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Short time fluctuations in neutron intensity of the water boiler

were investigatedwith.the boi2er running at oritical. A theorctioal devia-

tion is :iven oonnectin~ theso fluotuaticmswith the qmntity~ -; , that

is, the averuge of the cquare of’the number of neutrons per fission minus the

average zmmbor oi’neutrons per fission. Experimental results for the +’luotua=

%ions of the boiler are given.
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STATISTICAL FLUCTUATIONS IN THE ‘iATERBOILER AND

THE DISPERSION OF IWJTRO??SENITTZD PER lYX5SXON

It was khooretically preciio%odand experirnonkallyoonfirmod as

tlw watm- boiler at Site Y was in o~ration

neutron intensitywhich were lar~er than an

boiler was run at critical.

that tharo were fluctuations

ordinary Poisson fluctuation

socm e.~

of ‘the

W1’xxtb

Closer examination of kha theoretical formulae for such a fluctuation

gave hopes of detorminingkx quantity which was needed to calculate the prob&bil-- 1
ity of’predolxxmtion of a gad~at.

/
‘rhoquantity in quo6tion i~ tho quantity I

~ - 7, i.e., the averago of the squnro of the number of neutrons per fisaim

mmus tho average number of neutrons por fission.

In the followin?~a theoroticd derivtitionis given for the !/3uatua-

tims of the boiler invustig~ted. This shows tineoonneotion between the f’luclaa-

$Aans of’ttiebo~ler and the qtiantityFL - ~ . Experimental a~”ran:;ementsand re-

sults for th~ f’luotuationso? the boiler are aluo presented. It should be olear-

iy understood thct this may not be interpreted as a metisurementof the quantity
I

the grompt multiplic.:tionof the boiler, is still lackin;. I
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a bar denote avera~os then we shsll prooeed to

antilater combine them in such a fashion as to

ehown to involve directly MO quantity ~d - ;.

obtain oxprassions for E

Kivo ~~) - (6)2’A”which

In the cafieof a Poisson

[

.
Lion of c the quantity (~) - (E)2~~ is uniti~.

It hns been nhown by Serber and de Hoffmann that

Iaycd neutrons can be nqqlocted if the “gate-width”, i.e.,

.. .. .
and O&

cnn be

distribu-

tho offoct duo to de-

timo ovor which oc)unts

‘c-etuken$is small co~parcd to

wssumea that this condition is

“1Frys .

the averaze delay Fari!xi. In tho followinK i% is

fulfilled and wo may ne~leot the effoot due to de-

‘“hofact that a neutron born at one placo may not produce the same cub-

soqucmt offoct on the boilor as one born at another placo has a small effect in

our CQSU. l’hiais duo to the symmetry of the boiler and aleo to its small Gizo

ao that a neutron has n Rood clxmce of travorsin~ tho wholo sphoro during ita

lifntime. Calculations of Feyrmnn h.nvoshown thnt this geomotriual faotor when

ti~konp.ccount of’ nmount3 to only a few porcontiand can really be neglected.

i’eynmnnhas further c.arriodout the derivation }vitha contiramm ~f velo=

cities of neutronz end the rem..dtobtained is idenbical with that when only one

&fPO of nOU%rOI’Iis auaumd. Because of tha above information concerning dolaya,

geometry and velooitieej mm shall in the followinq givo a simplified derivation

treatinq all neutrons in the boiler as being equally effective.

G.’we introduce a large number of noutrorm into the boiler, thm aincc

n numoer die, the rate of change of neutrons will just be proportional to the

.rnxuoorpresent, lee.,
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where e, is the rate of

into the boiler then the

If one neutron is
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(1)

deoay. Thus if at time zero one neutron is in%rodumxi #

ezpectod number of neutrons present tittime t is @-=G.

lnwwn to be present in the boilorr then let the pro”oabilj

of its producing 5 fission in tine dt be dt/~. FuFther, let tho probs~ility

that any neutron present, whether an initial or a fis8ion neutron, gives a oount

in the ohamber during the time dt bci (E/~)dt. Let S be the number of fissior:

per seoond. Then we my say that ST neutrons ciro present izIthe boiler on tho

averaf;eand hence SE counts are re,:isteredper second. Thus 6 = numbar of’oountv

per fission in the boilor and

5= s&k

where t is the g~te-width, defined as being

‘iiden.

Next let U8 seleot hw arbitrary times

intervals dtl end dt2 and let us ask what the

(2)

the time over whioh co’mts two .

tl and t2 with oorroaponding

expcctcd number of p~irs of oounts

iB, i.e., a oovnt at tl in dtl and also a oount at t2 in dt2.

If we remrnber thritthero are a cwimin nuder of p%imary neutrons born

evtiryseoond due to such things as spontaneous fission, costid.orays, g-n reactions

in the BeO tamiler,etc., then we lmy dr:,wthe f;llowing schmnatio picture:

,
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>6~me

L
+-fiesion (i.e., every branching

*-J count count
i
1“

‘+- Count Count

is

This

$lttl and t2.

shows us that we may have two differcrrtkinds of

The first type wc sha21 oall “accidentalf’paira.

a count registering at t2 duo to one primary sourca neutron and

pairo of counts

‘fhosoare due to

a count rogi6*9r-

ing at t2 duo to aiientirely separate family from another independent prima~

neutron. The pair of counts A and D ropreaents suoh a situation. The cecond

type we shall call “couplod’~paj.rs. ‘J!hssearc pairs of counts which im tho last

=&lysia c.nnbe traced beck to some comnon ancestor, i.e., one ficoion. such a

fiituationwould km repramxrted by A and C. Tho conunonancestor is X.

Yhus let us express rathQmatically the expcctod number of pairs in titl

and dt~ duo to accidental and coupled pairs. The expected number due to

tivoicientalpairs is merely the probability Of hving a count in dtl which is

Sedtl,multiplied by the probability of having a-oount in d& which is Scdt2. We

xGy multiply in theao probabilities sinco*we aro dealing with ~ndependent ovants
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= S2e2(dt7-)(dt2).

?!cnYlot us treat the number of expected coupled pairs. tit us assume

‘Mat the ixxxmonancestor, i.e., fissionzoocurrod at

himre from T s - ooko T s tl, the time at which the.

expected number of coupled pairs i~ then made up of

Prohabilitiecx

time T, which can be any-

first count registers. ‘l’he

the following independent

1] ‘Me probability that such a oommon fission occurred at timo t in

the interval dt which ia”

S d:

2) The probability that a certain number

. be libsrated in this fis6ion.

P>

3) ‘Theexpcoted number

cre~ted at time t

Let this be

of neutrons at tl

of n’eutronewhich we shall cM.1

present due to the v neutron~

Vo ‘@(”t, - T)

.wgidwr a oount in dtl

b

5) The expected nuber of neutironaprosont at t2 due to the v neutrons.

cronted at time t and remembering that thero arc+only v - 1 left to deal with

which oan produce the second count

<
(v-l) 7=(% -+)

G) ‘i’heprobability thnt each of the neutron6 presant at time t2 will

LegiGtor a count in dt2 —
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‘Zastlywe have to remember that wo shall hwra to do this for all t

from - 00 to tl and all possibh values Qf u, i.e., sum over v, SO that we K19.y

.2
. ~. e-~(t~. ,2 -

v),‘2) ~tl dt2 ;pv (~

-,
J_@ uf3ncitethat 3,Pv (V2 - v) is mmely UC - 5 60 that we

(Ekpectodnumber of pairs in dtl and dt2)

Next let us examine what the expected number of pairs over

of time t (i.e., our gate-tiidth)is;

tp+ kl+
= IJ (expected number of pairs indtl and dt2).
“t@ t~=cl

Making use of Eq. (4) and integrating as indicated,we get

[Expected number of pairs in interval t)
.

ire-bW3

pectod

by Eq.

.

miy writ8

{6)

ftirthernote that if we get c counts per interval of time, then tho ox-

numbor of’paira in that interval is merely C(C - 1)/’2.Iknacmberingthat,

(2)2 Se-t = ~, we my wrilm
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‘r

it I“omi-nsnow to show what d, means in terms of

che boiler.

Let us recall th~t oae primmy neutron

(8)

more conventional quantities of

introduced into the boiler means

that e‘@’t will bo the expected number of neutrons procmrt at time t due to

that primry neutron.

Henoe integrating over

Then there is e-at dt#~fiasion oxpocted during a time dt.

all t thQ total number of fissions Renorated is ~q~~%

osmh produoing Y neutrons. Iionce1 neutron producos v/Jf&og8ny, and thus

w’%)! is tho multiplication of a source which ia usually written as I/up. Thus we

me,ywrite &t) = Vvp end hence —

(9)

i.e..

TTI. DISCUSS1ON OF FO.RMlJIA4AND EXPERIMMITAL CONSIDERATIONS......—— —.—” —.-

V@ ncte first of all that for large V31UQS of the quantity
..

i’orlong L(t the bracket ‘1 - 1 - e“ ‘t)/~t i texidstowards one. Thus if
4

*“ qt << 1 then:

Y=
C(7 - $)

(;)%p~)

(10)

(d,t) i.e.,

(11)

————
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Hence if we know 6

swming V which is

ence given in Eq. (

and V
-2

P
w could obt~in the requirad quantity (u - V) as-

known from experiment to be about 2.5. The gate-width de~~nd-

9) might bo af.feotedby the fact tfiuattho lifetinw of a ther-

mal neutron in tho tamper

width iG long compared to

tho limiting formula CIl)

is compnrabh to q: V(v /)~ . However, since the gatxJ-

eithor of the ‘qumtitios v
P
or Z in tha limiting caae,

will be correot. As is shown later1) some film data

helped to confirm t~t the quantity (Y + 1) dooo fall off markedly with arnaller

gate-width.

In aJ.1moasursments it can bo seen that & high G will

mine Y since it will help to make the fluctuation term large

Poi850n term of wdue one.

X@ us now examine tho quoatity (~ - 1) moro closely.

help to doter-

compared to tho

If v were al-

ways 2.5, a physical imponaibility, then ~ - T= 3.76. IX v wore to divide
—

equally between two and three then U2 - ~ =4.0. Thm the mathematical:minimum

7of our v - V is 3.75 and tho Ioweat one physically possible ia 4.0. 1* cnn ~

seen that if v divided say between 2, 3 and 4 in such a

the quantity ~ - Vwould vary betw8$M about 4.1 and 4.4,

v divided consistently between 2 and 8 in such a fa8hlon

way RS tO giVO 3 . 2.5

If on the othor hand

ae to @ve v= 2.5 then

~~-- y =6,4. A Poisson didmibution of v would load to a value of

~ -V=[3j2, i.e., 6.25.

Thea@ figures are merely quobod to show that it seems hopeless to con-

olude anything e.boutthe Way V mtutzlly divides merely from a knowledge of tho
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$ydjo.t.tkiiiexperiment since wo

quantity? -
{

whioh is noodad for

1the probability of prodetonation.

The experiments performed ware therefore set up with a view toward ob-

tahinga value for the quantity Y so that if at a future tima the quantity $P oan

be metisurewisuacossfully a velue for the quankity~%-~ might be obtained.

??/0 EXI%2ZXMENTALARRANG=TS

Two di6tznct experimental method6 were uoed which shall be called the

“film” end ‘~electrical”method re6poctive3y. They are dasoribed in the followin~;

2. THE FILM METHOD; It should first be notod that the largoat share of credit

for the suooossful use of this method ifiduo to Brixner end Uack of the Ordnance

Division. Due to their help in lending
.

working with us, it WRS possiblo to use

The experimental 6etupw’as as

us their equipnwnt aG WOI1 as ackively ‘ .

high 6pcod photo~raphic methociso

follows: a BF3 chamber was so arranged

as to hwve”as large an efficiency aa was easily obtainable with existing equip-

m9nt on the boiler. The BF3 chamber us6d had an active volumw of 520 cm~ and a

pressure oi 60.1 cm of Eg. It was placed just outside the BoO tamper with blocks

of paraffin all around it. The efficiency of this arrangement e, i.e., *ha

number of count6 in the BF3 cham-berper fission, in the boilor was determined by

obtaining the’ratio of counts in tha BI?:5chamber to that of a 25 chamber in the

center of the sphere. This ratio was found to be 1.4s x 103.

tho 25 chamberz) is 2.54 x 10°7 counts/fission }Vhichmakes the

The efficiency of

offioiency of tho

2) Sea fc)rthoomingreport on the operation of the water boiler.
-----—.—

.0
● * *8*

●
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13F3chamber

e =02.54 x 10-7 x 1.45 x 10-3 = 3.69 x 104 counts/fi~sion
.

.Yulseofrom the BF3 chamber were fed into a standard Nuckolls pre-amplifier and

vhio system i8 oatimated to be of the ordor of 5-6 mfcroscoonds.

The bozlor it~elfwas run at critical and the intensity so adjusted ●

that the scalar recorded about 500 counts per second.

~he scalar was then ,tappedoff at the output ofthe first stage and tho

signal fed to the~vertical ‘platk8of a blue sureen 5 inch DuMont Oscillograph.

on +JfT:-- hzte8 a 6peci.allybuilt linear oweop was .imp&ad and adjusted to .

& frequenoy of 250 cyoleE~ The screen waEiphotographed by meam of a continuously

moving film, with the film moving vertically. This is shown achematioszllyin

!?ig.1. The developed fiim shaved a pattern liko tho sample shown in Fig. g.

Thi6 pattern can be interpreted oaeily since the first staKe of the
.

soalar repremmts a flip-flop circuit, and consequently its output changes from a

mcximum to a minimum md back to a maximum with svooossive pulses. Thus a shifk

of”tho height of tho line on the scope or film respectively will indicnto that a
.

pulse hau regiwterod. It should be clearly understood that with the uao of this

sohcxnetho length of time between ‘%rea.h”

tino elapsed betwmn tho appearance of two

tion ofa single pulse.

(i.e,, shifts in line-height) is the
.

con60autive pulses and not the dura-

Z* is important that tho sweep’return very fast in order that pulses

may not bo lost between the end of one and the beginning of another sweep. W-

tioedthe sweep used, which was deaig&2 ‘i l!&@n’~o&at*%a sands, proved to have
● * ● ●e**
● 8 ●●O: ● 00 9 ●: ● 0

a return timo of only tmvmal microse&nds. Since a single pulse in b$tween two
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crueopGis oa6ily detected because of the shift in line-haighk, and further, since

two pulses within that time are rather unlikely bboause of tho limitations thae to

the resolving time of the amplif’ior,this fiwoepwa~ found entirely adequate. Both

the swsep and incoming signal were put directly on the respective sets of plates

of the oscilloscope in order to by-paas the compmti,voly long time oonstants of

%he int6rn81 8cO~ W,Si~JlifhC3rS. The inooming pulse height was regulated by means

of R volume control between

make the pulse height about

on th~ film, as oan be aef3n

ecalar and omillozmopo. It ??8sso adjuatod ea to

a quarter of the distance b~tweon conaooutive sweeps

in Yig. 3. This volume control had to be varied of

course when a different film spmd was used. usually the film was run at

of about 100 f+imin through a Goncmzl Radio Co. Oscillograph Camera.
,.

‘Me developed film is most easily read on a Recordak Miorofilm

a aped

Reader.

Then the number of counts in Gay 4 millisooonds, i.e., corre~pondfiq to one sweep

across the f~m~can bo counted. In order to obtain random 4 millisecond intervals

it ie merely necessary to move the film through tho viewing apparntu8 8topping at

and oountimg the particular 4 millisecond interval. This procedure of

can be repeated easily for 8, 12, 16 or more millisecond intervals by

Counting 2, 3, 4 or more consecutive sweep~.

The most obvious advantage of thi~ method is the faot that one and tho

rmme ‘data,i.e., skrip of filmjcan bs analyzed for several “gate-times” as de-

scribed. “This enabloe one to get some idea of tho dependence of p - (T)~jE 0,

th~ gate-time while one is sure that .e.xperimentalcondiiionn kvo not ohanged

oi.mo we are merely analyzing identical data in various we.ys. .
● e ● 9

Unfcn%unately the longer %*3D
●* ●

● * qht{-ixio~o@:#kem tho fewer pieces of in-
.8

● ●0: ●:9 ● ●: ● *
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Iong and for the ~~dleim gate-times this meant about 100-300 data per film.

for instance, for the 160 x 10-3 seG gate-width analysis not more than 20 or

But

so

piocoa of data can be taken fh~i one film in a .sufficiaritlyrandom manner.

Men though we

of film and a groat many

of higher gate-widths.

Tho oltictrical

.data.

might use

man hours

several film, it would still tako many foot

to count the films to got a reasonable number

method was theroforo uned to obtain higher gate-width

2. THE ELECTRICAL METHOD

Tho arrangement was the Game as in M!thed 1 up to and including the dis-

criminator scalar unit. T@ 8ignal, however, was taken off tho output of the dis-

criminator then fed through a gate circuit and then fed into another Higginbotham

d.imrtiinator soaiar unit as shown in Fig. 2. The gate circuit which was do~igned

and built by C.P. Eeker was so designed as to let pu18es pa8s through it starting

from the time tho switch was closed till a predetermined time Iv.tor,e.g., 283

millie~conds.

Thus by olosi.ngthe switch and redi.rigthd scalar, one can obtain the

number of counts for a 283 millisecond intervel.

TAO Milorwas run at critical end at an intensity of about 1000 counts/

6ec in tho Bl?3GhS.Mber.

The true length of ti.m of gate was determined by

from a standard audio-oscillator into the input of the grxte

number of munts recorded on the scalar. .$hc.sul.80.gnQbled
.0-9- ● m

feeding 1000 cyolos

oircuit and noting the

one to make a oheok of
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V. EXPliRIMEiJTALRESULTS

On Fig. 4 there are plotted the data obtained from the film measurements.

Counting was carried out over different gate-widths and all talmn from three 100

ft. films. Since the average counting rate Gwas not the same on all three films

it wa8 necessary to compute the Y + 1 for a particular gate-width from each film

and then combine them properly so as not to Ket fictitious

variation8 in 6.

If on one film a number of Rate~. m was counted

fluctuation due to

for one particular gat&

timo it can be shown that the computed Y + 1 fram this film should be multiplied)

by the factor ti(m - 1) to give the correct value of Y + 1. Th@ data from several

films were thcm oonbined by taking the mean correct Y + 1, weighed according to

the respective m’s. The probable error in the quantity obtained can be shown to

rbe. 2/e where 6 = ZrR= This probable error is indicated on Fig. 4

manner.

A single point at a high gate-timo was determined by the

method. 2200 indivi~3ualgates were taken over a period of come 32

2200 gates wore then broken up into 76 small sets of from10 to 50

in the usual

ciilecixioal

hours. These

gates in such

a way tkuattbo mean F did not change violently during one set. Again this was

done to avoid a fictitious incrcwm of the quemtity Y + 2 due to violent var5a-
.

%iona in 6. Thcw$aRots were combined in the mm8 fashion as deacribad for combina-

tion of data from different films. The r~sult wm

milliseconds

● ☛ ● e ●●*. ● ● ●
● e ●
● * ● ● e
● O**

● ● 8* ● ● ●

ttit for a gate-width of 283

●
●

●✚

5] See Appendixl s ● ***
● e*9 ● 8**

●9* ● ●
● ● * ● 8

● ** 8e*
● e8**

Q.. ●
● **
80

● *e*
● O

●00 ●
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The

‘(283)
s 4.17 t 0.16

mean deviation of tho 76 individual Yfs from their mean wns oomputed and

found to be in complete mgreamont with

instilln oonfidonce th%t tho value of

from other thap statistical causes.

the devintion oxpacted statistically. This

Y obtained doos not contain fluctuations

A rough estimate of tho correction due to the geometrical factor was

mado with the u8e of some previous data on distri.butioneof ncnatronRand souroe-

ef’fecti~enessin the boiler. The result was 1.02, i*e., nogliqible as predicted.

w. DISCUSSION OF RESU~fS

The results from films indicate n distinctive falling off of Y towardb

small values of the gate-widkh t. From the rou~h data obtained it would

be stretching a point to ~ay tl,~itit follov{8tho theoretically derived

P~orm. As an indication of the theoretical gate-width dependence a curve has been

4)drawn in on Fig, 4, by assuming an a L 135 6ec-1. A clo8er fit to experimental

data can be obtained by choosing a dif?ormt d-. I@wever it was not believed tkit

our datauwregood enough to obtain anything like an oxperimontal value of ok

Nevertheless the data obtained sufficzantly confirmed our idea of the proportiea

of y. It allowed us to choose a gate-time, namely 283 milliseconds, which we ba-

Iieved to be aufficicmtly long to ‘boC1OGO to the asymptotic value for Y and yet
. *

4) This value obtained by using Vn = 7.7 x 10”3 and ~/v = 57 x 10-6 seo as esti.
mated by Christy.

&-
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9 ●0: ●*O

● ☛☛☛

●89 ● ● ●
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● ●●::0
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‘beable t.~neglect the effect of delayed neutrcus. ‘f.hisassam~tion could be

rmue because of the 00n&3idel.ati028 of long gate-width alreruiyexplained on

page 10.

It has already been pointed out that the quantity VP has not a8 @

bean mown.nwd.

for 9
P’

This

oritioal

Theoretically

is so Sinco Wa.

we ckn, however, at least arrive ct a rough value

may writQ opal - K. and we may say th~ at
-

where f is the fwction of neutrons that

to acoount for the faot khat they are born

yf

are delayad, and y is the factor

at lov4erenergies, and henoe have a

better ohanoe of leading to fission since they are les~ apt to leak out. Using

data from tie Chioago laboratories y was calculated to be about 1.29. We found

f reported as arour~d0.006. Fermi was kind enough to inform us that this value

of f was a very rough value and might well be 0.007 or 0.008. Also rough pre-

liminary experiments done on our boiler indicate that our ~f lies scxaewherein

that re~:ion.

Xr merely for the sake of argument we would use a value of ~f of about

.000, wewowld for instanoe arrive at a value of 4.5 for the quantity~-> 5).

Tt is hoped that a measurement of #p may be made and a supplementary

report then issued, treatin~ the quantity Fa -~ rather than just the fluctua-

tions of the boiler itself’.

I

~~,,
● e*e* ● O*
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● oo b ● e
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In Grder to compute Y + 1 we have to compute.the quantity

since thi~ is

the quantity

3 - (75)2, i.e., (tin) Z (Ci - E)2 .
i ●

merely a mathematical identity. Mperimontally however w measure

(l/m) Z(ci - ~ ~ Ci)z
..

exnmine tlm relation between tho moasurcd quantity and the required

(lim} Z(c~

Thus wo have to evaluate

most probable dif’fcmmce

[(tire)Z (Oi

1
Ec i)2 = (I/m) z [c~ --~j, z++ui)2

= (U’m) Z (c~ - 6)2
i

-~tim) Z (., - 15jJ2

the expected ~al~~ M (I/m) ~ (~i * Q) tO c)bts.inthe

between the two quantities. Now

- E~2 = (l/nz) ZZ (c, - ‘)(cj - ‘)

i3

In this mm th~ term~ with i # j are just as likely to be positive ns

negative and therefore on tho average cancel out, leaving only the terms with

i= j and hence the expected valuo of this quanti%y is;

Mence w see that we may expect that

(Urn) Z [ci - (l./m)Z c,]’ = [(~/m)- (tin’)] ~ (ci - ~)z
i

= [(IU- q/m]@’ru) ~ (Ci - ,)2

or consequently

. . .
.-0 i -0 0 ‘- ●-o
● O ● ● -

● 9 ● O ●

99*O :

● ● ** ● ● ● ● O ● *
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APPENDIX II. Probability of Accidental Pairs

The faot that the probability of accidental pairs maybe expressed

prbdua% of the individual probabilities of single couats (in spito

coupling that might exist between some of those single counts) may

be made clear as follows:

Let the probability of’a count at tl arising from a fission a% time

i be F(t~-t} &nd tho probability of a fission per unit time be P. Then the

probatiilityof a ooun% in (Ml

and the probability of having a

ma also a oount in dtq at &w

oount in dtl a% %1 aricing from one fis8ion

from another fission, is the produot of two

such expressions since the two fissions m-o independent events. Thus the prob-

ability of m waciden%al pair in dtl, dt2 is tho prduot of the probabilities

of counts in d%l and dt2.
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