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Abstract. An overview of the experimental result on simultaneous measurement of pre-scission
neutron, proton, α-particle and GDR γ -ray multiplicities for the reaction 28 Si+175 Lu at 159 MeV
using the BARC–TIFR Pelletron–LINAC accelerator facility is given. The data were analysed
using deformation-dependent particle transmission coefﬁcients, binding energies and level densities
which are incorporated in the code JOANNE2 to extract ﬁssion time-scales and mean deformation
of the saddle-to-scission emitter. The neutron, light charged particle and GDR γ -ray multiplicity
data could be explained consistently. The emission of neutrons seems to be favoured towards larger
deformation as compared to charged particles. The pre-saddle time-scale is deduced as (0–2) ×
10−21 s whereas the saddle-to-scission time-scale is (36–39) × 10−21 s. The total ﬁssion time-scale
is deduced as (36–41) × 10−21 s.
Keywords. Fusion–ﬁssion; ﬁssion time-scale; pre-scission time; saddle-to-scission time; prescission neutron multiplicity; pre-scission proton multiplicity; pre-scission α-particle multiplicity;
pre-scission GDR γ -ray multiplicity.
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1. Introduction
Nuclear ﬁssion is a unique process in which the shape of a nearly equilibrated system
evolves continuously until it splits into two fragments. It is found that the evolution takes
more time than the prediction of statistical model calculations due to the viscous nature
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of the nuclear medium [1–13]. The time taken for a compound nucleus (CN) to ﬁssion
depends upon both the statistical and the dynamical properties of the ﬁssioning system.
Fission lifetime can be measured using direct methods like crystal blocking technique
[14], K-vacancy production [15] and indirect methods like neutron clock [1,12], light
charged particle clock [1,16], GDR clock [2,10], evaporation residues (ER) corss-section
[2,17,18] and ﬁssion probabilities [19,20]. Early measurements [10,12] using the neutron and GDR clocks showed that the ﬁssion time-scales were much larger than those
predicted by the standard statistical model. However, results from the measurements of
pre-scission light charged particles [21] could be understood in terms of the usual statistical model, without introducing any delay in the ﬁssion process. Progress was made
in resolving this puzzling feature [11,16] by incorporating deformation-dependent particle binding energies and transmission coefﬁcients. The direct measurements of ﬁssion
time-scales like crystal blocking technique [14,22–24] and measurement of K-vacancy
production [15,25] are sensitive to long lifetimes in the range of ∼10−18 s– ∼10−16 s
and hence can only probe a part of the ﬁssion time distribution. These measurements
have consistently shown ﬁssion time-scales one or two order larger than the other indirect methods [14]. Fregeau et al [15] have deduced a minimum mean ﬁssion time of
2.5×10−18 s for Z = 120 nuclei from a recent measurement on X-ray multiplicity. Such
large ﬁssion time-scales were not observed using indirect methods.
These discrepancies could be due to either the experimental uncertainties or the model
analysis, which makes several assumptions and simpliﬁcations. A simultaneous measurement of most number of observables could be useful in eliminating the possible systematic
uncertainties. Also a simultaneous reproduction of all the experimental data using a single
model could be useful in understanding these discrepancies. Currently, no such model is
available.
Saxena et al [7] made a simultaneous measurement of pre-ﬁssion neutron and α-particle
multiplicities for 340 MeV 28 Si on 232 Th. The ﬁssion time-scale deduced from the neutron
data was 50+70
−30 zs, while the α data were inconsistent with this. Schmitt et al measured
the pre-ﬁssion neutron and GDR γ -ray multiplicities simultaneously [6] and obtained
ﬁssion time-scales which differed up to a factor of 2. These discrepancies could be due
to the inadequate modelling of ﬁssion dynamics. Fission being a dynamical process, a
dynamical model like the Langevin dynamics coupled with statistical evaporation of light
particles and photons will be useful. Even though the calculations are challenging, there
are some progress in this direction [26,27].
We have measured the pre-scission neutron, proton, α-particle and GDR γ -ray multiplicities simultaneously for 28 Si+175 Lu at 159 MeV. The ﬁssion time-scales were extracted
using the statistical model code JOANNE2 [11] which includes deformation effects. In
this study, a short summary of the results from neutron, proton and α-particle multiplicity
data [1] along with a detailed discussion on the GDR γ -ray multiplicity will be given.

2. Results from neutron, proton and α-particle clock
A pulsed 159 MeV 28 Si beam was obtained from the BARC–TIFR Pelletron–LINAC
accelerator facility. The target was a 1.5 mg/cm2 self-supporting foil of 175 Lu. The experimental conﬁguration is shown in ﬁgure 1. Further details about the ﬁssion, neutron and
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Figure 1. Schematic representation of the experimental set-up (see text).

light particle detectors used along with the data analysis can be found in [1]. In summary, after the energy and efﬁciency calibration of the neutron spectra from NE213 liquid
scintillator detector, energy calibration of the proton and α-particle spectra from CsI(Tl)
detector, in coincidence with ﬁssion fragments in the ﬁssion detectors, the spectra were
normalized with single ﬁssion to get the multiplicity spectra. Proper background subtractions were also done. The multiplicity spectra were ﬁtted with the moving source model to
extract the pre- and post-scission multiplicity.
Statistical model calculations using the code JOANNE2 were performed to reproduce
the experimental pre-scission neutron, proton and α-particle multiplicities. The code incorporates the effects of deformation dependence of particle binding energies and particle
transmission coefﬁcients [11,16] on ﬁssion time-scales. Deformation-dependent level
densities [28] have been used in these calculations. Pre-scission emission is assumed
to take place from two points in the deformation space, corresponding to mean pre-saddle
deformation (Ztr ) and mean saddle-to-scission deformation (Zssc ). Pre-saddle emission
takes place over the region from equilibrium to saddle. For this purpose, mean deformation of the pre-saddle emitter was taken as Ztr = 1.31 (in units of the diameter of
the spherical system). Zssc along with mean pre-saddle time (τtr ) and mean saddle-toscission time (τssc ) were varied. The level density parameter an for spherical compound
nucleus, assc for each Zssc and af /an were calculated [28]. Fission barriers of 1.10 times
the rotating ﬁnite range model (RFRM) value were used [29,30].
The combination of τtr and τssc values required to explain νpre , πpre and αpre independently were calculated for Zssc = 1.9, 2.17 and 2.45. For Zssc = 2.17, a large total ﬁssion
time (τtot ∼ 125 zs) was required to explain νpre . However, to explain πpre and αpre , a
smaller time-scale of τtot ∼40 zs was sufﬁcient. With other Zssc values also there was no
unique set of τtr and τssc which could explain νpre , πpre and αpre simultaneously. A consistent interpretation was obtained by considering neutrons and charged particles emitted
from different deformations. This is shown in ﬁgure 2 where the correlated plots are made
with Zssc = 2.45 for neutrons and 1.90 for charged particles. Here, an overlapping region
Pramana – J. Phys., Vol. 85, No. 2, August 2015

337

K Ramachandran et al
90

Zssc=1.90 (for charged particles)
Zssc=2.45 (for neutron)

ssc

(zs)

60

neutron
proton
alpha

30

0
0

10

20

30

(zs)
tr
Figure 2. Combinations of τtr and τssc required to reproduce experimental νpre , πpre
and αpre data [1] are shown as continuous, long and medium dashed line, respectively.
The shaded regions correspond to experimental errors.

was obtained for the ﬁssion lifetimes with τssc = (36–39) zs and τtr = (0–2) zs with a total
lifetime τtot = (36–41) zs.
This implied that the emission of neutrons takes place predominantly from larger Zssc
(∼2.4) while light charged particles were probably emitted from the deformation region
Zssc < 2.0. Larger value of Zssc decreases the neutron binding energy [11] reduces the
value of τssc required to explain νpre . For proton and α emission, the combination of binding energy and emission barrier decides whether τssc increases or decreases with Zssc .
The result also indicated that the pre-saddle time is less than 2 zs which is in agreement
with the conclusion of recent ﬁssion time-scale measurements using the ﬁssion probability
probe [19,20].

3. Results from GDR γ -ray multiplicity
In addition to the ﬁssion, neutron and light charged particle detectors, an array of seven
BaF2 detectors in a hexagonal close-packed geometry and having a plastic anticoincidence
shield [31] was used to detect high-energy γ -rays. The array was placed at a distance of
45 cm from the target and at 90◦ to the beam direction. Each BaF2 detector had a length
of 20 cm and a hexagonal cross-section with a face-to-face distance of 6 cm. The annular
plastic detector was a cylinder of 5 cm thickness and 40 cm length which was used to
reject the cosmic ray background. The excellent beam timing of ∼800 ps allowed a clean
n−γ separation using TOF technique. Shape analysis of the BaF2 pulse was used to reject
pile-up events. Pulse shape analysis was done by sending summed energy signal to two
QDCs, with 2 μs and 200 ns gates, the outputs (parameters EL and ES, respectively) of
which were recorded event-by-event. The ratio of ES to EL for events with no pile-up is
different from those with pile-up. By introducing an appropriate gate on this ratio in the
ofﬂine analysis, pile-up events were rejected. The BaF2 detectors were calibrated using
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the 4.44 and 6.13 MeV γ -rays from 241 Am–9 Be and 238 Pu–13 C sources, respectively. The
response function of the detector for various γ energies required to convolute a theoretical
spectrum before comparison with the experimental spectrum was generated using the
simulation code, electron gamma shower (EGS4) [32].
Fission-gated γ -ray spectra were also obtained after correcting for random coincidences. Figure 3 shows the normalized GDR γ -ray multiplicity spectra in coincidence
with the strip detector after convoluting with the response function.
Similar to the neutron and light charged particle spectra, the GDR γ -ray spectrum also
has components mainly from the two ﬁssion fragments and compound nucleus. In this
case it is not possible to ﬁt the measured spectra directly because of the complications
arising from the detector response function. Hence, to separate the components of the
experimental GDR γ -ray multiplicity spectra, all the three components were calculated
using the statistical model code JOANNE2 suitably modiﬁed to include the GDR emission. After applying Doppler correction, these spectra were folded with the response
function of the detector. Correction for absorption in the lead sheet kept in front of the
BaF2 array was also done. The folded spectra were added and compared with the experimental spectra. Being perpendicular to the beam axis, the emission from CN (pre-scission
component) does not have any Doppler correction. Doppler correction for the detected
ﬁssion fragments were carried out for an average relative angle between the BaF2 detector
array and the Si strip detector. For the complementary ﬁssion fragment a mean mass and
a mean total kinetic energy for the ﬁssion fragments were assumed while calculating its
angle using the TKE predicted by Viola systematics and two-body kinematics.
Having performed a simultaneous measurement, a simultaneous analysis using a single
code JOANNE2 was attempted. The original code did not have the GDR γ as a competing

-rays/(Fission MeV sr)

1e-2

Experimental data
Joanne for detected fragment
Joanne for complementary fragment
Joanne for pre-scission emission
Joanne total

1e-3

1e-4

1e-5

1e-6

1e-7

6

8

10

12

14

16

18

Energy(MeV)

Figure 3. GDR γ -ray multiplicity spectra [2] (•) along with JOANNE2 output for
Zssc = 2.4 with τtr = 2 zs and τssc = 40 zs. The solid, long dashed, medium dashed
and short dashed lines correspond to the detected ﬁssion fragment, complementary
ﬁssion fragment, CN and total contribution, respectively.
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channel due to its low multiplicity. We have included the GDR γ -ray emission as a
competing channel in the code. The GDR γ -ray emission width (Ŵγ ) and decay rate
(Rγ dǫγ ) [33,34] according to the standard statistical model are
Rγ ǫ γ =

Ŵγ (ǫγ )
ρ(Ef , Jf , πf )
=
fGDR (ǫγ ),
2π h̄ρ(Ei , Ji , πi )
h̄

(1)

where Ef = Ei − ǫγ and fGDR (ǫγ ) is the GDR strength function given as [10,34]
fGDR (ǫγ ) = 2.09 × 10−5

ŴGDR ǫγ4
NZ
S 2
.
2
2
A (ǫγ − EGDR
)2 + ŴGDR
ǫγ2

(2)

Here, S is the fraction of the classical Thomas–Reiche–Kuhn sum rule which is
exhausted by the resonance. N, Z and A are the neutron, proton and mass number,
respectively of the nucleus, and EGDR and ŴGDR are the energy and width of the GDR
built on the state (Ef , Jf ). The function fGDR (ǫγ ) is dimensionless and all the energies
are in MeV.
Equation (1) was used to calculate the γ decay width and included in JOANNE2. The
ﬁssioning nuclei were considered as axially-symmetric spheroids. The required GDR
strength function was calculated using eq. (2) in a separate program and the output is
written to a ﬁle. For both pre-saddle and saddle-to-scission regions, the strength functions were calculated by providing Z, A, temperature, angular momentum, elongation and
neck radius of the ﬁssioning nuclei as inputs. The temperature of the CN in the pre-saddle
region was taken as 1.95 MeV (same as the value used for neutron multiplicity data analysis). In the post-saddle region the temperature was 1.8 MeV. The angular momentum of
the CN was taken as 36h̄. The mean pre-saddle deformation was also ﬁxed as 1.31. All
these values are the same as the ones used in the analysis of neutron and light charged particle data. Saddle-to-scission deformation was varied to reproduce the high-energy part
of the GDR γ -ray multiplicity spectra.
The mean angular momentum of ﬁssion fragments was calculated using the formula
[35] IFF = 12 { 27 ICN + 18 − 0.17ICN }. The fragment temperature was calculated to be 1.2
MeV. Many simplifying assumptions were made while calculating the emission of γ -rays
from ﬁssion fragments. The ﬁssion fragments were assumed to be spherical. Only the
E1 mode of γ decay was considered from the ﬁssion fragments. Instead of the mass and
charge distributions, average mass and charge were used.
The folded spectra from all the three components calculated using JOANNE2 were
added and compared with the experimental spectra. Figures 3 and 4 show the experimental data along with the three components and the added spectra for Zssc = 2.4 and 1.8,
respectively. All the other statistical model parameters were taken from the analysis of
neutron and light charged particle multiplicity data. τtr = 2 zs and τssc = 40 zs were
used in the analysis. A 100% sum rule strength was used for pre-scission component.
For ﬁssion fragments the sum rule strength was suitably adjusted to ﬁt the data. As can
be seen from the ﬁgure, the higher energy part of the spectrum is explained better by
Zssc = 2.4. Due to the simplicity of assumptions made regarding the emission from ﬁssion fragments, the low-energy part is not reproduced very well. The focus of the present
work is in ﬁssion time-scales and for this the higher energy region (where emission from
the fragments is very small) is more relevant. Our analysis indicates that the information
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Figure 4. Same as ﬁgure 3 for Zssc = 1.8.

deduced from GDR γ -ray multiplicity data is consistent with those obtained from
neutron, proton and α particle multiplicity data as far as the ﬁssion time-scale is considered. Hence it can be concluded that pre-saddle lifetimes (τtr ) are in the range of 0–2 zs,
saddle-to-scission lifetimes (τssc ) are around 36–39 zs and the total lifetime (τtot ) is in the
range of 36–41 zs for nuclei in this mass region having temperature, angular momentum
and isospin which are close to the one populated in the experiment.

4. Summary and conclusion
For the ﬁrst time, pre-scission neutron, light charged particle and GDR γ -ray multiplicities were measured simultaneously for 28 Si+175 Lu at 159 MeV. These multiplicities were
reproduced using the code JOANNE2 and ﬁssion time-scales were obtained. The calculations took into account the effect of deformation on available excitation energies,
particle binding energies, charged particle transmission coefﬁcients and level densities.
The results hint at emission of neutrons closer to scission and emission of charged particles closer to saddle. The GDR γ -ray multiplicity data are also explained well with
τtr = 2 zs and τssc = 40 zs if we assume that the GDR γ -ray is emitted close to the
scission point.

5. Future directions
It will be interesting to measure the ﬁssion time-scale using both direct and indirect
methods simultaneously. Langevin dynamics calculation to reproduce all the results
simultaneously using the same parameter set can shed more light towards understanding
these discrepancies.
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