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Were obser’myliIIa double icjni~ation

ahambw using electron oolleotion. The most probable energy of the heavy fragments is

for U235: 60 Mov: U233: 59 !dev$Pu239: 66 Mev. The most probable energy”of the light

fragment~ is in the same order, 94, 95 and 93 Mev. The ovwk+of the two groupe ie

about equal in all threo cases and m~y well be entirely instrumental. The most probable

total-kinetio.energyrelease is, for’the three substances in the above order: 153 MevO

151 Mev, end 156 MevO The most probable mass sLfteremission of’the prompt neutrons for

the heavy fragment in all three case8 seems to be about 140 mass units. ‘l!hemost pro.

bable mass of the light fragment for UU5 is about ~% for U233; 91$ for W239Z 980

Tlzohighest fission yield for a singla mass

W?.se$. The energy release for splitting in

the threo substances.

number should

a given ratio

be about 5 l/2~.in all three

seems to be nearly the samo for
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kinetic-energy

~h233
has been

NEUTRONS.—
*

release and the mass ratios ooourring in the fission of

studied by Jentsohke(1) and for U=5 by Flammersfeld et “

‘Zkrolleyal ; (3) attempted a preliminary study in the ease of PU239. h the present OX.

periment we studied the fission prooess in the oaso of thermal fission of U?S5, UZW and

~239 by a method very similar to that of Jen’wchke.

EXPERIMENTAL M3’IWOD

Fig. 1 shows a diagram of the ionization chamber used. The material under

investigation - pure isotopes in the ease of U
i?33

(andPU239 and about 80 peroent U236 ~

were used in the form of nitrates. These were dissolved in a mixture of aloohol and “Zapon’

thinner. This solution wus added to an appropriate amount of dilute (1 to 50) solution

of ‘Zaponn laoqubre About 0.2 00 of this solution was spread over an area of about 40 om2

on freshly cleaved mica. After drying for an hour at 60°C this f~lm was floated off.on

water and immediately lifted out cn a fine nickel grid. The operation had to be oarriod

out quite rapidly since otherwise a large fraoiion of the aotive salt dissolved in the

water. Attsmpts!to spread the films on other liquids, inoluding mercury, failed for
$

various reasons~y The niokel grids were s’tanipeclwith square ho& about 0.15 mm to the

side and about &5 mm thiok. Their optioal transmission was about 20 peroent. Partioles
~

leaving the fi~on the side on whioh it was supported were therefore qtaitewell collimated,

Tho grid, suppo~ting the film was then mounted in the

j
rig. 1. :

The tota~ thickness of the film never exoeedsd

material was ab~ut 5 x~10-7 gn $n the entire film (40

chamber in the place i-ndioatedin

lo2xlo”sw\m20

om2) in the case

.
The amount of active

Of’ PUB9,ab~ij
~. Zei.~.fur l?iysiko12Q, 165 (1943). - (INCLASJIFIEB

~
. Zeit. fur

?
j~~k, ~, 450 {1943).

~se -

-—— —
~-- :-------
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3X10-Q gillim the ease of U=a and about ~x10 ‘s ~ in the ~a~e of U2330

The assemblies of soreen and collecting oletitrcdewere mounted on the lids of

the chamber, identical on both sides of the high-voltago eleotrode. The screens were

made of parallel niokel wires, 0~001” thiok spaoed O~C60” apart, They served to shield

the collating electrodes against oharges induced by the positive ions. This was

necessary beoause of the high low-frequexmy outoff of the amplifiers used. By app~~ing

pulses to the high-voltage eleotrode it was showm that the soreens wore over 99 peroent

ei’fective~ The amplifiers used were of the type{known as ‘Model 100” on the projeot,
i

stabilized by inverse feedbaok and had a frequen$y response s“uohwstep$~pulses 6hOW8d
\
●

a rise time of 00S mieroseoonds &ad a deoay time-of about 35 mioroseoonds. Ehe ohamber

was filled to about SO cm Hg with argon to which about 2 percent C02 was addedo l’he

gas wa8 purified continuously by ciroulati.ngover calcium metal at about &%O°Co No

organio materials v:e;oused anywhere in the chamber, other than the film containing thq

aotivo material, in order to maintain gas purity. The addition of the oarbon dioxide

was raquired to speed the oollcictionof the eleutrons to permit use of the high-frequezmy

oirouit, needed in turn to reduoa noise due to ionization by the gamma rays from the

neutron source and by the alpha rtiysRem the active material. The observed collootion

time was slightly over a microsecond. The gas pressure was high enough to ensure that

all of the ionization took plaoe in the space

Screens. The high voltage electrode was kept

atiout-1700volts applied to them. This makes

between the high-voltage eleotrode and the

at - 4200 volto while the soreens had

the field betwwen soreen and collecting

sleotrode somewhat higher than that outside

order to ‘funnel” the electrons through the

low a large fraction of the eleotrons fails

the screen. This seems

soreen. Ii’*he vol’tage

to reaoh the Qolleoting

pulse height is however quite independent of eoreen ‘voltage

minimum VRIIU.SSabout 1500 volts in our oass.

Alpha ray pulses were saturated with a total voltage

once i%

to be neoessary in

on the screen ia too

eleotrode~ Yhe

exoeed8 a ‘oertaim

Of about 250 volts 09 ‘the

chmber -=u’bcut 1(JOvolts on the soretm Fis6ionpul s however rocyzirodrtbout1500

-S$fi!p
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“-’-’’’’’’’’”volt for saturation. This was tested by pl~i a somewhat heb ier film of aotive

material in the ahamber so that the fission counting rate was high enough to moa8ure

pulse heights oonvoniently with an electronic differential pulse height seotiono This

difference in mturation voltage is undoubtedly due to the much higher ionization den=.

sity in the ease of the fission fragments” Since the voltage used i~ the aotual ox.

periment WS almost three times as high as required for saturation, this should not

cause any diffioulty~ howeworo The purity of the gas was tested before every run by

oheoking the saturation voltaga for alpha particles

The output of eaoh ~pli;?i.erwas put onto the horizontal”platas of a 5W OS.

oillos~ope tube. The operating voltages of the tubes inoluding the high voltage

were supplied by a special stabilized supply. The two tubes wero photographed eirn-

ullxmeously on~~SoB.&%nnfilm by a General Radio osoillograph reoorder wamera~ No sweep

was used on the osoi3.loscope. Successive pulses wore displaoed by the motion of the

film, whioh moved about one fdot a xainuteo There are of course more than five times

as many pulses from the half of tho ohamber facing the unsupported side of the aotive

film than from tho half faoirigthe wpporting grid. In order to avoid ocmfusion whioh

might be oaused by a large number of pulses which do not have mates~ the inlzeasifiers

of both osoillosoopes were triggered by the ampMf’ier oarrying the smaller number of

pulses- The photographic trackS wore projeoted in a miorof’ilmreader and measured with

s.transparent Scaloa

The neutron source used for these measurements was the ohain reaoting “water.

boilern of Los Alamos. A bean of thermal neutrons was allowed to emerge from the

fioe of the graphite oohxnn after passing through 4“ of bismuth to reduoe the gamsa

ray ionization. About 30 pairn per minute were observed with Pu23g and about 100 with

#35
~ In the latter ease the j.ntensityof the sourotswas roduoed somewhat below its

maximum value to prevent oooasional overlapping of pulse8 i ohamber half faoing

tho wmu~portad side Of the fi line

licLhssI/. ..‘.
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Several films, each running about 100 minutbs, were taken with each of the

three suba+xwmes and the best ones selected for final evaluaitiono The criteria for

selcotion wero absence of extensive.atragglingsimilarity of th’e&ta for both ohamber
*

halres and good olear photographic traces. The differences

small, but some of the aotive wkpon films gave ~onsisten%ly

.

between various reaords were

oleaner results than others.

The evaluation of the observed ionization by the fission fragments im terms

of kinetio energy was based on the assumption that the same energy ia expended by

them in prcduoing an ion pair as in the case of alpha partiolea~ The gsin of the

amplifiers was

the activities

during neutron

set so that the output pulse height of the alpha particle pulses due to

of the foils was approximately tho same as that of the fissioa pulses.
,.

expoauroo Thtwe pulses were photographed on the double oaoillosoope~

“Stop” pulses from a pulse generator of the type Icnowmon the project as “140del100 Pre-

oision l?ulser$’were then piiton the soroen grids of the ohsmber and photographed in

the same fashion,. In this manner it was found that 1 Mov of partiola ene~gy oorresprxade

to 0.842 nillivul$ applied to the screen. This value agreed within the uncertainty of

the oaloulationwith thst expeoted from the oaloulated oapaoity of the ohamber~ It was

identical within the experimental uncertainty of about one percent for both sides of

the ohambero At the beginning of each neutron exposure the calibration was verified

using an eleo~onio pulse height moasuremeut which has been found to agree with the

value found by the photographicmethod. Then. with the amplifier gain se% tatthe

same =Iue as u8ed to 0bs8rVe fissiOn pu1se89

20 and 120miUivolt wore photographed m the

served as calibration for this particular run

pulsm from the ’precisionpulser between

same film as the fission pulseeo ThiS

and eliminated uncertainties of all

faotors from amplifier gain to those of rnagnifioationof the miorofilm projeotor~ It
$

also oheoked the linearity of the amplifier and osoilloscope~ The response of the

entire amplifier - ooillosoope arrangement varied by less than 3 perocmt during several

wekso NQoorrwtimims rmde for the mm

.... i!s$’i:...4..
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me probably on the average slightly less than one poroent~ and almo8t half of

this is oompcmsetwl by the energy loss of the alpha particles used for aalibration~

A correotloa of about 0.5 peroent should perhaps be applied to all our energy valuw

but this is considerably less than tho uncertainty in the absplute values. The com-

parison of the three fissionable suhstanaes is, of course, not affeoted by this.

The ionization %oise” due to radiations from the neutron source was equivalent

to a particle energy of about I-5 llev~

A measwe of the resolui;ionof the measurements is obtained from the fact that

the alpha p.artiolegroups from the foils showed

peroento ,About 97 peroent of the pulses showed

3 peroent straggled ovor a oonsidoa-ablerange.

R width at half

energies in the

This is perhaps

maximum of about,2~5

perak$tho remaining

not as good as one

itigitthope for, but tho difficulty in keeping the films and grids free from dust may

aooount for most of the stragglin~e

One phenoinemonwhioh remained without a completely satisfactory explanation was

the oeourance of a oonsiderablonumber of fission pulses on the side supported by the

grid which did not have mates on the unsupported side, Their number varied from film to

film between 5 and 50 percent of the number of paired pulses. There was no relation

between the fraction of such singlo pulses landthe amount of aotive material or the

amount of i3tragglingo They wore disregarded in maluat.ing the data. The most reason.

able explanation seems to be that there is a creepage Qf aotive material onto the

$mri’aoeof the grid, inoludiag the

must be remembered that because of

few pcroeni of the active material

lower ~u,rfaoe,perhaps while the film is we%o It

the rathlgrlow transmission of the grid. otllya

need spread onto the supporting grid to oause the

observed A numlxm of other
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RESULTS. . . ..

About 1600 p!airswere moam.wed for U
235 233s about the same number for U , and

about.900 for RF’. F’lg$.2 to 13 8how hi6tOf~ram~of OUX-re~ultso l?’tgs~14*15 and

16 show smoothed ourvss drawn from the same results.

!!hed.ngle.~fragmentdistributions (Figs, 2 to 7] summarized in N.g~ 14 were

o’btainedin each aase by oombining the results of’both halves of the ohamber~ The

distributions on the side whioh faood the Un6u]2p0rtodsurface of the film ~enerally

showed leas t~iling off’spo~sibly because of scattering in t-hagrido The energy values

at the peaks are

IQ the case of the light fragments tho three substances give very similar dis-
*

tributions although the shift towards lowar enetrgiesfor Pu239, shown in Fig. 14, seems

outside the experimental error. The heavier fragments show nearly identioal distributions

for the two uranium isotopes but in plutonium the peak-is clearly shifted to hi~er

energies. The rtitiosof the peak euergies seem to indicate that the fission of plutonium

is appreoiablyrnore symnetri.calthan that of U
235

and that of U2W is slightly inoro

asymmkrio. ‘(’hshall presently see other ovidmwe for this.

Amt??er point of interest in connection with the single-fragment ourve~ is the

wnount of overlap of the two groups. It amounts to about 4 permmt of all fragments

for the uranium %sotoges and to about 6 peroent for plutonium. This is the order of

magnitude of the stra~gli.ngobserved with alpha partioles in our arrangeuient~ demt-

sohke found appreciably less overlap and Snyder (LAUS 299) found no pulses at all at the

llOtt~ Of the ‘Fvallqt’ fOr U235, u3i~ a single icmi~titiorlohmber. It SMXRS therefore

likely that Q large fraction of th(~overl~p observed by us is inst
y~~~ ~~&!#n\lD H

A
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In that cwmw it would bo expected that the

since the %alley~$ is rarrower so that tho

more proaounoed effeoto Proti.blythere i8

three subsianoos~ .

ti=’’s”]”over ap is greater in the ease of plutonium

same experiinantalbroadening will have a

very little true over3ap in either of the

The total kinetio=energy relaase (Fige. 8g9iwxl 30) ~ i.I?J~the sum of the emergie~

of the two fra~~ents of’eaoh pairs is summarized in Fig. 150 The most probable energy

236J
release is for U $ 153 Mwvgforu’33 g 151 Mev:a~dfoi*Fu=gz 156 MCYJ0 Inthe latter

OEJS6the peak seems to be shifted sommhat towards higher energies with re8peat to the

wirgs of the distribution. This again i.soomeoted with the faot that the mare sym-

metrical mocks of fissiorzare uzorsprobable in plutonium than in the uranium isotopas~

sime these modes show a higher mmrgy release. The mean energies, in the smae oral=

as the most probable energies given abov@~ are 1~.~ l~lg and 153 M@VS resPeetiVe~Y~

239
olearly indloating the asymmetry in the distribution for I% .

Tho ratioa of the lclneticenergies of the members of the pairs oflfragments (Fige.

11, 12, and 1:5)are summarized in fi.q~160 These distributions show more alearly the

degree of asymnetry of the fissions in the three cases. The most probable r=tios are

233 239far U=5~ 1049~ for II ; 1~52$ and for l% ; 1.320 ‘Theseshow exactly the same trend

as the ratios of’the peaks in the single partiole curves. Beoauso of the conservation

017momentum the ratios shown in Fig. 16 should also represent the mass ratios of’the

Pairs. This atatezent must bo modified somewhat boaause of the tncnnentumimparted by

thciprmnpt neutrons. These neutrons are probably emitted isotzgopioallyfrom the moving

frsgments with velocities oomp=able with those of tha fragments themelves. Thus their

effeot will be to oauso one particular initial mass ratio to appear as a spread of ratios

Of kinetic energies~ the maximum spread being about 7 Percent in the ratio for the

cases where all of the neutrons oome from the slow fragments in the forward direotiono

oomparod with those where they are emitted from the fast fragment in the backward

diroation~ These extreme cases arc certainly quite rare. If tiiereis a definite

APPROVED FOR PUBLIC RELEASE
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from the initial ratio~ deduoed from the kinetic

not quite indioat.sthe relative probabilities of

of’the throo substances since the ordiaatms are

drawn for equal intermls instead of equal mass number iatervals~ In Fig. 17 we have

drawn the ezpeoted fission yields for varioue mass numbers from the three substanoes~

These ourves were ob%~ined by redrawing Fig. 16 for equal.mass intervals, and using

the final total mnss, i~e~ the mass after emission of the average number of prompt

neutrons. Although the f’igmw is somewhat confusing, oloser inspection shows tine

following featurea$ the distribution of the heavy group is almost idctntioalfor all

three”$n~bstwmes~ the most probable havym ass is about 140, perhaps a Iittlcilower in

thu ease of plutonium; the most probablo light mass for U235 is about 93 (the dis-

tribution for “U2’3
.!

is shifted by two units towards lower m.asse~and that for Pu
239 ~a

chifted almost 5 units toward heavier masses;). The highest expoated yield for oae mass

number is about 5 1/2 percent in all cases. Also on ilgo 17 we have Indioated by the

dashed and dotted lines-the fission yields obserwed by ohemioal methods. We am indebted

t~ Dr. Sugarmm for these ourvee~ It oan be seen that the agreomnt is very good both

for U=’and plutxxIi.m. There is no ohemioal evidenoe in the case of U
233

, The looation

height of the peaks is almost identical by the two methods. Tho greater width o,fthe

ourve obtained by the fragment energy method is due partly to the effeat of the roooil

from prompt neutrons as disoussed abowe and Fartly to experimental uncertainties, There

is some indication that the ohemiaal method indicates sli~htly greater symmetry of f’ission

than do our eriperiments~ This may be explained by asm.nninga tendency for the neutrons

to leave the heavier rather than the lighter fragments. Or it may be due to experime~l

w
e}’~’ewtssuch as a slight difforenoe in the energy required to ~ake an ion pair in arge

Ll_
between the faster and the slower fragments. it maybe noted in passing that if ther~

were a difference in the probability of prompt neutron emission between the more aad g

less $~otrictalw~d~6 Of fission, the “heavy” and ltlightflpeaks as found by ohomical~
u

methods should show different heights and widths. No suoh differgnoe seems indioated=
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absoissa shows the total energy release~ the ordinate$ the energy ra%io~ while the

density of the dashes iudim%ss the frequency of occurrence of a psrtioul.aroombinatdoa c

ratio and ermrgy~ This pro8ente.tionis the equivalent of S three-dimensional plo~~ In

“Ftg~ 19 we have also drawn in the lines corresponding to definite values of tho energy

of the light or the heavy fragments separately. These plots really summarise the remits

oompletely~ Adding ‘columns~ on the graphs we should obtain the curves of fig..15;-

adding wroW~l, the curves of Fig. 160 Adding strips along the lines of the grid drawn

in Fig. 199 we get the aurvee of Fig. 140

We oan see at a glanoe that one particular energy of a light fragment may oorrespon

*O all possible values of the maea ra%io~ Oa the other hand there is a definite oorre+

Iation between the energy of the heavy fragmmnt and the mass ratio, low values of the

energy corresponding to high mass

arbitrarily at energies below 130

pairs had energies less than this

ratios$ and vice vsrsa. The graphs are out off

Mev to save space. Only a very SU1l number of -
-
wvalue and these 8howed all possible mass ratios. _

Zn Figs. 21 and 22 m plot tlm average md maximum energy relmseO rospeotive~

for various mass ratios for.the three substauaes~ The smooth ourve in Fig..22 rep-d

2;35 (10 Althoughresents the calculated maximum etnergyfor U as given Jentsohko

slightly better packing fraotion values are now available it

to recalculate this ourva. Unforjnmatcly the avc9rageenergy

f’luonoadby the small number of straggling krR0k8, while the

=
did not seem worth while

(Fig. 21) is greatly in-

maximum energy (Fig. 22)

is a somewhat aooidental quantity since it depends on the last traok in a distribut’lou.

The following conclusions smm fairly reliable, thought the dependence of maximum

euergy release on mass ratio follows roughly the expeeted behaviourj the oba8rvgd I

variation is about 20 percent fcw the extreme modes of’fissions tho energy release for

tho same ratio of splitting does not differ greatly for the three substances investigated,
.

‘1’here.issome indication that the energy rulsase depends somewhat more steeply on uwuss

ratio in the ease of plutonium than in the case of uranium Some orude oons,$deratiomj

of paoking fractions indioate that plutonium should release abo~t 4 Mev more energy

J

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



U?KJM!!Fq
~“——” --

are ma ~.

——

=J2-

235
on fission than U for the stlmemass ratio. liowe~ewabout 2 Mev, on the avwago,

is used up to provide the greater number of prompt neutrons. The remaining 2 Mew

mey well be only partly ~*eleasodas kinetio energy, the rest going into Iwlesm

exoitatjono It is not surprising, therefore, W6#t no difference In energy release

for the same mass ratio is obsorved in our measurements. The great= ekergy release by

plutonium is apparently due only to the tendency to more symmtrioal fissiono

—.-
= .:___ _-

— .-.. ———

~
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