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Abstract. In the final phases of fission process, there are fast collective rotational degrees of

freedom, which can exert a force on the slower tilting rotational degree. Experimental observations

that lead to this realization and theoretical studies that account for dynamics of the processes are

discussed briefly. Supported by these studies, and by assuming a conditional equilibrium of the

collective rotational modes at a pre-scission point, a new statistical model for fission fragment

angular and spin distributions has been developed. This model gives a consistent description of the

fragment angular and spin distributions for a wide variety of heavy- and light-ion-induced fission

reactions.
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1. Introduction

It is of basic interest to understand the interplay of statistical and dynamical aspects in

the fission process, during the evolution from compound nucleus to the formation of pre-

fragments and their final emission. In the multidimensional potential energy surface,

the fission proceeds in the ‘fission valley’ direction, and encounters quasiequilibrium and

out-of-equilibrium events and phases, extreme deformations, and dinuclear configurations

en route. Several additional nuclear collective and intrinsic degrees of freedom emerge

and several disappear during the course of this journey. A ‘shape-dynamics’ approach

was adopted in several fission studies in the past to understand these emergences and

dissolutions but with a limited success [1,2]. It was observed that the internal struc-

ture of the nucleus influences the dynamics of collective motion towards fission. Two

extreme assumptions can be made about the coupling between the collective and inter-

nal degrees namely, weak and strong. The two assumptions gave rise to two principal

branches of the liquid drop-based models: adiabatic and statistical. A purely statistical
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description calculates the phase-space using the energy available above the nuclear poten-

tial energy surface, and the impacts of the saddle or the scission configurations are

estimated from the phase-space arguments. In a more evolutionary dynamical approach,

which is a refined version of the adiabatic model, at each deformation step, the impacts

of its previous step and the impacts on the following one are estimated till one gets to the

final split. The generation of collective kinetic energy and transfer of energy between the

internal and collective degrees of freedom are integrated to this approach. It may be noted

that the statistical models often provide good insights into the nuclear behaviour which

the complete (never so far realized) dynamical theory ought to predict, and a remarkable

phenomenological power within their own range of relevance.

Models of statistical equilibrium near the scission point have been used for many

aspects of particle-induced fission such as mass distribution, TKE distribution, fragment

spin, excitation energy distribution, etc. However, for the fragment angular distributions,

there have been some reservations in using the scission point model. One of the reasons

could be that the formulas derived under certain ‘reasonable’ assumptions yielded sub-

stantially higher values of anisotropy when compared with the experimental data. As it

is shown in the following sections, the alternate statistical models for angular distribution

based on the equilibration at saddle point are also riddled with several problems in inter-

preting the data on many related aspects in fission. A conditional equilibrium of collective

and internal degrees of freedom in statistical description with the pre-scission stage as the

transition state can solve this impasse as shown in [3] and this approach is discussed in

§4 in some detail. Angular momentum bearing collective modes have a major role in this

model and in the following section a brief introduction to these modes is given.

2. Rotational degrees of freedom in fissioning nuclei

In heavy-ion fusion process, the couplings of the relative motion to collective and internal

degrees of freedom lead to the transfer of orbital angular momentum to nuclear spin –

from pure orbital motion to all the way down to rigid rotation. In the fissioning nucleus, a

reverse do also happen; as the nucleus elongates and pre-fragments are formed, the total

angular momentum J (initially in rigid rotation) can partition gradually into an orbital

component (R) and an intrinsic component (K). In addition to the rigid rotor degrees

of freedom, other intrinsic angular momentum bearing modes are also active in the fis-

sion process. This became evident with the observation of sizable amount of angular

momentum (∼8h̄) in fission fragments from the spontaneous fission of 252Cf where the

nucleus is initially in J = 0 state. Since then, several studies have been carried out,

and in recent years, by using high efficiency gamma spectrometry tools and extensive

database-supported analysis techniques, access to angular momentum distribution in frag-

ments produced in thermal neutron and spontaneous fissions has improved considerably

[4]. Similar works have been extended to higher excitation energies and also in heavy-

ion-induced fission reactions. It has been observed that a rather high angular momentum

population in fission fragments is a general property of all types of fission processes.

The origin of this sizable angular momentum, which is aligned roughly perpendicular

to the fission axis, well beyond what the rigid rotational modes can impart, remains an

intriguing aspect of the fission process. Several theoretical studies have been conducted
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on this aspect and most of them depend rather sensitively on the deformation of the frag-

ments at a final scission (dinuclear) configuration. The balance of repulsive Coulomb

and attractive nuclear forces between the tips of the fragments facing each other is an

essential aspect to induce bending, twisting, and wriggling modes of vibrations, either by

zero-point oscillations or in the case of a finite temperature at the scission, by thermal

excitations [5,6]. Situations in which the balance of forces are such that the fragments

from tip to tip are completely aligned along the axis are considered in a quantum mechan-

ical approach. This resulted in a new orientation pumping mechanism for generation of

fragment angular momentum as discussed in detail in [7]. These theories rely almost

exclusively on the dinuclear scission configuration to operate the spin generation mech-

anism. This is in some way analogous to nuclear molecular resonances in light nuclei

where one considers the relative motion of the two nuclei [8]. The theoretical models are

rather silent on angular momentum modes that impart spin to pre-fragments before the

final scission stage.

A more justifiable but a complex way to consider generation of angular momentum

bearing collective rotational currents would begin at an earlier stage than at the final scis-

sion stage. Elongation and necking-in occur in a fissioning nucleus at gradually increasing

levels right from the onset and this process is initiated by net transfer of nucleons to two

opposite directions within the nucleus. When necking-in picks up at later stages, the

nucleons remaining in the midregion are swept towards left and right to the forming pre-

fragments. This net transfer of nucleons causes a mononucleus to become a dinucleus,

and the transition stage, where the nucleus behaves as both mononucleus and dinucleus

simultaneously, can be termed as the pre-scission configuration [3].

From extensive studies of dinuclei formed in damped nuclear collisions, a phenomenon

that has many parallels to the fission process though it is a much faster process, such net

nucleon transfers are understood as due to a mechanism where individual nucleons are

exchanged between the reaction partners [9–11]. Macroscopic degrees of freedom that are

special to dinucleus identified are: (i) the energy associated with relative nuclear motion

and (ii) the partition of microscopic excitation energy, total mass, charge and angular

momenta among the two parts of the dinucleus. This formalism has also been extended to

the more intimate and longer lasting quasifission reactions. The problem of accumulation

of angular momentum in damped collisions and quasifission are addressed in [10,11]. In

the above studies, the underlying mechanism of nucleon exchange between two nuclei

is very similar to that employed earlier by Ramanna et al [12,13] to describe the fission

process. In [12,13], the fragment mass and charge distributions in low energy fission were

investigated in detail with realistic inputs for the nucleon transfer probabilities. However,

angular momentum generation has not been explicitly treated.

It is instructive to enumerate the translational and rotational degrees of freedom of a

dinuclear system before considering the same in a pre-scission shape. The dinucleus, if

considered as two rigid bodies, require 6 + 6 = 12 degrees of freedom. The condition

of contact removes one. From the remaining, three are translational degrees of freedom,

so there are totally eight rotational degrees of freedom [14,15]. Of these eight, three are

associated with rigid rotations (mentioned in the beginning of this section) of the dinuclear

system. The remaining five are intrinsic angular momentum-bearing modes, which are

rotations of one nucleus with respect to other in such a way that the whole system has

no net angular momentum. These are two degenerate bending modes, two degenerate
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wriggling modes, and one twisting mode. A reference to angular momentum degrees

of freedom at a pre-scission stage is made by Nix and Swaitecki [16], where a nucleus

prior to division was represented by two overlapping spheriods, with the interior surface

of each simply erased. The sequence of shapes of a fissioning nucleus from the original

sphere to two fragments at infinity are approximately described. The two-spheroid model

has been useful for estimating the distributions in mass, total translational kinetic energy,

and fragment excitation energies. Classical dynamical equations of motion were used

for solving the motion of the system from the given initial configuration near the saddle

point to the final configuration of the two fragments at infinity. The use of classical

equations of motion for the separation of fragments to infinity may be partially justified

on the grounds that at a short distance from the saddle point, the de Broglie wavelength

for translational motion is relatively small, and the rotations or vibrations about each

fragment’s centre-of-mass involve several quanta of energy and angular momentum.

Various angular momentum-bearing collective modes and their relaxation times in a

pre-scission nucleus are briefly reviewed in [3]. The pre-scission configuration is just a

tracing back of the dinuclear scission stage into the internals prior to scission and contains

the physics shortly before the final split. Figures 1a–1c schematically depict the rotational

motion in a pre-scission nucleus using arrows. The criteria for selecting this pre-scission

shape are discussed in §4. In this picture, the nucleons have been considered as classical

particles fully localizable in phase-space. The volume from which the nucleons finally

recede to prefragments due to progressive elongation and necking, is spatially confined

(on the average) to the middle region. Let us first consider the wriggling and twisting

modes that are excited by fast elementary nucleon transfer processes in the symmetric

division of nucleus. These modes, while conserving the total angular momentum, impart

angular momenta to the prefragments. The thick curved arrows in figure 1b indicate the

(a)

Tilting
-20

(c)

Twisting
- -

R
J2.10 s 10 22-10 21 s

K

(b)

Wriggling
-22-10-21 s

(d)

Bending
- -10 22-10 21 s

10

Figure 1. A schematic illustrating the collective angular momentum-bearing modes

in a pre-scission nucleus. The thick arrows indicate the velocity fields associated with

these modes. The thin straight arrows indicate the directions of the imparted spins.

In (a), the vectors J , R, and K show the total angular momentum, orbital angular

momentum, and the tilting angular momentum, respectively, of the fissioning nucleus

(from [3]).
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velocity fields associated with the wriggling motion. The counter-rotation is also indi-

cated. The thin straight arrows indicate the direction of spins thus imparted in the

prefragments. The fast elementary nucleon transfers that strongly excite the wriggling

mode are the long mean free path nucleon movements in opposite directions. These trans-

fers cause a net mass drift from the central region to the forming prefragments. The pair

of short arrows in figure 1b schematically show two such nucleon transfers. Although it

is not necessary that these nucleon transfers occur simultaneously and they are of exactly

opposite momentum magnitudes, these qualities are to be maintained on the average,

over a suitable short time period. If they are not maintained, then one would have to

admit a momentum imbalanced nucleon flow to one of the prefragments. Additionally,

these basic microscopic processes in the system are to be consistent with the one-body

dissipative mechanisms for energy and angular momentum dissipation. The same argu-

ments can be extended to asymmetric mass division as well, where a larger number of

transferred nucleons to the heavy fragment side can be compensated by higher velocity

transfers of lower number of nucleons to light fragment side. Similar nucleon transfer

mechanism causes twisting mode of rotation where fragment spins are along the axis but

in opposite directions (figure 1c). The bending mode requires nucleon transfers such as

represented by a pair of short arrows in figure 1d if they are to be excited. However, such

microscopic processes are unlikely [3] because they create momentum imbalances and

spurious motions of the centre of mass. The nucleon transfers cannot directly excite the

tilting mode K but it is excited indirectly through the (Coriolis) coupling induced by the

orbital rotation [10].

Quantitative estimates of relaxation times of rotational modes discussed above are not

available. Nevertheless, the estimates reported for nucleus–nucleus collisions where these

modes are excited can be used as guidelines. In [10], the dynamical evolution of a din-

ucleus formed in nucleus–nucleus collision is discussed in terms of the time-dependent

relaxation times associated with the rotational modes. For the fission case, where scope

for particle exchange between two forming partners is large till the final split, meaningful

comparisons can be made with the local relaxation times calculated for the turning point

of relative motion in the nucleus–nucleus collision. It has been shown [10] that for angu-

lar momentum values typical of heavy-ion-induced fission reactions, the relaxation time

for the tilting mode is fairly long compared to the other modes. Typically, the relaxation

time for the tilting mode is around 2×10−20 s whereas for the fast modes it is around

3×10−22 s.

3. Experimental observations

3.1 Fragment angular distributions in particle-induced binary fission

For an axially-symmetric fissioning nucleus of total angular momentum J , its projection

on a space-fixed axis M , and its projection on the nuclear symmetry axis K , the final

fragment angular distribution can be described using properly weighted rotational wave

function DJ
MK(θ), where θ is measured with respect to the space-fixed axis, provided one

knows weighting functions for final values of J , M , and K . As J and M are conserved

throughout the process, knowledge of their initial populations would define their weight-

ing functions. In case of K , which is not conserved in the fission process because the
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orientation of the symmetry axis can change by thermal agitations, certain assumptions

are made regarding its approximate conservation and final population distribution. It is

assumed that a final stage of quasiequilibrium for K can be identified and, while evolving

ahead from this stage, the K is frozen and hence it remains as a good quantum number till

the fragments are finally emitted. This stage is called the transition state and the model

for angular distributions based on this idea is called the statistical transition state model

(TSM).

There has been a great deal of discussion on whether to identify the transition state

with the saddle or with the scission-point deformations [17–21]. In light-ion-induced fis-

sion of actinide nuclei, the experimental information on this critical deformation tilted the

balance towards the saddle-point model [21]. In heavy-ion-induced fission, where high

angular momentum and excitation energy states are populated, the experimental data did

not allow a clear-cut conclusion regarding the question of saddle or scission-point models.

For these systems of high angular momentum and Z2/A values, the saddle-point model

predicts small angular anisotropies because the relevant saddle-point shapes are nearly

spherical. Statistical scission-point models [18,19] in which the critical deformation is the

scission point, on the other hand, predict large angular anisotropies. Experimental values

are spread in between these predictions [20]. The high angular anisotropies observed in

systems which bear characteristics of fast decay processes such as asymmetric angular

distributions and incompletely relaxed mass distributions were interpreted on the basis of

fast fission or quasifission [22]. However, there are many instances where anisotropy val-

ues are in disagreement with both the saddle and scission-point model predictions, even

though there are no clear signatures of fast decay processes. For instance, the experi-

mentally determined values of J0/Jeff from fission reactions induced by projectiles with

mass less than or equal to 24 in the compound nuclear (CN) fissility range from 0.76

to 0.88 are compared with the expected saddle-point value of J0/Jeff from RLDM [22]

in figure 2, as ratio of the two, given by J RLDM
eff /J EXPT

eff . In this set of reactions there are

very little chances of fast reactions and the selected ones populate fusion–fission reactions

with saddle temperatures in the range 1.1–2.2 MeV. However, the ratio J RLDM
eff /J EXPT

eff ,

obtained by averaging over the above temperature range, showed considerable spread

instead of converging to unity, as seen in figure 2. A recent reanalysis in a few of the

above reactions [23], that took into account the effects of pre-scission neutron emissions,

could not discard this anomaly and it is noted that the saddle-point TSM is inapplicable
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to very heavy compound nuclei such as 254Fm and 264Rf that have fission barrier heights

comparable with the temperatures of the compound nuclei.

3.2 Fragment mass and angular anisotropy correlation

In equilibrium fission, a correlation between fragment angular and mass distributions

beyond particle emission corrections can arise provided there are some meaningful dif-

ferences in the distribution of rotational quantum numbers for different modes of mass

division. For fission induced by light particles like n, p, and α, the total angular momenta

J are generally low and the influence of K on this correlation has been examined [24,25].

For heavy-ion reactions, both J and K can influence this correlation [26]. A comprehen-

sive analysis of the experimental data using theoretically generated correlations has not

been done yet. For instance, for the 10B+232Th and 16O+232Th reactions studied in [26],

the compound nuclear parameters are such that the standard saddle-point TSM predicts

the same value of angular anisotropy for all masses (horizontal line in figure 3). However,

the experimental data show significant deviations from this value with a certain clear pat-

tern (symbols in figure 3), with differing magnitudes for the two reactions. Pre-saddle

neutron emission or influences of transfer-induced fission or pre-equilibrium fission

cannot explain this observation adequately [26].

3.3 Gamma multiplicity

Another experimental approach which probes the equilibration of the rotational degrees

of freedom is to measure the average fragment angular momentum and its angular varia-

tion [27] using gamma multiplicity (Mγ ) set-ups. As theoretical prediction of the average

total fragment angular momentum and its angular variation involves some of the same

parameters as the fragment angular distributions, one should be able to reproduce consis-

tently, both the fragment angular anisotropy and spin data, in the same model calculation.
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Figure 3. Experimental data on angular anisotropy vs. fission product mass measured

using recoil catcher technique in the two reactions explained in §3.2. Experimental

data are from [26]. The horizontal line is the value of anisotropy calculated using the

saddle-point TSM which is very nearly the same for the two reactions [26].
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Figure 4. (a)–(d) Gamma multiplicity as a function of the centre-of-mass angle

for several 120 MeV 16O-induced fission reactions on targets as explained in §3.3.

Experimental data are given by the symbols. The dotted and thin solid lines indi-

cate scission-point and saddle-point TSM predictions, respectively. The thick solid

curves are experimental trend lines which are identical curves except for the heights.

Experimental data and model calculations are from [27].

Systematic investigations in both light- and heavy-ion-induced fissions have shown that

the experimental data can only be explained by assuming substantial thermal excitation

of the collective angular momentum-bearing modes, with the assumption of spin equi-

librium at rather elongated configurations like the scission point [27]. Notable features

of the angular variation of Mγ are that Mγ decreases rather very slowly with angle for a

wide window of angles (±60◦) centred at 90◦ in c.m. system, and beyond this window, it

decreases more rapidly. The overall variations does not show any systematic dependence

on the fissility of the compound nuclei (figure 4). The experimental trends are in contrast

to the predictions of the saddle and scission-point versions of the TSM.

3.4 Angular anisotropy and total fragment spin: Empirical correlations

Experimental investigations approached the question on how strong is angular anisotropy

and total fragment spin correlation in two ways. In the first investigation by Ogihara et al

[28], the systematics of the decoupling angle θ0 was obtained by measuring the fragment

angular distributions precisely in a number of heavy-ion-induced compound nuclear fis-

sion reactions. In a precise and accurate angular distribution, a strong smearing from

1/sin(θ ) form factor arises due to the decoupling of orbital angular momentum R from

total angular momentum J due to the presence of total fragment (exit channel) spin S.

One must consider averaged quantities when comparing with the measured data, and the

decoupling angle θ0 is assumed to be related to the average angular momentum according

to the model of Ericson [29], as sin(θ0) = 〈S〉/〈J 〉, where 〈S〉 is the average exit chan-

nel spin and 〈J 〉 is the average CN angular momentum. It is experimentally observed

[28] that the anisotropy scales with the decoupling angle indicating a strong correlation

between anisotropy and average exit channel spin 〈S〉. The second investigation [30],

on the other hand, measured the average exit channel spin 〈S〉 through average gamma
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Figure 5. Fission fragment angular anisotropy A vs. ‘energy above Coulomb barrier’

Ec.m. − EB for the reactions as explained in §3.4 [30]. The dotted curve shows the

results of saddle-point TSM calculation for the 19F+208Pb reaction [31]. See text for

details on the calculations which resulted in Curves A, B and C.

multiplicity in a heavy-ion-induced fission reaction over a broad range of bombarding

energies and found that it is strongly correlated to the observed angular anisotropy in the

reaction (under certain assumptions). The anisotropy data used in this analysis [22,31,32]

are shown in figure 5 as a function of the ‘energy above Coulomb barrier’, Ec.m. − EB.

The dotted curve shows the results of saddle-point TSM calculation for anisotropy for the
19F+208Pb reaction [31]. Other curves in figure 5 have been obtained as follows: On

the condition of complete alignment of the ‘excited’ angular momentum due to collective

spin modes, the total value of which is empirically deduced, the angular anisotropy vs.

Ec.m. −EB relation was calculated by assuming the scission-point TSM, as given by curve

A. By allowing only a 0.85 factor for such an alignment, the results were recalculated as

given by curve B. Scission-point prediction without alignment (factor = 0) is given by

curve C. This empirical study shows that the scission-point TSM with a conditional equi-

libration for obtaining 〈R2〉 explains the data on fragment spins and angular anisotropies.

However, the physical interpretation behind this conditional equilibration has not been

made clear in these studies.

4. Statistical pre-scission point model of fission fragment angular distribution

As discussed in §3, a comprehensive re-examination of various experimental and statis-

tical model results concerning the rotational degrees of freedom in equilibrium fission
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aggravated the problems in understanding the fission process, particularly the final phases

of fission. The collective rotational degrees associated with the final phase of fission seem

to be influencing the fragment angular distributions. However, the absence of successful

models which can describe this influence inhibited the progress in understanding the fis-

sion process. At the outset, the configurations at which the statistical model can be applied

needs careful considerations as one is dealing with an overall out-of-equilibrium process.

This problem involves not just one property of the system like its potential energy sur-

face but also the formation dynamics of prefragments and their interactions. A two-stage

description has been proposed in a microscopic study of nuclear scission and quantum

localization in [33]. According to this work, from the onset as one approaches the scis-

sion point, the prefragments emerge into existence, and as a result, the values of the

global constraints split into the contributions from these prefragments. It is expected that

the correct description of the system will rely on separate collective coordinates for these

individual prefragments. The statistical pre-scission point model imbibes this spirit in

defining the pre-scission configuration. However in the present version, relatively simple

shape parametrizations, that account for essentials of the random neck rupture model [34],

have been used to predict the pre-scission shapes [3].

The novel idea in this model is the conditional equilibrium of angular momentum-

bearing collective modes. As the wriggling and twisting modes relax rapidly compared to

the tilting mode, one can calculate the population probability for these modes for a tilted

pre-scission nucleus. It is shown that for the tilting angular momentum states (|K|) near

zero, the wriggling and twisting mode populations are maximum and as |K| increased,

these populations decrease. As the energy locked in these collective modes are not avail-

able for intrinsic excitations, the phase-space available at the transition state gets modified

accordingly. The method for calculating the phase-space factor is described in detail in

[3]. As an example, the average rotational energies of thermally excited wriggling (EK
wri)

and twisting (EK
twi) modes, for a pre-scission nucleus of mass A = 225 and temperature

T = 2 MeV as a function of tilting mode angular momentum K are given in figure 6

as sums over the tilting mode energy EK
tilt. For K near zero, the wriggling and twisting

mode contributions are large and as |K| increased, this contribution decreased. The aver-

age wriggling rotational energy is significantly higher than the average twisting rotational

energy. The total rotational energy as a function of J and K is obtained as

EJ,K
rot = EJ

yrast + EK
tilt + EK

twi + EK
wri. (1)

The transition state level density ρ(E∗, J,K) is obtained by assuming constancy of

nuclear temperature T at the pre-scission state as

ρ(E∗, J,K) ∝ exp

(

E∗ − E
J,K
rot

T

)

, (2)

where E∗ = ECN − Ep − Edef, ECN is the initial excitation energy of the CN, Ep is the

average excitation energy taken away by the particles emitted prior to the transition state,

and Edef is the deformation energy of the transition state. The resulting ρ(E∗, J,K), after

expansion, will not have a Gaussian K distribution.

Using the above modified phase-space factor, the fragment angular distributions were

calculated for a large set of reactions leading to compound nuclei in the fissility range of

0.76 to 0.88 and initial temperature range of 1 to 4 MeV, as given by continuous lines in
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Figure 6. Average rotational energies of thermally excited wriggling (EK
wri) and twist-

ing (EK
twi) modes for a pre-scission nucleus of mass A = 225 and temperature

T = 2 MeV as a function of tilting mode angular momentum K , showing sums over

the tilting mode energy EK
tilt [3].

figures 7a–7j [3]. Experimental angular anisotropy data for these systems [22,35,36] are

plotted in figure 7 using symbols. The set of common parameters and procedures used in

the calculations are given in detail in [3]. In addition to the present statistical pre-scission

model calculations, the results obtained using the scission-point models of Bond [18]

and Rossner et al [19] are given in figures 7a–7j as short dashed and dashed lines. The

long dashed lines indicate the results obtained using the pre-scission shape as transition

configuration without the rotational energy corrections due to the wriggling and twisting

modes. There is a remarkable improvement in the agreement between the experimental

data and the pre-scission-point model calculations (continuous lines). As stated earlier,

the other scission-point models overestimate the angular anisotropy by a huge margin.

The improvement made by the inclusion of the twisting and wriggling energies in calcu-

lating the level density can be appreciated by comparing the long dashed and continuous

lines.

The inclusion of the effects arising from the excitation of wriggling and twisting modes

is responsible for the improved angular distribution prediction by the present model. The

final fragment spins originate from the coupling of these modes and the tilting mode;

therefore, a high degree of correlation between the angular distribution and final fragment

spin distribution is expected. The good agreement observed between the present model

calculation and the experimentally estimated average total fragment spin (table 1, [3])

indicates this correlation. The angular variation of Mγ is another experimental observa-

tion which the theoretical models must address. Conspicuous features of the observed

angular variation are that the change in Mγ as a function of the angle is small and essen-

tially identical for most systems (§3.3). Some clues on this observation, developed in

the premises of the present model, are discussed in [3] and further work on this front is

necessary to explain the relevant data.
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Figure 7. (a)–(j) Angular anisotropy vs. bombarding energy for heavy-ion-induced

fission reactions. (•) The experimental data from [22] and (+) data from [35,36]. The

lines show the results of various model calculations. The continuous lines indicate the

results obtained using the statistical pre-scission-point model [3]. The short-dashed,

dashed, and long dashed lines indicate the results obtained using the expressions from

[18–20], respectively, as explained in [3].

5. Concluding remarks

A combined statistical dynamical approach to describe fission has emerged in recent

years which formulates the transfer of energy between collective and internal degrees of

freedom. Due to this transfer, the fast intrinsic degrees of freedom can exert forces on

the slow collective degrees of freedom. In the final phases of fission process, there are
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fast collective rotational degrees of freedom operational, which can likewise exert forces

on the slow collective rotational degrees of freedom. A complete description of the fission

process thus depends on the statistical and dynamical nature of the collective rotational

degrees of freedom. The emphasis in this article is restricted to the angular momentum-

bearing collective degrees of freedom and a statistical description of the same for fission

fragment angular and spin distributions.

In short, the experimental approaches that probe the equilibration of rotational degrees

of freedom in fission have been briefly discussed. The experimental observations that do

not reconcile with either the saddle-point or the scission-point versions of the statistical

transition state theory have been emphasized. A new version of the theory, the statisti-

cal pre-scission-point model for the fragment angular and spin distributions, in which the

transition state is assumed to be the pre-scission point, has been described. The condi-

tional equilibrium of the collective angular momentum-bearing modes at the pre-scission

point which is guided mainly by their relaxation times and population probabilities has

been taken into account in this model. Dynamical nature of the rotational modes and their

influences on the level density of the pre-scission nucleus have been discussed. For this,

recourse was taken from the dynamical models, and therefore it may be stated that the

present model reconciles with the dynamical aspects. The model predictions have been

compared satisfactorily with the experimental data on angular anisotropy and fragment

spin for a wide variety of heavy- and light-ion-induced fission reactions.
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