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A formula for the fission fragment yield area in the coordinate system of the fragment total 
kinetic energy and of the fragment mass is presented. It was deduced along the lines of the multi- 
exit-channel model of fission elaborated by Brosa, Grossmann and Müller. This formula was 
fitted to the fragment mass-, average total kinetic energy-, and variance distributions of the 
thermal neutron induced fission of 235U. The obtained parameters are compared with the 
theoretical predictions. Further improvements of the fragment yield representation are discussed.

1. Introduction

The dip of about 22 MeV in the average total 

fragment kinetic energy in the symmetric mass 

region of the thermal neutron induced fission of

235u is a longstanding experimental fact which 

remained unexplained by previous fission models. 

Also the calculations of variances of the fragment 

total kinetic energy and mass distributions within 

the framework of previous theories and fission 

models do not give a satisfactory description of the 

experimentally observed variances [1]. Two-mode- 

fission was already postulated as early as 1951 by 

Turkevich and Niday [2] on an empirical base and 

was applied by Britt et al. [3] to the fission of light 

Actinides. Also recently this model was used by Itkis 

et al. [4] and Hulet et al. [5] in the pre-actinide and 

very heavy actinide regions, respectively. However, 

this picture was not successful for medium weight 

actinides and fails therefore as a general model for 

fission throughout the whole mass range.

Recently Brosa, Grossmann and Müller [6-11] 

performed Strutinski-type calculations for several 

nuclei covering the mass range from 227Ac to 258Fm, 

where the potential energy of the compound system 

was obtained also for large deformations up to the 

scission point. These calculations indicate the
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presence of several fission paths or channels, whose 

accessibilities are different for different fissioning 

nuclei. They predict the existence of four and of 

three fission exit channels for 252Cf(sf) [6] and 

235U(n, f) [7], respectively. Therefore we analysed 

our measurements of the mass-, kinetic energy-, and 

variance distributions along the lines of this model.

2. Fragment Yield as Function of Mass 

and Total Kinetic Energy

According to Brosa, Grossmann and Müller 

[6 - 11] each exit channel has its own characteristic 

shape at the scission point. For 236U they find a 

super-long symmetric channel and two asymmetric 

channels, standard I and standard II, which have a 

symmetric and two asymmetric scission shapes, 

respectively [7], These three scission shapes have 

different semi-lengths /h and neck positions zn with 

respect to the center. The average fragment mass for 

each fission channel is deduced from the position of 

the neck rn. The width of the mass distribution for 

each channel is obtained from the frequency dis­

tribution of the random neck rupture positions [9].

For the symmetric superlong channel, the average 

mass is 118 and the mass distribution must be 

symmetric around this mass. For the two predicted 

asymmetric Fission channels mass distribution with 

small asymmetries are possible. However, in the 

present work, we assume the mass distributions of
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all channels to be symmetric and of Gaussian shape:

(M - M i)2

LIGHT MASS
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i= i \2 n oM.
• exp

2 oh.
(1)

The index i indicates the fission channel, PV, the 

relative population of the channel, M, the average 

fragment mass of the heavy fragment and oM. the 

width of the mass distribution for channel i. This 

representation was used already by Straede, Budtz- 

Jergensen, and Knitter for the description of the 

mass distributions of 235U (n, f) measured at differ­

ent incident neutron energies [12], [16], Eq. (1) was 

used to fit the pre-neutron emission mass dis­

tribution for the thermal neutron induced fission of 

235U determined by Hambsch [13], The experiment 

will be described elsewhere [13], The full thick line 

through the experimental points of the mass dis­

tribution in the upper part of Fig. 1 represents the 

result of the fit and is a superposition of the three 

fission channels. The three thin lines give the mass 

distributions for the superlong, the standard I and 

the standard II fission channels separately. For the 

mass region below about mass 140 a superposition 

of the fission channels is observed, whereas above 

that mass there is only the contribution from the 

standard II channel. The numerical values of the 

parameters and their errors are given in Table 1.

Since the fragment yield was measured not only 

as function of the mass split but also as function of 

the sum of both fragment kinetic energies, the aim 

was to find a representation of the yield as function 

of both, Y{M, TKE), where TKE is the kinetic 

energy of both fragments. With the assumption of 

zero prescission kinetic energy the total kinetic 

energy is equal to the Coulomb repulsion energy. 

With the further assumption of an unchanged 

charge distribution in the nuclear charge division to 

the fragments, the Coulomb energy of each fission 

channel is given by

TKE =

Z
F(M)

Dt
(2)

HEAVY MASS

Fig. 1. The fission fragment yield from 235U(n, f) at ther­
mal energy, the (2max-value, the average total kinetic 
energy and sigma (TKE) are plotted versus the heavy and 
light fragment mass [13]. The thick lines through the 
experimental points are the results of fits. The thinner lines 
represent the yield and the average total kinetic energy of 
the partial fission exit channels.

where A and Z  are the nuclear mass and charge of 

the fissioning compound nucleus and e is the 

elementary charge. D , is the average charge distance 

between the charge centers of the nascent fragments. 

According to the Brosa-Grossmann-Müller model

this average distance is assumed to be a constant for 

each fission channel /. When the compound nucleus 

deforms towards the scission shape it moves along the 

fission valley of the potential energy surface through 

one of the exit channels [6], The frequency dis-
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Table 1. The upper part represents the parameters obtained from the fit to the experiments [13], The lower data are 
from theory [15].

Channel
name

Experiment [13]

W,

[%]

Mi

M

oh,

[u2]

D,

[fm]

°D i

[fm]

TKE,

[MeV]

Superlong 0.069 + 0.010 118 17.1 ± 6 19.4 ± 0.9 1.00 ±0.68 157 ± 7
Standard I 18.3 ±0.3 133.9 ±0.1 6.9 ± 0.4 16.0 ± 0.1 0.800 ± 0.001 187 ± 1
Standard II 81.4 ±0.4 141.1 ± 0.1 24.6 ± 0.4 17.5 ±0.1 0.691 ± 0.005 167 ± 1

Theory [15]

M, /h/S ' TKE,

M [u2] [fm] [MeV]

Superlong _ 118 ± 5 30 ± 15 19.2 ±0.5 _ 159 ± 4
Standard I — 133 ± 5 4.3 ± 2.1 16.4 ± 0.5 — 183 ± 6
Standard II — 147 ± 5 35 ± 17 19.0 ±0.5 - 151 ±4

tribution of the rupture length D will depend on the 

details of the potential energy landscape in the 

neighbourhood of the average charge distance Z), . 

Since such details are not yet known from theory, 

Gaussian frequency distributions are assumed:

H,(D. M) =
][2n aDt

■ exp
(D ~ DiY

2a2D.
(3)

aD. is the variance of the charge distance at scission. 

This frequency distribution can only be an approxi­

mation because it does not contain the Rayleigh 

instability criterion [10, 14], which allows a rupture 

only if the ratio of the compound system semi-length 

/h to the neck radius rn exceeds a certain value. The 

compound system must exceed a certain minimum 

length, according to this criterion, before scission 

can take place, and therefore the total kinetic energy 

is limited to a finite maximum value. This is not the 

case in the ansatz made in (3). A combination of

(1), (2) and (3) gives the yield distribution as 

function of mass and total kinetic energy.

Y (A/, TKE) = X
IV,

i— i

exp -
(M - Mj): 

2 oh.

F(M)

C 'Y ln  aDJ K E :
exp

F(M) _ d  ' 2

TKE
(4)

with the normalization 

F(M)
C,=

/2  n aD. • TKE:

• exp

F(M) _ D ' 2

TKE
d TKE . (5)

This description of the fission fragment yield as 

function of mass and total kinetic energy was used 

to fit simultaneously the average total kinetic energy 

TKE and its variance as function of mass. The 

parameters Wh M{ and aM. were kept fixed at the 

values obtained from the fit with (1) to the mass 

distribution alone. The six parameters D , and oD. 

obtained by the fit are given in Table 1. The two 

thick lines in the middle and lower part of Fig. 1 

show the results of the fit in comparison to the 

experimental TKE and to sigma (TKE), respectively.

3. Discussion

The gross structure of the mass distribution of the 

thermal neutron induced fission of 235U is well 

described by the sum of the three Gaussian func­

tions which can now be interpreted as individual 

contributions of the three fission channels as 

proposed in the Brosa-Grossmann-Müller model [7], 

The fit curve through the experimental average 

total kinetic energies deviates nowhere by more 

than 5% from the experiment. However, from the
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physics point of view it is more important that the 

shape of the curve and the large drop for symmetric 

fission are understood in the frame of the above 

model. The curve for the sigma of TKE shows 

evidently the presence of three channels. Above 

mass 142 the variance decreases only very slowly 

with increasing mass. This is due to the mass 

dependence in the term for the energy distribution 

of (4) and (5). Then, towards lower mass numbers 

there is a broad region of overlap of the standard I 

and standard II channels with comparable inten­

sities, which leads to an increase of the variance. 

The largest value of sigma at mass 123 is due to the 

superposition of the superlong and standard II 

channels, which have nearly the same intensity at 

this mass as can be seen from Figure 1.

In Table 1 the numerical values for the param­

eters of (4) and the average total kinetic energy for 

each channel, as obtained from the experiment, are 

given together with the parameter values obtained 

from theory [15]. The parameters obtained from 

theory [15] are presented in Table 1 in the corre­

sponding columns below the experimental ones. The 

value from theory to be compared with the present 

average charge distance at scission is l^/S', where S' 

contains the correction for the shape of the nascent 

fragments to the Coulomb repulsion energy and for 

the nuclear interaction between them [9], Good 

agreement within the errors is obtained between 

theory and experiment for all the parameters. Only 

the charge distance of the standard II channel is 

slightly off by 1.5 fm and associated with it the TKE 

for this channel.

Although the present parametrization of the 

Brosa-Grossmann-Müller model describes the above 

mentioned quantities well, it fails to describe the 

third moments of the total kinetic energy dis­

tributions, where a negative coefficient of disym­

metry between —0.35 and -0.15 was measured in 

the mass region from 125 to 160. In the mass region 

above 142 only the standard II channel is open, and 

this channel alone shows already a small asymmetry 

of the total kinetic energy distributions. Therefore 

an improved frequency distribution for D should be 

slightly asymmetric and contain the Rayleigh in­

stability criterion, which limits the yield in the high 

energy wings of the energy distributions at a finite 

maximum energy value.

The fission fragment mass-, total kinetic energy-, 

and variance distributions were recently measured

as function of incident neutron energy by Straede, 

Budtz-Jorgensen, and Knitter [12]. They fitted the 

mass distributions with two Gaussian functions in 

the asymmetric mass peak and with one in the 

symmetric mass region. These Gaussians are now 

interpreted as representations of the yields from the 

three fission exit channels predicted by the Brosa- 

Grossmann-Müller model for 235U (n, f). The experi­

ment showed no significant change of the mass 

distribution below 2 MeV incident neutron energy, 

however a small increase of the total kinetic energy 

for all fragments. Above 2 MeV incident neutron 

energy a decrease in the population of the standard I 

channel and an increase in the population of the two 

other channels were observed. The drop of the total 

kinetic energy averaged over all fragments with 

incident neutron energy measured in that experi­

ment can be explained in the frame of the above 

model by the change of the populations in the three 

fission channels. It is clearly seen in Fig. 8 of [12] 

that the average total kinetic energy for mass splits 

around mass 134 drops with increasing incident 

neutron energy compared to the thermal value. This 

is due to a smaller contribution from the standard I 

channel, which fissions with higher total kinetic 

energy than the other fission channels. Therefore a 

net reduction of the total kinetic energy averaged 

over all fragments is observed.

4. Conclusions

The present representation of the fission fragment 

yield area as function of the sum of both fragment 

kinetic energies and of the fragment mass describes 

for the thermal neutron induced fission of 235U the 

mass yield, the average total kinetic energy, and the 

variance with model parameters in sound agreement 

with those predicted by Brosa, Grossmann and 

Müller. With this model one can now explain 

quantitatively the gross structure of these distribu­

tions. Further work is required on details of the 

potential energy landscape near the scission point in 

order to obtain a frequency distribution for D , (3), 

from theory. Such a distribution must then be 

improved to describe the third moment of TKE and 

the low yield region close to the 0-value. The 

present formulation for the yield should be applied 

also to other fissioning systems to see whether the 

model succeeds also there.
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