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A microscopic description based on the density -dependent Hartree-Fock-
Bololyubov approach with several kinds of constraints is used to extract the 
characteristic features of the collective dynamics of the fission process at 
low energy. The dynamical behaviour of the nucleus beyond the second saddle 
point and a mechanism for scission are deduced. They are analyzed in the 
framework of a quantum-mechanical treatment of collective dynamics taking 
into account the variations of the collective inertia. 

1. INTRODUCTION 

Extensive experimental and theoretical work in the last twenty years has 

brought into light the key role played by internal structure effects In the fis

sion process at least at moderate energies. For instance, taking into account 

shell effects appeared to be essential in order to explain basic features, such 

as asymmetric mass division and fission isomerism . Other internal effects com

ing from the long range part of the residual interaction, also strongly influ

ence the collective evolution in the fission channel. Pairing correlations, in 

particular, act on the magnitude of the collective inertia and tend to inhibit 

the coupling to internal excitation. 

This role of internal structure in fission clearly emphasizes the interest 

of a description where all degrees of freedom are considered on the same foot

ing in a completely microscopic framewr k. In fact, an approach of this kind 

can account for both collective and internal aspects of nuclear motion in a 

unified and consistent way. It is then conceptually more satisfactory than the 

fission models where structure effects are superimposed on a classical or semi-
2 3 

classical collective description ' . Moreover, being free of phenomenologlcal 

parameters - i f one excepts those contained in the nuclear interaction- micro

scopic methods can be extended to nuclear systems or deformation regions for 

which no empirical data exist. In particular, they can help for studying the 

later stages of the fission process where the system may adopt complex prefrag-

mented configurations, whose structure closely depends on the interplay between 

internal and collective motions of nucléons. 

The puroose of this talk 1s to present some of the results obtained In the 

framework of such a microscopic approach of fission. In Its present form, the 

method used 1s adapted to the description of collective motion with small col-
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lective velocities and negligible internal heating. It is, therefore, suitable 
only for actinide fission, at moderate energies. Cn the other hand, our approach 

4 
is based on the full Hartree-Fock-Bogolyubov theory of nuclear structure . Con
sequently, internal effects, including pairing correlations are described in a 
completely microscopic and self-consistent way. The only basic ingredient is 
the density dependent finite range Dl interaction , which is specially designed 
for such type of self-consistent description. In fact, the pairing as well as 
the average field properties of this force have been tested in a variety of 
static and dynamic nuclear calculations. In addition, a recent improvement of 
its surface properties allows to account satisfactorily for fission barriers. 
This interaction therefore appears quite appropriate for fission studies, where 
pairing and surface effects are important. As to the collective aspects of the 
phenomenon, they are introduced by means of external constraining fields as 
usually done in the treatment of large amplitude collective motion. In contrast 
to previous microscopic approaches , several types of constraints are employed 
in order to reach various kinds of deformation relevant to the fission paths. 
Mass-asymmetric and axial-asymmetric deformations, in particular, are included 
and can be varied by means of appropriate constraints. The dynamical aspects of 
the phenomenon are introduced in a second stage of the approach by analyzing the 
set of self-consistent deformed wave functions in the framework of a suitable 
collective model. As will be shown, potential energy surfaces and collective 
inertia parameters can be deduced and employed for solving a SchrtJdinger-like 
equation giving the evolution of a collective wave function. 

In section 2, the microscopic method outlined above is presented in more de
tail, together with the techniques used in practice. The following sections are 
devoted to the description and discussion of some fission results obtained for 

Pu, with emphasis on the large deformation region and scission. We first con
centrate on *he behaviour of the potential energy surfaces, as they are an es
sential ingredient for the collective dynamics (sections 3 and 4). Then we dis
cuss qualitatively the main characteristics of the dynamical evolution between 
the saddle point and scission. A mechanism for the scission phenomenon is de
scribed explaining the observed sharing between internal and kinetic energies 
in fission fragments (section 4). Finally, we show that the proposed interpre
tation is confirmed in a full quantum-mechanical treatment of fission dynamics 
beyond the saddle point (section 5). 

2. THE MICROSCOPIC METHOD 
Asbriefly mentioned in the introduction, the first stage of the present ap

proach in to describe the deformed states of the fissile system by means of the 
Hartree-Fock-Bogolyubov (HFB) procedure and the constraint technique. From a 
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physical point of view, the constraints act as external fields capable of de
forming the nucleus 1n different ways. The self-consistent procedure then al
lows to test the response of the system to these external stresses, including 
all effects coming from the rearrangement of the average and pairing fields. 
With this technique, collective coordinates can be defined in a natural way by 
measuring the deformations generated by the various constraints. We point out 
that such a definition is not necessarily equivalent to specifying the shape of 
the system. In fact, all collective parameters not explicitely constrained 
automatically take values that minimize the energy of the deformed system. Con
sequently, they are not fixed. Two distinct self-consistent solutions may even 
be found, differing in the value of some unconstrained collective variable. In 
this case, the collective variables associated with the constraints cannot 
label all relevant collective paths. The occurrence of this phenomenon there
fore indicates that another collective variable, together with an additional 
constraint, have to be introduced in the description. An example of this will 
be described in the fission results. 

At low energy, the collective motion in the fission channel can be described 
by a few collective parameters. They are, essentially, the total stretching of 
the nucleus, its left-right asymmetry and its axial asymmetry. Constraints 
permitting to vary these three kinds of deformation are employed in the present 
work. Also, as shall be seen, the phenomenon mentioned above has compelled us 
to introduce an additionnai constraint in the scission region. The main charac
teristics of the self-cor.sistent method are first described. Then, it will be 
shown how dynamical aspects can be included in a natural way. 

2.1. The self-consistent method 
In the spirit of the contrained HFB theory, each deformed state of the nu

cleus is assumed to be a quasi-particle vacuum 
|*{q}> = j na({q})|0> (1) 

satisfying the variational equation 
6<*{q}|H - A„N - \ Z - i A. Q.|*{q}> = 0 (2) 

n 2 j J J 
and the constraint conditions 

<*{q}|N|*{q}> » N , <*{q} |Z|«{q}> » Z , 3 , 

<*{q} |Q j | *{q}> = qj 

Here, H is the effective nuclear hamiltonian and \ , x , \. are Lagrange 
multipliers. The f i rst two constraints ensure the conservation of neutron and 
proton numbers, while the others prescribe different kinds of defo nation char
acterized by the t of parameters {q} * ( q - . q - , . . . ) . As external constraining 
fields we choose the usual multipolar operators. The quadrupole operators 
Q 2 0 = ( 16n /5 ) 1 / 2 r. ( r . ) 2 Y° and Q 2 2 = ( 8 * / 1 5 ) 1 / 2 r ( r . ) 2 ^2 + y ^ 2 ) allow us 
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MeV 

to vary the nuclear stretching and axial-asymmetry respectively. Left-right 
asymmetry is controled by means of Q-n » (4w/7) ' z ( r . ) 3 Y, . An hexadecapole 

• 1 / 9 A. " 'A 1 • •* 

constraint Q^Q » (4*/9) ' ç {r^y Y^ 0 is also used in the scission region, as 
will be explained later. We mention that the position of the nucleus centre of 
mass has to be prescribed for numerical stability reasons. This is done with 
the help of an additional constraint proportionnai to Q i n » (4w/3) ç r. Y. . 

1U i 1 1 
Although our techniques allow the 
treatment of an arbitrary number of 
constraints, all are not simultaneous
ly employed. In order to limit the 
number of dimensions of potential en
ergy surfaces and other quantities, 
either Q 2p or Q 3 Q or Q. Q are used to
gether with Q 2 0 Q 1 0 and the particle 
numbers. 

The effective hamiltonian H of eq. 
(2) is assumed to be of the form : 
- A (P.) 2 (zP,) 2 1 A (eff) 
H = Z — — - — - — +-EV,, 

i=l 2m 2Am 2 J 

tfj-l (4) 
where Am is the nucleus mass. The 

24o first two terms represent the internal 
Fission barriers obtained for Pu with . . . . . . , -, A *. „ 
two values of the surface coefficient a. k i n e t 1 c e n e r » o f n u c l e o n s a n d t h e 

of the Dl interaction, d is the distance third one the effective interaction, 
between the pre-fragments. Axial-asym- . .. j . *. • ^ j *• •,-, 
metry is included at the first barrier A s "«ntioned in the introduction all 
and left-right asymmetry beyond the iso- our results have been obtained with 
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meric well. The vertical arrows repre T o .. „. ,. .. , 
sent values deduced from experiments l 8 t h e D 1 ««ectlvt force 
(the 0 + ground state is arbitrarily 
positioned at 1 MeV). 

Its parame-
trization includes two finite ranges 
and a density dependence. Various 
types of calculations performed in the 
. last years show that it can give an 

accurate description of a variety of nuclear properties, such as ground state 
masses and radii, odd-even effects, small amplitude collective excitations and 
low-lying levels in soft nuclei '. Spectroscopy results in transition nuclei 
in particular, provide a very sharp test of the pairing and moderate deforma
tion properties of this force, since the potential energy surfaces and the col
lective inertia are very sensitive to the details of the quasi-particle spec
trin. Concerning the behaviour obtained at large deformation, a previous deri-
vation of the Pu fiss*.^ barrier displayed an overestimation of the poten
tial energy in this region1". This effect has recently been corrected by de-
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creasing fro» 20.2 NeV to 14 MeV the surface coefficient of the interaction. 
All other characteristics of the force are pratically unchanged. The Influence 

240 of this modification on the Pu fission barrier is exhibited in fig. 1. As 
can be seen, the new parametrizatlon accounts quite satisfactorily for the 
variation of the potential energy, even at large deformation. 

We now briefly present the techniques employed in order to perform the large 
scale calculations necessary to solve the non linear HFB equations in the cases 
of heavy nuclei and several constraints. We adopt the usual iterative procedure 
where one computes and diagonalizes successive approximations of the HFB 
hamiltonian. The average and pairing fields are evaluated with the help of a 
very fast algorithm based on the separation method developed in Ref 9. Thanks 
to this technique, the exchange and pairing terms, in particular, are obtained 
from the finite range force with reasonable computing times, even for heavy 
systems. In order to apply the separation method with maximum efficiency, the 
quasi-paticle states n are expanded on finite harmonic oscillator (HO) bases. 
Two center bases built from two co-axial sets of HO states are employed for 
large deformations (in the vicinity and beyond the second barrier). Mass-asym
metric deformations are described only in axial bases. Careful attention has 
been paid to the optimization of the basis parameters and sizes, especially at 
large deformations. In particular, the convergence of the results with the 
basis dimension has been checked. 

A efficient method has also been devised for adjusting the Lagrange multi
pliers appearing in (2), in order that all constraint conditions (3) be satis
fied at each iteration. It is based on a perturbative technique that takes into 
account the coupling effects due to self-consistency. Owing to this method, an 
arbitrary number of constraints can be handled without any limitation on the 
type or magnitude of the imposed deformations. 

2.2. The dynamical description 
Our dynamical approach of the fission process is mainly based on the two 

following hypotheses : 
a) the internal structure of the fissioning nucleus is assumed to be equi

librated at each step of the collective motion. With this assumption, the dy
namical state |t> of the system can be written as a superposition of all defor
med states occurring in the fission channel. This leads to the generator coor
dinate (GC) form 1 0 

|*> » /d {q} x ({q}) |*{q)> (5) 
where |${q}> are deformed states and x((q)) a weight function containing the 
collective dynamics. 

b) the exchange of energy between collective and internal degrees of freedom 
is neglected, that is, adiabaticity is assumed. As a consequence, the states 
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|+{q}> can be taken from the static self-consistent procedure. 

The first hypothesis is easily justified in the case of low energy fission. 

In fact, the characteristic time of the collective evolution is some ten times 

greater than the one associated to the internal motion of nucléons. The second 

assumption is a stronger one, even for low collective energies. However, expe

rimental observations, such as odd-even effects in fragments, seem to indicate 

that the amount of energy dissipation is small in actinide fission . 

It is worth pointing out that the adiabatic hypothesis is probably more 

justified in the present approach than in those based on phenomenological shell 

models. In fact, the inclusion of pairing correlations prevents from the occur

rence of individual level crossings. Moreover, the residual interaction, which 

is responsible for internal excitation, is minimized in our method. Consequen

tly, the internal structure described by the self consistent states ]f{q}> 

cannot be easily excited. 

Starting from the orescription (5), the x function is given, in principle,by 

the well-known Hill-Wheeler integral equations . Because of their complexity 

we have not tried to solve them. Instead, we make use of an approximate treat

ment leading to the resolution of an equation of Bohr type : 

(-h2/2 z M " 1 / 2 3/3qi M ~ 1 / 2 (M - 1)ij 3/3qj + V({q}) - E)x({q})=0 
ij 

(6) 

Here x is a collective wave function from which the weight function x * a n be 

easily derived. M.. is the matrix of the inertia tensor, M its determinant, and 

V ({q}) the collective potential. The latter is given by the expression : 

V({q}) = <*{q}|H|*{q}> - ûE({q}) (7) 

The f i rs t term is the HFB energy of deformation, while the second one represents 

the zero-point energies coming from the fluctuations of the collective vari

ables contained in the deformed states |*>. An important feature of this ap

proach is that all ingredients of (6) can be computed from the self-consistent 

HFB approach. In particular M.. and AE are derived in the framework of the cran-
13 ^ 

king model . We point out that not only the fluctuation of the deformation 

variables, but also the one corresponding to the rotational degrees of freedom 

are included in AE, as described in Ref. 13. 

3. RESULTS FOR < Q 2 o
> " < ^30 > 0 £ F 0 R H A T I O N S -

We f i rst present the two-dimensional potential energy surface (PES) - the 

collective potential (7) -.obtained for Pu by constraining the elongation and 

the mass-asymmetry of the nucleus (see fig 2 ) . The two minima indicate the 

equilibrium deformations of the ground state and isomeric state. Both are le f t -

right symmetric. The f i rst saddle point is also left-right symmetric but unsta-
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ble againts axial-asymmetric deformation (this effect is included in f ig 1) . 
The second saddle point corresponds to mass-asymmetric deformations. Beyond 
this point, a valley Is observed whose bottom line tends to be more and more 
mass-asymmetric (this line is the large deformation part of the barrier drawn 
on fig 1). The most probable mass-asymmetry value at large deformations 
(<A,> = 106, <AU> » 134) is quite compatible with experimental results . Be-

L n 

sides, the system becomes softer against mass-asymmetry deformations, which is 
consistent with a broad mass distribution. 

At very large deformation (<Q 2o > >250b), the PES displays two distinct 
sheets labeled Nl and N2. This feature illustrates the phenomenon described in 
Section 2 : the self-consistent procedure leads to two distinct solutions having 
the same elongation and mais-asymmetry. More precisely, along the line where Nl 
and N2 cut each other, two degenerate solutions are found. In the vicinity of 
this line, one solution is truely stationary, while the other is quasi-station
ary, though well converged. As mentioned in Section 2, this situation indicates 
that a collective variable is missing in the description. As a matter of fact, 
a comparison between the nucléon distributions shows that, while Nl describes a 

240 very deformed Pu nucleus, N2 corresponds to completely fragmented shapes. 
The existence of two families of nuclear configurations at large deformations, 
which arises naturally in our self-consistent approach, does not seem to depend 
on the details of the nuclear structure. In fact a similar phenomenon was ob-
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served in liquid drop mode}s 2 » 1 5 . 

The transition fro» Nl to N2 therefore corresponds to the scission of the 

nucleus and the collective variable to be added must describe the scission mo

de. As mentioned earlier, the hexadecapole constraint Q«g has been introduced 

for this purpose. This choice appears quite appropriate since the hexadecapole 

moments of scissioned configurations typically are the two thirds of those cor

responding to un-fragmented shapes. Results obtained with the help of this ad

ditionnai constraint are now presented. 

4. THE SCISSION REGION. 

The PES obtained in the scission region by constraining Q 2 Q and Q._ is shown 

in Fig 3. The left-right asymmetry has been left free in this study. Conse

quently it takes values that minimize the total energy for given ^pn* and 

<C-Q> deformations. One observes that 

mass-asymmetry remains near A. = 106 , 

A„ = 134, all over the PES. The general 

structure of this surface displays two 

valleys VI and V2 separated by a barri

er. They correspond to nuclear configu

rations before and after scission, re

spectively. More precisely, the bottom 

lines of VI and V2 belong to the sheets 

Nl and N2 of fig 2 respectively, since 

the hexadecapole mode is completely re

laxed on the PES of fig 2. As can be 

inferred from the latter figure, the V2 

valley is much steeper than VI. In fact 

the bottom line of V2 mainly reflects 

the Coulomb repulsion of the fission fragments. One can see that the barrier 

vanishes for <Qon> > 370 b. and for <Q,n> < 220 b. Beyond these two values, the 

I50<a t 0>lb l) 

240, FIGURE 3 
Potential energy surface of ""Pu as a 
function of the elongation < Q 2 Q > ànû 
necking-in <Q 4 Q> 

<20 '20' 
valleys merge into each other. The evolution of the nuclear shape when going 

from VI to V2 is illustrated in fig 4. One notes that the nucleus is not yet 

scissioned on the top of the barrier. The region where scission configurations 

are observed is indicated in fig 3 by a shaded area (due to the diffusivity of 

the fragment surfaces, it cannot be accurately defined). The fact that scission 
can occur at several deformations is the most interesting feature of this PES 

and will be essential in the discussion that follows. 

In order todiscuss qualitatively the collective evolution on the PES of fig 

3, the influence of the collective inertia will be neglected. Also, the energy 



- 9 -

0. 
5. 

0. 
5, 

-10 
FIGURE 4 

Nucléon density distributions found at 
the points A, B and C defined in fig 3. 
Lengths are in fertnis. 

of the fissioning system is assumed in the vicinity or lower than the fission 
threshold (5-6 MeV). The fission events corresponding to the 106/134 fragmen
tation can then bre viewed as emerging at the top of the VI valley with small 
collective velocity. Their most probable oath follows the bottom of this valley 
until the barrier becomes negligible («Qpn* = 3 7 0 b). Then, as the nucleus is 

unstable against hexadecapole deforma
tion, the trajectory favours a decreas
ing of the <Q4Q > variable and eventual
ly ends by the scission into two frag
ments. At this point, the nascent frag
ments have an internal energy coming 
from collective excitations. The latter 
are completely decoupled from the mo
tion of their centers of mass under the 
influence of the Coulomb repulsion. 

Beside this most probable trajectory 
another type of collective evolution 
may happen. In fact, since the height 
of the barrier is finite and decreases 
with deformation, tunnel ling through the 
barrier cannot be excluded. This possi
bility indicates that scission could 

occur at comparatively smaller ^ O Q * deformations. In this case, the nascent 
fragments would be less deformed ant their final kinetic energy,closely depen
ding on the initial distance between the fragment centers of charge,higher. In 
the extreme situation where the fragments would appear with deformations close 
to their equilibrium ones, they would carry yery little excitation energy and 
their final kinetic energy would approach the fragmentation Q-value. Such fis
sion events would therefore be analogeous to the so-called "cold fission" 
events observed in a few actinide nuclei . 

The consistency of this discussion can be checked by estimating the fragment 
deformation and kinetic energies at the most probable scission point («Q^n* ' 
370 b) and for compact scission configurations. The deformation energy of both 
fragments is approximately given by the difference between the potential en
ergies of the two valleys at the same <Q 2 0> deformation. One obtains 34 MeV for 
the most probable events and less than 3 MeV in the vicinity of 280 b. In the 
above interpretation, cold fission events would therefore result from scission 
occurring at deformations «Oon* < 280 b. The kinetic energy for both fragments 
can be roughly deduced from the Coulomb energy E = Z. Z~ e /d , where Zj and 
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Zp are the fragment charges and d their relative distance at scission. Taking 
the values provided by the self-consistent wave functions leads to E = 180 MeV 
at <Q20> • 370 b and E c - 208 MeV at <Q2Q> » 280 b. In principle, a pre-scls-
sion kinetic energy may also contribute to the total kinetic energy. Estimating 
this contribution to be of the order of 10 MeV in the f i rs t case and 7 MeV in 
the second one, total energies are in the range 180-190 MeV for the most proba
ble fission events, and higher than 208 MeV for cold fission. These figures, 
relative to only one type of fragmentation, appear compatible with experimental 
results 1 7 . 

The description of dynamics and the interpretation of scission given so far 
are only qualitative. Besides, the variations of the collective inertia have 
been ignored. In order to ground the above conclusions on a sounder basis, a 
quantum treatment of the collective evolution on the PES of f ig 3 is developed 
in the following Section. 

5. DYNAMICAL DESCRIPTION OF COLLECTIVE MOTION BEYOND THE SADDLE POINT. 
The dynamical approach developed in this Section is the time-dependent ver

sion of the collective model presented in Section 2.2. The dynamical state of 
the nucleus on the PES of f ig 3 is assumed of the form 

|*( t )> = 'dq ? 'dq 4 x ( q 2 , q 4 , t ) |» ^ > (8) 
Here, q- = <Q20> and q. = ^vf- T n e states |* > are the self-consistent 
HFB wave function and x is a time-dependent weight function containing the 
collective information. The approximations mentioned in Section 2.2. allow to 
relate the time evolution of x to the propagation of a collective wave function 
x ( q 2 , q*. t ) . The latter can be shown to obey the SchriJdinger-like equation 

ifi 3x/3t = H C Q l l x (9) 
where H . . is a quantized collective Hamiltonian whose form is analog to the 
left-hand side of eq. (6) : 

Hcoii " - ^ ' V j s 2 4

R ' 1 / 2 * ' \ * m i"'lhs >'\ + V < W <10> 
Here, V(q 2, q.) is the PES drawn on fig 3. M.. is the collective inertia tensor 
and fl its determinant. The inertia tensor is deduced from the quasi-particle 
states |* > for each point of the (q 2, q 4) plane with the help of the 
cranking formula. Numerical results show that the matrix M undergoes large 
variations along lines perpendicular to the VI valley, while it is practically 
constant along lines parallel to it. Consequently M can be taken as a function 
of the orthogonal distance X from the bottom of VI. The matrix elements of M 
are plotted on fig 5. The cross term M ?- appears always negative. The absolute 
values of all three terms are maximum at the bottom of VI (X = 0) and tend to 
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decrease near the barr1er(* » 12) and in the vicinity of scission (X * 22). 
They increase again in the V2 valley (X » 40). One notes that the non-diagonal 
term is far fro» negligible. Its influence can be measured by performing a 
change of variables (q 2 , q 4) - (x, y) that diagonalizes the matrix M. In such a 

transformation, one of the variable, x 
say, can be chosen in such a manner 
that the VI Valley 1s the x * 0 line. 
Moreover, the transformed diagonal term 
M x x can be taken equal to 1 , while M 

, , * depends only on x. The effect of this 
change of variables on characteristic 
lines of the q 2 - q 4 PES is displayed 
in fig 6. The constant q» lines are 
strongly distorted and the lines repre
senting the bottom of V2 and the top of 
the barrier are curved. 

The equations (9)-(10) have actually 
been solved numerically in the new vari
ables (x.y). They were discretized on a 

FIGURE 5 rectangular mesh defined in the part of 
Matrix elements of the collective iner- t h e ( x y ) p l a n e r e p resented in fig 6. 
tia tensor governing q 2 - q 4 motion. , 
The variable X is defined in the text. T h e w a v e function x was computed in 
M k l is expressed i n * 2 A ^ k + 1 + 6 ) / ? successive time steps, with the initial 
MeV " 1fm" k" 1 units with A = 240. condition : 

x 0 (x.y) * A(x) G(y) 
Here, A (x) is the lowest stationary state in the potential well V(x,y * 0) and 
G(y) a gaussian wave packet centred at y = 0. This initial condition simulates 
a sub-threshold fission event at about 4 MeV of excitation energy in the 2 4 0 Pu 
compound nucleus. In order to avoid the reflections on the boundaries of the 
finite (x,y) domain, an absorptive condition equivalent to the introduction of 
an imaginary potential was employed in the vicinity of the x » 3 and y = 12 
boundaries. 

The aim of this study essentially is to determine the relative yield of 
scission events all along the scission line. To this purpose, the flux of the 
x collective wave function through successive length elements of this line is 
computed, then integrated over time. The result is presented in fig 7. The 
horizontal axis corre* onds to the scission line. The labels give different q-
deformations at which scission can occur. The curves represent the amount of 
flux that has passed from time 0 to time t,through each line element of width 
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FIGURE 6 
Effect of the variable transformation 
(o-, q*) * (x,y) on characteristic Unes 
o r the (q, - q,) potential energy sur
face. L * 

-21 AS. Times are 1n unit of 10 s. Several 
conclusions can be drawn from the behav
iour of these curves : 
a) the most probable scission region 1s 
around q, * 370 b as Inferred previous-

200 240 360 i00 
< O 2 0 X b ) 

FIGURE 7 
l u u-u-u.- . „ , „ < „ „_ i l c _ „--„„ ,«. Cumulated flux through each length ly. However, scission can also occur at m n t ^ Q f t ( w s c i S 5 | o n l i n e > T J e 

are 1n units of 10" Z 1 

ele-
tlmes 

l s. smaller q-'deformation, though with 
decreasing probability. 
b) a small proportion of scission events leading to cold fragmentations 1s ob
served. Summing up all contributions coming from scissions at q9-deformat1ons 

-4 lesser than 280 b gives a total rate of 4 10 . Let us recall that only one 
fragmentation (106/134) 1s described here. Other mass splittings may also con
tribute, though their relative yields would probably be smaller1 6. 

-21 
c) the characteristic time for the most probable scission 1s about 3.10 s. At 
first glance, this time may look surprisingly large on account of the slope of 
the potential energy (see fig 1). However, as mentioned above, the Inertia in 
the stretching direction 1s relatively large in the VI valley. Besides, it must 
be stressed that the present dynamical model Includes two collective modes. As 
a consequence, during the descent to scission, an Increasing part of the avail
able energy 1s stored In the x-modt, orthogonal to the stretching direction y. 
One also notes that a large characteristic time 1s consistent with the hypoth
eses of the model (see the beginning of Section 2.2.). 

It must be pointed out that the figures given above should be considered 
only as orders of magnitude, since they may depend on the Initial condition 



- 13 -

chosen here. In particular» starting from other functional forms for x may 
alter the energy sharing between the two collective modes. 

6. SUMMARY AND CONCLUSIONS. 
A completely microscopic approach of low energy fission dynamics has been 

developed in this work. A realistic description has been searched by takinginto 
account in a self-consistent way all effects coming from the internal structure, 
as well as several collective degrees of freedom. In particular, pairing corre
lations and their influence on the collective motion have been included at a 
microscopic level. The effective nuclear interaction chosen -the only data in 
this approach- is especially appropriate for this study, since its parametri-
zation accounts satisfactorily for both internal and deformation properties of 
nuclei. 

240 Potential energy surfaces have been shown for Pu. Their trends appear in 
excellent agreement with known data deduced from experiments. A quantitative 
analysis of the collective dynamics in the later stages cf fission leads to a 
new interpretation of the scission process. The proposed mechanism explains 
how fission fragments can have a broad distribution of excitation and kinetic 
energies. The experimentally observed "cold fission" events, in particular, 
appear as resulting from scissions occurring at relatively low deformation. For 
the specific fragmentation studied (106/134), the estimated kinetic energy 
distribution is in agreement with experimental data. Finally, the relative 
yield of cold fission events calculated in a quantum-mechanical dynamical 
model, seems compatible with experimental measurements. 

Extensions of the approach presented here to more complex situations in fis
sion and in other large amplitude collective phenomena can be envisaged. For 
example, quasi-particle excitations can be described by a suitable generaliza
tion of the dynamical model of Section 2-2. The inclusion of these excitations 
would permit to control the adiabatic hypothesis in the descent from saddle to 
scission and to anoly the microscopic approach to higher fission energies. A 
more straightforward generalization of the present work is to extend the 
self-consistent procedure to finite temperature. It would permit to study the 
collective evolution of heated nuclear systems, such as the fission of the 
composite systems formed in energetic heavy ions colli sic is. 
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