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Measurement of mass-gated neutron multiplicity for the 48Ti + 208Pb reaction
at 57.4 MeV excitation energy
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The neutron emission in coincidence with the fragments have been investigated for the 48Ti + 208Pb reaction
populating the near superheavy compound nucleus 256Rf at an excitation energy of 57.4 MeV. The National
Array of Neutron Detectors facility is used for a precise determination of the prescission (Mpre

n ) and postscission
(Mpost

n ) neutron multiplicities as a function of fission observables. A moving source fitting procedure has been
adopted to deduce Mpre

n and Mpost
n . The variation of Mpre

n with the mass-split and total kinetic energy (TKE) of
the fission fragments have been studied to understand the fission dynamics of 256Rf. It is observed that Mpre

n

increases from the value of 1.66 ± 0.07 to 2.23 ± 0.07 with transition from the asymmetric to the symmetric mass
region. Mpre

n is also found to increase with the decrease in TKE, which is probably due to the neutron emission
during the acceleration time of the fission fragments in this heavy system. The experimental results for neutron
multiplicity have also been compared with the theoretical predictions from the statistical model calculations.
From this comparison, the value of reduced dissipation strength for the 256Rf nucleus is found to be (13.0 ± 1.0)
× 1021 s−1 and a fission delay time of (67.3+5.3

−3.9) × 10−21 s has also been estimated. For the spontaneous fission of
256Rf, the extracted average neutron multiplicity Msf

n is found to be 4.4 ± 1.0 which is in good agreement with
the recently reported value for the 258,260Rf isotopes.

DOI: 10.1103/PhysRevC.98.014606

I. INTRODUCTION

The synthesis of superheavy elements (SHEs) and under-
standing its reaction dynamics is an active field in nuclear
physics. Predictions of an island of SHEs, with an enhanced
stability owing to the shell effects [1] has triggered the
experimental efforts to investigate the SHEs. Recently, the limit
to produce SHEs has been pushed to Z = 118 through the
progressive experimental attempts by various groups [2–4]. An
adequate understanding of the fission dynamics of the SHEs is
essential to maximize their survival probability, through the
optimal selection of the projectile-target combinations and
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the suitable bombarding energies. These studies are rather
challenging as the survival probability of SHEs is strongly
inhibited due to the interplay of equilibrated and dynamical
nonequilibrated fission processes. The equilibrated fission
[true fusion-fission (FF)] process comes from the symmetric
fission of a compact compound nucleus (CN) formed after the
full equilibration in all degrees of freedom. In nonequilibrated
fission processes, after the amalgamation of colliding particles,
complete equilibration does not take place in all the degrees
of freedom and the formed dinuclear system prematurely
segregates into asymmetric mass fragments. The quasifission
(QF) [5,6], fast fission [7], pre-equilibrium fission (PEF) [8],
and deep-inelastic collision (DIC) [9] are categorized as the
nonequilibrated fission processes. For the sake of brevity, all
the nonequilibrated fission processes are referred to as QF
in this paper. The QF mechanism demonstrates a complex
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behavior in the fission dynamics of SHEs, which strongly
depends on the entrance channel properties of the interacting
nuclei namely mass asymmetry (or charge product), deforma-
tion, and magicity [10–12]. The presence of QF hinders the
fusion of heavy nuclei and reduces the fusion cross sections
to picobarn levels. Therefore, it is essential to experimentally
check the various factors affecting the CN formation.

Various experimental probes, viz., angular distribution,
mass distribution (MD), mass-energy distribution (MED),
and mass-angle distribution (MAD), of the fission fragments
have been employed to disentangle the QF and FF processes
[5,6,13,14]. It was, however, observed that the symmetric
valley region of the fragment masses receives the mixed
contribution from QF and FF processes while approaching the
heavier mass region. Thus, it is cumbersome to disentangle the
two processes in such cases. QF and FF processes, however,
follow different reaction trajectories during the evolution of a
composite system, resulting in different traveling timescales
of FF and QF from the contact point to the scission point.
Further, the prescission neutron multiplicity directly depends
on the traveling timescales of the trajectories from the contact
point to the scission point and hence it can be considered
as a clock for fission timescales. Therefore, the prescission
neutron multiplicity may be considered as an additional probe
for analyzing the reaction mechanism of the systems for which
MD, MAD, and MED fail to distinguish the QF and FF
processes [15,16].

The experimental data for the fragmentation dynamics and
neutron multiplicity measurements in the superheavy and near-
superheavy region is rather scarce. Further, it is also essential
to systematically study the neutron multiplicities coming from
different mass cuts of the fragments going from symmetric to
asymmetric region, as it helps in determination of the timescale
of reaction process. In this experiment, we have studied the
MD, MED, MAD, mass-gated, and energy-gated neutron
multiplicities, and neutron angular distributions for the 48Ti +
208Pb reaction populating the near-superheavy nucleus 256Rf at
an excitation energy of 57.4 MeV. These measurements offer
a key insight into the fission dynamics of the 256Rf nucleus.
The choice of this system is made since the CN formation is
assured for one of its isotope [17]. In this heavy system, QF is
anticipated to occur along with true FF due to its large charge
product (Z1Z2, whereZ1 andZ2 are the atomic numbers of pro-
jectile and target nuclei respectively). Recently, the results for
the MD, MED, and MAD of the fission fragments produced in
the reaction 48Ti + 208Pb have been reported which confirmed
the substantial presence of QF processes in this heavy system
[18]. In the present paper, we have used the neutron multiplicity
measurements to further elucidate the fission dynamics of
the 256Rf nucleus by estimating the fission timescales. Very
limited amount of work has been reported in literature on the
neutron angular distribution measurements. With the advent of
the multidetector setup, National Array of Neutron Detectors
(NAND) facility [19], it is possible to measure the neutron
angular distributions for the same system, more precisely for a
wide range of angular positions. These measurements provide
the fragment-neutron angular correlations to separate the pre-
and postscission components of neutron multiplicities. Also, it
is well established that fission is dissipative in nature [20]. A

large number of experimental and theoretical studies have been
carried out to identify and estimate the magnitude of nuclear
dissipation in heavy-ion-induced reactions. Such work in the
superheavy region is limited. In the current paper, estimation of
dissipation strength of the 256Rf is also presented. The paper is
structured as follows: The experimental details are described in
Sec. II, followed by a description of the data analysis strategy
and the results in Sec. III. In Sec. IV, the statistical model
calculations are discussed. Finally, the outcomes of the analysis
are summarized and concluded in Sec. V.

II. EXPERIMENTAL DETAILS

The experiment was performed using the 15UD Pelletron
+ LINAC accelerator and NAND facility at Inter University
Accelerator Centre (IUAC), New Delhi. Thin 208Pb targets
(251 μg/cm2) [21] with carbon backing (20 μg/cm2) were
bombarded with a pulsed beam of 48Ti having energy of
275 MeV to populate the near superheavy CN 256Rf. Targets,
with backing foil facing the beam, were mounted on the target
ladder placed at the center of the scattering chamber of the
NAND. The target ladder was tilted to an angle of 40◦ with
respect to the beam axis in order to minimize the energy loss
of fission fragments inside the target and shadowing to the
position-sensitive multiwire proportional counters (MWPC).
The intensity and repetition rate of the beam were 0.7 pnA and
250 ns respectively.

For the detection of fission fragments, two large-area (5′′ ×
3′′) MWPCs [22] were used. MWPCs were placed on movable
arms on each side of the beam axis at a distance of 25 cm from
the center of the target inside the scattering chamber. Both the
MWPCs were centered at polar angles (θ ) of 73◦ (azimuthal
angle, φ = 0◦) and 54◦ (φ = 180◦) respectively, and were
operated at 4 mbar pressure of isobutane gas throughout the
experiment. The angular acceptance of both the MWPCs was
±14.25◦ in the θ direction and ±8.67◦ in the φ direction. Two
silicon surface barrier detectors (SSBD) kept at an angle of
±12.5◦ relative to the beam direction were used to monitor the
beam flux. The hit pattern on X and Y planes of MWPC was
constructed using the delay-line readout method. These X and
Y position spectra were calibrated using the known positions
of the edges of the active areas of the MWPCs when the
events were recorded in noncoincidence mode. The elastically
scattered events were used to calibrate the time-of-flight (TOF)
spectrum of the fission fragments.

The neutrons emitted in coincidence with the fission frag-
ments were detected using the NAND array consisting of
100 BC501A organic liquid scintillators. All the neutron
detectors were of identical active volume of 5′′ × 5′′ and
each was coupled to a photomultiplier tube of 5′′ (PMT Model
Hamamatsu R4144). These detectors were mounted at a radial
distance of 175 cm from the target and installed in the circular
hubs of a geodesic dome structure truncated 80 cm above the
floor level. Using these hubs, eight rings were formed around
the scattering chamber. The lowest ring was located 15◦ below
the reaction plane ring. The remaining six rings were lying
above the reaction plane ring with an angular separation of
15◦ between the two adjacent rings. In the reaction plane
ring, 16 detectors were placed at the angles ranging from 18◦
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FIG. 1. The pictorial view of the NAND array at IUAC.

to 342◦. The remaining 84 detectors were positioned at the
different angles in the out of plane rings. Figure 1 shows the
pictorial view of the NAND array. The calibration of neutron
detectors was performed using the light output corresponding
to the Compton edge of the standard γ -ray sources 137Cs, 22Na,
and 60Co [23]. With this calibration, the hardware threshold
of the neutron detectors was kept at a value of 120 keV
equivalent-electron (keVee). In order to limit the γ background
reaching the neutron detectors, the beam dump was installed
at a distance of 4 m downstream from the target. The beam
dump was properly shielded with borated paraffin blocks and
lead sheets. Pulse shape discrimination (PSD) based on the zero
crossover technique [24] and TOF technique were employed to
discriminate neutrons and γ ’s. The neutron TOF was deduced
by considering the prompt-γ -ray peak of TOF spectrum as the
time reference and then converted into the neutron energy.

The efficiency of the neutron detector was experimentally
obtained by measuring the neutron energy spectrum from the
spontaneous fission of a 252Cf source. The 252Cf was placed
at the target position. To detect maximum fission events, the
MWPC was kept in the close vicinity of 252Cf. The MWPC
was operated under the same conditions as maintained during
the experiment. For the TOF spectrum, the start signal was
provided by the timing signal of the MWPC and the stop signal
was generated from the neutron detector. The neutron energy
deduced from the calibrated TOF was gated with the neutron
lobe shown in Fig. 2. Further, the derived energy spectrum
was gated with the MWPC positions and the energy loss
signal to efficiently select events from fission only. Afterward,
the neutron energy spectra in the laboratory frame were
transformed into the center-of-mass frame. The Maxwellian
neutron energy spectrum of the 252Cf is given as

dN

dE
=

√
En exp

(
−En

T

)
, (1)

where En is the neutron energy. T is the temperature of the
neutron source and its value is 1.42 MeV for the 252Cf [25].
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FIG. 2. Two-dimensional plot of TOF vs PSD used to separate
the neutrons from the γ ’s. The neutron lobe is outlined using a black
solid line.

Finally, the intrinsic efficiency of the neutron detector was
determined by taking ratio of the experimentally measured
energy to the Maxwellian predicted energy spectrum. The
obtained efficiencies were then compared with the Monte
Carlo simulated values from the FLUKA particle transport and
interaction code [26]. Figure 3 indicates a good agreement
between the experimental and simulated efficiencies of the
neutron detector.

III. DATA ANALYSIS AND RESULTS

The main objective of the data analysis is to extract the mass
and total kinetic energy of the fission fragments and to study
the correlation between these binary events and the emitted
neutrons. During experiment, the event rate was 0.003 neutron
per fission event. Total neutrons collected in the neutron
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FIG. 3. Comparison of the experimentally deduced neutron ef-
ficiency (filled square) with the one obtained using Monte Carlo
simulation code FLUKA (solid line) at 120 keV electron equivalent
detection threshold.
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FIG. 4. (a) The scatter plot of mass and TKE of fission fragments
and color palette (on top) represents the counts and (b) the variation of
〈TKE〉 with the fragment mass for the gated region (black gate shown
in the upper panel) for the 48Ti + 208Pb reaction.

detector at zero degree to the fission detector and perpendicular
to the fission detector are around 40 000 and 6000 respectively.

The angles θ and φ of the emitted fragments are obtained
from their calibrated position spectra. These emission angles
and TOF information of the fission fragments are deployed
to derive their velocity vectors. Furthermore, the masses and
kinetic energies of the fission fragments are determined from
the extracted velocities and angles using the binary kinematics,
followed by an iterative procedure as described in Ref. [18].
The center-of-mass total kinetic energy (TKE) of the fission
fragments are deduced from the masses and velocities of the
fission fragments. The scatter plot of mass and TKE shown in
Fig. 4(a), comprises the FF and QF events lying in intermediate
region between the strong peaks arising from the elastic
process, quasielastic process, and DIC. Figure 4(b) shows the
variation of average TKE (〈TKE〉) with the fragment mass
corresponding to the intermediate region [black gate drawn
in Fig. 4(a)] and the comparison with the Viola systematics
[27] (solid line) and the Itkis systematics [28] (dotted line).
This comparison assures the good agreement with the liquid
drop model of fission by indicating the parabolic dependence
of 〈TKE〉 on the fragment masses.

The MED of the fission fragments indicates the overlap
of the FF and QF events in the intermediate mass region.
Therefore, to separate out the contribution of FF and QF
events, neutron multiplicity measurements are carried out in
correlation with the binary fragments. The dependence of
neutron multiplicity on the mass and TKE of the fission
fragments is presented in the following subsections.

A. Variation of neutron multiplicity with mass

To analyze the dependence of neutron multiplicity on the
mass of the fission fragments, the MED is divided into three
mass sections, viz., projectile-like fragments (PLF) (38 �
AFF � 68) and asymmetric (68 � AFF � 108) and symmetric
(AFF = ACN

2 ± 20) mass regions. Here, AFF and ACN spec-
ify the mass of the fission fragments and CN respectively.
Furthermore, to minimize the angular uncertainty stemming
from the large effective area of MWPC, it is segmented
into four identical slices of dimension 30 × 50 mm. The
slicing of MWPC and the width of mass window are decided
in order to allow sufficient statistics in all the 388 neutron
energy spectra corresponding to each mass cut. The neutron
energy spectra are then corrected for the energy-dependent
neutron detection efficiency obtained using the FLUKA code.
The neutron energy spectra are assumed to receive contri-
butions from the three sources, namely, the emission from
the composite nucleus (prescission) and the emission from
one of the fission fragments (F1) and its complementary
fragment (F2) (postscission). The neutrons emitted from these
moving sources are assumed to be distributed isotropically in
their respective center-of-mass frames. The theoretical Watt
expression [29] for the neutron energy spectrum summed over
the three aforementioned moving sources can be written as

d2Mn

dEnd�n

=
3∑

i=1

Mi
n

√
En

2(πTi)3/2
exp

[
−En−2

√
εiEn cos �i +εi

Ti

]
,

(2)

where Mi
n, εi , and Ti are the multiplicity, energy per nucleon,

and temperature of the ith neutron source respectively. En

is the measured laboratory energy of the neutrons. �i is the
relative angle between the direction of neutron (θn,φn) and
the ith emitting source. The experimentally measured folding
angles and energies of F1 and F2 corresponding to each mass
cut are consistent with the Viola systematics and kinematical
calculations. So, the experimentally measured values of εi

and folding angles for the F1 and F2 are used in the fitting
procedure.

The prescission neutrons can be separated from the postscis-
sion ones on the basis of their different fission-neutron angular
correlations. To extract prescission (Mpre

n ) and postscission
(MF1

n , MF2
n ) neutron multiplicities, all the 388 double dif-

ferential neutron multiplicity spectra corresponding to each
mass cut are simultaneously fitted using Eq. (2) with the
multiple-source least-square fitting method followed by the
χ2 minimization procedure. During this fitting procedure,
three neutron multiplicities (Mpre

n , MF1
n , MF2

n ) and their cor-
responding temperatures (Tpre, TF1, TF2) are treated as free
parameters. The angular acceptance of both the fission and
neutron detectors are taken into consideration during the fitting
procedure. The minimum value of χ2/(number of degrees of
freedom) lies in between 1.7 and 2.4 for all the three mass
cuts. This simultaneous fitting is also performed by fixing the

Tpre =
√

E∗
a

, where E∗ is the excitation energy of CN and
a is the nuclear level density parameter which is taken to
be ACN/10 MeV−1. The values of neutron multiplicities thus
obtained are found to lie in the close proximity with the ones
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FIG. 5. Double differential neutron multiplicity spectra for the 48Ti + 208Pb reaction at an excitation energy of 57.4 MeV for the different
neutron detectors corresponding to the symmetric mass cut (AFF = ACN

2 ± 20). The fits for the prescission (dashed lines) and postscission
contributions from the fragment F1 (dotted lines) and those from the fragment F2 (dash-dotted lines) are indicated. The solid lines correspond
to the total neutron contribution. The relative angles between the fragments and the detected neutron are also quoted.
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FIG. 6. The multiple-source fitting (solid lines) to the experimental neutron θn (in the laboratory frame) distributions (solid circles) for the
48Ti + 208Pb reaction for the different φn corresponding to the symmetric mass cut. The dashed lines correspond to the prescission contribution
while the dotted and dash-dotted lines indicate the individual postscission contributions from fragments F1 and F2 respectively.

deduced while treating the Tpre as a free parameter. Figure 5
shows the fitted double differential neutron multiplicity spectra
at different angles for the symmetric mass cut, which clearly
indicates the strong dependence of the contributions from
different neutron sources with �i . This dependence primarily
arises due to the kinematic focusing of emitted neutrons in the
direction of accelerated fragments. The differential neutron
yield is obtained by integrating the double differential neutron
multiplicity spectra over neutron energy from 0 to 6 MeV.
Figure 6 shows the angular distributions of neutrons both in
and out of the reaction plane corresponding to the symmetric
mass cut. The experimental outcomes are also compared with
the total contribution from all the neutron sources derived
using the moving source fitting procedure. The individual
contribution from each neutron source is also revealed in Fig. 6,
where the contribution from the CN is a Gaussian centered
around 0◦ while for the neutron contributions from F1 and
F2, the Gaussian distributions are peaking around the centers of
the respective MWPCs. Hence, these distributions also assert
the onset of kinematic focusing as observed in Fig. 5.

The obtained values of M
pre
n , M

post
n , M total

n , Tpre, TF1, and
TF2 for the different mass cuts are listed in Table I. Here,
M

post
n = MF1

n + MF2
n is the total postscission neutron mul-

tiplicity component and M total
n = M

pre
n + M

post
n is the total

neutron multiplicity. From Table I, it is observed that M total
n

increases from the value 0.44 ± 0.02 to 8.25 ± 0.10 while
moving from PLF to symmetric mass split. In the same manner,
M

pre
n is also found to increase from PLF (Mpre

n = 0.15 ± 0.01)
to symmetric (Mpre

n = 2.23 ± 0.07) mass split which could
be justified qualitatively based on the expected enhancement
of the available excitation energy with transition from PLF
to symmetric mass split. In our recently published work, the
substantial presence of QF (∼35%) events in the asymmetric
part of the reaction product mass distribution of the 48Ti +
208Pb system is estimated using the theoretical calculations of
dinuclear systems [18]. Hence, the enhancement in M

pre
n while

transition from asymmetric (Mpre
n = 1.66 ± 0.07) to symmet-

ric (Mpre
n = 2.23 ± 0.07) mass region might be due to the

different timescales of the FF and QF processes. The observed
neutron multiplicities for three mass splits are compatible with
the recent results reported for the nearby system 50Ti + 208Pb
[30]. However, the uncertainties on our results are very small
as compared to those reported in earlier similar measurements,
which is the advantage of using the multidetector NAND array
for such measurements.

The decay of the intermediate composite system could
be investigated using the total available decay energy for a
particular exit channel and the energy cost for the neutron
emission. So, to check the consistency of the experimental
data, the measured neutron multiplicities corresponding to
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TABLE I. Neutron multiplicity and temperature values for the 48Ti + 208Pb system corresponding to different fission fragment mass splits.

Mass cuts Mpre
n Mpost

n M total
n Tpre TF1 (TF2)

(MeV) (MeV)

PLF mass cut 0.15 ± 0.01 0.29 ± 0.02 0.44 ± 0.02 1.55 ± 0.15 1.17 ± 0.14
(38 � AFF � 68) (1.23 ± 0.13)
Asymmetric mass cut 1.66 ± 0.07 5.32 ± 0.05 6.98 ± 0.09 1.78 ± 0.04 1.33 ± 0.02
(68 � AFF � 108) (1.39 ± 0.01)
Symmetric mass cut 2.23 ± 0.07 6.02 ± 0.07 8.25 ± 0.10 1.79 ± 0.03 1.39 ± 0.01
(AFF = ACN

2 ± 20) (1.39 ± 0.01)

symmetric and asymmetric mass splits are compared with the
values predicted using the energy balance equation [31]. Based
on this formulation, two different methods can be followed to
extract the total available decay energy. In the first method,
the total available decay energy [Ex(f )] for a particular exit
channel is expressed in terms of the initial excitation energy
(E∗) of the CN as given in the following equation:

Ex(f ) = E∗ + Qff (f ) − 〈T KE〉(f ), (3)

where Qff is the average Q value of the CN fission. In the
second method, the experimentally deduced M total

n is used to
calculate Ex(f ) as given in the following equation, assuming
that the total available decay energy is carried away by γ -ray
and neutron emission:

Ex(f ) = Eγ (f ) +
M total

n∑
i=1

(
Bn + Ei

n

)
, (4)

where Eγ is the total γ -ray energy, Bn is the average binding
energy of neutron, and Ei

n is the kinetic energy of the ith
emitted neutron. The deduced value of Ex(f ) using the
aforementioned methods are consistent within ±5 MeV, which
indicates that our experimentally extracted values of M total

n

corresponding to symmetric and asymmetric mass splits are
in agreement with the available E∗ of the CN.

For both the symmetric and asymmetric mass splits, the
available excitation energy of nuclei at the scission point (E∗

sc)
and the excitation energy of the fission fragments (E∗

ff ) are also
estimated using the formulation described elsewhere [15,31].
The excitation energy of the individual fission fragments at
scission point (E∗ind

sc ) is then obtained by assuming that E∗
sc is

shared between the fission fragments F1 and F2 in proportion
to their respective masses and is given as

E∗ind
sc = AFF

ACN
E∗

sc. (5)

Figure 7 illustrates the variation of the excitation energy
of fission fragments with the mass of the fission fragments,
where the solid curve represents the values of E∗ind

sc derived
using Eq. (5) and solid circles indicate the actual E∗

ff . The
values of E∗

ff and E∗ind
sc are consistent within error bars as

shown in Fig. 7, which implies that the total available excitation
energy of the fission fragments is divided in proportion to their
masses. Hence, one can assert that the complete thermalization

of the fissioning nucleus occurs at any mass ratio of the fission
fragment.

From the theoretical dinuclear system calculations for mass
distribution of this system, QF contributions are found to
be negligible in the symmetric mass region [18]. From an
extrapolation of the measured total neutron multiplicity for
the symmetric mass region to zero E∗, the average number of
prompt neutrons (Msf

n ) emitted in the spontaneous fission of
256Rf are deduced from the derived average energy cost for
the emitted neutrons. The extracted value of M

sf
n for 256Rf

is 4.4 ± 1.0, which is compatible with the ones reported for
258,260Rf isotopes [30,32]. This value is also consistent with
the systematics of spontaneous fission of superheavy nuclei
[16,33].

B. Variation of neutron multiplicity with TKE

In order to further investigate the fission dynamics of
256Rf nucleus, the dependence of neutron multiplicities on the
TKE of the fission fragments is checked by performing the
multiple-source least square fitting method for the different
TKE cuts corresponding to the intermediate mass region. It
is observed that the straight horizontal cuts in TKE result in
different mass distributions for each TKE cut as discussed in
Ref. [18]. In order to ensure the approximately same mass
distribution corresponding to each cut, Hinde et al. have
suggested gating on the defined related parameter, RTKE, the
ratio of the experimentally extracted TKE to that determined
from the Viola systematics with the inclusion of dependence
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60 80 100 120 140 160 180 200

 (M
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)
ff*

, E
sc*i

nd
E

10

20

30

40

50

60
sc
*indE

ff
*E

FIG. 7. Variation of excitation energy of the fission fragments as
a function of their mass for the 48Ti + 208Pb reaction (see text).
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FIG. 8. (a) The four RTKE cuts applied on the MED matrix of
the fission fragments as explained in the text. (b) Total projection
of TKE in the considered mass window together with the extracted
values of prescission (solid upward-pointing triangles), postscission
(solid downward-pointing triangles), and total (solid circles) neutron
multiplicities plotted at the mean TKE values corresponding to the
four RTKE cuts shown in the top panel.

of mass asymmetry [34]. In the upper panel of Fig. 8, the
appearance of these linear cuts in RTKE applied to the MED
matrix of the fission fragments is indicated. The selection of
the number of RTKE cuts and their span is done in such a way
that each neutron spectra have sufficient statistics to carry out
the multiple-source fitting corresponding to each RTKE cut.
The kinematic effects and recoil effects due to the postscission
neutrons are taken into account in this fitting procedure. The
lower panel of Fig. 8 shows the projection of TKE in the
considered intermediate mass window, along with the extracted
values of M

pre
n , M

post
n , and M total

n at the respective mean TKE
values corresponding to the four considered RTKE cuts.

Here, Mpre
n is found to decrease with increase in TKE. This

trend clearly indicates the presence of QF processes in this
heavy system. As in the case of QF, the neutron lifetime can be
significantly shorter than the acceleration time of the fragments
so that the hypothesis made for the fitting procedure that the
neutrons are emitted from fully accelerated fragments is no
longer valid. Consequently, neutrons emitted after scission but
before the fragments have reached their asymptotic velocities
are misidentified as prescission neutrons in the multiple-source

fitting. The number of these prescission neutrons sensitively
depends on TKE. Since a high TKE means low thermal
energy, and it thereby results in long neutron lifetimes and
a small probability of neutron emission during acceleration.
Conversely, a low TKE corresponds to high thermal energy
and results in more acceleration neutrons.

IV. STATISTICAL MODEL CALCULATIONS

The experimentally extracted M
pre
n and M

post
n are next

compared with the statistical model predictions for the 48Ti
+ 208Pb system. The statistical model calculations are based
on the assumption that the whole of the incident flux leads
to the CN formation [35]. The CN can decay into either of
the two major products, namely an evaporation residue or the
fission fragments along with the emission of light particles
such as neutrons, protons, α particles, and γ rays. Assuming
the symmetric fission, the fission width �BW is obtained from
the transition-state model of fission given by Bohr and Wheeler
[36], while the particle and γ emission widths are obtained
from the Weisskopf formula as given in Ref. [37]. A phase-
space factor due to the collective motion in the ground state is
included in �BW [38].

The fission barrier in the present calculations is obtained
by including shell correction in the liquid-drop nuclear mass
[39]. The shell correction term δ is given as the difference
between the experimental and the liquid-drop model (LDM)
masses (δ = Mexp − MLDM). The angular momentum depen-
dent fission barrier is then given as

Bf (l) = BLDM
f (l) − (δg − δs), (6)

where BLDM
f (l) is the angular-momentum-dependent LDM fis-

sion barrier [40], and δg and δs are the shell correction energies
for the ground-state and saddle configurations respectively.
For δg and δs , we use the prescription given in Ref. [41] for
deformation dependence of shell correction which gives a very
small value of shell correction at large deformations and full
shell correction at zero deformation.

Shell effect is also included in the nuclear level density
which is used to calculate various decay widths of the CN.
To this end, we use the level density parameter from the
work of Ignatyuk et al. [42], which includes shell effects at
low excitation energies and goes over to its asymptotic form
at high excitation energies. The shape-dependent asymptotic
level density parameter is taken from Ref. [43].

In the statistical model of CN decay, fission occurs when the
CN crosses the saddle point. The number of neutrons emitted
by the CN during its progression from the saddle to the scission
configuration contributes to M

pre
n and is calculated using the

saddle-to-scission transit time interval [44,45] given as

τ o
ss = 2

ωs

R

[(
�V

T

) 1
2

]
, (7)

where

R(z) =
∫ z

0
exp(y2)dy

∫ ∞

y

exp(−x2)dx
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FIG. 9. Variation of the prescission neutron multiplicity (Mpre
n )

with (a) the reduced dissipation coefficient (β) and (b) delay time
(τdelay) for the 48Ti + 208Pb reaction at an excitation energy of
57.4 MeV.

and �V is the potential difference between the saddle and the
scission points. ωs is the frequency of a harmonic oscillator
potential which approximates the nuclear potential near the
saddle configuration and T is the nuclear temperature.

The calculated value of the prescission neutron multiplicity
M

pre
n for the reaction 48Ti + 208Pb at a CN excitation energy of

57.4 MeV (Elab = 273.1 MeV) is 0.25 including a saddle-
to-scission contribution of 0.21. This clearly indicates that
a longer fission timescale is required in order to emit the
experimentally observed number of prescission neutrons. It is
also indicated that most of the prescission neutrons are emitted
in the saddle-to-scission stage due to very high fissility of the
CN 256Rf.

The above observations immediately suggest that a fission
hindrance is required to reproduce the prescission neutron
multiplicity. In a dissipative dynamical model of fission, a
reduction in fission width can be obtained from the Kramers
modified fission width given as [20]

�K = �BW

⎡
⎣

√
1 +

(
β

2ωs

)2

− β

2ωs

⎤
⎦, (8)

where �BW is the Bohr-Wheeler fission width and β is the
reduced dissipation coefficient (ratio of the dissipation coeffi-
cient to inertia). Introduction of dissipation also changes the
saddle-to-scission time interval and is given as [44]

τss = τ o
ss

⎡
⎣

√
1 +

(
β

2ωs

)2

+ β

2ωs

⎤
⎦. (9)

Statistical model calculations are performed for the different
values of β and the variation of M

pre
n with β is given in

Fig. 9(a). The major contribution to M
pre
n values calculated with

β also comes during the saddle-to-scission transition of the CN,
e.g., M

pre
n obtained with β = 10 × 1021 s−1 is 1.94 including

the saddle-to-scission contribution of 1.65. We find that the

experimental value of M
pre
n (2.23 ± 0.07) for the symmetric

mass cut can be reproduced by the β value of (13.0 ± 1.0) ×
1021 s−1. The strength of the dissipation thus found is close to
the values used in earlier works [46,47]. By following the decay
of the fission fragments, we also obtain the value of M

post
n and

the resulting M total
n value is 8.60, which compares favorably

with the experimental value of (8.25 ± 0.10) obtained for the
symmetric mass cut.

In order to get a direct estimate of time delay required for
emission of the experimentally observed number of prescission
neutrons, we perform another set of calculations where a delay
time (τdelay) is introduced in the saddle-to-scission stage of
fission. The total saddle-to-scission transition time is then
given as (τ o

ss + τdelay). No dissipation is considered in this
calculation. The variation of M

pre
n with τdelay is shown in

Fig. 9(b). It is observed that a fission delay of (67.3+5.3
−3.9) ×

10−21 s corresponds to the experimentally observed value of
M

pre
n (2.23 ± 0.07) for the symmetric mass cut. A comparable

mean fission delay time of 45 × 10−21 s was observed in an
earlier work [30] to account for the M

pre
n in fission of 258Rf at

an excitation energy of 64 MeV. A fission delay of (50+120
−30 ) ×

10−21 s in decay of 260Rf at an excitation energy of 180 MeV
was also observed in Ref. [32]. However, the uncertainties
associated with the delay times reported in the above referred
works are much larger than that obtained here due to the better
accuracy achieved in experimental determination of neutron
multiplicities in the present work.

The value of M
pre
n for the asymmetric mass cut is determined

as (1.66 ± 0.07) in the present experiment. This value is well
resolved from the multiplicity (2.23 ± 0.07) for symmetric
mass cut in comparison to the overlapping multiplicities of
symmetric and asymmetric mass cuts reported in a previous
work [30]. As discussed previously, a substantial presence
of QF events in the asymmetric part of the reaction product
mass distribution of the present system is predicted from the
dinuclear system calculations. The present statistical model
results, however, should not be directly used to extract the delay
time for the asymmetric fission without a word of caution. This
mainly concerns the magnitude of the neutron width used to
calculate the number of evaporated neutrons in a given time
interval. The neutron width depends sensitively on the neutron
separation energy of the CN, which in turn can depend on
the compound nuclear deformation. For symmetric fission,
however, it is shown that the neutron separation energy does
not change appreciably with compound nuclear deformation
[48]. We therefore approximate the neutron width required
to calculate the neutron multiplicity during the saddle-to-
scission transition for symmetric fission with the neutron
width as obtained for the spherical nucleus. However, this
approximation may lose its validity for asymmetrical shapes
of the CN. Further, the calculated values of M

pre
n correspond

to the CN excitation energy available for the symmetric fission
while the excitation energy for asymmetric fission should be
smaller. We therefore refrain from associating the time delay
of 28 × 10−21 s which can account for the value of 1.66 for
M

pre
n [from Fig. 9(b)] with the timescale of asymmetric fission.

This clearly points to the need for a statistical model analysis of
asymmetric fission in order to interpret the neutron multiplicity
and to find signature of the QF processes.
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V. SUMMARY AND CONCLUSIONS

The presence of QF processes has been confirmed through
the MD, MED, and MAD analyses of the fission fragments
produced in the 48Ti + 208Pb reaction populating near super-
heavy CN 256Rf at an excitation energy of 57.4 MeV. In the
present paper, the dependence of neutron multiplicities on the
fission observables (mass and TKE) has been investigated to
further understand the fission dynamics of 256Rf. Besides the
neutron multiplicity measurements, the experimental neutron
angular distributions have been measured which indicate the
kinematic focusing of emitted neutrons in the direction of
accelerated fragments. The analysis of mass-split and TKE
dependence of M

pre
n also reveals non-negligible contributions

of QF processes along with the FF processes. Mpre
n is observed

to increase while moving from asymmetric to symmetric mass
region, which is due to the different timescales of the FF and
QF processes. Mpre

n is found to increase with decreasing TKE,
a trend which the recoil and kinematics corrections can only
reinforce. This trend is mainly an artifact of neutron emission
during acceleration of the fragments, which are identified as the
prescission component in the fits. Increasing thermal energy
by reducing the TKE results in even shorter lifetimes and
thereby increases the neutron emission during acceleration.
Additionally, the dependence of neutron multiplicities on mass
split has been compared with the outcomes based on the
energy balance equation and are found to be consistent with
each other within a systematic uncertainty of �5%. Statistical
model calculations show that most of the prescission neutrons
are emitted during the saddle-to-scission transition of the
compound nuclei for the symmetric fission. The strength of the
reduced dissipation coefficient to account for the experimen-

tally measured multiplicity of prescission neutrons is found
to be (13.0 ± 1.0) × 1021 s−1. Alternately, the experimental
prescission neutron multiplicity for the symmetric mass cut is
also reproduced by introducing a delay time of (67.3+5.3

−3.9) ×
10−21 s in the saddle-to-scission stage of fission. No attempt is,
however, made in the present work to reproduce the prescission
neutron multiplicities obtained with asymmetric mass cut since
the statistical model analysis is limited to symmetric fission.
The average neutron multiplicity (Msf

n ) from the spontaneous
fission of 256Rf is also extracted from the measured total
neutron multiplicity for the symmetric mass split and found to
be 4.4 ± 1.0, which is compatible with the recently published
data for 258,260Rf isotopes and the previously reported findings
for the superheavy nuclei.

In future, we plan to extend these measurements over
wider range of excitation energies in order to estimate the
contributions of QF and FF processes quantitatively. It is also
planned to study the role of entrance channel effects in the
reaction dynamics to form superheavy nuclei.
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