotted lines in Figs. 3(a),
3(b), and 3(c). Thus the 37, state of '3Q is not included in the
final CC calculations. We observe that the 27 vibrational state
of 180 with energy 1.982 MeV coupled with the quadrupole
and hexadecapole deformations of 82184186y reproduce the
experimental cross sections of '3Q 4132184186y reasonably
in the whole energy range. The calculated results, which re-
produce the experimental cross sections of '8Q 4182184186y

054614-4



ROLE OF POSITIVE TRANSFER Q VALUES IN ...

PHYSICAL REVIEW C 105, 054614 (2022)

103 b -
I 102 3
E
c
S
5 ; :
¢ 10! 4 E E P 3 3 1 E
a' A 160,182y exp. y 160,184y exp. —@— o 160,186y exp. [Trotta et al.] —@—
o q! 1DBPM - - ! 1DBPM - - -} 1 160,186y exp. [Lemmon et al.]
© 11 160 3" vib. - - - - Ji 160 3 vib. - - - - S 1DBPM - -
100 1 182y 2+ rot. 4 b ] 184w 2+ rot. 4 L ol 603" vib. * + -+ 4
1y ¥ 186\ 2+ rot. Bp=0.226 ——
A 186y 2+ rot., Bp=0.3 — —
10-1 N L ! ! N ! L L 1 L | L
60 70 80 920 100 60 70 80 90 100 60 70 80 90 100
Ec.m. (MeV) Ec.m. (MeV) Ec. m. (MeV)

FIG. 2. Fusion excitation functions for the '6Q + 82184186y reactions. The violet, olive-green, and cyan solid circles are experimental
cross sections of 1°Q + 182184186y reactions from Refs. [57,58,70,71] respectively. The dashed lines represent the CC calculations without any
coupling (1D-BPM). The solid and dotted lines represents theoretical fusion cross sections obtained after including the deformation of targets
and vibrational state of projectile respectively in CC calculations. Black dashed lines in panel (c) represents CC calculations of 90 48w
after including the deformation of the target with a modified quadrupole deformation parameter 8, = 0.3.

reactions, are shown by brown solid lines in Figs. 3(a), 3(b),
and 3(c).

In the below-barrier energy regions, to explain the en-
hanced fusion cross sections, Esbensen ef al. [33] considered
the presence of a strong pair-transfer channel with a positive
Q value. All 80 induced reactions under this study possess
a positive 2n transfer channel. Thus, 2n transfer channels are
included in the coupling scheme of '3Q +!8%18+186yy reac-
tions to see the effect of the PQNT channel on below-barrier
fusion cross sections. '8Q 182184186y reactions have pos-
itive Q values of 1.414, 0.757, 0.133 MeV respectively for
the 2n stripping channel. The CCFULL code [28,29] has an
option to include one transfer channel in the calculations.
It can be a proton or neutron channel. The calculations are
done including both the 2n transfer channel and the inelastic
excitations. The result is illustrated as green double-dotted
dashed lines in Figs. 3(a), 3(b), and 3(c). The neutron transfer

coupling has been included in the CCFULL code for the present
system through the transfer coupling strength parameter for
2n transfer.

The code CCFULL accounts for the transfer channel through
the macroscopic transfer coupling form factor, F;,(r). In prin-
ciple, the form factor is estimated from the differential and
total transfer cross sections [76,77] as mentioned in the In-
troduction. Since experimental transfer measurements do not
exist for this system, the transfer form factor is unknown, and
only a qualitative measure of the transfer strength is possible.
The coupling strength is related to the form factor by the
relation F;,.(r) = F,,%. The coupling strength in the CCFULL
calculations was varied until a fairly good agreement with
experimental data was achieved, as done by Deb et al. [60].
The green double-dotted dashed lines in Figs. 3(a), 3(b), and
3(c) shows results of CCFULL calculations after including a
transfer channel with a transfer strength 0.42 fm along with
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FIG. 3. Fusion excitation functions for '3Q + 82184186y reactions. The black, red, and blue solid circles are experimental results. The
dashed lines represent the CC calculations without any coupling (1D-BPM). The solid lines represent CC calculations with 2% vibrational
state of projectile and deformation of targets. Dotted lines represent CC calculations with 3~ vibrational state of projectile and deformation of
targets. Green double-dotted dashed lines represents CC calculations after including neutron transfer.
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FIG. 4. Relative change as a function of E,,,, — V,, for 1180 +182.18%186yy Panels (a), (b), and (c) represent relative change in experimental
cross sections from 1D-BPM. Panels (d), (e), and (f) represent the relative change of experimental cross sections from the CC calculations after
including target rotations. Plots for '3Q +!82184186yy in panels (g), (h), and (i) represent R after including 2+ vibrational state of projectile and
deformations of targets in CC calculations. For 'O induced reactions, the same figures include deformation of targets only. Black, red, and
blue solid circles connected by green double-dotted dashed lines represent R after including neutron transfer. Cyan solid circles connected by
black dashed lines in panel (i) represent R of '°0Q +'3W with a modified deformation 8, = 0.3 in CC calculations.

inelastic excitations. Beyond a coupling strength of 0.5 fm,
CC calculations started deviating from the experimental
measurements. It is difficult to distinguish or separate the
theoretical excitation function with neutron transfer from that
without transfer channels. Thus, without invoking the cou-
pling of the transfer channel, which was one of the motivations
for the measurement, CC calculations explained experimental
data.

B. A self-consistent method: Relative change

We define the term relative change (R) to provide bet-
ter predictions about the effects of neutron transfer channels
on fusion reactions of '3Q 4182184186y The positive or
negative values of R respectively quantify the increase or
decrease in experimental cross sections as compared to the-
oretical ones. R is defined as the ratio of the difference
between the experimental (o.,) and theoretical (o) fu-
sion cross sections to the theoretical fusion cross section,
i.e., R = (Oexp — Otheo)/Otheo- We quantify R by incorporat-
ing several possible inelastic excitations together with the
relative motion in the CC calculations. After incorporating
inelastic channels in CC calculations, R is expected to be zero
for 160 4-182.184.186\ reactions, where the PQNT effect was
not expected. Accordingly, these reactions are taken as the
benchmark for comparing the enhancement due to PQNT in
18y 4182184186\ reactions.

First, we calculate the values of R in °0 and 80 induced
reactions using only 1D-BPM. All six reactions exhibit a value
for R greater than zero at energies below the Coulomb barrier.
Since R indicates the relative increase in experimental cross
sections with respect to the theory, any values of R greater

than zero imply lower cross section values of the theory. Also,
increase in R indicates the absence of inelastic channels in
the coupling. Accordingly, to account for the experimentally
observed cross sections, it is necessary to include inelastic
channels in the coupling at below-barrier energies. Which is
shown by solid circles connected by brown dashed lines in
Figs. 4(a), 4(b), and 4(c). R of 30 induced reactions has larger
values than that of '°Q induced ones at below-barrier energies.
The enhancement effect compared to 1D-BPM calculations is
higher in '8Q 434180y reactions than '°Q induced ones. This
may be an indication that more channels should be added in
the coupling calculations of '8Q to reproduce the experimental
values compared to '°0 induced reactions. In the case of the
160 4-182yy reaction, cross sections for the lower energies are
not available [56]. Due to this it will be difficult to make
comparative statements regarding larger R values compared
to 1D-BPM calculations in the 80 +'32W reaction than in the
160 +182W reaction. After including the quadrupole and hex-
adecapole deformations of the target, '8Q induced reactions
show R greater than zero, which maximizes at sub-barrier en-
ergy regions as shown in Figs. 4(d), 4(e), and 4(f). Therefore
it is necessary to include an additional coupling to explain
below-barrier cross sections. Here the additional coupling
is the vibrational excitations of the 'O projectile. For 0O
induced reactions, R approaches zero for most of the below-
barrier energy points while including deformation of targets in
CC calculations. This zero R value indicates a good agreement
between theory and experiment. The theoretical compliance is
shown by solid circles connected by brown colored solid lines
in Figs. 4(d), 4(e), and 4(f). Among different possible cou-
pling channels, we have considered only the deformation of
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the targets for '°0 induced reactions. After that, R approaches
zero for all energy points and shows a slight deviation only
at one energy point in the sub-barrier energy region. For 30
induced reactions, we have to include the vibrational coupling
of the projectile in addition to quadrupole and hexadecapole
deformation of the targets to explain the deviation of R from
zero. After including vibrational excitation of the projectile
and deformation of the target in the coupling, the theoretical
excitation function agrees well with the experimental data for
all 80 induced reactions in below-barrier energy regions. It
is shown as black, red, and blue solid circles connected by the
brown colored solid lines in Figs. 4(g), 4(h), and 4(i).

To explore the effect of PQNT channels in fusion cross
sections, we have calculated R including the neutron transfer
channel in 80 + 82184186y reactions. Even the addition
of a neutron transfer channel in coupling does not improve
the agreement between the experiment and theory. This indi-
cates that, contrary to expectations, coupling of the neutron
transfer channel in CC calculations does not provide any
robust increase to the theoretical cross sections of '8Q +
182+ 184,186y Solid circles connected by green double-dot
dashed lines in Figs. 4(g), 4(h), and 4(i) show R obtained for
180 + 182184186y reactions after including neutron transfer
channels. As seen in Figs. 4(g), 4(h), and 4(i), R with neu-
tron channel does not deviate significantly from that without
neutron transfer channel inclusion. The 2n transfer Q values
Of (180+]82W) > (]80+184W) > (180+186W)' HOWCVGI',
increase in cross sections with the increase in 2n transfer Q
value is not observed at the below-barrier energy levels of
these reactions.

At below-barrier energies, CC calculations of 60 +!80w
show lower values compared to the experimental cross sec-
tions. R shows a bit higher value, beyond E.,, —V, = —7
MeV. For the '°0 +'8W reaction, many works [56,57,70,78]
explained the enhanced below-barrier cross sections. Among
these the ANU group [56,57,70] used potential parameters,
and diffuseness deduced from elastic scattering data for CC
calculations. The associated deformation parameters of 80w
were B, ~ 0.24 and B4 ~ —0.09. They also tried to fit the
fusion data of '°Q 4 !86W by varying potential parameters and
deformation. They obtained an optimum fit with a diffuseness
a = 1.27 fm and with an average barrier of 68.9 MeV, and
also obtained best-fit deformation parameters 8, = 0.3 and
B4 = —0.045. This B, value is larger than that obtained from
elastic scattering data, and B4 was smaller than that of non-
fusion data observed by Lemmon et al. [70]. The possible
explanation for this lies in the change in the shape of the
barrier distribution. Generally, any additional coupling effects
will result in the smoothing of the barrier. However, the ef-
fect of coupling will have a higher impact when the barrier
distribution has sharp changes. Effect of deformations will be
predominant in such systems [70]. The barrier distribution of
the 0 +!86W reaction shows a sharp change before adding
the coupling [70]. We have carried out the CC calculations
for the '°0+ '3%W reaction with deformation parameters
B>~ 0.3 and B4 =~ —0.045, which were used by Lemmon
etal. [70] to explain the fusion data. The corresponding results
are shown as a black dashed line in Fig. 2(c). Calculations
with deformation values extracted from elastic scattering data

are also shown in Fig. 2(c) as a brown solid line. R calculated
with this modified deformation value is shown as solid circle
connected by black dashed lines in Fig. 4(i). Figure 4(i) shows
that the deviations of R from zero vanishes at below-barrier
energy points with this modified deformation value and shows
good agreement between the theory and the experiment.

Excitation functions of '0Q + 182184186y gystems, which
all have negative transfer Q value for neutron transfer, are
explored using coupled channels calculations. The coupling
of relative motion of colliding partners with inelastic ex-
citations of target was enough to explain the experimental
cross sections above and below the Coulomb barrier energy
regions as shown in Figs. 2 and 4. In the measured en-
ergy range, the 2%+ vibrational state of '8Q coupled with the
quadrupole and hexadecapole state of 82184180y show a
relatively good agreement between the calculated and exper-
imental results. An additional coupling of neutron transfer
channel in 18Q 182184186\ reactions do not show a different
R value from calculations without neutron transfer. Plots in
Figs. 4(g), 4(h), and 4(i) with solid circles joined by green
double dotted dashed lines shows R with neutron transfer
channel.

The Q values for the 2n transfer processes are positive
for all reactions with '30Q. Thus, the neutron transfer can
be important for the reactions with the 18y beam. However,
our results show that cross sections for reactions with '°Q
and '80 induced reactions are very similar. A small decrease
in deformation of the target after 2n transfer may explain
this results. Coulomb barriers of the systems before and af-
ter 2n transfer are almost the same, and, correspondingly,
their fusion cross sections are similar [47,48]. Such results
are observed in many systems like '®'80 +767*Ge [80-82],
16,180y L 112,118,124 139] epc.

C. Systematics of '*Q induced reactions

A positive 2n transfer Q value characterizes the major-
ity of 80 induced reactions. Several experiments in low,
medium, and heavy mass regions have been carried out to
investigate the effect of the 2n transfer Q value in fusion
cross sections induced by 80 [42,59,60,72]. Compared to
other transfer channels, 2n transfer has a significant effect
on sub-barrier fusion enhancement [38]. Montagnoli and Ste-
fanini [8] suggested that, when heavier systems are compared,
multiphonon excitations have a more significant impact on
sub-barrier fusion. Also, if multiphonon excitations are dom-
inant, then the effect of PQNT will be weaker in the case of
heavier systems [8]. Thus, the effect of PQNT channels can
only be seen at extremely low energies. To make conclusive
remarks on the effect of PQNT on heavier systems, a system-
atic study in the same mass regions is needed.

For a systematic study in the heavy mass region, we com-
pared the reduced fusion cross sections of several %0 induced
reactions with those of '°0 induced ones (having negative
neutron transfer Q value). Reduced cross section will elim-
inate the effects of the barrier height and nuclear size [51].
We eliminated the effects of geometrical aspects by using tra-
ditional reduction methods (67,5 = %%, where R, the barrier

radius). When compared to '°0 induced reactions in the heavy
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FIG. 5. Reduced fusion cross sections as a function of E. . /V,
for reactions induced by '*'3Q. Here, the reduced cross section is
obtained by dividing absolute cross section with wR2, where V,,
and R, are the Bass barrier and Bass radius [75]. The fusion cross
sections of 180 +2°Sm [79], 1180 +'¥'Ta [72], '*0 +'82W [58],
160 4184y [71], and '°O +'30W [57,70] are obtained from literature.

mass region as seen in Fig. 5, 180 induced reactions do not
exhibit a significant increase. In the majority of the systems
under investigation, there is no discernible enhancement in
below-barrier fusion cross sections. The 80 +'°Sm system
is the only one that shows enhancement in the below-barrier
region when compared to the '°0 induced reference system.
The reduced cross section of '80+!¥1Ta does not exhibit
fusion enhancement in the below-barrier region, compared
to the reference system '°0 +'8/Ta as seen in Fig. 5. When
compared to reference systems, there is no noticeable en-

hancement in '8Q +!82.184186yy reactions as seen in Fig. 5.
Our CC calculations on the same reactions, discussed in
Sec. IV A, also conclude the same. The deviating behavior
of 80 +'°°Sm may be attributed to the change in the de-
formation of the target nuclei after 2n transfer. All other
reactions that we considered in our study show a decrease
in deformation of the target nuclei after 2n transfer, whereas
180 4+15%Sm shows an increase. Examining the deformation
values of the target nuclei in '*0 4+'>°Sm reactions revealed a
relatively higher change in deformation after neutron transfer
when compared to other systems. The present measurements,
as shown in Fig. 5, exhibit a spread in excitation function
in the above-barrier energy regions. It could be attributed to
the presence of other channels such as noncompound nuclear
fission or breakup channels, etc. [1].

To check whether the reason for enhancement in
180 +150Sm is extendable to low and medium mass regions,
we have carried out a systematic study on all '*Q induced
reactions available in the literature. Table III lists the reac-
tions used in the systematic study as well as their transfer Q
values. In comparison to its reference system, the '°0 +°Ni,
fusion enhancement is expected in the 80 4+°Ni system due
to the presence of PQNT. Examination of fusion and elastic
scattering data of '8 +3Ni by Silva ez al. [83] confirmed the
enhancement. Fusion calculations of 80 +%%Cu reactions
by Chamon et al. [84] do not find any projectile dependence
on fusion cross sections. Due to the PQNT channel, it is ex-
pected that there would be an enhancement for 80 +’#Ge in
the below-barrier energy region. Their theoretical predictions
of fusion data with CC calculation and their barrier distribu-
tions show no such effect [80—82]. For 80 +°>Mo Monteiro
etal. [86] suggested a need for coupling with transfer channels
to explain quasielastic barrier distributions. A comprehensive
study on '©180 411271245 by Jacobs et al. [39] does not find
any enhancement due to the PQNT channel on sub-barrier
fusion cross section. Inclusion of PQNT in CC calculations
showed an enhancement in 30 +!'°Sn [60].

TABLE III. Lists of '*0 induced reactions with their 2n stripping Q values, neutron number of target after 2n transfer, and target

deformations before and after 2 stripping.

Neutron no. Deformation of target
2n stripping of target Expt. evidence

Reaction QO value after 2n transfer Before 2n transfer After 2n transfer for PQNT Ref.
180438Ni — 7°Kr 8.199 32 0.179 0.2050 [87] Yes [83]
80+%3Cu — 8'Rb 5.638 36 0.151 —0.125 [69] No [84]
804+%Cu — $Rb 5.638 38 —0.125 —0.085 [69] No [84]
804+7Ge — Zr 3.745 44 0.283 0.2623 [68] No [80]
804+”Mo — '"Sn 5.559 52 0.1058 0.1509 [68] Yes [85,86]
8041280 — 130Ce 5.856 64 0.1207 0.1147 [75] No [39]
80411650 — 34Ce 4.081 68 0.1117 0.1100 [75] Yes [60]
18041188n — 136Ce 3.400 70 0.1100 0.1063 [75] No [39]
8041%Sn — 42Ce 1.735 76 0.0942 0.0825 [75] No [39]
804+19Sm — '%Yh 1.666 90 0.1931 0.3065 [68] Yes [79]
B4 181Tg — 19977 0.809 110 0.255 0.244 [75] No [72]
1804 182yy — 200pp 1.414 110 0.251 0.236 [68] No this work
180184 — 202pp 0.757 112 0.236 0.226 [68] No this work
1804186y — 204pp 0.113 114 0.226 [68] 0.197 [87] No this work

054614-8



ROLE OF POSITIVE TRANSFER Q VALUES IN ...

PHYSICAL REVIEW C 105, 054614 (2022)

So, in order to conclude the effect of the PQNT channels
on fusion enhancement of 180 induced reactions, we looked at
the 130 induced reactions that were available in the literature.
Compared to the reference systems, cross sections of most of
the reactions given in the Table III do not exhibit an enhance-
ment due to the PQNT channel [39,72,80,84]. '80 +8Ni,
130 +22Mo, and '80 +'°°Sm reactions show an enhancement
due to the presence of the PQNT channel [79,83,86]. In
these three reactions, after 2n transfer, the target deformation
increased. As the deformation increases, the barrier height de-
creases, increasing the below-barrier fusion cross sections. All
of this points to the conclusion that, in systems with a PQNT
channel, if the system’s deformation increases after neutron
transfer, it leads to fusion enhancement. Because Z,Z; values
stay the same after 2n transfer, the increase in deformation
may lead to the decrease in barrier height, resulting in fusion
enhancement. The highlighted systems in Table III, which
show an enhancement due to PQNT [79,83,86], reveal that the
enhancement occurs only when the deformation of the target
increases after 2n transfer. Furthermore, a higher 2n transfer
Q value does not guarantee a more considerable enhancement.
Also none of the highlighted systems in Table III approach
neutron shell closure values after 2n transfer. This confirms
that neutron magicity does not have a significant role in fusion
enhancement in systems with PQNT channels.

V. SUMMARY AND CONCLUSION

Using a recoil mass spectrometer, we measured the ER ex-
citation function for '8Q 4182184186y reactions, that populate
the compound nuclei 2°%-202:204ph respectively. The positive
2n transfer Q values of '3Q 132184186y reactions predicted

an enhancement in the below-barrier energy regions of fu-
sion cross sections. However, no specific signatures of fusion
enhancement are found in the positive 2n transfer Q value
systems '8Q +182184186yy " in comparison with negative 2n
transfer Q value systems '0Q 4182184186y

To explain the experimental excitation functions of
180 4182.184.186y " \e have analyzed the measured cross sec-
tions by including different inelastic excitation channels in the
CC calculations. Without adding neutron transfer channels,
CC calculations described experimental cross sections of all
30 induced reactions except at higher energy points. The
CC calculations yielded similar results when transfer coupling
was included. An appreciable role by neutron transfer channel
in fusion enhancement of '8Q +182. 184186y reactions was thus
eliminated. The absence of below-barrier enhancement due
to PQNT effects was again confirmed by a self-consistent
method using relative enhancement. Systematics studies on
180 induced reactions in different mass regions indicate that
an increase in deformation following neutron transfer en-
hances the cross sections in reactions with PQNT. To get a
clear understanding of the effect of PQNT, more experimental
investigations on transfer reactions are needed.
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