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Exploring quasifission dynamics in reactions leading to the formation of 225Pa
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Background: Understanding the dynamics of quasifission reactions for the pre-actinides and actinides is
particularly important for choosing suitable target projectile combinations to synthesize of superheavy elements.
Measurements of fission-fragment mass distributions by us in reactions populating the pre-actinides nuclei 200Pb
showed no indication of the presence of quasifission, contrary to two recent claims from the state-of-the-art
theoretical calculations that predicted noncompound nuclear reaction in these reactions.
Purpose: The purpose was to investigate the signature of noncompound nuclear fission, if any, in the fission of
225Pa populated via two different entrance channels 20Ne + 205Tl and 16O + 209Bi.
Methods: Two position-sensitive multiwire proportional counters were placed at the folding angle to detect the
fission fragments. Mass distributions were extracted from the measured time-of-flight differences and position
information (θ, φ) of the fission fragments.
Results: The mass distributions for both reactions are found to be symmetric at all the measured energies up
to the excitation energy of 110 MeV. The variation of the standard deviations of mass distributions increases
smoothly with excitation energy. The theoretical calculation indicates a significant amount of quasifission in the
mass asymmetric region in both reactions.
Conclusion: The measured fission-fragment mass distributions for the two reactions that populated the same
compound nucleus, do not provide evidence of quasifission in the mass symmetric region.

DOI: 10.1103/PhysRevC.108.034615

I. INTRODUCTION

Quasifission (QF) and fusion fission (FF) are two com-
peting processes affecting the formation probability of
superheavy elements (SHEs). To optimize the exploration of
the SHE landscape, the key challenge is to understand the
competition between QF and FF. Several experiments are be-
ing carried out worldwide [1,2] to understand the dynamics of
QF and FF, although there is a scarcity of reliable dynamical
models [3–6] that efficiently predict the amount of QF in a
reaction. However, the new models that are being developed
need to be validated experimentally.

In the reactions with heavy-ion beams around the Coulomb
barrier energies, noncompound nuclear fission, such as fast-
fission, QF, and pre-equilibrium fission [7–10] competes with
fully equilibrated compound nuclear fission, called fusion
fission. The fusion dynamics is strongly influenced by sev-
eral entrance channel properties such as charge (Z) product
of target (t) and projectile (p) nuclei (ZpZt), charge and
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mass asymmetry (Z and A), shell effect, and collision en-
ergy [3,4,11]. Experimental investigation of mass-energy and
angular distribution of fission products are employed for ef-
ficiently identifying compound and noncompound nuclear
processes [12].

According to the standard statistical model of fission, the
mass distribution of fission products follows Liquid Drop
Model (LDM) predictions of symmetric mass distribution and
the width of mass distribution varies smoothly as a function
of excitation energy. A recent state-of-the-art theoretical cal-
culation [13], performed in the framework of the di-nuclear
system and advanced statistical models, predicted a dramatic
increase in QF with an increase in excitation energies for the
fusion of 16O, 19F induced reactions on pre-actinide targets
181Ta, 184W. This is surprising as ZpZt for the entrance channel
(<700) is well below the expected charge product (≈1600)
to set in QF. Interestingly, measurement of fission-fragment
mass distributions for these systems carried out by us [14] near
the barrier energies indicated the absence of quasifission. It
is, however, to be mentioned that the measurement [14] were
restricted to near-barrier energies.

To further investigate the role of the entrance channel
on fission-fragment mass distribution, we have measured
the fission-fragment mass distribution for the 20Ne + 205Tl
(ZpZt = 810) and 16O + 209Bi (ZpZt = 664) reactions, this
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time even at much higher energies beyond the Coulomb
barrier, populating the same compound nucleus 225Pa. No
significant deviation was observed between the two entrance
channels and the monotonic increase in the variation of the
width of the mass distributions with excitation energy indi-
cates the absence of QF in the mass-symmetric region in
either of the reactions. This is consistent with our earlier
findings [14], which however, is contrary to the expectation
of theoretical model calculations [13,15]. The measured mass
distributions have been compared with the predictions from
the model calculations [13]. The calculated mass distribu-
tions show a significant amount of QF events, however, only
near the projectile or target mass region, far from the mass-
symmetric events.

II. EXPERIMENTAL DETAILS

The experiment was carried out at the Variable Energy
Cyclotron Centre (VECC) in Kolkata, India. A 20Ne beam
with energies ranging from 145 to 180 MeV and an 16O
beam from 116 to 160 MeV were bombarded on 205Tl (with a
thickness of 300 µg/cm2) and 209Bi (400 µg/cm2) targets,
respectively. The angle of the targets with respect to the
axis of the beam was 45◦. To detect fission fragments, two
position-sensitive multiwire proportional counters (MWPCs)
were mounted inside a general purpose scattering chamber on
the two movable arms on both sides of the beam axis. These
arms were positioned such that the detectors were placed at
the calculated folding angle following the complete transfer of
momentum from the projectile to the target. Viola’s systematic
[16] was used to calculate the folding angle for the symmet-
ric fission events. Isobutane gas was maintained within the
MWPCs at a constant pressure of 3.0 Torr. The time-of-flight
of the fission fragments with respect to the cyclotron beam
pulses, the X and Y coordinates, and the energy loss in each
of the MWPCs were recorded. While one detector was placed
at a fixed angle (90◦), the other detector was maintained at
an angle corresponding to the folding angle following Viola’s
systematic for symmetric fragmentation following fission.
The X and Y coordinates of the MWPCs were calibrated using
a 252Cf source and using this calibration, the emission angle
for each of the fragments was calculated. Counts taken from
the Faraday cup were used for beam flux monitoring and data
normalization.

III. DATA ANALYSIS AND RESULTS

The fission fragments were separated from elastic and
quasi-elastic particles using the measured time and energy-
loss correlation spectra in the analysis. The masses of the
fission fragments were determined from the measured time-
of-flight difference, azimuthal and polar angles, momentum,
and recoil velocities for each event. The data analysis proce-
dure was described in detail in our earlier reports [17–19]. It
is to be mentioned that the method of calculation of masses
of the fission fragments from the time-of-flight differences
removes the uncertainty due to the time (radiofrequency)
structure of the cyclotron beam.

160

170

180

190

200

120 130 140 150 160 170 180

2

4

6

8

10

12

14

310·

E* = 82.7 MeV

150

160

170

180

190

200

210

1

2

3

4

5

310·0 2 4 6 8 10 310·

Tl205Ne + 20(a)            
E* = 83.3 MeV

Bi209O + 16(b)             

A
zi

m
u

th
al

 a
n

g
le

 (
d

eg
)

Folding angle (deg) 

)3Counts (10

)3
C

o
u

n
ts

 (
10

FIG. 1. Folding angle distributions of the complementary fission
fragments for the reactions 20Ne + 205Tl and 16O + 209Bi at an exci-
tation energy of ≈83 MeV. A gate (marked by the solid line) at the
center of the distribution was used to separate fusion-fission events
to determine mass distribution. The projections of the folding and
azimuthal angles are also shown. The right and top axes indicate
the counts corresponding to the projections of the folding angles and
azimuthal angles, respectively.

Figure 1 shows the representative polar (θ ) and azimuthal
(φ) angular correlations for all the measured events in the
20Ne + 205Tl and 16O + 209Bi reactions at an excitation energy
of ≈83 MeV. While the projections of azimuthal angle peaks
at 180◦, the projections of polar angle showed a single Gaus-
sian folding angle distribution with the peak position which
is consistent with the corresponding full momentum transfer
events. The scatter in θ and φ was essentially due to neutron
evaporation from the fragments as well as events correspond-
ing to the incomplete fusion-fission events, called transfer
fission (TF). The mass distributions have been obtained by us-
ing a gate, as shown by a black square in the figure, to ensure
full momentum transfer events. Figure 2 shows a representa-
tive plot of the measured mass total kinetic-energy correlation
of the fission fragments in the reactions 20Ne + 205Tl and
16O + 209Bi at an excitation energy ≈83 MeV. It can be ob-
served that the mass-energy distributions show typical LDM
behavior.

The mass distributions for both reactions are found to be
symmetric in nature at all measured energies, as shown in
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FIG. 2. The representative measured mass total kinetic-energy
correlation plot of the fission fragments in the reactions 20Ne + 205Tl
and 16O + 209Bi at excitation energy ≈83 MeV. The black curve
represents the expected parabolic dependence.

Fig. 3. The distributions could be fit by a single Gaussian
curve, as indicated by the solid (red) line, with the peak near
half of the total mass of the target and projectile. It is known
that, when quasifission or fast-fission is present, the mass
distribution tends to be asymmetric (with higher yields around
the target and projectile masses), and this causes the width of
the distributions to be larger compared with the compound
nuclear fission where mass distributions are symmetric. A
sudden increase in the width of the mass distribution is a
signature of the onset of quasifission [18,20].

The variation of the standard deviations σm(u) of the fitted
experimental mass distributions are shown as a function of
excitation energy in Fig. 4. For both the 20Ne + 205Tl and
16O + 209Bi reactions, σm(u) increases smoothly with excita-
tion energy and there is no large-scale abnormal deviation in
σm(u) at higher excitation energies. It is to be mentioned here
that, for the similar reactions 19F + 181Ta and 16O + 184W, a
significant amount of quasifission and fast-fission were pre-
dicted by Nasirov et al. [13] from theory at a similar energy
range as studied in this work. On a qualitative level, this
should have shown up as an unusual increase in the width of
the mass distributions for the measured systems in this work,
but this was not noticed at all.

In the case of compound nuclear fission, the variance σ 2
m(u)

of the fission-fragment mass distribution is a linear function of
the nuclear temperature. The standard deviation of the mass
distribution, according to statistical theory [21], is given by

σm =
√

T/k, (1)

where the scission-point temperature is T , and the stiffness
parameter for mass asymmetry is k. The standard deviation of
the mass distributions was calculated using the saddle-point
temperature rather than the scission-point temperature since
the two temperatures are comparable [22] for the two systems
studied in this work. The temperature of the fissioning nucleus
at the saddle point can be determined as

T = {[E∗ − B f (l ) − Epre − Erot]/a}1/2, (2)

in which E∗ is the excitation energy of the compound nucleus,
B f (l ) is the angular-momentum-dependent height of the fis-
sion barrier, Erot is the rotational energy of compound nucleus

FIG. 3. The measured mass distributions of fission fragments
in the reactions 20Ne + 205Tl and 16O + 209Bi at different excitation
energies. The distributions were well fit with a single Gaussian, as
shown by the solid lines (red).

FIG. 4. Variation of the standard deviation σm(u) of the fitted
symmetric mass distribution with excitation energy. The calculated
widths are shown by solid lines, the shaded regions indicate uncer-
tainties in the calculation (see text).
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TABLE I. The reaction parameters for 20Ne + 205Tl and
16O + 209Bi are presented; 〈�〉, 〈�2〉, and �cr are the values of the av-
erage angular momentum, square of the average angular momentum
[25], and the critical angular momentum [26–28].

Elab E∗ 〈�〉 〈�2〉 �cr

Reaction (MeV) (MeV) (h̄) (h̄2) (h̄)

20Ne + 205Tl 138 70.5 39.5 1560.25 59.4
145 76.9 43.2 1863.6 64.7
152 83.3 49.4 2165.0 69.4
160 90.6 50.1 2505.0 73.9
170 99.6 54.1 2922.5 78.4
175 104.2 55.9 3125.9 80.5
180 108.8 57.7 3332.8 82.6

16O + 209Bi 123 66.9 37.6 1415.3 56.2
126 69.7 39.0 1521.0 58.1
130 73.4 40.6 1660.6 60.5
135 78.0 42.8 1835.3 63.3
140 82.7 44.8 2005.2 65.4
150 92.0 48.4 2344.5 69.5
155 96.6 50.1 2510.0 71.4
160 101.2 51.8 2679.1 73.3

(CN) at the saddle point, calculated using the finite-range
rotating liquid-drop model [23], Epre is the energy carried
by prefission neutrons (typically 3 to 4) estimated using the
empirical systematic [24], and a = A/8.5 [9] denotes the
level-density parameter.

The width of the mass distribution also depends on the
mean-square average value of angular momentum, 〈�2〉 as :

σm(u) =
√

(T/k + β〈�2〉), (3)

where T is the saddle-point temperature and the constant
value of β ≈ 0.05 was used [22]. The CCFULL code was used
to determine 〈�2〉 of the CN [25]. The calculated values are
presented in Table I. A good fit to the data, as seen in Fig. 4,
could be achieved by using the inverse stiffness parameter
1/k = (98.1 ± 15.1) u2/MeV. The value of k used here was
found to be consistent with the comprehensive compilation of
the earlier data [22]. The gray and red shaded areas in Fig. 4
show the uncertainty in the computation of σm caused by the
uncertainty in the value of the inverse stiffness parameter 1/k.
Within the boundaries of uncertainty, mass variances of both
systems seem to have followed a similar path. In the case
of pure statistical fission (with no shell effect), the width σm

increases only slowly with T (or E∗), as can be seen from
Eq. (3). On the other hand, the value of σm would abruptly
change if there is any change in the reaction mechanism (e.g.,
onset of quasifission). Since neither system showed any such
anomaly in the variation of the width of the mass distribution,
the present measurement suggests that there is no evidence
of noncompound nuclear reactions (QF or fast-fission). While
comparing the 16O + 209Bi reaction to the 20Ne + 205Tl reac-
tion at the same excitation energy, the slight increase in the
width of the mass distribution may be attributed to the heavier
20Ne beam that brings more angular momentum.

IV. DISCUSSION

A. Role of angular momentum: HICOL calculation

The present study was carried out with beams of incident
energies almost 30% above the Coulomb barrier and higher.
The angular momentum induced at such energies is quite
large, nearing the critical angular momentum corresponding
to the disappearance of the pocket of the nucleus-nucleus
potential. The capture of the projectile by the target nucleus
is related to the depth of this pocket. Hence, an examination
of the role of angular momentum on the dynamics at play for
such high excitation energies is also of interest.

Noncompound processes are highly sensitive to the angular
momentum of the composite formed, e.g., fast-fission origi-
nates at high angular momentum when the fission barrier of
the hot and rotating compound nucleus disappears. Quasi-
fission is also a process which is very sensitive to angular
momentum [29,30] as the barriers governing the fusion and
quasifission dynamics across the potential-energy surface are
sensitive to angular momentum. Hence, the evolution of the
reacting system is expected to be influenced by the angular
momentum.

An analysis was carried out using the HICOL code [31,32]
for both reactions to trace the time evolution of the composite
system at a representative excitation energy ≈70 MeV. The
HICOL code does not contain any free parameters and has
earlier been shown to consistently describe the dynamical
evolution of various composite systems formed in nucleus-
nucleus collisions [33]. The internuclear distance between the
target and the projectile has been calculated with time cor-
responding to different angular momenta as shown in Fig. 5.
The angular momentum has been sampled based on the partial
cross section calculated using the CCFULL code, as discussed
in the preceding section. In Fig. 5, the shaded regions corre-
spond to a composite with an internuclear size corresponding
to R0A1/3, which represents the size of a spherical compound
nucleus. Thus, it may be inferred that the composite attaining
a size comparable to the compound nucleus may proceed
towards equilibration in all degrees of freedom. However,
a composite with a size larger than compound nucleus di-
mensions indicates the presence of noncompound processes.
From the calculation, it may be inferred that for trajectories
with high angular momentum (e.g., l = 63 for 16O + 209Bi
and l = 58, 66 for 20Ne + 205Tl, as shown in Fig. 5) there
may exist some noncompound process for both reactions. The
indication of the presence of noncompound fission in either
of the two reactions is further confirmed by our following
calculation.

B. Calculation of potential energy surface: The driving potential

Using the components binding energies and their interfa-
cial potential energies, the potential-energy surface (PES)—
the path at which the system evolves—is calculated. The
landscape of PES plays the main role in the estimation of the
complete fusion probability in competition with quasifission.
The mass, charge, deformation, and microscopic structure of
the interacting nuclei are the key determinants of the PES
characteristics [3,30]. These, in turn, affect the likelihood of
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FIG. 5. Time evolution of the composite systems at different
angular momentum using HICOL code. The insets show the angular-
momentum distributions for capture calculated using CCFULL. The
shaded regions correspond to a composite with an internuclear size
corresponding to a spherical compound nucleus produced in com-
plete fusion (see text).

capture. The capture probability and subsequent development
of the dinuclear system (DNS) are influenced by the beam
energy, rotational momentum, and intensity of the dissipative
forces. The sticking time of the dinuclear system after capture
is another significant component that affects how the response
turns out. If the DNS does not remain intact for a long enough
period of time for all degrees of freedom to be balanced,
nonequilibrated products like quasifission will occur, in which
the DNS breaks into fission-like components.

The inherent fusion barrier B∗
fus for the conversion of the

DNS into the CN is connected to the impediment to full
fusion in the scope of the model utilized in this study. By
getting through the quasifission barrier Bqf, the DNS even-
tually breaks apart into two pieces. The quasifission barrier
Bqf is determined by the depth of the potential well of the
nucleus-nucleus interaction. These variables (B∗

fus and Bqf) are
defined by the landscape of the PES, which are computed
using the following formula for the given values of angular
momentum l and orientation angles {αi} of the colliding nuclei

FIG. 6. The potential-energy surface calculated for 225Pa is
shown as a function of the distance (R) between the interacting
nuclei and charge numbers (Z) of the fragments for the angular
momentum l = 40. Arrow (a) shows the capture path in the entrance
channel; arrow (b) represents the fusion path; arrows (c) and (d) show
the directions of decay of DNS into QF channels. The potential-
energy surface is calculated for the orientation angles α1 = 45◦ and
α2 = 30◦.

[30,34]:

U (Z, A, �, {αi}, R)

= �Qgg(Z, A) + V (Z, A, l, {αi}, R) − V CN
rot (l ),

(4)

where �Q(Z,A)
gg = BP + BT − (BZ + BZtot−Z ) is the reaction

energy balance; BP + BT and BZ + BZtot−Z are sums of the
binding energies of the colliding projectile-target nuclei and
DNS fragments with charge (Z) and mass (A) numbers, re-
spectively, which are obtained from the nuclear mass tables
in Refs. [35,36]. Ztot = ZP + ZT and Atot = AP + AT are total
charge and mass number of the system. The corresponding
mass numbers A are found by the minimization of the total
energy of the DNS as a function of A. The nucleus-nucleus
potential V (Z1, A1, Z2, A2, �, {αi}, R) consists of three parts:

V (Z, A, l, {αi}, R) = VCoul(Z, A, l, {αi}, R)

+ Vnucl(Z, A, l, {αi}, R)

+ Vrot (Z, A, l, {αi}, R), (5)

where VCoul, Vnucl, and Vrot are the nuclear, Coulomb, and rota-
tional potentials, respectively. The procedures for calculating
these three components of the nucleus-nucleus potential as a
function of the orientation angles of the colliding nuclei are
discussed explicitly in Refs. [11,34].

In Fig. 6, the PES calculated for 225Pa is shown as an
example, for l = 40. The capture, fusion, and one of the
probable quasifission paths are shown in the figure. Arrows (a)
and (b) illustrate the direction of full fusion via multinucleon
transfer from the light nucleus to the heavy one, respectively,
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whereas arrows (c) and (d) represent the paths of DNS decay
into mass asymmetric quasifission channel. From such a PES
calculated for a given l , we calculate the driving potential Udr

by connecting all the minima in the PES, for all values of A.

C. Estimation of quasifission yield

We use the same theoretical model [13] that was used
to predict the presence of quasifission in the similar reac-
tions 19F + 181Ta and 16O + 184W [14]. The transport master
equations have been used to calculate the mass and charge dis-
tribution [30] for the 20Ne + 205Tl and 16O + 209Bi reactions.
The characteristics of the mass distribution of the reaction
products are defined by the PES of the nuclear system, the
shell structure of protons and neutrons in nuclei, and the
DNS excitation energy. The lifetime of the DNS is longer in
QF compared with deep-inelastic collisions and the nucleon
exchange takes place between fragments of the DNS before its
decay and during its transformation into a compound nucleus.
The charge and mass numbers of a DNS fragment are changed
from those of the projectile and target nuclei.

Both in the QF and fusion-fission processes, the intense
mass transfer takes place and depending upon the entrance
channel, the mass asymmetry degree of freedom may be fully
or partially equilibrated. As a result, we have an ensemble Z
of the DNS, which contributes to the competition between
complete fusion and quasifission with YZ probabilities. The
charge and mass configuration of the DNS is continuously
changed due to nucleon transfer between its fragments up
to complete fusion or its breakup. The time dependence of
the charge distribution is calculated by the master transport
equation with the transition coefficients �

(±)
Z (AZ , E∗

Z ) which
are calculated by the microscopic method allowing us to
include the single-particle structure of the DNS fragments
and their excitation energy [30]. The evolution of the charge
distribution DZ between the DNS fragments at its excitation
energy E∗

Z is estimated by the solution of the transport master
equation [30,34]:

∂

∂t
DZ (E∗

Z , AZ , t ) = �
(−)
Z+1(AZ+1, E∗

Z+1)DZ+1(E∗
Z+1, t )

+ �
(+)
Z−1(AZ−1, E∗

Z−1)DZ−1(AZ−1, E∗
Z−1, t )

− [�(−)
Z (AZ , E∗

Z ) + �
(+)
Z (AZ , E∗

Z )

+ 
qf(Z, AZ , E∗
Z )]DZ (AZ , E∗

Z , t ), (6)

where Z = 2, 3, . . . , Ztot − 2 and the transition coefficients
�

(±)
Z (AZ , E∗

Z ) determine the probability of nucleon transfer
between the DNS nuclei characterized with the charge (mass)
numbers Z (A) and Ztot − Z (Atot − A); E∗

Z is its excitation en-
ergy which is determined by the initial collision energy Ec.m.,
the minimum value of the potential well V (Z )

min in the nucleus-
nucleus interaction and the energy balance of the nucleon
transfer �Q(Z,A)

gg :

E∗
Z = Ec.m. − V (Z,A)

min + �Q(Z,A)
gg . (7)

FIG. 7. Calculated mass distributions up to the symmetric mass
(ACN/2 ≈ 112) at the excitation energy ≈83 MeV. The normalized
fusion-fission yield (produced in both reactions) is shown by the
shaded area and have been compared with the experimental data.
The quasifission yields for 20Ne + 205Tl and 16O + 209Bi reactions are
shown by dashed (blue) and solid (red) lines, respectively.

The yield of the quasifission product with the charge (Z) and
mass (A = AZ ) numbers is calculated by the formula

YZ (E∗
Z , A, t ) =

l=ld∑

l=0


qf Z, A, l (Bqf (Z, A, TZ (A, l ))

×
kmax∑

k=0

DZ (A, E∗
Z , l, t0 + k�t ). (8)


qf(Z, AZ ) is the Kramers rate for the decay probability of
the DNS into two fragments with charge numbers Z and
Ztot − Z [37] and it is proportional to exp(−Bqf(Z, A)/TZ )
where Bqf(Z, A) is the QF (prescission) barrier against de-
cay and TZ is the effective temperature of the system: TZ =
3.46(12E∗

Z /Atot )1/2. Details of the calculation of the tran-
sition coefficients of multinucleon transfer are reported in
Refs. [30,34]. The quasifission barrier Bqf

Z and excitation en-
ergy E∗

Z of the DNS are determined by its PES landscape
which depends on the angular momentum l . Therefore, the
yield YZ of the quasifission products depends on the an-
gular momentum, the shell structure of the fragments, and
peculiarities of the PES calculated by Eq. (4) in Sec. IV B.
The contribution of the QF products to the yield of the
20Ne + 205Tl and 16O + 209Bi reactions products at different
energies have been estimated by the numerical solution of
Eq. (4) with the initial conditions YZ (ZP = 8, 10) = 1 and
YZ (ZT = 205, 209) = 1. We use �t = 10−22 s for these calcu-
lations.

In Fig. 7 we show the representative plot of the calculated
yields of the events originating from fusion-fission and QF at
the excitation energy of ≈83 MeV for the measured reactions.
To compare the experimental mass distribution with the theo-
retical prediction, a set of normalization steps were applied. In
the first step, the experimental mass distribution was normal-
ized with a factor such that the yield of the mass of half the
compound nuclear mass (ACN/2) was set to 1000 (arbitrary
units). In the second step, the same procedure was applied
to the theoretical mass yields, with a normalization factor
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determined such that the yield at (ACN/2) was set to 1000. The
same factor obtained in step 2, was applied to the theoretical
quasifission yield distribution. This ensures that the data from
the experiment and the theoretical prediction are compared
on the same scale. The distributions of the calculated and
measured fusion-fission yields match well for both reactions.
Calculated QF yields are observed in the asymmetric mass
region with the maximum yield near the projectile mass where
the data could not be collected (discussed in the following
section). For the 20Ne + 205Tl reaction QF yield extends even
up to the symmetric mass, however, the contribution of QF to
the overlap region with the fusion-fission mass distributions
is less than 5%. The calculation indicates QF in 16O + 209Bi
reaction originates in the asymmetric region only.

D. Perspective on further measurement
and theoretical calculation

We are at the interesting juncture to note that while ex-
perimentally observed smooth variation of the width of the
mass distribution with excitation energy, as shown in Fig. 4
indicates an absence of quasifission, theoretical calculations
performed in the framework of the dinuclear system [13]
predict the presence of quasifission for both the reactions. It is
significant to observe from Fig. 7 that the calculated quasifis-
sion events are in the asymmetric mass region; in particular,
the maximum yield is near the projectile mass region.

In the standard method of the measurement of the mass
distributions, emphasis is given to getting rid of the projectile-
like events. Thus, in the present measurement, as done in
any other measurement of fission-fragment mass distributions,
efforts were expended to not detect projectile-like events by
using gas detectors operating at lower pressure. Since the
measured width of the mass distributions in the experiment
is calculated only from the detected symmetric events, it may
not reflect the prediction of theoretical model calculations that
consider all (projectile-, target-like, and symmetric fragments)
events. However, the DNS model works well in the symmetric
mass range covered in the measurement.

The detection of events in the projectile- and target-like
masses, particularly for light projectiles, is challenging in any
measurement due to the large elastic flux. The theoretical
calculations carried out in the framework of the DNS model
warrant investigation of the fusion-fission process for similar
reactions through the measurement of projectile-like events

(though challenging) or other observables like measurement
of evaporation residue (ER) cross section, where the pres-
ence of the quasifission process would be indicated through
a suppressed ER value compared with theory [13]. However,
new calculations in the framework other than the dinuclear
system model as used here may also shed more light about the
presence of very asymmetric fission fragments in the reactions
studied in this work.

V. CONCLUSIONS

To sum up, fission-fragment mass distributions in the
20Ne + 205Tl and 16O + 209Bi reactions have been measured
over excitation energy range of ≈70–110 MeV. The fragment
mass widths for both the systems studied, irrespective of the
entrance channels, showed identical trends and the variations
of the widths of the mass distribution were found within
the limit of the statistical model calculation. Thus the mea-
surement indicated the absence of quasifission contribution
in the symmetric mass distribution range for both reactions.
The theoretical calculation performed in the framework of the
dinuclear system model, however, showed the contribution of
quasifission in the mass distribution mainly near the projectile
and target mass. Nevertheless, for the 20Ne + 205Tl reaction,
QF yield extends even up to the symmetric mass, although
the contribution of QF to the overlap region with the fusion-
fission mass distributions is less than 5%.

The present investigation calls for the detection of quasifis-
sion events, if any, through the measurement of projectile-like
fragments, or other probes like measurement of ER cross-
section to test the reliability of the theoretical models to
understand the dynamics of quasifission and fusion-fission
reaction mechanism. New theoretical calculations may also be
helpful to investigate the presence of very asymmetric fission
fragments in reactions studied in this work.
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