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ABsTliJLCT

‘fhoemi.saionof gamma rays accompanying the fission process of 25 w&s

investigatedby tho coincidence method. It was found that the total energy

of the gamma rays is 5J14!Qvper fission ad that the individual qvsnta have

en average eaergy of about 1 Xew. No delayed gamma rays have been ebserved.
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I!WESTICATIONOF FISSION GJWA RAYS

INTRODUCTION

A hnowletigoof’the number

rays accompanying the fission process

and the quantum

seems desirable

energies of the gamma

not only from the point

of view M obtaining a better understandir.gof’the process itself. but a18Q

because those gamma rays might be utilised in experiments designed to test

the gadget or other types of ohain reacticnso

The “pr=” fission gamma rays which were investigated in this

experiment ioe.o these emitted within less than 2 microseconds of the

fission processs may be expected to originate from the highly excited frag.

ments long befor~ their radioactive decay. It is fiotexcZuaed tkt some

gamma rays may be emitted by the compound nucleus 26 before fission. (We

have limited our study to ?iasion induced by thermal mwt.rona.) Iu order

*e investi~te the fission gamma rays it i8 necessary to adopt a technique

which will distinguish them from those duo to radiative neutron capture by

the various uranium uvot~pea and by other m%terials present,>from those due

io the radioactive decay of zhe fission and capture productsO and from those

emj.ttedby the nwtron source. The method adopted in our experiments was

to observe coinoiaerice6between fission fragments in au ionisation chamber and

gamma-ray pulses in e.Geigerd#ueller counter.

Let ‘Asdenote by ef the efficiency of the ionisation chamber used

for detecting fissions (sf is very nearly unity); by Zev the sum Of the“

afficiermies (including the effect of solid angle) of the gamma-ray counter

for detecting the various gamma rays accompanying the fission process (if in

the various’ modes of the fission process different types of gamma rays are



,

WQitt;tid,zerepresents the WJBra=- of the sum for the varicus mies;
Y

the individual tY are of the order of 10”3). I’urthorZet I“&

be the number of fissions taking place per seconds ??fthe number of the6e

mbservtxi in the fisfiionchambor~ NV the observed number of gamma-ray counts per

sec9nti.bNB the number of these due to causes other than prompt fission gamw

swysp UC the rate of observed Coinoidenass and Nr the number of these due to

c.hanoe,,i,e., due te gamma rays from other sources’arrivingwithin the

resolving time of the instrument,, Then

~ = (N. .Nr)/Ntfrom which we obtaj.n.ZS (1)

‘!~l!erate of cknce coinoidemes i8 given by the expression

i-here ~aradt are the durations of the two pulses atithe coincidence
1 2

circuit, We shall return to this last equation in the next section.

Since .ZeYecan be determined as shown in the above forrnulmOthe

bution of the fission gamma rays and the energy dependence of e were known.
Y

Fortxmately9 however, SY for a counter constructed entirely of materials of

low atomfe number is very nearly proportional to the quantum energy GO that

Zey deperxismostly on the total energy and a fairly rough determination of’the

averrigo quantum energy is sufficient. If’we denote this average energy by

~and the efficiency of the counter f’or its detection by ~ --this quant~~;y
Y

!W+U be cieterfnimd by making u8t3 of known radioactive sohe.memae described

_-z,_ -_T ---- =?–.-— --’

,..~ ~~A



later .. then the tote] energy of tho “prompt” fis8ion gam rays is

-f 7

The determination of the mean

two methods. The fir~t of tnese is based

of c is markedly different for a countsr
?’

number than for one

determined Ath two

if the ratio of the

gamma quanta. Thi6

of low atomic nunber~

(2)

quantum eaer~ ~-ms carried out by

on the fact that tha energy dependence

built of material with-high atomic

Thu8 the r&tio of the values of EEV

such counters ~~” be used to chtermine the CWera..ge~-ray energy,

efficiencies of these two counters is known for various

can be ac!!ievedby calibration with gamma rays from

radioactive substances with known disintegration sc}~emes.

.k the EecGn.dmethod the single @Jzwmray countxr

isi .npiaced by a pair of counters equipped with thin mica

window o ‘finesecounters

counts are re~istered only

en-tersthe other em after

are coupled in a ooinoic?encecircuit 80 that

when Q seooudary electron oroduced in one counter

traversing the windows. The output of this c!.r-

cuit is in turn used in coincidence with the rissio~chamber pulsss~ By

observing the dependence of the tripl-coincidence rate on the t::ickne68

e? absorbera placed between the tm~

the seco;dary electrons and thus of

de=terminedo Tinocalculation of the

is discussed in the appendix.

Geiger4ueller counters the eaergy of

the gamma rays producing them can be

various background nffeots in this method

.4PIM?JTUSAND PROCEDURE

Inspection of the equations used to determine ZE.(given in the

pLe@6tii% section show6 that fGr high accuraoy it is desirable that N <~ NC.
r
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iOeOO ~nat OnIY a SmaII f’ractionof’the observed coincidences should be due

te ohanoe. Thif{oan a3ways be obtained by xiking tho source strength suffi-

cientY.yssudl since the rate of chance coincideuoes is nearly proportional.

to the square of the source otrengtho However this leads to small counting

rates and consequefitstatistical uncertainty in the results. In order to be

able to use satisfactory counting rates while keepinG Nr snnll the following

oonditiona should be fulfilled: 1) s as large as posaible~ i.e.~ large
Y

solid angle subtended by the Gniger41ueller counter at the fission chamber;

2) i?~as small 8.spossib~ee ioe., proper Seleotion of neutron Scurce and cf

materials used in construction of parts exposed to neutron tjuxo~ ~)~1 and

~2 as small as posfiible,i.e., electron collection in the ionization chamber

and ~as’cre8ponse of electronic oircuits~

●
The width of the nulses Cannot,g

however, be made much smaller than the rise time of the pulses in the Geiger-

Mueller oounterp which is of the order of several microseconds, otherwise some

coincidences would be missed.

Condition 2) places very rigid limitation on the choice of

materials which mu8t have SRRII neutron capture cross seotions~ We have

used bismuth and lead as conductors and polyTFE as insulator wherever

possible~ denpite their FOOr structural properties Even so the fission

gamma rays constituted only about 3 to 2 per cent of the total observed. If

conventional materials such us aluminium or copper and Iucite had been used

this fraction would have been further decreased at least by % factor of five.

rendering the experiment impracticable. The same holds true if hydrogen had

been used as a slowing mpdiuxninstead of graphite.

of the ap~arakuso The cylindrical fission



chamber was constructed of l-mm-thick polyTFE and s~i~diviciedinto four

separate concentric cornpartmcrdxawith about &mn electrode sgiacing~b,y

three foils of one-mi?.dural~ Both the inner and the outer cylindrical

poWJT3’Ewalls we~-eooated with acquadag on the side facing the dural foils,

thus forming +mosher two conductirigsurfaces. Two of the foils were coated

on both sides wiih & deposit Gf 0.4 mg/om2 of U 03 containing3 about 20

per cent CN?2~} ‘;hetotal amwat of 25 was thus about ~0 mg. These fi3ms

were prepared for us by Cplo Miller of Group C.@. Alterns.taconductors

were conncmted togetherO the &roup of three (two of acquaclagand one of

dural) Qarrying high tension of about +1200 volts, while the group of two

on whioh the U<O@ was deposited was connected to the grid of the first
&

preamplifier tuba. ‘Me charher was operated with room air, the high applied

field pormitking electron collection

The Geiger-?Juellercounter was placed on the axia concentric with

the chamber. The desioa of the counter is also shown if’Fig. 1. Two

“single~ioounters of identicc.1dimensions were constr’~cteti.sone with a

polyTFE w.11 (1 mm thick) oo~~tedon the inside with acquad.ag,

lead wall.

The construction &nd assembly of the counters used

and one with e.

in the

coincidenc~a”bsol’ptionexperiment is 8hown in l?ig~2j both tlnesecounters

haVO lead wallsa In the experiment they were placed in the po6ition of

the ‘tsingle’$counter in Fig~l; We lead to the second oounter pas6ed

through a hole in th6 other W.smth wall.. All counters were fi13ed with a

Trost mixture of’alcohol (1 cm Hg) and argon (10 cm Iig)o Tha entire

~ssem-olyWRS surrounded by a bismuth shield 3.5=cm thick and placed in a



thermal-neutron flux in

Very careful

electrodes and leack of

the graphite block near the cyclotron in building X..

electrical shieldiug was found necessary between the

the ionisation chamber on one hand and those of the

Geiger-bfuellercounter on the other. Since the pu16e in the counter i6

about 3.000 time8 as great as that from the fission particles a very small

ooupling will have serious effects in tho “fission channelf’of’the circuit.

In fact, before the shielding had been completed 6atisfactcrily, the rather

baffling result was obtained that the ionisation pulses due to i’issicns

accompanied by gamma rays seemed to ba smalier than the pulses not accom-

panied by gamma raysj this was found to be due to the fact that the

positive ionisation pulse was reduced by a

from the Geiger-Mueller counter whenever a

Fig. ~ shows a block diagram of

the experiment with a single counter. The

small cross-fed negative pulse

gamma ray was counted.

the counting equipment usoa in

preainplifierand linear amplifier

were of the standard medium-fast type and the rise time of the pulse was about

205 xnicro8ecoads. The time constaats of’the blocking oscillators could be

changed by means of a selector switch permitting a variation of the Sate

widths ~
1
and ~ ~ from about 2 to 5 microseconds. The sum T1 + ~,,

L

vis.sdetermined dtrectly by f’cedingregular pulses into one ohannel and

random

{about

slight

pulses into the other, or alternatively by introducing a Ioag &elay

300 microseconds) into one of’the oharmelso It is probable that a

gain in the resolving time could be obtained by using faster .arnplif’ier

circuits but the Geigerdueller counter does not permit truly ‘fast’?operation

I;tithresolting times lower than a microsecond .

The use of three scalera made it possible to record simultaneously

the rates of’fissions, gamma rays, and coincidence between them, khus



reduoing the experimental error due to variation of the beam strength.

The ~riab~e.delay cirwit ~ permitting th6 introduction of a

delay from 2 psec to 300 microseconds~ could be incorporated into eit’~er

channel, and.was used to compensate the phase diff’eronceain the two channels

and also to aeimch for delRyeclgamma ray80

Most dcitawere obtained with~-l =~2 = 208 microseconds, but

the same resul.-cswere obtained with gate widths of )401micro6econds~ the

roau.ltsaim rwmined unchanged when the phase of one channel vm.s6hifted

over a certain range with respect to the other”k. In Fig. b the ratio

of true coincidences to the fission count is plotted as a function of the

delay in either channel, The points in F5g. @ were obtained with a gate

width of 2.8 ysec and those in /.$,with one of &l psec. It is seen that

the points lie well on the curves showing the re8ults expected for tne

given gatQ widths and riso time of the pulses. The fact that the coincidonoe

rate is constant over the width of the pulse proves that all coincidences

occurred wlthi.athe resolving time.

F’i.g.5 shows chuacteristia curves of the fission chamber.

Curve X wee obtained with on i~tegral discriminators ioe., it represent$

the rate of’fissions as a function of the minimum firing pulse. Curve 11

show-ethe resullm with a differential,discriminator, i.e., the actual

distribution of the heights of f’is6ionpulses. As one would expect in a

ohamber of this type, the ‘fplateaut’is neither very long nor perfeotly f3at

but appears good ez.oughto @nSure counting of at least 90 per cent of all

fissions without interf~ring nciae,

T.v.the experimerxk with the two Geiger-Mueller couriterenused in

.-—---
.

—-==-==----



determining gamma-ray energies, an additional ooinciclencecircuit with a

resolving time of four v sec wa8 used ana the output of’that circuit fed

into discriminatorB on Fig. 30 The scaler C registered then triple oo-

incic?encesbetween the two Geiger.Mueller counters and the fission chamber.

CALIBMTIO;!4OF THE GAMMA-RAY CCUNTERS

The method of calibrating the efficiency oi’gamma-ray couutero by

ooinoidence counting is veil known~ and many known radioactive-disintegration

schemes can .furn.ishcalibration points for different qwmtum energieso U-
.

fortunately the most convenient substances such as Cow and Mn5L0 which emit

nearly monochromatic radiations were not readily available. It i8, however.

possible to calculate the energy dependence of the efficiency with reasonable

wcuraay fron.the known abosrption of g.mma ruya and eleatrons in the counter

wal.lithese calculations are known from experience to describe the behavior

@f counters such as ours. This allows the use of substcncos with Complex.

but knowng gamma radiations as calibration points.

The procedure of calibration vm.sthe following: a radioactive source

ms placed on one of the two dural foils carrying the uranium deposit and

the gamma.ray rate recorded on the GeigerA!tuellercounter (lead or polyTFEj~

A known fraction of the &ource was then placed, in a standard positions

near another Geiger.Maeller counter which had been calibrated by the

standard coincidence method. From the aomAparisonof the o-oservedactivities

the average efficiency of the investigated source spread uniformly over both

dural foils was calculated by considering the areas of the foils.

The active substances

S+ayscover the energy range from O@ I!ilevto 2.76*. The calibra~j.onof

-=
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“~he“standard’?counter used.for Au1~8 and Mn56 has been described in LA-1000

249 which ewit~ gamma rays of 1038 and 2076 hlev,wasThe procedure for M .

analogou6, The results obtained in this way were then used to normalise *he

e~riciency curve calculate. at M.14T. (Peacocks Ph.110Lhesis, 1944.)0 The

curve for the ~.eadcounter was correot,edfor absorption of gamma rays in the

wall 0 Fig. 6 chows the calculated efficiency-versus-energycurves normalised

in this fashion and.Table ~:SIMNW the fit of the curves with the observed

6ffi~iencie6. Tke curves ~~presentthe actualeH’iciencies of the counters

used with a probable error of about ~ per cent in the a“osoluteValueso

‘&iBs.$tiI .

PolyTFE Countt3r Lead Counter
Ca3c@ated observed Calculated-=— 0b6ened

~,1iy6 O.y) x. 10+ 0.:;0 x 10-3 1.053 lo”~ 1003 x 10-~

~% 1058 “ 1094 “ 2024 “ 2.23 “
~a214

3088 “ 3./3l.4“ 4003 “ &06 “

b. order to be nble to determine the average energy of the gamma

rs.ys from the recoil-electi-onabsorption curve the method was calibrated by

measuring similar absorption curves for gamma rays of M 243 #16, ~140~

~am and AU198. Xn some cases the radiations were filtered through 5.5

ems of bismuth. Fig. 7.Isl~owathe average slope of the logarithmic a’oe<wption

curves of the saconaary electrons in lead as a function of the average gwnma-

ig:~yenergy; In edculating the average energy the variation of counter

efficiency with energy and the ef’f’ectof the bismuth shield where used were

taken into considers->ioa. ih Fig> 75 the initiul tr&smission, ioe.~ the
.-,;.-.s



ratio of’coincidence

the counter windows,

initial transmission

duced in one counter

RESULTS

rate to 6ingle counting rate with no e.bsorberother than

is plotted as a function of gamma-ray energy. This

defines the average probability for an electron pro-

to produce a ?ulse in the sebond ccunter.

Typical sets of data obtained in the

shown in Table 11~ the fir6t five measurements

solving time of 2~8 psec~ the last three with .4.1psec. All these data

were obtained with the lead counter~ the setting of the fis8ion-chamber

discriminatorwas constant during these measurements. Curve 111

of Fig. 5 shows the value of Xc obtained for various settings of
Y

the discriminator bias in the fis8ion chamber. A8 i6 seen. the co-

incidence rate is constant within the exp6rimen.talerror over the

hmre6tigated range of fission pulses. it ought~ however, to be

pointed out that owing to the geometry of the ch.mnberthis method is

not sensitive enou~:hto detect a dependen(seof the energy of the gamma

rays on the energy of the fission fragments,
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Th8LM II

●

●

●

Time of Fi.ssiofi8 Gamma rays Coincidences Chanta
measurement recorde~ recorded recorded coi.ncidenoes Ze
in minutes calculated Y

-/
12 38976 @~28 335 ~ 18 12 8.3 :035X 10-2

3.0 421j60 U6 356 ~ 3-9 18 709 +0.4 “

1(’) 78592 68096 7M ~ 27 ~:; 802~o.3 “

The final results for ~ey were: polyTFE counter Zey=5&0 +0015x 10->

8000 +0.10 X 10”3.lead counter~ey = _ ..

!?,hoabsorption d the recoil eleotrons due to-fission gamma rayo

is snovm on Curve I on Fig. 8 vhere the transmission is plotted against the

thickness of the lead absorbere Curve 11 gives the absorption of secondary

elemtrons from the “background”~ i.e., those duo to capture of neutrons in other

el.mflents$~inly in carbon= It is seen that those gamma rays are harder than the
/

j~~~s~~n g tWUllEi ray~c the slope of a logarithmic plot of the sa)neda~a after

suhkracting background effects was 3035 L0045 for the fission gamma raye (in

same units as those drawn on Fig. 7A) and the initial transmission without lead

absorber waa 0.032 + 0.002.

From the ratio of the values ofzcaf and the curves in Fig. 6 one

d6ciLzoesan average quantum energy for the fission gamy rays of 008 1-0.3 Mev~
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of the absorption curve of the seco~..l%vy

and f~om tileinitial transmission (Fig.

T!leapparent discrepancy indicates & fairly

S-intothe several matinodsweigh the various

arriving a~ an avcrage~ the ratio Of the ~e
y

wids spread

eleotrons (Fig. ~A)o

7B)0 102 &o.1 WVO

in qusintumenergiesg

qwuitum eimr~ies differently in

values favors the softer gamma

r:~.ys whilo in the absorption method the harder quanta aro mortiheavily weighedc

~~ appears that about 1 Mev is a reasonable value for khe average energy.

The tubal energy of the ‘~prompt”fission gamma rays can be

G&~icul&ted.moording to formula (2) by assuming a value Zor the average quantum

anergy of the gamma rays and the corresponding efficiency

the curves on Fig. 6.> In Tuble 111 we show the values of

calculated for three values of enorgim as6umed to be the

● ??.se~.cn.gama raya~ l’hoseva~ues wore calculated for the

of’the courrteiifrom

ths total energy

avezago qwxza cf th3

pol~?FE counter and aa

TABLE 111 would be expected thy are nearly in-

..—...—
dependent of the assumed value of the

%h &
;!19V Xew individual energy within the ranga of—

proportionality

From ti-L9se figures we calcuiate tkat the total energy of the

fission gamma rays emitted within two microsecond.sis 50~~O03 *vo

D.RLAYEDGAMILYLRfLYS

I’hcpossibility that ~om3 oi’the fission fragments may be f’ormed

“w’



in s metastable state was “investigatedboysearching for the exist;mce of a

.de%t>,ybetween tho fissions and the garmzarays,j From tho curve on Fig. L it

is seen that the rate of true coincidences drops rapidly with i.noreusingdelay

end reaches zero at a va”luete be expected for ~instantaneous?gamma rays, after .

t&Q into e.ccountthe gate width of the coincidence circuit~ With longer

delays all observed coincidences were found

for tineclh.anteones within the experimental

delayed gamma rays were observed. l?rorathe

to agree with the value calculated

error. Thus we can state that no

statistical error of tineresults

with a longer dele.ywe can culculate the upxr Ii:nit of the fraction of ga:mm

raya emitted with .sgi~en delay periodo Results of thess calculations are

represented by thn curve on Fig. 9 where the ordinates &ive the.maximwa per.

centage of the fiasior.L%- rays which could be emitted with a mean life time
.

●
I

dni-wnaa abscissaO As is 6een the result8 of’these experiments do not excluda the

possibi~lty of a fairly high fraction of gamma rays being emitted with a period

longer than 100 NsecO but from other conside~*ationsthis seems rather u~like~y.,

. . _,LE=---
-G.-

~“s
I
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IQ am?.yzing the Wriple=coiw Mence” experiment one has to deal

with a somewhat oomplex ctrrayof background effectao The .accoupnying sketoh

8hcws the connection of the several channelso The first coincidence circuit

(AOB) is arranged in such a way that eithey coincidence pulses or pulses

or the other of the G-M counters A and B

il

chamber

‘————7—— mixed with fission pulses. In Table IN

from one

can be

$(0&lnrJ’ce

/l---- the gate width of the several char!nelsby
Scalers

IF+ ~ ‘A=% = ~1 for those entering tha circuit

(A,B) and ~2
GM (!ountars

for tho seoond coincidence circuit

(iJ-. LJ . respectivolyO The counting rates in the three

input channels are denoted by the letters As B

●
and i’o Quantities in ~quare brackets denote coincidence counting rates, e~g~,

[Ad means the rate of coincidences between i’iseio:,sand couritwin cm.mter A. etcc

The mbscript t outside a sque.rebrucket denotes true (i.e., causally connected)

ooincidences~ and the subscript r denotes ohanoe (random) coincidences~

Thus [El ]‘%fr
is the rate at wilichfissions ooi.noide by chanoe with truly

coincident taunts in A and B~ The letter T refers to the probability that a

secon~ary eleotron wil1 enter one aounter after having mused a taunt in the

other oneo Tf io this “transmission~~in the case of fission gamma rays~ T
o

in the case of other gamm rayso Both oi’these quantities depend of course on the

thickness of absorber between the tim counters~ The subscript ~ rtifersto counting

rates obtained with 007 gn/mu2 of.absorber~ deemed sufficient

electronswithout seriously affecting tho background effects.

The quantity used in determining the gamma-ray.

tiithseveral absorber thiclcaesaes~ It can be seen from

*O stop all recoil

.

energy is Tf obtained

the quantities listed in
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1

0

I

the table that

T =
f

L

The ordinates in Fig, 8 are

the gamma.ray energy f~om F:

windows. is used~ For the (

[’Bfl0 L’-’d,- [2’1.] /[[’3‘ [Ml0 ‘%f @‘q
Y

Elplotted’without subtracting ABf-y. In determining

g, 7b, ‘l’fwitlnoutabsorber other t:hanthe counter

etormination from Fig. 7a a plot of log T@ vs ab-
J,

aorber thi.oknessis made and the slope of this entered in the curve in Fig. 7a0

Table V shows a typical set of values obtained for the various quantities used

ib determining T 0 It should be borne in mind that the method of taking data was
f

such that several background effect6 were observed together so that errore in

calculating the several effect6 will tend to compensate each other. In calcu-

latiw Tf from the several quantities the resulte of several runs

be reduoed to the same source strength~ ThusO the five rws show

must, of courses

in Table IV~

when reduced to a rate of

[MF]t = [M~- l@flr =

se that~ from these rune,

15.000 fissions per minutes yield

L@s:oo4; [jlBi&y = O&;[Af]+~& 2~2f(A +ll)=l&

we find, for zero absorber
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