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Tho average manber of neutrons emitied per spontaneous fission
by Pu?®0 s measured in two wayse The first was by e coincidence
system in whioch the neutrons emitted in coincidence with individually
counted fissicns ifero Eletectedo The second mothod was to determine the -
rato a‘t-; which neutrons wers beipng emitted from a mass of plutoniwy,tho
rate of spentenecus fission in tho material having besn previously de-

ternined, Tho resuls is 2,37 ¢ 0,3 neutrons/spontoneous fission.
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'10 Introduchion

( The value of - , the average mumber of neutrons emitted por
fission, is well known in the case of glow-neutron fission of Puz‘%e:l
It is also of congiderable intsrest to know whether ‘\) deponds on the
onergy of the neubrons producing fizsione / This problem oan be abtacked
by vmyiug the energy of the reuvirons used in the bombavdmendes IR such a
case the excitation of tho compound nuclous undergoing fission is ‘

En+TuE

where B, is the binding energy of the routron and T its kineblo emergye

B, is of the order of § Nov and T has beon varied by e fow hundred KeV,

n
No change in <) has been cbserved,

The effeoct of a moro draeticéhange in the energy of exoitation
can be observed by comparing Y for spontaneous fisslon of Pu40 ong 7
for slow-noubron fission of PufS%, fThe fissioning mucleus is obviously
the same, but in the case of sponteneous fisslon the energy of exeitation
is 03 in the case of slow-neutror fiszslion En or about 5 Hova

The high spontencous fisslon rete of Pu?%0 moxes this experinent
poseible and the result ls that

Wp =257 & 03 dhoreas Vslow = 2495 4 0405,
Honce it seoms probable that thorec ls e gmell differencs in ‘\) » in the sense

1
that V for the excited nucleus is larger then V? for the fundamental state. '

rd

le Snuydor and Williems ILa 102 -_
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24 Coincideonoce Method

In this exporiment a fission chamber was placed inside a
gensitlive noutron detector and the coincldences were cbserved betwoen

ficsions and neulron countse Ther tho number of neutirons peor fiseion,
"\) is given by .

2 = of(£ee)
whasre C 1s the pumber of coincldence counis, 1 +ho number of fissions
oocurring in the fission chawbor, and o the effiolency for dotectlion
of a ficsion neutron. Tais oguation holds if -)@<<1l, This condition
was amply sebisfied in these oxporiments,

The main reason for using e coincidenco asystem ls thet one can
minimize the offect of the baokground of the neutron couvntor.

In our sexzperimental oconditlons wo have a béckground on the
peutron countor of about 0,53 c¢/seo, The rumber of eponbaneous fission,
occurring in the samples used 1n those experiments is about 0,013 per
saconds the number of neutrons emitted per fisalon is sbout 244 and tho
counting rate duo these roubrons 1s about 8 ¢ 104 geo™l, It is oloer that
without a coincidonce systom the oxperimont would be imposgible.

The background due to accidental coincldences is very gmalls if
the gate opened by a flssion count stays opon 660 psoc, as in our expori-
ments the probabllity that an opening of the gate be accompanied by an
“accidental ocoincldence ls

6450 x 1076 x 0,38 = 2,16 x 107% UNE LA A)
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Wo shall seo that the probabllity that an opening of the gato

is accompanied by coinocidenco due to tho cmission of <) neutrors on fission
48 of the order of 6 x 102, From these numbers it is sesn that the
baokground is obout 1/300 of the offect wo wans to meagure.

Tho sencitive neubron detootor in our apparatus oonsiated of o
cylindrical chamber filled with boron trifluoride, the borcn of the come
pound belng enriched with BlO, 1 A schematic dlegram of the neutron de=
tector is shown in Fig, 1l Tho collecting slectrode, whioch is o hellow
oylinder coaxial with the chamber body and sultobly insulted, forms the
sensitive cavity imbo which the fizsion chember was placed,

In order to have a sufficlently lerge rate of figsion it is
rocessary to deviso o chambor into which a oonsiderable amount of the highly
elpha-active plutonivm may bo put wlthout compromising e woll-determined
detection of fission pulses, Accordingly s smsll cylindrical fission
chsmber wes designed which would f£i% inside the collecting electirede of the
neutron-detscting chamber desoribed above. Tho construction of the fission
chumber is shown schematically in Figo 2. I'b t}as neoeosarsr to nmoke the
chanber as snall as comvanlently possible in erdexr that the capaclty betwoen
this chambor end the collecting eleotrodo of the boren triflueride chember
be kept at a minimum sinos any oapacity at this point is in pars}lel with
the output of the neutbron-detectlng cham"oor: and reduces its pulse sglge
accordingly. The chember wos fi}led with continuoucly purified argons

The plutonium in which the fissions cocurred was depoglied on
four 0,005=inchwthiok plabinm sheets of the same sice ag thoe 1;rasa strips

10 LA 108 .
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which wore in combact with the chamber body and aoted as the hilgh~voltage
electrodes. 20 mg of Pu ocontaining about 0.8 mg of Pu?40 wore used,
The surface aoversd in esch foll wea cbout 55 am®. The plotinum shogts were
atbached 4o the bress strips and in turn vwere covered with collimatling sorsens
(o detell of which is shown in Fige 2)e

It is edvantageous to cover the plutoniwm deoposit with a collimeting
serser in order to minimize the offect of the fluctuating beockground of alphs
pexticle ionizebion. The aotion of the collimating cersen 1s a rather come
plex one, but it 1ls easy to soe qualitetivoly that it will lower tho fluotua=-
%ions in a shallow cherber that operates on electron collection, as in our
cese. Namely, the smallost pulses obiteinable from fission fragments are
unaffeoted'by the collimating grid; or the othor hand the largest alpha
pulses, that would be produced by alphas going almost parallel te the source,
are guppressed.

Without entering in a detailed discussion of this and other offects,
direot oxperiment shows that the allmblg offective emount of plutonium nay
be inoroased considerably by the use of oollimating scresnas

Fig; 3 chows the operabion of our fission chamber. The data are
obtained by putbing the flseion chawbor in e constant neutron fluxe The
mmber of fisgions per mimute is plotted versus effective amplifier sensi~-
tivity with the argon gas pressure aml oollaction voltages noted on the
graphe The oporating conditiens during our oxperiment were at bias Te At
this bigs 1% 15 clear thet one will not rogister eny spurious fission,
eimmlated by glpha fluctuations, The officlency for countiing ficelon 1s
parhaps 0.7, but this fact 1s irrelevant o our oxperimente.

An over-all block diagrem of the experimsnial sct-up is shown in

Pige 4. The collecting electrode of the flssion chomber was compeched
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to the ipput of a linesr amplifier with a %time of rise of about 0.1 nmicro-
ssoopd and an effective reslstanco~capncitonce dscay time of aboult 0.1
mioroaecénd. AlShough pulse heipht wae saocrificed with this wvaluo of the
decay timo congbant, it was proved exporimontally that it offered grester
differentiation vetweon fission pulses end alpha perticlo ionization and
" geve a guitabla platoaw curve as shown in Fige 3¢ The owbput of the fission
pulse amplifier was conmectod to_a scaling end register clrouit, The dis-
orimlpator of the scaling oiroult was arranged to feed a pulze 4o & colnoiw
denco eircuit each 'b.'me a fisslon count was reglstored, This pulse held the
coinoidence clirouit open by means of e multivibretor for a measured time of
8560 m:lorox';eoondsp

The neutron-detecting boron trifluoride chember, in whlah eclectrons
wers also collected, wag compacted to o linear amplifier with a time of rige
of 0.2 microseconds and a decay %ime of 20 mlcrosecondse The output of
thls amplifior was connected to a goarling olreunlt tho discrimlnator of which
was also arrenged to feed a pulse to the coinoldencs circult each time a
neutron s detcocted, If the pulsge from tho neutron dotector arvived at the
coincidence oiroult within 650 mioroseconds from the %imo a fisslon was
detected, "&he ooincldenco circuit fed a pulse to avill anotﬁar acaling ard
rveglotier unit. The reasons for holding the coircidence clroult open for a
oonsiderable time after the ocowrrensge of a {isslon will be disoussed lotere

Tn addition %o the throe ordinary mschanioal zrogisters, a recording
nillisneter with an electronic driving devico was arranged to record on o
oloci-driven chayt the time of each coinoidense cowrse Usling this arrengo-
| mert the random dlgtribution of coineidences with respect to time could be

miﬁﬂd.
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A ‘tabulation of tho cxperimontel data taken is given in

Tablo 1.
TABIE I

fisslon coinoldsanece neagurasd C

counts, o counbs, C efficlency, e e
270 24 0.0288 895
604 25 - 0.0264 o4
607 31 0,0278 1127
463 36 0,02856 1283
640 46 0,0245 - 1807
502 28 0,0242 1157
498 25 040248 955
670 34 0,0255 13338
672 34 04,0269 1389
842 56 0,0244 - 2296
iz8 10 0,0252 397
6584 39 0,02350 1696

6279 Y524y

Column 1 gives the number of fimsions reglstered in a
certain time inmtervalj coluww 2 glves the number of
coinocldences registered in the semo time inberval;
column 3 gives the officleney of the neubron deteabtor
measured in the mawmer desoribed in Section 33 column 4
46 the ratio of the mumbers in colump 2 and column Se

' The data were taken over a period of seven days with en operating

time of 134 hourse
The number of noutrons omivted on the mvorage in connection with

spontaneous fisslon is given by

2 z 2Cfe = 15241 z 2.36
N 4 637

8

This velue is subject to the corroctions and probable errors discussed in

the Section 3.
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8o Disoussien of the Experiment

Tho maln dlfficulty of this experimont is the determinabtion
of the actunl efficlencgy of the boron trifluocride chamber for the detection
of a noutron emlited in oconncction with spontoneous fisslon. Thlg diffi=-
culty arises primarily from the difference in enorgy spectra of the gponten~
eous noutrons and the stendardlzing sowcose Experiments were made o dee
termine the effioiency using as primary standerd a oylindricel mass of
naturel matallio wronium snd a rediue plus beryllium source as auwxllisry
standard,

The auxiliary standerd wes used to werify the constancy of the
efficloncy of our epparatus during the runse. The meximm ohange of the
efficlency observed was 107 of its normal value and these drifts were noted
and talen into accownt in Table X,

The prim;ry stendard was uged to measure the absolube efficiency
of our neutron counter. A wanium coylinder 8.7 om long, 3.7 em in diemotor '
end weighing 1789 gr was ucede It was assumed bo emit 26,8 noutrous/sco
asorresponding to 1b ﬂ/ksr 86Cc We also agsume that the efficlency of our
cownter for sponteneous fission meutrons emitted by tho two substences
1?30 ana Pu0 413 tho sames

The deborminabion of the efficlency was made by determining
8o “he oounting rate Cg (15804 o/m) of the auxiliary Re + Be sourco
in a dumy chambor identical o our ficsion chember; b, the counting rate
9, (18020 o/m) of the same gource with the dummy chember replaced by our
uraniuwn steanderd, Theo Ra 4 Bo sourco waz on the oconter of the uranium

aylinder; c. The counting rate €, (56,7 o/m) of the uranium cylinder cbove.
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The officlency e 1o given by

Tudex Ghe ldentlcal exparimental conditlons wo determined aleo the
counting rate Cg of our auxiliary Ra & Be gtandard in a conveniently
roproduoible position nesr the real fiassion chamber, During the yuns we
cheoked perlodicelly thie last counting rate and we assumed thabs the effici-
epncy was proportional %o it.

Cs

5.04 x 10

Cther uncerteintles entering inte the experimont ere: statlistios
in the mumber of coincidences counted, C; the sbsoluto number of neutrons
emitbed per unit time by the uraniun bleock uT_ed. es o standerd; systematio
arror arising because V 1s grogter than one; and an orror brought in by the
Pact that the coincidence oiyouit did not sbay ssnsltive after the poutrons
are emitted for a time,: infindtely long ocmpared with the life time of elow
reutrons in paraffin.

The dotermination of € is based on 387 comnts and is mecordingly
uncertain by 5 peroont, The nunber of neutrons emitted per unit time by
the waniwm oylinéer is thought to be acourn.'l;:a to 10 porcents. A corroow
tion oan be made for 2 being greater than ohe ag followss

Let o Dbe the efficlency for counting one roubron, as

moeasured by a stendard source.

Let p, bo the probabliity of gotting one count when m
noutrons arc omitted within ono resolvipg time

of the datector.
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fors
mz 1 _ K =0
m oz 2 Pp = 20 =~ of
n g 3 Pg = %o = 2% + o°

Beglocting e° eince o is @ small mumber, the aotual efficlency
for counting

2 peutroms 1s (20 ~ e£)/2

5 noutrons is (3¢ = Be2)/%

end since we know <)) is between 2 and 3 wo average the above

effiolency end got for e', the efficiency for ocounting noutrons

slmltancously emiited in groups of 2 or 8 such %hat 2 is 2,5,

' = o ~ 3/2 o*

The averege effisilensy o from Table I ia 0,0268, Subatituting
this valus to get o' we obbain 0.,0251, 1) must be mulbiplied by
000266/0,0251 or 1403, This correction is obviously quite small compared
with other uneertainties in the experiment,

The correction needed for the coineidence olroult being open a
finite time can be estimated fram a knowledge of the half 1ife of thermal
neutrons in paraffine This was measured by Manloyl who found tho moan
1ife to be 205 miorosocomds in an infinite block of paraffin.

The timo the coinoidenoce ciroult was sensitive, was 650 mioro-
seconds or 3,15 moan lives, Theo correction fastor by which one has to
multiply the actual number of cbserved coinocidonce counts 4o obtaln the
musber of oounts which would be obtained with a gate of infinite length is

1

or 1e0%0

le Physical Review 61, 152 (1942)
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12,

This factor is lowsred appreciably by the presence of tho boron triflucr-
ide chariber which acts ag an absorber. We have used 1,02

From Table I the orude value of ¥ is 2.85. The correction
factor due to tho offect on the efficloney of being grogter than one is
1,02, The correction faotor for the coinciglence circult stayling open &
finite time is also 1.02 This gives ) z 2.44.

The orror of this value is dus to errors in determination of the
efficlency, assuming that the atanderd is known exactly, probally 5%3 orrors
in the peutron standerd (uranium) about 10%; error due to counting statlstioes
543 All togothor this amounts to less than 135 percent so it is cop-

oluded that thls experiment gives a walue for ‘\) of 2e44 & 003,
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In the second seriss of “experimonte Bhe wimber of neutrons emitted

per urit time from e mass of plutonium wes compared with the mmber of
neutrons emitted per unit ¢ime from e standard radium plus boryllium source
and a stondard mook-fisslon source. These sources were oslibrated by en
integral method end by compariscn with primery standsrds. Thoy are known
on the hypothesis that source {43 emits ¥ n/sec’s, If this stendard velue
should bo changed by future redoterminations, cur values of <) would change
in propertion, but the ratio ‘UBP/ - elow Would not be affeoted because

also 35 dotermined with refercnoe to this standarde

slow
Thoe number of spontanecus fissions occurring per unit time in the

plutonium was determired by counting the uumber of fisslons ocourring in a
emall sample of the same material, This was done by counting the fiaslons
from a thin foil in a regular spontancous fission enalysis as desoribed by
Parwell?,

The plutonium used in this experiment wes in the form of e gylinder
1,76 om in dlametor awveraging 0,656 om thick and woighing 29.86 grams, 7Tt
gave 7.84 /g seo = 5 peroent,

Comparisons with the stendard sourcos were made by using the sensi-
tive neutron detector deeorided in the first expsriment and by the long boroen
trifluoride proportional oounter designed by Hanson®,

In using the sensitive noutron detector for these ecomparisons the

gouroces wore not placed ia the center of the cavity as usual tut were pleced

l. See LA 400
2. See LA 490
3, LAMS 66, Ae O, Hangson, Flat~Reaponse Neutron Detector.

% The source strength is not given in the manuseript, G
1A 400 gives the emission of sourcs 43 ag 8.95 x 10 n/seo,
with an acouracy of one percent, Edg et .
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out in the paraffin blook et o dlstdindd g2* %2 pm from the oxis of the
charbere This was dond beocouse medsmwntsoﬁn-m;.parai‘ﬁn block of
gowrces enittlng differont onorgy noutrons showed that at this distance
into the paraffin from the chamber, the effloiency was almost independent
of the neutron energye

The lopg boron counter was deglgned to have an effioclencay inde-
pendent of the enorgy of the incident neutronss However, for the high-snergy
neutrons in radium-pluseberyllivm souroes, the effliciency of the long counter
falls off considersbly being as much as 10 percent loss efficient for radium-
plus=beryllium neutrons as for intermediate onergy neutrons.

The atenderd mock-fission source was @esigned o have a neutron
energy spectrum gsimilar to the evergy spoctrum of slow-noutron-ipduced filssion
neutrons but this is an approxzimetion only and the energy speotrum of spontan- -
eous neutrons may be slightly &ifferent fram that of induced fission neutrons,
In owr actuel experiments wo found that the ratio of the mook-~fisslon source
atrength to the Re Be scurce strongth measured by'the long boron counter was
1,07 times the seme retio as determined by the integral ocalibrating experi-

This means thet the efficleney of the long B counter for mock-fisslon

menta,

neutrons 1s 1,07 times the efficlency for Rae -i~ Be neutrons,
Table II shows in colums 2 and 3 the ratlos of the counting rates

of the stendard sources to the counting rates of the plutonium button obtained

from the tvo debteatorse

TABLE 11
long BFg corrected corrected 1:7g oty BFg chamber
counter  chsmber long countor BFg chamber 800 n/see
ofF/Pu 60,28 2 61,951  G3.6% 2 T2e3% 140 5413 60 4724k 47
Re~Be/Pu  134240.6 12,5002 15.0% 0o 1403% 0.2 561 61 5784 58

NF' denotes mook-figelon source _°
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1k,
These orude ratios must be correcied because the plutonium bution mul i~
plies the spontaneous neutrons due to fast-neutron fission within itsslf,
The multiplication wae estimated to be 1,06 by the theorstical groupe If
the plutonium button 13 ombedded in paxraffin as it ls the case when the
sonsitive neutron countor wes used muliiplioation 1s inorecsed due to alow
nentron fissione An estimate of the mu}siplicetion factor upder our experi-
mentel oondltions used for "cﬁe BFy chamber ie 116

The corroctions are then mode as followss

F/Pu z 13.2 x 1406 long counmtsr comparisen
Ra ¢ Be/Pu = 15,2 x 1,068 x 1,07 " " "
MF/Pu = 619 xT 1,06 x 1,10 BFg chamber oomparison

Re. + Bo/Pu 12.3 xz 1,06 x 1,010 w " "

In eddition another correction must be made because of the different
officieney of the long boron counter for fisslon and Ra -« Be neutrons
disoussed aboves With these additionsl correctlons we obbtain the nuwabers in
oolums 4 end 5. Columns 5 and 6 give the number of neutrons emltted per
seoopd by the button, according to the varlous systems of measurement and
calibrations. |

The numbers veported in the first & ocolwuns of Teble II include
the uncorteinties dus to counting statisblos; ocolummns 8 and 7 coutaln also
4+he uncsriainties in the ebsolute cmisglon of the stendard sources. The
messured average number of neutrons emitted by the plutoniwm is 636 ¢ 30 per
gecond or dividing by tho weight of the button 18,0 + X0 n/er seo. Im
addition to meutrons emitted by epontonsous fission, some may be generated
by alphe merticles impinging on light-elemont '-\WW’.% in tfw button.

From chemieal analysis of several lots of plutoniun\ purd ".d bhamioally in
the seme woy as the semple used in thils emeriment, 4t h.miem .
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that about one neutron per gram second DAY bé due to slphe, n roaqtionn.
This would mean thet 17,0 neutrons per gr seocond were due Lo spontaneous

figsion. Dividing this number by the muber of fisslons per gr seoond,

7.44, wo obliain a value for V) of 2.3 § 0.3
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