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Role of viscosity in fusion-fission dynamics via simultaneously measured neutron
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The multiplicities of « particles and neutrons have been measured simultaneously for the reaction '°0 + '*°Pt
forming 2'>Rn compound nucleus at excitation energies of 56 MeV, 61 MeV, and 68 MeV. Neutrons and «
particles were detected at various angles in coincidence with the fission fragments. To extract the contribution
of pre- and postmultiplicities using the total a-particle and neutron spectra, moving source formalism was
implemented. In the case of « particle, near scission contribution has also been extracted. Study of the fission
mechanism using light particle emissions are helpful in understanding the detailed fusion-fission reaction
dynamics. The statistical model code JOANNE2, which includes deformation-dependent particle transmission
coefficients, binding energies and level densities, has been used to reproduce the measured multiplicities of
neutrons and « particles by varying the transient (t,,) and saddle to scission (z,,.) times. It is found that the fission
time scales of the order of 50-70 x 102! sec are required to reproduce the neutron and a-particles multiplicities
simultaneously. The fission time scales are the measure of the nuclear viscosity, which is responsible for the

dynamic hindrance of the fission process.
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I. INTRODUCTION

Study of the reaction dynamics involved in the heavy-
ion-induced nuclear reactions has been one of the important
area of interest in nuclear physics research. The compound
nucleus formed in heavy-ion reaction has the probability to
proceed towards the fission process depending on the avail-
able excitation energy, temperature. Fusion-fission dynamics
of the excited nucleus can be studied by characterizing the
emitted particles, such as «, p, v, and y during the course of
deexcitation [1,2]. As compared to that given by the transition-
state theory of Bohr and Wheeler [3], there is a clear excess
of the measured prescission multiplicities of neutrons [4,5],
charged particles [2,6,7], and giant dipole resonance (GDR)
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[8]. The excess indicates a hindrance or slowing down of the
fission process. In statistical code, the slowing down of fission
process is usually taken into account by using Kramers’
expression for the fission width, which considers a dissipative
dynamics for fission [9] resulting in the longer fission time.
From comparison of the multiplicity data with theoretical
model calculation one can derive the prescission time scale
and friction coefficient. It has been observed that the fission
process slows down to an order (1072°-10~'° s) due to nu-
clear viscosity [10]. During the fission process, emission of
the particles is divided into two major components: parti-
cles emitted from the compound nucleus called prescission
particles whereas the particles emitted from the fragments
called postscission particles [6]. Fission time is divided into
two major parts: time needed for transition from equilibrium
compound state to saddle point called the transient time (t;,)
and the time of descent from saddle to scission point called
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Tgc. Investigation of the emitted particles provides informa-
tion about the dynamical and statistical aspects of the fission
process [7]. During the separation of two nuclei at the scission
point, large kinematic focusing plays an important role in the
fission dynamics [11]. The charged particle emission taking
place near the neck region just before the scission is termed as
near-scission emission (NSE).

The main bulk of the information about the fusion-fission
dynamics of heated rotating nuclei formed in heavy-ion-
induced reactions have been obtained with neutron measure-
ments and indicate that the fission process is dissipative in na-
ture at high excitation energy. There are some measurements
also where charged particles are used as a probe to study the
fusion-fission dynamics. But there are very few measurements
where the charged particles and neutron multiplicities have
been measured simultaneously. To understand the dynamics
involved in the fission, in the present work, we have measured
simultaneously the «-particle and neutron multiplicities for
compound nucleus >'?Rn at various excitation energies. Stan-
dard statistical model code JOANNE2 [12,13] has been used to
reproduce the measured a-particle and neutron multiplicity by
varying the fission time scales. The experimental setup used
in the present work has been discussed in Sec. II. Section III
describes the details about the procedure to extract the py,
and p.s and NSE contributions. For ansg contribution has also
been extracted. Section IV describes the details of the standard
statistical model analysis to reproduce the experimentally
measured multiplicities using JOANNE2 code followed by
summary and acknowledgments.

II. EXPERIMENTAL DETAILS

The experiment was performed with 15UD Pelletron fa-
cility at Inter University Accelerator Centre (IUAC), New
Delhi, using General Purpose Scattering Chamber (GPSC).
A self-supporting enriched target of '°°Pt having a thickness
of 1.8 mg/cm? was used in the experiment. A pulsed beam
of 1°0 at energy 93, 99, and 106 MeV was bombarded on
196pt to form 2'?Rn compound nucleus at the excitation energy
of 56 MeV, 61 MeV, and 68 MeV. Multi Wire Proportional
Counter (MWPC) detectors were used for the detection of
fission fragments. MWPC detector was made up of four
electrodes: anode, cathode, and position signals [14]. Two
MWPC detectors were kept at the folding angles so as to
detect complementary fission fragments. One of the MWPC
detectors was kept at an angle of 30° with respect to beam
direction whereas the second MWPC detector was kept at an
angle of 135° with respect to beam and were at the distance
of 20.5 cm from the center of the target. These MWPC
detectors were having an active area of (20 cm x 10cm).
The fast timing signal from the MWPCs were used to get
the time-of-flight (TOF) information of the fission fragments
with reference to the beam arrival time, which enabled us to
separate the fission events from other competing channels.
Two passivated implanted planar silicon (PIPS) detectors were
also placed inside the scattering chamber at +10° as monitors.

The detector system used in the current setup has
16 CsI(TI) crystals, each having an area of 20 mm x 20 mm
with thickness of 3 mm. CsI(Tl) detector were kept at a
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FIG. 1. Schematic diagram of experimental setup representing
fission detectors as MWPC 1 and 2 kept at folding angle and charged
particle detectors CsI(Tl) kept at 70°, 90°, 110°, and 130° with
respect to MWPC detector at 30°.

distance of 15.5 cm from the center of the target. The
schematic diagram of the experimental setup is shown in
Fig. 1. The neutron detectors are not shown in the figure.

In order to differentiate between different particles, bal-
listic deficit pulse shaping technique was used to obtain two
decay times, long decay time (7;) and short decay time (ts).
Plotting long decay time to short decay time gives bands
corresponding to different particles as shown in Fig. 2. The
details of the procedure are given in our previous publications
[15].
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FIG. 2. Two-dimensional plot of long shaping time (t.) vs short
shaping time (ts), representing different bands corresponding to
different particles. y from photodiode are seen in the top band. Sec-
ond and third band represents protons and deuterons, respectively,
whereas the bottom band represents « particles.
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FIG. 3. Particle identification plot with PID on Y axis and long
shaping time (t,) on X axis. Black marked band represents the o-
particles band

The particle identification (PID) plot was obtained by
taking the difference between t;, and tg divided by ;.
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L

Two-dimensional view of the obtained spectra is shown in

Fig. 3.

Energy calibration of CsI(T1) detectors for o particles was
performed using 2*Am and **’Th sources giving o energies
up to 8 MeV. The in-beam calibration of the CsI(T1) detectors
was also performed using '?C(’C, «)*°Ne* and "Li('>C,
o) N* reactions at 30 MeV and 20 MeV, respectively, which
provide discrete o energies ranging from 5 MeV-25 MeV
corresponding to 2°Ne, >N states. During the in-beam cali-
bration, all the four CsI(Tl) detectors were brought near beam
axis at +10° and +20° to minimize the kinematic broadening.

Three neutron detectors (BC501) were also placed at 1.5 m
from the center of target at angles 30°, 90°, and 120° with
respect to beam direction. In order to reduce the background,
the beam dump was placed 3 m downstream from the target
and the beam line was shielded with paraffin and lead bricks.
The threshold of the neutron detectors was kept at about
0.5 MeV by calibrating it with the standard sources (*’Cs and
0Co) [16]. The trigger of the data acquisition was generated
by logical OR of the two fission fragments (cathode of the two
MWPCs) and charged particle detectors, which was further
AND-gated with the RF of the beam. Fission-gated neutron
and a-particle spectra were obtained by normalizing with total
fission after correcting for random coincidence.

III. DATA ANALYSIS

During the off-line data analysis, MWPC fission detector
was divided into four equal parts in order to have the better
angle definitions. Each slicing had a bin size of ~7.5° forming
various angles with respect to beam as well as CsI(Tl) and
neutron detector. Different values of relative angles i.e., angle
of the «-particle detector with respect to beam (®,), angle
of the «-particle detector with respect to fission detector
MWPC 1) (®,), and angle of the a-particle detector with

respect to another fission detector (MWPC 2) (®,>) were
generated. Similarly, different angle combinations of neutron
detectors with respect to beam and fission detectors have been
obtained. Final a-particle and neutron multiplicity spectra
were obtained at various angles by dividing the coincidence
spectra with the total fission counts and the solid angle of
the detector. In total, eight combinations for (Q,), (Ogr1),
and (®,r,) were obtained. The normalized « particles and
neutrons spectra, thus obtained, were fitted simultaneously
with moving source model considering three sources namely:
compound nucleus, complementary fission fragments and the
near scission emission (NSE). In case of « particles, fourth
source, near scission emission (NSE), has also been consid-
ered. In the moving source analysis, fission is assumed to be
symmetric and mean values of fragment mass and charge are
used. The «-particles and neutrons emission is assumed to
be isotropic in the rest frames of sources and energy spectra
are calculated using the constant temperature level density
expression [6] given below,

n(e) ~ ayeo(€)exp <_?€> 2)

where o, and € are the multiplicity and the energy of the
emitted « particles in the rest frame, T is the temperature of
the source and o (¢) is the inverse reaction cross section. The
inverse reaction cross section was calculated using Wong’s
formula [17].

hwR? { |:271 ] }
o(e) = logil+exp|—(€—Vp)|g, 3)
2¢ w
where /i w is the curvature of fusion barrier for angular mo-
mentum (£) = 0. The pre- and postscission values for siw used
in moving source analysis were 4.8 and 4.0 MeV, respectively
[6]. Temperature (T') for the pre- and postscission sources was
calculated using formula:
E*
T=,—, “
a
where E* is the intrinsic excitation energy of the source and
a represents the level density parameter, which was taken
as A/11 for the compound nucleus and A/7 for the fission
fragments [6]. The values for Tpe and 7,05 Were calculated to
be 1.52 and 1.1 MeV, respectively, after scaling down Tj, by a
factor of 11/12 to account for the multistep evaporation [18].
The Coulomb barrier for « particles (V) at the exit channel
was calculated using the following expression [19]:

1.44Zp(Zs — Zp)
rol(Ap) 3 + (Ag — Ap) D]+ 6

where Ap, Zp, and Ag, Zg are the masses and charges of the
a-particle and emitting sources, respectively. The value of r
was taken as 1.45 fm. The parameter § was used to take care
for the reduction in barrier due to the deformation effects of
the sources and was taken as 2.0 for compound nucleus and
0.4 for the fission fragments. The values of Vplf.e =20.8 MeV,

and V%Sr = 12.7 MeV were used in moving source code for
pre- and postscission sources, respectively. The study of NSE

of « particles is important for understanding the collective

Vg = MeV, (5)
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FIG. 4. Normalized a-particle multiplicity spectra at Ej,, = 93 MeV, along with fits of moving source formula. These spectra are shown
at various relative angles between the CsI(TIl) detectors and the fission detectors in laboratory frame. Various contributions are represented
in different colors. Red and blue line represents the contribution from two fragments of postscission segments whereas the black line is
representing the compound nucleus contributions or prescission segment and the neck contribution is represented by pink line or near scission
emission. Total contribution is shown in green color. The error bars represent the statistical errors only.

fission dynamics and can provide valuable information on the
scission point characteristics. This emission is assumed to take
place at scission point almost similar to the ternary fission at
low energy. It is well established in low-energy fission that
NSE has an energy distribution which is nearly Gaussian and
an angular distribution, which has a noticeable dependence on
the energy of the emitted particles [7]. Since the mechanism
of NSE « particles in heavy-ion reactions is still not clear, so
for simplicity we have assumed that both the energy and the
angular distribution have Gaussian forms and are independent
of each other. Therefore, in order to extract the NSE contri-
bution to a-particle spectra in the moving source analysis, the
energy and angular distribution were assumed to be Gaussian
in the rest frame and the following expression was used [2]:

—(e — 2 _ — 0)2
n(e,@)%aNSEexp[ (€ ;P) i|exp|: (0 —6) j| (6)

20 2092

where ansg is the a-particle multiplicity of the NSE, €p is
the peak or mean energy of « particle, 6 is the relative angle
of o particle with respect to scission axis, o, is standard
deviations of the energy distribution and oy is the width of
angular distribution in the rest frame. Near scission emission
is assumed to be dominating in perpendicular direction to
scission axis.

The a-particle spectra from four sources were calculated
in rest frame using Eqs. (3), (4), and (7) and then were
converted to laboratory frames using the appropriate Jaco-
bians. The spectra thus obtained from the individual four
sources were summed up to have total o spectra. The mean
fragment velocities were determined using Viola’s systematic
[20] for the total kinetic energy released in fission process.
The temperatures (Tpre, Tpost) and Coulomb barriers (foe and
Vplf)s[) were fixed during the moving source analysis to extract
the prescission, postscission, and NSE contributions. The
prescission, postscission, and NSE multiplicities were kept
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TABLE 1. Experimentally measured o particle, neutron multiplicities, and temperatures for °0 + Pt reaction.

S- NO E* (MeV) apre apOS[ vpl’C UpOSt 7‘;’7[“5 (Mev) TPOSt (Mev) ‘ESIC (ZS)
1 56 (720 £0.13)x 103 (0.49 £0.013)x 103 (2.30+£.07)  (0.784.03) 1.46 1.31 50
2 61 (1.02£05)x 102 (0.17£0.02)x 102 (2.53+£.05)  (0.914.02) 1.52 1.34 62
3 68 (1.86 £ 0.24)x 1072 (0.63£0.05)x 102 (2.98+.09) (0.88 &.05) 1.58 1.39 70

as free parameters during the fitting. Figure 4 shows fitted
spectra for the individual sources along with total spectra
at various angles at incident energy of 93 MeV. Various
contributions are marked with different color schemes. Values
of the multiplicities obtained from the best fit are given in
Table I. In these values of multiplicity, systematic errors have
not been included. One of the main sources of systematic
errors in the multiplicity may be the temperature.

In the present work, we have used the level density pa-
rameter a = A/11 taken from the work of Gupta et al. [6].
In the literature, however, this parameter has also been taken
as A/10. We found that if level density parameter is taken
A/10, then the multiplicity increases by 10 times. Moreover
it can be seen in Fig. 4, that the neck emission is more
dominant where the angle between fission fragment and the
emitted charged particle is approaching towards 90°, whereas
it decreases at smaller angles. This is due to the Coulomb fo-
cusing in the perpendicular direction. In case of neutrons, the
time-of-flight spectra was converted into energy spectra. Since

neutron detector (BC501) is sensitive to both y and neutrons
so particle identification between the two were done using
pulse shape discrimination method based on zero-crossover
technique [21]. The TOF of neutrons were converted into
neutron energy by considering the prompt y peak in the TOF
spectrum for reference time. The energy of the neutron was
obtained using the formula:
mL?

n 21’2 ’
where L is the flight path or distance of the detector from the
center of the target, m is the mass of neutron, and ¢ is the
TOF. The Jacobians were appropriately introduced to convert
the TOF spectra into the energy spectra. The obtained neutron
energy distribution was corrected for the energy-dependent
efficiency of each detector. The efficiency curve of the neutron
detector as a function of neutron energy was obtained by using
the Monte Carlo computer code MODEFF [19]. Neutron energy
spectrum was normalized to the fission events. Normalized

(N
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FIG. 5. Normalized neutron multiplicity spectra at Ej;, = 93 MeV, along with fits with moving source formula. These spectra are shown

at various relative angles between the neutron detectors and the fission

detectors in laboratory frame. Various contributions are represented

in different colors. Red and blue line represents the contribution from two fragments or postscission segments whereas the black line is
representing the compound nucleus contributions or prescission segment. Total contribution is shown in pink color.
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FIG. 6. The variation of vy, and o as a function 7, in (a) and
(c) and as a function of Z,. in (b) and (d) for 'O + °Pt. The shaded
region corresponds to value of vy and .

neutron yield spectra were fitted at various angles using the
moving source technique to extract the multiplicities.

Neutron multiplicities were calculated for three sources
namely: compound nucleus and the two fragments sources.
The pre- and postscission contributions were derived from
various angles combinations using the Watt expression
[22,23]. The neutrons emitted from compound nucleus are
known as prescission whereas the neutrons emitted from the
fully accelerated fission fragments are known as postscission.
Neutron emissions from different sources are assumed to
be isotropic in their rest frames. Neutron multiplicities are
derived using the formula:

3 E,E; E;
d*M, Z M,,JE, E, — 2\/A—lcos9,- + &

dE,dW, &= 2(a Ty P T

3

®)

where E, is the energy of the neutron in laboratory frame, E;
is the energy, 7; is the temperature, and M,, is the multiplicity
of the neutrons. A; is the mass of source of neutron where 6;
is the relative angle between the respective source direction
and the emitted neutrons. Fission fragments kinetic energy
calculations were carried out using the Viola’s kinematic
for the symmetric fission. The pre- and postscission neutron
multiplicities and temperatures denoted by Mpre, Mpost, Tpres
and T respectively, were determined from the least-square
fits considering them as free parameters. The postscission
emission parameters Myose and T are considered to be

i=1
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FIG. 7. Deformed liquid drop model predictions of the deviation
of binding energies from spherical nucleus for neutron, proton, and
a-particle emission.

same for both the fission-fragments. The temperatures were
considered in the same way as in case of «. Normalized
neutron spectra at incident energy of 93 MeV along with fits
using moving source formalism are shown in Fig. 5.

IV. STATISTICAL MODEL CALCULATIONS

JOANNE2 [13] code, which incorporates the deformation-
dependent particle binding energies and transmission co-
efficients, was used to reproduce the simultaneously mea-
sured neutron and « particle prescission multiplicities. In this
model, it is assumed that the prescission particle emission
takes place from two points in deformation space. First cor-
responds to mean presaddle deformation (Z;,) and second to
mean saddle to scission deformation (Z.) where Z represents
the elongation of the symmetry axis (in units of the diameter
of the spherical nucleus). In mean presaddle time (z;,), particle
emission takes place only from nearly spherical systems and
then the fission decay competes with particle emission for
mean saddle to scission time (t..). The relation between
fission times (t;,, Ts) and the nuclear viscosity has been
explained by Lestone et al. [12]. The fission times provide the
information about the strength of the viscosity of the nuclear
medium. Larger values of the fission times scales represent
the stronger nuclear viscosity. Level density parameters a,
for spherical compound nucleus and ay at each Z. for the
saddle to scission, are calculated using the Toke and Swiatecki
[10] formalism. Statistical calculations have been performed
by varying presaddle time (z;,), saddle to scission time (tyy.),
and deformation (Z.) to observe their effect on vy and otpre.
In our earlier work [24], we observed that if we take the value
of Zg,. near to the scission point, the vy and o values can
be reproduced simultaneously for some values of 7y, and ;.

Calculations for vy and apye as a function of Zg,. and ()
for fixed Z;, at 1.31 and 7, = 20 zs are shown in Fig. 6. It can
be seen in Figs. 6(a) and 6(c) that the value of vy and apre,
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FIG. 8. Plot of vy, and oy as a function of excitation energy and
JOANNE?2 calculations with and without fission delay for 60 + 196Pt.

with fixed Z,, increases with increasing 7. and to reproduce
the experimentally obtained multiplicity for neutron and «,
value of 7y, between 30-50 zs is required. Figures 6(b)
and 6(d) represent the prescission & and neutron multiplicity,
respectively, as a function of deformation in saddle to scission
region. The experimentally obtained value is shown as red
band. Figure 7 shows the variation of binding energies with
deformation for neutron, proton, and « particles. It is clearly
evident that prescission neutron multiplicity is seen to be
increasing with the more elongation due to decrease in the
neutron binding energy whereas prescission o multiplicity
is seen to decrease with increasing binding energy. A clear
overlap between the experimental and calculated values of
the vpre and oy is seen for T4 = 45 zs in the near scission
region. Analysis has been done with and without incorpo-
rating the delays in JOANNE2 code. As can be seen from
Fig. 8, fission delays are required to reproduce experimentally
obtained vp and oy multiplicities, which increase with the
excitation energy. As can be seen from Table I, fission delays
increase with the excitation energy. In JOANNE2, the inserted
delays are mimicking the role of viscosity and therefore, the

strength of the viscosity increase with excitation energy as
larger delays are required at higher excitation energy to repro-
duce the measured particle multiplicities. In earlier neutron
multiplicity measurements also [5,25,26], it was observed
that prescission neutron multiplicities are underpredicted by
the standard statistical model and that the fission dynamics
of an excited compound nucleus is dissipative in nature at
high excitation energies. The same observations have also
been made from light charged particle multiplicities [6,13],
GDR y rays [27-29] and evaporation residue cross-section
measurements [30,31].

V. SUMMARY AND CONCLUSION

In the present work, we have measured the « and neutron
multiplicities simultaneously using '°O + '°°Pt reaction at 93,
99, and 106 MeV forming 2'?Rn nucleus. In the past, very few
experiments have been performed where the charged particle
and neutron multiplicity has been measured simultaneously.
o and neutron’s spectra were measured in coincidence with
the fission fragments. Fitting of the particles spectra was
performed with moving source code in order to extract the
prescission and postscission multiplicities for o and neu-
tron. Near scission multiplicities for « particles have also
been measured. Results were compared with statistical model
code JOANNE2 to obtain a-particles and neutron prescission
multiplicity. We found that both the neutron and «-particle
multiplicity can be reproduced simultaneously if we introduce
afission delay Ty = (50-70) zs, which represent the viscous
nature of the nuclear medium.
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