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Kinetic Energy Release in Fission of u238 , u235 • Th232, and Bi 209 

/ 
I ; 

by High Energy Neutrons 

J. Jungerman and S. C. Wright 

Radiation Laboratory, Department of Physics, 
University of California, Berkeley, California 

The ionization produced by single fission fragments was observed in an ionization 

chamber using electron collection. If fission is induced by 90 Mev neutrons, the distri-

bution of kinetic energy of the fission fragment versus the n~1ber of fragments is found 

to haye a single peak in contrast to the double-peaked curve corresponding to the fission 

made by thermal neutrons. Fission induced by 45 Mev neutrons gives a distribution in which 

two peaks appear. The dip between the two peaks is about twenty percent of the height of 

the peaks. 

u235 .• 82 ! 

The mean kinetic ene~is 
2 Mev for Th232, and 71 -\2 

found to be 80 ! 2 Mev for u238 1 83 ! 1.5 Mev for, 

Mev for Bi209 in the case of fission produced by 

90 Mev neutronso The mean kinetic energy is 79 ! 3 Mev for u238 and 84 ! 3 Mev for Th232 

if 45 Mev neutrons are used. The most probable kinetic energy of the fragment is 83 Mev 

for u238 9 80 Mev for u235~ 83 Mev for Th232 1 and 75 Mev for Bi209 in the case of fission 

produced by 90 Mev neutrons. The bearing of these observations on the mechanism of fission 
( 

is discussedo 

"":-... 
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Introduction 

IOECLA~~Itn:.lUJ 

T'235 
u " 

J o Jungerma.n and S. C. 1Yrigh t 

Radiation Lc.bqratory3 Department of Physics 
University of California, Berkeley, California 

'l'he kino tic. oneq?;y rcJoase occurring in fission induced by low energy neutrons 

has been studied by JentschLcl, Fla.mm.erfeld et al2 , Brolley3, Deutsch t:illd Ra.rnsey·1 ,; and 

F'ov;ler and Rosen5 • The results of these experiments show that the distribution of the 

kinetic energy of sine;le fragments versus the number of fragments consists of t-vvo peaks. 

The energy distri 'nuti on is consistent with the mass distribution of the frag,:nents known. 

from chemical eyidence and the assumption that .the kinetic enorr;y observed. is derived only 

from the coulomb repulsion of two charged fragments4. The object of the experiment reported 

here was tc inv-est5G8.te the kinetic energy dist.rib.ution of single fragments produced in 

fission C·<OUsec' by 90 Mev and 45 Mev neutrons and the influence of the increased ex:citv.tion 

on the mean fragment energy. To thls aim the kinetic energy of single fragments was measured 

by the use of e.::-1 ionization ohaobers a linear emplifier, and e. cs.rr.era for photograr:hically 

reoordinc; pulse h•sights on an oscilloscope. 

E:x:pe rimer/cal 

F'igu1'e 1 shows a diagrem of the ionization chamber errployed. Each target plate 

had a foil spot welded to its surface. This foil ·was covered 1vith t;he element under .in-

vestir.~e..tior:. e The foils in the cases of' uranium and thoriw·,l were prepal~ed by painting 

solutions c:f' the ritrates on 1 mil aluminum and rJaJ~ing ;;;:t ti00° C mtil the oxides were 

f ,6 ormoG.o 'l'he 8tD.Ount of material never exceeded 3 x 10~5 gps/cm2. Foils surfaced with 

5 I 2 5 x 10=, gms; em of bismuth vrere prepared by evaporation of the motal on 1 rni 1 alurninums 

The grids G consisted of 3 mil nichrome wire 50 mils e.pcrte The chamber was 

filled with pure arz;on at a prGssure of 160 em of Hg. The electrodes w~re so arranged 
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that at this f~as pressure the cl:Lsta.nce bet--ween the turget plnte 'I and tho r;rid c;. wa,:; 

field existed br:Jtween the r;r5.d and collecting ple.te than lx>tween the p':l.d ::..no ~;t-;.::: target 

plate. 'I'his tended to fuD.nel the lines of force through the spaces in the gri.d and to 

prevent electrons from being collected at the grid. 

Charged particles produced by the neutron beam in the chamber electrodes and gas 

caused spurious ionization pulses to be superimposed on the pulses from the fission fragments. 

In ordor to reduce this backe;round ionization as mnch as possible. the chamber walls and 

• 
elt'lctrodes were made as thin as practicable. The neutron l:Jea.'TI entered through a 2 mil 

stainless steel window, traversed a 1 mil aluminum foil with the sarnple on it: the grid$ · 

and finally a 0.5 mU a.lwninum foil collecting platen It then passed on through a similar 

unit of two plates and a grid. There v.rere four such units in all. The le.st usually contain~ 

ed a. s emple of u235 for calibration purposes. 

The electronic circuit is shown schematically in Fig~ 2. ·This arrangement wa.s 

employed in order to discriminate both electronically during the experiment and visually 

during the film analysis .. ·against pulses caused by high energy neutron ree.ctions in the 

argon and chamber plates along the path of the beam. A pulse from the ionization chamber 

was arr.plified and then fad directly onto the oscilloscope deflection plates via a 2 tJ. sec 

delay line. Another amplifier out-put fed the pulse to the discriminator housed in the 

intensifier ~nd sync-generator chassis. If the pulse was high enough to be accepted by the 

discriminator e.n intensifying pulse travelled to the oscilloscope [;rido .At the seme time 

the pulse initiated a 5 l1 sec sweep on the oscillosc';opeQ In this way it vvas possihle to· 

., see the start of the trace, the pulse rise, and the ·first part of the decay. Figure 3 

shows the form of a typical pulse. The distance x in ths figure was taken to be the pulse 

height. Any pulse in which the initial base li.:ne e.nd the plJ.lse rl_se form differed from 

that in Fig. 3 was rejected. Figure 4 is an exaggerated example of such a rejected pulse. 

These unsatisfactory pulses were assumed to be due to a combination of fission fragment 

ionization and ionize.tion produced hy neutron reactions in the electrodes and gas. Their 
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munber never amounted to more than 5 percent of the totalo The discriminator on the 

intensifier circuit prevented a large number of low energy pulses from being recorded. 

This considerably simplified the photographic analysis and made the readings more accurate. 

The amplifier was of the fast rise time variety stabilized by inverse feed back. The fission 

pulses had a rise time of le5 s'ec and decayed to 1/e in lO p. sec. 11. fast rise time pulse 

generator camneotd when required to the grid of the chamber checked the linearity and 

amplification of the equipment on the different bombardments. Calibration pulses from 

the pulse generator were used before and after each run. 

The pulses on the Dumont 248 oscilloscope were photographed with a carnera using 

continuously moving 35 rnm Super XX film. All pulse heights were measured on the same 

microfilm viewer. 

In order to check the resolution of the apparatus and to calibrate the energy 

scale, the usual "experimental arrangement in the ionization chamber was to have a sample 

of u235 on plate A and samples of the element under investigation on plate B (see Fig. 1). 

Immediately before or after a cyclotron run a fission fragment energy distribution was made 

with slow neutrons ,on u235 using the same ch~ber gas and the same setting of the amplifier 

and oscilloscope. The resolution of the chamber was considered satisfacto~ if the u235 

(slow n~ fission) fragment energy distribution agreed with the curves of Deutsch and Ramsey4 

within statistics. The absolute energy scale was determined by comparison of the Deutsch 

and Ramsey u235 distribution (assumed correct) to the u235 (slow njl fission) curves obtained 

in this experiment. The latter were in turn used to obtain the energy scale for the high 

energy neutron fission fragment distributions. Since the cyclotron magnetic field was 

different at the bombardment and calibration positions a check of the effect of position 

on the amplification of the apparatus was made by making slow neutron runs at both locations. 

The pulse height average was found to be 3 percent higher at the bombardment positiono 

This factor has been included in the energy scale calculation. 

The high energy neutrons used in these experiments were formac:: by bombardr:l.ent 

of a 3/8 ino Be target with 190 Mev or 95 Mev deuterons. See Serber 7 foJ~ the distribution; 
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in enercy oi' neutrons so produced~ The most probable nGutrnn 0nersies in the tv1ro cases 

ere 90 Mev nnd 45 IUev respeetively. This :i.s t7!e menninr~ of the terms 90 ;,Iev- and 45 Hev 

neutrons as used in this paper. Ha -: Be enclosed in paraffin provided a thermal neutron 

source o 

Results 

Figures 5, 6, 7, 8, 9, and 10 <!how the actual histogram.s of the fragment energy 

distributions of u238 , if35 , Th232 , and Bi 209 , obtained in the experiment. Figure 11 shows 

a typical slow neutron calibration histogramo Figures 12 and 13 show the probable distri-

butions corresponding to those histogrG.ms. Ecteh curve is normalized to 1000 pulses. In 

order to check that all pulses corresponding to 40 Mev or more were due to -t;he active material~ 

cyclotron runs were made with an aluminum blank of the same thickness, 1 mil, as that support-

ing the sempleo These runs shovvecl that the number of pulses corresponding to fission fragm.ents 

of 40 Mev or higher were negligible. For fission induced by 90 Mev neutrons it is fot.md 

.that the mean frar,ment energy is 80! 2 Mev for u238, 83! 1.5 Mev for u235
1 ' 82 + 2 Mev for 

Th2 32 , end 71 ! 2 iVIev for Bi 209. The energy spread at one half maximum is 40 Mev for u238 , 

38 Mev for u235 9 44 Mev for Th232, .and 24 Mev for Bi209. The energy scale for the figures 

·was obtained by ·comparison of the slow neutron calibration curve for each run with the curve 

of Deutsch and Ramsey4 • This checked within the experimental error by measuring the pulses 

.produced in our apparatus by the alpha particles of u234 • For fission induced by 45 Mev 

neutrons tvro peaks appeared in the energy distributions. For Th232 the maxima are at '73 

.. Mev and 104 Mev, for u238 at 68 Mev and 89 1Iev. The meun fro.gment energy is 84 : 3 Mev for 

Th232 and 79 ! 3 Mev for u238. The form of the distributions should be accuratE- within 

statistics. 

Discussion 

'l'he foregoing assumes that the number of ion pairs is proportional to the energy 

of· the fission fragments producing them. 

If the fisGJ.on is assumed to be binary, as is most probable, this exper·iment shows 
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that the mode of fission induced by 90 r.:ev neutrons that r;i ves equal kinetic ener[;ies to 

• 
the fravnents is the most probable one in contrast to the results of thermal neutron fission. 

The mea..YJ. kinetic energy of tho fragments is~ in the case of u235, only 5 Mev higher than 

that from fission induced by slow neutrons. The kinetic energy of the incident neutron , 

must therefore be accounted for by some other mechanism than appearance in the kinetic energy 

of the fission fr agments 8·• 

Goeckermann and Perlman9 have investigated fission products formed from bismuth 

by 200 Mev deuterons. They find that the mass-number distribution,he.s a maximum at about 

100 mass units. This indicates a loss of approximately 10 neutrons from the compound nucleus 

before fission talres place. 

The following mechanism is tentatively suggested for the fission process caused 

by high energy neutrons. It is not unique but may represent a limiting case to which the 

actual process approximates. See Fig. 14. 
ft _/1. 

The compound nucleus ZJ:if formed from the nucleus 

zA by capture of a high energy neutron evaporates J neutrons until its energy A above the 

ground level is less than the binding energy C of a neutron to the nucleus z.Af'l-J'''. The mean 

lhres of fission and gamma emission are long compared with that· for neutron emission where 

the latter is energetically possible and they will be unimportant during the initie.l·eve.po-

ration process. Fission may be expected to have a thres:hold at some energy B above the 

ground level. If the level A is above B9 fission may occur and compete with gamma emission, 

if it is below B only gmmna emission is possible. Thus in general when the level A is 

:r;-eached~ 'bNo processes, gamma radiation and fission are important for the removal of the 

remaining excitation. The ,yelati ve probabilities of A being above or below the fission 

.. thresl'.o'ld B should be propO:I-tional to the number of levels available in the two regions. 

According to th]s ricture fission should occur in e. relatively unexcited compound nucleus 

in competition ·wit;'1 [;arn.t'lla emission and therefore exhibit a cross section for fission less 

than the geometrical with fluctuations from element to element. This is in agreement v.-ith 

the following. Recent measurements by Jungerman, Kelly, i'ifiegand, and Wright give the absolute 

fission cross section for 90 ll!Iev neutrons on urt:miu.m and thorium to be 1.4 barns rmd 1.0 
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barns .respectively. In each case the cross section is less than one half the geometric 

cross section and also the two values differ considerably. 

In the high energy neutron fission of u235 the mean kinetic energy of the fragments 

is only slightly higher than that of the thermal neutron fission fragments o For Bi209 the 

mean fragment energy is 0.,91 times the latter., It was pointed out in the introductior that 

t~e energy distribution of the fragments in thermal neutron fission is consistent with their 
/ 

known mass distribution under the assumption that the kinetic energy observed is derived 

from the coulomb repulsion of two charged fragments. Since it has been suggestad above that 

in high energy neutron fission the a.ctual division of the nucleus only occurs in a rel&tively 

unexcited state~ in fact of the same order of excitation as in the thermal neutron case, 

the high energy case should agree with a similar treatment. This can be easily checked 

for symmetrical fission with the crude model of Fig. 15., At the moment of separation the 

two fragments are assumed spherical in shape with a unifonn distribution ~f charge and 

radii R = r 
0 

x A1/ 3 where A is the mass number of the fragment and r 
0 

is a constant. Also 

the charge of tho fragments is assumed proportional to their mass. Under these conditions 

'· 

the coulomb potential energy E at the moment of separation will be c 

mn.d for symmetrical fission 

E 
c,s 2 r

0 
(A·- J-/1) 173 

2' 

209 . .235 
Comparison of E for 90 Mev neutrons on Bi and on u a..'1.d placing J equal to lO gives c,s -

the ratio Oo88 which agrees moderately well with the experimental value 0.94+ Oe04 considering 

the mode 1 use d., 

The fragment energy distributions obtained by the use oJ:' 45 Mev neutrons e.re interest-

ing in that they exhibit the transition region betvveen single and double peaked distributi.ons 

/ 
I 
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chare.ctr:u:'iati.r.;; of fJ.::H-;iol:l. vv:l.th 90 JJiey c.nd slow neutr·ons :respectively. However the actual 

Emergy di.stribution of the neutrons i.ncident upon the fissionable material in tb.is case 

haso s. width at half maximum of approximately 40 Mev so that it is impossible at present 

to ss:y in what energy region the transition occurs .. 
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