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Fusion and quasifission studies in reactions forming Rn via evaporation residue measurements
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Background: Formation of the compound nucleus (CN) is highly suppressed by quasifission in heavy-ion
collisions involving massive nuclei. Though considerable progress has been made in the understanding of
fusion-fission and quasifission, the exact dependence of fusion probability on various entrance channel variables
is not completely clear, which is very important for the synthesis of new heavy and superheavy elements.
Purpose: To study the interplay between fusion and quasifission in reactions forming CN in the boundary region
where the fusion probability starts to deviate from unity.
Methods: Fusion evaporation residue cross sections were measured for the 28,30Si +180Hf reactions using the
Hybrid Recoil Mass Analyser at IUAC, New Delhi. Experimental data were compared with data from other
reactions forming the same CN or isotopes of the CN. Theoretical calculations were performed using the
dinuclear system and statistical models.
Results: Reduced evaporation residue cross sections were observed for the reactions studied compared with
the asymmetric reaction forming the same CN, indicating fusion suppression in more symmetric systems. The
observations are consistent with fission fragment measurements performed in the same or similar systems. Larger
ER cross sections are observed with increase in mass in the isotopic chain of the CN.
Conclusions: Fusion probability varies significantly with the entrance channels in reactions forming the same
CN. While complete fusion occurs for the 16O +194Pt reaction, the fusion probability drops to approximately
60–70% for the 30Si +180Hf and less than 20% for the 50Ti +160Gd reactions, respectively, forming the same CN
at similar excitation energies.

DOI: 10.1103/PhysRevC.95.034610

I. INTRODUCTION

Remarkable progress has been achieved in recent years
in the synthesis of new heavy and superheavy elements
(SHE) [1–3] using heavy-ion fusion reactions. Elements
up to Z = 118 have been successfully synthesized in the
laboratory. The production cross sections of the superheavy
evaporation residues (ER) in SHE synthesis are very low,
often of the order of picobarns or less [1,3]. Conceptually,
the process of formation of an ER in heavy-ion fusion reaction
is considered to be a sequence of three stages—the capture of
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the projectile and target inside the potential pocket, formation
of a completely equilibrated composite nucleus called CN,
and CN survival against fission. It may be noted that the
above factorization of ER formation as three steps is only
a matter of convenience and they are not independent of each
other in reality. However, these steps are distinct enough for
a qualitative discussion. The time scales involved in these
different stages are also different. Hence, the ER cross section
may be treated as the product of capture cross section, CN
formation probability, and the probability of survival against
fission.

For fusion involving light, very asymmetric systems, over-
coming the capture barrier automatically leads to the formation
of the CN. For such systems, the contact configuration itself
will be inside the unconditional saddle configuration [4,5].
Hence, the fusion probability PCN is always unity for collisions
involving such nuclei. For heavier systems, overcoming the
capture barrier does not guarantee the formation of the CN as
the contact configuration could be outside the unconditional
saddle point and the system may reseparate before achieving
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the compact shape of the CN. PCN is significantly less than
unity in such cases. One of the major noncompound nuclear
processes is quasifission [4,6,7], which is partly responsible
for the low production cross sections in SHE synthesis. Today,
quasifission is known to have strong dependence on entrance
channel properties [8–13] and is also sensitive to the structural
aspects of nuclei such as static deformation [14–17], shell
closure [18,19], and the N/Z of the projectile and target
nuclei [18] involved in the reactions.

The competition between fusion and quasifission decides
the fusion probability PCN. The quasifission probability
increases with the increase in the charge product ZP ZT ,
where ZP and ZT are the atomic numbers of the projectile
and target nuclei, respectively. For this reason, quasifission
is the dominant outcome in superheavy element formation
reactions, resulting in PCN � 1. A detailed understanding of
fusion and quasifission is thus highly required for the selection
of optimum reaction for the SHE synthesis. The onset of
quasifission was predicted in nuclear collisions with ZP ZT �
1600 [4] earlier. However, a number of measurements have
reported the onset of quasifission for systems with much lower
ZP ZT values [8,20,21]. A systematic analysis [22] of ER cross
section data for a number of reactions leading to CN in the
mass region of 170–220 a.m.u. recently reported approximate
boundaries from where the average fusion probabilities deviate
from unity. Hence, it will be interesting to explore the interplay
between fusion and quasifission in reactions forming nuclei in
this boundary region where fusion probability starts to deviate
from unity.

In this work, we present the results of ER excitation function
measurements for the 28,30Si +180Hf reactions forming the CN
208,210Rn, respectively. ER cross sections for the reactions
28,29Si +178Hf populating the CN 206,207Rn are available in
literature [23,24]. Hence an extensive study of Si+Hf reactions
populating different isotopes of Rn as well as a few other
reactions populating the same CN or isotopes of the same
CN reported in literature are performed in this paper. The
paper is organized in the following sequence: Experimental
details, data analysis, and experimental results are described in
Secs. II–IV, respectively. The details of theoretical calculations
performed are discussed in Sec. V, followed by the discussion
of theoretical and experimental results in Sec. VI. In Sec. VII,
we summarize our findings and conclude this work.

II. EXPERIMENTAL DETAILS

The ER excitation function measurements were performed
using the accelerator facilities at the Inter University Acceler-
ator Centre (IUAC), New Delhi. Pulsed beams of 28,30Si with
pulse separation of 2 μs from the 15 UD Pelletron accelerator
were further boosted using the superconducting linear acceler-
ator (SC-LINAC) [25,26] to bombard the isotopically enriched
180Hf target of thickness 150 μg/cm2 on a 40 μg/cm2 thick
carbon backing, with carbon backing facing the beam.

The low-intensity ERs produced in the reactions were
separated from the intense beam background using the Hybrid
Recoil Mass Analyzer (HYRA) [27,28] operated in gas-filled
mode. HYRA is a dual-mode, dual-stage separator with its
first stage capable of operating in gas-filled mode in normal

kinematics. Due to the velocity and charge state focusing,
a gas-filled separator offers better transmission efficiency
compared to its vacuum-mode counterparts. Helium gas at
an optimized pressure of 0.20 mbar was used in the energy
range of present measurements. The magnetic field settings of
HYRA magnets were optimized by scanning the field values
within a range of ±10% of the calculated values [29] and
the transmission through the separator was maximized at each
measured energy. A pressure window foil made of carbon with
650 μg/cm2 thickness was used to separate the beam-line
vacuum from the gas-filled region of HYRA.

The measurements were performed at laboratory beam
energies of 130.6, 135.0, 143.9, 149.4, 154.9, 164.2, 171.9,
and 193.7 MeV for the 28Si +180Hf reaction and 130.6, 135.2,
139.6, 144.0, 149.5, 156.3, 160.7, 164.3, and 171.8 MeV
for the 30Si +180Hf reaction, respectively. The energies men-
tioned above for different beams are the average energies
in the middle of the target, which were obtained after
correcting the energy loss of the beam particles in 650 μg/cm2

carbon (pressure window foil), 0.2 mbar of He gas (between
the window foil and target which is at ∼20 cm away),
40 μg/cm2 carbon (backing), and 75 μg/cm2 of 180Hf
(half-target thickness). The ERs guided to the focal plane
of HYRA were detected using a position-sensitive multiwire
proportional counter (MWPC) [30] of active area 15 cm × 5
cm followed by a silicon strip detector of active area 5 cm ×
5 cm. The gas detector was operated with isobutane gas of
about 2.5 mbar pressure. A large area mylar foil of thickness
0.5 μm was used to separate HYRA electromagentic section
and the focal plane detectors. The MWPC detector provided
position (X and Y ), energy loss (�E), and timing signals.
A time-of-flight (TOF) spectrum was generated using the
timing pulse from the MWPC anode signal as the start and the
suitably delayed radio frequency (RF) signal with 2 μs pulse
separation as the stop. The �E versus TOF spectrum enabled
an unambiguous identification of the ERs from other possible
scattered particles reaching the focal plane. Figure 1 shows the
two-dimensional plot of �E versus TOF at 130.6 MeV beam
energy for the 28Si +180Hf reaction.

Two silicon detectors were used inside the target chamber,
placed at θ = ±25◦ to detect the elastically scattered beam
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FIG. 1. Two-dimensional plot of �E vs TOF for the reaction
28Si +180Hf at 130.6 MeV energy.
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particles for absolute normalization of the ER cross sections.
These detectors were also used for positioning the beam at the
center of the target throughout the experiment.

III. DATA ANALYSIS

The total ER cross sections (σER) were calculated using the
equation

σER = YER

Ymon

(
dσ

d�

)
R

�M

1

εHYRA
. (1)

Here, YER is ER yield at the focal plane, Ymon is the yield of
the elastically scattered projectiles registered by the monitor
detector, ( dσ

d�
)R is the differential Rutherford scattering cross

section in the laboratory frame, �M is the solid angle subtended
by the monitor detector, and εHYRA is the transmission
efficiency of the separator.

The transmission efficiency εHYRA is the ratio of the number
of ERs reaching the focal plane of HYRA to the total number
of ERs emerging out of the target for a given reaction. It
a is complex function of several parameters [28,31] such as
the entrance-channel mass asymmetry, beam energy, target
thickness, the exit channels of interest, angular acceptance of
the separator, magnetic field and gas pressure settings of the
separator, etc. It also depends on the size of the focal plane
detector, particularly when operated in the gas-filled mode.

Different techniques may be used for the experimental
measurement of the transmission efficiency [28,31–33] of
a recoil mass spectrometer and separator. In this measure-
ment, we used the 30Si +186W reaction as the calibration
reaction to estimate εHYRA, following the method described
in Ref. [28]. The ER cross sections for this reaction are
already reported [34]. The total ER cross sections for the
calibration reaction were thus measured for different beam
energies and the εHYRA was calculated for this reaction from the
known cross sections using Eq. (1) for each of these measured
energies. εHYRA obtained for the calibration reaction was used
for estimating the same for the 28,30Si +180Hf reactions in
the second step. For this, the ER angular distributions of
the 28,30Si +180Hf reactions were simulated using the TERS

code [31] and the normalized distributions were compared with
that of the calibration reaction, within the angular acceptance
of HYRA. The efficiency obtained for the 30Si +186W reaction
was thus normalized to get the transmission efficiency for the
28,30Si +180Hf reactions.

It may be mentioned that cross section data are not available
for the calibration reaction at 193.7 MeV laboratory energy
for a direct calculation of εHYRA for the 28Si +180Hf reaction.
Hence, a linear extrapolation has been employed from the
calculated εHYRA values at the lower energies to estimate
the transmission efficiency at 193.7 MeV for the 28Si +180Hf
reaction. This first-order approximation should be valid, as
the dependent parameters [31] are not expected to vary
significantly with beam energy.

IV. EXPERIMENTAL RESULTS

The total ER cross sections (σER) obtained for the
28,30Si +180Hf reactions as a function of center-of-mass (Ec.m.)
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FIG. 2. The experimental ER cross sections for the 28,30Si +180Hf
reactions as a function of center-of-mass energy.

energy are shown in Fig. 2. The overall errors in the calculated
cross sections are <20%, among which εHYRA contributes
the maximum. The measured ER excitation function shows
a decreasing trend at higher beam energies for the 30Si +180Hf
reaction. This might be due to the increased fission competition
at larger angular momenta, for which fission barrier falls
rapidly, favoring fission decay over particle evaporation. Even
though the 28Si +180Hf reaction also show a similar trend,
the cross section at the highest energy (with E∗ = 106 MeV,
see Table I) deviates from the expected trend. This will be
discussed in detail in Sec. VI. D. In addition, the experimental
cross sections are observed to be larger for the reaction
populating the heavier isotope of radon. Measured total
ER cross sections for the two reactions studied at different
center-of-mass energies are shown in Table I. The correspond-
ing CN excitation energies are also shown.

TABLE I. Measured total ER cross sections at different center-
of-mass energies for the two reactions studied in this work. Corre-
sponding CN excitation energy E∗ is also shown.

Reaction Ec.m. (MeV) E∗ (MeV) σER (mb)

113.0 51.4 8.6 ± 1.7
116.9 55.2 12.6 ± 2.5
124.5 62.9 15.0 ± 3.0

28Si +180Hf 129.3 67.7 15.6 ± 3.1
134.0 72.4 18.9 ± 3.8
142.1 80.5 12.1 ± 2.4
148.7 87.1 10.8 ± 2.2
167.6 106.0 8.9 ± 1.8

112.0 47.4 29.6 ± 5.9
115.9 51.2 47.9 ± 9.6
119.7 55.0 77.1 ± 15.4
123.4 58.8 67.9 ± 13.6

30Si +180Hf 128.1 63.5 84.0 ± 16.8
134.0 69.4 82.4 ± 16.5
137.8 73.2 53.4 ± 10.7
140.9 76.2 35.7 ± 7.2
147.3 82.6 30.5 ± 6.1
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FIG. 3. The reduced ER cross sections for the 16O +194Pt and
30Si +180Hf reactions populating the CN 210Rn as a function of CN
excitation energy.

In Fig. 3, we compare the reduced ER cross sections
(σ̃ER) for the 30Si +180Hf reaction with that of the 16O +194Pt
reaction populating the same CN [28] at similar excitation
energies. The absolute cross sections were converted to
reduced cross sections by dividing σER by πR2

B , where RB is
the barrier radius, obtained by using the Akyuz-Winther [35]
potential parameters in CCFULL [36]. It may be observed that at
similar E∗ values the reduced cross sections are larger for the
16O +194Pt compared with those for the 30Si +180Hf reaction.

The reduction in ER cross sections for the less mass-
asymmetric reaction 30Si +180Hf could be either due to an
increased fission probability or the suppression of fusion
due to the onset of quasifission in this reaction. A previous
study of fission fragment mass distributions [21] for the same
reactions showed larger fission fragment mass widths [21] for
the 30Si +180Hf reaction at similar E∗ values, which could
not be explained by theoretical models [37–39] that assume
complete fusion. Current observations are also supported by
the fission fragment angular distribution studies for a number
of reactions populating isotopes of radon or nearby nuclei [40],
at energies close to the Coulomb barrier. The reduction in
ER cross sections and larger fission fragment mass widths
in the 30Si +180Hf reaction hence clearly demonstrate the
presence of quasifission in this reaction. Such observations
for the morethe symmetric reactions compared with asym-
metric reaction were previously reported in different reactions
populating the CN 216Rn [8,34] and 220Th [41].

V. THEORETICAL CALCULATIONS

The decay of a CN formed in heavy-ion reactions can
be well described by statistical models. In statistical model
theories, all open channels on the average are equally likely to
be populated, when a statistical equilibrium is achieved. Most
of the available statistical models assume that the system after
capture undergoes the formation of the CN and decay sub-
sequently via all energetically possible decay modes such as
particle evaporation, γ decay, and fission. As the 30Si +180Hf
reaction showed signatures of nonequilibrium processes in
the experimental observables such as ER cross sections and

TABLE II. Deformation parameters of the ground state and the
first excited 2+ and 3− states of different nuclei considered in this
work.

Nucleus β2 β3 β+
2 [53] β−

3 [54]

16O 0.021 0.0 0.364 0.37
28Si −0.478 0.0 0.407 0.240
30Si 0.0 0.0 0.315 0.275
50Ti 0.0 −0.020 0.166 0.170
160Gd 0.28 0.0 0.353 0.064
180Hf 0.273 0.0 0.274 0.058
194Pt −0.148 0.0 0.143 0.070

fission fragment mass distributions, statistical models could
be used to simulate the decay channels only if the PCN

values are precisely known. Even though different empirical
parametrizations [42–44] exist in literature for estimating the
PCN, experimental data show significant differences in many
cases [45]. We, in this work, used the dinuclear system model
(DNS) to first generate the angular momentum distributions for
the CN formation and these distributions were used for the ER
cross section calculations at a given value of E∗ and angular
momentum, 
, using an advanced statistical model [46].

A. DNS model approach

The formation of ER in heavy-ion collision depends on
the probabilities of capture, fusion, and survival of the
fused system against fission. The probability of fusion and
quasifission are highly influenced by the motion of the system,
after capture, over the multidimensional potential energy
surface (PES). The main characteristics of the PES depend
on the repulsive Coulomb potential and the attractive nuclear
potential. The structural effects of the nuclei taking part
in the reactions also play a certain role in shaping these
surfaces. These modulations play a crucial role in deciding the
final outcomes in reactions using heavy nuclei. The contact
configuration of the nuclei in the PES (which is strongly
influenced by the beam energy, static deformation of the
reaction partners, and their relative orientations) is also very
important in deciding the final observables in the reaction.

Most of these aspects were taken into consideration while
calculating the capture probabilities in this work. While the
possibility of interactions with different orientation angles are
considered [47,48] for the deformed nuclei, surface vibrations
have been taken into account for the spherical nuclei. Final
results are averaged over all possible orientation angles (α1

and α2) of the axial symmetry axis of the deformed nuclei
relative to the beam direction or the vibrational states of the
spherical nuclei [49]. The deformation parameters used in the
calculations are shown later in Table II.

The capture probability is significantly affected by the beam
energy, orbital angular momentum, contact configuration in
the PES, depth of the potential pocket, dissipative forces, and
the dynamical nature of fusion process. In heavy systems, the
DNS formed after capture need not always evolve towards
the CN. The features in the PES may guide the DNS to
breakup as quasifission products before achieving the compact
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configuration of the CN. Thus, for a given Ec.m. and angular
momentum 
, capture cross section σcap is the sum of fusion
σfus and quasifission σqfis cross sections.

That is,

σcap(Ec.m.,
; α1,α2) = σfus(Ec.m.,
; α1,α2)

+ σqfis(Ec.m.,
; α1,α2).

σcap is calculated using the equation

σcap(Ec.m.,
; α1,α2) = λ2

4π


d∑

=0

(2
 + 1)P 

cap(Ec.m.,
; α1,α2),

where λ is the de Broglie wavelength associated with the
entrance channel and 
d is the maximal value of orbital
angular momentum at which capture occurs for a given Ec.m..
P 


cap(Ec.m.,
; α1,α2) is the capture probability. 
d is calculated
by solving the equations of radial and tangential motion of the
DNS [47,50]. P 


cap(Ec.m.,
; α1,α2) is assumed to be unity if 

falls within the angular momentum window defined by 
min

and 
d , where 
min is the minimum orbital angular momentum
leading to capture. 
min = 0 for the reactions considered in this
work. All other 
 values falling outside this window do not
contribute to capture.

The PES is calculated from the reaction energy balance
(Qgg) and the nucleus-nucleus potential (V ) as [47,49]

U (Z1,A1,
,R,{αi}) = Qgg + V (Z1,A1,
,R,{αi}), (2)

where Z1 and A1 are the charge and mass numbers of
a fragment of the DNS and R is the intercenter distance
between its fragments (obviously for the other fragment,
Z2 = Ztot − Z1, A2 = Atot − A1).

Qgg is calculated from the binding energies of the interact-
ing nuclei and the CN as

Qgg = B1 + B2 − BCN, (3)

where B1, B2, and BCN are the binding energies of the DNS
fragments and the CN, respectively, which are obtained from
Ref. [51] if experimental data are available. Calculated values
from Ref. [52] were taken otherwise.

B. CN formation

The DNS formed after a successful capture follow different
trajectories in the PES during its evolution. The fusion and
quasifission cross sections are calculated using the equations

σfus =

d (E)∑

=0

(2
 + 1)σcap(E,
)PCN(E,
), (4)

σqfis =

d (E)∑

=0

(2
 + 1)σcap(E,
)[1 − PCN(E,
], (5)

where PCN is the fusion probability of the DNS. PCN is
calculated using the expression [47]

PCN(E∗
DNS,
; αi) =

Zmax∑
Zsym

YZ(E∗
DNS)P Z

CN(E∗
DNS,
; αi). (6)

Here Zsym is the charge symmetry and Zmax correspond to
the value of Z at which driving potential is the maximum. The
value of Zmax depends on the orientation angles αi (i = 1,2) of
the DNS fragments [47] and orbital angular momentum 
 [50].
E∗

DNS is the excitation energy of the DNS for a given value of
charge configuration (Z,Ztot − Z) where Ztot = ZP + ZT . ZP

and ZT are the atomic numbers of the projectile and target,
respectively. YZ(E∗

DNS) is the probability of population of the
DNS in such a configuration with (Z,Ztot − Z) at E∗

DNS, 
 and
given orientation αi calculated following the method presented
in Ref. [47].

The average values of capture and fusion cross sections
were obtained by averaging the collisions of different ori-
entation angles αi . Deformation parameters of the ground
quadrupole and octupole states are taken from Ref. [52], while
those of the first excited 2+ and 3− states are obtained from
Refs. [53,54], respectively. Nuclei which are spherical in shape
in their ground state are treated as vibrating nuclei in this
work, where the surface vibrations are treated as independent
harmonic vibrations and the nuclear radius for such nuclei
is considered to be distributed as a Gaussian form [49]. The
deformation parameters of the ground state and the first excited
2+ and 3− states of different nuclei considered in this work
are given in Table II.

C. ER cross sections

The ER cross sections were calculated using the statistical
model [46] with the fusion angular momentum distributions
generated from the DNS model as the input. The CN formed
in a reaction decays rapidly by evaporating light particles
(neutrons, protons, α particles), γ quanta, and fission. The
total ER cross section at an intermediate excitation energy E∗

x

is given by

σx
ER(E∗

x ) =

d∑


=0

(2
 + 1)σx
ER(E∗

x ,
) (7)

where σx
ER(E∗

x ,
) is the partial cross section of ER formation
obtained after all the energetically possible de-excitations
such as neutron, proton, α particle, and γ emissions of the
intermediate nucleus, with excitation energy E∗

x at each step
x of de-excitation cascade [46,55]. The survival probability of
the intermediate nucleus against fission Wx

sur is also considered
in each step of the decay cascade. Thus,

σx
ER(E∗

x ,
) = σx−1
ER (E∗

x−1,
)Wx
sur(E

∗
x ,
) (8)

with the CN as the starting point. The overall survival prob-
ability Wsur(E∗

CN) excitation function versus E∗
CN of the CN

is obtained as the ratio Wsur(E∗
CN) = σERtot(E∗

CN)/σfus(E∗
CN),

where σERtot(E∗
CN) is the sum of all partial cross sections of

the ERs formed in all steps of the de-excitation cascade of the
CN.

The fission barrier used in this work is the sum of a
macroscopic component Bm

fis [56] and microscopic correction
δW due to shell effects. The shell effects wash out with
increasing beam energy. The damping of shell effects with
increase in excitation energy and angular momentum were
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included in the fission barrier height as [46]

Bfis(
,T ) = cBm
fis − h(T )q(
)δW, (9)

where

h(T ) = {1 + exp[(T − T0)/d]}−1

and

q(
) = {1 + exp[(
 − 
1/2)/�
]}−1

are the damping functions and c = 1. Here, T is the nuclear
temperature given by T = √

E∗/a, where E∗ is the excitation
energy. d is the rate at which shell effects wash out with
excitation energy and T 1

2
is the temperature at which h(T )

is reduced by half. Similarly �
 and 
 1
2

represent the rate of
washing out of shell corrections with angular momentum and
value of 
 at which q(
) is reduced by 1/2, respectively. We
used d = 0.2 MeV, T 1

2
= 1.15 MeV, �
 = 3h̄, and 
 1

2
= 20h̄

in this work for all reactions considered.
For the determination of the collective level density pa-

rameter, which describes the total collective level density in
the nonadiabatic approach, we take into account the intrinsic
excitations and rotational and vibrational enhancement factors
due to the coupling of the collective and intrinsic degrees
of freedom. These enhancement factors are damped with
excitation energy (E∗). We use the following expressions for
the level density parameter (a) in this work:

an(E∗) = a

{
1 + δW

[
1 − exp(−γE∗)

E∗

]}
, (10)

where a = 0.094A is the asymptotic value and A is the
mass number. γ (=0.064 MeV−1) is the parameter which
accounts for the rate at which shell effects wash out with
excitation energy [57–59] for the neutron channel. For the
fission channel, we used af (E∗) = an(E∗) × r(E∗), where

r(E∗) = exp(γf E∗)−(1+E∗/δW )
exp(−γE∗)−(1+E∗/δW ) , with γf (E∗) = 0.024 MeV−1.

VI. THEORETICAL RESULTS AND DISCUSSION

In this section, the experimental results are compared with
the theoretical calculations. Calculations have also been per-
formed for the 16O +194Pt reaction (which was experimentally
demonstrated to proceed through the CN formation) as a
benchmark to understand the role of entrance channels in
fusion. In addition to this, calculations have been extended
to the 50Ti +160Gd [60] reaction for which cross sections
for some of the neutron evaporation channels are available.
The reactions forming same CN through different entrance
channels provide a systematic understanding of fusion and
quasifission competition with increasing Coulomb factor in
the reaction. The reactions forming the same CN, 210Rn, are
discussed first followed by the 28Si +180Hf reaction forming
the CN, 208Rn.

A. 16O +194Pt reaction

Among the three different entrance channels forming the
nucleus of 210Rn considered in this work, 16O +194Pt is
the most asymmetric reaction. ER [28] and fission frag-
ment [21,61] measurements for this reaction clearly demon-
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FIG. 4. Experimental total ER [28] and fusion excitation func-
tions for the 16O +194Pt reaction. Theoretical calculations for different
neutron evaporation channels, sum of neutron evaporation channels,
total ER, fusion, and capture cross sections are also shown.

strated that this reaction proceeds through the formation of the
CN and ruled out the presence of quasifission. In Fig. 4, we
compare the calculated fusion and total ER excitation functions
with the experimental values for this reaction. The excitation
functions of individual neutron evaporation channels (3n, 4n,
5n, and 6n), sum of all possible neutron emission channels,
and the capture excitation function are also shown in the same
figure.

It may be noticed that the calculations reproduce the
experimental fusion and total ER excitation functions quite
well at all energies measured. The fact that the calculated
σcap = σfus for E∗ = 40–100 MeV emphasize the absence of
non-compoundnuclear processes in this reaction. This may
also be observed from the PCN values for this reaction (solid
black line) shown in Fig. 5. PCN values are observed to be close
to 1 in the entire range of excitation energy, indicating that the
DNS formed in this reaction evolves completely towards the
CN configuration after the capture.

B. 30Si +180Hf reaction

Fission fragment mass distribution studies for the
30Si +180Hf reaction reported earlier [21] indicated the onset
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FIG. 5. Calculated values of fusion probability (PCN) for different
reactions forming the CN 210Rn.
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FIG. 6. Experimental total ER excitation function for the
30Si +180Hf reaction compared with the theoretical calculations. The
results for different neutron evaporation channels, sum of neutron
channels, fusion, and capture cross sections are also shown.

of quasifission in this reaction. The calculated excitation
functions for the capture, fusion, total ER, different neutron
channels, and sum of all neutron channels are shown in Fig. 6,
along with the total experimental ER excitation function. The
experimental total ER cross sections are well reproduced by
the model calculations. The calculated fusion cross sections are
observed to be lower than the capture cross sections for this
reaction, confirming the presence of quasifission, in consensus
with the experimental findings.

The escape of DNS flux after capture, away from the CN
configuration, is readily visible in the calculated PCN values
(red dashed line) for this reaction shown in Fig. 5. Unlike
the 16O +194Pt reaction, PCN values are lower than 1 for this
reaction at all energies. PCN also shows a decreasing trend with
increasing excitation energy. This could be due to the effect
of angular momentum of the DNS formed in this reaction.
The angular momentum of the DNS increases with increasing
beam energy. It has been shown that the increase in angular
momentum increases the intrinsic fusion barrier [49], which
decreases the probability of CN formation.

The higher Coulomb factor (ZP ZT = 1008 for the
30Si +180Hf and 624 for the 16O +194Pt reactions, respec-
tively) should be playing a crucial role in diverting part of
the DNS flux at the capture stage to the quasifission channel
during the evolution of the system. The larger deformation of
the 180Hf target may also be favoring this effect as the contact
configuration in collisions with the deformed nuclei will be
relatively away from the more compact configuration that
would result from collisions with less deformed or spherical
target nuclei.

C. 50Ti +160Gd reaction

Recently, Mayorov et al. [60] measured the ER excitation
function for the 4n + 5n channels for the 50Ti +160Gd reaction,
forming the same CN, 210Rn. From a statistical model analysis,
the authors reported a larger fission probability for this
reaction than the predictions of Bohr-Wheeler theory and
the observations were attributed to the influence of collective
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FIG. 7. Experimental ER cross sections for 4n + 5n chan-
nels [60] for the 50Ti +160Gd reaction compared with the model
calculations. The results for different neutron evaporation channels,
sum of neutron channels, fusion, and capture cross sections are also
shown.

nuclear excitations. Even though the total ER cross section is
not available for this reaction for a direct comparison of the
experimental results, we included this reaction in our study as
it serves the role of a much more symmetric reaction forming
the same CN. Calculated capture, fusion, total ER,

∑
xn, and

4n + 5n cross sections are shown in Fig. 7 along with the
measured 4n + 5n cross sections. The model calculations are
in good agreement with the available experimental results.

The very low PCN values obtained for this reaction (blue
dot-dashed line, Fig. 5) clearly point out that only a small frac-
tion of the total capture flux successfully evolve towards CN
in this reaction. Even though the calculations are constrained
only by the (4n + 5n) ER cross sections at the moment, the
results are consistent with fission measurements reported for
the Ti+Gd reaction. A strong mass-angle correlation [62]
and wider mass distributions [63] have been reported for
the 48Ti +162Gd reaction, underlining the strong presence of
quasifission in this reaction. Similar results are expected for
the 50Ti +160Gd reaction as indicated by the PCN values (blue
dot-dashed line) presented in Fig. 5.

D. 28Si +180Hf reaction

Unlike the three reactions discussed before, the 28Si +180Hf
reaction populates the CN 208Rn in the fusion process. The
results of model calculation and experiment are shown in
Fig. 8. The measured cross section is observed to be much
higher than the model estimate at E∗ = 106.0 MeV for this
reaction. The calculations instead predict a steep decrease
of total ER cross section at such high excitation energies.
Any possible uncertainty that is originating from the linear
extrapolation method used for estimating the transmission
efficiency and thus the cross section at this energy cannot
explain the two orders of magnitude difference observed in
the experimental and calculated cross-section numbers.

A comprehensive analysis of the high-energy data where
the experimental results deviate significantly from the model
calculations is out of the scope of this paper, primarily due to
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the lack of data points between 87.1 and 106.0 MeV. Below
87.1 MeV, the experimental results are in good agreement
with the theoretical calculations. A calculation assuming the
evolution and decay of a DNS formed from the projectile after
an α particle emission yields a cross section of about 7 mb,
reasonably close to the measured cross section of 8.97 mb.
It has been reported [64,65] that such projectile breakup
processes might stem from the high angular momentum
collisions and compete principally with fission. The dissipative
effects associated with higher angular momentum collisions
could be another possibility, as dissipative forces delay fission
and favor particle evaporation [66–70], leading to larger ER
cross sections. In any case, this observation at the high-energy
cross section calls for more ER measurements at very high
excitation energies in heavy-ion fusion reactions.

E. General remarks

Except for the 16O +194Pt reaction, all other reactions
studied in this paper show significant component of quasi-
fission in the total capture cross sections. The rapid fall of
fusion probability with increase in charge product (ZP ZT )
in the reactions forming 210Rn CN clearly demonstrate the
strong influence of entrance channels in deciding the capture
outcomes. This is reflected as the reduction in ER cross section
in the more symmetric systems compared with the 16O +194Pt
reaction at similar CN excitation energies.

A comparison of the relative ER yields from the two
reactions 28,30Si +180Hf measured in this work (as can be
seen from Fig. 2) show larger ER cross sections for the
30Si induced reaction populating the heavier isotope of radon.
In order to understand this observation, we studied the ER
cross sections of different radon compound systems populated
using beams of Si (28,29,30Si) on Hf (178,180Hf) targets. In
Fig. 9(a), we compare the measured ER cross sections for
different reactions populating different isotopes of radon as
CN. Cross-section data for the 28,29Si +178Hf reactions were
taken from Refs. [23,24]. An increase of ER cross section
with increasing mass in the isotopic chain of the CN may
be observed from the comparison made in Fig. 9(a). Similar
observations may be made from other reactions reported in
literature [71–73].
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FIG. 9. (a) Total ER cross section for different Si+Hf reactions
populating isotopes of radon as CN, as a function of excitation energy.
(b) ER formation probability (PCN × Wsur) for different reactions
populating 206,208,210Rn.

In heavy nuclei, the ER formation probability is decided
by the two competing processes—first the quasifission and
later the fusion-fission. Once the CN is formed, the fission
barrier height, excitation energy, and the angular momentum
populated play crucial roles in deciding the decay of the
CN. One possible reason for the larger ER cross sections
observed in heavier isotopes of the CN could be the reduced
fissility of such nuclei with increase in neutron number. The
neutron binding energy decreases with increase in neutron
number, which also favors neutron evaporation in heavy CN.
Considering the hurdles faced by the fusing system from the
entrance channel configuration to the ER formation stage, the
product of PCN and Wsur as a function of E∗ should consistently
represent the experimental observables. This product is shown
in Fig. 9(b) for the two reactions measured in this work and
the reaction 28Si +178Hf that populates the lightest CN shown
in Fig. 9(a). The trend of PCN × Wsur unambiguously explain
the experimental observations made for different isotopes of
Rn formed in fusion reactions.

VII. SUMMARY AND CONCLUSIONS

ER cross sections have been measured for the 28,30Si +180Hf
reactions forming the compound systems 208Rn and 210Rn,
respectively. Larger ER cross sections have been observed with
increase in mass in the isotopic chain of the CN. This could be
explained by considering the fusion and survival probabilities
of the compound system formed. Increase of neutron number
(and hence the mass number) decreases the neutron binding
energy and the fissility of the CN, both favoring the neutron
evaporation over fission decay in heavy isotopes.
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A comparison of the ER cross sections for the reactions
populating the same CN at similar excitation energies clearly
demonstrates a reduction in ER cross sections for more
symmetric reactions with larger ZP ZT values. This reduction
is a direct signature of fusion hindrance due to quasifission
process in heavier systems and its dependence on entrance
channels. Experimental observations are consistent with the
fission fragment mass [21] and angular distributions [40]
studies in this mass region.

The effects of entrance channels on the capture, fusion,
and ER formation probabilities are studied by comparing the
experimental results with the calculations using combined
dinuclear and advanced statistical models. Calculations are in
complete agreement with the experimental observations for the
most asymmetric reaction (16O +194Pt) considered, yielding
complete fusion in the entire range of energies over which
experimental data are available. The fusion probability drops to
60–70% for the 30Si +180Hf reaction and less than 20% for the
50Ti +160Gd reaction, reflecting the strong effect of Coulomb
factor in shaping the PES to decide the final outcome of the
reaction. Quasifission is also observed in the total capture cross
sections for the 28Si +180Hf reaction, consistent with the recent
results of fission angular distribution studies in this reaction.

An observation for the 28Si +180Hf reaction is the unexpect-
edly large ER cross section measured at E∗ = 106 MeV, dif-
fering significantly from the model calculations. A calculation
assuming incomplete fusion of the projectile may reproduce
the cross section at such high excitations. However, the
absence of intermediate data points limits a detailed theoretical
exploration at the moment, calling for more measurements at
such high excitation energies.
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