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Pre-scission particle and gamma-ray emission in heavy-ion-induced
fission
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Abstract. An introductionis given to the physicsof the equilibrium transition-statemodel
and of dissipative nuclear dynamics. Experimental data on pre-seission particle and
gamma-ray emission and their interpretation are reviewed. They appear to indicate
overdamped motionof the nuclearfluid.A time scale for compound-nucleusfissionof about
30 x 10-2' s or greater is indicated,whilstthat for quasi- or fast-fissionis somewhatshorter.
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1. Introduction

The dynamics of fission is one of the more challenging topics in nuclear structure
physics at ~he present time. Long ago, Kramers (1940) pointed out the possibility of
significant nuclear viscosity and some of its likely consequences; the subject was also
mentioned by Hill and Wheeler (1953) in their classical paper. All this appeared to be
forgotten until very recently. The necessity to include strong dissipation (high
"viscosity") in the treatment of deep-inelastic collisions has long been recognized
(Schr6der and Huizenga 1984). However, the viscosity involved in fission was assumed
to be very weak, playing a minor role, and implying that heavy-ion (HI) induced
fission could be well described by the equilibrium statistical model. Recently
observations of the multiplicities (Vprc) of neutrons emitted before seission (prescission neutrons) as functions of bombarding energies (angular momenta) showed
conflict with statistical model predictions. These data led to the realization that the
large-scale collective mode involved in fission must have a significant relaxation time,
(> 10-20 s)implying highly damped motion of the nuclear fluid.
There are many common features between the deep-inelastic reactions and fission
but also marked differences. For example deep-inelastic collisions are mainly
peripheral, involving only necked-in shapes, have a relatively small average
mass-transfer between target and projectile and a very large energy-dissipation
(,,- 100 MeV). Fission begins at a nearly spherical shape which eventually divides into
two equal parts, and the dissipative loss to the collective motion is only of the order of
10 MeV. Thus we might expect that a study of fission will produce its own unique
insights into the problem of large-scale nuclear dynamics. A complete picture may
only emerge from a study of all of the reactions involving large mass-transfer and
dissipation, e.g. fission, fusion, deep inelastic and quasi-fission (fission without
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compound nucleus formation). Recent general reviews of heavy-ion induced fission
have been given by Oganessian and Lazarev (1985) and Newton (1989).

2. Basic physics
When two nuclei collide a variety of reactions may occur. Three important examples
are shown in figure 1. The relative probabilities of these reactions depend on the
~nasses of target and projectile and on the bombarding energies. Generally the heavier
the projectile and the higher the bombarding energy, the higher is the proportion of
the quasi-fission and deep-inelastic processes. The reactions in figure 1 correspond
from right to left to increasingly hard collisions (decreasing impact parameters) and
show increasing relaxation of the kinetic energy, angular momentum, massasymmetry and shape modes. In the deep-inelastic mode the system remains together
for part of a revolution only, retaining a dinuclear shape with little mass transfer
between the components though the kinetic energy becomes completely relaxed
(Schr6der and Huizenga 1984). The time that the system stays together is related to
the angle at which the products separate, hence the relaxation time for the kinetic
energy ( ~ 4 x 10-Zes) can be deduced from the angle versus kinetic energy data.
In quasi-fission the system assumes a mononuclear shape (without significant neck)
and may stay together long enough for almost complete relaxation of the massasymmetry mode to symmetry before separation occurs. Since the reaction time scale
is comparable to that for one revolution it is possible to measure the relaxation time
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Figure 1. Schematic illustration of the three distinct reaction types that occur in strongly
interacting heavy-ion collisons at moderate energies. They do not always occur
simultaneously in one particular experiment. Particle emission occurs in all cases and in the
case of compound nucleus formation may lead to evaporation residues rather than fission
fragments (modified from Toke et al 1985).
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Figure 2. Normalized mass drift A A / A A m , , as a function of the reaction time. Symmetrical
final products correspond A A / A A ~ , , = 1"0 and the initial mass asymmetry to A A / A A m , , = 0.
The solid curve represents the best fit to the data (from Shen et al 1987).

z,. lot the mass-asymmetry mode from the angle versus mass-asymmetry data. Shen
et al (1987) have shown that ~,, = (5-3 + 1) x 10 -2t s for systems produced by 238U

beams incident on targets ranging from 27A1to ""'Zn (see figure 2). They also point out
that z,. is approximately independent of temperature T, though the effect of particle
emission on T was not considered. Quasi-fission, sometimes called fast fission,
resembles compound nucleus fission in producing symmetric division on average, but
it differs in having larger mass widths and angular anisotropies than compound
nucleus fission and in showing asymmetries in the mass-angle correlation of the
fragments.
The three processes of deep-inelastic scattering, quasi-fission and compound
nucleus formation can be understood on the basis of the two similar models of
Swiatecki (1982, 1984) and Gregoire et al (1982). For a comparison see Ng6 (1986). In
compound nucleus formation and in quasi-fission the system is trapped behind the
conditional saddle point, i.e. that for the initial mass-asymmetry (Swiatecki), or the
sudden potential, i.e. that for the initial spherical nuclei (Gregoire). After this the two
components evolve towards symmetry, the potential between them (the adiabatic
potential) evolving also (light systems do not evolve towards mass-asymmetry but we
shall not consider these). If there is sufficient energy for the system to be trapped
behind the true (symmetric) saddle point a compound nucleus is formed, otherwise
the system evolves towards scission (quasi-fission). A similar process to quasi-fission,
sometimes called fast fission, occurs if the angular momentum is so high that the true
fission barrier vanishes. In deep-inelastic collisions the system is not trapped initially
so there is not sufficient time for significant mass exchange before separation occurs.
These processes are illustrated in figure 3.
In all of these reactions the composite systems are formed at high excitation
energies and they can decay by evaporation of particles, usually neutrons. Typical
excitation energies range from 50 MeV to over 100 MeV, so that there is the possibility
of four or more neutrons being emitted before a particle-stable evaporation residue
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Figure 3. Illustration of the four dissipative mechanisms occurring in heavy-ion reactions.
The inter-nuclear distance is denoted by R. In the decp.inelastic collision the system is not
trapped in the sudden potential but a lot of the kinetic energy of relative motion is lost. In
compound nucleus formation the system is trapped in the entrance channel and the saddle
configuration, after mass symmetrization, is sufficiently elongated to keep it trapped in the
adiabatic potential. In fast fission the system is trapped initially but the fission barrier has
vanished due to high angular momentum. Therefore it separates again into two almost equal
fragments, since it stays together long enough for mass equilibration to occur. In quasi-fission
the compound nucleus has a fission barrier but the saddle configuration is not extended
enough for the system to be trapped so, as in fast fission, it separates into two nearly equal
fragments (from Ng6 1986).

(ER) is reached. Fission can compete with neutron evaporation at each stage, from the
compound nucleus (first chance fission) or after emission of (x - 1) neutrons (x'th
chance fission). The multiplicity %,= is defined as the average number of neutrons
emitted before scission.
The data on fission excitation functions and other measurements have usually been
interpreted on the basis of the equilibrium statistical model. The principal
assumptions of this model are that all significant degrees of freedom of the nucleus are
in thermal equilibrium and that the fission decay rate is equal to the transition rate at
the saddle point (transition state) as postulated by Bohr and Wheeler (1939). The
latter assumption means that if the saddle point is passed, by however little, the
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Figure 4. Decay of an excited nucleus by fission or neutron emission. M a x i m u m excitation
energies in the nucleus following neuti'on decay and at the saddle point are shown. The curve
on the right is a schematic illustration of the fission barrier as a function of deformation.

nucleus always proceeds on to fission. The model becomes invalid when the nuclear
temperature exceeds the fission-barrier energy (Kramers 1940; Strutinsky 1973). The
details of the statistical model have been well covered by many authors; see for
example, Vandenbosch and Huizenga (1973), Mahaux and Weidenmuller (1979),
Delagrange (1982) and Stokstad (1985).
The decay of a nucleus, with a large excitation energy E~ and J = 0 by fission or
neutron emission, is illustrated in figure 4. These are the principal decay modes unless
the nucleus is very neutron deficient, and the neutron binding energy (B,) exceeds that
for protons (B~) or a-particles (B=) by an amount approaching the Coulomb barrier
for proton or a-decay. ~-decay, though measurable, is not an important decay mode
until the thermal excitation energy approaches B,. Very roughly, the ratio of fission to
neutron widths is given by
r 'irI , ~
= -P(Ex
~ - ~

"~ exp 2 { [ai(E ~ - EI)]} - [a,(E~ - B,)] ½},

(1)

where E I is the fission barrier and the level density is given by the simple expression
p(E) ocexp2x//-dE. The level density parameters correspond to those at the saddle
point (ay) and in the nucleus to which neutron decay occurs (a0. The value for a, is
usually chosen to be in the range of A/7.5-A/IO MeV-1, whilst a i / a ~ is usually taken
to be unity or to slightly exceed unity. For high excitation energy, Ex >>E I, B,, hence
equation (1)can be approximated as
exp 2 ~ {

[(ai/aO ~ - l ] ( l / 2 E x ) [ E i ( a I / a , ) ~ -

B,] }.

(2)

From this one can see that the most important parameters are a l / a , and E~, since B,
usually can be obtained either from measured masses (at lower Ex) or from semiempirical liquid-drop masses at higher Ex, where shell and pairing effects are expected
to be unimportant.
If we take affa, = 1, equation (2) becomes
F s / F , ~- exp (a,/Ex)~(B, - EI).

From this it follows that:
(i) F I / F , ~< 1 when B,. <~Ey and r s / r , > 1 when B, > EI;

(3)
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(ii) F I / F v decreases with decreasing E x if E I > By, and consequently that Vpr©is small;
(iii) FI/Fv increases with decreasing Ex if E s < By, giving larger values for Vprc
provided that F I / F v does not become very large compared to unity;
(iv) when F I / F , >> 1, vprc again becomes small, since nearly all of the population leads
to first chance fission and little is left for higher chance fission.
As the bombarding energy increases, heavy ions bring in increasing angular
momentum (Jh), consequently lowering Es(J ). Hence from (i)-(iv) above it follows
that the statistical model predicts that vpr, will be small at low and high bombarding
energies with a maximum in between. As will be seen later, this prediction is incorrect.
Realistic calculations require the use of a massive computer code to carry out
computations over all J, energies of outgoing neutrons, protons, alphas, gamma-rays,
fission fragments, etc. Nevertheless the qualitative results in (i)-(iv) are generally borne
out by the computer calculations.
A variety of additional assumptions are incorporated in statistical model codes.
Earlier versions of the codes incorporated the rotating liquid-drop model (RLDM) of
Cohen et al (1974) to give values for Es(J ) and the yrast energies Ey(J)(an yrast state is
the state of lowest energy for a given J). For J # 0, E~ in (1) is replaced by the thermal
excitation energy U(J) = Ex - Ey(J). The values of Es(J ) could be multiplied by an
arbitrary factor kI or adjusted by a constant amount As, both independent ofJ (Blann and
Komoto 1982) to get better fits to experiment. The R L D M values have now mostly been
replaced by those from the global approximation to the more realistic rotating
finite-range model (RFRM), which takes into account the diffuseness of the nuclear
surface and the finite range of the nuclear force (Sierk 1986). It is still useful to retain
multiplying factor kI.
Present codes usually take.the level density expressions, from the equidistant model
(see e.g. Bohr and Mottelson 1969) since shell effects are usually considered to be
negligible at high excitation energies. For the angular momentum distribution for
fusion, they usually use the arbitrary Fermi-distribution form
a, us(L) = n~2(2L + I) TL =

n~2(2L + I)
1 + exp[(L - Lo)/rL]

(4)

where L is the orbital angular momentum, 6L determines the diffuseness, Lo is defined
from the measured fusion cross-section and TL is the transmission coefficient for the
incoming projectile. The TL for the evaporated particles are usually those derived from
optical model fits to elastic scattering data. The fission barriers are incorrectly taken
to be temperature-independent. For a more complete discussion see Newton (1989).
At present most analyses of fission/fusion excitation-function data tend to assume
the correctness of the RFRM fission barriers (ks = 1.00), to take as/a , = 1.00, or very
close to unity, and to vary 6L to fit the data. Usually very good fits can be obtained in
this way, but some physical constraint on the value of 6L is necessary. In particular
varying 6L has a similar effect to varying k s for systems (Z < 82), where most of the
fission cross-section derives from the higher angular momenta, and good fits can be
obtained with a large correlated range of kI and asia , (Hinde et al 1982). The latter
problem can be overcome if excitation functions for vp,, are also measured (Ward et al
1983), since according to statistical model calculations vp,~ depends strongly on alia ~
but little on ks (figure 5).
The analyses become more complicated when bombarding energies (E) exceed
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Figure 5. Variation of vpr, with ks(= Bs) for various values of a//a v calculated with the
code MBII. The closed circles are for av = A/lO and open points for av = A/8 (from Ward et al
1983).

about 4MeV/A in excess of the Coulomb barrier energy (Vc), because incomplete
fusion reactions (ICF) become increasingly important (Tserruya et al 1988 suggest
that there may be no sharp threshold). In one of these, sometimes known as massive
transfer, only part of the lighter reactant is captured (Wilczynski et al 1980). In
another, which is of importance in measurements of % , , pre-equilibrium (PE)
nucleons are emitted preferentially in the beam direction with much higher energies
than expected for equilibrium emission. Though these PE reactions are still not
quantitatively understood they probably arise from collisions between individual
nucleons in the target and projectile. Their velocities derive from the Fermi motion in
the target and projectile and, for the case of the projectile, these have to be combined
with its linear velocity at contact. Some nucleons may be ejected immediately on the
first scattering, whilst others undergo further scattering, some being emitted and
others leading to more and more complex particle-hole states and finally to the
equilibrated compound system. Some experimental PE-neutron multiplicities as a
function of (E - Vc)/A are shown in figure 6. A number of models have been proposed
to explain PE emission, which is potentially of great interest in giving information on
the early stages ( ~ 2-4 x 10-22s) of energy dissipation in HI-reactions. The time
evolution of a typical collision according to the nucleon-exchange transport model
of Randrup and Vandenbosch (1987) is shown in figure 7. A different type of model,
which has been applied with reasonable success, is the BME exciton model, using
the Boltzmann master equation (see for example Blann 1985; Korolija et al 1988;
Remington et al 1988). For recent reviews of this subject see C h a n e t al (1986),
Hilscher (1987) and Schr6der and H uizenga (1984).
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3. Pre-scission particle emission
The compound-nucleus statistical model assumes that the collective fission degree-offreedom reaches equilibrium in a time zI,, short compared with that for particle
emission Tp. However if the nuclear viscosity is high there is a definite breakdown of
the model and it is possible that zp ~<¢ie. This results in a reduction of the fission
cross-section afis (Kramers 1940) and an increase in the average number of particles
Pp,c emitted before scission over that predicted by the statistical model ~ , c . Further
the statistical model in its usual form does not take account of the possibility of
particle emission during the time ~ taken in the transition between the saddle and
scission configurations. This basically assumes that r,~ is short compared to particle
emission times. A long ~ would not in itself invalidate the statistical model or change
afis, though one might expect zle and z** to be related.
The quantity APp,, = Pp,, - ~ , , is related in principle to the "pre-scission lifetime".
Calculation of this time from APp,, requires knowledge of the total and partial decaytimes for the compound system as it develops from the equilibrium configuration to
scission. These can be calculated with the statistical model but depend sensitively on
the values of the level-density parameters and transmission coefficients, and on how
the thermal excitation energies are deduced. Since neutrons are usually the most
prolifically emitted particles, the clock against which the lifetime is measured is
/~pproximately the neutron decay-time. Neutron lifetimes as functions of U are shown
in figure 8 for various values of a~Bv and A. In spite of the uncertainties it nevertheless
seems very likely from the measurements that the lifetime for fission is much longer
than previously thought.
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In the case of fast fission or quasi-fission the system never reaches an "equilibrium"
situation behind the normal fission barrier; there is simply a continuous shape
evolution from the initial colliding system to the final scissioning one (figure 1). One
would therefore expect that the time scale for these processes would be shorter than
for compound-nucleus fission. Since in some cases these times can be measured by the
anglc versus mass-asymmetry mcthod (Shen et al 1987), they may offer the possibility
of calibrating the more indirect pre-scission particle technique.
3.1 Measurement of pre-scission particles
So far most studies have been of pre-scission neutrons. This is because neutron
emission is usually the fastest process and consequently the dominant mode of decay,
because of the absence of a Coulomb barrier. Also the transmission coefficients which
govern the neutron decay width are much less dependent on deformation and
diffuseness than those for charged particles.
The measurement of pre-scission neutrons takes advantage of the fact that the
intensity of neutrons emitted from the fission fragments, which are moving with
comparable velocities, is strongly correlated with the fragment direction, whereas
those from the relatively slowly moving compound system are only weakly correlated
with the beam direction. This is illustrated schematically in figure 9. Coincidences are
taken between neutrons and fission fragments, and the neutron time-of-flight (TOF)
determined. Neutron-), pulse-shape discrimination, is used to separate the neutrons of
highest energy, where the flight times are short, from the ),-rays. Kinematic focussing
ensures that the post-fission neutron intensity in coincidence with the 0 ° fission
detector is much greater than that with the 90 ° detector.
A similar arrangement to this but with the addition of a fission detector at 45 °, was
used by the Canberra group who studied compound-nucleus fission at relatively low
Ex (Ward et al 1983; Hind¢ et al 1984, 1986, 1987, 1988; Newton et al 1988). The
neutron detector efficiency, as a function of energy, a vital part of such measurements,
was measured precisely with the aid of a multi-wire proportional counter in which a
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et al 1988).
2s2Cf source, located in the target position, formed one of the cathode planes. The
neutron time-spectra were converted to velocity spectra and analysed with an iterative
computer program into components Vpre and Vpos,, where vpo,, is the multiplicity per
fission fragment. In this, as in other analyses, it is assumed that the neutrons are
emitted isotropicaily in the rest frames from the compound system or from the fully
accelerated fragments; this of course is not precisely true. An example of such an
analysis is shown in figure 10. A similar but slightly more complex arrangement to
that in figure 9 was used by the Osaka group (Hinde et al 1988a, b).
For higher bombarding energies where ICF reactions are important, a more
complex arrangement than that shown in figure 9 is desirable. The PE-neutrons have
an angular distribution which is strongly focussed in the forward direction. Therefore
the detectors are not confined to the plane perpendicular to the beam direction but are
placed at a number of angles with respect to it. Such measurements have been carried
out at Oak Ridge (Gavron et al 1981, 1986, 1987), and at the Hahn-Meitner Institute
in Berlin (Holub et al 1983; Hilscher et al 1988; Rossner et al 1988; Zank et al 1986).
Up to twelve neutron detectors, placed in a plane including the beam direction,
together with a variety of fission and evaporation residue detectors, including those of
the multi-wire position-sensitive gas type, were used. The Oak Ridge group used a
shape for the neutron detector efficiency-versus-energy curve derived from a simple
calculation and normalized it with a 2s2Cf source, whilst the Hahn-Meitner group
calculated the efficiency with the aid of a Monte Carlo code. The latter group checked
this with a 2s2Cf source (Holub et al 1983). Later Zank et al (1986) checked accurately
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their results for total neutron multiplicities in coincidence with fusion-fission events
and ER by comparison with results from a 4n neutron detector, with an efficiency of
,-, 85% for a single neutron (Jahnke et al 1983). For details of experimental methods
see the original papers.
When no PE-component is present an analysis is usually made with three moving
sources, the compound system, the detected fragment and the complementary
fragment. Fission is usually assumed to be symmetric and the velocities of the
fragments deduced from the systematics of fragment kinetic-energies and two-body
kinematics. In the iterative method, it is not necessary to assume any special form for
the shapes of the neutron spectra from the compound system and from the two fission
fragments (the latter assumed to be the same in the rest frames).
When PE-emission is also present, it has been customary to analyse the data in
terms of four moving sources, the additional one being for PE-emission. In these
analyses the spectrum shapes are parametrized as arbitrary functions of the form
t ~ e x p ( - e v / T ) in the rest frames, where ev is the neutron energy. For the PE- and
evaporated neutrons respectively, the Oak Ridge group took r, = 1-0 and 0-6, whilst
the Berlin group took the value 0"5 for both. The quantity T is a parameter with
differing values for the PE-neutrons and for the neutrons evaporated from the
compound system and the identical fission fragments. Hence for these fits there are
seven parameters, the three multiplicities and "temperatures" and the velocity vpE
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attributed to the PE-source. These can all be taken as free parameters (Berlin), or TpE
and VpE can be taken from the analysis of neutron spectra in coincidence with
evaporation residues (Oak Ridge). Typically the value of Vp~ is about half that of the
beam velocity. Quite good fits to the data can be obtained with such parametrizations,
an example being shown in figure 11.
Although PE-data are usually analysed in this way it is a somewhat open question
as to whether, in spite of the apparently good fits, the method is physically valid. Not
only may there be no sharp division between PE- and EQ-emission, but more
important, as Blann and Remington (1988) point out, "while there is no reason why
the constant-velocity source argument should be valid for precompound decay, there
are good arguments to believe that it should not". This is illustrated in figure 12, where
the results of the analysis of Gavron et al (1987) for the 207 MeV ' 6 0 + 142Nd
reaction are compared with the predictions of the BME model. The agreement
between the two is good above 12 MeV but below this there are wide differences in the
shapes of the PE- and EQ-components. Such effects could result in incorrect values
for Vp,, when the multiplicity of PE-neutrons is large.
The results for Vp,e have finally to be compared with those from statistical-model
calculations. Since these refer to the equilibrated system the effect of any PE-particle
emission should be taken into account. Usually only the PE-neutrons, which are the
most prolific, have been considered and the excitation energy reduced by the amount
MpE(epE'+ B~) where epE is the average energy of the PE-neutrons and MpE their
multiplicity. Blann (1985) has pointed out that the PE-particles also carry away
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significant angular momentum. This should be taken into account as well as any
reduction due to massive transfer reactions, but so far has not been considered.
3.2 Results of pre-scission neutron measurements
The measurements so far can be roughly divided into two classes, those at low
energies (Ex ~< 100 MeV) and those at higher energies. The former have the advantage
that complete fusion, without significant ICF-effects, is the dominant reaction
mechanism but the disadvantage that Pore forms a major part of the measured vvre.
The latter have the advantage that vpr, is relatively unimportant but there may be
difficulties with PE-emission and massive transfer. Also a significant part of the
fission-like cross-section may arise from angular momenta where EI(J ) <<.0, most
probably resulting in a composite system with a shorter lifetime than for compoundnucleus fission.
Much of the low-energy work has been done by the Canberra group, who have
made detailed and complete measurements and analyses of fission and evaporationresidue cross sections (trfis, a~R) and of vprc as functions of bombarding energy. Hind¢
et al (1986) have plotted Vtot = vprc + 2Vpos,against the available excitation energy for
fission Ex(f) (for definition see original paper); v,o, should exclude PE-neutrons and
hence E~(f) should be appropriately reduced (.,~ 20 MeV per PE-neutron). Such a
ialot is very useful for assessing the reliability and absolute normalization of results,
which should lie on a nearly straight line, almost independent of mass. They have also
considered the effect of neutrons emitted during the acceleration of the fission
fragments (Hind¢ et ai 1984). Since the conventional analysis of the experimental data
assumes that all post-scission neutrons are emitted after the fragments have reached
their asymptotic velocity, the apparent value of vpr~ is increased. This effect is only
important for nuclei with high fissilities (x > 0.75), where there is a large energy gain
between saddle and scission.
Some of the data are compared in figure 13 with the results of statistical model
calculations with av = A/lO MeV- ', al/a ~ = 1.00, the RFRM fission barriers and 6L
adjusted to be consistent with the fission and fusion excitation functions. The
agreement between calculation and data is reasonable for the lighter systems and
lower E~ but is not good for the heavier systems. Additional data on the systems in
figure 13 as well as on the compound systems 217Fr, 224Th, 236U and 236Cm,
produced with 2aSi beams, are reported by Hinde et al (1988). The effect on vpr, of
varying ay/av, but keeping good fits to the fission/fusion excitation functions by
changing ky, is illustrated in figure 14. The effect of varying av is also shown and is
even smaller for systems lighter than Pb. Good fits cannot be obtained for the two
higher energy points if it is required that the low-energy points be well fitted. It might
appear that in many cases the statistical model can give good fits to the fission/fusion
and vpr~excitation functions, at least for lower E~. Unfortunately, at present, these fits
cannot be used to give reliable values for the statistical model parmeters because
dynamical effects still occur in these regions, effects of temperature on the fission
barriers are not included in the codes, and because of uncertainties in the angular
momentum for fusion. This is extensively discussed by Newton et al (1988), who
conclude that the accuracy of the RFRM fission barriers has not been demonstrated
to better than + (10-15)% and the value of al/a v determined to better than ~ + 5%.
Hopefully this situation will change when proper account of the dynamical and
temperature effects is included in the codes.
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Hinde et al (1987) studied the dependence of vpr~ and v~,,~, on mass split for the
reactions of 105 and 120 MeV 19F with Za2Th. The results showed no evidence for
quasi- or fast-fission in that, vpr, did not depend on the mass of the fragment within the
accuracy of the data. The data were also inconsistent with the predictions of the
random neck-rupture model of Brosa and Grossmann (1983) and Brosa (1985).
Holub et al (1983) and Zank et al (1986) have determined values of Vpr~ for the
systems ~65Ho+2°Ne (220, 292 and 402MeV), 141Pr+4°Ar (316MeV) and
17SLu -t- 12C (192 MeV) leading to iridium-like nuclei. They have measured neutron
spectra, in coincidence with ER and fission fragments, and fission-fragment angular
distributions. Significant PE-neutron emission was seen in all cases apart from the
4°At-induced reaction. For ~ S L u + 12C, significant massive transfer probal~ly
occurred, as would be expected for such high-energy 12C ions and as was evidenced by
an average linear-momentum transfer of ~ 85%. With many neutron detectors and
with fission detectors in and out of the beam/neutron-detector plane, they were able to
show that the assumption of isotropic neutron emission from the rest frame of the
equilibrated compound nucleus was consistent with the data. On the other hand the
PE-emission was very anisotropic with respect to the spin direction (Zank et al 1986).
Comparison of data on Vtot from neutron TOF and from the 4g-neutron detector
showed good agreement for Pr + Ar, but a discrepancy of 19% for Lu + C. The TOF
data for the latter were therefore increased by this amount since the 4~-detector
should be much less subject to error. Their values of vprc for the reactions Ho + Ne
(220, 292, 402 MeV), Pr + Ar and Lu + C are 5.6 + 0.5, 5-8 + 0"5, 5"3 + 1-0, 3"6 +_0-6
and 6-3 + 0.8 respectively. All are well in excess of those calculated from the statistical
model, although fission in the 4°Ar and 2°Ne-induced reactions comes mostly from
systems with E I ( J ) = 0 for which the model is invalid.
Hilscher et al (1989) have studied neutron and light particle emission from the
reactions 832MeV32S + ~44'154Sm, which lead to systems with T ~ 5MeV. With
such high bombarding energies a variety of reactions from deep-inelastic scattering,
through quasi-fission to compound-nucleus fission occur and can be distinguished
from one another with the aid of multi-wire detectors. Results suggest that vpr, is
smaller for asymmetric mass-splits and is in the range of 10-15 for symmetric splits.
Rossner et al (1988) have studied the neutron-deficient compound system 2°SFr
through the 205 MeV 36Ar + 169Tm reaction. They find a value for vpr, of about 1 and
that Vpo,t is dependent on mass-split, varying from about 2 for A ~ 75 to ~ 4 for
A ~ 135. For more details of this, so far unpublished data and a discussion of all of
the Berlin results, see Hilscher et al (1987).
Gavron et al (1986, 1987) have carried out a detailed study of the ~SSEr system
formed in the reactions induced by 207 MeV ~60, 180MeV Z4Mg, 180MeV 3'S and
216 MeV 5°Ti on appropriate targets. They measured neutrons in coincidence with
ER and fission fragments. Only for the ~60 reaction was a significant PE-muitiplicity
(,-, 1) apparent. Their results for Vp,, (see figure 16) were (apart from the S°Ti reaction)
in excess of those obtained with the statistical code PACE2. Gavron et al (1981) have
also reported measurements of vpr, for the ~7°Yb system induced by 176 and
239 MeV 2°Ne and 192 MeV ~2C projectiles.
Hinde et al (1988a, 1989) concluded that the results of Gavron et al (1986, 1987)
were in error because their values for V~o~lay well below those for other similar cases
and from calculated expectations when plotted against Ex(f). They confirmed this
conclusion by making a measurement for the 160 + t~2Nd reaction at 178 MeV;
results for vtot are shown in figure 15. Their value for vp,¢ of 3.95 + 0"3 is much higher

191

P r e - s c i s s i o n e m i s s i o n in H l - i n d u c e d f i s s i o n
' ' ' '

I

'

'

'

'

1

'

'

'

'

1

'

'

'

'

1

'

'

'

'

1

'

'

'

'

10

8

oo

6

*

~tot
4

/
0

n,'x DECAY ONLY

/,,

I,,,,I,,,,I,,,,I,,,,I,,,,

25

50

75

Ex(f )

100
(MeV)

125

50

Figure 15, Total neutron multiplicity shown as a function of available decay energy. The
new result for lSSEr (Hinde et al 1988a) is shown by the filled circle, whilst the open circle
just above it includes a correction of 0.42 + 0.15 to account for charged particle emission.
The other results for ' SSEr are those ofGavron et al (1987), not corrected for charged particle
emission (open circles); they, starting at the lowest excitation energy, refer to the reactions
induced by ~°Ti, 32S, 24Mg and '60 respectively. The data for 168Yb (filled squares) and
' 7°Yb (open squares), a re from Hinde et al (1986) and Gavron et al ( 1981 ) respectively (from
Hinde et al 1988a).
7[..,,

i''''l''''l''"

",['"

~0

75

150 175

100 125

Ex(C.N.)(M V)
Figure i6. Pre-scission neutron multiplicity as a function of the excitation energy of the
compound system. References to data are as in figure 15, The statistical model prediction for
the t~O-induced reaction leading to tSSEr is shown by the dashed line (from Hinde et al
1988a).

192

J 0 Newton

than that of 2.7 ___0.4 (Gavron e t al 1987) taken at considerablyhigher energy. G a v r o n
et al (1987) note that their result of 5-7 + 0-2 for the multiplicity of evaporated neutrons
leading to evaporation residues is less than the value of 7.5 which they calculate with
their statistical code, so possibly all these discrepancies may arise from normalization
errors. As can be seen in figure 16, which shows values for vpr~for a n u m b e r of nearby
systems, the apparent errors in the results of G a v r o n et al (1987) make much larger
errors in the values for A%~e, which are relevant to the determination of viscous
effects.
Hinde et al (1989) also report measurements of vp,e for systems produced by
178 MeV 160, 149 and 215 MeV 2°Ne and 148 MeV 7Li on targets of t42Nd, 16aEr,
181Ta, 197Au, 2°9Bi and 232Th.
3.3 S y s t e m a t i c s o f vp, e a n d Vvo,t
A substantial amount o f d a t a on vpr, are now available and are shown, in figure 17, for
systems with approximately the same fissilities, plotted against c o m p o u n d nucleus
excitation energy (Hinde et al 1989). There is remarkably good consistency between
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the data of all groups, except that of Gavron et al (1987). For each fissility, Vp.
increases approximately linearly with Ex and all have roughly the same slopes. The
principal difference between them is that the intercept with vp. = 0 decreases with
increasing fissility. This may result in part from the increase in the Q value for fission
(Qn, defined as the difference in masses of the compound system and the two
symmetric fission products less the kinetic energy for fission), which varies from
~ - 24 MeV for x ~ 0.6 to ~ 60 MeV for x ~ 0-84.
Hilscher et al (1987) have pointed out that v~,~ would be roughly constant if the
pre-scission lifetimes were constant for all nuclei and independent of temperature.
This is because the evaporation time decreases roughly exponentially with increasing
excitation energy (figure 8). Therefore the time taken to evaporate additional neutrons
when the excitation energy is increased is small compared to that for emission of the
last neutron prior to scission, which always takes place at approximately the same T.
This is not strictly correct since the neutron lifetimes depend on B, and A and one
might expect v~t to depend on Qns- Values for 2vpo,, for a wide variety of systems are
shown plotted against compound-nucleus mass in figure 18 and show reasonable
agreement with this conclusion even though initial excitation energies range from 35
to ,-, 500 MeV. The points which lie significantly above the hatched area can be
explained as due to high angular momentum brought into the system resulting in fast
fission, and hence smaller %,, or, for the case of the triangular point, a very neutron
deficient compound nucleus with consequent large B, and neutron lifetime. Hiischer
et al point out that an investigation of any change in pre-scission lifetime with
temperature will be difficult because, even if a system is initially at very high T, it will
spend little time there due to the very short evaporation times. They also emphasize
the rather constant and low temperatures at the scission point which, for example,
are relevant to calculations with the scission-point model.
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3.4 Measurements of pre-fission protons and or-particles
A number of measurements of xv,, and ~tprc, mostly at high ~ 10 MeV/nucleon
bombarding energies with medium-heavy projectiles, have been carried out (Duek
et ai 1983, 1984; Schad et al 1984; Moses et al 1987; Brucker et al 1988; Lacey et al
1988). In contrast to Vpr,, the proton and at,multiplicities are small (-,, 0-1) because of
the Coulomb barriers and consequent longer evaporation times than for neutrons.
Further, interpretation of the data to obtain fission lifetimes is difficult because of the
considerable uncertainties involved with the transmission coefficients for hot
deformed shapes, a topic of great interest in itself. Schad et al (1984) have observed the
shadowing effect produced by one fission fragment on 0t-emission from the other and
so deduced the fragment lifetime. From this, with certain assumptions regarding E~
and J for the composite system and fragments, they deduced a lifetime of (1-3) x
10-2°s for the 143Gd system with Ex = 218 MeV. The effect of vp,, on E~ does not
appear to have been taken into account and may affect the result. Lacey et al (1988)
studied n- and ~t-emission in coincidence with fission-like products from reactions
induced by 247 and 337 MeV 4°Ar on "atAg. They found a decrease of 1/2 (1/4) in prescission particle emission for events attributed to quasi-fission as compared with
fusion fission for the 337 (247) MeV cases. They imply that this indicates a similar ratio
for the relative lifetimes for the two processes. Though this is an area of considerable
interest and one which should also be extended to the region of low E~, where
compound nucleus formation is dominant, we shall not consider it further because of
the many uncertainties in lifetime determination.
3.5 Measurement of giant-dipole y-rays
Emission of statistical y-rays, as well as of particles, does occur from a highly excited
nucleus. Although an improbable process (typically F~ ~ 10-4F~) these y-rays can be
observed and have the strength function of the giant dipole resonance (GDR) (Newton
etal 1981; Snover 1986, 1988). Their study can provide information on nuclear
deformation at high spin and excitation energy and they have the advantage that
Fy/F~ increases with E~. Very good fits to experimental y-ray spectra up to E~
~ 20 MeV can now be obtained with the use of statistical model codes (Snover 1986,
1988). Therefore, in principle, it should be possible to use this technique to determine
pre-scission lifetimes and the shapes of the nuclei from which the pre-scission ~,-rays
are emitted. Since the centroid energies of the GDR are roughly 78/A 1/3 MeV, those
for the compound system and fission fragments are reasonably well separated.
A measurement of this type has recently been carried out by Thoennessen et al
(1987), who observed y-rays in coincidence with fission fragments from the 160 +
2°aPb reaction. The y-rays were detected in a 25.4cm x 38.1cm NaI(TI) detector
placed collinearly with two of four fission detectors, each separated by 90 ° in the plane
perpendicular to the beam direction. The results, shown in figure 19, indicate that
there is a large discrepancy between the observed results and those calculated with
the modified statistical-model code CASCADE for the region 8 < E 7 < 12 MeV. The
discrepancy can be removed if the intensity of the pre-scission y-rays is increased
3-4 times over that predicted with use of the GDR sum rule, which fits other cases
well (Snorer 1986). The authors attribute this to a hindrance of the fission degree
of freedom in the early decay steps, i.e. zp ~<xI~, and include this effect in their
CASCADE code, giving excellent fits. However they do not appear to consider the
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possibility that some or all of the excess )'-rays may originate during the saddle-toscission transition. From the total yield and the relative yields at 0 ° and 90 ° they
deduce that the pre-scission ),-rays arise from a prolate system with a deformation # =
0.33 + 0-06. Unfortunately there is some doubt (Hinde et al 1988) regarding the ER
cross-sections and consequent statistical-model parameters (Vulgaris et al 1986) on
which the above analysis has been based. It would be of considerable interest to repeat
this after remeasuring aEa and to take into account the %,, measurements for this
system, which are now available (Hinde et al 1988).
Measurement of giant-dipole ),-rays should prove a valuable addition to our
methods of studying dissipative effects in fission. Study of systems lighter than 224Th
may be in some respects easier because of smaller Qns and the consequent larger ratio
of pre- to post-scission ),-rays.

4. Nuclear dynamics and dissipation
The dynamics of fission involves the study of a unique superdense quantum Fermiliquid, with a finite number of constituents, and of its conservative potentials and
dissipative processes. For excellent discussions of the basic physics see Bj¢rnholm
(1985, 1986). The early interest in the liquid-drop model of the nucleus waned for
many years, partly due to the great success of the shell and related models used in
nuclear spectroscopy. These models, applied mainly to nuclei with zero or very low
temperatures, assume the nucleons to move almost independently in a mean field
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which arises from all of the other nucleons. The latter allows the possibility of
collective motions, such as rotations and vibrations, which are also seen in liquid
drops.
It was not until the advent of heavy-ion accelerators, which enabled the study of
collisions between massive nuclei, that nuclear dynamics at finite temperatures could
be investigated. The discovery of deep-inelastic collisions in the 1970's again focussed
attention on the nucleus as a liquid drop (see for example, Schrrder and Huizenga
1984). These reactions indicated that there was a hierarchy of relaxation times
involved in this large-scale motion of nuclear matter, ranging from ~ 4 x 10-ZZs
for thermal to ~ 5 x 10-Zls for mass equilibration. Other examples of largescale collective motion are fission, quasi-fission and the fusion of heavy nuclei; all
appear to indicate that the motion of the nuclear fluid is creepy and overdamped.
In conventional liquids or even unconventional ones such a liquid 3He, which is the
nearest analogue to the nucleus, the mean-free path 2 for collisions between the
particles is normally much smaller than the dimensions of the system. In such cases
the well-known two-body viscosity r/ causes the irreversible loss of the collective
energy of the moving plate in figure 20a into thermal energy. Taking r/from the kinetic
theory of gases, the rate of energy loss per unit area is given by
U2

1 _2

2

dE/dt = ~ ~ - ~- ~ pc ~ V ,

(5)

where 6 is the average velocity of the particles and p the density. For a system of Fermi
particles, collisions are inhibited by the Pauli principle so that 2 varies with
temperature as ~ T - 2, whereas 6 is roughly independent of T; hence r/and dE/dt vary
as T-2 as observed in bulk liquid 3He (Wilks 1967). The total dissipative loss in a
system is given by a volume integral over the square of the velocity gradients.
In contrast to liquid 3He, the nucleus contains only a small number of constituents
and 2 is significantly greater than nuclear dimensions, so that dissipation through
two-body collisions inside the nucleus becomes small. Dissipative energy loss can also
be caused by collisions with the surface as in a Knudsen gas. A simple illustration of
the "one-body dissipation" is given in figure 20b. The important assumption for this
process is that when a particle hits either plate, it first sticks to the plate and is then
emitted in a random direction with a velocity distribution appropriate to the
temperature of that plate; it is essential that the particle loses all memory of hitting the
moving plate before it hits it again. Under these conditions, on the average each
particle of mass m transfers momentum - m U to the moving plate. Hence
dE/dt ~- ¼peU 2,

(6)

which is approximately independent of T. In a nucleus the collisions are with the
moving "walls" of the nuclear surface. The dissipative loss is given by a surface integral
over the squares of velocity components perpendicular to the surface, quite different
to that for two-body dissipation. Because of this, the type of "viscosity" which is
operative has a profound effect on the dynamics of nuclear collective motion. This is
illustrated in figure 21 which show', scission-point shapes calculated by Blocki et al
(1978). Note that two-body (one-body) dissipation gives more (less) stretched out
shapes than zero viscosity. This is because the system tries to minimize velocity
gradients for two-body viscosity, whilst for the one-body case it tries to minimize the
number of nucleons which can cross between the two moving "walls'.
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collective energy of the top plate moving with velocity U. (a) Conventional two-body
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The theory of one-body dissipation, for nuclei at temperatures where pairing
correlations and shell effects have washed out, was developed by Swiatecki and
collaborators, originally on the basis of classical kinetic theory (Blockiet al 1978;
Randrup and Swiatecki 1984). They derived the wall formula (similar to (6)), applying
to nuclear shapes with little or no neck, and the window formula for necked-in shapes.
Here the dissipative mechanism is not reflection from the surface but transfer of
particles between the two parts of the dinucleus in relative motion. This frictional
force is not in general parallel to the direction of the relative velocity, the coefficient for
normal friction being twice that for tangential friction. The window formula really
applies to systems with very small necks. In the intermediate situation with larger
necks both the wall and window mechanisms should be operative but so far only
simple ad hoc interpolations between the two extreme regimes have been used (see e.g.
Blockiet a11986). Attempts are being made to solve this problem on the basis of linear
response theory (DCssing and Randrup 1987). The one-body mechanism does predict
that the nuclei do exhibit very high viscosity and overdamped motion as is required by
the data on deep inelastic collisions.
A vital condition for the validity of the wall formula is the randomization of the
particle motion after collision with the wall. It is not clear how this could be
accomplished in very symmetrical systems such as spheres or weakly deformed
spheroids and Block i et al (1978) showed through quantum-mechanical calculations
that the dissipation is considerably reduced in such cases. This difficulty does not
occur with window dissipation since, after passing through a small neck, one might
expect a particle to make many collisions with the walls before returning to the neck.
Foe extensive discussions of this subject see Weidenmiiller (1980), Randrup and
Swiatecki (t 980, 1984), Swiatecki (1985) and Feldmeier ( 1985, 1987). For microscopic
calculations and consequent difficulties with the one-body approach see Yannouleas
(1985), Fiolhais (1986), Griffin and Dworzecka (1986) and Reinhard et al (1986). In
spite of the difficulties the wall formula, multiplied by a strength parameter, may
provide a useful phenomenological tool (Griffin and Dworzecka 1986; Nix and Sierk
1986, 1987).
So far we have assumed that the meaning of dissipation, viscosity or friction in
nuclei is obvious. However this is very far from the case. The nucleus is completely
isolated, with a small number of constituents and with no essentially infinite heat sink
as for normal systems. Its dynamical behaviour is analogous to that of Brownian
motion in which a small particle of mass M is kicked around by irregular collisions
with the fluid molecules of mass m <<M. The particle makes a random walk in normal
space and is subject to a force consisting of an average component and a fluctuating
component with an average value of zero. The equation of motion (Langevin
equation) is not easy to solve by analytical methods because it involves the fluctuating
force, though it can be solved by numerical trajectory calculations (Abe et al 1986).
For this reason it has been more usual in nuclear applications to use the classical
Fokker-Planck equation (FPE), which can be derived from the Langevin equation
under certain assumptions.
Though dissipative phenomena in nuclei do resemble those of Brownian motion
there are significant differences, which make the solution of the nuclear problem a
much more delicate matter. The ratio M / m is only ~ 102 for the nucleus compared to
~ 1020 for Brownian motion so that large fluctuations and strong friction forces are
expected; these are directly related. The isolated nucleus has a small number of
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constituents and its various relaxation times are not greatly different. For further
details of this complex subject see the excellent reviews of Weidenmiiller (1980) and
Feldmeier (1985, 1987) and for a discussion of the possible effects of quantum
mechanics on classical transport equations see Sami and Richert (1987).
Kramers (1940) was the first to apply a one-dimensional F P E to nuclear fission. He
deduced that the stationary value of Fik (the flow over the barrier), after the
Boltzmann distribution at the saddle point has built up (t >> Tie), is given by (for

/~ < o, ollO)
r'ik = F~.W{ [1 + (,8/2O~o)2] 'a -/~/2o~o },

(7)

where fl is the "reduced frictional constant" (Hassani and Grang6 1984), coo is the
frequency of the inverted oscillator which osculates the nuclear potential at the saddle
point and F~ w is very close to the statistical-model width for fission decay. For critical
damping ~ = fl/2co o = 1. Substantial reductions on F~ w occur because the viscosity
reduces the flow over the barrier, e.g. for 7 = 1, Ffk----0.41F~ w. This is illustrated in
figure 22 which shows that an increasing proportion of the flux at and beyond the
saddle point returns to the equilibrium deformation as ~ increases. It also emphasizes
the large fluctuations which occur in the Brownian type diffusion and the fact that
quantities such as Ts, are only average values.
Grang6, Weidenmiiller and collaborators have treated the time evolution of the
classical' probability density at the saddle point by means of the F P E in the twodimensional phase space of the deformation degree of freedom q and its associated
velocity p. They have related this to the number of neutrons emitted before the saddle
point is reached. To solve this problem correctly would require a dynamical
calculation from the time that the projectile and target made contact until the saddle
point is reached. However for simplicity they assume that at t = 0 the nucleus starts off
with the fission degree-of-freedom cold and a Gaussian distribution o f p and q centred
at the first minimum (equilibrium deformation) of the static nuclear potential V(q, J);
the widths in p and q are approximately related to the zero point motion in V(q, J).
Examples of the development of the fission decay rate as a function of time are shown
in figure 23 for E I = 4MeV. The decay rate overshoots the asymptotic value of
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Figure 23. The fission rate ~.i(t) (in units of 1021s-t), evaluated at the saddle point for a
nucleus with A = 248 and E I = 4 MeV, as a function of time for various friction constants.
The left-hand (right-hand) side of the figure corresponds to underdamped (overdamped)
motion of the collective variable in the potential pocket. The dashed curves are the results of
numerical calculations and the dash-dotted curves of analytical approximations. The
horizontal dashed lines give the quasi-stationary values of Kramers (from Bhatt et al 1986).
Kramers for T---5 MeV, i.e. when Ej./T < 1, indicating that transient effects are
beginning to dominate and that there is no meaning in talking of the build-up of the
Boltzmann distribution at the saddle point. For low values of E I / T , fission occurs
essentially in one swoop over the saddle point and rl, becomes independent of ft. A
typical variation of ~I, with fl is llustrated in figure 24. The sharp decrease at low fl
reflects the increasing interaction between the heat bath and the collective degree of
freedom, whilst the slower increase above the minimum is due to the increasing
viscosity slowing down the probability flow. The FPE is difficult to solve unless
restricted to a single fission coordinate (q) and a constant one-dimensional friction
parameter ft. These restrictions are unrealistic and to this extent the calculations must
be regarded as schematic. For more details, see Newton (1989) and Weidenmiiiler
(1987) and references therein.
4. I Application to pre-scission neutron data

The most detailed theoretical analysis of %,, data has been carried out by Grang~ et al
(1986) and Gavron et ai (1987) on the four reactions leading to t58Er (Gavron et al
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1986, 1987). They have calculated ~'pteutilizing the ideas above, either by the numerical
solution of coupled equations (Grang6 et al 1986), or with the Monte-Carlo statistical
code PACE2 which was modified to take them into account and included the RFRM
fission barrier (Gavron et ai 1987). Neutron emission during the saddle-to-scission
transition was also included with the aid of an analytical expression deduced by
Hofmann and Nix (1983) and Nix et al (1984), using the FPE. The potential V(q, J) at
the equilibrium and saddle points for a given J was calculated as in Sierk (1986), whilst
those between the equilibrium and saddle points were deduced on the assumption that
the shapes were the equilibrium configurations for larger values of J. Beyond the
saddle point the shapes were generated by following the non-dissipative dynamical
evolution of the rotating nucleus constrained to be axially symmetric (Sierk and Nix
1980); this may not be a good approximation (figure21). Various analytical
approximations to results from Fokker-Planck calculations were used (Grang6 et al
1983; Bhatt et al 1986) to give values for the "transient time" z, defined as the time
taken to reach 90% of the Kramers stationary flow.
The calculations used the statistical model parameters deduced by van der Plicht
et a! (1983) from afis excitation functions, except that a f / a , had to be increased to
bring the calculated values of efis into agreement with experiment; both the Kramers
correction and ~fc reduce efis. A comparison of calculated and experimental results for
the 160 + ~42Nd case is shown in figure 25. The 2"Mg and 32S-induced reactions
exclude the region of low//and Gavron et al (1987) claim the results indicate that fl
~ 6 x 102~ s -1, a value 2-3 times that required for critical damping. A much higher
value (12-30 x 1021 s- 1) would be required if there results for Vprcwere too low (Hinde
et al 1988a, b). The time delay actually involved in fission can be much less than T for
higher J, when E f ( J ) < B, and hence Fih(J ) > F,. In this case fission occurs on
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vertical dashed line (from Grang6 et al 1986).
average before F:(t) has reached its asymptotic value, i.e. before the fission degree of
freedom has reached equilibrium. Thus Gavron et al (1987) state that the average time
duration in units of 1 0 - 2 t s until the nucleus passes over the saddle point (scission
point) for the 160 + 142Nd reaction, varies from 8(12) for J = 65 to 3(9) for J = 75.
Recently Delagrange et al (1986) and Grrgoire et at (1988) have developed a
generalized diffusion equation to follow the time evolution of a system towards fission,
including the emission of light particles (v, rr, n) on the way. They comment that their
method is very flexible and would allow the inclusion of coordinate-dependent inertia
and dissipation coefficients. They have also calculated vp,c for the t 6 0 reaction leading
to lSSEr. In the calculations they have included the temperature dependence of Ey,
have taken the one-dimensional friction constant as that obtained from the wail-pluswindow expression of Sierk and Nix (1980) at the saddle point, and have parametrized
the potential l/(q,J) with a cubic function. They obtain a value of 3-2 in good
agreement with the experimental value 2.7 + 0"4 (Gavron et al 1987), but low if the
results of Hindu et al (1988a, b) are correct. However the theoretical value appears not
to include saddle-to-scission emission.
The effect of friction on lifetimes for spontaneous fission has been investigated and
an upper limit to fl of 3 x 1020 s- 1 established (Dagdeviren and Weidenmiiiler 1987).
This is consistent with zero as expected for low temperatures.
The other experimental data on Vp,c have been analysed by simpler methods. Hindu
et al (1986) modified the statistical model code A L E R T 1 to take account of the delay
time, neutron emission during fragment acceleration and saddle-to-scission emission.
However they did not include the Kramers correction to F (equation (7)). G o o d fits to
fission and ER excitation functions were obtained with a / / a , = 1.0, a, = A/IO, the
R L D M fission barriers and allowing k / a n d 6L to vary. They found that all of their
vp,c data, covering a wide range of fissility, plus the 175 MeV 2°Ne + t S°Nd value from
Gavron et al (1981), could be fitted well with z~ = 30 x 10 -2t s (figure 26), or Z:e =
70 X 10 -21 S, or with ~ s , = z r e = 2 0 x 10-21s. Changing a, to A/8(A/12) increases
(decreases) these times by a factor of ~ 2. The results for r,~ were based on E x being
the average of that at the saddle point and that for spherical fragments at scission,
which is probably an overestimate. Another extreme value would be to take Ex at
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Figure26. Comparisonof experimental values of v0rc with calculations with the statistical
model (full lines, see text) and in addition allowingemission during fragment acceleration and
in the transition from saddle-to-scission with z,, = 30 x 10- 21s (dashed lines). The effect of
omitting emission during fragment acceleration is shown for ~SlEs by the dot-dashed line.
This effect is much smaller than for the statistical model calculations alone (see figure 13),
because of the extra coolingprovided by neutrons emitted during z~,(from Hinde et a11986).
the saddle point, on the basis that most time is probably spent there. If this is
done, %s is increased by factors of ,-, 2 for A ,-~ 160 to ~ 4 for A ~ 250.
Holub et al (1983), Zank et al (1986) and Hilscher (1987) have analysed their
v v , c data in terms of saddle-to-scission emission, with a, = A/IO, a l i a , = 1"0 and
k/(RLDM) = 0.8, and find z~ = 14_+a
aS, •~a+4s
" - 2 s . .,m+
. . is x 10-21 s for the Ar, Ne and C
induced reactions respectively.
Hinde et al (1989) have analysed their and some other data by a similar method to
that of Hinde et al (1986) for saddle-to-scission emission. They have evaluated z,s for
the extreme assumptions of taking the thermal excitation energy during the transition
as (A) that at the saddle point (lower limit) and (B) the mean of that at the saddle point
and for two spherical fragments (upper limit). The results are shown in figure 27. For
reactions which should be entirely fusion-fission the timescale increases by a factor of
,-, 1-5 over the range for (A) whereas the converse happens for (B). Thus roughly the
time scale is approximately constant over this large range of fissility. For reactions
which should have a mixture of fusion-fission and fast-fission the overall time scale is
slightly lower for light systems and substantially lower for heavier ones, especially for
(A). Their result (B) of -~ 20 x 10-21 s for the 214 MeV 2°Ne-F 2a2Th system (mass
width F W H M = 60 _ 5) compares with that of ~ 15 x 10- 2~ s obtained by Tok¢ et al
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(1985) for the z3su + 27A1 reaction ( F W H M = 64 + 4), which would be expected to be
somewhat faster. They claim that this suggests that (B) with a , = A / I O sets a lower
limit to the range of acceptable time scale calculations, and therefore for fusion-fission
the lower limit is ~ 30 x 10 -2~ s.

5. Conclusions
All data and analyses, with the exception of G a v r o n e t al (1987), agree in giving a long
time scale ( > 30 x 10-21 s) for c o m p o u n d nucleus fission, which implies overdarnped
motion. Fission-fragment kinetic energies result from the C o u l o m b energies and
fragment velocities at scission together with a small contribution from rotation. As
seen in figure 21, scission shapes for two-body viscosity are more stretched out and
hence have lower C o u l o m b energy than those for one-body friction. However by
arbitrarily choosing a low value for the two-body viscosity, corresponding to ~ 30%
of critical damping, it is possible to get sufficient kinetic energy at scission to give an
excellent fit to the experimental data. A good fit can also be obtained with full onebody dissipation (Sierk and Nix 1980) and a still better one if the strength of the wall
formula is reduced by a factor ranging from 0"5 for lighter systems to 0-2 for heavier
ones (Nix and Sierk 1986, 1987). Hence the combination of the %re and fragment
kinetic-energy data appears to rule out simple two-body viscosity and to support one-
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x < 0-65 are not very accurate since they were extrapolated from the curves of C~rjan et al.
Smaller values would be expected if the strength of the wall formula had to be reduced (from
Newton et al 1988).

body dissipation, though perhaps in a more complex form than the simple wall
formula type.
More experimental studies are required for systems with a wide range of fissilities,
bombarding energies and entrance channels, including n, ~ and ~ emission as well as
neutron emission. It would be of great interest to be able to separate the contributions
from the pre- and post-saddle periods to vp,,. It seems likely that the saddle-to-scission
component may become relatively more important with increasing fissility because of
the increasing shape difference between the saddle and scission shapes (see figure 28),
whereas TI, is probably rather insensitive to fissility. It would be valuable to gain
further information on the time scales of fast- and quasi-fission and to obtain an
absolute calibration of the "neutron time scale" by comparison with results of the
angle versus mass-asymmetry method.
Further development of the theory is desirable to include multi-dimensional
collective coordinates together with shape and temperature dependent dissipation
tensors. The calculations should be followed from contact in the entrance channel,
rather than from an arbitrary starting point of thermal equilibrium for all except the
collective degrees of freedom in the compound nucleus.
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