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The pairs of simultaneous fission fragments were observed im a double icnisation
.chember using electron colleotion. The most probeble energy of the heavy fragments is
for 12°%, 60 Movs U3, 59 Mevs PuZ>®; 66 Mev. The most probable energy of the light
fregments is in the same order, 94, 95 and 93 Hev. The overlap of the two groups is
about equal in all three cases and m&y well bs entirely 1nstrumental The most probable
total-kinetio-energy release is, for the three substances in the above order; 183 Mev,
151 Mev, and 156 Mev, The most probable mass &fter smission of the prompt neutrons for
the heavy fraguent in all three cases seems to be about 140 mass units. The most Proe=
bable mass of the llght fragment for p235 is about 933 for U2333 913 for Pu 98,
The highest fission yleld for & single mass number should be about 5 1/2 ‘7o in all thres

sases, The energy releass for splitiing in a given ratio seems to be nearly the samo for

the three substances,
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WASS RATIOS AND ENERGY RELZASE IN THE FISSION OF U22°, ¢2% . 4 9 5y THERMAL

MEUTRONS

The kinetic-energy release and the mass ratios ocourring in the fission of
0235: U258 and Th235 has been stucied by Jentschke(l) and for 0235 by Flammersfeld et
ll£2¥wolley(5) attompted & preliminary study in the case of Pu259° in the present ex~-
periment we studied the fisslon process in the ocase of thermal fission Qf 0255, 0255 and
Pu239 by & method very simllar to that of Jentschke,

EXFERIMENTAL MBTHOD

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

33 239

2
investigation - pure isotopes in the case of t°” and Fu 235

and about 80 parcent U -

werae used in the form of nitrates., These were dissolved in a mixture of aleohol and "Zapon'
thinner, This sélution was added to an appropriate amount of dilute (1 to 50) solutiom

of “Zapon" lascquer., About 0.2 e¢oc of this solulion was spresad over an ares Qf about 40 om®
on freshly cleaved mica, After drying for an hour at 60°C this film was floated off on
water and immediately lifted out cm a fine nickel grid., The operation had to bes ocarrised
out quite repidly since otherwise & large fraction of the active salt dissolved in the
water, Attempts’ to spread the films on other liquids, inoluding mercury, failed for

various reasons.* The nickel grids were gtwiped with square holes about 0.15 mm to the

sida and sabout éFIS mn thiock., Their optiocel trensmission was about 20 percent., Particles

lesving the fihé on the side on which it was supported wera therefore quite well collimated.

B

The grid, supporting the film was then mounted in the chember in the place indicated in

"Nt

Flig, 1.

The total thiekness of the film never exoceeded 102110°53m/5m2° The a&ount of active

matarial was ebdut § x.10°7 ga in the entire film (40 cm?) in the case of Phasg, about

M ;
1, Zeit. fur Phaysik, 120, 165 (1943),

’ 2, Zeit, fur F§3’sik. XZ0, 450 (1943), - | UNC’:__:SS’FIED
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3x10 = gm in the ocase of U and about 4x10 -8 gm in the case of U233°

The assomblies of soreen and colleotinz electrcde were mounted on the lids of
the chamber, identical on both sides of the highevoltage electrode. The scresns wsre
mede of parallel nickel wires, 0,001" thick spsced 0,030" apart, They served to shield
the collaecting electrodes against oharges induced by the positive ions. This was
necessary beczuse of the high low-frequensy outolf of the amplifiers used. By applying
pulses to the high-voltage electrode it was shown that the screens were over 99 perocent
efTective. The samplifiers used wers of the type;known as "Model 100" om the project,
stabilized by inverse feedback &nd had a frequen%y response such"step" pulses showed
8 rise time of 0.5 microseconds wuad 6 deocsy time of about 35 microseconds, The chamber
was filled to about 60 cm Hg with argon to which sbout 2 percent COp2 was added, The
ges vas purified continmuously by cirouletimg over calcium metal at about 250°C. HNo
organic materials were used anyshere in the chambsr, other than the film comtaining the
activo material, in order to meintain ges purity. The addition of the carbon dioxide
wes required to speed the collection of the electrons to permit use of the high-frequency
circuit, needed in turn to reduce noise due to ionizetion by the gemma rays from the
peutron source and by the alpha ruays from the sctive material. The obseryed collection
time was slightly over a microsecond, The gas pressure was high enough fo ensure that
all of the ionlzation took plece in the space betwsen the high-voltage slectrode and the
screens. The high vollage electrode was kept at - 4200 volts while the soreens had
about-1700 volts applied to them. This makes the field between seresn and collecting
electrode somewhat higher than that outside the screen., This seems to be necessary in
order to "funnel® the elaectrons through the soreen, 1f the voltage on the scresn is too
low a large fraction of the electrons fails to resch the collseoting electrode, The
pulse height is however guite independont of soreen voltage once it oxceeds a certain
minimun velue, about 1500 volts in our oase,

Alphs ray pulses were saturated with a total voltage of about 250 volts on the

-

chambher = about 100 volts on the sorcen, Fission pul

s however required about 1500
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volt for saturation. This was tested by pliG}A & somewhet heaVier film of active
materisl in the chamber so that the fission counting rate was high enough to messure
pulse heizhts conveniently with sn electronie differential pulse height seotion, This
difference in saturation voltage is undoubtedly due to the much higher ionization den-
sity in the case of the fission fragments, Since the voltage used in the actual ex-
periment vas almost threec times as high as required for saturation, this should not

cause any difficulty, howsver. The purity of the gas waus tested before every run by

cheoking the saturation voltege for alpha particles,

The output of each ampli’ier was put onto the horizoutaf'plates of & 5" os-
0illosoope tube. The operating voltages of the tubes including the high voltage
were supplied by a speciml stabilized supply. The two tubes were photographed sim-
nlteneously on”S.B.Pan” film by a General Radio osoillograph recorder camera. No sweep
was used on the osoilloscope. Suocessive pulses were displaced by the motion of the
film, which moved about one foot & minute. There are of course more than five times
as many pulses {rom the half of the chamber faciné the unsupported side of the active
film than from tho half facing the supporting grid. In order to avoid confusion whieh
might be ocaused by a large number of pulses which do not have mates, the intemsifiers
of both ¢scilloscopes were triggered by the amplifier ocarrying the smaller number of
pulses, The photographic tracks woere projected im & miorofilm reader and measured with

& transpareunt scale,

The neutron source used for these memsuroments was the chain reacting "water-
boiler" of los Alamos, A beam of thermal neutrons was allowed to emerge from the
fece of the graphite column after passing through 4" of bismuth to reduce the gamma
ray lonigation. About 30 pairs per minute were observed with Pu259 and about 100 with

U™, 1In the latter oase the intensity of the source wes reduced somewhat below its

maximum value to prevent occasional overlapping of pulses i chamber half faeing

unmssmt”

the uwnsupported side of the film,
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Several films, each running about 100 minutes, were taken with sach of the
three substances and the best ones selected for £inal evaluation. The criteria for

selcotion were absence of extensive .straggling similarity of the deta for foth chamber
[ ]

halves and good sclear photographic traces., The differences between various records were

small, but some of the active zapon films gave comsistently cleaner results than others,

The ovaluation of the observed ionization by the fission fragments im terms
of kinetio energy was basged on the assumption that the same energy is expended by.
them in prcducing en ion pair &s in the case of alphs particles., The gsin of the
smplifiers was set so that the output pulse height of the alpha particle pulses due to
the motivities of the foils wms approximately tho same ws that of the fission pulse§
during neutron sxposure. These pulses were éhotographed on the double oscilloscope,
"Step" pulses from a pulse generator of the type known ou the project as "Model 100 Pre-
cision Pulser" were then put on the soreen grids of the chamber and photographed in
the same fashion. In this menner it was found that 1 Mev of partiocle energy correspondad
4o 0,842 millivult applied to the screen. This value sgreed within the uncertainty of
the osloulation with that expected from the calculated capacity of the chamber. It was
identical within the experimental uncertainty of sabout ome percent for both sides of
“he ohamber, At the beginning of each neutrom exposure the calibration was verified
using an electronic pulse height measuremeunt which has been found to agree with the
value found by the photographic method. Then, with the amplifier gain set at the '
seme value as used to observe fission pulses, pulses from the preocision pulser betwcen
20 and 120 millivolt were photographed on the same film as the fission pulses. This
served as calibration for this Partioular run and eliminated uncertainties of all
faotors from emplifier gain to those of magnification of the miorofilm projector. It .
also checked the linearity of the amplifier and osocilloscops. The response of the
ontire amplifier - ocilloscope arrangement varied by less than 3 percent during several
%ooks, No oorrection wes meds for the energy loss of the fragmenks in the fo Elbs
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vas probably on the average slightly less than one percent, and almost half of

il

this is compensated by the energy loss of the alpha particles used for oalibration.
A correction of about 0.5 percsnt should perhaps be appl;ed to all our energy values
but this is oomsiderably less than tho uncertainty ia the absolute values, The com-
parison of the three fissionable subhstances is, of course, not affected by this,

The ionization "moige™ due to radiations from the neutron source was esquivalent
to a particle aenergy of about 1.5 Mav,

A measuras of the resolution of the measurements is obtained from the fmet that
the alphs particle groups from the foils showed a width at half maximum of about 2.5
percent, About 97 percent of the pulses showed energies in the peaks the remeining
3 percent straggled over & considerable range, This is perhaps not as good as one
wlght hope for, but the difficulty in keeping the films and grids free from dust may
socount for most of the straggling.

One phenomenon which rem2ined without @& cowpletely satisfactory exzplamstion was
the ocourance of & oconsidsrable number 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 fractionm of such single pulses and the zmount of aotive material or the
amount of atragglingo' Thoy were disregarded in evaluating the data, The most reason-
able explanation seems to be that thers is a cresepage of aoctive materinl onto the
surface of the grid, includiag the lower surface, perhaps while the film is wet., It
must be remembsred that because of the rather low transmission of the grid, only a
few percent of the active material need spread onto the snppofting grid to cause the

observed eifect. A number of other possibls explanations were ruled experiments.

Wﬂ‘mﬁl > IELI:/—\DI:
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RESULTS

About 1600 pairs wers meagured for U235. about the same number for 0235, and
about 900 for P“ZZQO Figs. 2 to 13 ghow histograms of cur regsults, TWigs. 14,15 and
16 show smoothed ocurvss drawn from the same results,

Yhe single-fragment distributions (Figs. 2 to 7) summarized in Mg. 14 were
obtained in each ocase by combining the results of both halves of the chamber, The
distributions on the side whioh faced the unsupported surface of the film generally
showed less tailing off, possibly because of scattering in the grid., The energy values

at the peaks are

y?3% 4233 2,239
Heauvy fragment (Mev) 680 B9 ! 65
Light frazment (Mev) 94 g5 - 93
| Ratio 1,67 1.61 1,43

!
Ian the case of the light fragnents the three substances give very similar dis-

tributions althoué; the shift towards lower energies for Pu239, shown in Fig. 14, seems
outside the experimental error. The heavier f{ragments show nearly identical distributions
for the two uraniwm isotopes but in plutonium the peak is clearly shifted to hizher

. enargies, The ratios of the peak snergles seem to indicate that the fission of plutoniua
is appreciably more symmetrical than that of 3255 and that of 0253 is slightly more
agynmetrio. We shall presently ses other evidence for this,

Another p?int of intersest in connection with thes single-fragment ocurves is the

smount of overlap of the two groups., 1t amounts to about 4 persent of all fragments
for the ursalum isotopes and to about € percent for plutonium., This is the order of
magnitude of the stra;gling observed with alpha partiocles in our arrsugement, Jente
gsohke found appreociably less overlap and Snyder (L&dS 299) founé no pulses at sll at the
bottom of the "valley" for Uzas, using @ single ionization chamber. It seems therefora

likely that 8 large fraction of the overlsp observed by us is inst“r“n'e.‘ h‘)&&*ﬂ‘ Eﬁﬂ
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in that cuse it would be expected that the overlap is greater {u the osse of plutonium
since the "valley" is narrower so that the same experimontal broadening will have a
more promouncad effect, Frou.bly there is very litile trus overlap in either of the
thrse substances,

The total kinetic-energy release (Figs. 8,9.and 10) , i.e, the sum of the energies
of the two fragments of each pair, is summarized in Fig. 15, The most probabls energy

233

235
release is for U 3 153 Mevy for U ¢ 151 Mev: amd for Pu259; 186 Hev, Im the latter

case the peak seems to be shifted éomewhat towards highQr energies with respeat %o the
wings of the distribution. This again is comnected with the fact that the more sym-
metrical modes of fission are more probable in plutonium then inm the uranium isotopes,
since these modes show & higher energy relsase., The mean energies, in the smae order
as the most probable energies given above, are 153, 151, and 153 Mev, respeotively,
olearly indicating the asymmetry in the distributionr for Pu239
The ratios of the kinetic energiss of the members of the pairs of fregments (Fige.
11, 12, and 13) sre summarized in Fig, 16, These distributions show more slearly the
degree of asymetry of the fissions im the thres cuses. The most probable rutios are
for 3%, 1,493 for U233‘ 1,523 and for Pu239: 1,32, These show exactly the same trend
es the ratios of the peaks in the single particle curves. Because of the conservation
oS momentum the ratios shown in Fig. 16 should also represeant the mess ratios of the
peirs. This statement must bo modified somewlat because of the momentum imparted by
the prompt neutrons, These neutroms are probably emitted isotropleally from the moving
fragments with velocities comparable with those of the fragments themselves. Thus their
offect will be to cause one psrticular initial mass ratio to =zppeer as a spreed of ratios
of kinetic enerjzies, the maximum spread being about-7 percent in the ratio for the
cases where &1l of the neutrons come from the slow fragments im the forward direotion,

compared with those whore they are emitted from the fast fragment in the backward

dircotion. These extreme cases are certainly quite rare, I1If there is a definite

tendency for the neutrons to come from the besvy er—fromthe—LehE fr éilgﬁ?\fb

\\Hll\
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final mass ratios will be different from the initial ratios deduced from the kinetic
encrgies. The curves of Fig. 16 do not quits indicats the relative probabilitieas of
¢oriin mass numbers in the fission of the thres substances since the ordimstes are
dgrawn for eouml intervels instesd of equal mass number inbervals, In Fig. 17 we have
drawn the ezpectsd figsion ylelds for various mass numbers from the three substances,
These ocurves were oﬁtgined by redrewing Fig. 16 for equal mass intervals, and using
the final total mags, 1.8, the mass after emission of the average number of prompt
nautrons., Although the figure is somewhat confusing, closer inspectior shows the
: L}

following featuress the distribution of thse heavy group is almost identical for ell

three suliatanses; the most probable heavy mass is about 140, perhaps 8 little lower in

335 i s about 93 (the dis-

39 is

the case of p%utoniumg the most probable light mass for U
tribution for 0235 is shifted by two units towards lower mass;s and that for Puz
ghifted almost 5 units toward heavier musses). The highest expscted yield for one mass
number ig &bout & 1/% percent in all cases. Also om #ig., 17 we have indicated by the
dzshed and dotted lines  the fission ylelds chserved by chemiocal methods., We are indebted

to Dr. Sugarman for these curves, It can be seen that the agreomsent is very good both

238
for U and plutonium. There is no chemical evidence in the case of 0233, The looation

height of the pestls is almost identical by the two methcds. Tho greaier width of the
ourve obtained by the fragment energy method is due partly to the effect of the recoil
from prompt neutrons as discussed above and partly to experimental uncerteinties, There
is some indication that the chemical wmethod indicates slightly greater symmetry of fissior
than do our experiments. This may be explained by assuming & tendency for the neutrons

o leave the heavier rather than the lighter fragments., Or it may be due to axperimeaﬁsl

e¢i'’'eats such a6 & slight difference in the enerzy required to mske an ion pair in argon-
{1 T
botween the faster and the slower fragments, It may be noted in passing that if theré:;

ware & difference in the probebility of prompt nsutron emission between the more and EEE

‘less symmetrical modes of fission, the "heavy" and "light" peaks as found by chomica].:

mothods should show different heights and widths, No such differgnop seems indioetedggg
—

—— RS
e
.

P
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Figs. 18, 19 and 20 show & somewhat different—prosentatiesr—orour-results., The

abscigsa shows the total energy release, the ordinaste, the energy ratio) while the
density of the dashes indicates the frequency of occurrence of a partioular combination «¢
ratio and eunergy, This presentetion is the squivalent of & three-~dimensional plot, In
"Fig. 19 we have also drawn in the lines corresponding to definite values of the energy
of the light or the heavy fragments separately, These plots really summarize the results
completely., Adding "colurms®™ on the graphs we should obtain the curves of Fig. 153°
sdding "rows", the ocurves of Fig, 16, Adding strips slong the lines of the grid drawn
in Fig. 19, we get the ocurves oi Fig. 14,

We oen sse at a glance thst one particular energy of a light fragment mey aorrespon
to all possidle velues of the mass ratio. On the other hand there is & definite gorres
lation between the snergy of the heavy fregment and the mass ratio, low values of the
energy corresponding to high mass ratios, and vice vesrsa, The graphs are cut off
arbitrarily at energies below 120 Mev to save space, Only a very small number of

pairs had energies less than this value and these showed all possible mass ratios.

SIFIED

In Figs. 21 and 22 we plot the average and maximum energy release, rospectivelypm

for various mass ratios for the three substances., The smooth curve in Fig. 22 rep-

resents the calculated maximum energy for 0255 a8 glven Jentsohko(l° Although

UNCLA

P

slightly better packing fraction values are now avrilable it did not gecm worth while

to recalculate this ourve. Unfordpusately the average enerzy (Figo 21) is greatly in-
fluenced by the small number of straggling tracks, while the meximum energy (Fig. 22)

is & somewhat acclidental quantity since it depends on the last track in & distribution,.
The following conclusions seem fairly reliable, thoughi tho dependence of meximum

snergy releass on masgs ratio follows roughly the expected behaviour? the observed
variation is about 20 percent for the extrems modes of fissions tho energy release for
the same ratio of splitting does not differ greatly for the three substences investigated

 There 1s some indiocation that the energy rolsase depends somewhat more steesply on mass

ratio in the cass of plutonium then in the case of uraunium., Some orude considerations

of packing fractions indicate thet plutonium should release about 4 Mav more energy

I el (ol B L L REL EASE )
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. 235
on figsion than U for the same mass ratio. Howster about 2 Mev, on the average,

e e

=le

is used up to provide the grealer number of prompt neutrons. The remaining 2 Mev

mey well be oanly partly released as kinetioc energy, the rest going into nuclear
excitation, It is not surprising, therefore, that no difference in energy release

for the same mass ratio is observed in our measurements., The greater energy relsase by

plutonium is appsrently dues only to the tendency to nore symmetrical fission.
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