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Neutron multiplicities, folding angle distribution, mass distribution, and mass-energy distribution are mea-
sured for the compound nucleus 210Po populated through the 12C + 198Pt reaction at an excitation energy of
61.6 MeV. The measured neutron multiplicities are compared with the statistical model code JOANNE2 to extract
total fission time for the 210Po compound nucleus. The total fission time (τtot ) obtained for this system is
(10 ± 5) × 10−21 s at 49 MeV and increases to (23 ± 5) × 10−21 at 61.8 MeV excitation energy indicating
that dissipation increases with excitation energy. A comparison with τtot of the 18O + 192Os reaction populating
the same compound nucleus indicates the influence of entrance channel mass asymmetry on the fission time.
Dynamical model calculations have been performed to understand the fusion dynamics for these reactions and
it is observed that the formation time of the compound nucleus increases as we go from the asymmetric to the
symmetric entrance channels. Also, these calculations predict that 93% of the total angular momentum lead
to the formation of a fully equilibrated compound nucleus for the 12C + 198Pt reaction whereas this percentage
decreases to 84%, for the 18O + 192Os reaction indicating a higher percentage of noncompound nuclear processes
in the latter case.
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I. INTRODUCTION

A heavy ion induced fission reactions mechanism has been
studied for the past few decades to investigate the time scale
of fusion and fission reactions [1–7], the existence of quasi-
fission [8–11], and limits to the statistical model at high
temperature and angular momentum [7,12]. It is now estab-
lished that the process of fission is hindered due to the viscous
nature of the compound nucleus (CN). This dissipative nature
of CN enhances the emission of light particles (neutrons,
protons, and α particles) that cannot be explained by stan-
dard statistical model of fission. The light particles emitted
carry valuable information about the evolution of CN from
its formation phase till its fission to two fully accelerated
fragments. The multiplicity of these particles can be used
as a clock to measure the lifetime of the composite nucleus
prior to fission. For this, the number of neutrons emitted
before and after fission are measured. In the conventional
method, two sources of neutrons are observed in prompt co-
incidence with fission fragments. Neutrons emitted from the
fused system moving with the CN velocity are referred as
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pre-scission neutron multiplicity (νpre) and neutrons emitted
from the fully accelerated fission fragments are named as
post-scission neutron multiplicity (νpost). Neutron evaporation
also takes place from the dinuclear system before it attains
the equilibrium configuration which also contributes to the
pre-scission neutron multiplicity. These two contributions can
be separated by taking into account the fact that the intensity
of neutrons emitted from the fission fragments is strongly
correlated with the direction of fission fragments whereas the
neutrons emitted from the relatively slow moving compound
system are weakly correlated with the beam direction. This
angular correlations lead to the values of νpre and νpost. The
experimental values of νpre can be used to extract dissipation
strength and fission time of the reaction by reproducing the
νpre values in statistical model codes.

Charged particles multiplicity is an another efficient probe
to understand fusion-fission reaction dynamics [13–18]. This
is because the energies and emission probabilities of charged
particles are dependent on the shape of the emission source
and this gives information of the deformation. But certain
challenges are associated with charged particles measure-
ments due to their low multiplicities.

Further, mass energy distribution of fission fragments is
helpful in understanding the nature of competition between
the process of fusion-fission and other noncompound nuclear
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processes [clubbed together as quasifission (QF)] [19–21]. In
QF, the entrance channel mass asymmetry remains preserved
but it involves large dissipation of kinetic energy and angular
momentum [22]. The presence of QF reduces the fusion cross
section by preventing the fusion of heavy nuclei. It has been
observed that the ratio of QF to fusion-fission is influenced by
the entrance channel properties like the entrance channel mass
asymmetry (α = A1−A2

A1+A2
) and charge product (Z1.Z2), where

A1, A2 are mass numbers and Z1, Z2 are atomic numbers of
the target and projectile, respectively [23–25]. Studies like
mass distribution (MD), mass-energy distribution (MED), and
mass-angle distribution (MAD) of fission fragments are some
of the experimental probes to understand the competition of
QF and fusion-fission. It becomes essential to separate the
QF contribution from true fusion-fission events when we are
studying the fusion-fission reaction dynamics.

With this motivation, the present work aims to measure the
pre-scission neutron multiplicity νpre for 210Po CN populated
through the reaction 12C + 198Pt at 81 MeV energy. Total
fission time has been extracted using these νpre values by
incorporating delays in statistical model code JOANNE2. Dy-
namical model calculations are also carried out to estimate the
formation time for the reaction under study. These dynamical
model calculations are also done for the 18O + 192Os reaction
which populates the same CN 210Po. Mass distribution and
mass energy distribution for the same reaction have also been
done to disentangle noncompound nuclear processes from
the true fusion-fission. The findings are discussed in later
sections.

This paper is organized in the following manner. The ex-
perimental setup is described in Sec. II and Sec. III involves
data analysis techniques for fission fragments and neutron
multiplicity. Section IV describes the theoretical calculations
involving statistical and dynamical models and their discus-
sion, followed by the results of analysis summarized and
concluded in Sec. V.

II. EXPERIMENTAL SETUP

The experiment aiming to measure neutron multiplicity
was carried out using the National Array of Neutron De-
tectors (NAND) facility at IUAC, New Delhi. 12C beam at
81 MeV energy was bombarded on 2.1 mg/cm2 thick 198Pt
target to populate the 210Po CN at an excitation energy of
61.6 MeV. The ion beam has the repetition rate of 250 ns and
intensity of ∼0.9 pnA. Two 20 cm × 10 cm position sensi-
tive multiwire proportional counters (MWPCs) were placed
at folding angles to detect fission fragments. These MW-
PCs were operated with isobutane gas at a pressure of 4
torr. 16 BC501A liquid scintillators placed in the reaction
plane of the NAND array were used to detect neutrons.
These detectors have an active area of 5 in. × 5 in. and
are coupled to a 5 in. photomultiplier tube (PMT Model
Hamamatsu R4144). The data acquisition system was trig-
gered by the logic OR of time of flight (TOF) signal from
both MWPCs logically ANDed with the radiofrequency (RF)
of the beam to avoid false triggering. The whole systematic
of experimental setup is shown in Fig. 1. To separate neu-
trons from γ s, the neutron-γ discrimination was done using

FIG. 1. Detectors arrangement during the experiment.

the zero-crossing technique. Figure 2 shows the pulse shape
discrimination (PSD) spectrum from the neutron detector
having well-separated neutron events. Fission events were
selected from the time correlation of two MWPCs shown in
Fig. 3. The calibration of all time to digital converters was
performed using the data from OTREC time calibrator module
which gives pulses of fixed time interval. The data in the event
mode were collected using the ROOT based data acquisition
system. In order to prevent any contamination in the data,
the beam was dumped 4.5 m away from the target and was
properly shielded with borated paraffin blocks and lead sheets.

FIG. 2. PSD vs TOF from one of the neutron detectors.
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FIG. 3. Time correlation of both MWPCs. Solid black line is the
fission gate.

III. DATA ANALYSIS AND RESULTS

The objective of the experiment was to measure neutron
multiplicities, mass ratio distribution, and mass energy dis-
tribution of the fission fragments for the 12C + 198Pt reaction
and interpret the results using theoretical calculations. The
detailed steps involved in the data analysis are given in the
following subsections.

A. Mass energy distribution of fission fragments

The position calibration of MWPCs was done using the
known positions of edges of the illuminated area of the
MWPC detectors used during the experiment. The calibrated
positions, both X and Y , were converted event by event to
polar θ and azimuthal φ angles using standard kinematics. Fi-
nally, a folding angle distribution is obtained by adding θ1 and
θ2 from both MWPCs. Figure 4(a) shows the scatter plot of
θfold versus φfold. The most intense region corresponds to the
folding angle of 166.5◦ and φ1lab + φ2lab = 180◦. The velocity
of the fission fragments was determined using the absolute
time method (ATM) [26]. In this method, velocity vectors
of fission fragments were determined from the position and
individual TOF information from both MWPCs.

The velocity of the fissioning system in laboratory frame
(−→v lab) can be split into two orthogonal components which are
parallel (−→v par) and perpendicular (−→v perp) to the beam axis.
These components can be expressed in measurable quantities
(angles and velocity of fission fragments) [26] as

−→v par = v1labv2lab sin(θ1lab + θ2lab)

v1lab sin θ1lab + v2lab sin θ2lab
(1)

and

−→v perp = v1labv2lab sin θ1lab sin θ2lab sin φ12lab

V 1/2
, (2)

where φ12lab is the azimuthal folding angle and θ1lab and θ2lab

are the scattering angles of the fission fragments 1 and 2,

FIG. 4. (a) Scatter plot of folding angle distribution. Arrow cor-
responds to θfold calculated considering full momentum transfer
(165.5◦), (b) velocity distribution, (c) mass ratio distribution, and
(d) mass energy distribution. Dotted points indicate TKE calculated
using Voila systematics.

respectively. The quantity V is given by

V = v2
1lab sin2 θ1lab + v2

2lab sin2 θ2lab

− 2v1labv2lab sin θ1lab sin θ2lab cos φ12lab. (3)

The experimentally measured velocities were corrected in
an iterative way explained in Ref. [27] until the correction
did not further change the velocity significantly. Figure 4(b)
shows the scatter plot of (vpar − vCN ) versus vperp. For full
momentum transfer fission events, vpar is expected to match
the velocity of CN in laboratory frame (vCN ). The mass ratio
of fission fragments was deduced from the conservation of lin-
ear momentum (m1

−→v 1c.m. = m2
−→v 2c.m.) by using the relation

Mr = m1

m1 + m2
= v2c.m.

v1c.m. + v2c.m.

. (4)

The mass ratio distribution [Fig. 4(c)] has a single Gaussian
peak which reveals that fission is taking place only from the
CN. No signature of noncompound nucleus fission (NCNF)
has been observed for this system at 61.6 MeV excitation en-
ergy. The standard deviation of mass ratio distribution (σMR)
was found to be 0.028 which is lower than the upper limit
(0.07) for the fission followed by complete fusion [28].

The center of mass total kinetic energy (TKE) of fission
fragments was obtained from the measured masses and ve-
locities of the fission fragments. The two-dimensional (2D)
scatter plot of mass and TKE is shown in Fig. 4(d) comprising
of only fusion-fission events. A comparison with Viola sys-
tematics [29] (indicated by black dotted points) shows good
agreement and indicates the parabolic dependence of TKE on
the fission fragment masses. From these observations we may,
therefore, conclude that the reaction under study is dominated
by full momentum transfer followed by binary fission and that
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FIG. 5. Neutron multiplicity spectra for 12C + 198Pt system at an excitation energy of 61.6 MeV. Solid squares represent experimental data
points. The fit for the pre-scission (red dashed line) and post-scission contribution from one fragment (blue dashed dotted line) and other
fragment (green dotted line) are also shown. The solid black line represents the sum of all the three contributions. θn is the neutron detector
angle with respect to beam axis. θn f 1 and θn f 2 are relative angles between neutrons emitted and the fission fragments.

the transfer induced fission is insignificant in this reaction at
the given excitation energy.

B. Neutron multiplicity

The TOF spectra obtained from neutron detectors were
gated with fission and neutrons to obtain true neutron events.
These gated spectra were calibrated using a precision time to
amplitude converter calibrator data and the prompt γ -ray peak
as reference and converted to neutron energy spectra using the
relation

En = 1

2
Mn

(
l

t

)2

, (5)

where Mn is mass of neutron, l is neutron flight path from
target to detector (175 cm), and t is the TOF of neutrons.
The final neutron energy spectra obtained were corrected
with energy dependent neutron detection efficiency. These
energy spectra can have contributions from three sources:
(i) compound nucleus as pre-scission multiplicity (Mpre),
(ii) fission fragment as post-scission multiplicity (Mpost), and
(iii) complementary fission fragment as post-scission multi-
plicity (Mpost). So, the total neutron multiplicity is given by

Mtot = Mpre + 2 × Mpost. (6)

The contribution from noncompound nuclear processes is ig-
nored since its contribution is almost negligible for the system
under study. Considering these three emission sources, the
neutron energy spectra were fitted simultaneously with the

Watt expression [30] given by

d2M

dEnd	
=

3∑
i=1

Mi
√

En

2(πTi )3/2

× exp

[
−En − 2

√
EnEi/Ai cos θi + Ei/Ai

Ti

]
, (7)

where En is the neutrons energy in laboratory frame, Ai, Ei,
and Ti are the mass, energy, and temperature of each neutron
emitting source. Mi is the multiplicity for each contribution.
θi is the emission angle of neutron with respect to its emitting
source. Tpre was calculated using the relation

Tpre =
√

E∗

a
, (8)

where E∗ is the excitation energy of CN and a is the
level density parameter. The value of a is assumed to be
ACN/10 MeV−1 and is further scaled down by the factor
of 11/12 to account for the cascade of sequential particle
evaporation [31]. All the neutron energy spectra were fit-
ted simultaneously keeping Mpre, Mpost, Tpre, and Tpost as
free parameters and also by keeping the temperatures fixed.
The values of these free parameters obtained after fitting
are Mpre = 2.06 ± 0.05, Mpost = 1.22 ± 0.01, Tpre = 1.25 ±
0.02, and Tpost = 0.91 ± 0.01. The fitted plots are shown in
Fig. 5. The Mpre values obtained were compared with the
results of Ref. [32] and were found to be in agreement with
the previously published data.
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FIG. 6. Neutron angular distribution along with multiple-source
fitting (solid lines). The dashed red line corresponds to the pre-
scission contribution while blue and green dashed lines correspond
to the individual post-scission contributions from fragment1 and
fragment2.

A typical angular distribution of neutron multiplicity spec-
trum is shown in Fig. 6. The angular distribution from all
three emitting sources has a Gaussian distribution. The con-
tribution from fission fragments peaks around the angle where
fission detectors were placed. The contribution from CN peaks
around the beam direction. Both these observations confirm
that there are strong angular correlations of neutrons emitted
from these sources due to the kinematic focusing effects. This
strong angular correlation of neutrons emitted from fission
fragments serve as the basis for the separation of pre-scission
neutrons from the post-scission neutrons.

IV. STATISTICAL MODEL CALCULATIONS

In order to understand the strength of dissipation in fusion-
fission process, statistical model calculations were done using
the JOANNE2 code [33,34]. JOANNE2 is a Monte Carlo sim-
ulation code which calculates fission time by taking into
account the effects of deformation on particle binding energies
and transmission coefficients. Deformation dependent level
density parameters are calculated within the code for both
spherical and deformed nucleus using the Toke and Swiatecki
formalism [35]. The a f /av ratio and diffuseness parameter
are also adjustable parameters in the code. The transmission
coefficients used in the code are derived from the universal
optical parameters [36,37]. Fission barriers are calculated us-
ing the rotating finite range model (RFRM) without a scaling
factor [38]. The deformation energy and rotational energy at
the equilibrium and saddle-point are also taken from RFRM.

The decay modes chosen by the JOANNE2 code are fission,
neutron, proton, and α evaporation. However, the dominant
process of cooling in heavy ion fusion-fission reactions is
by evaporation of neutrons. The two contributions in the
fission time, viz. transient time (τtr ) and saddle-to-scission
time (τssc), can be extracted from experimentally measured
neutron multiplicities using the JOANNE2 code to understand
the strength of dissipation in heavy ion induced fusion-fission
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FIG. 7. (b) Experimental neutron multiplicity for 12C + 198Pt and
18O + 192Os reactions at different excitation energies. νpre values for
18O + 192Os are taken from Ref. [7]. Dashed lines in (b) are the νpre

values calculated without incorporating delay in JOANNE2 (a) τtot

(calculated using JOANNE2) required to reproduce the experimental
νpre values.

reactions. In this code, the whole fission path is divided into
two parts: mean pre-saddle deformation Ztr and mean saddle-
to-scission deformation Zssc, where Z is the elongation of
symmetric axis in units of the diameter of the spherical nu-
cleus. Both τtr and τssc can be varied in this code to reproduce
the experimentally measured neutron multiplicities at fixed
deformation value. Saxena et al. [39] and several other authors
have quoted the value of τtr to be about (5–10) × 10−21 s. We
have done our calculations at fixed value of τtr = 10 × 10−21 s
and varied τssc to reproduce experimentally measured neutron
multiplicities. Figures 7(a) and 7(b) represent the total fission
time (τtot ) and pre-scission neutron multiplicity (νpre ), respec-
tively, as a function of excitation energy for the reactions
12C + 198Pt and 18O + 192Os populating the same CN 210Po.
The difference in νpre values for the two reactions is due to
the entrance channel effects [39–41]. Red and black dashed
lines in Figure 7(b) are the νpre for reactions 12C + 198Pt and
18O + 192Os, respectively, calculated using JOANNE2 without
including delays. Clearly, a total fission time of (10–23) ±
5 × 10−21 s is required to reproduce the experimental νpre val-
ues for 12C + 198Pt reaction whereas τtot = (50 − 60) ± 10 ×
10−21 s reproduce νpre values for the 18O + 192Os reaction.
The difference in total fission time can be inferred as the time
required by the dinuclear system to fully equilibrate to CN
which is different for these two reactions. This delay time
is known as the formation time of CN (τ f o) and it depends
on the entrance channel chosen to populate the CN. So, the
information of τ f o becomes important to fully understand
the fission-fission process. The dynamical approach can be
applied to study the fusion dynamics and formation time of
the CN which is explained in the following section.
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reactions (a) 12C + 198Pt at 81 MeV and (b) 18O + 192Os at 90 MeV.
Dashed line in both the figures corresponds to the radius R = RoA1/3

for the compound nucleus 210Po.

V. HICOL CALCULATIONS

Dynamical model calculations were performed for the
12C + 198Pt system at 61.6 MeV excitation energy using
the HICOL code. In this model, developed by Feldmeier [42],
the dynamical evolution of the two colliding nuclei is de-
scribed by a series of shapes which consist of two spheres
connected by a conical neck. Throughout the collision pro-
cess, the volume of the shape is conserved to maintain uniform
mass and charge densities. These shapes are determined by a
set of three macroscopic degrees of freedom which are unique
for each shape. These are elongation (s), the neck-coordinate
(σ ), and the asymmetric coordinate (δ), defined as follows:

s = distance between the two colliding spheres, (9)

σ = Vo − (
4π
3 R3

1

) − (
4π
3 R3

2

)
Vo

, (10)

� = R1 − R2

R1 + R2
, (11)

where Vo is the total volume of the system and is indepen-
dent of s, σ , and �. R1 and R2 are the radii of the two
colliding nuclei. This model gives a realistic macroscopic
description of the nucleus-nucleus collision, based on the
concept of one-body dissipation which means that the dissi-
pation arises due to the collision of independent particles with
the moving walls of the nucleus [43]. The results of HICOL

calculations are given in Figs. 8 and 9. Figure 8 represents the
elongation (s) of the fusing nuclei as a function of time at var-
ious l values. Calculations are also done for 18O + 192Os for

FIG. 9. Time evolution of the reactions (a) 12C + 198Pt and
(b) 18O + 192Os for an angular momentum of 30h̄

comparison which populates the same CN 210Po. From
Fig. 8(a), it is observed that, for angular momenta l > 41h̄,
the two nuclei are separated quickly before being fused to-
gether (the case of deep inelastic collision). For low angular
momenta, the trajectories remained elongated for long times
with decreasing separation between the colliding nuclei (the
case of fusion). The dashed lines in Fig. 8 shows the radius
of the CN 210Po calculated using the relation R = RoA1/3. In
the case of 12C + 198Pt, the HICOL predicts fusion to occur
for l < 41h̄ and in the case of 18O + 192Os, it predicts fusion
for l < 30h̄ only. Figure 9 represents the time evolution of
shapes for the 210Po nucleus populated through two different
channels 12C + 198Pt and 18O + 192Os at l = 30h̄. It is found
that the formation time for the 12C + 198Pt system is much
less than the formation time for the 18O + 192Os system. So,
there is a gradual increase in the formation time of CN as
one goes from the asymmetric to the symmetric system in the
entrance channel. Considering that the emission of neutrons
also takes place from the dinuclear system before it attains
the equilibrium configuration, the number of neutrons emitted
during the τ f o of 18O + 192Os will be more due to its larger for-
mation time than the 12C + 198Pt reaction. These observations
suggest that the observed pre-scission neutron multiplicity and
fission delay for 12C + 198Pt and 18O + 192Os reactions can be
understood quantitatively if we consider different τ f o values
as predicted by dynamical code HICOL.

VI. SUMMARY AND CONCLUSION

In the present study, fusion-fission reaction dynamics of
210Po CN has been investigated using neutron multiplicity as
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a probe. From the mass ratio distribution, symmetric fission
is observed with negligible contribution from noncompound
nuclear fission processes. Fission time calculated through sta-
tistical model code JOANNE2 for the two reactions 12C + 198Pt
and 18O + 192Os indicates the presence of a dissipative na-
ture which increases with excitation energy. A comparison
of τtot for these reaction indicates the presence of entrance
channel effects which influences the fusion-fission dynamics.
Dynamical model calculations through HICOL for 12C + 198Pt
and 18O + 192Os reactions predict that the formation time of
CN is different for these two reactions. To explain the dif-
ference in pre-scission neutron multiplicity values and fission
time for the two reactions under study, both statistical and

dynamical approaches are required. Also it is found that, for
the 12C + 198Pt reaction, fusion occurs for l values less than
41h̄ and in the case of 18O + 192Os, fusion occurs for l values
less than 30h̄.
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