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FRAGMENT ENERGY DISTRIBUTION I THE SPONTANEOUS
FISSION OF CURIUN

¥ V I e 'Richard Lyman Shuey
Radiation‘Laboratory -and Department of Elecitrical Engineering
University of Callfornla, Berkeley, Gallfornia _ -

Oetober 184 1950

~ ABSTRACT
The energy distributlon of the spontaneous fission fragments
of Cm242 has been measured° Both flSSlon fragments from a binary
fission were measured 31multaneously,~ The experimental method con-
sisted of photegraphing the pulses from a double ionization chamber.
| " The topologieel.featuresxof'the distribution are:the same as

for slow neutron figsion, The fission is more symmetrical than uranium

pCTPY

or plutonium slow neutron fission, The total kinetic energy of the
< ' fragments ie“greaterjtnanﬁfer slow neutron fission of plutonium.
Specifically, the low and high energy peaks are at 78 and 105 Mev,
'respect?ullyo The error in these values is probably 5 Mev and it is
believed that they are high by this amount, Curves of the'three,
dimensional energy distribution, the single fragment energy distri-
‘bution, total eneréy distribution, cdlculated mass yield curve, and
uranium slow neutron fission callbration are presented in the text,
A comparison ie made with previous work in slow neutron and spontaneous

fission, -
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FRAGMENT ENERGY DISTRIBUTION IN THE SPONTANEOUS
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o "Richard Lyman Shuey '
Radiation Laboratory and Department of Electrical Engineering
‘University of Qg};fgrnig, Berkeley, California =

October 18, 1950

- INTRODUCTION
._The'obggrvatipps:regu}ting frq9 the‘experimental study_of the
fission process have lead to a better undérstanding of the nucleus,.
Mgitner and Frischl first péinted"out the analogy between the division

of_a»liquid droplet into two nearly equal parts and the fissioning of

R 1 ’
-1 heavy'guclei. Bohr and_ Wheeler%.§n~their»classicgl paper on "The

Mechanisp of Fission" performed a'detailéd analysis of the fission

process based upon this so-called liquid drop model of the nucleus,

4

Present and Knipp,3 Metropolismand"Frankelg and others have extended

~ the Bohr-Wheeler calculations by considering in more detail the nuclear

distortions leading to fission. The results havé'been in fair agree-
ment with exﬁgrimental evi@ence except for the observed asymmetry of
fission, To be specific, the 1iquid drop analysis indicates ihat the'
most probable fission mode should be one in which the nucleus splits
into two equal parts and that this mode should result in the greatest
total kinetic energy; these coqclusions are not in agreement with
observed facts.,

Another approach to the theory of fission is to take the

‘experimental data on the diviSiqn of ‘chargé, mass, and energy between

pheufragment and try to deduce the mechanism of the fission process

- from -them, - Using this type of approagh, the fission process has been

examined in some recent papers., The known mass and fragment energy yield
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gurves gombined with the information on fragment decay chains are useful

in déveloping a consistent theory by such an ané.lysiso Thevanalyses of
5 8

Way and Wigner, Present,6 quyell, Qlendenin and.Edwards,7 Kingdon,

and B\;;'ton9 are of this type, but based upon different gssumptionso

-'Unfortunately, no one of these analyses seems to give a completély

satisfactory result. The complexity of fission may well be such that no
simp}g; adquatéwexplanatign existg° Nevérthelgss, it is evident that
the undérsﬁgnding?ofithe fissibn:process would be increasedﬁif.more
experimental“:esultSfWefe available,

It is believed that fission induced by a particle or gamma-
ray is really the spontaneous fissioning of the nucleus after the
particle or gammanray is a_bsorbed,2 In other Words, thevcompound nmicleus

is actually formed and exists for a finite period of timeo This nucleus

is excited by the kinetic energy’if'has absorbed from the incident

particle and the binding energy of that particlé; in the caée of gamma-
réy induced fission, thg enérgy:of excitation is equal to the gamma-

ray energy.. The excitatibp energy leads to large distortions of the
nucleus that result in fissioﬁ with a very shorffhalf—life° For example,
when U2'35 absorb§ a slow neutron, it becomes U236 in an excited state
and the eﬁerg§ of éxcitation is_egualgto the'approkimételyv605—Mev_
binding energ? of the neutron, If the excitation energy of the compound

2 has suggested that the nucleus

nucleus is sufficiently great, Bohr
may boil off.neutrons »before-the fission takes place;’Jungerman and
Wrightlo have foupd some experimental evidence indiéatihg that this
mechanism exists in fissipn induced by high energy particles.

It is interesting to examine how the energy, mass, and charge

distributioﬁs of the fragments from heavy element fission change .with
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the exéitation energy of phe nucleus, A good'deal of work in.the field
of igduced fission has glready been reported by other workers., As
indicated-above, the nueleus in spontaneous fission is in the ground
state, and the results might be quite different from that of induced
fission. The present work is concerned with the energy distribution of

the fragments resulting from spontaneous fission.
11

Jentsche™" and others have détermiped the mass and energy dis-
tributionsvofithe fragmenfs resulting from slow neutron induced fission,
The ﬁost.accurate ﬁass yiéld curves are thoSéléf phe_plutoﬁium project
sﬁaffl2 and thcoff, Miskel, and Stanley013 The most recent work on

the energy distribution of fragments resﬁlting froﬁ slow neutron fission
of uranium is that of Burton and Hanga,l4 and on fissign fragmentS-of
plutonium, Burton‘and Thompsonﬁ15 The_former is a particularly comprehen-
sive report and the authors make detailed compgrisons of their results
with those of Phe previous workers, The results of these experiments
indicate that both the‘maSs yield and energy distribﬁtion curves follow
the familiar double peakealshape° In_disagreement with the Bohr-Wheeler
theory, practically no symmeﬁrical fission exists and the maximum kinetic
energy release does not correspond to a symmetricgl fission. As the
atomic number of the fissionigg.nﬁoleus is increased, the fission becomes
mpre_symmgtficale It should be noted thét the mass yield curve is
obtained by chemical means and thus is based on the masses existing after
gbme radiocactive decay 6f the fissién fragments has‘taken plaéeb The
kinetic energy measurements are obtained from ionization chambers and
g%ve the kinetic energy.of the actual fragments. It follows that a mass
yieldncgrve computed»ﬁromtthe frag@ent energies should not agree per=
fectly with the chemicai curve; . however, the disagreement 1is mbre than

expected.,l4 Direct experimental datﬁ on the charge divisions are not
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available, but gstimates can be made fromrthe observed decéy chains,5s9
N Newton16 and Goeckermann and Perlmanl’ have determined the mass
yié}d curves resulting from fiséion induced by high energy“ﬁarticles.

+19 nave measured the corresponding siﬁgle fragment

17

Jungerman and Wrigh
energy distribution," Rosen and Fowler™' and others have measured the_
energy distribution for fast neutron,fission° The above exXperiments
indicate that aév the kinetic energy of theAingident particle increases;
the fission becomes»mére symmetrical; It follows £hat:§s the nucleus
in spontaneous figsion is in the ground state, we might expeet the
resulting fission to be less symmetrica_l°

Because of the chemical difficulties resulting from the low
spontaneous fission rates of éll known isotopeg, themmass‘yield curve.
of the fragments from sppntanedus“fissiop has never"been dgterminedo
The single frggment energy diStribution.ffom the self-fission of Pu240
has been studied by Sggfé'an@ Wiegand_,l9 and Whitehouse and Galbreithzo
-have reported the single fragment distributionAfor the spontaneous fis-
sion of natural uranium, Neither of these'expérimeﬁts disclosed any
difference between spontaneous figsion and slow neutron fission of_
the same isotope. The work reported in the present paper describesvthe
double fragment energy distribution”resulﬁihg ffom the spontaneous fis-
sion ofﬂGm?Azo The high fission rate of curium ﬁakes it_ideél for
mounting on a thin f%lm suitable for operation in avdouble ionization
qhamber° The apparatgs used-is suitablerfor }ess accurately performing
the same experiment, withv?uZAO, and it is hoped that this will be done.

| EQUIPMENT
A detailed_descripfion of the design and construction of the

21

equipment used is reported elsewhere, The present description will

consider only the more general operational features of the appafatusc
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A general block diagram is shown in Figo 1 and indicates that the equipment
consists of 'a double ionization chamber and its associated electronic and
recording equipmeptc‘ Let us follow through on the diagram the effects
resulting from a fission fragment in one side of the doubie ionization
chamber,

The sample is mounted on a thin film in the center of the

-cathode (sée Figo. 1), Conséfvatibn of momentum requires that the

fragments resulting from a binary fission go in approximately opposite
directions, A bipary_fission will beAdefined throughout this paper as
the splittiﬁg'of a nucleus into tﬁo_major fragments and possible'prompt
neut;bns and alphampartic;es,‘ The small effecté of pronpt neutrons,
alpha~-particles, and gammafraysvondthe momentum balance will not be
considered, Consider the"fission fragment entering the ﬁpper part of
the chambero' Thé fragment is stopped inrthe cathode (source)-grid
region of the ionization chamber and while being stoppe&, ionizes

molecules of the gass filling the chamber., The eléctrons resulting

~from this ionization are collected on the plate (collector) and constitute

a current into'the input of the preamplifier, Thé number of tﬁe
electrons is very nearly proportional to the energy of the fission
fragment and it follows that the voltage they develop across the grid-
plate qapacity of the ehamber is proportioﬂal to the fragment energy.
The ohtput_pulge Qf-thg pre-amplifier is Qlipped in_tipe by a pulge
fo;mipg‘ne@wqpk(PFN) and the result fed into the amplifier. One of the
amplifier outputs is fed through a length of RG=65p‘§elgy cable to the
vertical{Qefleetipp plates of-a synchroscope;__The other output is fed
to-a diseriminator, If the input to the discriminatcr exceeds a fixgd

value, the output provides a synchronization pulse, The synchronization
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pulse (a) intensifies the cathode ray tubé, (b) initiates the synchroscope
swegpim(c) trips a scaler, and (d) advaqces.phe film in.ﬁhe camera, The
photégraphed deflection of the caphode ray tube sweep is proportional to
the fission fragment energy. As all equipment is dpplicated for the other
side of the chambér, both fragmént energies are defgrmined simultaneously.
It is of interest to cqnsi@erithe performance specifications
of somg-oflthe units on the block diagram. The dimensions = of the double
iénization chamber are indicated ip Fig, 2; the electrical connections
are shown in Fig. l. The design of the grid follows the theory of
Bunemann22 and is such that all the electrons reachhthe collection plate.
The top sgal is lead, the spacers are ceramic and thg ?eedwthrough'insulan
tionglaremof the koyar-glgss_type, A 96% &rgqn 4% carbon dioxide mixture,
prepared at thi§ lgboratopy from‘commercial gases, was used in the chamber,
The gas was continﬁously circulaiedlby meanghof a gear pump and pasged
thrqugh a hot.copper ?educer and calcium sulfate drier, Tt is difficult
to see how the all metal-ceramic chamber could contaminate the counting
gas, and a study of fission fragment distributions for different purifi-
cation eonditionsvverified this belie‘f,21 We are now convinced that wifh
the metal-eeramic chamber, the gas circulation and purification system
was not needed. ' ' ' | , 1
| The preamplifiers apd amplifigrs used were built around the
three tube cathode feedback circuits discussed by Elmore®> and Watkins.?
They were Operéted with’a bandwidth o£‘2 mc/s° The pulse forming network
wés cénstructed by cohqecting Tumped capacitieé to continuously wound
inductances and had a clipping time of approximately one-half microsecond.
- The amplifier outputs were connected directly to ﬁhe deflgction

plates of two modified synchroscopes, type TS-28/UPN. The beam voltage
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for these instrumepts was obtained from a regulated voltage supply. Typax
?-11 cgthode‘ray tpbeé,were photographedeith Leica cameras using a relative
épgrgturg of £-2 and Eastmaﬁ Super XX film. The shutter was left open at
all times and the film advanced after each event. Fbgging of the film
by—the cathode glow of the cathode ray tube was elimingted by the use
of a corning_type 5030 Blue filter, To permif alignment checks between
the two channels, at set time‘inﬁervals a small électric lamp would |
autoﬁatically light in front of each cathode ray tubéo

, The ionization chamber, pfeamplifiers, and_amplifiérs were all
mounted in a well shielded box. All leads to the box except the ampli- .
fier outputs passed through LC filters. The discriminator;utilizes a
biaged blocking Qscillator as the sglection unit. The»ﬁnit will respond
to a triapgular’shaped pulse 0,1 microsecgnd wide at_its base, The output
pulse is 0,5 microseconds wide and.éé volts in magnifudeo

The resolution of the chambera at least for alpha=pgrticlgs, was
checked with a éample containinguAm24ldapd_szézo Withﬂthe gas mixtu;e
usgd, Fhe rise ti@e of the ionization chamber was approximately O°3”micro—
seqoﬁds, The voltage plateau of the chamber for fission fragments was
deter@ined with slow>neutron fissiqn fragments from U2?5° The operating
point was more than 30% above the start of thi; plateau.
| The gain of the over-all system was frequently checked by connectm

ing a pulser to the cathode of the double ionization chamber aﬁd'grounding

the .grids, The shielding of the grids is not perfect and some signal

is picked up on the collection plates., These'checks in@icated that the
gain of the equipment was constant. The energy calibration was accomplished
by observing the pulse size distribution of the fragments resulting from

the slow neutron fission of U2350
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The specifications of the curium sample used are gi#gn in
Fig° 3. The sample was'madg in the following fashion.

A film was constructed by plaeing a drop of formvar Ewethylené
dithoride solutign on the surface of a dish of wat;._r° The drop spread
ouﬁ on the wgter gnd formed a fairyy even layer, After the ethylene |
dichlpride had evaporated, the formvar E-film wasvpicked up from beiéw
onto a pié%é of Lectromish, axcommercial square grid with a transparency
of about 30%, The fiim can just as easily be picked up onto a large
ring, The weight of sﬁgh a formvar E film was found to be roughly 5 micfo»
grgms/cng A qurium salt Was‘then vacuum Qvaporated onto the side of
the formvar away ffqm the éollimator° It is worth noting that not only
is it possible to make large ﬁhin films by this téchnique, but in
addition a small amount of copper or gold can be evaporated onto the film
to make it conducting, |

. The gR35 samples were made Ey'evaporgﬁing uranium.in the
metaglic stgte qnto a platinum plate., The pléte was then heated in air
to oxidizé the uranium, o

~ RESULTS

ThguthreefdimensiOnal fragment distribution for the spontaneéus
242 is shown in.Figs, 4 and 5. The data are presentedi
as a density plot in Fig. 4 and in a summed form in Fig. 5. The summed
presentation pf the basic data is a form suitable for further”calqplations.
Loci qf interest are ;ndigated in Fig. 5. It would be'possibie to con=-
struct a qontinuqus plot from the data available; hqwever, as such a
construction would involve an unwarranted and possibly misleading smoothing

operation, it has not been made,
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_ The information obtained from channel I should be identicel, within
the'statistics of the experiment, with the information obtained from channel II.

In terms of the three dimehsional energy'plot,‘the distribution should be

symmetrical around the equal fragment energy line. It follows that as the 35

calibration run, indicated that the_gain of the two channels was identical, Fig.
9, the plot of Fig, A.Should be_sym@etrical around a 45° ;ine through the
origino | '

Geesider the thin euriumvsample. The fragments.entering channel I
haye“paseedvthrough tﬁe eollimator and lost energy in this region° Thie is
because in the vieinity of the collimator the field is insufficient to prevent
phe recombination of the electrons and ione formed by the fragment, Therefore,
the electrons formed in the collimator region may not be counted, Experimeqtal
results.reported elsewhere21 ipdicate that the curium is absorbed evenly
througheut the film, and therefore the sma;l amount of energy lost in the
film (less.than 1 Mev) is”on_fﬁe average the same for fragments in bofh sides
of the_chamber° The'fregments entering chagnel 11, except for sﬁall £ilm
losses, lose all of their energy in the active region of the chambefo It is
thus reasonable to assume that the data from channelfII are more accurate
than the data from channel I, If thie assumptionrie made, it is possible to

21 However,

for phe resulﬁs.of_this_experiment an excellent match, or geod“symmetry, is
obtained if the origin is shifted slightly. The required shift of 1.5 units,
approximately 4.3 Mev, is indicatéd in Figs. 5 and 6.
o Sevepa} fects’are worth neting wiﬁh respect to this eoffeciion. Pirst,
the estimate ofdfilm loss discusSedJabovevis baeed upon the @atewof Segfe and

Wiegand25 and is believed to be eonservative. Second, let us assume that all

of the electrons in the region of the collimator are lost, West26 has made
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extensive measurements of the initial ionization of figsioﬁ fragmenis in
nitrogen atvloy'preésure and extrapolateé fhe results to standard conditions.
He estimates that ionlzation causes the initial energy 1oSs-of'fiésion
frggmants in nitrogen at standard gonditions to be 6,5 Mév per mm of path

‘length. The energy loss in the 4-nil collimator is thus expected to

vpe roughly 6 Mev, It éhquld be mentioned that previous experimentsgl
with a much thicker collimator émphasize the importance 6f collimation
losses and also indicate that they ére larger than expected.

vThese observations indicate_thét thé_differences in the channel

I éﬁd channel II data'are prqbably due to qollimation losses. Forithﬁ
reésona éhannel I!qu_corrected to agree with channel TI. There is no

~adequate expiangtion_fér the"magnitude of the correétion‘needéd.

The single fragmentvenergy distributionrgurveg'for channel I
énd channel II cag be constfucted from the three dimenéional plot of

Figo 5. Fig. 6 shows the sum of events in a row plotted against tﬁe
deflectiQn or energy ¢offesponding tb'ﬁhgt row;-ﬁhis:is the information
as seen'from channel II, The channel T information is found by éumming
the columns and is indicated, éfter correction, by tﬁe small circles,

The lines of constant total deflection, or total energy, are

_.shown in Fig. 5. fhe suﬁ of events along each of these linés has been

taken and the resglt_is plotted in Fié. 7o

| The constant masé rétio (or mass) 1inés are the radial lines

F:drawn tﬁrough the origin of Fig, 5. The segments shown were distofted

so that each square of tﬁe plot was completely in one segmepto The sum

of the number of events in each disto:ted segment wagutgken;_the resulting

‘'mass yield curve is shown in $ig. 8, Awhigh degree of accuraéy is |

obviously not to be expected from such a plot, Nevertheless, it is
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run, The value of 9207”Mev is from the paper of Burton and Hanna
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interesting to note that as for slow neutron fission, the-heavy mass

=7 and Presenté‘have-suggested the poseible

peak is close to 139, .Mayer
importance of the se=ca11ed magic numbers in such a division.
| » Calibration and Errors

The basic energy _calibratien of the experiment was the energy
distribution of phe fragments from slow neutron fission of U235° The
UZ%S was evaporated onto two platinum plates and these were run back to
back in the chamber, The samples contained roughly 100 and 200 micro-
grams of electremagnetically separated U235, respectfullyo Except for
the sample itself and the Po-Be neutron source, the conditions were
identieal with those existing when the eurium data were taken, The chamber
was not deeigned for high neutpon geometry with the result that the
amount of paraffin that could be used was insuffieiept to slow down

many of the neutrons, Fig. 9 indicates the result of the' calibration

1

and
has not been corrected for seif absorption and'oollimat;on losses, Iﬂ

is agsumed ehet the absolqte energy calibration of their experiment was
correct, It is worth noting,_however,‘that as many of the results of the
present experiment can be compared directly with previous data on the
slow neutron fiésien of uranium, the absolute energy:calibraticn is not

too important,

The film and collimation losses in the curiumlsample have been

' discussed previously., The uranium samples used in the experiment were

. ) . SO . 25
less than 50 micrograms/cm?. Using the value of Segre and Wiegand™” for
the stopping power of uranium,the U235 high energy peak shift has been

estimated as about 0.7 Meveol
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¢ There is a chance that an elpha-particle will be emitted by one
mucleus coincidental with the fissioniﬁg of -another nuéleus_with the resﬁlf
t@at the recorded energy will be too large. Coincidental events are defined

o aé eyents ocqurring~within-the-resolving-time of the equipmentz The proba=
biliﬁy of such an occurrence can be estimated from Poisson's law. This
Aeélcu}atipnthaé‘been“made-and 1es$"than~one'out of ten fissions shquld have

; an alphaapariiclemsuperimposed on it. Less than-one¥fragment'put of two
hﬁndred will ‘be coincidental with two alpha=particles. The shift in the |
“high energy peak as B result of- these c01ncrdental events has ‘been estimated

as less than: 0 s6Meve, 21
'ItriS'possible~that'if asufficient number of alpha pulses occur

within the res olutibﬁ"’*tj‘;me"nf—‘the “chamber, “the ~Te~su1t~-w111-~be~-i~frterpreted- as
* a fission pulse. The probabllity‘that-thIS“W111~occur‘SImultaneously in both
: chambers is 1ns1gn1flcantly small, |
| The gain'of“the-equipmentwnm“fTequently“éheékedfby*means of ‘a
;L pﬁlsevgbneratoro- It has alreaﬁy ‘been- mentloned—that-the """ pulse generator
was éonnecteﬁ +to-the - sample plate of the tonization- chamber and“thus prov1ded
an over=glk equxpment check, A -drift of more-than 3 Mev would- have been
depectable,ﬂand-1t’1s-expected that the error due to drift is within this
li@ito, The~possiblé”fi1m‘readingwerrors~are-of the ééme“order of.ina.gzﬂﬁ.-i'n,ui-e.°
After the data presented here-w;re taken, the curium sample was
again- placed An the”chambero & short—run indicated that‘no detectable charge”
: had‘taken*place since~the“original‘run¢ 'The“ﬁriteria*fbr‘comparison“purposes
was: the locatien of- the sxngle~fragment hlgh energy peako .The U235 ‘sample
was then placed in the chamber° Again, a short test run;indicated that no

charge - had taken’ placeo
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The possibility -that - 'c"oﬁpling-“exi.sfed ~between the two—-channels was
inve'stigate&**whe_n ~the eguipment “was “assemble‘d" -but none-was -obgerved, Later
checigs ,i inclndi’;ng short -—curium“runs_“"with only one "c-h-anne'l’—opefating, verified .
the results of this 'investi;gation’, It is apparent that» during the curium
data faking runs, fission fragments simultéﬁeoqsly Voccurred-'i.n both chanﬁéls;
whereas during the U2 calibration Tuns, they did not. It follows that if
any cbupling existed, it would -seriocusly affect the “resuljcs,, The results
of .evﬁery exper:ﬁﬁent-*bo‘*deteet"“coupling—were "néga‘tive -and 'fipdicat-ed that no
detecfable coupling between channels existed,
All factors considered, -it ‘i'sw'expécte&“%hat-“the- -absolute -values
of the errors in the result_s. presented here are less -‘than"%--‘;' '-Mevo
B  DISCUSSION . N
o ?‘he"ﬁouble"“frggmgnt"ene’rgy”&istﬁ:bu‘tion'ﬁa‘ba ~of ‘th‘i:s‘%eﬁort“can
be“compa;'ed 'tO’*th'e"jprevicus’“resul“ts-'from"sl"cw'neutron"fiésion_o * Burton -and
Hgnnaﬂ* ‘have" done -tire most recent work-with uranium, while Burton and
Thompsc_:»nll5 have reported -the latest-experiments on plutonium. - Their papers
give a summary of the previous wc::‘qke '
Since the work "de-scribed. in the present paper was first under-
tak_gn, three o_ther -‘-groups have reported work on the 'fragment"-enei_"gy“ dis-
tributioﬁ gf jspb'n*paneous ~figsion, Wi"egand and Sve,gr\el9 i:nvesti—gat_;ed Pu2z"0;
H_ahna anq his c's’o«'—v\rorke'rs28 at Chalk River -ha_ve Tepor ted s>§me"—preliminary
results with Gn%?; and Whitehouse and Galbreith?0-have studied natural
uréniixm Aill'of ~these investigations-were @cemﬁ -with only -one of the
tw‘é fission f:r.agments 61‘ & -bi;nar'y. fission. 4 |
| ) _Wiegan@-"and" Segr\e*electropla‘bed 17""mic;ogfams'-of‘-'-separated Pu240
ogtb. a platimum plate l9The single sided fragment energy distribution was
observed and compared with the resuits from the sléw neutron fiséion.of

i
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the Pu239 present-in the- seme s;mplee ‘The"energy“wes “measured by
photographing'the amplifled—pulses from the 1onrzation"chambero No detectable
difference between”the~spontaneous'fission“of'PUZLO‘and slow neutron fission
of Pu239 was observed, _ - " |

Hanna and his eowworkerszszueedea‘eample of Gm242 with 4 x 107
a;phaecounts per~m1nnteo_ A collimator ef i/12 treansmission was placed over
the‘samplec “The"i%agmentfenergy—wae{defeeted in an ienization ehamber'and'
recorded by -means 'of“a”}enmpen“recer&ero eThey“feﬁorted‘high and low “
energy peaks at 95-and ”65“Mev,“respeetive1ju “They also-report a valley
more ehallowwthanffor<?u239,fbut“ettribnﬁechis tO'insfrumentation errors.
Their,resulﬁSMare”to'be-eonsidéredﬂvery»pfeliminafyezg

© Whitehouse-and Gelbreith-utilized a Targe vylinirical fonization

chamber with 57 milligramsl*pf”naturalwuranigmwin=e 100imicrogfam/cm2'layer@
No eoilimaterwwaswused;”but“a"se1f¥absorptien”eorreetion“was'“madea'"They |
compafed-@heir“resuitswwithwthe”slcw“neutron*fissian”cf“the'“same“sample,
and no difference" between‘spcntaneouS*and slcw meutron-fission was-reportedo

The informatlon-cn'SIOW'neutren and*spontanecuSWflssion is |
summarized in Fig, _ 100 ‘The-results for “uranmm-emd --plut-onmm “have been -
1inear1y extrapolated to curium and are- glven in the table. In-the liquid
drop model of the ngeleusz the-value of ZZ/A is -an indication of the stability
" of a heavy nueleié~and for this rea50n~it“has~been included in the table.

7 Burton*and Hann314 and Burton and- Thompson15 -have econstructed

three dimensional energywprobablllty plots-for fission fragments- resulting |
from the SIOW'neqtron*flseIon“of”uranxum*and“plutonlum,~reepeet1ve1y° Their
results are -given iﬁ“t@ejform”offconfeur”piets"”where"the"contour lines
represent eonstant*probabilityo WTheir“seuree“of“neﬁtrohs“was'the Chalk
RivervPileo “The ‘data- were“taken'on a BO&channel pulse gnalyzer. The

copious source of neutrons and pulse analyzer resulted in data with good
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statistics and in a form suitable for presentation as a contour plot. : The

resulting contour plots can be compared with Figs. 4 and 5 in the present worke
I’t is apparent that the topological features of the curium plot

are the same as those for the uranium and plut.om.um plots., -By this is meant,

the g_eneral shape and ”characteri'si}ic_s are the same, From Fig. 5 it is -quite

"
clear that the maximum energy-release does not correspond to a symmetric

fission. _
_The-vinglemffagment"'energy—-distribution‘derived"from Fig. 5 is shown

in F‘i_go 6, The depth -of the-valley between-the “high -and 1ow energy peaks

has often been -taken -incorrectly as an-indication of -the degree “of “symmetry

of fission., It is-known that-most 4nstrunentation -errors -spread out ‘the two

probability 'pe'ak;s_'_“vffﬁgo AW:L‘throut "placi?!g'cou:rbs‘-'-on'“the- -equal -fragment energy
line. However, "wh—en"*viewed:ffrom' ‘oneofthe energy coordinate "yiire'cti:ons s the
resulting peaksi"'ovex;l"apo_ This end view is -in—effect a *single‘ fragment energy
plot. The depth of the ‘valley is thus seen to be "véry sénsitive to instrumen=-
tation errors and is not, from a practical standpoint, a good indlcatlon of

the symmetry-of’ fission, Theratio of the h:.gh to 1ow “energy” peaks remains

a good measure of the symmetry of fission. The allowed deviations from the

most proba‘bl-e' division are --hzdigated by the -‘-shafpn-ess‘ of peaks in three dimen=-
sional plot and to some extent by the single fragment valley shape, Both of
these properties are Su“bject to inst._nmeﬁtatian' errors. |

ch.;:nsidgr the comgarison-“’ca’ole of Fig. 10, Tt 'should be remembered that
spontaneous -fission is belteved-to be-the “fiséioning~'-6f & mucleus in the ground
state, wh:‘i.le‘ in "s*]:ow*"neutr‘on""fiséi‘on'"th‘e‘ -nucleushas "an""exc'i"t-ation energy equal

to ‘the binding energy of the added meutron plus ~the- neutron *inetic energy. It

was mentioned in the introduction that for 'par‘blcle induced fission, an increase

in the atomic number of the fissioning nucleus or the kinetic energy of the
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impinging particlgwresnlts"in*moréwsymmetrical fission§ ‘It might therefore
be expected~that“spontaneouS“fission;waswit”ismthemsplitting"of a nucleus
in the ground*gtate,wwoui&”be“1ess~symmetrical“thanmslow"neutron“fissiono ;.
The U238 and“Pu240“resultswindicgte“that*ﬁhe lack“of'éxéitation“energy'in
sponténeous'fission”is“not~an important-factbr~inmdetermining“the“mo&e-of
figsion, The'topoiogicai-featureS’of the Cm242 plot -verify this indication,
It might be'mentioped"thaﬁ'in-view of_théwsmall"differences-existing“betweeﬁ
slow and fast -neutron fissionl8 this~conclusi§h is not surprising. The ener-
getic causes determining the fission division probably correspond to energies
larger thanwlﬁ Mev, In light-pf tﬁe-ébove,.itfwould seemilogical‘to attribute
the differeﬁces;between uraniﬁmxs1ow'neutron fission and curium spontaneous
| fission to tﬁe~higher"at6mic'number and“greatef~mas$‘of éurium° ,Lét us con=-
sider what.thesek&ifferences”are, The table of Fig, 10 is a ﬂconveﬁient
basis for cqmpafiéonso \ |

‘ “ Thempositions”Uf~the"highwand“1uw~enefgy”peak3“reported'inwthe”present
work are higﬁer“thanWEXpec?eﬂ"fromwtheéextrapolationﬁof’Fig. 10“and~are!alsd
higher_than'the Chalk“Riverwresultsop'The"ratinbetweenwthe“high~gnd low energy .'
peaks reported here'ismnear"the“expected*vaiue and*the Chalk River value high,
It should be remsubered that the Chalk River figures are of a preliminary natuie.2
The ratio between"fhewhighjand 1QW"energy“§§aks-is'an indication of the most
probable massm&ivigionwinwfissiono The~extrapolated"value~and'§he value
repqrted here are;consistent-with-the*vigwpqint that the ‘heavy fragment mass
is constant, It may be recalled that this is' -é_xpérimentany true for slow
neutfon fission, anﬁ“has been"agsofiateﬁ wiph'the‘magic'ngutron'and'prcton
h_u_mberso6 ' Hanna®? has indicated that the Chalk River valué is in error but

the magnitude of this error is not known to the author.
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The surpri=singly high energy reported here combined with the reasonable
~ value of peak ratio raises thé—--question as to how valid the energy calibration
is. The calibration method, checks, and errors have been discussed previouélyo
Only the sélfiabsorption, 'film‘-‘-ab'S‘orption, and 'albha background errors are
different from "‘bhe""mniumi“"and*ﬂcurimh""runs » “and the sum-of these differences
should be __lgss"‘than~'-two~ Meve, TIf-there ':_irs"a large -error -in-the estimates of
the ._initial energy loss ‘Sf fission-fragments, -'-fh’e"difference ‘may -bev larger,
It is felt tha*b'"_the Chalk "Rivez;'*resuittS"-are"pro’oa’oi:y Jow-and '*t-he -values
reporfed herg" h1gh., Support"ls ”giyéjnj“boﬁtﬁtts“feel"ing'tby**bhe 'Teceﬁt"‘reportzc)
that self-absorption-and collimation corrections-should-be-made to-the pre-
1iminary“ Chalk River figures., The size of "tﬁese -corrections is not known,

There. is no-experimental evidence to support the feeling that the
results of the present exp%riménts 'are'hi'gh',» -and, "therefpre‘, ‘the calibration
has been lef:ic”u_nchangedo ,It' is expected that the -"meagn;emen_i_;s_- are- correct
with plus or minus 5 Mev, or roughly 5 percent, ‘The -disagreement with the
Ghalk. River results is not explained. . . )

It is ‘clear' that-'if the results of the pregent work are correct,
the kinetic -energy released in -the spontansous fission of curium?2 is
considerably 'gr_eater“than’"‘tha‘b‘-l'ibera‘bed' in the slow neutron fission of 235,
We have seen-thgt-this difference "'iS":probably '*aj'*propérty of “the elements
invp_lved and: "not.‘a"*:dviffere'r‘me' “between 'spontaneousr"and”slow-neutron “fission. -
It is interesting to consider ‘h’hé 'pO'SS’i;oi-e--"reasons “fﬁr ~the --ingrease in-the

kinetic energy released.

curium remains constant. “The'~‘binding“"energj"'vf"the""c'arimn'mcleus- -is-known

to be greater than-that of uranium. A-crude ‘estima“tg ~of ~this-difference
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can be obtained by-adding the alpha<decay energy30 of ¢m%2 to that of
?u238; the résult”is“rpughly 11,6 Mev. Seaborg has suggested that if the
results of‘thiswexperiment-are;assumed‘tO“beMS'percent‘high, the increased
| binding energywof”curiumwmay account’forwmoétlof the additional fission
kinetiq energy., .Because:thé-“basiclcalibration'of~this~experimeﬁt~was*ﬁith
uranium, the“comparison“between“uranium“and”curium‘ié“given in preference
to that between curium and plutonlumo '
S Seeond, Bohr has pointed - out2 that for a glven nucleus, as fission
; b%coges more-symmet:xgal, the total energy released should i-ncrease°
Obviqﬁsly, the endrproducts of the decay ohéin should be differento The o
chgmical mass yield curve for curiﬁm fission is not -known, but the present
ioﬁizatien chamber“resultswindicate-the fission is probably morg"symmetrical
ana at least the initial division is more -symmetrical. '
_ Third,'we can consider “the- t@tal energy—released constant. It
is known that the total- energy-released Ih'thE”fISSlOn of 3235 is-greater
than ZOQWMeva32““The”difference"betweenwthe“totél'energy"and"the"sum‘of o
the fragment'kinetic~energiGS”is"acccunted*forMby‘thémpromptjneutrons, prompt
gamma-rays,-and“radioactive“fragmentFdecay“chainso The kinetic -energy of
.the frégmqnfs*would“be“greater-if lessenergy were carried away by -prompt .
neﬁtron.andjgammawrayéo Awdecrease“in“tﬁewinitiél“binding“éﬁergi33“6f“the
fragments would have-the same effect and-would change —the decay chains.
| It iz seen-that-there mre-three-effectswhich could-make the fission
fragment eﬁergy—of:cu;ium4greater’than“that"of"uraniumev~name1y5'the~greater
5indi£g enérgy”of-curium;-the“more*syﬁmetrical'fissicn of>§urium;-and,
a redistribution of energy lost-by“promptmngutron,"prompt“gammaﬁrays,'aﬁd
fragmént decaf chainso These effects‘are7undoubtedlywnmt independenta - The
1ncreased kxnetic energy released~by the fission-of- curium and that of

uranium can be largely explained by the flrst two effects. The remaining
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energy could be accounted ‘for" by small changes of the third type or-of the
mode of i’ission., The present experiment does not provide sufficient data

‘to permlt an accurate estimate of the relat:.ve importance of these three effects.

The eneTgy” distritution of the spontaneous fission fragments of
242 has been measure&. Both_:\'flssion ‘;fragments “from -a binary fission were
measured _simu’_{.tsneousiy, “The "topoiogijcai"features “of ~the-distribution are
the same asfor slow meutron fission.  The -fi"‘ssion- “is-more ‘symmetricai' than
grsnium of plntonimn slow nentron "'fission. ‘The ~topological "and“"*Symnetry-
| chs.nges are "bEiilieve'dfto‘""o‘e"'ﬂifferenc'es 'i'emting i‘romthe "change of elements
'The total'

and not a d:.f’ference between spontaneous and slow neutron fission,

kinetic energy released is greater -than -that Teleased for- olutonlum or uranium

1
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FIGURE 10

 UCRL-959

Material
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