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The pre- and post-scission neutron multiplicities are measured for the fission of 208Rn, populated with 
the reactions 30Si+178Hf and 48Ti+160Gd in the excitation energy range of 54.5 - 80.8 MeV. We found 
significant differences in the pre-scission neutron multiplicities of these two systems. Also, both the 
reactions exhibit an enhancement in the pre-scission multiplicity with respect to the existing data for 
the 16O+194Pt reaction populating 210Rn. The measured multiplicities are compared with the theoretical 
predictions obtained from the Langevin dynamical model for fission. Dynamical simulations are also 
performed to estimate the capture cross-sections. Contribution of the neutrons, emitted during the 
fusion process, is shown to be crucial in determining the neutron multiplicities for the present systems. 
Moreover, in case of the 48Ti+160Gd reaction, rapid quasi-fission dynamics prevents neutron emission 
from the thermalized target-projectile composite. The present measurement helps us to understand the 
relative importance of fusion and quasi-fission processes and their timescales depending on the entrance 
channel mass asymmetry.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

In heavy-ion induced reactions, the formation and decay of 
an equilibrated compound nucleus (CN) involve intricate many-
body dynamics. Both measurement and modeling of these complex 
dynamical processes are under investigation for many decades. 
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Probes like multiplicities of neutrons [1–3], charged particles [4,5], 
and γ -ray [6–8] are widely used to understand the fusion-fission 
(FF) dynamics. Among these observables, neutron emission is the 
dominant decay mode when the excitation energy of a compound 
system is sufficiently high. It occurs at various stages of the reac-
tion dynamics and provides the information of these different dy-
namical phases [9–19]. For example, measurement of pre-scission 
neutron multiplicity (npre) reveals the importance of nuclear dis-
sipation that can be incorporated within a suitable dynamical 
model [20–22] for compound nuclear decay. Further, npre may con-
tain neutrons emitted during fusion, i.e. in the course of CN forma-
tion, if the associated dynamical evolution is slow enough and the 
emission is energetically admissible.

The dynamical time and the corresponding outcome strongly 
depend on the entrance channel mass asymmetry α = (AT −
A P )/(AT + A P ), where AT and A P are the masses of the target 
and projectile nuclei, respectively. Initially, a thermalized dinuclear 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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composite is formed through capture of target and projectile. For 
a sufficiently large value of α, the composite then experiences a 
strong driving force towards a compact compound nuclear config-
uration and it rapidly fuses to a fully equilibrated CN. However, in 
case of a smaller α, the CN formation (fusion) time may become 
long enough that allows neutron emission. Especially, for a more 
symmetric (α < αfus) composite, the mass-equilibration process is 
hindered by the fusion barrier, located at α = αfus, and the system 
may prefer to re-separate without attaining the full equilibration. 
Such a non-compound decay, known as quasi-fission (QF) process, 
is usually faster than the total FF timescale and, therefore, it sup-
presses the overall neutron yield. All the neutrons, emitted after 
the formation of a thermalized dinuclear composite and until the 
composite bifurcates, are accounted in npre . It means, apart from 
pre-scission neutrons, npre includes neutrons emitted during the 
QF decay.

The total evolution time of a thermalized composite is directly 
correlated to npre and, under energetically favorable conditions, 
more neutrons are expected to be emitted when the composite 
takes a longer time to reach scission. Various measurements of npre

have been performed to investigate the fission timescales [23–26]. 
Also, neutron emission during the formation of a CN is conjec-
tured in different npre measurements [24,27,28]. However, simi-
lar measurements to address the role of α in different entrance 
channel reaction mechanisms is absent. The present work pro-
vides the scope to understand the FF and QF processes through 
their timescales by utilizing npre as a clock. We measured npre

for two different reactions 30Si+178Hf (α = 0.71) and 48Ti+160Gd 
(α = 0.54) at similar excitation energies ranging from 54.5 to 80.8 
MeV. Both the entrance channels populate the same CN: 208Rn. 
Results are compared with the npre data [29] of the 16O+194Pt 
reaction that populates a nearby isotope (210Rn). It is observed 
that QF, fast-fission [30] and per-equilibrium fission [31] events 
are negligible for this reaction, indicating the presence of only FF 
decay. Moreover, these experimental results suggest the absence of 
any considerable fusion delay and, thus, the corresponding forma-
tion time for such an asymmetric entrance channel is assumed to 
be negligible in respect to any neutron evaporation. The above con-
siderations regarding the 16O+194Pt reaction are explained qual-
itatively by using the entrance channel potential energy surface 
(PES). Here theoretical analyses are performed by using stochas-
tic Langevin dynamical models at various stages of the time evo-
lution. First, the capture cross-sections for the present reactions 
are estimated with a two-dimensional Langevin model. Then, the 
compound nuclear decay is studied with the Langevin dynami-
cal model for fission, where the dissipation strength is adjusted 
to reproduce the experimental npre for our reference system of 
16O+194Pt from which the neutron emission is neglected during 
fusion.

2. Experimental details

We performed the experiment at the National Array of Neutron 
Detectors (NAND) [32] facility of IUAC, New Delhi, using pulsed 
beams of 30Si and 48Ti from the 15UD Pelletron accelerator +
LINAC booster. Both the beams had repetition rate of 250 ns with 
a beam width of ∼800 ps. We used targets of carbon backed 
178Hf (thickness ∼350 μg/cm2) and self-supporting 160Gd (thick-
ness ∼1.00 mg/cm2). A schematic of the experimental setup is 
shown in Fig. 1. To detect the complementary fission fragments in 
coincidence with each other, we placed two multi-wired propor-
tional counters (MWPCs) [33] symmetrically at angles (θlab , φlab) 
of (69◦ , 90◦) and (−69◦ , 270◦) for 30Si+178Hf, and (59◦ , 90◦) and 
(−59◦ , 270◦) for 48Ti+160Gd. Each MWPC has an active area of 
11 × 16 cm2 and were maintained at an effective distance of 16.5 
cm from the target. Angular coverages provided by the MWPCs 
2

Fig. 1. (Color online) Experimental setup (top view) used for measurement of neu-
tron multiplicity in coincidence with fission fragments. Two MWPCs, two monitor 
detectors (SSBD1 and SSBD2) and neutron detectors are placed in the reaction plane 
for 30Si+178Hf.

were ±18.4◦ along θlab and ±25.9◦ along φlab . Timing and po-
sition resolutions of these detectors were ∼1 ns and ∼1.2 mm, 
respectively. We operated the detectors at 3.0 mbar pressure of 
isobutane gas and a cathode bias of −420 V. We detected the 
neutrons, in coincidence with the fission fragments, by using an 
array [34,35] of 100 organic liquid scintillator detectors BC501A 
(5′′ × 5′′) coupled to PMT-R4144. Total solid angle coverage of 
this detector-array is 3.3% of 4π . A hardware threshold of 120 
keVee [36] is determined by calibrating these neutron detectors 
with γ -rays from 137Cs, 60Co, and 22Na radioactive sources. We 
coupled a VME based data acquisition system with the Linux Ad-
vanced Multi-Parameter System (LAMPS) [37] software to acquire 
the event mode data. The acquisition is set according to a trig-
ger logic generated by coincidence between the RF of the beam 
pulse and the fission detectors. A beam dump was placed at a dis-
tance of 4 m from the target and shielded with thick layers of lead 
and borated paraffin in order to prevent any unnecessary back-
ground radiation [38]. We recorded the time-of-flight (TOF) signals 
from the neutron detectors. These detectors can sense neutrons as 
well as γ -rays. Therefore, to distinguish these two types of sig-
nals, pulse-shape discrimination (PSD) modules, based on the zero 
crossover technique, were used [39] with the TOF spectra. Effi-
ciency of the neutron detectors is calibrated by measuring [40] the 
neutron spectrum of the well-known 252Cf source and then com-
paring it with the simulated results from FLUKA [41], which is a 
multi-particle transport code based on the Monte-Carlo method.

3. Data analysis and results

Data analysis is performed using the LAMPS and ROOT pack-
ages. Two-dimensional correlated TOF spectra, as shown in Fig. 2(a), 
are generated from fast timing signals of the two MWPCs and used 
to separate the fission events from all possible contamination. To 
filter γ -rays from neutrons, a TOF-PSD neutron gate (shown by 
the dashed loop in Fig. 2 (b)) is applied on the TOF spectra. The 
peak position of the prompt γ -ray is used to calibrate the time 
of each TOF spectrum. These calibrated TOF spectra were then 
converted into the neutron energy spectra where the energy of 
a neutron is given by En = 0.5 × mn (l/T O F )2 (in J); mn being 
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Fig. 2. (Color online) (a) Time correlation spectra of complementary fission frag-
ments detected in the MWPCs, (b) PSD versus TOF spectrum of a neutron detector, 
for 30Si+178Hf, measured at E* = 79.4 MeV.

the mass of a neutron and l = 175 cm, is the length of the flight 
path. Angular uncertainties, imposed by the large area of the fis-
sion detectors, are reduced by dividing the position spectrum of 
each MWPC into four equal sectors. Subsequently, each neutron 
TOF spectrum is split into four components by applying the MWPC 
position gates. The energy spectra are binned in intervals of 0.5 
MeV and energy dependent efficiency corrections are applied to 
obtain the neutron counts in all the neutron detectors. Then, to 
extract the double differential neutron multiplicities (DDNMs), the 
efficiency-corrected energy spectra are further normalized with the 
corresponding acceptance (solid angle) of the neutron detectors 
and the number of fission events. The pre- and post-scission neu-
trons can be separated by employing the multiple-source (CN and 
two fission fragments) least-square fitting procedure to all of the 
DDNM spectra, simultaneously. The fitting equation is given by 
[42],

d2n

dEnd�n
=

3∑
i=1

ni
√

En

2(π Ti)
3/2

× exp

⎡
⎢⎣−

En − 2
√

En
Ei
Ai

cos θi + Ei
Ai

T i

⎤
⎥⎦ ,

(1)

where Ei , Ai , Ti , θi , and ni are the kinetic energy, atomic number, 
temperature, detection angle, and multiplicity of the correspond-
ing source, respectively. Multiplicity n1 corresponds to the neu-
trons emitted before the scission i.e., npre , and n2 (= n3) is the 
multiplicity of neutrons emitted from a fission fragment i.e., npost . 
Therefore, the total multiplicity is ntotal = npre + 2npost . In Eq. (1), 
npre and npost , and the respective temperatures are considered as 
free parameters. The kinetic energy of a fission fragment, E2 (or 

Table 1
Extracted values of npre , 2npost , ntotal for 30Si+178Hf and 48Ti+160Gd system at dif-
ferent excitation energy.

System E∗(MeV) npre 2npost ntotal

54.5 2.76 ± 0.07 1.54 ± 0.04 4.30 ± 0.08
59.6 3.08 ± 0.07 1.58 ± 0.04 4.66 ± 0.08

30Si + 178Hf 64.8 3.22 ± 0.07 1.73 ± 0.04 4.95 ± 0.08
69.1 3.58 ± 0.07 1.83 ± 0.04 5.41 ± 0.08
74.2 3.80 ± 0.08 1.85 ± 0.05 5.65 ± 0.09
79.4 3.94 ± 0.08 1.86 ± 0.05 5.80 ± 0.09

56.0 2.37 ± 0.08 1.59 ± 0.05 3.96 ± 0.10
61.4 2.69 ± 0.07 1.45 ± 0.04 4.14 ± 0.08

48Ti + 160Gd 66.1 2.78 ± 0.06 1.81 ± 0.04 4.59 ± 0.07
70.7 2.97 ± 0.06 1.92 ± 0.04 4.89 ± 0.07
76.2 3.33 ± 0.07 1.73 ± 0.04 5.06 ± 0.08
80.8 3.45 ± 0.07 2.04 ± 0.04 5.49 ± 0.08
3

E3) is calculated from the Viola systematics for symmetric frag-
mentation [43]. The angular position of each MWPC sector is taken 
into account while calculating the angle between the source and a 
particular neutron detector. Fig. 3 shows some of the measured 
DDNM spectra along with the fitted npre and npost components 
obtained at various detection angles. As expected, the npre spectra 
are almost isotropic (independent of the detection angle) and the 
npost distributions are peaked along the directions of fission frag-
ments, i.e., for θnf1 or θnf2 (angles between a neutron detector and 
fission fragments) close to zero. Extracted best-fit values of npre , 
npost , and ntotal are given in Table 1. npre for the less symmetric 
system, 30Si+178Hf, is found to be higher than the more symmet-
ric 48Ti+160Gd reaction.

4. Theoretical analysis

Heavy-ion induced reactions can be visualized as three suc-
cessive dynamical evolutions beginning with the formation of a 
thermalized dinuclear composite through capture. Then, the com-
posite either decays via QF or evolves to a fully equilibrated CN. 
Finally, the CN either undergoes fission or stabilizes to an evap-
oration residue following light-particles and γ -ray evaporations. 
According to the compound-nuclear reaction theory, npre should be 
independent of the entrance channel provided neutron-evaporation 
occurs only after the formation of a CN with a particular angu-
lar momentum (�) and excitation energy (E∗). Therefore, for the 
three reactions considered in the present work, we expect similar 
values of npre if the above conditions are fulfilled. We compare 
the results with E∗ as an independent variable (see Fig. 6). In 
order to eliminate the � related uncertainty, we calculate the par-
tial capture cross-section (dσc/d�) by solving the two-dimensional 
Langevin equation [22,44] given by

dpR

dt
= �2

μR3
− dV cap(R)

dR
− K R R

pR

μ
+ gR R
R(t),

dR

dt
= pR

μ
,

1

R

d�

dt
= −Kθθ

�

μR
+ gθθ
θ (t),

dθ

dt
= �

μR2
, (2)

where R defines the relative separation between the center of 
masses of the target and projectile and θ is the angle subtended 
by R on the beam axis. The possibility of mass transfer among 
the target and projectile nuclei was theoretically suggested to be 
negligible during capture [44]. pR is the momentum conjugate 
to R and μ is the reduced mass of the composite. The driv-
ing potential V cap(R) is calculated by double-folding the effective 
Migdal interaction with nuclear densities [45,46]. Corrections for 
the Coulomb and rotational energies are also taken into account. 
K R R and Kθθ are the coefficients of the dissipation tensor calcu-
lated within the surface-friction model [22]. The strength of the 
random force with coefficients gR R and gθθ is obtained from the 
dissipation tensor by using the fluctuation dissipation theorem. 
The time dependent part 
i(t) follows the time-correlation prop-
erty: 〈
i(t)
i(t′)〉 = 2δ(t − t′). An ensemble of Nt Langevin trajec-
tories are simulated for each combination of � and E∗ (or Ec.m.) 
and the resulting dσc/d� is calculated from the equation:

dσc = π h̄2(2� + 1) Nc(�) (3)

d� 2μEc.m. Nt
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Fig. 3. (Color online) Double differential neutron multiplicity spectra for the reaction (a)-(f) 30Si+178Hf at E∗ = 79.4 MeV and (g)-(l) 48Ti+160Gd at E∗ = 80.8 MeV. θn and φn

are polar and azimuthal angles of neutron detectors, θnf1 and θnf2 are angles between neutron detector and fission fragments. Symbols indicate measured data. npre (dashed 
line), ntotal (solid line), and npost (dash-dotted lines) from two fragments are obtained by fitting experimental values with Eq. (1).
where Nc is the number of captured events. A Langevin trajec-
tory is considered to be a captured event when the radial kinetic 
energy along R is completely dissipated at a value of R inside 
the capture barrier [44]. Results are plotted in Fig. 4 along with 
the total capture cross-section (σc) obtained by integrating Eq. (3). 
The dσc/d� distributions are considerably broader for the 30Si and 
48Ti induced reactions compared to the 16O case. It implies that 
these heavy projectiles produce high-� composites in comparison 
to 16O. Equivalently, at similar E∗ , 48Ti populates even higher val-
ues of � than 30Si. Next, two-dimensional PES is calculated along 
R and α as shown in Fig. 5. The liquid drop part of the PES is ob-
tained by using the same Migdal interaction [45,46] and the shell 
corrections are added from experimental binding energies [47] for 
different dinuclear combinations. For all the three reactions, cap-
tured events form thermalized composites with configurations as 
indicated in Fig. 5. Subsequent evolution of these composites de-
pends on the force exerted by the driving potential. Evidently, as 

Fig. 4. (Color online) Left panels: variation of dσc/d� with � for different E∗ (in 
MeV) as indicated on each curve. Reaction channels are mentioned in each panel. 
Right panel: Calculated σc from dσc/d� curves.
4

discussed in section 1, the 16O+194Pt (although the calculated PES 
corresponds to 16O+192Pt, it is similar to the PES for 16O+194Pt) 
system achieves complete equilibration due to strong driving force 
towards α = 1. The minima of the PES along the R direction are 
marked by a dashed line in Fig. 5. The maximum potential on this 
line is defined as the fusion barrier and the corresponding α is 
defined as α f us . The relatively symmetric composite of 30Si lies 
on the boundary of a shallow well that lies close to the fusion 
barrier and, therefore, it takes a longer time to reach the fusion 
pocket. Moreover, this system may decay via QF due to shape fluc-
tuations triggered by the excitation energy of the system. In fact, 
in similar reactions, a weaker (∼10%) contribution from the slow 
QF process is predicted [48]. In contrast, for the 48Ti+160Gd reac-
tion (α < α f us), fast QF decay is energetically more favorable. The 
dominance of QF in 48Ti induced reactions is observed in various 
experiments [49,50]. Interestingly, according to the PES, QF events 
prefer a pathway towards near-symmetric (α ≈ 0.1) fragmentation 
and this can not be distinguished experimentally from the fission 
fragment mass distribution, apart from a broadening in the distri-
bution. It ensures the presence of QF neutrons in our measured 
npre . We want to mention that the mass-angle correlations of fis-
sion fragments are also measured for the present reactions and the 
analysis is underway to distinguish QF and FF events.

Next, we calculate npre by presuming that all the captured 
events emerge to compound nuclei without any formation delay 
i.e. the evolution of the dinuclear shape to a CN is pretty fast. Al-
though this assumption is thought to be valid for the reference 
reaction and not to be true for our measurements. We perform this 
calculation to isolate the non-compound contributions in npre . We 
solve Langevin dynamics for fission to simulate the time-evolution 
for an ensemble of compound nuclei. The initial � is sampled from 
the dσc/d� distributions given in Fig. 4. The Langevin equation 
for the Hill-Wheeler elongation coordinate c [51] can be written 
as [21],

dp

dt
= p2

2

d

dc

(
1

M

)
− dF (c)

dc
− βp + g
(t),

dc = p
(4)
dt M



N. Kumar, S. Verma, S. Mohsina et al. Physics Letters B 814 (2021) 136062
Fig. 5. (Color online) Potential energy surface (in MeV) as a function of R and α
(see text). Square symbols ‘a’, ‘b’, and ‘c’ are the configurations of thermalized com-
posites formed after the capture process in reactions 16O+194Pt, 30Si+178Hf, and 
48Ti+160Gd, respectively. The dashed line defines potential minima along R and the 
circle indicates the location of the fusion barrier (α f us). Probable decay routes are 
shown by black (FF path) and gray (QF path) arrows.

where M is the shape dependent collective inertia calculated 
within the Werner-Wheeler prescription [52] and p is the col-
lective momentum. The strength of the random force g and the 
random number 
(t) are obtained in a similar way as described 
for Eq. (3). Helmholtz free energy, F (c) is obtained from the 
double-folding Yukawa-plus-exponential potential [53] V (c) as: 
F (c) = V (c) − (a(c) − a(0))T 2; a(c) being the shape dependent 
level density parameter and T is the Fermi-gas temperature for 
the spherical shape. We consider deformation dependent shell and 
pairing energy corrections in V (c). To this end, two-centered shell 
model [26] is solved and then the Strutinsky’s prescription [54]
is employed to extract the microscopic energy correction. Evapo-
ration of neutron, proton, α-particle, and GDR γ -ray are consid-
ered at each Langevin time-step. Evaporation widths are calculated 
within the standard statistical model prescription [22,55]. The re-
duced dissipation strength β is used as a free parameter and it is 
adjusted independently for each E∗ to reproduce the experimen-
tal npre for the reference reaction. Calculated npre and the β are 
plotted in Fig. 6. Further, β must be independent of the formation 
channel. Hence, we use the same β to calculate npre for the other 
two reactions. As shown in Fig. 6, calculated npre (thin lines) for 
these reactions are below the values corresponding to the refer-
ence reaction. This is in agreement with our expectation since a 
higher compound nuclear �, produced in case of our systems as 
explained above, effectively reduces the fission barrier and makes 
the fission process faster. As a result, the chances of neutron evap-
oration diminishes.

The finding just described suggests that the neutrons emit-
ted during the fusion process contributes substantially in npre for 
heavy projectiles. Specifically, for the 30Si induced reaction, where 
the probability QF is low, observed excess neutrons are produced 
during the CN formation. The presence of a long CN formation 
time for 30Si induced reaction is already predicted with the help 
of Fig. 5. Further, we repeated the Langevin calculation by incor-
porating a formation delay (or equivalently fusion-delay) τ . During 
this course of time, particle and γ -ray evaporations are allowed 
without any shape evolution. As shown in Fig. 6, τ = 65 × 10−21

s is required to compensate for the excess neutrons. Moreover, 
this constant τ precisely reproduces the E∗ dependence of the 
observed npre . However, the magnitude of τ is model depen-
dent as it is directly correlated to the calculated neutron emission 
width. Also, an appropriate dynamical calculation, including real-
time evolution of a dinuclear composite to a compound nuclear 
5

Fig. 6. (a) Measured npre for 30Si+178Hf (triangles), 48Ti+160Gd (squares), and ex-
isting data [29] for 16O+194Pt (circles) reactions. Thin lines are calculated npre for 
30Si+178Hf (dashed lines), 48Ti+160Gd (dash-dotted lines), and 16O+194 (solid lines) 
without formation delay. Thick lines correspond to τ = 65 ×10−21 s. The β used for 
the dynamical calculations is shown in (b).

configuration, may predict τ more comprehensively. For the 48Ti 
induced reaction, τ will be even higher. Therefore, we would have 
observed npre even higher than the 30Si case if the composite were 
predominantly decayed via the FF route. However, as explained 
above, fast QF process dominates for this reaction channel. Conse-
quently, overall neutron number decreases considerably and, even 
with τ = 65 × 10−21 s, theoretical prediction overestimates the 
experimental npre . Ideally, for a more precise understanding, QF 
dynamics is required to be simulated in presence of neutron evap-
orations, which is beyond the scope of the present study.

5. Conclusion

To examine the role of entrance channel dynamics in heavy-
ion induced reactions, we measured neutron multiplicities for the 
CN 208Rn populated via two reactions, 30Si + 178Hf and 48Ti +
160Gd, having different mass asymmetry. Neutron multiplicities are 
found to be strongly influenced by the collective dynamics happen-
ing during the fusion and quasi-fission processes. Moreover, two 
distinct scenarios arise for the two entrance channels. The 30Si in-
duced reaction spends a considerable time in the fusion process 
before reaching the complete equilibration. On the other hand, for 
the 48Ti case, fast quasi-fission decay plays a dominant role in the 
reaction dynamics. Present measurement effectively disentangles 
these two reaction mechanisms which involve different timescales. 
However, the neutron multiplicity probe is insensitive to the non-
equilibrium processes that survive for a time period similar to the 
fusion-fission timescale. Study of other observables like mass dis-
tributions and mass-angle correlations of the fragments are neces-
sary for a deeper understanding and work is in progress along this 
direction.
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