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Abstract. The nuclear fission phenomenon continues to be an enigma, even after nearly 75
years of its discovery. Considerable progress has been made towards understanding the fission pro-
cess. Both light projectiles and heavy ions have been employed to investigate nuclear fission. An
extensive database of the properties of fissionable nuclei has been generated. The theoretical devel-
opments to describe the fission phenomenon have kept pace with the progress in the corresponding
experimental measurements. As the fission process initiated by the neutrons has been well doc-
umented, the present article will be restricted to charged particle-induced fission reactions. The
progress made in recent years and the prospects in the area of nuclear fission research will be the
focus of this review.
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1. Introduction

The importance of the technology which has come out of the basic research in nuclear
fission need not be overemphasized — the nuclear fission reaction is indeed the heart of
any nuclear reactor and the nuclear energy is an inevitable option in the energy mix for
many countries in the world. The nuclear fission phenomenon continues to be exciting
and interesting from the basic research point of view. The classic paper of Bohr and
Wheeler [1] published within a short period of the announcement of the nuclear fission
process, still remains the most referred work and has been considered one of the best in
terms of our understanding of this phenomenon. The nuclear fission is challenging and
complex as it involves large-scale collective motion and drastic rearrangement of nucleons
and at the same time exhibiting single-particle aspects in terms of shell effect at large
deformation. The fission excitation function, the fission probability, the fission fragment
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angular distributions, the mass and kinetic energy distributions, particles emitted prior
to and after fission — all these quantities have been measured and considerable progress
has been made to understand these features of nuclear fission [2—19]. In the early years,
light projectiles like neutrons, protons, deuterons, helions and alphas were employed in
these investigations. With the availability of heavier beams, the measurements have been
extended to a range of projectiles from lithium to uranium and the fissionable nuclei range
in mass numbers from 180 to nearly 260. This has resulted in the detailed investigation
of fission process for nuclei at moderately high excitation energies with large angular
momentum values. Further, these studies have provided valuable insights into the fission
of a large mass number nuclei at deformation values significantly higher compared to
ground-state values and the role of nuclear structure at these extreme conditions. It turns
out that both statistical and dynamical aspects have to be incorporated in models used to
describe the fission process. Dissipation is another aspect that needs to be considered in
understanding the fission phenomenon. A comprehensive understanding of the nuclear
fission involving heavy nuclei at high excitation energy and spin values as well as the
formation and decay of these heavy systems is crucial in the ongoing efforts towards
formation of the superheavy nuclei.

In this review, we shall summarize the progress made in our understanding of the
charged particle-induced fission reactions and point out the directions in which this
research is evolving. In §2, the various nuclear fission observables which are measured
experimentally are listed. The related developments in the theoretical formalisms are cov-
ered in §3. The three key attributes, viz. dynamics, structure and dissipation which drive
fission process are discussed in §4. The emerging areas for nuclear fission research are
covered in §5. In §6, the general conclusions are summarized.

2. Nuclear fission observables

The nuclear fission phenomenon has been experimentally investigated through a series of
measurements, starting with the famous and pioneering experiments of Hahn and Strass-
mann [20]. These include the fission fragment angular distributions, the fission excitation
functions, the fission fragment mass (kinetic energy) distributions, the folding angle and
mass—angle correlation measurements. In general, the fission angular distributions are
measured by positioning a number of detectors — thin silicon, gas—silicon hybrid, MWPC
etc. and measurements are carried out over the angular range from 90° to 175°. One could
also measure from an angle close to 0° up to 90°. But measuring fission data at small
angles will be challenging as in this region, the data will be dominated by the elastics. In
figure la, a typical angular distribution measured for the system F + Os is shown [21].
From the angular distribution data, the total angle integrated fission cross-sections can be
determined. The fission excitation function is measured over a range of energies from near
the Coulomb barrier to well above the Coulomb barrier. The fission yield is influenced by
the Coulomb barrier and also by the fission barrier (By). In figure 1b, we have plotted the
fission excitation function (cross-section vs. excitation energy of the compound nucleus)
for the system '°F + 1380s.

It may be mentioned, that a compound nucleus formed at high excitation energy decays
by several channels which are energetically favourable. In the case of heavy fissionable
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Figure 1. (a) Fission fragment angular distribution and (b) fission excitation function.

nuclei (A = 200-260), the dominant channels are the fission decay and the neutron emis-
sion. To have a complete picture of the fissioning process, it is necessary to measure
the decay of the compound nucleus through the neutron emission channel. After neutron
emission (one or more), from the compound nucleus, heavy residual nuclei are formed.
These are called the evaporation residues (ER) and their cross-sections have to be mea-
sured along with the fission channel. Adding the fission and the ER cross-sections, one
can get the fusion (or compound nucleus formation) cross-section. From a statistical
model analysis of these data, the fission barrier can be determined for the fissioning com-
pound nucleus. From the angular distribution data, one can deduce the effective moment
of inertia of the fissioning nucleus at the saddle point of deformation. Theses aspects will
be discussed in later sections.

Often the fission data may have contributions from complete fusion (CF) (amalgama-
tion of the projectile and the target) and incomplete fusion (ICF) (amalgamation of part
of the projectile with the target). It becomes necessary to separate the fission arising from
CF (CFF) and that coming from incomplete fusion process (ICFF). This is experimen-
tally accomplished by the fission fragment folding angle technique. Here a detector is
positioned at a convenient angle on one side of the target and on the other side of the
target another detector is positioned so that both the complementary fragments can be
detected in coincidence. Keeping one of the detectors fixed and moving the other over
a range of optimized angles, the folding angle distribution can be measured (figure 2
adopted from ref. [22]). In the case of a fissioning nucleus, decaying at rest, the two
binary fragments will go in opposite directions, 180° apart. When momentum is given to
the decaying compound nucleus (in the real experiment, the compound nucleus formed
by the fusion of the projectile and the target is moving with a velocity essentially in the
forward direction), the angle between the two fragments will start becoming less than
180°. With increasing momentum given to the compound nucleus, the angle between the
complementary fragments will decrease. In figure 2, the peak near 150° is associated with
CFF (full momentum transfer from the projectile to the target followed by fission) and the
peak near 180° is ascribed to ICFF (partial momentum transfer followed by fission). It
should be mentioned that ICFF peak can also come to the left of the CFF peak at smaller
angles, depending on the grazing angle. By performing a folding angle distribution
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Figure 2. Fission fragment folding distribution.

measurement, it is possible to separate the CFF and the ICFF components as shown in
figure 2.

Another quantity which is very important and rather unique to fission is the mass dis-
tribution (also kinetic energy distribution). Right from the beginning it was realized that
while the binary fragments result from each fission event, there is also a mass (charge)
distribution associated with the fragments. It is also true for the kinetic energy distribution
of the fragments. Of course the mass and charge conservation of the resulting fragments
will be consistent with the mass and charge of the fissioning nucleus. In figure 3, we have
shown the fission fragment mass distribution for neutron-induced fission of 2*°Pu (com-
pound nucleus 2*°Pu) at two bombarding energies, 0.5 and 14 MeV. It may be noted that
the distribution becomes more symmetric at 14 MeV, from an asymmetric distribution
observed at lower energy. Mass distribution can be measured by measuring the velocities
(related to the time-of-flight of the fragments from the target to the detector) and the ener-
gies of the complementary fragments. It can be seen that as a function of the bombarding
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Figure 3. Fission fragment mass distribution (data taken from ref. [23]).
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energy (as a function of the excitation energy of the fissioning compound nucleus), the
mass distribution changes from asymmetric to symmetric mass distribution.

The mass distribution has been one of the puzzling features of fission phenomenon right
from inception and even after 75 years of research, the mechanism of mass division is not
fully understood. Later, mass separators for fission fragments (like LOHENGRIN) were
used for the detection of fragments with better mass resolution [24]. In recent years, high-
energy radioactive ion beams, produced from the fragmentation of 1 A GeV 2*U have
been mass separated and made to undergo electromagnetic excitation interacting with a
Pb target. This way it has been possible to study the fission of many nuclei away from the
line of stability at low excitation energies, around 11 MeV [25]. The beta delayed fission
is another tool to study fission of nuclei at low excitation energies [19]. This technique
has been employed for measuring mass distribution of '®'Hg. More recently, high-energy
heavy beams like 23U have been made to impinge on a lighter target like '>C to measure
fission fragments. In using this inverse kinematics technique, it has been possible to
obtain fragments with high energies, thereby facilitating the detection of the same with
good mass and charge resolution with a mass spectrometer. Using this technique, it has
been possible to obtain the fission fragments arising from fission, following the fusion of
the projectile (***U) and the target (‘>C ) — compound nucleus >°Cf as well as fission fol-
lowing the transfer of a few nucleons (two protons) from the target to the projectile (resul-
tant composite system 2*’Pu). The fragments spanning a large range of Z (30-64) and
A (80-160) have been measured by this technique [26].

As mentioned earlier, the study of mass distribution of fission fragments has been
attracting the attention of the investigators right from the beginning of nuclear fis-
sion research. This field of research has been recently reviewed by Schmidt [27] and
Andreyev [28]. Thermal neutron-induced fission of 233U leads to asymmetric mass divi-
sion with the most probable masses to be my (heavy fragment) ~140 and my, (light frag-
ment) ~96. However, the maximum kinetic energy is observed for the mass split with my
varying from 130 to 135 and the corresponding my, varying from 106 to 101. The asym-
metric mass division usually found in the fission of actinides is taken as evidence for the
presence of shell correction in the fissioning nucleus. It is fascinating (figure 4) to observe
that while the heavier actinide nuclei with large N/Z predominantly undergo asymmetric
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Figure 4. The mass distribution systematics plotted for nuclei with A varying from
180 to 256 (data taken from Schmidt [27] and Andreyev [28]). It is interesting to note
the change from mass asymmetric division to symmetric division as A and N/Z values
are decreased. Further decrease brings back the mass asymmetry in fission.
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Figure 5. The peak values of mass distribution — the heavy fragment charge (Zy) and
heavy fragment mass (Mp) are plotted as a function of A of the fissioning nuclei (data
taken from refs [25,27,29]).

mass division, the lighter nuclei, Ir-Th with N/Z around 1.45, exhibit dominantly
symmetric mass division. When we go to lower A and N/Z values (1.25), mass distri-
bution pattern changes to one of asymmetric mass division. It is fair to state that only a
qualitative understanding of the various features of mass division are understood in terms
of scission point or dynamical model.

It is intriguing (figure 5) to find for a series of nuclei A 220-260, the average charge
number of the heavy fragment is around Z = 54 [25,27,29], the charge of the number of
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Figure 6. Correlation between mass of the fission fragment and angle of detection.
MR = mjy/(m; + my) where ms are the masses of the two fragments. PRL =
projectile-like fragments, TGL = target-like fragments.
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light fragment varies with the mass/charge of the compound nucleus. The heavy fragment
mass is also around A = 139. For neutron-deficient actinides, the heavy fragment mass
is lower than 139 by a few mass numbers. We have plotted in the figure a few values of
the average Z and A values for the heavy fragments arising from the fission of actinides
lying in the above mass region. Further, the nucleus with Z = 54 and A = 139 will have
N = 85. We know that both Z = 54 and N = 85 do not form part of the magic numbers.
It is not fully understood as to why these N and Z values are preferred.

In figure 6, we have shown a typical fragment mass—angle correlation (adopted from
ref. [30]). The symmetric mass division is clearly seen corresponding to MR = 0.5.
The PRL and TGL arise from non-compound process. The neutrons and charged par-
ticles are also detected in coincidence with the fission events, in order to have a handle
on the fission dynamics as the particles are emitted from the composite system through
the formation, capture and the equilibrium stages of fusion—fission process. These par-
ticle multiplicity measurements are also essential to deduce information regarding the
dissipation aspects of fission. Both light (like neutrons, protons, alphas) and heavy
ions have been employed in these investigations. In the former case, the excitation
energies and the angular momenta involved are relatively small when compared to
that obtained by using the heavy ions. In the case of light ions, the pre-equilibrium
emission process competes with the compound nuclear process at energies £E/A about
8 MeV or so. While employing the heavy ions, the non-compound fission events
like fast fission, quasifission, pre-equilibrium fission and transfer fission interfere with
the full momentum transferred compound nuclear fission detection. It is necessary to
separate these non-compound events to obtain data for pure compound nuclear fission.

3. Theoretical formalisms

Within a short time after the announcement of nuclear fission, Bohr and Wheeler [1] came
with a masterly article on the mechanism of nuclear fission. They argued that nuclear
fission phenomenon is due to the competition between the disruptive Coulomb interaction
and the attractive surface tension. Amongst other things, using the charged liquid drop
model, they estimated the fission barrier height for several nuclei, kinetic energy and mass
division in fission. They also pointed out that it was the less abundant isotope 2*>U which
underwent fission with thermal neutrons and not the heavier and more abundant *U.
They could describe well the decay of excited compound nuclei through the fission and
the neutron channels. In general, a theory of nuclear fission should be able to address the
following features observed experimentally:

(1) Stability limit for fission.

(2) Spontaneous fission and the barrier height.

(3) Fission decay of the compound nucleus as a function of the excitation energy.

(4) Nuclear dissipation, fission delay time and the pre-fission emission of particles at
higher excitation energy of the fissioning nucleus.

(5) Symmetric and asymmetric mass division of the fissioning nucleus.

Itis indeed a formidable task to have one model which can account for all these properties.
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The charged liquid drop model is fairly successful in explaining the deformation of
the fissioning nucleus from the equilibrium shape to the scission stage through the saddle
point. The observation of fission isomers [31], the sub-barrier resonances and the asym-
metric mass distribution clearly indicated the need for the inclusion of single-particle
effects in the above model. In fact, Mayer who proposed the shell model of the nucleus
observed [32] that the magic numbers 50, 82 associated with neutrons/protons could be
responsible for the asymmetric mass division with heavy fragments close to these num-
bers. Shell effect as a function of deformation had to be included and Strutinsky [33]
came out with a prescription about how this could be accomplished. Finding the shell
effect at large deformation is a crucial step in our understanding of the nuclear fission
phenomenon. As a result of the addition of deformation-dependent shell correction to the
liquid drop potential energy as a function of deformation, the resultant potential energy
becomes a double-humped barrier [3] (this is shown in figure 7b). While there are two bar-
riers (outer and inner) for most of the actinides, the barrier becomes single valued for the
lighter pre-actinides (A less than 210 or so) in general. The concept of double-humped
barrier provided explanation for the existence of fission isomers and sub-barrier reso-
nances. The shell effect is also important in understanding the mass division. The most
important application of shell effect at large deformation is the prediction of stability of
nuclei far away from the line of stability, the superheavy region. The non-zero barrier
predicted for superheavy nuclei needs to be confirmed through the experimental detec-
tion of the superheavy nuclei. It has been recognized that to understand the broad features
of fission, both the macroscopic (liquid drop) and the microscopic (shell model) features
have to be considered. Both statistical and dynamical aspects are essential to describe the
fission observables. In addition, the dissipation or viscosity is also an important feature
which needs to be considered for understanding the fission phenomena. Fissility param-
eter is defined as x = Z?/A[50.8831 — k(N — Z)/A)*]~" (k = 1.7826 and it could
be varied) and x = 1 is the limit of stability against fission. A, Z and N are related to
the fissioning nucleus. The mildly deformed ground state (A), the saddle point (B) and
the scission point (C) are the three decision-making points of the deforming fissioning
nucleus (figure 7) [11]. It is now accepted that the fission process takes a fairly long time,
starting with the capture of the projectile by the target through the formation of the com-
pound nucleus and finally the fission stage. It has been estimated that the fission process
takes place over a time, about 30 x 107! s [10]. During the transit over the saddle, there
is also a possibility that a part of the flux can diffuse to the left side, thus reducing the
fission probability. This was recognized by Kramers way back in 1940 [34]. Particles and
gammas can be emitted all through these decision-making stages if energetically allowed.
More details about the fission dynamics and dissipation can be found in refs [7,10]. Due
to the viscous nature of the nuclear fluid, the time taken to diffuse through the saddle and
scission stages is lengthened. In essence, the fission probability gets reduced. This aspect
is further discussed later in the section.

The statistical model is successful in describing the decay of the excited compound
nucleus [2,7,35]. For the fissionable heavy nuclei under discussion, the dominant decay
channels are fission and neutron emission. The fission width I'; is defined as

E.—B;
27Tt/ D(Ey) = / p(Ex — B — K)dK, D
0
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Figure 7. (a) Schematic of the fissioning nucleus showing the decision making
points. A represents the ground state, B the saddle point and C the scission point
of the deforming nucleus. #; and ¢ are the fission times upto the saddle stage
and the scission point respectively. (b) The change to the liquid drop barrier when
deformation-dependent shell effects are included. For actinides in general, the addi-
tion of shell contribution to the liquid drop potential energy, leads to a double-humped
barrier as shown in the figure. The dotted line is the liquid drop potential and the
solid line is the potential energy when deformation-dependent shell contribution is
added.
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where D is the level spacing in the compound nucleus (fissioning nucleus), K is the kinetic
energy in fission degree of freedom and p is the level density at the saddle point. The
neutron width I, is defined as

E.—B,
27T,/ D(Ey) = 4mR2/h2/ ep(Ey — By, — €)de, (2)
0

where m is the nucleon mass, R is the size of the fissioning nucleus, p is the level density
at the residual nucleus after neutron emission and € is the energy carried by the neutron.
The level density p(x) can be written as exp(2+/ax). Here a is the level density parameter
defined as a = A /8.5 (typical value). A is the mass number. More details can be found
in refs [2,35]. Using this relation, the ratio of fission and neutron decay probabilities is
given approximately as the ratio of the respective level densities at the saddle point and
the residual nucleus after neutron emission (see figure 8).

Ff/ I‘n ~ IO(Ex - Bf)/p(Ex - Bn)

~ exp2lyvar(Ex — Bf) — van(E, — By)]). 3)

The a’s are the level density parameters at the saddle point and for the residual nucleus
after neutron emission. In writing this simple expression for the decay widths we have
not considered the corrections for the rotational energy.

Basically, the decay widths are dominated by the phase-space available, viz. the level
densities at the saddle and the residual nucleus. Depending upon the By and B, values, the
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Figure 8. The excitation energy (E; — initial value, same as Ey) of the compound
nucleus, the levels in the compound nucleus (CN), the residual nucleus (after neutron
(particle 1) emission) (RN) and the saddle point are shown in the figure.
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ratio of fission to neutron decay probability changes with excitation energy. More details
of the statistical model treatment of the compound nucleus decay can be found in refs
[2,35]. The fission excitation function and the angular distribution data can be understood
in terms of the above statistical model. To predict the latter quantity, a knowledge of the
saddle-point deformation and the related moment of inertia will be required.

Usually, the time taken from the equilibrium to saddle and beyond is taken to be small
when compared to the neutron emission lifetime for actinide nuclei at lower excitation
energies. In essence, the fission decay probability dominates over the neutron decay if
the fission channel is energetically allowed. This is generally true for E, up to around
50 MeV. Above this energy, it is observed that a substantially large number of pre-fission
neutrons are emitted (significantly larger than the statistical model estimates). This feature
could be understood only by slowing down the fission decay (reduction of the fission
decay probability) in comparison to neutron emission over some time period. It turns out
that at these high excitation energies, the neutron emission lifetime begins to compete with
the lifetime associated with the collective degree of freedom related to fission (dynamical
delay time of fission). Due to the viscous nature of the nuclear fluid, the fission probability
becomes time-dependent. This being the case during the fission delay time (the transient
time taken for the fission probability to build up to the stationary value — time taken from
the equilibrium deformation to the saddle point), additional neutrons are emitted. Thus, by
slowing down the fission decay probability over a time period (transient time), emission
of additional neutrons is facilitated. Taking into account the viscous nature of the nuclear
fluid, the relaxation time from the equilibrium deformation to the saddle point and beyond
can be estimated. The transient time from equilibrium deformation to the saddle point is
given as t; = [y /w]In(10B¢/T) [6,7,9,10], where w is the barrier assault frequency and
T is the nuclear temperature. For By = 10 MeV and T = 2 MeV, # is estimated to be
3.9 x 107 s if y = 10 [9]. The fission width becomes time-dependent and is given as

Pe(r) = Tk[1 — exp(—t/1)] “)

and

Tk = Ti(y/1+ 72— y). (5)

Here I'k is the Kramers width [34] which takes into account the possible diffusion of
flux from saddle towards equilibrium deformation and y is the friction coefficient. If
y = 1, then I'x becomes 0.4 x I't. By following the procedure outlined above, it has been
possible to bring in the concept of nuclear dissipation (nuclear viscosity) responsible for
the delay in the fission process, accompanied by enhanced emission of neutrons. y is also
defined as y = B/(2w) [7,10] as the ratio of reduced frictional (dissipation) coefficient
(B) and the assault frequency. Thus, we see that the fission width gets reduced due to
two factors: one due to Kramers diffusion and the other due to dissipative or friction
(viscosity) effects. In fact, using the pre-fission neutron emission time as a clock, it
has been possible to measure the time taken by the fissioning system to evolve from
the equilibrium shape to scission point. While the saddle to scission time is large in
the case of actinides, it is relatively short in the case of nuclei lighter than actinides and
with mass numbers close to 200. Typical value of nuclear viscosity estimated is 1-3 x
10" cP and it can be compared with the values of 1 cP and 10000 cP respectively for
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water and honey [36]. More details of the role of dissipation in fission can be found
elsewhere [6,9,10,37]. As mentioned earlier, the fission delay time due to the viscous
nature of the nuclear fluid is estimated to be of the order of 1072! to 10~20 5. Thus, the
emission of a larger number of pre-fission neutrons in comparison to the statistical model
can be understood by invoking the nuclear viscosity and dynamical delay time of fission.

The fission angular distributions are generally described in terms of the transition state
model. According to the saddle point statistical model (saddle point is the main decision-
making point on the way to fission), the fission fragments are emitted along the symmetry
axis. The total angular momentum of the fissioning nucleus is taken as J and its projection
on the symmetry axis is K. In this model, the K value (K distribution) is preserved between
the saddle and the scission points. The transition state nuclei are assumed to be axially
symmetric. The angular distribution of the fission fragments for each state (specified by
J and K) is given by the symmetric top wave function DZ{,I x(0). The angle between the
symmetry axis and the beam axis is taken as 6. The target and projectile spins are taken
to be zero for the present discussion. In that case J = ¢, the orbital angular momentum.
The distribution of K is given as

p(K) = exp(—K*/(2K3)/ Y exp(—K*/(2K{)). (6)

Here Kg = IeffT/hz with 1/legp = 1/ 1, — 1/ I, Where Ieg is the effective moment of
inertia at the saddle point, I, and I, are the moments of inertia parallel to and perpen-
dicular to the symmetry axis, 7T is the temperature at the saddle point. The expression for
fission fragment angular distribution [2,6,11,45] is then given as

W©O) = (t/k) Y 20+ DT, Yy 2L+ 1D (0)*p(K). @)

The fission fragment anisotropy is given as A = W(0°) or W(180°) / W(90°) and the
above complex expression can be simplified as
(€% (€%

A~1+ =1+

) 8
4K? 41T ®)

(It 1s the effective moment of inertia and 7 is the temperature at the saddle point. (Ez)
is the second moment of the angular momentum distribution of the compound nucleus
related to fission part of the compound nuclear decay). The effective excitation energy at
the saddle point is given as E,(saddle) = E (of the compound nucleus) — Bs— rotational
energy —FE, (energy removed by neutrons emitted from the fissioning nucleus before
reaching the saddle point — the pre-fission neutrons). The temperature at the saddle is
given as T = /E, (saddle)/a;. Here ay is the level density parameter at the saddle point.
More details of angular distribution can be found in ref. [2]. From a statistical model
analysis of the angular distribution data, it is possible to get values of the effective moment
of inertia at the saddle and hence the deformation of the fissioning nucleus at this decision-
making point.

Another unique feature of nuclear fission is the mass distribution exhibited by the fis-
sioning nucleus. Related to this is the kinetic energy carried by fragments. The kinetic
energy systematics has been provided by Viola er al [38]. The kinetic energy is empiri-
cally given as KE = 0.1166Z2/A'/3 49 MeV. The scission point is generally considered
approximately as the decision-making point in the potential energy surface where the
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compound nucleus splits into two fragments, releasing energy. Interestingly, the KE
measured in fission is almost independent of the bombarding energy of the projectile.

The questions that will be interesting to answer are: at what stage the fissioning nucleus
decides a preferred mass division? What are the roles of potential energy surface and
shell effect in this decision? What are the factors which influence the width of the mass
distribution? Any theory proposed should also address all the experimental observables
mentioned above. We shall now give a jist of the various theories proposed. Some of
the earlier successful models proposed were based on the scission point as the key to
mass division. These models are discussed by Wilkins et al [39] and Brosa et al [40].
The more sophisticated models proposed in recent times are due to Warda et al [41],
Ichikawa et al [42] and Aritomo and Chiba [43]. Aritomo and Chiba have carried out a
fully dynamical model, from equilibrium shape to scission point through the saddle point.
The pre-scission emission of particles is also taken into account in this prescription. This
is a dynamical model involving Langevin equation based on the fluctuation dissipation
theorem. They also considered the shell effect in their model. Though dynamical models
have been used at higher excitation energies, Aritomo and Chiba have extended this calcu-
lation to lower excitation energies by adopting advanced computational techniques. They
have made calculations of mass distributions for a number of systems 232362337 and
240py. They have obtained satisfactory agreement with the mass distribution data. While
they predicted the position of the heavy fragments peak, their calculations somewhat over-
predicted the peak position of the light fragments. The widths calculated are consistent
with the measured data. According to them, while the peak positions in the mass distri-
butions are decided at the saddle point in the potential energy landscape which includes
the shell correction energy, the width of the mass distributions are influenced strongly
by the shape fluctuation near the scission point. A random walk method of Randrup and
Moller [44] is also successful in describing the mass distribution data of actinides. Inter-
estingly, both Z = 54 and N = 85 do not correspond to any known magic number. These
values are close to magic numbers Z = 50 and N = 82 (spherical), 88 (deformed). Some
models have been proposed to describe the peak in the mass distribution around A = 140
as arising due to N = 82 and N = 88 magic numbers.

Recently, it was observed [45] that the fission of a nucleus like '®°Hg does not lead
to symmetric mass division of fragments, *°Zr (Z = 40, N = 50) expected from the
shell correction in the fragment as well as liquid drop model considerations but to two
unequal mass fragments with masses around Kr-80 and Ru-100. This finding has gener-
ated a lot of interest about the role of shell closure in influencing the mass distribution.
The observation of asymmetric mass division in the neutron deficient '°Hg is in contrast
with the relatively symmetric mass division seen for the heavier Hg isotope, '**Hg. Warda
et al [41] proposed the energy density functional approach to describe the mass division in
the case of Hg isotopes. They suggested that the presence of shell effect in the pre-scission
region is influencing the mass division. They could predict a gradual transition from the
more asymmetric mass distribution in the case of lighter Hg isotopes to a more symmetric
mass split for the heavier Hg isotopes. Ichikawa et al [42] have computed potential energy
surface using the macroscopic—microscopic approach as functions of five shape coordi-
nates for more than five million shapes. They have calculated minima, saddle points,
valleys and ridges. According to them, in the case of '8Hg, the fission barrier height and
the ridge values are such that the saddle point was getting shielded from a deep symmetric

Pramana - J. Phys., Vol. 83, No. 6, December 2014 863



S Kailas and K Mahata

valley. Hence, the lighter Hg isotopes prefer to undergo asymmetric mass division. How-
ever, in the case of heavier Hg isotopes, the ridge becomes less important facilitating
symmetric mass division. They did not find any significant role for the shell closure in
the fragments in describing the Hg isotopes. However, they found that the shell closure
has a role to play in the case of fission of actinides. While the scission point model of
Wilkins et al assumed that the statistical equilibrium was reached at the scission point,
the improved model due to Andreev et al [46] has relaxed this requirement. Using this
model, Andreev et al [46] have been able to describe the mass distribution data of the Hg
isotopes.

4. Dynamics, structure and dissipation influencing fusion—fission reactions

In the previous sections we had seen the experimental observables and the theoretical
models developed to describe the data. In dealing with the fusion—fission reactions,
broadly there are three aspects which have to be considered as they influence the fusion—
fission process: (1) Dynamics — Amongst other things, the reaction dynamics depends on
the bombarding energy, the fusion barrier, the entrance channel mass (charge) asymme-
try ((At — Ap )/(At + Ap)) and the fissility. (2) Structure — The nuclear structure of
the interacting nuclei and the intermediate composite system, the structure at the equi-
librium deformation (ground state), saddle point and the scission point of the fissioning
nucleus. The fission barrier and the level density are the two most important quantities
in any fission-related theoretical model. Both depend strongly on nuclear structure. (3)
Dissipation — The nuclear viscosity is the third factor which influences the fission. In
fact the dissipation or nuclear viscosity of the fissioning nucleus was inferred right in the
beginning of fission research by Kramers. The viscous nature of the nuclear fluid is the
one which decides the time-scale of fission — the time taken by the fissioning nucleus from
the equilibrium deformation to the saddle and beyond up to the scission point is mainly
decided by the dissipation or the viscosity of the deforming nucleus.

One may broadly categorize the different stages of evolution of the heavy-ion induced
fusion—fission reactions as follows: In general there are three stages of evolution: the
capture (cap) of the projectile by the target to form a composite system; the evolution of
this intermediate system towards a fully equilibrated compound nucleus (cn); the decay
of the compound nucleus into fission (cnfiss) and evaporation residue (er) channels. It
has been observed that in a few situations non-compound fission (ncnfiss) like events can
also arise as the composite system evolves towards the compound nucleus. In essence,
the fission measurements will contain both cn and ncn fission contributions.

Ocap = Ofus + Onenfiss (9)
and
Ofus = Oer + Ocnfiss.- (10)
Hence,
Ofiss = Onenfiss 1 Ocnfiss- (1)

Experimentally, the challenge is to disentangle between these components of fis-
sion before interpretation of the data can be attempted. The nuclear structure and the
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dynamics influence all the three stages as discussed above. The role of nuclear struc-
ture and dynamics in influencing fusion—fission reactions has been reviewed some years
ago by Kailas [11]. The heavy-ion fusion process has been discussed extensively in
the literature (see ref. [47] for the latest review). The evolution of the intermediate
composite system towards a fully equilibrated compound nucleus (along with the emis-
sion of non-compound fission events during this stage) and the subsequent decay of the
excited compound nucleus into evaporation and fission components have been discussed
extensively (ref. [13] and the related references contained here). In addition to nuclear
structure and dynamics, it is also necessary to take into account the viscous nature of
the nuclear fluid in any model developed to describe the fission phenomena and under-
stand the measured observables. In the following sections, we shall discuss specifically
the experimental measurements and analysis which corroborate the strong influence of
dynamics, structure and dissipation on nuclear fission.

4.1 Reaction dynamics — Role of entrance channel

The nuclear fission dynamics has been discussed extensively in [5-7,13,48,49]. There
are three types of non-compound nuclear fission processes [11]: If the fission barrier
is close to zero, the phenomenon of fast-fission (FF) [50,51] will occur. If the saddle
point is more compact when compared to the entrance channel contact configuration then
quasifission (QF) [48,52—54] will take place. But even when the system is formed with the
entrance channel more compact than the saddle point, if the system is not equilibrated in
K degree of freedom (K is the projection of angular momentum of the compound nucleus
on the symmetry axis of the fissioning nucleus) or shape degree of freedom then the pre-
equilibrium fission (PEQF) [55,56] will take place. According to the PEQF model, the
entrance channel mass asymmetry is expected to play a strong role in influencing the
dynamics. For systems having entrance channel mass asymmetry «(= (At — Ap)/(AT +
Ap)) greater than a critical value («pg), the driving force after capture of the projectile by
the target will be to make the system more asymmetric. In this case, the heavier target
will absorb the lighter projectile to form the compound nucleus. However, if the entrance
channel « is less than apg, after capture the driving force will be to make the system more
symmetric, i.e. to say that projectile will grow in size at the expense of the target. During
this process the system can re-separate as two fragments as in fission. The system in this
case has memory of the entrance channel (narrow K distribution) and hence the fission
anisotropy values for these events are expected to be significantly larger than that for the
compound nuclear fission values. Thus, the experimental signature for the occurrence of
PEQF will be the observation of the entrance channel dependence of fission anisotropy
values across apg. In other words, one expects ‘normal’ anisotropy values consistent with
the saddle point statistical model for systems with entrance channel « greater than apg,
and ‘anomalous’ values significantly larger than the saddle point predictions for systems
with « less than agg.

In a series of experiments, Ramamurthy et al [56] provided the experimental signa-
ture for the presence of PEQF in addition to compound nucleus fission. This feature
has been demonstrated [57] in several systems with 232Th as the target. In figure 9, the
fission anisotropy values measured are shown as a function of bombarding energy. It
can be seen from the figure that the data are in agreement with the calculations for the
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Figure 9. Fission anisotropy values for different projectiles interacting with 232Th
target. The o values are 0.917, 0.902, 0.886 and 0.871 respectively for B, C, N and
O plus Th systems. The average apg is 0.893. Saddle-point calculations with and
without pre-saddle neutron emission corrections are shown as continuous and dotted
lines respectively (ref. [57]).

projectiles '°B and !>C. These systems having the « values more than the apg values
are considered ‘normal’ as data agree with the saddle point model calculations. In the
case of heavier projectiles, 14N and '°0, having « values smaller than apg values, the
data are not consistent with the calculations. These are considered ‘anomalous’ due to the
presence of both compound and pre-equilibrium fission components. Thus, a transition
from ‘normal’ to ‘anomalous’ values of anisotropies takes place between the two systems
employing the projectiles C and N. This observation is consistent with the expectation of
the PEQF model. However, in these studies, the compound nuclei populated are not the
same. Hence it is important to carry out these studies for different entrant channels popu-
lating the same compound nucleus. The presence of PEQF has been conclusively shown
in systematic studies for several systems (o values are shown in brackets) — ''B + >’Np
(0.911), '2C 4 20U (0.903), 3C + 23U (0.895) and '°O + 23?Th (0.871) having differ-
ent entrance channel mass asymmetry values but forming the same compound *3Cf [58].
The transition from ‘normal’ to ‘anomalous’ values of anisotropies for systems with mass
asymmetries lying on either side of agg = 0.897 is clearly brought out in figure 10.

866 Pramana - J. Phys., Vol. 83, No. 6, December 2014



Charged particle-induced nuclear fission reactions — Progress and prospects

1.6 T T T T T

06| §

0.4 I I I ] I I
0.86 0.87 0.88 0.89 0.9 0.91 0.92

a

Figure 10. The ratio of experimental and calculated values of anisotropy for different
entrance channels: !B + 237Np, 2c 4 236U, 13C 4 235U and 90 + 232Th are
shown. The open squares are obtained using the standard statistical model and the
filled squares are obtained using the PEQF and CNF contributions (calculation details
in ref. [59]).

For systems exhibiting PEQF, additional contributions to anisotropies arising due to
PEQF have been estimated using the prescription of Thomas et al [59]. It should be noted
that PEQF will occur only if both entrance channel mass asymmetry and B/ T (ratio of
fission barrier to saddle point temperature) are favourable, viz. « less than apg and By
comparable to 7. In the above examples, the latter condition was always satisfied. How-
ever, if By values are significantly larger than 7, PEQF fraction will be insignificant even if
the entrance channel mass asymmetry values are less than agg. This fact has been brought
out by Tripathi et al [60], who studied the systems 28Si 4+ '7°Yb and '°O + '830s form-
ing the same compound 2**Po. Even though the two systems have o values on either side
of apg, both systems exhibit normal values of anisotropies consistent with the saddle-
point calculations, implying the absence of PEQF. This is attributed to the relatively large
values of B when compared to 7 for these systems. They also did not find evidence
for quasifission. Appannababu et al [61] have extended these investigations to systems

B + 2%4Pb and 80 + 7 Au forming the compound nucleus *'3Fr and reached a con-

clusion similar to that of Tripathi et al. From the above discussion, it is implied that when
part of the flux from capture to compound nucleus stages is lost due to non-compound
fission like QF, then there should be a reduction in contribution of the corresponding
evaporation residue.

In several studies of fusion—fission measurements, Hinde et al [62] and Sagaidak
et al [63] have reported the observation of hindrance to evaporation residue (ER) for-
mation (reduction of ER cross-section) in systems which also exhibit QF. They also noted
that for a given compound nucleus, the projectile-target system which is more symmet-
ric exhibited quasifission, accompanied by a reduction in ER. While the more symmetric
system, 3°Si + '86W, showed a suppression of ER due to the presence of QF, the more
asymmetric system '2C + 2%Pb did not show suppression of ER and exhibited only com-
pound nuclear fission. It may be noted that both these systems lead to the same compound
nucleus. While Hinde et al found suppression of fusion for the system '"F + '"7Au
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(implying the presence of QF), Tripathi et al [64] found that the fission fragment angu-
lar distribution for this system was normal, consistent with the saddle-point predictions
(implying the absence of QF). Similarly, Nishio et a/ [65] who measured evaporation
residues for the system 60 + 28U, found that the data could be well understood through
the statistical decay of a compound nucleus. This result is again in contrast to the earlier
work of the Canberra group who found the presence of QF in the above system (meaning
that there should be a suppression of fusion).

Mitsuoke et al [66], Liang et al [67] and Satou et al [68] have observed enhancement of

fusion for reactions initiated by projectiles/targets having neutron or proton magic num-
bers. Mitsuoke et al observed that the evaporation residue cross-section for the system
82Se + !38Ba was significantly larger than that measured for $2Se + '**Ba. This result
is attributed to the former system having N = 82, a magic number in the target '**Ba.
Moller and Sierk [69] have argued that because of the neutron shell closure of one of the
interacting nuclei, there is resistance to deformation during the collision. This leads to
closer interaction between the projectile and the target, leading to the higher probability
of formation of compound nucleus. It follows that the systems having at least one of
the interacting species with magic number of neutrons, will have less of QF compared
to the system with both the species having neuron numbers away from the magic num-
bers. Choudhury and Thomas [70] have tried to provide a systematics of the various
mechanisms which take place during heavy-ion-induced fusion + fission reactions. The
entrance channel and compound nucleus fissility values are defined as:

Xett = (Z2/ A)ett/(Z* ] A)eri
with

(Z2) A)eir = 4ZpZ1 /(AP AP (AL 4 AV3))
and

xen = (ZE/AcN) /(22 ) A)erit,

where (ZZ/A)Cm =50.88(1 — 1.7837%) with I = (Acn — 2ZcN)/Acn and they have been
used to bring out the systematics. They have indicated the regions/systems which are
exhibiting compound nuclear fission, pre-equilibrium fission and quasifission. Soheyli
and Khalili [71] have also provided a similar systematics with a plot of Ap and Ay to
categorize the region below which we have compound nuclear fission and outside this
line it will be non-compound nuclear fission. Zhang et al have attempted to separate
the two components in a model assuming that the larger ¢s contributed to QF and the
smaller s to CN [72]. It is clear that there are various quantities — the target and the
projectile mass numbers, the shell closure of the interacting nuclei, the product of their
atomic numbers, the bombarding energy, the entrance channel mass asymmetry, the com-
pound nucleus mass and fissility values — which contribute to the presence/absence of the
compound/non-compound fission process.

It is generally observed that systems having fissility values larger than 0.723 and/or
charge product, ZpZt more than 1600, are expected to have sizable quasifission con-
tribution in addition to the compound nuclear fission component in the fusion—fission
reaction. The mass distribution of the fission fragments is another quantity which can be
used to disentangle between compound nuclear and non-compound nuclear fission. This
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Figure 11. Experimental mass ratio width (op,) values for the two reactions compared
with the calculations based on compound nuclear process as discussed in ref. [30].

has been exploited by a number of groups [30,73-80]. We shall give one example from
the work of Prasad er al [30]. They measured the fission fragment mass ratio distribu-
tions and mass—angle correlations for the two systems 'O + %Pt and **Mg + '36W
forming the same compound, 2'°Rn (figure 11). Mass—angle correlation has been taken
as evidence for the presence of quasifission in the measured reaction. However, while
neither of the above systems exhibited the mass—angle correlations expected for quasifis-
sion, the Mg system showed values of mass ratio distribution width significantly different
and larger when compared to pure compound nucleus estimates implying the onset of
quasifission in the reaction involving >*Mg and '®¢W. It may be mentioned that the Zp Z
value for this system is only 908 which is significantly less than the value of 1600, usu-
ally taken as the threshold value for the onset of quasifission. Further, while the systems
HMg + 186W, 30Si + 8%W and S + '8W have clearly exhibited non-compound
nucleus fission features consistent with the quasifission, their fissility values are
less than 0.723, the threshold value for the onset of quasifission. A number of
researchers [30,73-80] have carried out measurements of fission fragment mass ratio
and their widths for a variety of systems and have come out with varying conclusions
about the presence of quasifission. More recently, the Canberra group has come out with
a systematics of mass—angle distributions [79]. Nishio et al [80] have indicated that the
non-compound nucleus fission events can get mixed with the mass symmetric fission frag-
ments, usually taken to be of pure compound nucleus origin. It is very important to take
this fact into account in the analysis to extract information about compound nucleus fis-
sion from the measured mass distribution data. The above examples demonstrate the
importance of dynamics in the nuclear fission process.

4.2 Nuclear structure at the saddle point

The most fundamental quantity in nuclear fission is the fission barrier. An approximate
value of the barrier was derived by Bohr and Wheeler way back in 1939 using the charged
liquid drop model. As we mentioned, the single-particle aspects were introduced in
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addition to the macroscopic features to describe the fission phenomena. As a result, the
estimated liquid drop barrier got revised in a number of cases. Extensive measurements
and analysis of fission excitation functions have been carried out in the last 75 years to
determine the fission barrier heights. Initially, the measurements were carried out using
n, p, « and y-rays. Later on, with the advent of heavy-ion accelerator, focus has shifted
towards heavy-ion induced fission. In the actinide region, the fission barrier heights are
of the order of 6 MeV. In this region, fission barrier can be measured from the measured
neutron-induced fission excitation functions, which exhibit the characteristic rise followed
by a flat plateau. However, the fission barrier heights for the pre-actinide nuclei are not
known with similar accuracy. For these nuclei, the fission barrier heights are significantly
large when compared to the neutron separation energy. As the fission cross-sections are
extremely small, they are generally not available at low neutron energies. Generally, the
barriers are extracted from a statistical model analysis and hence the determinations of
fission barrier will have the uncertainties associated with the model and the other param-
eters used in the analysis. The study of the fission fragment angular distributions yields
information regarding the saddle point, one of the decision-making points in the fission
decay of the nucleus. The other critical point in the decay process is the scission point.

From a series of fission fragment angular distribution measurements followed by anal-
ysis using the saddle-point statistical model, the success of this model in describing a
large body of fission data has been demonstrated [2]. The statistical decay of the excited
compound nucleus is usually depicted as follows: Basically it is a competition between
the neutron and the fission decay (see figure 8). The expression for the fission and neutron
emission decay widths are given in eqs (1)—(3). The fission barrier and the level density
parameters are the main ones to be optimized to fit a given data as B, is estimated by
knowing the masses. In performing the statistical model analysis, we require a number of
input parameters — masses of the projectile, target, intermediate compound nucleus and
the other nuclei produced after neutron evaporation, the level densities at the equilibrium
deformation, at the saddle point and the equilibrium deformation of the residual nucleus
after neutron evaporation, the fission barrier, the neutron optical model etc. D’Arrigo
et al [81] have proposed a statistical model analysis of the fission data to estimate the
temperature- and angular momentum-dependent shell corrections. For the present discus-
sion we shall limit to only three quantities which are the most sensitive, viz. the fission
barrier, the shell corrections and the level density parameters.

4.2.1 Fission barrier and shell correction at the saddle point

It is known that if we had only evaporation residue and fission cross-sections, it is not
possible to obtain unique values of barrier and level density parameters from a statistical
model analysis of the data. However, if we add the pre-fission neutron multiplicity data,
then it is possible to constrain the parameters rather uniquely from a statistical model
analysis. This fact has been brought out recently by Mahata et al [82].

A schematic representation of potential energy as a function of deformation is shown in
figure 12. The deformation energy has contribution from the smoothly varying liquid drop
part and from the oscillatory shell correction. As shown in figure 12, fission barrier can
be expressed as, Bf = BLp — A, + Ag, where Brp, A, and Ay are the liquid drop fission
barrier, the ground-state shell corrections and the shell correction at the saddle point,
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point. Bpp is the liquid drop barrier. The Us are the excitation energies above the
ground state and the saddle point (ref. [82]).

respectively. The available thermal excitation energy (U) at the equilibrium deformation
as well as at the saddle point depends on the shell corrections at the respective places. The
shell correction at the equilibrium deformation (the ground state) is obtained as A, = M —
M p, the difference between the experimental and the liquid drop masses. Experimental
information about the shell correction at the saddle point for nuclei with mass A ~ 200
is scarce. Mahata et al have expressed saddle-point shell correction as, Ay = kf X A,
where k¢ is obtained by a fit to the data. An energy-dependent shell correction of the level
density parameter is taken as

ax = dx[1 + (Ac/Ux)(1 — exp(—nUx))], 12)

where x =norf.

Although the collective enhancement in level density and the reduction of fission width
(Kramers factor) due to dissipation have not been considered explicitly in the analysis,
it has been found that the fission barrier or the shell correction at the saddle point is
not very sensitive to these factors. The ratio of the asymptotic value of the level den-
sity parameter at the saddle deformation to that at the equilibrium deformation (as/a,)
is found to be sensitive to the collective enhancement and Kramers factor. A consistent
analysis using the statistical model has yielded nearly 50% of the ground-state shell cor-
rection at the saddle point. In the analysis, Mahata et al have corrected the measured
Vpre for dynamical emission corresponding to a dynamical delay of 30x 102! s. How-
ever, if the actual dynamical delay is larger or there are other non-statistical contributions
(e.g. near-scission emission), the required value of the shell correction at the saddle point
will reduce. A typical result is shown in figure 13 [82]. The calculations are also sensitive
to the collective enhancement in the level densities expected at the saddle due to larger
deformation when compared to the ground state [84]. The presence of significant shell
correction at the saddle point estimated using the prescription of ref. [82], is an important
finding. From a detailed statistical model analysis of a number of nuclei, covering a range
of isotopes, it has been found that the deduced fission barrier (liquid drop part) decreases
with decrease in neutron number of a given Z of the nucleus [85]. Further, these values
are significantly lower than the theoretical estimates [86,87] implying the possible role
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Figure 13. The experimental data for cross-section (open triangle — fusion, filled tri-
angle — fission, filled circle — 3n channel, inverted triangle — 4n channel, filled square
— 5n channel) and pre-fission neutron multiplicity (vpre) are compared with the sta-
tistical model calculations. The values in brackets represent k¢ and ag/a,. The grey
band represents the multiplicity values as obtained from the systematics [83]. The
above multiplicity values corrected for the dynamical emission corresponding to a
dynamical delay of 30 x 102!s (see ref. [82]) are represented by the black band.

of nuclear structure. Nath ef al [88], from an analysis of the fusion data for a number of
nuclei (compound nuclei having Z = 80, 82, 83 and 85), have observed an interesting
correlation of By with the magicity, Z = 82. They found that while the By values for
Z = 80 and 82 are nearly the same, there is a noticeable drop in the B value for Z = §83.
They also found that the deduced barriers were somewhat smaller than the estimates of
ref. [87]. A number of investigators have used the relation By = C x Brp — A, and
obtained a value of 0.6 to 0.8 for the normalization constant C and no explicit shell cor-
rection at the saddle point. If we relate this relation for fission barrier to the earlier one
proposed by Mahata et al [82], one can obtain the shell correction at the saddle point
—A¢ = (1 — C)ByLp. Putting the value of 0.6 to 0.8 for C, we get that the shell correction
at the saddle could be varying from 40 to 20% of the By p. Additional data of the fission
fragment angular distributions, the spin distributions and the fission events correspond-
ing to the first, second and third chance fission will be helpful to constrain the statistical
model parameters and make a reliable estimate of the shell correction at the saddle.

The fission barrier is given as the sum of the liquid drop barrier and the shell correction
at the equilibrium deformation. It is generally assumed that the shell effects are not sig-
nificant at the saddle. However, there is no fundamental reason to leave out shell effect at
the saddle, either in dealing with the level density at the saddle or the shell correction at
the saddle in determining the effective fission barrier. The liquid drop values of the
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fission barriers are given by several methods: the rotating liquid drop model (RLDM) [89],
the rotating finite range model (RFRM) [86] and the Thomas Fermi model (TFM) [87].
According to Myers and Swiatecki [87] the liquid drop fission barrier can be given as

Bi(Z,N) = S(Z, N)F(X). (13)
Here

S = A1 —kI?* (14)
withk = 1.9+ [(Z — 80)/75]and I = (N — Z)/A,

FX) = 0.000199748(X — X)* for X; <X < Xp
~ 1 0.595553 — 0.124136(X — X;) for 30 < X < X,

with X = Z2/[A(1 — kI?)], Xo = 48.5428 and X| = 34.15.

We have estimated the effective barriers at the saddle, by adding the ground-state shell
correction from Moller et al [90] to the liquid drop barrier from the Thomas Fermi model
for a few nuclei where shell corrections are significant. If shell correction at the saddle
is 100% of the ground-state value, then the two shell correction terms A, and A¢ cancel.
The barrier value becomes equal to the liquid drop value. If there is 0% shell correction,
then the barrier value is given as the sum of the liquid drop and ground state shell cor-
rections. Iljinov et al [91] have shown that it is possible to obtain a fit to the data with
or without shell correction, by suitably adjusting the other parameters. It may be men-
tioned that the By value determined is dependent on the ar/a, value assumed. Usually,
the ratio of the level density parameters is a few percent greater than one to take into
account the fact that the level densities at the saddle will be larger for a given excitation
energy due to deformation at the saddle. Mahata et al [82] have shown that it is pos-
sible to fit the fission and evaporation residue data for various combinations of By and
ar/ay (see figure 13). Whether or not shell correction is significant at the saddle will be
brought out more clearly by analysing the data of a series of isotopes of Hg and Po, where
it is seen that the ground-state shell corrections vary significantly over the isotopes. From
the limited comparison of the estimates and the experimental values (table 1) of the fis-
sion barriers (determined from a statistical model analysis), it is not possible to rule out
the presence of shell effect at the saddle. All these experimental values of fission barriers
have been obtained exclusively by analysing the of cross-section data. As it was discussed
earlier, the additional data of neutron multiplicity clearly reveal the need for significant
shell correction at the saddle point. In a recent work, Golda et al [95] have shown that
the fission barrier values could be different from the values given in the table if the fission
data are analysed including the pre-fission neutron multiplicity values. Further, the macro-
scopic fission barriers obtained for some nuclei using the beta-delayed fission approach
are found to be smaller when compared to the predictions of refs [86,87].

D’ Arrigo et al [81] have carried out a comprehensive statistical model analysis of both
the light and the heavy ion data. They have parametrized the shell effect in terms of
temperature and angular momentum and the gradual fading out of the shell effect at
higher excitation energies. They have considered the proton data to fix the temperature
dependence of shell effect as the angular momentum effects will be less in these data. By
combining the heavy-ion data they have been able to get a handle on the angular momen-
tum dependence of the shell effect. They have concluded that the effective fission barriers

5)
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Table 1. Fission barriers for a few nuclei near the magic number Z = §2.

TF value An Bf = Brp Experimental
Nucleus A Bip (MeV) (MeV) —Ap MeV) B MeV)
Hg, Z =80 196 16.0 —45 20.5 16.9, (18.7, 20.7)°
198 16.5 —6.0 22.5 16.6, (19.5, 21.8)°
200 17.0 -75 24.5 17.7%, (21.2, 24.5)P
202 17.4 —-9.1 26.5
204 17.8 —10.7 28.5
206 18.1 —12.0 30.1
Po, Z = 84 202 10.08 —4.6 14.7
204 10.48 —6.3 16.8 14.0¢
206 10.88 —8.07 19.0 17.2¢
208 11.21 —9.44 20.7 19.92, (17.9, 20.2)°
19.7¢
210 11.53 —10.84 22.4 21.23, (18.2, 21.3)b,
23.94 21.7¢
212 11.78 —8.7 20.5 19.6%, (16.3, 19.7)b,
22.04, (17, 18, 18.5)¢
aRef. [92]
bRef. [93]
CRef. [84]
dRef. [94]
CRef. [91]

obtained from the statistical model analysis of the heavy-ion data (generally available at
higher excitation energies) are likely to be consistent with the macroscopic droplet model
predictions. They also expect the barriers determined by the analysis of light-ion data
(extending to lower excitation energies) to be in agreement with the values of the model
which includes both macroscopic and microscopic aspects. In essence, for the same
compound nucleus, the difference in barriers extracted from the analysis of light- and
heavy-ion data could differ as much as the ground-state shell correction. There is a need
to carry out a careful analysis of the data which should include not only cross-sections
but also anisotropies and pre-fission particle multiplicities to determine the fission barrier
more reliably. It must be stated that the determination of the barrier (By) from a statistical
model analysis is strongly dependent on the other parameters used in the calculation, in
particular the ratio of the level densities, as/a,. However, the calculation of the barrier
from theory based on potential energy surface is devoid of these limitations. Hence a
caution is needed when a comparison is made of the fission barrier estimated from the
experiment and the theory.

4.2.2 Effective moment of inertia at the saddle point of the fissioning nucleus

The fission angular distributions are sensitive to the deformation at the saddle point in
employing the saddle point model. According to this model, the fission anisotropy (A) is
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related to (¢2), the second moment of the compound nuclear spin distribution (contribut-
ing to fission), 7, the temperature at the saddle and I.¢, the effective moment of inertia
at the saddle deformation as given in eq. (8). The moment of inertia (and Kg) can be
deduced from an analysis of the fission angular distribution by knowing the values of (£?)
and 7.

The determination of I has been pursued almost right from the inception of the dis-
covery of nuclear fission as it is related to the deformation of the fissioning nucleus.
Several systematic studies of this quantity have been carried out as a function of the fis-
sility of the fissioning nucleus [2,4,5,39,96-99]. Many years ago, Vaz and Alexander [4]
have made a reassessment of the angular distributions of fission fragments from contin-
uum states in the context of transition state theory and analysed a large number of systems
populated by light and heavy ions with a range of spin and excitation energies. Mahata
et al [99] have analysed the fission fragment angular distributions of a number of sys-
tems with A ~ 200-210. It is generally found that the values of the moment of inertia
required to fit the fission angular distribution data are about 10% less when compared
to that obtained by Sierk [86] using the rotating finite range model. Vandenbosch [100]
has extracted I values from the experimental angular distributions for several systems
covering a wide range of Z?/A. Experimental ¢ values were compared with the macro-
scopic liquid drop models of Cohen—Plasil-Swiatecki (CPS) [89] and Sierk [86]. While
the experimental results are found to be in good agreement with the prediction of Sierk
for large values of Z?/A, they are found to be more close to CPS for smaller values of
Z?/A. It will be interesting to study the behaviour for intermediate values of Z?/A. It
has been reported recently by Soheyli [98] that the average I values obtained (aver-
aged over a range of bombarding energies) are consistent with the RLDM values for the
light-ion-induced reactions and in good accord with the RFRM predictions in the case of
heavy-ion-induced reactions (similar to the conclusions drawn by Vandenbosch [100]).
The RFRM and RLDM values along with the experimental values of I obtained for a
number of systems are plotted in figure 14 as a function of the mass number of the fis-
sioning compound nucleus. It appears that for the actinides, the RFRM does a better job
in reproducing the values of the moment of inertia obtained experimentally.

In ref. [98], the quadrupole deformation and mass asymmetry parameters of the fis-
sioning nuclei at the saddle point are also estimated from the fission data. Again it may be
emphasized that to arrive at a reliable estimate of the moment of inertia of the saddle point,
it is necessary to separate the pure compound nuclear fission events from the total fission
events (see the earlier discussions in §3 and 4). Theoretically, the values of the effective
moment of inertia have been calculated using the rotating liquid drop model (RLDM) [89]
and rotating finite range model (RFRM) [86]. The extracted I.; will be sensitive to the
compound nucleus spin distribution and 7. The T is dependent on the chance of fission
and the level density parameter. If the saddle point is used, then the moment of inertia will
correspond to the saddle-point deformation. If the analysis is carried out using the scission
point model, then the moment of inertia will correspond to that deformation. Friefelder
et al [5] have compared the K 3 values with the predictions of the transition state models
— the saddle-point and the scission-point models. They have reported that the experimen-
tally determined values lie in general between the saddle- and scission-point predictions.
According to Newton [7], this implies that the decision-making point in fission is per-
haps in between the saddle and the scission points. Perhaps, a dynamic model where the
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Figure 14. A plot of the effective moment of inertia I.¢r at the saddle (scaled by the
moment of inertia Iy of the spherical compound nucleus) against the fissility parame-
ter, Z2 /(A1 =231 2N I=(N—-2) /A. The experimentally deduced values are taken
from ref. [100]. The dashed line and the continuous line represent the RLDM (CPS)
and RFRM (Sierk) predictions.

fissioning nucleus is described from the equilibrium deformation to the scission point will
be able to provide a clear answer for this. For fissioning nuclei with axial symmetric ellip-
soidal shapes, the moment of inertia parallel and perpendicular to the symmetry axis can
be expressed as I, = 0.4AmR*(1 — 0.63B) and Ie = 0.4AmR*(1 + 0.328), where A
is the mass number, m is the nucleon mass, R is the spherical equivalent radius of the
nucleus and 8 is the quadrupole deformation parameter. The effective moment of inertia
is then written as legr = Ipelpa/(Ipe — Ipa) = 0.4AmR*(1.05 — 0.338)/8. Soheyli [98]
has obtained the 8 values for the three systems ''B + 23’Np, 12C + 2%U and '°O + ?**Th
systems, all forming the same compound nucleus >*Cf. The 8 values are respectively for
0.50, 0.55 and 0.52. These values are roughly two times the ground-state deformation
value for the nucleus >*3Cf. This is consistent with the expectation that the saddle-point
deformation will be typically two times the ground-state values. It will be interesting
to compare the moment of inertia and deformation values obtained from the analysis of
superdeformed nuclei with the ones deduced from the analysis of the fission data. For
a comprehensive listing of the statistical model parameters, one can refer to ref. [101]
where the reference input parameter library (RIPL) required for performing statistical
model calculations is contained.

4.3 Dissipation — Nuclear viscosity from fission

We have seen the role of dynamics and structure in influencing the nuclear fission phe-
nomenon. Another important aspect of fission, viz. dissipation, was brought out very
early in a pioneering paper by Kramers [34]. He argued that due to the dissipation, a part
of the flux at the saddle point of deformation can rediffuse back to the side of equilibrium
deformation. This will lead to reduction of the fission decay probability. It was noticed
that the dissipative dynamics is also important to understand the most probable kinetic
energy carried by the fission fragments [102,103]. In fact, the dissipation in fission has
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implication for almost all the fission observables discussed earlier [104]. For the progress
made in this field of research, one can refer to some of the following papers [105-109].
In ref. [108], Blocki and Wilczynski have addressed the issue of dissipation in the case
of mass drift observed in strongly damped heavy-ion collisions. The experimental obser-
vation of pre-fission neutrons significantly larger than the statistical model [7,9,10,37]
prediction revived the interest of dissipation in fission phenomenon once again. The
energy associated with collective motion is converted to intrinsic excitation energy of
the system due to dissipation.

There are a number of observables which have been shown to be sensitive to nuclear
viscosity (and related to fission process) — the widths of the giant dipole resonances, in
particular of the fissionable nuclei, the kinetic energy and mass distribution in fission, the
fission probability and evaporation residue cross-section, the pre-fission particles. Basi-
cally, the dissipation effects arise due to two factors: the two-body collisions between
the nucleons and the one-body collision of the nucleons with the surface of the nucleus.
Further, the probability of two-body collisions also increases near the surface due to the
reduced applicability of Pauli principle in the surface region. All these aspects have to be
taken into account to understand dissipation. The dissipation strength is also dependent
on the excitation energy and the deformation of the fissioning nucleus. In the case of one-
body dissipation, the nucleus is treated as if it is a ‘gas’ with nucleons having long mean
free path and colliding with the wall of the nucleus — mean field picture. In this scenario,
there are two possibilities. One is the wall (the nucleons collide with the moving wall of
the fissioning nucleus) and the other is the window (transfer of nucleons take place from
one side to the other side in a dumbbell-shape fissioning nucleus). The collisions take
place essentially in the neck region. The wall-plus-window dissipation model [102,103]
has been successfully applied to describe the average kinetic energy released in fission.
The analysis indicated that the dynamical motion is somewhat overdamped. The para-
meter related to dissipation (friction/viscosity) is given as k; =~ 0.3 deduced from an
analysis of the GDR width and probable kinetic energy of fragments. The two-body
dissipation is based on the collisions between the nucleons of the fissioning nucleus. In
this picture we bring in ‘liquid’ like behaviour of the deforming nucleus. The one-body
and the two-body dissipation phenomena are expected to have different dependence on
T. Hence, by determining dissipation as a function of the excitation energy, it may be
possible to get a handle on the mode of dissipation.

The characteristic time associated with the relaxation of the collective motion involved
in fission, from the equilibrium shape to the saddle point, is of the order of a few times
1072 s. This is generally very small compared to particle emission time from the com-
pound nucleus. In view of this the dynamical time associated with the collective motion
involved in fission was not considered in a statistical model analysis. This picture changed
when experimentally a significantly large number of neutrons (the pre-fission neutrons
much more than what the statistical model predicted) were measured in several heavy-ion
reactions. This could be finally understood by invoking the nuclear viscosity or dissi-
pation effects. In figure 15, we have plotted the calculated neutron lifetime (t,) for
12C4-198Pt system as a function of the excitation energy of the compound nucleus. Further,
we estimated the transient time, 7 — the time taken for the system to relax from the equi-
librium ground state to the saddle state, using the expression [9] 7t = (y/w) In(10B;/T),
where T is the saddle-point temperature (taken to be 1.5 MeV), y is the friction coefficient
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Figure 15. Plot of the neutron lifetime vs. the excitation energy of the compound
nucleus.

and o is the barrier assault frequency (assuming @ = 10?!/s). For the present case with
the values given above, the 7; value is 1.4 x 10 72 s for y = 3 and 3.2 x 105 for
y = T respectively. It can be seen from figure 15, that for excitation energies below 50
MeV, the neutron lifetime (z,) is significantly larger when compared to 7:. However, for
excitation energies from 60 MeV or so, the neutron lifetime becomes comparable to t;.
In essence, the time taken for the fission degree of freedom — time to deform from the
equilibrium shape to the saddle shape — is no longer small compared to neutron emis-
sion time. Fission is further slowed down due to the fact that part of the flux above the
saddle can diffuse back to the equilibrium shape region due to dissipation, a fact pointed
out by Kramers long time ago. The frictional forces (viscosity) affect the time taken to
go from the equilibrium to the saddle and also the probability of transmission through
the saddle. Using the neutron lifetime varying with excitation energy as a clock, one can
measure the transient time (fission delay) in fission for the first time. During the time the
fission degree evolves and reaches a steady state, additional neutrons can be emitted. The
number of neutrons emitted will strongly depend on the transient time. By invoking the
argument of delay in fission due to transient time, it has been possible to account for the
extra neutrons measured as pre-fission neutrons.

In general, the total time for the fission to take place in a collision involving a projectile
and a target and through a compound nucleus, is T = tf + 75 + 50, Where g is the time
taken to go from the saddle to the scission (again influenced by viscosity of the nuclear
fluid) and 7y, is the formation time of the compound nucleus (capture of the projectile by
the target to form the composite system followed by the evolution of this intermediate
system towards the fully equilibrated compound nucleus). It has been shown by Sax-
ena et al [37] that the last component of time could depend on the entrance channel of
the interacting projectile and the target. From a series of experiments the transient and
saddle—scission times have been determined and they are of the order of 1072 5. As
the fissioning system evolves from the saddle configuration to the scission shape, there
is a reduction in the potential energy (30 to 40 MeV). It is of interest to know how this
energy is transferred to intrinsic excitation energy and kinetic energy carried by frag-
ments. This will be strongly dependent on the viscosity of the nuclear fluid, in particular
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in the saddle to scission region. Adeev et al [106] have shown that in the case of models
using only two-body dissipation, the values of the viscosity varies from about 3 x 10723
MeV s/ fm? (0.05 TP) (to explain the kinetic energy distribution) to 15 x 10723 MeV s/
fm? (0.15 TP) (to explain the pre-fission neutron data). However, in the case of models
using only one-body dissipation, the ks parameter (related to dissipation) varies from 0.25
to 0.5 to explain the kinetic energy and pre-fission particle data. It may be noted that
this is also consistent with the value 0.27 deduced for this parameter from an analysis of
GDR widths. There are other reports which indicate that the viscosity values are around
1-2 x 1072* MeVs/fm? [110]. Naderi [109] has extended the multidimensional
Langevin equation to four dimension by including the K degree of freedom (projection of
spin on the symmetry axis).

It appears that the fission time determined varies from about 5 to 100 x 107" s to
describe the various observables. In the literature, various symbols have been used for
dissipation/friction/viscosity and one has to be careful in comparing different predic-
tions. Aritomo and Chiba [43] have shown that dissipation effects have to be included in
their dynamical model calculations, though their effects on the widths of mass distribu-
tion are not pronounced. In general, the threshold excitation energy for the appearance
of dissipation is around 50 MeV, Saxena et al [111] and Strecker et al [111] have
observed the dissipation effect even at somewhat lower excitation energies. Thoennessen
and Bertsch [112] have provided systematics of the threshold for dissipation in fission.
There have been some reports that the threshold excitation energy where the fission delay
effect has been seen through the neutron lifetime measurements (see figure 15) varies with
the neutron shell closure N = 126 of the compound nucleus [113]. In order to investigate
further the correlation between the threshold excitation energy for the observation of fis-
sion delay with the shell closure of the compound nucleus, Singh et al [114] have carried
out a systematic measurement of the fission and the evaporation cross-sections along with
the neutron multiplicities for the three systems, '°F + 194196.198pt populating compound
nuclei with N = 126, 128 and 130, over a range of excitation energies. They found that
the data for the system with N = 126 require lesser dissipation strength when compared
to that needed to describe the data for the other two systems. More work of this type will
be required to understand the connection between the dissipation and shell closure as we
have stated earlier that dynamics, structure and dissipation are all needed to describe the
features of fission. The dissipation mechanism certainly plays a crucial role in the transfer
of collective energy to kinetic energy of the fissioning nucleus. It is clear that a consis-
tent description taking into account all aspects — dynamics, structure and dissipation — is
essential to describe the fission data.

—21

5. Prospects for nuclear fission research

The fission phenomenon continues to be exciting and challenging even after 75 years of
its discovery. It is very important to disentangle between different reaction mechanisms
and obtain the pure compound nuclear contributions before an attempt can be made to
interpret the data. The measurement of fission angular distributions and mass ratio dis-
tributions offers an excellent avenue for determining the compound and non-compound
fission mechanisms. The nuclear structure at the deformed saddle is interesting, and
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systematic data to establish the shell effect at the saddle point more conclusively are
required. A rich interplay and delicate balance between the microscopic (shell closure)
and the macroscopic (potential energy landscape) has been brought by the mass distribu-
tion measurements for proton-rich and neutron-rich Hg isotopes. The current interest and
the emerging directions in this field of research are adequately covered in refs [16—18].
Some of the areas of current active interest which hold promise for future research are:

(1) Measurement of mass distributions with improved mass/charge resolution and

understanding the behaviour of mass distribution, in particular the near constancy
of the charge number of heavy fragment and the evolution of asymmetric to sym-
metric fission. Recent experimental techniques for the measurement of data of this
type are discussed in refs [14,16—18,26-28].

(2) Measurement of pre-fission neutrons and separation of different sources of neutron

emission as a function of dynamical evolution of the fissioning nucleus from the
equilibrium shape to scission point through the saddle point.

(3) Investigation of the fission of neutron rich/poor nuclei and the evolution of the

structure and the dynamics. This aspect is important in the quest for superheavy
nuclei.

(4) Role of isospin in fission needs to be substantiated. In this context, mention may

be made of the recent work on fission fragment spectroscopy using heavy ions on
actinide targets [115].

(5) The interest in the determination of shell effect at the saddle point was catalysed by

the work of Shrivastava et al [116]. They reported anomalous fission anisotropies
for closed shell compound nucleus with N = 126. Later, Mahata et al [82] car-
ried out extensive work, including fission, evaporation residue cross-sections and
pre-fission neutron data to obtain shell effect at the saddle point. It is reiterated that
reliable determination of shell effect at the saddle can be achieved by measuring as
many observables as possible and over a range of isotopes, followed by a compre-
hensive analysis in a consistent manner. Both light and heavy ion data, spanning a
range of excitation energies, should be considered to take into account the effects
due to angular momentum and temperature. In this context it may be remarked that
if shell effects at the saddle for the lighter pre-actinides with N = 126, are indeed
significant then the question is whether these nuclei will exhibit double humped
fission barriers [3].

(6) Theoretical efforts to combine both the statistical and dynamical aspects of fission

to predict the various quantities measured must be vigorously pursued by compar-
ing more data with the theoretical predictions. In particular, a full understanding of
the various aspects of mass distribution data through the macroscopic and micro-
scopic aspects of fission needs further work. It is clear that the statistical, dynamical
and dissipative aspects have to be incorporated in any theory used to describe the
fission phenomena.

(7) Measurement of fission cross-section for actinides, in particular the ones with short
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halflives, either through direct or surrogate method [117-119] will be not only of
fundamental interest but also very important for nuclear reactor programmes in
general. BARC group [118,119] has been spearheading these efforts in view of our
interest in obtaining nuclear data for the Th-U fuel cycle.
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(8) The shell effect at large deformation has been the driving factor for our expectation
for the existence of superheavy nuclei. Considerable efforts are underway to popu-
late the superheavy nuclei using combinations of targets and projectiles. Currently,
the search is on for the superheavy nucleus with Z = 120. While these painstaking
efforts will continue, there are also investigations aimed at the study of fission
decay of moderately excited superheavy nuclei formed in heavy-ion reactions. The
BARC-INFN Collaboration has made careful measurements in this direction. The
results for 8Se + 2%Pb and 2**Th which populate Z = 116 and 124 have been
reported [120]. For example, the total neutron multiplicity deduced for the spon-
taneous fission of Z = 124 nucleus is around 15, a value consistent with the
large values expected for the superheavy nuclei. This is also another interesting
area where more experimental investigations are fruitful. It may be pointed out
that so far no evaporation residue (ER) cross-section has been reported for such a
target—projectile system. It will be useful to carry out neutron multiplicity mea-
surements for composite systems where the corresponding ER cross-sections have
been reported, to establish the correlation between the neutron multiplicity with the
mass/charge of the composite system.

(9) As pointed out, the structure, the dynamics and the dissipation are essential to
describe the fission observables. More systematic work to get further insights into
dissipation or viscosity mechanism in fission is desirable.

6. Conclusion

Some of the highlights of nuclear fission studies carried out using light and heavy ions
have been covered in this review. The challenges, both in experimental and theoreti-
cal investigations, involved in obtaining reliable information about the fissioning nucleus
have been elaborated. It has been pointed out that the nuclear fission phenomenon pro-
vides ample scope to understand the behaviour of nuclei at large deformation, angular
momenta and isospin values. Both single-particle and collective features are exhibited in
this process. A dynamical theory is necessary to understand the fission process and the
various observables. New data particularly from both neutron-rich and neutron-deficient
regions will be helpful to compare the data with the existing knowledge for nuclei away
from the line of stability. With increasing availability of intense ion beams, both stable and
radioactive, coupled with more efficient detector arrays, nuclear fission research is poised
for exciting times in terms of new findings and improved understanding of this phenomenon.
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