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ABSTRACT 

The correlation betvmem the angular anisotropy and the mass asymme-
try of the fragments has b«en determine d in -the fission of U 2 5 5 induced 
by 4- MeV neutrons« The kinetic energies of the pair fragments emitted 
parallel and perpendicular to the incident beam direction are measured by 
a three dimensional analogue to digital converter incorporated with the -
print-out arrangement. The anisotropy has been found to increase with i 
the asymmetry in the region of mass ratios 1.2 to 1.7. The observed va-

2 riation of the total kinetic energy E^ and the mean square deviationAJ--, 
^ nc 

are found to be different from that observed in the case of thermal fi-
ssion. The various possibilities leading to the observed dependence of 
the anisotropy on the asymmetry are discussed. 





ANISOTROFY AND ASYMMETRY" IN THE FISSION 
OF U-235 INDUCED BY 4 MeV NEUTRONS 

S.S. Kapoor, D.M. Nadkarni, R. Ramazraa and P.N. Rama Rae 

INTRODUCTION 

To understand the .mechanism, af thejrfflaww division in fission, it 
is important to know whether the ..mass division depends on the quantum state 
of the fissioning nucleus at the saddle point. This dependence can be 
determined by a study of the correlation of the angularvanisotropy and the 
mass asymmetry of the fission fragments, siac e the angular distribution, 

1 is known to be decided by the quantum numbers available at the saddle 
point. The anisotropy has been observed to be related to the asymmetry in 

2 232 3 the case of photo-fission of Th , charged particle induced fission of 
232 A 238 Th and 14.9 MeV neutron induced fission «f U . However, in all 

these cases the observed connection between the anisotropy and the asymme-
try could arise because of fission taking place at various excitation ener-
gies due to the evaporation of-neutrons, .and, therefore, these observai-

5 
ions are mot sufficient to show inherent dependence . The direct 
dependence can be determined,in the study-of the fissico of the compound 
nucleus ê fidted below the binding ..energy of a neutron, •« that fission 
takes place only at a single excitation energy. 

In the experiments reported here, the relation between the aniso-
tropy and the asymmetry has been studied in the fission of 

U 2 3 5 induced 
by 4 MeV neutrons. The i&netic energies of the pair fragments emitted 
nearly along and perpendicular to the direction of the incident beam are 
measured by back to back solid state detector systems aid recorded" by a 
three dimensional analogue to digital converter with the print-out arrange-
ment. The data have been analysed to obtain the distributions in the mass 
and the total kinetic energy of the fragments emitted .at ang]e s of 0° and 
90° with respect toUie direction of the incident beaja. The results shew 
that the angular ̂ aisotropy depiifison the ..mass asymmetry of the fragmen-
ts. The observed variation of •..fitlr'" total kinetic energy with thB.tnWfe ra-
tio is also discussed. 



EXPERIMENTAL ABRAN&EMENT AND METHOD 

A schematic diagram of the experimental arrangement i s shown i n •7 
P ig . 1. Neutrons of 4 MeV were produced by the T(p,n)He reaction using 

the 5.5 MeV Van de Graaff generator. The uranium target was prepared by 
235 

electro-spraying about 300 ^ug of U over an area of 1 sq.cm on to a 

VYNS f o i l coated with a th in layer of gold. The thickness of the VYNS 
2 2 

f o i l and the gold layer was estimated to be. about 10 ^g/cm and 15 jug/cm 

respect ively. The uranium fo i l , and three ident ica l s o l i d state detectors 

were mounted inside a chamber which was evacuated to a high degree of v a -

cuum (F ig .1 ) . The distance between the surface of one of the detectors 

(referred to as common detector)rand the f o i l was about 0.2 cm so that 

most of the fragments emitted in the backward hemisphere were detected by 

i t . At each of the angles of 0° and 90° with the incident d i rect ion the 

fragments were detected with an .angular resolut ion of about 18°. The d i -

vergence of the incident neutron beam was calculated to be approximately 

3°. 
I dent ica l charge sens it ive pre-ampl i f ier-ampl i f ier systems were 

used f o r amplifying pulses from.-the detectors. The coincidence between 

. the pulses from the 0° detector artdthe (Common detector (or the 90° dete-

ctor and the common detector) was used to gate the detector outputs. 

The gated output pulses were .fed to three analogue to d i g i t a l converte-

r s (ADC) each one employing a.Wilkinson gate and a 88 Mc crys ta l contro-

l l ed o s c i l l a t o r . The ADC systems were -followed by an -automatic print-out 

arrangement. The.output pulse heights were transformed into energies by 

ca l ib ra t ion of each of the detector systems using the k inet ic energy d i s -235 
t r ibut ion for the thermal f i s s i o n of U as obtained by the tine of 

f l i g h t technique . To compare the k inet ic energy d i s t r ibut ions obtained 

by s o l i d state detector to those obtained by the time of f l i g h t method, 7 
the l a t te r was corrected to represent the kinet ic energy d i s t r i bu t i on 

a f ter the neutron emission. As the peak posit ions i n the k inet ic energy 
are g 

d i s t r ibu t ion of s ing le fragments^the same for tie f i s s i o n induced by 

thermal neutrons and by medium energy neutrons, the above ca l ib ra t ion 

procedure i s j u s t i f i ed . The fragment masses were calculated us ing the 



3 
momentum conservation relation M^E^ = MgE^* where M^, E^ and Mg, EJJ are 
the mass and the kinetic energy- for the light and the heavy fragments 
respectively. The data were analysed using the" computer TIFRAC. The 
total number of events recorded both in the 0° and 90° directions was 
about 40,000. The counts N(0°) and N(90°) from the 0° and 90° detectors 
respectively,, were also separately monitored to determine the anisotro-
py of the fragments. 

EXPERIMENTAL RESULTS 

The ratioi. £N(0°)/N(90°)| as determined from the monitor counts 
of the 0° and 90° detectors has been found to be equal to (1.147 + 0.027). 
This value, uncorrected for .geometrical resolution, compares favourably 
with the value of-(1.1.3 + 0.020) obtained by Simmons and Henkel^. Prom 
the calculated mass distributions, the following results are obtained: 

£Nl(0°)/Nh(0°)^ = (1.01 + 0.01)5 ^H^(90°)/Ng(90°) j1 = (0.99 + 0.01) 
where NT and N are the total number of the light and the heavy fragments Xi H 
respectively. It can be seen that within the statistical accuracy of one 
percent the numbers of the light and.heavy fragments emitted in the 0° 
direction are §qual. This shows that the angular distributions are symme-
tric about 90°, implying that the .light, and the heavy fragments have iden-
tical angular distributions. This is in.agreement with the..results of 

4 10 1 1 1 2 the previous work ' ' * but in disagreement with the work of Bro-
13 237 lley et.al on the fission of Np by 14.3 MeV neutrons where the light 

i 
and heavy fragments were fourd to have different angular distributions. 

The results of the measurements are summarised compactly in the 
contour plots of Fig. 2 (a & b) which have been drawil from the E^ - E^ 

matrix by interpolations between two points and represent "the probability 
distribution N(E^7Eg). The number labelled on each of the contours gives 
the relative frequency of occurrence of the events defined by. the contour. 
The mass distributions of the fragments emitted at angles of 0° and 90° 
to the incident beam, as obtained from the analysis of the data, are shown 
in Pig. 3 (a). These distributions have been corrected for the systematic 
effects of the emission of neutrons as described by Terrell^ and Britt et 
al15. The error ^E in the calculated mass M^ is given by 



: + s 

' ' c ' * "* where Mjj, M^ are the corrected masses of the light and heavy fragments 
respectively and ">•„ and V m are the number of neutrons emitted from the n J. 

fragment of mass M^ and the total number of neutrons from both fragments 
respectively,, 

The variation of -y> ̂  with the fragment mass division was calculated 
using the measured values of the total kinetic energy E^ for each mass 
division, on the energy balance considerations, as described later. Since 
there exists no information on the variation of number of neutrons with 235 the fragment 

..mass in the case of the fission of U by 4- MeV neutrons by 
directq measurements, it was assumed that y ^ = = V^/2. This assump-
tion may not be fully justified at medium excitation energies, especially 
in the region of the symmetric mass divisions. As the corrected values 
appear to be closely dependent on the jaature of the variation of V (M), 

the applied corrections can be considered only approximate. The correct-
ed distributions are shown in Fig. 3 (b). For comparison, the uncorrected 
mass distribution of the.fragments emitted in the 0° direction is also 
shown in the same figure. The values of the average heavy fragment 
inass are found to be (139 + 0.2) aa.d(l38.6 + 0.2) for tbe fragments emi-
tted in tbe 0° aid 90° directions respectively. The variances of the 
Observed mass distributions for 1the 0° and 90° fragments are found to be 
same and equal to 65»3. ^he value of the variance for both the mass dis-
tributions corrected for the systematic effects of neutron emission is 61.9. 
This value includes a variance of about 2.0 due to the dispersion result-
ing from the varying directions and number of emitted neutrons, and an esti-
mated varia4ce of about 0.8 due to the experimental energy resolution of 
the semi-conductor detectors. 

The anisotropy^N(0°)/N(90°)^for the various mass ratios as calcula-
ted from Pig. 3 is shown in Pig. 4. This plot is independent of the effects 
of thfe neutron emission on the mass distributions, if it is assumed that 
the Characteristics of the neutron emission are the same for emission from 
the fragments emitted .along the 0° and 90° directions. The variation of 
the average kinetic energy with the fragment mass ratios for the two cases 
as observed in the present experiment: supports this assumption. Prom 



Fig. 4 it is seen that the .anisotropy increases with the mass ratio in the 
region of mass ratios between 1.2 to 1.7. Further, in the regions of 
lesser statistical accuracy the anisotropy seems to decrease for mass 
ratios greater than 1.7 and to increase for mass ratios less than 1.2. Q7Q 
Earlier measurements for the fission of U by 3 MeV neutrons using a 

12 
double ionization chamber by Baranov et al do not show the increase in 
the anisotropy between the mass ratios of 1.25 and. 1.65, but the anisotro-
py was found to be higher for the mass ratio of 1.0 than for 1.25. The 12 
variance of the mass distributions obtained by Baranov et al is about 85 
which is significantly higher than the value obtained in the present work. 
This shows that the mass resolution obtained in their work is poorer, pro-
bably due to the use of a thicker source and ̂ ridded ionization chamber as 
compared to solid state detectors. .This might have been responsible for 
masking the dependence of the anisotropy on the asymmetry in their experi-
ment. A larger anisotropy for the symmetric fragment group was also, found 16 238 by Manley in the study of fission of D induced by neutrons of energy 
from 1.2 to 1.7 MeV, using the photographic emulsion technique but the mass 
resolution.in this work is not sufficient to obtain detailed information 
about the variation, of the anisotropy with the asymmetry. 

The average values of the total kinetic energies of the fragments 
are found to be as follows: 

/ 

Sk(0°) = (165.4 + 1.1) MeV; Ek(90°) = (166.0 + 1.1) MeV. 
The values of the average total kinetic energies E^O 0) and ̂ (90°) for 
the fragments emitted at angles of 0° and 90° respectively are the same 
within the experimental error shewing that the scission configurations in 
the two ĉ pfes are identical. The variation of the average total kinetic 

•a ' 
energy E, with the fragment mass ratio after correcting for the effects 
of neutron emission is shown in Fig.5 v.a) along with that for the case of 

6 thermal fission . For the calculation of the correction AE, to the mea-
15 

sured total kinetic energy Eĵ. the following approximate expression was 
used: 

. where R = (M^/M^) 
The correction to the measured values of Eĵ  has been applied on the 

assumption of ^ = V H = VT//2' 



6 
The calculated error A E^ is only weakly dependent on the nature 

of variation of (M) and?therefore, the erros in the values A E^ calcu-
lated on the assumption of T = - are very smalle Prom the Jj n i 
observed values of E^, uncorrected for the neutron emission effects, the 
total number of neutrons emitted for each mass ratip&is calculated on 
the energy balance consideration, and are shown in Pig. 4- (c). However, 
the values of^re not appreciably changed if the corrected values of E, f\ Jc 
are used in the calculations. In these calpulations, the values of the 
energy released and the neutron binding energies have been taken from 

17 
Milton , and it has been assumed.that for each mass division the average 
energy emitted as gamma rays is 7.5 MeV and the average emission energy 
of the neutrons is 1.2 MeV. It can be seen from Pig. 5 (a) that the va-
riation of E^ with the fragment mass ratios is nearly the same for the 
fragments emitted parallel and perpendicular to the incident neutron beam 
indicating that the characteristics of the neutron emission for various 
mass ratios are the same for the-two cases. The mean square deviations 

2 0" of the total kinetic energy distributions as obtained by eye fit is 
k 2 shown inPig. 4-(b). The observed variation of different than that 

observed . by Milton and Praser for t he thermal fission of if^ hut agrees 
18 ' * ' with recent experiments in the medium energy fission and the trend cal-

19 
culated by Pong . 
DISCUSSION 

The* average separation of the effective charge centres at the 
scission point fortiie various mass divisions can be obtained from the 
measured variation of E^ with fragment mass ratios as the kinetic energy 
arises fromihe Coulomb repulsion between the fragments at scission. The 

i 

§longation of the fissioning nucleus at scission for the various mass di-
visions can be expressed in terms of a parameter which can be defined 
as the ratio of the actual distance betweenihe charge centres to the 
distance if the fragments were formed spherical, and is given by the re-
lation 

I* = 4 $ « v i \ • 4 (3> 



» 7 : 
where Z*?, Z^ are the most probable charges for the fragments of mass 
numbers A^ and A^ respectively. The values of calculated for different 
mass ratios using the measured values of E^ and the tabulated values^ 
of Z^ and , are shown in Fig. 6 for theraal and 4- MeV neutrons induced L n 
fission. 

For thermal fission the occurrence of the sdJiiJjuja value of fo at the 
mass ratio of 1.27 can be explained on the shell effects, as the heavy 
fragment in this case is doubly magic. A higher value of in the region 
of mass ratios 1.19 to 1.48 for the case of 4 MeV neutron induced fission 
than for thermal fission signifies that the shell effects are less pre-
dominant at higher excitation energies. For all the other mass divisions, -1, 
the value of ̂  is higher for the thermal fission than for the 4 MeV neutron 
induced fission, showing that at higher excitation energies the nucleus 
undergoes lesser stretching upto the scission indicating that the "tensile 
strength" of the nucleus decreases with the increase in the excitation 
energy. The largest difference in the values of^5 the two cases occurs 
in the case of symmetric fragments showing that the symmetric fragments are 
formed in a significantly more stretched configuration in the thermal fission. 
For this reason, the symmetric fragments produced in the thermal fission 
emit more neutrons than those produced inithe medium energy induced fission 
|Fig.4-(c}| . These differences in the characteristics of the symmetric 
fragments with regard to their kinetic and excitation energy suggests that 

i these are produced by different mechanisms in the two cases. 
20 

Strutinski bas suggested that tbe dependence of the anisotropy 
on the asymmetry may arise through the spin dependence of the level densi-
ties of the fragments at scission. In such a case, the different moments 
of inertia of the .fragments formed iji the various mass divisions can lead 
to different anisotropics. On this basis, a higher anisatropy in those 
divisions where the fragments are .magic car near magic is expected as 
these fragments have lower moments <nf inertia. However, the above expla-
nation assumes that the .anisotropy depends ah the properties of the frag-
ments at scission which is contrary totftbe results ®f later investigations. 
Further, in the present work lower values of the anisotropy are observed 
for the mass ratios leading to the magic fragments. However, a dependence 
of the anisotropy on the asymmetry can arise if the final mass division 
depenSs on the saddle point shapes and each saddle point shape has a 



different sequence of the quantum numbers. From the results of the 
present experiment, a dependence of the final mass division on the saddle 
point shapes, in at least the medium energy induced fission, can, there-
fore, be inferred. The dependence of the saddle point quantum numbers on 
the different shapes can arise due to different reasons. On the ba3is of 

20 21 the analysis of Halpern and Strutinski and Griffin , the aiisotropy 
2 2 increases with the decrease in the value of Kq , where Kq is the mean square 

of the projection of the total angular momentum ^f on the nuclear symme-
2 2 try axis. On the statistical arguments it has been shown that Kq = » 

where J __ and T are the effective moment of inertia and the nuclear tem-eff 
perature respectively of the nucleus at the saddle point.' / For low excita-i c:. 

2 tion energies, Kq is given by 

K q
2 = Const. J e f f ( E ^ - £ t h ) / * 2 (4) 

where E is the excitation energy of the nucleus and E.. is the fission exc ^ th 
threshold and is.equal to the deformation energy at the saddle point. The 
observed correlation can, therefore, be associated either with the varia-
tionof Jej>f or T or both with the saddle point shape ,6f the .nucleus. How-
ever, the evaluation of for the-various mass divisions requires a de-
tailed knowledge of the corresponding saddle .point shapes about which at 
present very little is known. If the variation of with the saddle 
point shapes is small, the observed dependence suggests that the average 
nuclear temperature T decreases with the increasing.asymmetric shapes in 
the region of mass ratios 1.2 to 1.7. This would imply that the saddle 
point deformation energy increases with the asymmetry in the saddle point 
shape. On the other hand, if one generalises that the variation of for 
various mass ratios as seen inFig. 6, is due to the same reason as the 
observed difference in |?> for the case of thermal and 4 MeV fission, one 
expects different starting nuclear temperatures leading to various mass 
divisions. The variation of (l/T) can, therefore, be "thought to be si-
milar to the observed variation of With themass ratio. On "this picture, 
the increase inthe anisotropy in the mass ratio region of 1.2 to 1.7 should 
be .due to the decrease of with increasing ..mass ratio, as the variation 
of T is expected to be pmall in accordance with the variation of ̂  . 



The purpose of the present d i scuss ion on the observed va r i a t i on 

of the anisotropy with the asymmetry has only been to point out the v a -

r ious p o s s i b i l i t i e s leading to the observed dependence. A quantitat ive 

estimate of the various f ac to r s ef fect ing the dependence of the anisotro 

py for.fhe var ious saddle point shapes i s necessary far more detai led d i s 

cuss ion. 
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FIGURE CAPTIONS 

Fig. 1 Schematic diagram of "the experimental arrangement. 
Fig. 2 Contour plots of the data for the 4 MeV neutron induced 

fission of u235 in cases when the fragments are emitted 
(a) parallel, and (b) perpendicular to the incident beam 
direction. The number labelling each contour represents 
the frequency of occurrence of the events defined by the 

4 
co®t«nar. The total number of events is about 4 x 10 . 

Fig.3(a) Mass. yields of the fragments emitted in the 0° and 90° di-
rections plotted against the heavy fragment^ mass. These 
distributions are the observed yields uncorrected for the 
effects of the neutron emission. 

Fig. 3(b) Mass yields of the fragments emitted in the 0° and 90° 
directions plotted against the heavy fragment-mass after 
correcting for the systematic effects of the neutron emi-
ssion onthe assumption that the pair fragments emit equal 
number of neutrons. For comparison the uncorrected mass 
yield of the 0° fragments is also shown as crossed points. 

Fig. 4 Angular anisotropy ̂ N(0°)/N(90°)^versus mass asymmetry 
(MJJ/MJ.) , calculated from the observed mass yields sheasa - in 
Fig. J (a). 

Fig. 5(a) Slot of the average total kinetic energy of the frag-
ments against mass ratios. The values of iiave been 
corrected for the effects of neutron emission. The obser-
ved variation of Ê . with the fragment mass ratios, as ob-
served in the thermal neutron fission of U255 is also 
shown. 

2 

Fig. 5(b) The variance of the total kinetic energy E^ of the 
fragments plotted against fragment mass ratios. 

Fig. 5(c) Total number of the neutrons emitted f or t he various 
mass divisions as calculated on the energy balance consi-
derations using the measured values of E^. 

Fig. 6 Variation of the calculated ft with the fragment.mass .ratios 235 
for the thermal .and 4 MeV neutron induced fission of U 

is the ratio of the actual distance between the - effective 
charge centres of the fragments at the scissionpoint to the 
distance if the fragments were formed spherical. 
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