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ABSTRACT 

The values of angular anisotropy of fragments in binary 
07C 

and ternary fission of u induced by 3 MeV neutrons have been 
determined with two independent methods,, in the first method fission 
fragments and long range alpha particles were detected with a gridded 
ionization chamber and a Csl crystal respectively and in the second 
method semi-conductor detectors were used to detect fission fragments 

F 1 

and long range alpha particles<, The values of ĵ j(0o)/l\i( 90°)j for 
cases of binary and ternary fissions are found to be differento The 
probability for emission of long range alpha particles in 3 MeV 
neutron induced fission is found to be lower than that in thermal 
neutron induced fission• A decrease in the average single fragment-
kinetic energy of ternary fragments compared to that of binary frag-
ments is observed in 3 MeV neutron induced fission similar to that 
in thermal neutron fissiono It is shown that on the basis of the 
angular distribution of long range alpha particles and ternary frag-
ments it is possible to learn at what stage in the fission process 
the long range alpha particles are emitted0 



ANGULAR AFISOTROPY OP FISSION FRAGMENTS IN TERNARY 
FISSION OF U 2 3 5 INDUCED BY 3-MeV NEUTRONS 

fey 

Do Mo Nadkarni 

lo INTRODUCTION 

Emission of light charged particles in nuclear fission occurs 
(1) 

with a very low probability* ' and in over 90 percent fission events 

accompanied by these particles (ternary fission events) the light 
( 2 ) 

charged particles are long range alpha particlesv ' (LRA). These LRA 

are known to be preferentially emitted perpendicular to the direction 

of motion of fission fragments indicating that these are emitted close 

to the scission stage„ Therefore, LRA can serve gts a probe to investi-

gate the properties of highly elongated nuclear configuration. The 

study of the various aspects of ternary fission such as (i) the angular 

distribution of LRA and ternary fission fragments with respect to the 

incident projectile direction, (ii) the probability of LRA emission, 

and. (iii) the energy spectrum of LRA and ternary fission fragments 

and the dependence of (i)9 (ii) and (iii) on the excitation energy of 

the fissioning nucleus can be helpful in understanding the ternary 

fission mechanism, which is not clearly understood at present„ 

The angular distributions of binary and ternary fission 

fragments can provide information on the angular momentum distributions 

(K-d.istributions) in the fissioning nucleus undergoing binary and 

ternary fissiozio The angular distributions of binary fission fragments 

have been generally found to be 0°-peaked when the excitation energy 

is well above the fission threshold. The angular distribution of 
(3) ternary fission fragments was first measured by Ramanna et alv in 
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the 14 MeV neutron induced fission of u using emulsion technique and 
a SO°"peaked angular distribution was indicated. Subsequent measure-
ments for the same ease by Gillet et alx ' also using the emulsion 
technique indicated very small anisotropy. However, in 17.5 MeV proton 
induced fission of U 2 3 8

9 Atneosen et al^observed that the ternary 
fission fragments have nearly the same 0°-peaked angular distribution 
as the binary fission fragments. Therefore an uncertainty exists at 
present about the nature of fragment angular distributions in ternary 
fission which could be partly due to the large statistical errors 
arising from the low probability of such events. Also at these incident 
energies there is a substantial contribution (> 507°) from second and 
third chance fissions and consequently the observed angular distribution 
is a resultant of angular distributions of a number of nuclides fission-
ing at different excitation energies. With a view to clarify the 
situation9 the angular arilsotropies /~N(0°)/N(90°of binary and 035 

ternary fission fragments in the 3 MeV neutron induced fission of U~ 
nave been determined with two different methods in the present work. 
This neutron energy was chosen because at this energy only first chance 
fissions contribute so that the fissioning nucleus is specified and also 
to correlate the results of the present work with the measured^^ 
anisotropy of LRA at the same neutron energy. In the present measure-
ments the relative LRA emission probability in 3 MeV and thermal neutron p-ze: induced fission of u have also been determined. 

The angular anisotropy of binary and ternary fission frag-
ments were determined with two independent methods. In the first 
method a gridded ionization chamber was used to measure the direction 
of emission of fission fragments and Csl(Tl) crystal for detecting 



LRA and in the second method semi-conductor detectors where used for 

detecting both fission fragments and LRA. The 3 MeV neutrons were 

generated with the T(p,n) He^ reaction using a 5„5 MeV Van-de-Graaff 

Accelerator. 

2 o I I . EXPERIMENTAL METHODS AND RESULTS 

(a) Measurements With the Gridded Ionization Chamber-Csl(T1) 

Crystal Set-up 

(i) Principle of the Method; With gridded ionization chamber 

various methods have been used to measure the angles with respect to 

the electric field direction of the tracks of havily ionizing particle 
( 7 - 9 } 

such as fission fragments„ The methodv ' used in the present work 

makes use of the fact that the amplitude Vg of the grid pulse varies 

linearly with the cosine of the angle © which the fission fragment 

makes with the electric field direction.. The grid pulse height V g is 

given by 

= flo ( 1 - R * cos e / d o G ) , Cg 
where Qo is the total charge of the electrons collected, Cg is the 

capacity of the grid and R* is a quantity which depends only on the 

range of the fission fragment track. By making the incident neutron 

direction to coincide with the electric field direction, the angular 

distribution of fission fragments of a fixed energy or range can there 

fore be determined from the grid pulse height distribution(GPHD). The 

calibration of grid pulse heights into angles was determined using the 

isotropic angular distribution of the fragments in thermal neutron 

fission of U 2 3 5 . 



(ii) Experimental Arrangement 

Pig (l) shows a schematic diagram of the experimental set-up 

used. The distances between the collector (Co) and the grid (G) and 

between the grid and the cathode (C) of the ionization chamber (A) were 
przc 

0o7 cms and 2d cms respectively., A fissile source of U of about 

lo5 em2 area and 1 mg/cm2 thickness coated on 10 mg/cm2 aluminium hack-

ing was mounted on the cathode. The source was prepared by the electro-

plating method. This thickness of aluminium "backing was chosen to 

ensure that all natural alpha particles and fission fragments are stopped 

in the backing and only the LRA pass through. The LRA were detected by 

a Csl(Tl) crystal of 5 cms diameter and 0„5 mms thick mounted on a photo-

multiplier tube. This thickness of GsI(Tl) crystal is sufficient to 

stop LRA of energy upto 30 MeV„ The Csl-crystal was placed close to the 

foil within about 0.2 cms to detect LRA in almost 2TI solid angle. The 

chamber was filled to a pressure of about 114 cms of Hg» with pure argon 

gas which was purified at regular intervals during the experiments. The 

pulses from the grid and anode were fed to two pre-amplifier - amplifier 

systems with time constants optimized for best resolution. Neutrons of 

maximum energy 3.2 MeV were produced using T(p,n)He^ reaction. The 

spread of the neutron energy as calculated from the thickness of the 

tritium target was about 200 KeV. The neutron flux at the fissile 

target was estimated to be about 10® n/cm2/sec. and the divergence of 

the neutron beam to be 3°. 

The calibration of collector pulse heights in to fragment 

kinetic energies was done using the known energies of the light and 
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and heavy fragment peaks? For the purpose of this calibrations, a thin 

foil of U of about 100 .pgm/cm6 was used „ The region of collector 

pulse heights selected in the measurement with the thick foil corres-

ponded to fragment kinetic energies of 70 to 110 Me?„ The bias setting 
s, 

in the LRA-channel was such that LRA having energies greater than 

10 Me? before energy loss in the aluminium backing could produce a 

gate for coincidence with the grid pulses» The GPHD for binary and 

ternary fission fragments for the selected energy region were recorded 

in anti-coincidence and coincidence with these gate pulses using two 

100-channel analysers,, During the measurements the fission fragment and 

the LRA pulses were monitored„ The count rates in 3 Me? neutron induced 

binary and ternary fission were about 100 per minute and 3 per hour 

respectivelyc The ratio of chance to true coincidences was found to be 

less than 0o2%° For the case of 3 Me? neutron induced fission, the data 
• 

were recorded in 15 separate binary and ternary runs for a total duration 

of about 216 hours and a total of 559 ternary events were recorded. In 

the thermal neutron calibration runs made with the reactor Apsara about 

2579 ternary events were recorded0 The GPHD for fission induced by 

thermal and 3 Me? neutrons are shown in Figs „ 2 and 3 respectively„ 

(iii) Treatment of Experimental Data 

The observed deviation of the measured GPHD in thermal -

neutron fission from the rectangular distribution can be attributed 

mainly to the following factors? 

(a) the thickness of the u target foil9 which results in a reduction 

of counts at larger angles and (b) the relatively large width of the 



fragment energy region selected. As a result the complete angular 

distribution of binary and ternary fission fragments could not be 

obtained uniquely from the measured distributions. However the GPHD 

for binary fission fragments in thermal neutron fission was analysed by 

dividing the selected energy region into five intervals each interval 

giving a rectangular distribution with an area proportional to the yield 

corresponding to that energy interval„ The superposition of these 

distributions was found to give a fairly good fit to the observed GPHD. 

(Pig.2)o From this analysis channel widths of equal solid angles in the 

0° and 90° region corresponding to average angles ©^ = 7° and ©g " 85° 

were determined such that it gives isotropy for the case of thermal 

neutron binary fission. On this basis the ratio N(7°)/N(85°) as obtained 

from the GPHD for the thermal neutron ternary fission was found to be 

(0o75 + 0.08)0 In the case of thermal neutron ternary fission a value 

of this ratio less than unity is expected as a result of a preferential 

detection of ternary fragments at 90° due to a finite separation of 

LRA detector from the foil and the LRA-fragment angular correlation. 

This ratio in thermal neutron induced ternary fission was used to 

correct the angular anisotropy in ternary fission for the above mentioned 

effect. 

The very low counting rates in 3 MeV neutron induced ternary 

fission necessitated choosing wider angular widths (full width rv; 30°) 

to determine angular anisotropy0 At these angles equal solid angular 

widths were determined by thermal neutron induced fission runs by 

surronding the chamber with paraffin blocks. The observed angular 

anisotropy and that corrected for the preferential detection of ternary 



fragments at 90° in the. 3 MeV neutron fission are given in Table L 

(b) Measurements With Semiconductor Detectors 

(i) Experimental Set-up, Electronics and Procedure 

A schematic diagram of the experimental set-up is shown in 
p 

F igo (4)o A semi-conductor detector D1 of 200 mm area was placed close 

to the aluminium backing of the U 2 3^ foil and was operated at 150V to 

detect LRA of energies upto 25 MeV» Two identical detectors D2 and D3 

each having an active area of 100 mm^ and operated at 60V were used 

to detect fission fragments emitted along and at right angles to the 

incident neutron beam direction by mounting these symmetrically at a 

distance of 1„2 cms from the target foil. The very low ternary fission 

cross-section necessitated keeping the detectors at such short distances„ 

The foil used in these measurements was the same as the one used in 

the ionization chamber method. 

The pulse outputs from the three detectors were amplified with 

low-noise charge sensitive pre-amplifier amplifier systems and the pulse 

height distributions from 0° - and 90°-detectors were simultaneously 

recorded in coincidence and anti-coincidence with the LRA pulses in the 

four quadrants of a TMC-400 channel analyser. The counts from Dl, D2 

and D3 detectors were monitored during the measurements„ The relative 

solid angles of 0°-and 90°-detectors were determined by carrying out 

thermal fission runs by surrounding the chamber on all sides with 1208 

thick paraffin blocks. During the experiment with 3 MeV neutrons the 

fission chamber was covered with Gd sheets to eliminate any thermal 

neutron background 0 
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In the first set of measurements the distance between the 

neutron source aiid the fissile foil was 20 cms corresponding to a 

divergence of about 2° in the incident-neutron beam directions The 

fission count rate in each of the 0°-and 90°-detectors was about 

20 per minute and the coincident count rate for the ternary fission 

fragments was extremely low^ about 0.7 per hour on an average. A total 

of 4.5 x 105 binary events and 193 ternary events in 3 MeV neutron 

induced fission were recorded in a series of separate runs for a duration 

of nearly 119 hours. This set of measurement was used only to determine 

the anisotropy of the binary fission fragments since the statistical 

accuracy for the ternary fragments was extremely poor. 

The second set of measurements were aimed at obtaining ternary 

data with better statistical accuracy which necessitated keeping a shorter 

distance of 7 cms between the neutron source and the fission target. In 

this case the neutron flux at the fissile target was estimated to be 

r'-'10 n/cm^/seco and the divergence of the incident neutron beam to be 

The binary count rates in each of the 0°-and 90°-detectors was 

about 180 per minute and the fragment-LRA coincidence count rate was 
Pi 

about 4 per hour. About 3 x 10 binary and 810 ternary events were 

recorded in this run for 3 MeV neutron fission. Thermal neutron fission 

runs were carried out in between fast neutron runs to determine relative 

solid angles and in these thermal runs about 3.5 x 10 binary and 1590 

ternary fission events were recorded. The chance coincidence rate was 

determined by appropriately delaying the pulses in the LRA channel and 

was found to be less than 1 percent of the true coincidence rate. The 



fragment pulse height distribution in the G°- and 90°- detectors in 

3 MeV and thermal neutron induced binary and ternary fissions are shown 

in Pigso 6 to 9c 

(ii) Experimental Results 

Fission Fragment Anisotropy 

The measured values of /N(0°)/n(9G°)_y for binary and ternary 

fission in 3 MeV and thermal neutron induced fission are given in Table X. 

These measured values corrected for the effects of geometrical resolutions 

and non-uniformity of fast neutron flux across the fissile target are also 

given in the Table I„ These corrections were evaluated by simulating 

these measurements in the computer CDC~3600o Using the experimental 

geometry, Monte Carlo calculations were made to compute the ratio 

/~N(0°)/W(90°)ra7 f o r the binary case taking into account the non-uniform 

neutron flux across the foil and assuming the fragment angular distribution, 

of the types 

N{0) oC (1 + b cos2 ©) (2) 

with b as a variable parameter„ In the case of ternary fission first the 

ratio /N(0°)/N(90°}7 of the ternary fragments detected at 0°and 90° was 

computed assuming isotropic fragment distribution to determine the biasing 

of the data due to the LRA-fragment correlation, since the LRA were, not 
(1 5) 

detected exactly in 2% solid angle. In this computation known v' , 

LRA-fragment angular corrleation was used and the computed ratio 

/~N (0°)/N(90J)_7 was found to depend sensitively on the position of the 

centre of mass of the target foil relative to the centre of the LRA 

detector. It was found necessary to change this distance between centres 

of foil and LRA by about G d cms to obtain agreement between the computed 

ratio and the measured ratio for the thermal neutron induced ternary 



fission,, The geometry thus fixed was then used to compute the ratio 
/~N(0°)/?-!(90°)_7 for the ternary fragments taking into account the fast 
neutron flux variation over the foil. In these computations it was 
assumed that the LRA-fragment angular correlation in 3MeV and thermal 
neutron induced fission are similar» The angular distribution of ternary 
fragments was taken tobe the same as given by Eq„ (2) with b as a variable 
parametero The values of b giving best agreement of computed /N(0°)/N(90°J 
ratios with that observed in the 3 MeV neutron induced binary and ternary 
fissions were obtained. The corrected values of /~N(0°)/N(90o~JJ given in 
Table I correspond to these values of b. 

Binary to Ternary Ratio 

By comparing the binary and ternary counting rates the observed 
binary to ternary ratios in 3 MeV neutron fission as compared to that in 
thermal neutron fission were found to be (1.41 + Odl) and (1„24 + 0o08) 
for sission fragments detected in 0°- and 90°-detectors respectively» 
The absolute values of binary to ternary ratios in 3 MeV and thermal 
neutron induced fission were found to be very sensitive to the solid 
angles estimated and therefore only the relative values are given here,, 

Average Kinetic Energy of Fission Fragments 

The pulse height distribution of fission fragments in and 

90° detectors in thermal neutron binary fission were converted into 

energy distribution by using the kinetic energy data obtained by the 
(10) 

time of flight method „ Using this calibration the average single 
fragment kinetic energy in thermal neutron induced ternary fission and 
3 MeV neutron induced binary and ternary fission were calculated <> 



The decrease in the average kinetic energy of fission fragments in 
« 

ternary fission compared to that in binary fission is (ekb - %-rp) -

14o0+ 3 o2 MeV in 3 MeV neutron fission and (13.4 + 2„1 MeV) in thermal 

neutron fission. These are uncorrected for the effects of detector 

response due to radiation damage and for the effect due to the fact 

that the hemisphere containing the light ternary fragment has higher 

yield of IRA than the hemisphere containing the heavy ternary fragment» 

However in a comparison of relative change in average kinetic energy of 

ternary and binary fission fragments in 3 MeV and thermal neutron fission 

the errors introduced by these effects are not significant. 

III. DISCUSSION 

(i) Binary Fission 

The angular anisotropy of the binary fission fragments observed 

in the ionization chamber method and semi-conductor detector method 

(set I), where nearly the same angular resolutions are involved, are 

found to be consistent within the experimental errors. The value of 

the anisotropy of binary fragments in each set of measurements as 

obtained with the semi-conductor detectors, after correction for the 

geometrical effects, is found to be 1.17 +0.02, in agreement with the 
/ - i iv ( 1 2 ) earlier measurements of Simmons and Henkelvx±) and Nesterov et al 

The anisotropy determined in the present work is consistent with the 
(11} 

angular distribution of binary fission fragments of the typev ' 

N(9) o& (1 + .17 cos2©). 
The angular distribution of fission fragments in neutron 
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induced binary fission can be understood on the basis of Bohr® s 
( 1 3 ) 

model and its subsequent developments in which the assumption is 

made that the projection of the angular momentum (T)on the fission 

axis (K) is not altered after the saddle point is passed and further 

the distribution function for K is a gaussians 

P(K) exp £~-K2/2 KQ_7? where K^ = J e ff T 

Here the effective moment of inertia Jeff and temperature T are 

evaluated at the saddle point. The predicted angular distribution of 

binary fission fragments is generally 0°-peaked when the excitation 

energy is well above the fission threshold because the distribution 

P(K) has a maxima at K equal to zero. The fragment anisotropy mainly 
o „ p . 

depends on Ko and the mean square angular momentum (I The aniso-

tropy for the 3 MeV neutron fission of u on the basis of the relation 

between Ko2 and the excitation energy given by Simmons and Henkel^^ 

is 1,156 which is in agreement with the present result within the experi-

mental errors. 
(ii) Ternary Fission 

The value of the ratio £~N(0°)/N(90°)_7 for ternary fragments 

was found to be 0.89 + 0.10 which is significantly lower than that of 

binary fragments showing that the angular distributions of binary and 

ternary fragments are different« The 90°-peaking of the angular 

distribution of ternary fragments indicated by the anisotropy observed 

in the present work is of very small magnitude compared to that repor-
238 

ted in the case of 14 MeV neutron fission of U (3). The data 

reported by Gillet et al^4^ for the case of 14 MeV neutron induced 

fission of uranium indicates almost isotropic angular distribution 



of ternary fragments within the large statistical errors. In the 

case of 17o5 MeY proton induced fission of U 2^ 8, Atneosen et al did 

not observe a decrease in the value of ternary fragment anisotropy 

compared to that for binary fragments. The different trend of binary 

and ternary fragment anisotropies in the present work and in the 17.5 MeY 

proton fission of U 2 3 8 (5) is difficult to understand on the basis of the 

same mechanism of LRA emission in the two cases even though the fission-

ing systems involved in the two cases have different (Z 9M ) , 'E XQ z. T at ION 

energies and angular momenta and exhibit opposite variation of LRA 

emission probability with excitation energy. 

It is of interest to correlate the anisotropy of ternary 

fission fragments determined in the present work with the anisotropy of 

LRA with respect to the incident neutron direction in 3 MeY neutron 

fission of U 2 3§ (6). It can be shown that if a particle a is emitted 

having an angular distribution with respect to a space-fixed axis, 

given by 
2 

Na (9) (1 + a cos ©) ............... (3) 

then the angular distribution of a second particle b emitted thereafter 

at right angles to a is given by 
Fb(©) (1 + a sin2©) ..........(4) 

If it is assumed that the angular distribution of ternary fragments 

is the same as that of binary fragments, viz. N(@) ̂  (1 + „17 cos2 G)9 

then on the basis of Exp. (3) and (4) the angular distribution of the 

LRA emitted thereafter is expected to be given by N(9) + 0<,085 

sin2 ©) giving a value of /~N(0°)/N(90°)J equal to 0.92. This is 

not in agreement with the experimentally observed LRA angular distri-



bution,-where 909-peaking was not observed ~ . On the other hand, 

if the angular distribution -of LRA is given by N(9) (1 + a cos2©) 

with a=0832 + 0ol2(3)9 then the resulting angular distribution of 

ternary fragments is expected to be of the type N (9) ^D (1 - p cos2©) 

where p = (0„14 + 0„05) if the LRA- fragment angular correlation 
is approximated by a delta function at 
90°? and 

= OolO + 0o05 if the LRA-fragment angular correlation is 

assumed to be the same as that observed^^ in thermal neutron induced 

fission of U 2 3 5. The value of /~N(0°)/N(90°)_7 for ternary fragments 

expected on this basis is between 0„86 to 0.90 which is consistent 

with the value determined in the present work. 

On the basis of the above consideration it seems that either 

the angular distribution of ternary fragments is intrinsically differ-

ent from that of binary fragments or though the intrinsic angular 

distributions are the same due to the restrictions imposed by the LRA 

angular distribution, the ternary fragment angular distribution is 

observed to be different from that of binary fragments. However, oil the 

basis of the first possibility that the ternary fragment angular distri-

bution corresponds to that observed in the present work, the resultant 

LRA anisotropy using Exps. (3) and (4), is expected to be 1„05 which is 

small compared to that observed. Hence it appears that the LRA are 

emitted earlier in the process with a 0°-peaked angular distribution and 

since these LRA are also constained to be emitted preferentially at 

right angles to the fission axis, this results in the 90° peaking of the 

angular distribution of ternary fragments. 

Different angular distributions of binary and ternary fragments 

can be expected on the basis of Bohr® s Model due to the following 

possibilitiess 
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1. The intrinsic distribution function for K at saddle point can be 

different for cases leading to binary and ternary fission. This 

can come about if LRA emission is associated with certain specific 

saddle point configurations. 

2o Even if the distribution function for K in both the cases is 

identical, LRA emission probability can depend on the orientation 

of fission axis with respect to incident neutron direction or on 

the value of K ^ ^ . The present results indicate a preferential-

emission of LRA for higher values of K. 

3. A difference in angular distributions of binary and ternary frag-

ments can also come about if the assumed constancy of quantum 

number K -after saddle stage is .not valid in the cases leading tc 

the emission of LRA at some stage before scission,, 

The first possibility predicts an LRA anisotropy small compared 

to that observed and the second and third possibilities9 though C 0 US jL UTi 

with the observed LRA and ternary fragment anisotropy, are experimentally 

indistinguishable . The models of ternary mechanisms^"®9^^according to 

which LRA is a post-scission phenomenon and occurs from separated fission 

fragments do not seem to explicitly predict different binary and ternary 

fragment angular distributions. 

(b) Binary to Ternary Ratio 

The binary to ternary ratio in 3 MeV neutron fission of 
P^ 5 

U^ ^ has been observed to be higher than that in thermal neutron fission,, 

the increase being 41 + 11fa and 24 + for fission fragments emitted 

along and at right angles to the incident neutron beam. This is to be 

compared with the 20/®increase in binary to ternary ratio observed 
( 6 ) 
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where fission fragments emitted at all angles were detected. These 

results are in agreement with the general decrease^^ in IRA emission 

probability with increase in incident neutron energy upto 14 MeV. 

Coleman et al and more recently Thomas and Whetstone (18) 
have observed an increase in LRA emission probability with increase in 
incident charged particle energy. The reason for this entirely diff-
erent variation of LRA emission probability with excitation energy in 
neutron and charged particle induced fission is not known. The decrease 
of LRA emission probability in neutron induced fission has been qualitati-
vely attributed to various effects such as the effects of increasing 
angular momentum^ , competition of LRA and pre-scission neutron 
emission^), decrease in cx-cluster probability^^ with excitation energy. 
The increase in LRA emission probability with excitation in charged 
particle induced fission has been mainly ascribed^''') to the higher 
probability of LRA emission from symmetric fission events than from 
asymmetric fission events. On the basis of this assumption and the 
observed variation of fragment anisotropy with mas3 a s y m m e t r y a 
dependence of LRA emission probability on the angle of emission of 
fragment is expected. It is possible that the different variation of 
LRA emission probability with excitation energy and the different.ternary 
fragment anisotropy observed in neutron and proton induced fission are 
correlated. 

(o) Average Kinetic Energy of Fission Fragments 

It has been observed^^»22) that in thermal neutron fission 
of ir2^ the average kinetic energies %-g, and E a of binary, ternary 

fragments and LRA respectively are related by2 E ^ = E ^ + E^, From this 
it can be estimated that the average separation of fragment charge centres 
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at scission in ternary fission is larger by about 5 to 6/4 compared to 

that in binary fission,, indicating that the LRA are emitted from a 

mere stretched scission configuration. 

In the present work (^g - ®KT ̂  w a s °^serve(^ 

14.0 + 3.2 MeY and 13.4 + 2.1 MeV in 3 MeV and thermal neutron fission 
Q'ZC 

of u respectively. The average energy of LRA in 3 MeV and thermal 

induced fission of U 2 3 5 was found ( 6) to be 15.3 + 0.4 MeV and 

15.1 + 0.2 MeV respectively. Hence a similar relationship as above 

between the average single fragment kinetic energy of binary and ternary 

fragments and LRA is found to hold approximately in the case of 3 MeV 

neutron fission of U 2 3^. Therefore, in so far as the average kinetic 

energy of fragments can be used to compare the scission configurations 

in the two cases, this supports the view that in the case of 3 MeV 

neutron fission also the distance between the fragment charge centres 

at scission in ternary fission is more by about 5 to 6"/«> than in binary 

fission. 
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TABLE I 

SUMMARY OF ANGULAR ANISOTROPY RESULTS 

BINARY FISSION TERNARY FISSION 

Thermal 5 MeV Neutron Induced 5 MeV Neutron Induced 
Neutron Observed" Corrected Thermal 
Induced Neutron Observed Corrected 

Induced 

U( 8 1 ) 

With ionization l o O O ^ l„08+0„03 - 0.75+0,08 0,64+0,07 0.85+0,12^ 
chamber and 
Csl set up 

— — — — — — 

N(90°) 1.11+0.01*°' 

With semicon- 0.99+0,01 (Set I) 1,17+0,02^ 
ductor . (Set I and (n \ 
detectors 1.04+0.01^°) I I ) 0.74+0,04 0,65+0,05 0,89+0,10^'' 

(Set II) 
a. The isotropy here is used to obtain equal solid angle widths 

bo Corrected for the preferential detection of ternary fragments at 90°„ using 
thermal neutron fission data (uncorrected for angular resolution effects), 

c. The lower value of observed ratio for set II is due to the non-uniform 
fast neutron flux across the target foil, 

d. Corrected for the effects of non-uniform neutron flux and finite angular 
resolution (see text). 



APPENDIX 

Angular Distribution of Particles a and b emitted successively at 

Let the angular distribution with 

respect to Z-axis of a particle a 

be given by 

N(4>a,<l>a) cC (1+a cos2 © ) (1) 

and a particle b be then emitted at 

right angles to the direction of emission of a, with equal probability 

in 2it radians. Then 

N ( e h 9 ^ ) dSl.h= $ n ( e a t ^ a ) d - a b dl (2) 

where d J L is an element of solid angle and dl is an element of 

length on a circle of unit radius given by 

dl2 = d ©2 + sin2©Q dd)2 a a Ta 

Thus, N C © - ^ ) = /N(©a,(J> )d©a
 1 1 + sin2©a ( d<t>a)2 (3) 

d©a 

Now, the condition of perpendicularity of a and b gives, 

cos ©a ~cos©^ + Sin©a Sin ©^ cos ((j)a - (j)̂ ) = 0 (4) 

From Exp (4) it follows that 

right angles to each other 
I •• •• "Ii i •• •• mm i — i— imi i m m u m i i m i — m mi — • • i—i^m » • — - i m i • I 

b 

Ol .... * 

- " • M • 

d l 



and by differentiating Exp (4) 

ba _ Sin6b cos9a cos((j)a-({>b) " Cos6b Sin6a 
d 0 a SinGb SinGa Sin(<|>a-<|>b) 

-Cos6b Cosec 6 a 

v/-/cos ( e b - e a)cos ( e b + e a ) 

Using Exp(5) 

Now, substituting Exp (6) in Exp (3) and simplifying 
t c / 2 + o b f — p 

n/2 - Gb V Sin2Qa-C n/2 - Gb v Sin29a-Cos29b 
dO; a 

t i / 2 + 9b 

a d e a 

' w U I p 

J, <1 + aCos^9a)/ S i" g e 

Tt/2 - Gb n/ Sin29-Cos29b 

Substituting x=cos9a in this and simplifying 

^ > 

-SinGb 7 ^ 7 7 2 + « ) _ S i n2e b„ x2 -nGb " u -SinGb 

Sin :1 -ilJl S i n e* Sin6bJ + a 

~Sin9b 
Sin9b 

% Sin 29 b~X 

1 Sin-1 _ £ Sin9b 

Sin 26j 

-Sin6b 
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FIGURE CAPTIONS 

Fig.l. Schematic diagram of the ionization chamber and Csl crystal 

set up used in the first method. 

Fig02. The grid pulse height distribution for binary and ternary 
P'zc: 

fission fragments in thermal neutron induced fission of U o 

The rectangular distributions shown by solid curves are the 

theoretical grid pulse height distributions obtained by divi-

ding the selected energy region into 5 intervals. The super-

position of these rectangular distributions is shown by the 

continuous dashed curve. V(©1) and V(©2) indicate the channel 

widths with equal solid angles in 0° and 90° regions. 

Fig.3. The grid pulse height distribution for binary and ternary 

fragments in 3 MeY neutron fission of U 2 3 5. V(©1) and V{©2) 

indicate the channel widths giving equal solid angles in 0° and 

90° regions. 

Fig.4. Schematic diagram of the detector systems used in the second 

method. Semiconductor detectors Dl, D2 and D3 were used to 

detect LRA, fragments emitted at 0° and fragments emitted at 

90° with respect to incident neutron detection, respectively. 

Fig.5. Schematic diagram of electronics used. The symbols have the 

following significance; PREAMP- preamplifier, AMP-amplifier, 

COINC-coincidence circuit, ANT I- COINC- anticoincidence 

circuit, DISC- discriminator, LG- linear gate, TRIG- trigger 

pulse„ 
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Pig»6. Fragment pulse height distribution from D2 in 3 MeV 

neutron induced binary and ternary fission of U^3'^. 

Fig.7. Fragment pulse height distribution from D3 in 3 MeV neutron 
P^P; induced binary and ternary fission of U . 

Figo8. Fragment pulse height distribution from D2 in thermal neutron 

induced binary and ternary fission of 

Figo9. Fragment pulse height distribution from D3 in thermal neutron 
235 induced binary and ternary fission of U 
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