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Fusion studies in 12C + 182,184,186W reactions at energies below and near the Coulomb barrier
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Background: The coupled-channels model has been highly successful in interpreting experimental subbarrier
fusion. The statistical model framework has traditionally been used to explain the basic features of composite
system de-excitation in the above Coulomb barrier region. However, in 12C-induced reactions with 182,186W,
measured fusion cross sections are significantly lower than those predicted by various theoretical models and by
fusion systematics.
Purpose: To investigate the dynamics of heavy ion fusion at energies below and above the Coulomb barrier in
the 12C-induced reactions.
Method: A mass spectrometer was used to study the evaporation residues for the 12C + 182,184,186W reactions.
The measurements ranged from 12% below to 45% above the Coulomb barrier energies. The measured fusion
cross sections are compared with coupled channels and statistical model calculations.
Results: The measured fusion cross sections for 12C + 182,184,186W reactions show reasonably good agreement
with coupled-channel calculations. Also, evaporation residue cross sections for 12C + 182,184,186W reactions in
the present experiment along with the fission cross sections from literature are described by statistical model
calculations.
Conclusions: We successfully explain the previously reported discrepancy between fusion measurements and
calculations based on various theoretical models and by fusion systematics for 12C + 182,186W reactions.

DOI: 10.1103/PhysRevC.106.024614

I. INTRODUCTION

Heavy ion fusion studies can provide important insights
into the reaction dynamics and decay properties of excited
compound nuclei (CN) [1–11]. Nucleons are exchanged be-
tween the target and projectile during the mechanism of
compound nucleus formation. As a result, energy and an-
gular momentum are transferred from the relative motion
to the intrinsic degrees of freedom of the composite sys-
tem [12]. The formed compound nucleus is in a highly
excited state and decays via the emission of light particles
and γ -rays with competition from binary fission processes.
Evaporation residue (ER) measurement is a powerful method
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for studying fusion processes in mass asymmetric projectile-
target systems. Fission fragments must be taken into account
when calculating total fusion cross sections and understand-
ing the dynamics of the CN de-excitation. The statistical
model framework has typically been used to explain the
de-excitation of the composite system with the inclusion of
fission processes. Even though the fundamental concepts of
composite system de-excitation are relatively well understood
by statistical model calculations, some discrepancies and/or
ambiguities remain [13–15].

It is well known that the one-dimensional potential barrier
penetration model (1D-BPM) is quite successful in repro-
ducing the measured fusion cross sections at above barrier
energies. The increase in subbarrier fusion cross sections in
comparison to 1D-BPM is well explained by coupled-channel
calculations, which include the coupling of low-lying states
and the static deformation and/or vibrational degrees of
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freedom of participating nuclei [16–20]. Beckerman et al. [21]
reported the effects of the positive Q value of neutron transfer
(PQNT) on the subbarrier fusion enhancement in 58Ni + 64Ni
reaction for the the first time. Moreover, the influence of
neutron transfer channels with positive Q values in fusion en-
hancement has been investigated by many researchers [2,22–
30].

The experimental observation of an asymmetric fission in
the 180Hg [31] led to intensive theoretical and experimental
studies of fission of Hg [32–45]. Andreev et al. [38] calculated
the mass distributions for fission of different Hg isotopes
using the improved scission-point models and compared the
results with the experimental data [46]. They found that the
mass distribution is quite asymmetric for 180Hg and 184Hg.
For 188Hg the asymmetry is less pronounced. In the case of
192,196Hg and 198Hg, the mass distribution looks more sym-
metric but with a dip on the top. Prasad et al. [34] observed
mass asymmetric fission in neutron-deficient 182Hg nuclei
populated by heavy ion fusion. They suggested that the ob-
served asymmetric fission in 182Hg and its absence in 195Hg
is due to the difference in the dynamical evolution of 182Hg
and 195Hg CN. Hg nuclei exhibit structural changes as one
goes from neutron-deficient 180Hg to relatively neutron-rich
198Hg nuclei. Also, the asymmetric component in the mass
distribution of fragments may be associated with quasifission
(QF) [47–49]. This will have an effect on fission, fusion, and
ER cross sections. Accordingly our fusion measurements are
expected to throw light on the role of asymmetric component
of mass distribution of fragments associated with QF.

Kozulin et al. [32] studied the dependence of the symmetric
and asymmetric fission of 180,182,183Hg and 178Pt nuclei as a
function of excitation energy and isospin. They found that the
existence of well-deformed proton shell at Z ≈ 36 and less de-
formed proton shell at Z ≈ 46 as responsible for the new type
of asymmetric fission in pre-actinide nuclei. Bogachev et al.
[33] reported their findings on the asymmetric and symmetric
fission modes in 180,190Hg formed in the 36Ar + 144,154Sm
reactions. They observed that proton numbers play a stabi-
lizing role in the asymmetric fission of excited pre-actinide
nuclei. Also, they found that the yield of symmetric fission
for 190Hg is lower than for 180Hg at the same excitation
energies of CN at the saddle point. Kozulin et al. [50] ob-
served a large contribution (more than 70%) of QF in the
case of 68Zn + 112Sn reaction. However, QF was not observed
in the case of 36Ar + 144Sm reaction forming the same CN
[35,45,47]. du Rietz et al. [51] analyzed a large set of exper-
imental mass-angular distributions of fission-like fragments
and found that the threshold value for the QF appearance
for composite systems with ZCN = 80 is ZPZT = 1450 ± 100
(where ZCN, ZP, and ZT are the atomic number of the CN,
projectile, and target respectively). Also, they reported that QF
appears for the reactions with mean fissility parameter χm >

0.68 and QF becomes dominant at χm > 0.765. In the case of
68Zn + 112Sn, the value of χm (0.695) and the ZPZT (1500) are
close to the threshold values for the onset of the QF processes.
So such a large contribution of QF was unexpected. Kaur et al.
[52] measured ER cross sections for 48Ti + 140,142Ce reactions
forming 188,190Hg CN to understand the influence of neutron
shell closure of target nuclei on CN formation. They observed

that the effects of shell closure in the target nucleus on fusion
cross sections is negligible. Further, they found no evidence
of QF processes in the 48Ti + 140,142Ce systems.

The fission cross sections for the systems 12C + 182–186W
were measured by many researchers [53–56]. Rajagopalan
et al. [53] measured evaporation residues (ER), fission frag-
ments (FF), and charged particle emission for the systems
12C + 182W, 19F + 175Lu, 20Ne + 174Yb, and 40Ar + 154Sm,
forming 194Hg at excitation energies ranging from 57
to 195 MeV. In the case of 12C + 182W reaction, their
systematics-based calculations overestimate as compared to
the measured fusion cross sections. However, measurements
with heavier projectiles, 19F, 20Ne, and 40Ar, all show rea-
sonable agreement with the calculated cross sections. This
discrepancy in the case of 12C + 182W is attributed to miss-
ing ER events due to small recoil energies in their detection
system. Furthermore, Rajagopalan et al. have shown that
nonequilibrium mechanisms have a bigger role in the ER
cross sections in the case of 12C and 19F in comparison to
40Ar-induced reactions.

Delagrange et al. [54] used a time-of-flight setup to
measure the ER events in 12C + 181Ta and 12C + 182,186W
reactions to investigate the inconsistency between measure-
ments and calculations. Their measurements observed similar
cross sections as Rajagopalan et al. [53] and attributed the
discrepancies with calculations as due to the loss of ER
events [54]. Furthermore, Delagrange et al. also measured
fission cross sections for 12C + 182,186W reactions in the 56
to 87 MeV excitation energies. They observed a significant
difference in the fission yield of 194Hg CN in comparison
to 198Hg compound nuclei at E∗ = 82 MeV (σfiss = 536 ±
52 mb for 194Hg and σfiss = 166 ± 68 mb for 198Hg). One of
the explanations given for this discrepancy is that it is caused
by the competition between evaporation of neutrons and fis-
sion. Stokstad et al. [14] reported lower values of the fusion
cross sections for 40Ar + 144,148Sm at higher excitation ener-
gies compared to 40Ar + 154Sm, which formed 184,188,194Hg
respectively. They suggested that the lowering of the cross
sections for 40Ar + 144,148Sm could be a result of the dynamic
effects such as rotation of the target nuclei before fusion or
the distortion of the target nucleus in the Coulomb field of the
projectile.

Miller et al. [57] reported that the probability of 1H and
4He evaporation from 194Hg CN increases rapidly with energy
and appears to protect the system from fission. Rajagopalan
et al. [53] confirmed that most 1H and 4He are evaporated
prior to fission. Alexander et al. [58] have unfolded the effects
of excitation energy and spin on the decay of 194Hg CN. They
suggested that at higher excitation energies (E∗ > 98 MeV),
the competition between fission and evaporation is highly
sensitive to the relative values of the level densities. In order
to study the spin dependence of dissipation effects in fission,
Hui et al. [59] measured ER excitation function in coincidence
with γ -ray multiplicity for the 19F + 175Lu reaction, forming
194Hg CN. Their measurements show that there are no dissi-
pation effects in the presaddle region of the fission processes.

Calculated fusion cross sections based on various the-
oretical models and systematics showed large deviation
with respect to measured cross sections for 12C + 182,186W
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reactions [53,54] in the laboratory energy range 77 to 167
MeV. However, fusion cross-section measurements with heav-
ier projectiles forming 194Hg CN follow the fusion systematics
[53]. This necessitated measuring the ER cross sections for
12C + 182,184,186W forming 194,196,198Hg nuclei. In the present
work, we report the measurements of fusion-evaporation cross
sections for 12C + 182,184,186W reactions at below and near
Coulomb barrier energies.

This article is structured as follows. Section II discusses the
experimental setup and procedure, Sec. III describes the anal-
ysis in detail, and Sec. IV discusses the details of the coupled
channel and statistical model calculations, their comparison
with the experimental cross sections, and their potential im-
plications. Section V summarizes and concludes the work
reported here.

II. EXPERIMENTAL DETAILS

The experiments were conducted at the Inter-University
Accelerator Centre (IUAC) in New Delhi, using a 12C beam
with energies ranging from 52 to 84 MeV provided by the
15UD Pelletron Accelerator. We have used pulsed beam of
12C with pulse separation 8 μs at 52–58 MeV, 4 μs at 60–
72 MeV, and 500 ns at 76–84 MeV. The targets used were
182,184,186W with thicknesses 70, 100, and 100 μg/cm2 with
carbon backing of 20, 35, and 25 μg/cm2 respectively. The
levels of enrichment for the 182,184,186W targets were 91.6,
95.2, and 94.0% respectively.

Two silicon surface barrier detectors (monitors) were
placed in the target chamber, one on each side of the beam
direction, to measure the elastically scattered beam particles
for normalization and absolute cross-section determination.
These detectors, each with an active area of 50 mm2 with a
collimator diameter of 1 mm were placed ≈100 mm from the
target at ±15◦ relative to the beam axis. A carbon charge reset
foil with a large surface area and a thickness of ≈ 10 μg/cm2

was placed 10 cm downstream of the target to reset the charge
state of ERs. The Heavy Ion Reaction Analyzer (HIRA) [60]
separated ERs from the beamlike background and transported
them to its focal plane (FP). HIRA is set for the most domi-
nant channel (HIRA has energy acceptance ±20% and mass
acceptance ±5%). For these experiments, the solid angle of
acceptance for HIRA was kept at 5 msr. A two-dimensional
position-sensitive multiwire proportional counter (MWPC)
with an active area of 15 × 5 cm was used at the HIRA’s
focal plane to detect ERs [61]. To separate the ERs from the
beamlike particles, a time of flight (TOF) was set up between
the anode of the MWPC and the RF signal of the beam pulsing
system.

III. DATA ANALYSIS

Timing and energy-loss signals from the MWPC at the
FP of the spectrometer, along with the position data ob-
tained from the wire grids using a delay line technique, were
processed using a Computer Automated Measurement And
Control (CAMAC)-based data acquisition system. The data
is analyzed in offline mode using the software CANDLE [62].
The coincidence spectrum between energy loss, �E (from the

MWPC cathode), and TOF was used to extract ER yields. The
experimental data were normalized by dividing the ER counts
(YER) by the elastic scattering counts in the forward-angle nor-
malization detectors (Ynom). We calculated the transmission
efficiency (εHIRA) of the HIRA using the Monte Carlo code
TERS [63]. The total ER cross section was extracted using
Eq. (1),

σER = YER

Ynom

(
dσ

d�

)
Ruth

�nom
1

εHIRA
(1)

where ( dσ
d�

)Ruth is the differential Rutherford-scattering cross
sections in the laboratory system.

The transmission efficiency of the recoil mass separator,
HIRA, is one of the most important factors in any experiment.
Relative populations of all possible ER channels have been es-
timated using statistical model code PACE4 [64,65]. Based on
these relative populations, the efficiency of HIRA is calculated
for all evaporation channels that account for more than 1% of
total fusion cross sections. The transmission efficiency at any
given energy is calculated by taking the weighted average of
each individual channel efficiencies. The estimated error in
HIRA efficiency is ≈10% for 12C + 182,184,186W reactions. In
Table I, we have listed the measured ER cross sections for
the 12C + 182,184,186W reactions as a function of energy. The
quoted errors in Table I include the statistical error plus the
error in the estimation of transmission efficiency.

IV. RESULTS AND DISCUSSION

A simple one-dimensional barrier penetration model (1D-
BPM) fails to explain the observed subbarrier cross sec-
tions [1]. The basic features of nuclear reactions in 1D-BPM
are commonly described in terms of interaction that is ex-
pressed solely as a function of nuclear radial separation.
The formation of the CN at energies near and below the
Coulomb barrier is strongly influenced by coupling between
deformation or orientation and nuclear intrinsic motions of
the colliding nuclei. The coupled-channels (CC) approach
includes such channel coupling effects in the potential bar-
rier and replaces a single barrier with a distribution of
barriers [1]. Tunneling through a multidimensional poten-
tial barrier successfully explains the observed experimental
subbarrier fusion enhancement [1,2,66]. The present mea-
surements were analyzed using coupled-channel calculations
to investigate the effects of coupling of different excited
states of the target nuclei in the subbarrier energy region.
The CN is a very complex many-body system, and its de-
cay is typically handled by statistical evaporation models,
so we used statistical model calculations to estimate ER
cross sections for 12C + 182,184,186W reactions and to study the
fission-evaporation competition of the Hg CN.

A. Coupled-channel calculations

The coupled-channel code CCFULL calculates fusion cross
sections and the mean angular momenta of the CN under the
influence of couplings between the relative motion and nu-
clear collective motions [17,18,67]. Statistical model [68–70]
calculations have been carried out for 12C + 182,184,186W reac-
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TABLE I. Measured evaporation residue cross-sections (σER) for 12C + 182,184,186W reactions. The quoted errors include the statistical error
plus the error in the estimation of transmission efficiency.

12C + 182W 12C + 184W 12C + 186W

Ec.m. E∗ σER δσER Ec.m. E∗ σER δσER Ec.m. E∗ σER δσER

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

48.69 32.63 0.26 0.05 48.67 34.79 0.39 0.07 48.73 37.18 0.39 0.10
50.57 34.50 3.33 0.50 50.55 36.67 5.35 0.70 50.61 39.06 9.15 1.34
52.45 36.38 20 3 52.44 38.56 37 5 52.50 40.94 49 7
54.33 38.26 69 9 54.32 40.44 99 12 54.38 42.82 136 17
56.20 40.14 127 16 56.20 42.32 194 24 56.26 44.70 260 34
58.08 42.02 202 26 58.08 44.20 320 40 58.14 46.58 390 48
59.96 43.90 346 45 59.96 46.08 593 74 60.02 48.46 616 78
61.84 45.77 461 60 61.84 47.96 619 77 61.90 50.34 778 99
63.72 47.65 502 69 63.72 49.84 743 93 63.78 52.23 937 120
65.59 49.53 733 145 65.60 51.72 903 109 65.66 54.11 1267 156
67.47 51.41 1022 136 67.48 53.60 1018 129 67.54 55.99 1229 152
71.23 55.16 1007 174 71.24 57.36 1373 234 71.30 59.75 1639 290
74.98 58.92 1256 265 75.00 61.12 1575 298 75.06 63.51 1659 273
78.74 62.67 1252 231 78.75 64.87 1637 276 78.83 67.27 1925 332

tions and observed that the calculated fission cross sections are
negligibly small in the measured energy region. At the highest
measured laboratory energy, the fission is estimated to be
6%, 4%, and 2% for 12C + 182W, 12C + 184W, and 12C + 186W
respectively. Fusion cross sections are the sum of ER cross
sections (σER) and fission cross section (σfiss). In these reac-
tions, fission becomes significant only at very high excitation
energies [53–56]. Considering this, in the measured energy
range, we can equate capture cross sections (σcap), fusion
cross sections, as well as σER (σcap ≈ σfus ≈ σER). Hence,
the fusion cross sections calculated using CCFULL [17,18] di-
rectly compare with the measured ER (fusion) cross sections.
For 12C + 182W reaction, the depth parameter of the Woods-
Saxon potential V0 = 72 MeV, the radius parameter r0 =
1.15 fm, and the diffuseness parameter a0 = 0.70 fm were
used. These parameters were selected based on the nearest
systems 16O + 186W [71] and 16,18O + 181Ta [11]. Considering
the fact that the target nuclei differ in neutron number only,
which will not have any bearing on the potential, we have used
the same potential parameters 12C + 182,184,186W reactions.
The measured fusion cross sections and CCFULL calculations
are shown in Figs. 1(a)–1(c).

To explain the observed subbarrier cross sections, we have
included the static deformation effects of the targets. For in-
cluding the static deformation effects of deformed tungsten
nuclei, we have taken into account their quadrupole (β2) and
hexadecapole (β4) deformation parameters in the CCFULL cal-

TABLE II. The deformation parameters and excitation energies
[72,73] used for CCFULL calculation.

System β2 β4 E2+ (MeV)

182W 0.251 −0.066 0.100
184W 0.236 −0.093 0.111
186W 0.226 −0.095 0.122

culations. We ignore the excitations in the projectile nucleus,
12C, since their contribution is expected to be smaller than
the effects of the target excitations. In Table II, we listed the
β2, β4 deformation parameters and the excitation energies of
the first 2+ state in the ground state of the target nuclei. CC
calculations for 12C + 182,184,186W reactions are represented
by solid lines in Figs. 1(a)–1(c). For 12C + 182W reaction,
CC calculations show good agreement with the measured
fusion cross sections in the entire energy region. In the case
of 12C + 184,186W reactions, CC calculations explain the ex-
perimental fusion cross sections at lower excitation energies.
However, calculations show a deviation at higher excitation
energies. If one uses a different potential, V0 = 105 MeV,
r0 = 1.15 fm, and a0 = 0.71 fm for the reaction 12C + 184W
and V0 = 115 MeV, r0 = 1.16 fm, and a0 = 0.73 fm for
12C + 186W reaction, CC calculations show good agreement
with the measured fusion cross sections at higher excitation
energies. However, with the use of these potential parame-
ters, CC calculations overpredict the measured fusion cross
sections at subbarrier energies. In Figs. 1(b) and 1(c), CC
calculations with these modified potentials are also shown.

The 12C + 186W reaction is having a positive transfer Q
value of 0.177 MeV for the −2n transfer. All the other neutron
transfer reactions have negative Q values. Without the inclu-
sion of the effects of PQNT channel, the 12C + 186W reaction
shows a reasonably good agreement with the CC calculations
at sub-barrier energies, i.e., the PQNT have no effects on
the observed subbarrier fusion cross sections of 12C + 186W
reaction.

B. Statistical model calculations

The statistical model code HIVAP (Heavy-Ion VAPorisation
statistical-evaporation model) [68–70] was used to investi-
gate the de-excitation of the formed compound nuclei for
12C + 182,184,186W reactions. The HIVAP code makes use of
the standard evaporation theory, which considers ER produc-
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FIG. 1. Measured fusion excitation functions as a function of Ec.m. for 12C + 182,184,186W reactions along with CC calculations in panels (a),
(b) and (c) respectively. In panels (a)–(c), solid circles are the measured cross sections, dotted lines are 1D-BPM calculations with V0 = 72.0
MeV, r0 = 1.15 fm, and a0 = 0.70 fm and solid lines represent CC calculations with these potential parameters. In panels (b) and (c), green
dashed-dotted lines represent CC calculations with modified potential parameters, V0 = 105.0 MeV, r0 = 1.15 fm, and a0 = 0.71 fm for
12C + 184W reaction and V0 = 115.0 MeV, r0 = 1.16 fm, and a0 = 0.71 fm for 12C + 186W reaction.

tion processes as a two-step processes, i.e., (1) compound
nucleus formation and (2) its entirely independent subsequent
de-excitation. HIVAP code takes into account the competition
between various decay channels, such as neutron, proton,
and α-particle evaporation, γ -ray emissions, and fission.
The fusion mechanism is assumed to occur whenever the
projectile-target system overcomes the interaction potential
barrier calculated from Bass’s global nucleus-nucleus poten-
tial [74]. To estimate the cross sections at the subbarrier
region, the WKB (Wentzel-Kramer-Brillouin) approximation
is used. Coupled-channel effects are taken into account phe-
nomenologically through the use of fluctuating barrier [75],
which may be necessary at near and subbarrier energies. Level
density parameters, fission barriers, and masses are the most
sensitive parameters involved in the de-excitation processes.
The Reisdorf and Schädel parameters [69] are the standard
set of parameters used for this calculation in HIVAP code.
Among this standard set of parameters, we varied the pa-
rameters of the nuclear potential to explain the measured ER
cross sections for 12C + 182,184,186W reactions. In addition, we
considered the effects of static deformation of the target on
fusion probabilities below the threshold.

For mass-asymmetric systems, fission is significant only at
energies well above the fusion barrier. At these high energies,
fission has a significant influence on the production cross sec-
tions of ERs. The HIVAP calculation is primarily determined by
the fission barrier scaling factor (k f ) of the liquid drop (LD)
fission barrier (BLD

f ) [76], which modify the fission barrier as

B f (l ) = k f BLD
f + δWg.s. (2)

in which δWg.s. is the ground-state shell correction. Level
densities and nuclear masses are the main input parameters re-
quired to estimate the fission barrier. According to Reisdorf’s
macroscopic description [68,69], the nuclear level densities
in fission and evaporation channels are provided by ratios of
level densities a f /an � 1, due to the different nuclear shapes

at the saddle point (fission) and equilibrium state (particle
emission).

Comparison of calculated and measured ER cross sec-
tions for 12C + 182,184,186W reactions are shown in Figs. 2(a),
2(b), and 2(c) respectively. These calculations reasonably
reproduce the measured ER as well as fission cross sec-
tions [53–56]. In the inset figures, we show the fission cross
sections available in the literature and their comparison with
the calculations.

We have used V0 = 72 MeV, r0 = 1.12 fm, and D =
0.62 fm as potential parameters for all calculations using
HIVAP. The effects of static deformations on fusion probabil-
ity has been considered at subbarrier energies. Simultaneous
analysis of fission and ER cross sections for 12C + 182,184,186W
reactions allow us to obtain the value of fission barrier
scaling parameter. The HIVAP calculations with k f = 0.96
show good agreement with the measured fission cross sec-
tions for 12C + 182,184,186W reactions [53–56]. Furthermore,
corresponding ER cross sections from HIVAP calculations
agree fairly well with the measured ER excitation function. As
mentioned in the introduction, Delagrange et al. [54] observed
a large difference of the fission cross sections between 194Hg
and 198Hg at E∗ = 82 MeV formed by 12C + 182,186W reac-
tions respectively (σfiss = 536 ± 52 mb for 194Hg and σfiss =
166 ± 68 mb for 198Hg). From the HIVAP calculations, at
E∗ = 82 MeV, we obtained σfiss = 521 mb for 194Hg CN and
σfiss = 209 mb for 198Hg CN. This means our statistical model
calculations with k f = 0.96 for 12C + 182,184,186W reactions
explains our measured ER as well as measured fission cross
sections from literature [53–56]. When the ER and fission
excitation functions are fairly in agreement with the calcula-
tions with the same parameter values of the nuclear potential
and k f (fission barrier scaling factor) across the whole range
of excitation energy, the CN formation probability is usually
assumed to be unity in the case of an asymmetric system [77].
The HIVAP calculations using same parameter values of the
nuclear potential and k f explain the measured ER excitation
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FIG. 2. Experimental ER, fission, and fusion excitation functions along with HIVAP calculations for 12C + 182,184,186W reactions shown in
panels (a), (b) and (c) respectively. In the inset, the solid points represent measured fission cross sections [53–56] and solid lines represent the
calculations using the code HIVAP.

function in the entire energy region for 12C + 182,184,186W
reactions. This leads to the conclusion that the noncompound
nuclear fission (NCNF) processes are not affecting the ER
production of 12C induced reactions forming 194,196,198Hg CN.
In the entire energy region, the measured ER and fission cross
sections show reasonably good agreement with the statistical
model calculations without including the dissipation or vis-
cosity effects. This indicates the absence of dissipative effects
in ER cross sections in the these reactions.

In Figs. 2(a), 2(c), and Table III, we compare present mea-
surements for 12C + 182,186W reactions with the measurements
performed by Rajagopalan et al. [53] and Delagrange et al.
[54]. Also, in these figures, we have shown the present statis-
tical model calculations along with the calculations based on
systematics [53,54]. From these figures and from Table III,
it is clear that the fusion cross sections measured by Ra-
jagopalan et al. and Delagrange et al. are smaller by a factor
of ≈2 compared to the present measurements for 12C + 182W
reaction. Furthermore, in the case of 12C + 186W reaction,
the fusion cross section measured by Delagrange et al. is
smaller by a factor of ≈5 compared to the present measure-
ments. However, our measured fusion cross sections show
reasonably good agreement with the calculated fusion
cross sections using various theoretical models and fusion

systematics of Rajagopalan et al. and Delagrange et al.
Considering these and the fact that our measurements show
reasonably good agreement over the entire excitation energy
range with statistical model calculations, we can say that the
discrepancies observed by Rajagopalan et al. and Delagrange
et al. may be attributed to the missing ER events in their
measurements. It is important to mention that the discrep-
ancies between fusion measurements and calculations based
on various theoretical models and by fusion systematics of
Rajagopalan et al. and Delagrange et al. are due to the absorp-
tion of low-energy evaporation residues in the target and/or
various foils prior to entering the sensitive part of the detection
system.

C. General remarks

Noncompound nuclear fission (NCNF) processes are usu-
ally not expected in reactions induced by 16O and projectiles
lighter than 16O. However, a recent comprehensive study sug-
gests that the NCNF may also play a role in 16O-induced
reactions [78]. In order to verify the entrance channel effects
on the ER cross sections, ER measurements of additional
systems that produce the 194–198Hg CN and others close to
these nuclei (A = 194–198) are considered for comparison

TABLE III. Comparison of present measurements for 12C + 182,186W reactions with Rajagopalan et al. [53] and Delagrange et al. [54].

Present work Rajagopalan [53] Delagrange [54]

Elab (MeV) σER (mb) σER (mb) σfiss (mb) σfus (mb) σER (mb) σfiss (mb) σfus (mb)

12C + 182W
76 1007 ± 174
77 545 ± 10 23 ± 8 568 ± 10 37.6 ± 3.5
80 1256 ± 265 475 ± 50 51.2 ± 5.6 526 ± 50

12C + 186W
80 1659 ± 273 350 ± 50 11.60 ± 0.27 362±50
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FIG. 3. Reduced cross sections as a function of Ec.m./VB for reactions forming Hg CN and near to Hg. Here reduced cross sections (σ̃ ) is
obtained by σER

πR2
B

and VB is the Bass barrier.

with the present work. These are shown in Figs. 3(a) and 3(b),
respectively.

To further explore the effects of the entrance channel, we
compared the reduced cross-sections (σ̃ = σER

πR2
B
, where RB is

the Bass barrier radius) of 194,195,196,198Hg CN formed by
various projectile-target combinations, as shown in Fig. 3(a).
If one compares 12C + 182,184,186W reactions, no noticeable
effects on the subbarrier enhancement due to the addition of
four neutrons (182W to 186W) is seen. In this figure, at higher
excitation energies, 19F + 175Lu reaction shows a significant
reduction in reduced cross sections, which has been attributed
to the increase in the level density parameter ratio [59].

Figure 3(b) shows a comparison of reduced cross sec-
tions of 194,196,198Hg CN with neighboring systems. A
comparison of present measurements with neighboring sys-
tems does not show any significant effect of the entrance
channel mass asymmetry over the entire energy range. For
all reactions considered, the reduced cross sections are com-
parable at both below and above the barrier energy regions.
When compared to the ERs measurements of the 12C + 181Ta
reaction reported by Crippa et al. [79] and Babu et al. [80], the
measurements by Delagrange et al. [54] show smaller cross
sections at higher excitation energies.

Kozulin et al. [50] reported a large contribution of QF
in the case of 68Zn + 112Sn reaction in comparison with
36Ar + 144Sm reaction, forming the same CN, 180Hg. As men-
tioned in the introduction, the mean fissility parameter for the
68Zn + 112Sn reaction, χm = 0.695, is just above the thresh-
old value (0.68) for the presence of QF processes. When
compared to the 36Ar + 144Sm reaction, the changes in the
entrance channel properties are not as so drastic to cause
such a large contribution of QF in the 68Zn + 112Sn reac-
tion. The main difference between these two reactions is
the entrance-channel mass asymmetry parameter (α), which
drops from 0.60 for 36Ar + 144Sm to 0.24 for 68Zn + 112Sn
reaction. Kozulin et al. [50] suggested that the influence of
the entrance-channel mass asymmetry on QF processes is
much stronger than previously assumed. To explore the de-
pendence of fissility parameter and the entrance-channel mass

asymmetry on the QF processes, we have studied even-even
Hg CN from 180Hg to 198Hg. In addition to that two odd-even
nuclei namely 185Hg and 195Hg also are considered.

We performed statistical model calculations for
40Ar + 144−154Sm [14], 48Ti + 140,142Ce [52], 19F + 175Lu
[59], 16O + 176,180Hf [81], 90Zr + 90−96Zr [82–85],
86Kr + 99−104Ru [86], 124,130,134Te + 58,64Ni [87], and
14N + 181Ta [88] reactions. The results of the HIVAP

calculations, as well as the measured cross sections (present
measurements and measurements from the literature) for
180Hg to 198Hg CN are shown in Figs. 4(a)–4(l). From
Figs. 4(a)–4(c), it is clear that the calculated ER cross
sections for the reactions forming 180,182,184Hg nuclei show
slight deviation at below barrier energies in comparison with
the measurements. This may be due to the approximations
included in the coupling effects of the HIVAP calculations at
these lower excitation energies.

We have performed statistical model calculations by vary-
ing fission barrier scaling factor k f for majority of the
asymmetric systems and able to find suitable values which
can simultaneously reproduce the experimental fission and ER
cross sections. In HIVAP calculations, the k f = 0.88 for 180Hg
to 190Hg CN and 0.96 for 192−198Hg CN were used. Also, the
same k f was used for neighboring reactions where no fission
measurements are available. The static quadrupole moment
for odd-even nuclei (181Ta and 99Ru) have been approximated
by averaging the corresponding values in neighboring even-
even nuclei. To explain the measured ER excitation functions
of less asymmetric systems, we varied the CN formation
probability (PCN) from unity. PCN is the probability that the
dinuclear system crosses the inner fusion barrier and forms the
CN. The deviation of PCN from unity indicates the presence
of QF or other NCNF processes. The entrance channel prop-
erties, ZPZT , entrance-channel mass asymmetry (α), the mean
fissility parameter (χm), effective fissility parameter (χeff), and
CN formation probability (PCN) for the reactions leading to the
formation of 180–198Hg CN are listed in Table IV.

To explore the variation of PCN with the entrance-channel
mass asymmetry and the effective fissility parameter, we
have plotted PCN as a function of α and χeff, as shown in
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FIG. 4. Measured ER cross sections along with HIVAP calculations as a function of E∗ for the reactions forming 180Hg to 198Hg CN
(measured data includes the data available in literature and present ER measurements). Solid symbols are the experimental data and lines are
the HIVAP calculations. In panels (h) and (k), in the case of 16O + 176,180Hf reactions, instead of σER we have taken the measured σfus from
literature [81].

Figs. 5(a) and 5(b) respectively. In these figures, the red
points represent the 12C + 182,184,186W reactions. In Fig. 5(a),
124,130Te + 64,58Ni [87] reactions forming 188Hg CN show a
significant deviation of PCN as a function of α compared to
the other data sets. Similarly, in Fig. 5(b), 90Zr + 94Zr [84,85]
shows a deviation of PCN as a function of χeff compared to

the other data sets. However, 124,130Te + 64,58Ni [87] reactions,
which show large deviation in Fig. 5(a), do not show such
large deviation of PCN as a function of χeff in Fig. 5(b).
Based on Figs. 5(a) and 5(b), we can conclude that reactions
having χeff � 0.64 show presence of QF. If one considers
entrance channel mass asymmetry, α � 0.2 will show QF. Our

TABLE IV. The entrance channel properties and PCN for the reactions leading to the formation of 180–198Hg.

Reaction CN ZPZT α χm χeff PCN Ref.

90Zr + 90Zr 180Hg 1600 0.0 0.714 0.714 0.35 [82–85]
90Zr + 92Zr 182Hg 1600 0.011 0.710 0.710 0.48 [83]
90Zr + 94Zr 184Hg 1600 0.022 0.705 0.705 0.05 [84,85]
40Ar + 144Sm 184Hg 1116 0.565 0.613 0.583 1 [14]
86Kr + 99Ru 185Hg 1584 0.070 0.699 0.697 0.50 [86]
90Zr + 96Zr 186Hg 1600 0.032 0.701 0.701 0.48 [83]
124Te + 64Ni 188Hg 1456 0.319 0.673 0.665 0.60 [87]
130Te + 58Ni 188Hg 1456 0.383 0.684 0.680 0.70 [87]
86Kr + 102Ru 188Hg 1584 0.085 0.693 0.692 0.60 [86]
40Ar + 148Sm 188Hg 1116 0.574 0.609 0.580 1 [14]
48Ti + 140Ce 188Hg 1276 0.489 0.644 0.627 1 [52]
48Ti + 142Ce 190Hg 1276 0.495 0.641 0.622 1 [52]
86Kr + 104Ru 190Hg 1584 0.095 0.690 0.689 0.65 [86]
16O + 176Hf 192Hg 576 0.833 0.484 0.415 1 [81]
12C + 182W 194Hg 444 0.876 0.440 0.358 1 This work
19F + 175Lu 194Hg 639 0.804 0.495 0.431 1 [59]
40Ar + 154Sm 194Hg 1116 0.588 0.639 0.577 1 [14]
14N + 181Ta 195Hg 511 0.856 0.462 0.388 1 [88]
12C + 184W 196Hg 444 0.878 0.441 0.358 1 This work
16O + 180Hf 196Hg 576 0.837 0.481 0.415 1 [81]
12C + 186W 198Hg 444 0.879 0.438 0.357 1 This work
134Te + 64Ni 198Hg 1456 0.354 0.623 0.656 1 [87]
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FIG. 5. Variation of PCN as a function entrance channel mass asymmetry (α), and the effective fissility parameter (χeff). Red points are the
data from this work and solid lines are a guide to the eye.

systematic analysis for 180–198Hg CN clearly shows the de-
pendence of QF on α and the χeff. However, additional
experiments with reactions leading to the formation of the
Hg CN are needed to confirm these findings. In particular,
the measurements of the reactions with mass asymmetry 0.1–
0.3 and effective fissility parameter 0.63–0.70 are needed for
better understanding.

V. SUMMARY AND CONCLUSION

Using a recoil mass spectrometer, we measured the ER
excitation functions for 12C + 182,184,186W reactions leading
to the formation of 194,196,198Hg compound nuclei at energies
12% below to 45% above the Coulomb barrier. Coupled-
channel calculations with the coupling of static deformation
effects of target nuclei, using the selected potential parame-
ters for 12C + 182W reaction, very well explains the measured
fusion cross sections for 12C + 182,184,186W reactions in the
subbarrier energy region. However, deviations from measured
cross sections have been noticed at higher excitation en-
ergies for 12C + 184,186W reactions. Comparing 12C + 182W,
12C + 184W, and 12C + 186W reactions, we could not observe

any noticeable effects on the subbarrier enhancement due to
the addition of four neutrons.

The statistical model calculations with PCN = 1 and k f =
0.96 describe our measured ER as well as measured fission
cross sections from literature [53–56]. From these results,
we can conclude that the previously reported disagreement
between measured and calculated fusion cross sections for
12C + 182,186W reactions [53,54] could be due to missing of
ER events in their detection systems. We find no role of
dissipative effects in the competition between fission and
evaporation in 12C + 182,184,186W reactions in the measured
energy region. Our systematic analysis for 180–198Hg CN
shows the dependence of quasifission processes on entrance
channel mass asymmetry and effective fissility. Additional
experiments with reactions leading to the formation of the
Hg CN with mass asymmetry 0.1–0.3 and effective fissility
parameter 0.63–0.70 are needed to confirm these findings.
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Corradi, E. Fioretto, F. Galtarossa, A. Goasduff, J. Grebosz,
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