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Neutron multiplicity measurement and investigation of nuclear dissipation and shell effects
in 30Si + 182,184,186W reactions
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Background: Enhanced prescission neutron multiplicity (νpre) over statistical model calculations assuming
Bohr-Wheeler fission width is explained using Kramers’ fission width incorporating dissipative effects. The
dissipation strength obtained from such studies reported significant effect of the neutron shell closure of N = 126
of the fissioning system as well as nuclear temperature. The dependence of dissipation strength on shell effect
and temperature is also attributed to the choice of input parameters in the statistical model calculations.
Purpose: We investigate the role of N/Z , shell effect, collective enhancement of level density (CELD), and
excitation energy on νpre in reactions forming isotopes of the Ra nucleus.
Methods: The neutron multiplicity excitation function is measured for the 30Si + 182,184,186W reactions populat-
ing 212,214,216Ra nuclei using the National Array of Neutron Detectors (NAND) at the Inter-University Accelerator
Centre, New Delhi. Among these compound nuclei, 214Ra has a major neutron shell closure of N = 126.
Measured νpre are analyzed within the framework of a statistical model incorporating dynamical hindrance in
nuclear fission due to dissipation, shell corrections in the fission barrier and level density, and CELD.
Results: Experimental νpre show a marginal isotopic dependence at all excitation energies. νpre values do not
show any noticeable effect of neutron magic number N = 126. Dissipation strength of β = 8 zs−1 (5.27 MeV/h̄)
reasonably reproduces the experimental νpre excitation functions for all three nuclei in the measured energy range.
Appreciable variations in presaddle neutron emissions are observed when shell effect or CELD is excluded in the
calculations. Even though both the shell and CELD are found to impact primarily in the presaddle sector, they
alter the excitation energy and multiplicity in the saddle-to-scission sector as well in a complementary manner.
Conclusions: A temperature independent dissipation coefficient is observed to reproduce the experimental
results in this study throughout the excitation energy range measured. Shell corrections in fission barrier and level
density parameters and CELD in fission and particle evaporation widths also influence the neutron multiplicities.
The observed effect of CELD in the presaddle phase is attributed to the large enhancement of level density at the
saddle due to its large deformation and consequent enhancement of fission width.
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I. INTRODUCTION

Even eight decades after its discovery, nuclear fission con-
tinues to be a challenging field of research in physics. Fission
displays a large-scale rearrangement of strongly interacting
matter distribution involving a complex interplay between dy-
namical and structural effects. The fascinating story of nuclear
fission in the early years can be found in Ref. [1] and a detailed
account of its present status in Ref. [2].

One of the early surprises in heavy-ion induced fission
of highly excited compound nuclei was the observation that
the prescission multiplicities of neutrons, light charged par-
ticles, and γ rays are higher than those predicted by the
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transition-state theory of fission, which consequently suggests
a fission hindrance or a dissipative dynamics of fission [3–6].
A dissipative drag in nuclear dynamics arises from the cou-
pling of the collective motion with the intrinsic degrees of
freedom of the nuclei [7]. Stochastic dynamical models for
fission based on Langevin equations have been developed in
order to calculate various experimental observables including
prescission multiplicities, evaporation residue (ER) cross sec-
tions, and fission fragment mass-energy, charge, and angular
distributions [8–10]. Alternatively, one can use the fission
width given by Kramers [11], which includes the effect of
dissipation, in a statistical model of nuclear decay. One of the
early uses of Kramers’s width in a statistical model was by
Newton et al. [12], and since then it has been used in numerous
works. The dissipation strength is an essential input to both the
dynamical and statistical model calculations.

A statistical model analysis of the ER cross sections of
a number of compound nuclei (CN) was made by Back
et al. [13] using the dissipation coefficient as an adjustable
parameter to fit the experimental data. An excitation en-
ergy dependence of the dissipation coefficient was observed.
Dioszegi et al. [14] made a detailed statistical model analysis
of the prescission neutron and γ -ray multiplicities along with
the evaporation residue (ER) cross sections off the compound
nucleus 224Th, and found that a CN temperature dependence
of the dissipation coefficient is necessary to fit the data. An
excitation energy dependent dissipation strength was used to
reproduce the multiplicities of prescission neutrons from a
number of hot Fr isotopes [15]. A similar observation was
also made in the statistical model analyses of prescission
neutron multiplicities from a chain of Rn isotopes popu-
lated in fusion-fission reactions [16]. A Langevin dynamical
calculation for prescission neutron multiplicity from the com-
pound nucleus 208Rn was made by Neeraj et al. [17], and
an excitation energy dependent dissipation was found to be
necessary to fit the data. In a different approach, an energy
independent fixed value for dissipation was used in statistical
model calculations for prescission neutron multiplicity and
fission/ER cross sections where two adjustable parameters,
which effectively control the level density and fission barrier,
were used to fit the data [18,19]. No excitation energy depen-
dence of the dissipation strength was observed in statistical
model calculations for prescission neutron numbers from the
compound nucleus 227Np [20]. The collective enhancement of
level density (CELD) and the effect of tilting away of CN spin
orientation were included in this statistical model calculation.
Evidently the dissipation strength, when used as an adjustable
parameter, depends on the choice of other input parameters in
a calculation.

Theoretical guidance regarding the strength of the dis-
sipative force in nuclear dynamics is mostly provided by
the so-called one-body model of nuclear dissipation [7].
This classical macroscopic one-body dissipation strength has
no dependence on the excitation energy of the nucleus.
The microscopic quantum mechanical version of one-body
dissipation, however, is very small at low excitations and
increases towards the classical one-body dissipation with in-
creasing temperature [21]. Three-dimensional (3D Langevin
dynamical calculations of fission fragment total kinetic

energy (TKE) systematics show better agreement with the
experimental data with microscopic rather than macroscopic
dissipation [22]. However, similar calculations in 4D repro-
duce the TKE systematics reasonably well with macroscopic
dissipation also [23]. The nature and magnitude of nuclear
dissipation thus remains an open question.

Shell effects are known to play a major role in low energy
fission [24]. The asymmetric mass divisions in low energy
fission of actinide [24,25] and preactinide [26–28] nuclei
are attributed to shell effects. However, shell effects are not
directly revealed in experimental observables in fission of
highly excited nuclei. Theoretical analysis is necessary to
decipher shell effects in experimental data. In the theoreti-
cal modeling of the decay of a hot compound nucleus, shell
effects are generally included in the nuclear level density
and the fission barrier. Since nuclear dissipation accounts for
the coupling between the intrinsic and collective motion, one
might expect that shell structure in single-particle states can
leave some signature in the dissipation strength. Shell effects
are thus sought in the dissipation strength which best fits
the experimental data. Statistical model analyses of evapora-
tion residue (ER) cross sections in an earlier work showed
a strong effect of neutron shell closure on the dissipation
strength [13]. It was further observed that the dissipation
strength shows a strong isotopic dependence when no shell
effects were considered in a statistical model calculation of
prescission neutron multiplicities from a chain of Fr isotopes
formed in fusion-fission reactions [15]. When shell effects
were included in the calculations, the extracted dissipation
strengths of the different isotopes became very close to each
other, though slightly lower values for the neutron closed shell
CN 213Fr were noticed in the above work. Seemingly, the
extracted dissipation strength and its shell dependence depend
on the choice of the other input parameters in the statistical
model calculations. A marginal dip in the dissipation strength
for the neutron closed shell compound nucleus 212Rn was also
observed in a statistical model analysis of prescission neutrons
from a series of Rn isotopes [16].

Prescission neutrons are emitted during the entire period of
evolution of the CN from the ground state to the scission con-
figuration. Thus, the prescission neutron multiplicity is more
suitable as a probe for nuclear dissipation operating in nuclear
dynamics from saddle to scission, compared to fission/ER
cross sections which are sensitive to the nuclear dynamics
only up to the saddle configuration. As stated earlier, shell
structure in the single-particle spectra might influence the dis-
sipation strength, hence it is of considerable interest to explore
the effect of increasing N/Z of compound nuclei for a given
element on the strength of nuclear dissipation. Further, the
magnitude and excitation energy dependence of dissipation is
crucial to understand the mechanism of dissipation. In order
to address the above queries, it is necessary to measure the
excitation functions of prescission neutrons from an isotopic
chain and extract the dissipation strength from fitting the data.

In the present work, we shall report the experimen-
tal measurement of neutron multiplicity from the reac-
tions 30Si + 182,184,186W populating the compound nuclei
212,214,216Ra in the excitation energy range of 45–95 MeV.
Radium comes immediately after radon and francium in the
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periodic table, which have been extensively studied in earlier
works [15,16]. 214Ra is a neutron closed shell (N = 126)
nucleus and provides an opportunity to study shell effects by
comparing the data with the other two non-closed-shell nuclei.
We shall perform statistical model analysis of the pre-scission
multiplicity from the three reactions and look for excitation
energy dependence and shell effects in the results. The sta-
tistical model employed in the present work has additional
features, namely the collective enhancement of level density
and the effect due to tilting of CN spin orientation, which
were not included in the statistical model analyses reported
earlier [15,16]. We therefore expect that the present analysis
would provide a better estimate of the dissipation strength.

The paper is organized as follows. The experimental details
are presented in Sec. II. The data analysis and the experimen-
tal results are given in Sec. III. Section IV contains the details
of the statistical model used in the present work. The statistical
model results are presented and discussed in Sec. V. The work
is summarized in the last section.

II. EXPERIMENTAL DETAILS

The experiments were performed using pulsed beams of
30Si from the 15 UD Pelletron+Superconducting Linear Ac-
celerator facility of the Inter-University Accelerator Centre
(IUAC), New Delhi. Beams with a pulse separation of 250 ns
were used in the experiment to bombard isotopically en-
riched targets of 182,184,186W having thicknesses of 405, 450
and 331 µg/cm2, respectively. All three targets had a carbon
backing of thickness 25 µg/cm2. The measurements were
performed in the excitation energy range of 45 to 95 MeV.

The schematic of the experimental setup used in the present
study is reported elsewhere [20]. The targets were mounted
normal to the beam direction at the center of a 100 cm
diameter spherical scattering chamber. Two silicon surface
barrier detectors were placed at ±12.5◦ with respect to the
beam direction, inside the scattering chamber, to detect the
elastically scattered beam particles. The Rutherford events
registered by these detectors were used for beam monitoring
as well as positioning the beam at the center of the target. The
complementary fragments from fission or fissionlike events
were detected using a pair of identical position-sensitive mul-
tiwire proportional counters (MWPCs) with 11 × 16 cm2

active area. These MWPCs were mounted at ±69◦ (laboratory
angle) with respect to beam direction at either side such that
the complementary fragments are detected. These detectors
were operated with isobutane gas at 3.5 mbar gas pressure.

A time-of-flight (ToF) spectrum was generated using the
timing signals of the two MWPCs. Fission fragments (FFs)
are well separated from the elastics or recoils reaching the
detectors. Figure 1 shows two-dimensional correlated ToF
spectra from the two MWPCs for the 30Si + 184W reaction at
Elab = 158.8 MeV.

Neutrons emitted during various stages of the fusion-
fission reaction and postfission fragments were detected in
coincidence with the complementary fission fragments us-
ing 50 organic liquid scintillator detectors (BC 501A) of the
National Array of Neutron Detectors (NAND) facility [29].
These detectors were mounted at different polar (θ ) and

FIG. 1. Scatter plot of ToF spectra of the complementary frag-
ments detected in the two MWPC detectors for the 30Si + 184W
reaction at Elab = 158.8 MeV.

azimuthal (φ) angles with respect to the beam direction as
given in Ref. [20].

The measurement of intrinsic efficiency of these neu-
tron detectors is discussed elsewhere [20]. The pulse shape
discrimination (PSD) method based on the zero-crossover
technique together with the ToF was used for a clear identifi-
cation of the neutrons from the γ rays [30]. A typical spectrum
of ToF versus PSD from one of the neutron detectors for the
30Si + 184W reaction at Elab = 158.8 MeV is shown in Fig. 2.
The logical OR of the timing signal of two fission fragments
AND-ed with the radio frequency signal formed the trigger
for the data acquisition system. This logical signal was used
as the master start of the time-to-digital converter as well as
the master gate for all the analog-to-digital converter used.

III. DATA ANALYSIS AND RESULTS

The prescission and postscission neutron multiplicities and
temperature (CN and FFs) were obtained by the spectral
deconvolution of the measured double differential neutron
multiplicity spectra. Neutrons are assumed to be emitted from
the three moving sources—the CN and the complementary
FFs—and are assumed to be in thermal equilibrium. The
neutron emission from these three sources is assumed to be
isotropic in their rest frames. Further, symmetric fragment
mass split [31] is assumed. Measured neutron spectra consist

FIG. 2. Pulse shape discrimination (PSD) versus time of flight
(ToF) spectra from one of the neutron detectors for the 30Si + 184W
reaction at Elab = 158.8 MeV.
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FIG. 3. Experimental double differential neutron multiplicity spectra (solid circles) for the 30Si + 182W reaction at an excitation energy of
76.0 MeV for eight neutron detectors in the reaction plane. The multiple-moving-source fits for the prescission (dashed lines) and postscission
contributions from one fragment (dott-dashed lines) and that from the other (dot-dot-dashed lines) are also shown. The total contribution from
all the three sources is indicated by the solid line.

of pre-scission neutrons emitted from the CN before scission
and the postscission neutrons emitted from the fast moving
fission fragments [33] after scission.

Prescission and postscission neutron multiplicities and
temperatures were extracted from the experimental neutron
energy spectra, using the multiple source fitting of the Watt
expression [32,33], given by

d2M

dEnd�n
=

3∑
i=1

νi
√

En

2(πTi )3/2

× exp

[
−En − 2

√
EnEi/Ai cos θi + Ei/Ai

Ti

]
,

(1)

where En is the neutron energy in the laboratory frame, and
νi, Ai, Ei, and Ti are the neutron multiplicity, mass, kinetic
energy, and temperature, respectively of each neutron emitter.
θi is the angle between the direction of the emitted neutron
and its source.

The kinetic energies of the fission fragments, EFF , were
obtained from the Viola systematics [31]. Folding angles of
the binary fission fragments were calculated assuming full
momentum transfer. Angles between the emitted neutrons and
their sources were determined from the scalar product of the
unit vectors along the neutron direction and the source (CN or
fission fragments).

For the spectrum deconvolution, we limited the neutron
energy between 1 and 8 MeV in this work. This would exclude
the possible contributions of neutrons from undesired pro-
cesses such as preequilibrium emission [34] in the analysed
spectra. The pre- and postscission components of neu-
tron multiplicities and temperatures were obtained from the

simultaneous fitting of neutron energy spectra, after the effi-
ciency correction.

The fitting was performed considering νpre, νpost, Tpre, and
Tpost as free parameters in the beginning. Fitting is also per-
formed by fixing the temperature of the CN as [35]

Tpre = 11

12

√
E∗

a
, (2)

where E∗ is the CN excitation energy and a is the level density
parameter assumed to be a = ACN

9 MeV−1 [36]. Both of these
approaches yielded the same results, consistent with previous
observations [20].

The best fits of the double differential neutron multiplicity
spectra and their components for the 30Si + 182W reaction are
shown in Fig. 3, as an example. The error bars in the fig-
ure represent the statistical uncertainties. Although the spectra
from 50 detectors were simultaneously fitted, the figure shows
only a sample of eight detectors. The total average neutron
multiplicity νtot is obtained from the fitted values of νpre and
Tpost as νtot = νpre + 2νpost. The best fit values of νtot , νpre,
νpost, Tpre, and Tpost obtained for the 30Si + 182,184,186W reac-
tions are summarized in Table I.

Besides fusion-fission, competing processes such as quasi-
fission could also contribute to the measured neutron mul-
tiplicities. A significant effect of quasifission in prescission
neutron multiplicity was reported for the 58Ni + 208Pb [37]
and 48Ti + 208Pb [38] reactions earlier. Being mass symmet-
ric, fast quasifission is expected in these systems, where the
dinuclear system reseparates soon after capture. Onset of
quasifission was reported for the 30Si + 186W reaction [39],
which predominantly populates the mass-symmetric region
and hence overlaps completely with fusion-fission events. The
presence of such nonequilibrium events led to increased mass-
width in this reaction compared to other more asymmetric
entrance channels populating the same CN [39]. Based on
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TABLE I. Reactions considered for the neutron multiplicity measurements in this work populating CNs with different N/Z values.
Measured Elab and the values of νpre, νpost , νtotal, Tpre, and Tpost obtained from the measurements are tabulated.

νpre νpost νtotal Tpre (MeV) Tpost (MeV)
Reactions CN N/Z Elab (MeV) E∗ (MeV) (±err) (±err) (±err) (±err) (±err)

30Si + 182W 212Ra 1.409 138.8 46.7 1.34 0.87 3.08 1.23 0.89
(0.12) (0.04) (0.13) (0.06) (0.04)

151.8 57.9 1.99 0.97 3.93 1.25 0.90
(0.10) (0.04) (0.11) (0.05) (0.02)

158.8 63.9 2.14 1.04 4.22 1.29 0.93
(0.11) (0.04) (0.12) (0.04) (0.02)

165.9 69.9 2.41 1.02 4.45 1.36 0.99
(0.12) (0.05) (0.13) (0.05) (0.03)

172.9 76.0 2.75 1.09 4.93 1.37 1.00
(0.13) (0.05) (0.14) (0.04) (0.05)

178.9 81.1 2.95 1.03 5.01 1.47 1.00
(0.15) (0.06) (0.17) (0.05) (0.04)

185.9 87.2 3.19 1.13 5.45 1.48 1.03
(0.17) (0.06) (0.19) (0.06) (0.04)

191.9 92.3 3.25 1.19 5.63 1.50 1.10
(0.19) (0.08) (0.22) (0.06) (0.05)

30Si + 184W 214Ra 1.431 138.7 49.0 1.61 0.83 3.27 1.26 0.88
(0.12) (0.05) (0.13) (0.08) (0.04)

144.7 54.2 2.04 0.82 3.68 1.28 0.90
(0.13) (0.05) (0.14) (0.06) (0.04)

151.7 60.3 2.22 0.93 4.08 1.30 0.92
(0.12) (0.04) (0.13) (0.05) (0.03)

158.8 66.3 2.35 1.01 4.37 1.31 0.94
(0.12) (0.04) (0.13) (0.04) (0.03)

165.8 72.3 2.63 1.10 4.83 1.33 0.94
(0.13) (0.05) (0.14) (0.05) (0.03)

178.8 83.5 3.16 1.15 5.46 1.41 1.00
(0.16) (0.06) (0.18) (0.05) (0.04)

185.9 89.6 3.67 1.08 5.83 1.50 1.02
(0.17) (0.07) (0.19) (0.05) (0.05)

191.9 94.8 3.84 1.16 6.16 1.53 1.05
(0.18) (0.07) (0.20) (0.05) (0.05)

30Si + 186W 216Ra 1.454 139.0 49.5 1.96 0.82 3.60 1.23 0.77
(0.11) (0.04) (0.12) (0.05) (0.03)

145.0 54.6 2.17 0.88 3.93 1.29 0.84
(0.12) (0.04) (0.13) (0.06) (0.03)

152.0 60.7 2.31 0.96 4.23 1.30 0.96
(0.13) (0.05) (0.14) (0.05) (0.03)

159.1 66.7 2.66 0.99 4.64 1.32 0.90
(0.14) (0.04) (0.15) (0.05) (0.03)

166.1 72.8 2.85 1.00 4.85 1.39 0.91
(0.15) (0.05) (0.16) (0.05) (0.03)

173.1 78.8 3.28 1.05 5.38 1.42 0.97
(0.15) (0.06) (0.17) (0.04) (0.04)

179.1 84.0 3.36 1.16 5.68 1.41 1.01
(0.17) (0.06) (0.19) (0.05) (0.04)

186.1 90.0 4.17 1.01 6.19 1.51 1.00
(0.19) (0.07) (0.21) (0.05) (0.05)

the systematic study of quasifission timescales [40,41] and the
experimental signatures reported in Ref. [39], the presence of
slow quasifission is assumed in 30Si + 182,184,186W reactions,
where the sticking time of the composite system is much
longer than fast quasifission.

In order to check the possible contribution of quasifission
in the measured neutron multiplicity, least-squares multi-
source fits of neutron energy spectra were performed within
a specific fragment mass window as in Refs. [42,43]. In the
analysis, mass gates were applied between the mass ratio
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(degree)

FIG. 4. Experimental neutron angular distribution (solid circles) along with that generated using the moving-source model (black solid
line) for the 30Si + 182W reaction at different beam energies. Angular distributions of neutrons emitted from three sources mentioned in the
text are also shown. The dashed line represents contribution from the CN; dot-dot-dashed and dot-dashed lines indicate the contributions from
the complementary fission fragments, respectively.

values (ratio of fragment mass to the total mass of the fis-
sioning nucleus) 0.4 and 0.6 while obtaining the νpre values.
These gates were selected to distinguish symmetric fission
and quasifission events. The neutron multiplicity values ob-
tained with and without above mass gates, however, were
found to be similar, within the experimental uncertainties.
We could not differentiate the contribution from quasifission
events to the total neutron multiplicity, unlike that reported in
Refs. [37,38] in these reactions. This could be due to the com-
parable sticking times associated with the slow quasifission
and fusion-fission process [41].

The angular distribution of neutrons along with those gen-
erated using the moving-source model, which considers three
neutron emitting sources—the CN and two complementary
FFs—are shown in Fig. 4 for the 30Si + 182W reaction. The
contributions from different sources are also shown in the
same figure. The emission spectra of neutrons from these
respective sources were modeled according to the Eq. (1).
The calculations were performed for the angular range of
00 to 180◦ with respect to the beam direction, on either
side, for zero azimuthal angles (corresponding to the in-plane
detectors). Neutron contributions from the CN and the com-
plementary FFs are quite clear in Fig. 4, and the angular
distribution from each neutron emitting source has a Gaussian
distribution. The kinematic focusing effect of the fast moving
sources may be noticed in the angular distributions: the neu-
trons emitted from the CN peak around the beam direction,
while neutrons from the fragments peak around the mean
detector angles.

Experimental prescission and total neutron multiplicities
for the 30Si + 182,184,186W reactions are shown in Fig. 5. The
error bars shown on the measured νpre and νtot are due the
statistical uncertainties. The νpre values increase with increas-
ing E∗ of the CN. No noticeable effect of the neutron shell
closure at N = 126 was observed in this study, in the E∗
range measured. However, a marginal isotopic dependence
is observed in the measured νpre values: larger νpre value is

observed for systems with larger value of N/Z (of the CN) at
all E∗.

IV. THE STATISTICAL MODEL

Experimental νpre excitation functions are analysed using
the statistical model code VECSTAT [44]. This code simulates
the decay of a compound nucleus by the Monte Carlo tech-
nique. The various decay widths of the CN are used for the
simulation. The evaporation of neutrons, light charged parti-
cles, γ rays, and fission are considered as the decay modes
of the CN. The particle and GDR γ emission widths are

FIG. 5. Experimental νtot and νpre for 30Si + 182,184,186W reactions
at different E∗ are shown in panels (a) and (b), respectively.
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obtained from the Weisskopf formula [45] as given in Ref. [9].
It may be mentioned here that the neutron and light charged
particle scattering cross sections appearing in the respective
width expressions are taken from the parametrization due
to Blann [46]. The fission width is taken from the work of
Kramers [11], in which the effect of dissipative fission dy-
namics is included. The contribution of K �= 0 values to the
fission width is also included, where K is the component of
CN angular momentum along the nuclear symmetry axis [47].
The fission width of a CN at excitation energy E∗ and carrying
angular momentum l is then given as

	 f (E∗, l ) = Kf 	BW (E∗, l )

⎧⎨
⎩

√
1 +

(
β

2ωs

)2

− β

2ωs

⎫⎬
⎭, (3)

where β is the reduced dissipation coefficient (ratio of dissipa-
tion coefficient to collective inertia). ωs is the frequency of the
harmonic oscillator potential which approximates the nuclear
potential in the saddle region and depends on the CN angular
momentum (l) [48]. The Bohr-Wheeler fission width is given
as [49]

	BW (E∗, l ) = 1

2πρg(E∗, l )

∫ E∗−B f (l )

0
ρs(E∗− B f (l )− ε, l )dε,

(4)
where ρg and ρs denote the level densities at the ground
state and saddle configurations, respectively, and B f (l ) is the
angular-momentum dependent fission barrier. Here, it is as-
sumed that the spin of the CN remains perpendicular to the
symmetry axis throughout the course of the reaction (K = 0).

The K-equilibration factor Kf is taken from Ref. [47]. The
inclusion of K degree of freedom results in a reduction of
the fission width compared to that obtained with K = 0. This
is because, the fission barrier for the K �= 0 states is higher
than that with K = 0 state. The initial angular momentum
distribution of the compound nuclei formed after capture in
the entrance channel is calculated from the coupled channel
code CCFULL [50]. The Akyuz-Winther parametrization [51]
of optical model potential is used in CCFULL and is found to
well reproduce the experimental fusion excitation function of
the 30Si + 186W system [52]. The same potential parameters
are also used for the 30Si + 182,184W systems.

The macroscopic part of the fission barrier used to calcu-
late 	BW is obtained from the finite range liquid drop model
(FRLDM) of the nuclear potential [53]. The shell correction is
added to the FRLDM barrier [BLDM

f (l )] to give the full barrier
as [54]

B f (l ) = BLDM
f (l ) − (δg − δs). (5)

Here δg and δs are the shell corrections at equilibrium and
saddle deformations, respectively. The deformation dependent
shell corrections δg and δs are obtained from Ref. [55] which
suggests negligible shell correction at large deformations and
full shell correction at zero deformation of the CN shape.

Following the work of Ignatyuk et al. [56], an energy
dependent shell correction to the level density parameter
is applied in the present work. According to this work, the
shell effect is strongest at low excitation energies and washes
out at high excitations. The energy dependent level density

parameter is given as

a(Eth) = ā

(
1 + f (Eth)

Eth
δg

)
, (6)

with

f (Eth) = 1 − exp(−Eth/ED), (7)

where Eth is the thermal part of the excitation energy and ā
is the asymptotic value of level density parameter. ED is the
damping factor determining the rate of melting away of the
shell effect with increasing excitation, and its value is taken
to be 18.5 MeV [57]. We use the deformation dependent level
density parameter ā given in Ref. [57].

It was shown earlier that the nuclear collective (rota-
tional and vibrational) motion causes an enhancement of
nuclear level density with respect to the intrinsic level den-
sity ρintr (Eth) of a nucleus [58]. The inclusion of collective
enhancement of level density (CELD) in statistical model
calculations was found to be necessary for consistent repro-
duction of experimental observables [59]. We therefore also
used CELD in the present calculations.

With inclusion of CELD, the total level density ρ(Eth) is
given as

ρ(Eth) = Kcoll(Eth)ρintr (Eth), (8)

where Kcoll(Eth) is the collective enhancement factor [60] due
to collective vibrations (Kvib) and rotations (Krot) of the nu-
cleus. A transition from vibrational to rotational enhancement
with increasing quadrupole deformation (|β2|) is made using
a smooth transition function ϕ(|β2|) as follows [61]:

Kcoll(|β2|) = [Krotϕ(|β2|) + Kvib(1 − ϕ(|β2|))] f (Eth), (9)

where

ϕ(|β2|) =
[

1 + exp

(
βo

2 − |β2|
�β2

)]−1

, (10)

where the values of βo
2 and �β2 are set to be 0.15 and 0.04,

respectively [62]. A damping of collective effects [63] with
increasing E∗ is implemented using a Fermi function f (E∗),

f (Eth) =
[

1 + exp

(
Eth − Ecr

�E

)]−1

(11)

where Ecr = 40 MeV and �E = 10 MeV [63]. The rotational
and vibrational enhancement factors considered are [60]

Krot = τ⊥T

h̄2 , (12)

Kvib = e0.055×A2/3×T 4/3
, (13)

where A is the mass number, T is the nuclear temperature, and
τ⊥ is the rigid body moment of inertia perpendicular to the
nuclear symmetry axis. The level density with CELD along
with the shell corrected level density parameter is used to
calculate the widths of all decay channels including fission.

In a stochastic dynamical model [64] of fission, a certain
time interval elapses before fission rate reaches its stationary
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value. We used the following parametrized form of time de-
pendent fission width [	 f (t )] [65] in this work:

	 f (E∗, l, t ) = 	(E∗, l ){1 − e
− 2.3t

τ f }, (14)

where τ f is the transient time period.
According to the transition-state model of fission [11,49],

fission occurs when the CN crosses the saddle-point deforma-
tion. Therefore when an event is signaled as a fission event in
the statistical model calculation, the number of neutrons emit-
ted till that instant corresponds to the presaddle emissions.
However, the evaporation process continues in the postsaddle
sector till the scission configuration is reached. The number of
neutrons emitted in the presaddle sector and those during the
saddle-to-scission transition together make the multiplicity of
the prescission neutrons. Thus, for a fission event, the evapo-
ration process is followed for a time interval τss during which
the CN evolves from the saddle to the scission configuration.
The following expression for τss [66] is used in the present
work:

τss = τ 0
ss

⎧⎨
⎩

√
1 +

(
β

2ωs

)2

+ β

2ωs

⎫⎬
⎭, (15)

Details of the above features are incorporated in the code
VECSTAT and can be found in Refs. [44,59]. Calculations of
the excitation functions of νpre using this code were performed
and are presented in the next section.

V. STATISTICAL MODEL CALCULATIONS AND RESULTS

Statistical model (SM) calculations are made for pre-
scission neutron multiplicities from the compound nuclei
212,214,216Ra populated through the 30Si + 182,184,186W reac-
tions, and the results are compared with the experimental
values in Fig. 6. Excitation functions of νpre obtained with β =
0, 4, 8 zs−1 (0, 2.63, 5.27 MeV/h̄) are shown. The statistical
model predictions with Bohr-Wheeler fission width (β = 0)
considerably underestimates νpre for all the three CN as shown
in panels (a), (b), and (c) of Fig. 6. With increasing β, the
calculated νpre excitation functions move closer to the exper-
imental ones. It is observed that statistical model results with
β = 8 zs−1 (5.27 MeV/h̄) give reasonable agreement with the
experimental data. The calculated multiplicities of neutrons
emitted during the saddle-to-scission transition (νsad-sci) and
in the presaddle stage (νpre-sad) are shown in panels (d), (e),
(f) and panels (g), (h), (i) respectively. νsad-sci increases faster
with excitation energy compared to νpre-sad. Both νsad-sci and
νpre-sad increase with the dissipation strength.

We thus find here an excitation energy independent value
of 8 zs−1 (5.27 MeV/h̄) for β for all three compound nuclei
in the isotopic chain of Ra. However, earlier statistical model
analyses of prescission neutron multiplicities from isotopic
chains of Fr [15] and Rn [16] reported fast increase of β with
excitation energy. An excitation energy dependent dissipation
was also found to be necessary for 208Rn in a Langevin dy-
namical calculation to fit the prescission neutron multiplicity
data [17]. The magnitudes of the dissipation coefficient ob-
tained in the above earlier works [15–17] were much smaller
than that obtained in the present work. On the other hand,

FIG. 6. Calculated νpre excitation functions for the
30Si + 182,184,186W reactions for different dissipation strengths
are shown in panels (a), (b), (c). Solid squares represent the
experimental νpre for these systems. Similar calculated values of
νsad-sci and νpre-sad for different β values are shown in panels (d), (e),
(f) and panels (g), (h), (i), respectively.

a strong energy independent dissipation coefficient [10 zs−1

(6.58 MeV/h̄)] could reproduce the prescission neutron ex-
citation function for the system 30Si + 197Au [20]. We briefly
discuss here the difference between different analyses yield-
ing different values of β.

While discussing the various effects on neutron multiplic-
ity, we note that the neutron emission probability Pn is given
by Pn = 	n/(	n + 	 f ) = (	n/	 f )/[(	n/	 f ) + 1], where 	n

and 	 f are the neutron and fission widths respectively. The
charged particle and photon emission widths are much smaller
than 	n and hence are not included here for the sake of sim-
plification, though they are included in the SM calculations.
Pn increases when 	n/	 f increases.

One important feature which distinguishes the present sta-
tistical model analysis (and also that in Ref. [20]) from those
performed in Refs. [15,16] is the inclusion of CELD and
K degree of freedom in the present work. CELD influences
the fission width more strongly than K degree of freedom
and, for simplicity, we discuss here the effect of CELD only.
CELD increases the Bohr-Wheeler fission width substantially
since the collective enhancement is much stronger for the
level density ρs [Eq. (4)] due to large deformation at saddle
compared to the enhancement of ρg at the ground state. On
the other hand, the effect of CELD on neutron width is mod-
erate since both the parent and daughter nuclei are nearly
spherical. Inclusion of CELD thus results in a strong reduction
of 	n/	 f , as illustrated in Fig. 7.

Since the statistical model underestimates the prescission
neutron multiplicity when the Bohr-Wheeler fission width,
with or without CELD, is used, a damping of the fission width
becomes necessary in order to increase 	n/	 f to fit the ex-
perimental data. It is evident from Fig. 7 that a much stronger
damping of the Bohr-Wheeler width is necessary when CELD
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FIG. 7. Ratio of neutron to Bohr-Wheeler fission width for 214Ra
obtained with and without CELD in the level densities. Width ratios
for compound nuclear spin (L) of 0 and 40h̄ are shown in panels
(a) and (b), respectively while panel (c) shows the ratio of the width
ratios obtained with and without CELD.

is included in the calculation compared to the case in which
CELD is not considered. Therefore, larger values of β are
necessary in the present work and in Ref. [20] where CELD
is included in the SM calculations compared to the relatively
smaller values of β obtained in Refs. [15,16] where CELD
was not considered. Similarly, no enhancement of phase space
due to collective (rotational and vibrational) was considered in
the Langevin dynamical calculation of Ref. [17], and a small
dissipation strength was obtained.

To investigate the excitation energy dependence of β

obtained with and without CELD in the statistical model
calculation, we first observe that CELD introduces an excita-
tion energy dependence in 	n/	 f as illustrated in the bottom
panel of Fig. 7. Inclusion of CELD suppresses 	n/	 f more
strongly at lower excitation energies than at higher ones.
Consequently, the degree of enhancement of β obtained with
CELD (compared to β obtained without CELD) reduces with
increasing excitation energy. Therefore, introduction of CELD
neutralizes the increasing trend of β with excitation energy
obtained without CELD [15,16] and results in a nearly energy
independent β, as observed in the present work.

It is evident from the above discussions that the extracted
dissipation strength from analysis of experimental data de-
pends on the choice of different parameters in statistical model
calculations. In particular, the excitation energy dependence
of calculated decay widths due to inclusion of CELD depends
on the choice of various parameters in Eqs. (7) to (9). It

TABLE II. The shell correction energy, the LDM fission barrier,
the neutron binding energym and the quadrupole deformation param-
eter of various Ra isotopes considered in this study are tabulated.

Nucleus δp
g (MeV) BLDM

f (MeV) Bn (MeV) β2

212Ra −5.44 6.454 9.10 −0.053
214Ra −6.34 6.708 8.32 0.0
216Ra −4.59 6.944 7.31 0.0

further demonstrates the model dependence of the extracted
dissipation strength from analysis of experimental data. The
statistical model used here being more inclusive, we trust the
present work provides a better estimate of nuclear dissipation.

The multiplicities νpre-sad and νsad-sci given in Fig. 6 origi-
nate from two distinct processes. While νpre-sad is determined
by the competition between fission and evaporation, νsad-sci
is the outcome of competition among various evaporation
channels during the saddle-to-scission transition time. We first
briefly discuss the characteristic features of the multiplicity of
presaddle neutrons.

It is observed that νpre-sad increases with β for all three
compound nuclei. This is a direct consequence of fission
hindrance introduced through the Kramers formula in Eq. (3).
A weak dependence of presaddle multiplicity with excitation
energy is also noticed. This observation essentially reflects
the fact that, with increasing beam energy, larger CN spin
states are populated. As the CN spin increases, the fission
barrier decreases and the saddle moves towards a more
compact configuration, thereby increasing the path from the
saddle to the scission. This results in decreasing contributions
to νpre-sad and increasing contributions to νsad-sci as CN spin
increases. Consequently, the excitation energy dependence
of νpre-sad is slow while it is faster for νsad-sci. Further, the
increase of neutron multiplicity with increasing N/Z may
be attributed to the decreasing neutron binding energy of
the compound nuclei, The neutron binding energies of
212,214,216Ra are given in Table II. We note here that, in a
different approach, presaddle multiplicities were determined
from the experimental angular anisotropies and the standard
saddle-point statistical model, and were found to decrease
with increasing excitation energy [67].

The multiplicity of saddle-to-scission neutrons increases
with β as expected since the saddle-to-scission transition time
increases with β [Eq. (14)]. It is interesting to note that,
though the saddle-to-scission transition time more than dou-
bles as β increases from 4 to 8 zs−1 (2.63 and 5.27 MeV/h̄
respectively), the increase of multiplicity is only marginal.
This happens because most of the available excitation energy
is carried away by evaporation during the interval correspond-
ing to β = 4 zs−1 (2.63 MeV/h̄) leaving a smaller fraction for
evaporation in a longer timescale.

Though the experimental νpre or the fitted β values do not
show any noticeable shell closure effect, we next explore the
shell as well as the CELD effects in the SM predictions of
multiplicity of prescission neutrons. Two sets of calculations
are made, one excluding shell effects in both the level den-
sity parameter and the fission barrier and the other excluding
CELD in fission and all the evaporation widths. Calculations
are made with β = 8 zs−1 (5.27 MeV/h̄) and the results are
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FIG. 8. Effects of shell and CELD in the νpre excitation function
for the 30Si + 182,184,186W reactions for β = 8 zs−1 (5.27 MeV/h̄) are
shown in panels (a), (c), (c). Influence of the aforementioned effects
on νsad-sci and νpre-sad for the same dissipation strength are shown in
panels (d), (e), (f) and panels (g), (h), (i), respectively.

shown in Fig. 8, where the multiplicities obtained with all the
effects are also included.

In order to compare the SM predictions with and without
shell effects, we note that 	n/	 f is approximately determined
by the ratio of the leading terms of the respective level densi-
ties, and can be written as

	n

	 f
≈ e2

√
ad

g (Ei−Bn )

e
2

√
ap

s

(
Ei−BLDM

f +δ
p
g

) (16)

The level density parameter in the ground state of the
daughter nucleus is denoted by ad

g in the above expression,
and that of the parent nucleus in the saddle configuration is
ap

s while δ
p
g is the shell correction energy in the ground state

of the parent nucleus. Bn and BLDM
f are the neutron binding

energy and the LDM fission barrier respectively. Remember-
ing that the shell correction in the level density parameter
ap

s at the saddle is negligible, the shell effect in the above
ratio is determined by ad

g and δ
p
g . The shell correction energy,

the LDM fission barrier, and the neutron binding energy of
various Ra isotopes are given in the Table II.

When shell correction energies are taken into account, both
the numerator (due to ad

g ) and the denominator decrease (δp
g

being a negative quantity) and hence the shell effect is neu-
tralized to some extent. The extent of neutralization, however,
depends on the relative magnitudes of the shell correction
energies of the parent and the daughter nuclei. For 212Ra, the
shell correction energy of 212Ra is larger than that of 211Ra,
being −5.44 and −4.74 MeV respectively. The shell effects
are largely neutralized in this case, as we see in Fig. 8(g).
Similarly, in the case of 214Ra the shell correction energy of
the parent is marginally higher than that of the daughter, which
results in a small net effect on νpre-sad [Fig. 8(h)]. For 216Ra,

however, this is reversed, since the parent shell correction en-
ergy (−4.59 MeV) is smaller than that of the daughter (−5.53
MeV). It gives rise to an appreciable reduction of νpre-sad when
shell corrections are included [Fig. 8(i)]. It may further be
noted that the reduction is larger at smaller excitation ener-
gies, which arises due to the stronger damping of ad

g at lower
excitation energies when the shell correction is included.

In the saddle-to-scission sector, the CN shapes are highly
deformed and hence no shell effects are included in the var-
ious evaporation widths used to calculate νsad-sci. The shell
dependence observed in νsad-sci is a consequence of the fact
that the excitation energy available in the saddle-to-scission
sector depends on νpre-sad, which has a shell dependence.

A marginal increase of νsad-sci is observed in calculations
including shell effects for 212,214Ra, as shown in Figs. 8(d)
and 8(e). It is caused by the lower multiplicity of charged
particles in the presaddle stage observed in calculations with
shell effects included and which consequently makes higher
excitation energy available in the saddle-to-scission sector.
For 216Ra, νpre-sad is considerably reduced when shell effects
are included, giving rise to larger excitation energies available
in the saddle-to-scission sector enabling higher number of
neutrons to evaporate.

The effect of excluding CELD is shown in the bottom
panels of Fig. 8 where we find that νpre-sad increases sub-
stantially for all the three CN. Since CELD is much stronger
for highly deformed nuclear shapes such as at the saddle
compared to spherical or near-spherical shapes, fission widths
increase substantially when CELD is included. Conversely,
fission widths reduce when CELD is withdrawn and conse-
quently fission time scale increases allowing emission of more
neutrons. The larger number of evaporated neutrons in the
pre-saddle stage when CELD is excluded also carries away
a larger fraction of excitation energy and thereby making less
excitation energy available during the saddle-to-scission tran-
sition. Thus, exclusion of CELD causes decrease of νsad-sci as
shown in the middle row of Fig. 8. It may be pointed out that
we have not considered the effect of CELD on evaporation
widths in the above discussion, though they are included in
the calculations, because the effects are marginal for the com-
pound nuclei considered here. The nuclei considered here are
spherical or nearly spherical as the quadrupole deformations
at the ground state of 121,214,216Ra are −0.053, 0.0, and 0.0
respectively [68]. Therefore, the effect of CELD on evapora-
tion process is not significant as has also been observed from
studies of evaporation spectra of a spherical nucleus [69].

The CELD and shell effects on the total multiplicity νpre

are shown in the top row of Fig. 8. As discussed above, both
effects primarily impact νpre-sad, which modulates the excita-
tion energy and multiplicity in the saddle-to-scission sector
in a complementary manner. Thus, the net effects in νpre are
somewhat reduced compared to those in νpre-sad.

VI. SUMMARY AND CONCLUSION

In summary, neutron multiplicity excitation functions from
the fission of 212,214,216Ra nuclei are measured to investigate
structural and dynamical effects in fission over a wide range of
excitation energy. Measured νpre values are found to increase
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marginally with an increase in N/Z values of the fissioning
systems at similar excitation energies. The increase of neutron
multiplicity with increasing N/Z may be attributed to the
fissility of the CN and the neutron binding energy.

The experimental neutron multiplicities are analyzed
within the framework of a statistical model incorporating
dynamical hindrance in nuclear fission due to dissipation,
shell corrections in the fission barrier and level density, and
collective enhancement of level density (CELD). This work
shows that the emission of excess neutrons in comparison to
the predictions using the Bohr-Wheeler fission width could be
accommodated in terms of a strong nuclear dissipation. The
dissipation strength required to reproduce the present experi-
mental νpre data does not show any temperature dependence,
unlike that reported in the literature for a few neighboring
systems. No isotopic dependence is also observed in the de-
duced dissipation strength in the present work. A β value of
8 zs−1 (5.27 MeV/h̄) reasonably reproduces the experimental
νpre excitation functions for all three nuclei in the measured
excitation energies in this study.

Apart from the effect of dissipation, inclusion of collec-
tive enhancement of level density and shell corrections in
fission barrier and level density parameters are also found
to impact the calculated neutron multiplicities. Though these
effects influence the presaddle multiplicities directly, the
saddle-to-scission multiplicities are also indirectly affected as
a consequence of the changes in the presaddle sector. The net
effects on the total pre-scission multiplicities are smaller than
those found for the presaddle multiplicities.

The shell effects in the presaddle multiplicity are found
to be much larger for 216Ra than for 212,214Ra. The ob-
served shell effects in νpre-sad are qualitatively discussed in
terms of the relative magnitudes of the shell correction en-
ergies of a CN and the daughter nucleus reached after one
neutron emission. The effect of CELD in νpre-sad is large
for all three compound nuclei as a result of the large en-
hancement of level density at the saddle due to its large
deformation and consequent enhancement of fission width.
Finally we point out that, because fission is essentially a
presaddle phenomenon, fission/ER cross sections are also sen-
sitive to the shell and CELD effects. Combined analysis of
neutron multiplicities and fission/ER cross sections can there-
fore reveal more details of various effects in fusion-fission
reactions.
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