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Abstract 
Recent models as well as new trajectory calculations used to Interpret the 

experimental data on a-accompanied fission are presented and experimental hints 
towards the emission mechanism are pointed out. The important question of the 
distribution of the emission points and moments is brought up : are these 
particles coming only from the region between the fragments (the neck) or, are 
they comming with comparable probability, from any point of the surface of the 
fissioning system ? and : are they emitted just at scission or at any 
sufficiently deformed stage of the fission process ? 

The simultaneous division of the nucleus into three fragments (the true 
ternary fission) is discussed In terms of the dynamical liquid-drop model. It 
is suggested that this process occurs in the tail (corresponding to 
overelongated shapes) of the distribution of the fission probability in the 
multidimensional space of the collective coordinates. 

I. INTRODUCTION 
The alpha-accompanied fission i.e., the detection of a particles in 

coincidence with the two fission fragments (fig. 1), has been constantly 
considered with a particular interest mainly due to the observed angular 
distribution of these particles which is strongly peaked perpendicular to the 
fission axes. This feature Implies that the a particles are emitted from an 
extremely deformed nucleus and therefore they could supply Information about 
the least known fission stage : the scission. 



II. STAHDARD TRAJECTORY CALCULATIOHS AHD THEIR IHHERENT AMBIGUITIES 
How has one tried to extract this information, about the manner In which the 

nucleus breaks, which these oc particles might carry along ? One has usually 
assumed simple distributions, e.g., gaussian, for the quantities defining the 
nuclear configuration at the moment of the alpha particle emission and scaled 
them to the experimental distributions via the calculation of the trajectories 
of the a particle and of the two fragments in their mutual (mainly Coulomb) 
field. 

The initial distributions on which the time evolution of the system depends 
are listed below : 
1) V(Kl) is the experimental mass distribution corrected for neutron emission. 
From this, one can deduce V(Z1) assuming K/Z = canst during fission and VCK2) 
from the conservation of the total mass A = XI + M2 + 4. 
2) V(D) = exp (-CD-D> B/2O' ZD. There are also the multipole deformations of the 
fragments es, e«,... but usully this quantities are not treated expllcltely. 
3) V(VPI) = exp (-<v^iJvV1)a/2o,IvFi), V(vita) being determined from the 
conservation of the linear momentum. 
4) VCx) = exp <-Cx-X>2/2<r2*> 
5) w(y> = exp C-Cy-y)2/2o-=y> \ 
6) tf(px) = exp(-Cp«-p»<)=/2»apv> 
7) V(py) = expC-Cpv-pv^Zo^Pv) 
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Figure 1 Experimental configuration and Ini t ia l parameters 

fission 
fragment 
detector 



From 6) and ?) 

w f E ^ - vx'Cf») ^ C f 0 '" **\^^/c^/vw^ 
i . e . , Haxwellian with T = ô p/m» 

wOO- K ^ - K^"^ 
XsVl 

and 

can be inferred. 

Even without assuming anything about the nature of the process (i.e., the 

emission mechanism) the number of the initial parameters (which is at least 12) 

can be slightly reduced from general considerations like energy conservation 

and uncertainty principles. 

Supposing there Is no way to transform Coulomb energy into internal fragment 

excitation and prescission excitation into fragment kinetic energy : 

which means that D and v>- are not Independent and we are left with 11 

parameters. 

There are two quantum mechanical uncertainties with completely different 

significances, which can be used : 

a) the Helsenberg uncertainty principle : 

ùxAp,. = Ji/2 (2) 

ûyûp y = &I2 

which tels that two dynamical variables, the observables of which do not comute, 

like position and linear momentum, can not be determined simultaneously with 

Infinite precision. A means standard deviation 

b) the energy-time uncertainty relation 

AE.At = &/2 (3) 

which tels that fluctuations appear In the energy of a system with very short 

lifetime. 

The magnitudes of these effects are calculated in the Appendix. 

Remembering that, the total width of the momentum components has also a 

contribution not determined by the uncertainty principle but by the statistical 

(random) nature of the fission process : 

*fk - V<*V\ *\ 5^-- /toft?* «\ 



one can further reduce the number of initial parameters to 9 only If trP = 0 

which is unjustified a priori. 

These at least 9 parameters have to reproduce at most 9 measured quantities 

: the mean values foi_, E~ and the withs A0«i_, ûEo, of the angular and energy 

distributions of the a particles, the total kinetic energy of the fragments Ei 

and the slopes of the following correlations : 

One should not count : a) correlations like 

since1 ' 

and they are therefore redundant with the previous ones ; or 

b> inverse correlations like 7-»u(Eo.) since they are also not independent on the 

direct ones. They are consequences of the same features of the initial 

distributions. In this respect it would be worth using a realistic model -•3' 

to determine the initial parameters on which each observable most strongly 

depend along the lines of ref *\ 

It seems that, inspite of their large amount, the available experimental 

results are neither totaly independent nor have enough structures to provide 

the amount of information necessary for the determination of the initial 

distributions. The first to have pointed out that it is impossible, with the 

standard procedure, to obtain unique values of the initial parameters was A. 

Gavron S 1 for the spontaneous fission of ? s yCf. He was able to fit the data 

with any initial fragment kinetic energy between 8 and 15 XeV and even with 

larger values allowing y = 0. 

In conclusion, to remove these ambiguities one should try 

- to Increase the number of observables by looking for and exploiting possible 

fine strutures and 

- to provide theoretical estimates for some of the initial parameters by 

understanding the emission mechanism of the scission light particles. 

Some progress made in the latter direction is presented in the next section. 

Ill, THE PRESCISSION « CLUSTER EXISSIOH MODEL 

Assuming that the a cluster existing in nuclei are the source of the fission 

ct-particles (like in the a decay of the ground etate), the distribution V<x,y) 
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is given by the probability | f*(x,y, D*>| = ds of 
forming an a cluster in the ds vicinity of a 
point (x,y) on the nuclear surface at a fission 
stage defined by D". This probability was 
estimated K ' by the averlap between the wave 
function of the emitting nucleus and that of 
the a channel like in the R-matrix theory and a 
typical result is plotted in fig. 2, The 
emission points are in this model continuously 
distributed all over the surface of the 
fissioning systea with a preference, only at 
scission, for the neck region. 

The time available for the emission being 
less than lO-^'s, the particles must leave the 
nucleus with energies around the top of the 
barrier through penetration or overtransmission 
like in fig. 3. This implies there is an 
efficient mechanism, not well known at present, 
through which the distortion energy liberated 
between saddle and scission is transferred to 
the a cluster till it escapes. 5 1 0 

Z/fm 
Figure 2 : Distribution of the a 
particle formation probability 
on the surface of 2 3 B 0 at two 
stages between saddle and 
scission 

Figure 4 shows the probability of escaping as a function of the a-energy 
with respect to the top of the barrierT>*". 

As far as there is enough energy to reach the barrier height, this 
probability is independent on the emission point. It Is for this reason that 
the model does not favor, in agreement with the experiment, emissions from the 
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Figure 3 : Barriers seen by an a 
particle in the neck of a » B " 

Figure 4 : Alpha spectrum at the 
moment of emission 

fragment t ips , although the barriers are there about 5 KeV lower than in the 
neck region (see fig. 5.) 

The escaping probability from fig. 4 corrected for the extra broadening due 
to quantum mechanical uncertainties (for an estimate see appendix) provides 
theoretical evaluations for two other i n i t i a l distributions : 

- the part corresponding to positive energies Is identical with VCE"«) 
- the other part corresponding to energies below the barrier can be related 

to the distr ibution of the emission points outside the ridge of the ornucleus 
potential 

>€i • TH232 
OEF-HX» Ml/MMJM 
RON-1Î25 ROC-H» 

N»C POTENTIAL Q/I0/B/20/HV2S 

Figure 5 : The sum of nuclear and Coulomb potential for an a particle in 
"*U immediately after its most probable scission. The value In HeV of the 
equlpotentlal line are written above the right corner. 



IV - FUITE SIZE TRAJECTORY CALCUUTIOHS 

An Important progress in the 

Interpretation of the o-

accoapanled fission experimental 

data was the observation of the 

inaccuracy of the point-charge 

approximation in the calculation 

of the trajectories''". The 

consideration of the real sizes 

of the fragments has two effects: 

1) it restricts the available 

initial phase-space to the region 

outside the nuclear absorption. 

This region is limited by the 

ridge of ot-nucleus potential 

which is marked by thick points 

In fig.5 One sees that even after 

the separation of the fragment 

surfaces (solid curves) the 

interfragment region is 

absorptive (i.e., forbidden) due 

to the nuclear diffusivity, 

2) It allows the inclusion of the 

nuclear forces and improves the 

Coulomb forces. 

The result of these finlte-

slze calculations deserving most 

attention Is the oscillating 

shape of the deflection function 
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8»i.<z-.»> as exemplified in fig. 6, It indicates3• * > that in addition to quantal 
interference effects, the resulting angular distribution could present 
structures of the type shown In fig. 7. o emission with comparable probability 
from all the points around the fissioning system being the necessary condition 
for the appearance of these structures in the angular distribution, their 
experimental observation would definitively clear up the crucial question of 
the distribution of the emission points. Besides excelent angular resolution 
such an experimental requires good mass and energy resolutions to allow a 
certain selection' of the Initial configuration at scission. To avoid the 
blurring of the angle 8„i_ between ot particle and the light fragment by neutron 
emission one should also select cold events i.e., with Q - (EF + E«XBn. 

70 80 90 100 

Figure 7 : The calculated a-particle 
angular distribution corresponding to 
tue deflection function of fig 6 and 
V(z'„> = const for different angu
lar resolutions 

Figure 8 : Angular distribution 
for a-particles mesured '' in 
coincidence with fission fragments 
with well defined kinetic energy and 
mass ratio 

The recently measured1' angular distributions for events selected according 
to the above mentioned criteria seem to present such structures as can be seen 
in fig. 8, Unfortunately even these most detailed and cor-rlet? measurements 



have not the required precision to confira or disprove this still attrative 

possibility. 

V - REDUCING EXPERIMENTAL DATA TO DISTRIBUTIONS OF INITIAL PARAMETERS 

We have seen In SscII that trajectory calculations have been generally used 

to obtain initial distributions (of about 6 independent quantities) which give, 

through the Monte Carlo method, the best fit to the expérimental resuKs. 

Another, less common, use of the calculated trajectories '' , 0' is to find 

the correspondence between each experimental point (i.e., a set of measured 

quantities) and all posslblft trajectories (i.e., sets of values for the initial 

parameters) which lead asymptotically to the respective point. By subsequently 

weighting these initial values with the number of measured counts over the 

number of trajectories une can obtain distributions (of Interdependent initial 

quantities) compatible with each experimental point. 

For exemplification, the distributions obtained ' • for two of the initial 

parameters leading to the same experimental point are shown In figure 9. Each 
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of the 40 rectangles represents a trajectory and trajectories with the sane 

value of a given parameter (D", for instance) oust have dlferent values for at 

least one of the other parameters (£„', for Instance). Such plots show only the 

range of the possible values,givlng an idea of the expected ambiguities arising 

from the finite resolution of the experimental points and from the number of 

initial parameters which is larger than the number of measured quantities. To 

further inferr the distributions, really occurlng during alpha-accompanied 

fission, these partial distributions depending whether the process is selective 

or not, should be multiplied or summed, 

One should stress that this procedure is not a fit but rather another way of 

presenting the data and the results are therefore affected by the experimental 

errors. 

VI - TERHARY FISSION AMD THE DYNAXICAL LIQUID-DROP MODEL 

As recent dynamical calculations in the frame of the liquid-drop model have 

shown"', when sufficiently heavy nuclei A > 300 undergo fission they do not 

lead to compact binary shapes but they are rather forming a relatively long 

cylindrical neck which subsequently contracts at the axtremetlss to divide the 

nucleus into three fragments (fig. 10). This behaviour can be understood in 

terns of the well known hydrodynamical instability '-•'3'1 of a fluid cylinder 

of radius against perturbation with x > 2ita. CPlateau-Rayleigh). 
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Figure 10 : Time evolution of nuclear shapes leading to true tnrnery fission 



Lighter nuclei, for which the maximum of the fission probability evolves in 

the binary valley of the multidimensional space of the collective coordinates, 

have a certain chance however (given by the t a i l of the distribution extending 

to shapes with unstable necks) to fission Into three or more fragments, 

For low energy fission, the shell effects will modify the above mentioned 

liquid-drop behaviour by favoring the a part icles as middle fragiaents and 

therefore this represents an alternative possible origin for the fission a 

part icles . 
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APPBHDIX 

Let us try to estimate the minimum possible value for the width of 

V(E'»)campatible with the uncertainty relations 

Using eq. (2) and assuming emission along y axes, 

Ay is model dependent and has two contributions : 

- the radial extension of the preformation probability In the surface region 

which is about 35 fm"1» 

- the extension of the emission points beyond the ridge of the barrier (due to 

penetration) which is, from fig. 3 and 4, about 1 fm. 

From this, one obtains &E"« = 2.3 HeV Tor E"* = 1 HeV. 

Eq. (3) can be written as AE(XeV) = 3.3/ût(lC _ Ms>. The time at is : 

- the penetration time in the prescission cluster emission model " = 5.10- 2 =s. 

- the characteristic time for break-up (=<r-'c.) in the Raylelgh-unstable neck 

model , : 5> = 6.10-*=s 

- one quarter of a period for a quadrupole oscillation in the sudden-snap 

picture '»> = 4.10-**s. 

Although the definition of At depends on the assumed mechanism, its value 

seems to be model independent and it gives AE'« = 0.7 MeV 

lr. conclusion, the standard deviation should be at least 2.4 NeV for E"« =lHeV. 
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