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Abstract

Since the discovery of nuclear fission in 1939 there have been numerous studies of the fission
process. This paper considers several areas of research to illustrate some of the contributions that

have been made.

The emphasis is on neutron-induced fission at relatively modest excitation

energies with some consideration of spontaneous fission.

Introduction

The fission process is defined as the division of a
heavy excited nucleus into two fragments similar in
mass. Since the discovery of fission (Hahn & Strassman
1939) there have been tens of thousands of research pa-
pers devoted to different aspects of the process. The two
primary reasons for these extensive studies are obviously
the generation of accurate data and understanding of the
process for the design and subsequent safe operation of
power and research reactors and the contribution that
such studies can make to an improved understanding of
nuclear structure. Because of the enormous range of top-
ics and the plethora of details, this paper can address at
most only a minute fraction of the current literature. The
emphasis here will be on low energy neutron induced
fission. Over the years there have been many excellent
reviews. An extremely comprehensive book by
Vandenbosch & Huizenga (1973) covered the studies to
that date. A very recent book on the topic was edited by
Wagemans (1991). The basis of selection of material for
the various figures has been to provide a simple picture
of the various processes.

In order to understand what is happening in the fis-
sion process, it is clear that there are a number of ques-
tions that must be answered. Some of the more obvious
are listed below;

— if fission can occur what is it that stops all nuclei
from breaking apart spontaneously?;

— what determines the fission probability?;

— when fission does occur what can be learnt from
the angular distribution of the fragments?;

— how is the energy shared after fission?;
— what is the mass distribution of the fragments?;

— how are the neutrons emitted in the fission process
and what are their energy distribution?; and

— what can be learnt from the yields in the symmetric
region of the mass yield curve?
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The Fission Barrier

The starting point in any discussion of the fission bar-
rier is the liquid drop model introduced before fission
was actually discovered but modified almost immedi-
ately by Bohr & Wheeler (1939). In this model, the
nucleus is assumed to be equivalent to a liquid drop in
which the short range nuclear forces are idealised by the
surface tension of the drop and the Coulomb repulsive
forces are included by assuming the drop to be uniformly
charged throughout its volume. Fission occurs within
this model if sufficient excitation is given to the system
to allow the internal vibrations to overcome the attractive
surface tension of the drop. Although the liquid drop
model provided, in principle, a reasonable approxima-
tion to the real world, it failed in accurately predicting
many of the detailed systemmatics of the fission process.

A major advance occurred in the mid 1960’s, when the
model was improved dramatically by the inclusion of
shell effects (Strutinsky 1967; Strutinsky & Pauli 1969).
The consequence of these corrections is illustrated by
plotting the potential energy hindering fission as a func-
tion of the symmetric axis deformation (Fig 1); also
shown is the smooth potential barrier as originally pre-
dicted by the liquid drop model. It is seen that the single
smooth barrier of the simple liquid drop model becomes
double humped for nuclei in the vicinity of the uranium.
This extension of the model allows many unexpected fea-
tures of the fission process to be explained. It also ex-
plains why the ground state for those nuclei represented
by the potential barrier in the figure (nuclei in the vicin-
ity of the uranium nuclei) is deformed.

It is now important to introduce the concept of fission
channels. In 1956, A Bohr first suggested that for a fis-
sioning nucleus with excitation only slightly more than
the fission threshold i.e with an energy only slightly ex-
ceeding the potential energy barrier in Fig 1, the nucleus
at a deformation corresponding to the highest point in
Fig 2 is cold with respect to internal excitation, all energy
is bound up in potential energy of deformation and the
only nuclear states at the peak of the fission barrier (the
saddle point) via which fission can proceed will be col-
lective states similar to those of the heavy deformed nu-
clei near their ground states i.e in the first well of the
potential barrier in Fig 1. The transition states will be
characterised by the quantum numbers | and K, where |
is the total spin of the compound nucleus and K is its
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Figure 1. Double humped fission barrier, compared with the liquid drop model (modified from

Strutinksky (1967).
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Figure 2. Comparison of transition states at the fission barrier with the spectrum of low lying states for

deformed nuclei (modified from Griffin 1965).
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projection on the symmetric axis i.e. along the axis of
deformation specified by the deformation parameter in
Fig 1. Extensive research, particularly in the early days
of fission studies, identified a spectrum of different quan-
tum states at the saddle point which were necessary to
explain many of the details of the fission process. Figure
2, modified from Griffin (1965) illustrates the wealth of
data that has been obtained principally from studies of
fission fragment angular distributions. Although this in-
formation was derived originally for a simple single
humped barrier, to a first approximation Fig 2 represents
the spectrum of double humped transition states.

As indicated previously, the angular distribution of
the fission fragments can be used to derive information
regarding the spectrum of states at the saddle point of
the fissioning nucleus (Fig 2). In an even-even nucleus,
the spectrum of transition states at the saddle point de-
formation is expected to be quite similar to that found at
low excitation in its permanently deformed equilibrium
configuration. The ground state has total angular mo-
mentum and parity Iw = 0+ and has projection of angular
momentum on the nuclear symmetry axis K = 0. The
excited states correspond to the simple vibrational modes
of a liquid drop. The lowest mass-asymmetric mode has
K = 0, but negative parity, whereas the axial-symmetric
gamma vibration of lowest energy has K = 2+. In addi-
tion, a bending mode with Km = 1- is expected to occur at
moderate excitation at the saddle point, although it has
not been identified at equilibrium deformation. Since the
fissioning nucleus is non-spherical, rotational bands of
increasing | are built on each of these vibrational states.
Simple superposition of these fundamental modes leads
to further fission channels with increasingly greater exci-
tation until, at about 1.5 MeV, sufficient energy is avail-
able to break nucleon pairs and thereafter single particle

excitations combined with collective vibrations lead to a
rapid increase in the complexity of the transition state
spectrum.

Fission Fragment Angular Distributions

A basic assumption of the Bohr model is that the
quantum number K remains a constant of the motion
between saddle point and scission. Thus the measured
angular anisotropy W(0°)/W(90°) can be used to provide
information on the properties of the transition states at
the saddle point. The most extensively studied even-
even fission system studied is neutron fission of U235.
Figure 3, modified from the recent study by Straede et al.
(1987) shows the anisotropy i.e. W(0°)/W(90°) as a func-
tion of neutron energy. The data is readily explained in
terms of the model discussed above.

For neutron fission of an even target nucleus leading
to an odd fissioning system, the lowest lying fission
channels are expected to be essentially single particle
states which should be identifiable with the appropriate
Nilsson orbits. The excess angular momentum appears
as a rotation about an axis perpendicular to the symmetric
axis. Thus with each intrinsic state there is associated a
rotational band with energy given by

a(-1)"(1+%)] (eq. 1)

where j is the moment of inertia associated with the band
and « is the decoupling constant for the K= % bands. The
structure in the anisotropy becomes much larger. As an
example, measurements of the anisotropy for neutron fis-
sion of 2Th near the large resonance in the cross section
at 715 keV are shown in Fig 4.
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Figure 3. The #U(n,f) fission fragment anisotropy (modified from Straede et al. 1987).
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Figure 4. Fission fragment anisotropy® for neutron fission of 2™ (adapted from Boldeman & Walsh, 1986).

Sub-barrier Fission Cross-sections

For nuclei represented by the fission barrier in Fig 1,
fission can only take place if sufficient energy is given to
the system to allow it to proceed either over the barrier
or to tunnel through. For sub-barrier fission, the cross
section is given by an expression which contains reaction
information multiplied by the penetrability through the
barrier. The penetrability through the simple liquid drop
fission barrier is given by the expression

P, = [1+ exp{2n(E,+ EX" - E)/hw}]* (eq. 2)

where E, is the height of the barrier, E*" is the energy
of level (IKm), E is the excitation energy and ho is the
curvature of the fission barrier. With a double humped
barrier the expression becomes a little more complex

(eq. 3)

where t_and r, are the transmission and reflection
coefficients which relate to the amplitudes of the fission
wave functions inside and outside the nuclear potential

TE=t + (- -t) PP+ Py
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and P, and P, are the penetrabilities for the two barriers
defined as before.

Some unexpected features of the fission cross-section
follow from the double humped barrier shape. The po-
tential well between the two humps of the double
humped barrier will clearly contain states similar in char-
acter to the states in the first well. However the level
density at a specific excitation will be different because
of the different heights above the ground state. This
produces some interesting structure in the sub-barrier
cross-section. Figure 5, adapted from Migneto &
Theobald (1968), illustrates the influence of the coupling
of states in the first well to states in the second well. The
gross structure in the sub-barrier neutron fission cross
section of 2°Pu reflects the spacing of levels in the second
well of the fission barrier while the fine structure is re-
lated to the level density in the first well.

Although many nuclei have barrier shapes
characterised by the doubled humped shape of Fig 1, it
was predicted by Moller & Nix (1974) that, if asymmetric
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Figure 5. The neutron fission cross section of ?°Pu between 500 eV and 3000 eV (adapted from Migneco & Theobald 1968).
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Figure 6. Calculated neutron fission cross section compared with the experimental data of Blons

et al. (1978).
surements (Boldeman & Walsh 1986).

deformations are taken into account for nuclei in the vi-
cinity of thorium, then the second barrier should itself
split into two separate peaks making the barrier triple
humped in character. The consequences of this charac-
teristic are shown in the sub-barrier neutron fission cross
section of 2°Th as measured by Blons et al. (1978). The
broad sub-barrier resonance in the cross-section at 715
keV is interpreted as fission through a pure vibrational
state in the third well of a triple humped fission barrier.
Some controversy regarding the detailed interpretation
of the data exists. One interpretation (Boldeman &
Walsh 1986) involving a simultaneous fit to the cross sec-
tion in Fig 6 and the anisotropy data in Fig 4 is presented
below.

Fission Fragment Yields and Associated
Neutron Emission

One of the most extensively studied aspects of the fis-
sion process has been the systematics of the mass divi-
sion. In this context, it is important to distinguish be-
tween the fission fragments and fission products and ul-
timately accumulated product yields. At the instant of
scission, the two fission fragments are highly deformed
with a high level of internal excitation, although a large
proportion of the energy emitted in fission is contained
in the Kkinetic energy of the fission fragments resulting
from Coulomb repulsion. Since the fragments are neu-
tron rich with respect to the stability line, this deforma-
tion energy is emitted primarily by neutron evaporation
and by prompt gamma emission. The term fission prod-
ucts is used to described the resulting nuclei. Such nu-
clei are still radioactive and undergo further radioactive
decay leading to what are called cumulative yields. Fig-
ure 7 illustrates the well known asymmetric division that
is typical for low excitation neutron fission of nuclei near

77

Also shown are the fission cross section data from the angular distribution mea-

uranium (modified from Wahl 1965). The dominating in-
fluence in the determination of the shape of the curve is
the existence of the magic number N=50 at mass 80 on
the lower end of the distribution and the doubly magic
nuclei Z=50, N=82 in the vicinity of mass 128. It is also
known that the symmetric region between the two peaks
of the mass yield curve starts to fill as the excitation in-
creases. This can be explained quite simply as the reduc-
tion of shell effects as the excitation energy increases.
Neutron emission from the individual fission fragments
is a function of the mass of the fragment (Fig 8; from
Nifenecker et al. 1973). The resulting “saw tooth” shape
of the neutron emission is also consistent with the expla-
nation presented above. The minimum in the saw tooth
curve occurs in the vicinity of the closed shell nuclei.
These nuclei are stiff with respect to deformation and
therefore less deformation occurs in these fragments. On
the contrary, near the peak of the neutron yield curve,
the fragments are soft with respect to deformation and a
larger proportion of the total fission energy is involved
in the deformation of these fragments.

Fission Product Yields in the Symmetric
Region

Studies of fission product yields in the symmetric re-
gion for thermal neutron fission of the uranium nuclei
are important for at least three reasons. Although the
yields are low, in a power reactor significant masses of
such nuclei are produced and the management of the
reactors requires this knowledge. A second reason fol-
lows from suggestions of fine structure in the fission
fragment/(product) yields. The symmetric region pro-
vides an opportunity to carry out such studies since there
are several elements with large numbers of isotopes (e.g.
Sn) which therefore simplifies the chemistry. In addi-
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Figure 7. Fission product yields* for thermal neutron fission of 22U, #*U and ?*°Pu and spontaneous fission of
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Figure 8. Average neutron emission per fragment as a function of fragment for (a) thermal neutron fission of
25U and (b) spontaneous fission of 252Cf (from Nifenecker et al., 1974).
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Figure 9. Relative fission yields for isotopes of tin for neutron fission of ?*U (thermal and
epithermal) normalised to !%Sn (from Rosman et al. 1986).

tion, there are extensive studies of earth science where
spontaneous fission of the uranium nuclei produce el-
emental contaminations that need correction. A series of
studies by Rosman et al. (1983) has produced consider-
able symmetric mass yield data. Figure 9 shows their
data for the Sn isotopes in the symmetric mass yield re-
gion; an absence of fine structure is apparent.

Recent Developments of the Theory

In very recent times, there have been some important
developments of the theory of fission particularly at low
excitation. These developments have been summarised
by Brosa et al. (1990). Effectively, they involve a more
complete consideration of the later stages of the process
effectively from the saddle point to scission. These new
discoveries show that for low excitation fission there are
several exit channels on paths to scission. Furthermore,
when the nucleus is close to scission there is some ran-
domness in where the neck connecting the elongated
nucleus may actually rupture. These considerations are
beyond the context of this paper and the reader is re-
ferred to Brosa et al. (1990) and other papers mentioned
in that text.
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