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ABSTRACT

9!hispaper contains a description of the apparatw and theories

of the metnods successfully used for determining the fast deoay periods of

near-oriticalas6emblie6.

.
The methods desoribed are:

I. The modulation method.

11. The delayed ooinoidsnce or Rossi methodo
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METJiODSFOR MEASURING FAST DECAY OF A NEAR-CRITICAL ASSE?5LY

The time-deoendenoe of a ahain-reaoting assembly is expressed by the

faotor e,atO The q~ntity a enters into the expression for tineeffioienoe as

the square. It is therqfore quite desirable to know a at the point where the

assembly gocm offs at say8 around 3 orits. When the measurements were made

it was Impossible to measure a for more than one o-it. What vas clonewas to.

measure a as a finotion of mass for near-uritical assemblies. This information

c?ouldbe used for extrapolating the a vs. mass ourve and also as an integral

oheak on *he theory by which a is calculated.

The general features of the a vs. mass ourve can be understood

without any need of a precise theory. Fig. 1 shows

I Fig. 1

what may be expeoted. The first part of the ourve will be charaateristio of

the tamper beoause there is no aotive material present. a will of oourse

be negative. It will have a finite value whioh is the reciprocal of the

time of oapture of a neutron in the tamper material. As aotive material is

added, a

infinite

one were

wIII inoroase until it beooxws equal to zero* This oorrespond8 to

multiplixsationand this mass $.8oalled the critioal mass & e If

to oontinue to add materia3, a would continue to inorease but would

eventually level off at a valuo whioh is oharaoteristia only of the aotive

material. This will ooour when nearly a31 the neutrons emitted by the

fission proaees are oaptured in th$”~o~~%~ m+m+l:~.~ithout going out into
●. ● 0 ● *

● : + ●000
the tamper.
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A8 8oon tie one goes into detai16B the situation is not ISOsimple.

We shall only mention one aspeok vhich has an important bearing on our ‘

particular probloms we shall distinguish two kind8 of ats, cipand a~. ap~

oalled a-prompt, is related to the fast multiplication and is the a *ioh is

significant for the efficiency oalaulations. at Wliwi a-totalg is as80-

oiated with the total

The small fraotion of

Also, booause of time

multiplication. ~ dit-fersfrom a~ h two respeots.

delayed neutrons enter into at, but not into Up.

absorption in the tarnper~the tamper

tive for the prompt multiplication. The

iaeasurethe slope of the a ourve in the
P

zero.

problem disoussed

region *en at is

The results of these ?neasurement8on both 25 and

ia less ef’feo-

here is how to

elightly leas than

49 have been

1“ This paper will desoribe the apparatus and thepreviously reported.

theory of the methods.

Two methods have been u8ed successfully for determining a. They

are the fast-modulation of the oyolotron and the delayed-ooinoidenoe or Rosz%i

methodo The theory of these methods i8 given in the appendix. At this

point it till suffioe to indioate briefly how these methoda work to provide

a baokgrouxidto better understand the experiments and apparatus.

THE MODIJIATXONMETHOD

The fundamental idea behind this method is that the time-dependents

of the number of neutrons in ohain-reactixigassembly oan be expressed ae

N-Aea*
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where A and a are funotion of the geometry and physiaal constants of the

asambly. Theoretically this is not oorreot and the expression should be

represented as a sum aver a number of normal modes~2* i.e.~

I’& Ai eat~ (2)
~q

Howaver, it aan be 8hown both theoretically and experimentally that if the

assembly is olose to orikioal and the method of excitation is reasonably

ohosen, then all the higher harmonios are negligible, and (1) is sufficiently

aoourate for our purposes. % shall defer to the appendix the question of

delayed neutrons and take (1) with ap as representing the time behavior of

.

J

a near.oritical assembly.

of neutrons S(t)~ then the

M=

If S(t) is zero after some

If one introduces into suoh an assembly a souroe

number of neutrons at time t will be

t

L

e-apt ~apt~ ~(t) ~t,
(3)

time tl, then one has that N is, after tl, an

exponentiallydeoaying number. The measurement of ap oonsist, then. in

measuring tho deoay periods

In practiue this is aooomplished by modulating the oyolotron beam

to give a pulse of neutrons approximately 0.5 #seoond long. when the b-m

is turned off, a gating oirouit is triggered vhiah reoords the pulses from

an ionization aharnberin ten defifite tiu.eintervals immediately after the

neutron pulseO These data, after being oorrected for backgrounds, will

immediately give the period of decay.

THE ROSSZ METHOD

The prinoiple behind the method is quite different from the modula-
●*0 ● 8*9 ●*9 ●9

tion soheme.
9’0 ● ●

It relies upon tinefaotO.tha~$.ohc&&e~s~ing assenbly actually
●* ●O* 9** ●** :*O ● .

2. See: ltffeotofkanpcrs onthetimeo}c~j.~ ~f~.qbza~i~io~lassemblies LJL=Z94
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produoes obains. If’an assembly iG near oritioal and a

dueed into it. it has a very good chanoe of’ producing a

neutron is intro.

chain of other neu.

trons. & is, in faok, the production of these ohains whiuh gives rise to

the multiplication of the assembly. If in suoh an assembly one looks for

pairs of neutrons whioh are separated bya short %i~o interval, then it is

highly probable that the two neutrons are related to eaoh other by virtue

of the faot that they are both members of the same ohain~ It %s shown In

the appendix that the time distribution of

This distribution is measured in

was provided with two ionization chanbera.

introduoe neutrons Into the assembly. One

at
suoh pairs is e P .

the following way. The aesembly

A natural source was used to

of the clambers was oonnected to

the gating oirouit dosoribod above, so that whenwcr a pulse was recorded

in it the oirouit was h a condition to measure the time between this pulse ‘

and one reoorded by the Seoond ohamberg

?HE GAIWG CIRCU13!

The gating oirouit is really the heart of the equigzsent. It is ,

shown diagramtioally in Fig. 2S Ng80 3 to 7 give the oireuit oonetants

for the oomponent parts. Figs. 8 and 9 are photographs of the entiro de.

teoting equipment.

The principle of the oirouit is as follows: the pulse from dis~

orimimtor B fires a blooklng oscillator (b.o.) in Gate 1; the b.o. pulse

ehargtu up a oondenser in the oathode of 1/2 6SN7; tho b.o. pulse also goes

downs delay line and fires b.o.2 in Gate#2~ the pulse from b.o.2 does

tnree things, (1) it shorts the oathode of the tube in Gatewl, thereby

ulosing GateWla (2) it oharges up t~e q~p~ens~w ~A~Atew2. and [~) it

uends a pulse down

oontinues down Iihe

● -O -i-* -0 0--i-. ..

the delay line tc.>lr&& b.~.~lj~C&te+~. This process
●** ●9

ohain of 10 gates~”:f’??ti~.tig~e~i~.n”:uooession,but in
● 00, : ● O9●0000: ● *9
●* 9** ● ● ● ●m
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ho are open at the sarietime. The du~tion of the

by the length of the delay line. The pulses whioh are

the different gates are mixed in the ten coincidence oircuits with

from discriminatorA. To make this a little clearer, suppose all

in Chain B are 1 ~seoond long. Suppose e.pulse triggers discrimina.

~ 1/2 Xseconda later a pulse triggers DiscriminatorA. In3 1/2

the pulse in B hs reaohed Gate#4 so that when A is triggered a

coinoidenoewill be recorded in coincidence oirouitti indicating that the

two pulses were between ~ and h #seconds apart.

The widths of’the gates oould be varied individually from 001 to

1 Nsecond. The resolving time of the component parts of the circuit was

1 ~second and it could be runat counting rates up to 50,000/seo.

The oireuit was also provided witha long gate (from ~ to 30

&seoonds). Thi6 could be triggered at any time throughout the oycle and

proved very ~onvenient in determining backgrounds direotly.

THE MODULATION*EQUIPMENT

The beam from the cyclotron was snouted and fooused on a small

target about 10 feet outside of the water v+alls. The details of the Mg.

netio i’ocusingof the beam have been reported elsewhere,3) afi~~l n~tbe

given here. Fig. 10 shows the section of the snout between the target chain.

ber and the focusing chamber. This section of the tube was provided at either

end with adjustable slits. Also provided nas a long set of deflecting

These plates were suah that with 10 Kv across them the beam, which was

defined by the entrance slit, mas completely def}eoted across the exit

platesc

slit.

The modulation was a~oomplished

~u I&gnetio foousi~y

.-
● ✍ ❉ G- 00
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tage and permitting the beam to pass through the exit SIit

target. Fig. 11 shows the external part of the snout with

and strike the

the target im

bedded in the WC tamper of the 25 assembly.

The modulation of the deflecting plate was aooornplishedby shorting

the deflecting voltage to ground through a pair of 304 Ttits. fie 30~$s were

driven by an 329 as a cathode follower which was in turn driven by a 828

blooking os~illator. The width of the pulse could be varied from 0.2 to 0.6

Hseo. by varyin”gthe capacity in the grid airouit of the blooking oscillator.

OTHER ELECTRONIC EQUIPMENT

Crouoh.Blmore amplifier were used very successfully. A delay line

slipper in the grid of the first stage of the amplifiers permitted olipping

the pulses to 0.3 ysecond.

The dieoriminators, Fig. 3* were triggered uni-vibrators. Their

resolving time was l.q pseoonds. However, it was possible to remove the

eeoond tubeO thue converting them into the more conventional flip-flop dis-

criminator which had a resolvency time of .6 psecond8, The reason for

using them as uni.vibrators was to make certain that the disorirninatorswere

the slowest part of th~ entire uircuit.

The overall timing for the modulation was usually in a state of

fluxo The final and most satisfactory arrangement is shown in J?igo12. The

quadruple pu3ser was a self-triggered af?f’air mhoee frequency aould be varied

from 10 to 10,000 oycles/seo. The four pulses could.be arbifxarily phased

with respect to each other. One of the pulses was used to trigger asweep

oirouit, a second triggeredthe lo- ~$e2 %$!~rd..firiggeredthe am ~du.
● 0:0

later of the cyolotron.w..”.;”~~’:j
●o ●:. ● 00●:O :00 ●O

*’

- [~ It wae found desirable to modu14GXhm%r&%t %h$.oyolotron w
— —#. —.. .

beam in order to reduce the baokgr~~c$.fk$~ ~he~~”walls~
●9 ●O* ● ● ● ●*
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delay time-controlleddouble pulser. The

two pulses from this triggered the beam modulator and tineB discriminator

respectively. This latter pulser was neoessary because any phase jitter

at this point would have been quite serious. while it was not so impor-

tant for

used the

the other parts of the setup.

None of this latter equipment was, of oourse, neoessary when one

Rossi method. Instead, another ionization chamber and amplifier

were used to trigger B discrimlnatorO

CALIBRATING OF GATING CIRCUIT

It was neceesary to know accurately not only the widths of the gate%

but also the time when each gate opened and olosed relative to the time when

Gate 1 opened. This calibrationwas made with a preoision double pulser

whioh was aoaurate to 001 psooonds. This pulser waa calibrated against a

orystal 08cillator0 Knowledge of the width of the gates was not sufficient

sinoe there was a little ‘overlapin the gates. However, the widths were

determined independentlyby uounting random pulses and were compared with

the widths as determined by the standard pulsero The agreement was quite

satisfactoryand served as a u8eful oheok on the overall behavior of the

apparatm8.
.

cHAMBms

The ohamber problem was greatly simplified since we are interested

only in obtaining timing pulses indicating when an event is taking placeO

This means that the chambers did not.~.q to ~QVEL.@Sjxmus. All that was
9* ● ● *

● : : :0 ●0::
needed was high effioienoy and fast”&&qn~&. : “ “

●** :00 ●*

The ohamber used for the r&@&g&R1f&”&~25”#s shown inFigO 13
● *m*m ● em●**.*;
● * ● *9 ● ““””-~
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and 14.. The square design was for convenience in stadcing in the assernbly.

As shown in Fig. 130 it consisted of two separate chambers which could be

used independently for the RoaEi method or connected together and used as a
\

single dmmber for the modulation worko All the grounded parts of the oham-

berwere coated with 80?25 to a thiokness of 1.3 mg/c&. The pulses were

taken off the high voltage. It was operated at 10 lbs. gauge pres8ure with

the Argor&C~ mixture.

The chamtiersused for the @ work are shown in Figs. 1% and 16.

Their de8ign was also uonditionedby the geometry of the assembly. It oo~

8isted of stack8 of electrodes which are alternately grounded and at high

voltage, the spacing between the eleotrode was 30 roils. Both acts of elec.

trodes were coated with 80~2g to a thi&nes8 of 2 mg/cm2. Eaoh ohamber

oontslned approximately 1 gm of oxide. It was opemted at a pressure 100

lbs of argon and C02.

The general

The pulses were a160 taken off the high voltago.

,METLiODOF TAKING AND WWJNG DAl!A

method for taking data by eaoh method &s already

. been indioated. There is little more that can be saido The oount8 in the ten

different ohamels were individually oorreoted for backgrounds. These

backgrounds were figured on the basis of the frequency and the total oounts in

A discriminator for the modulation me%hod or on the total oount in A’& B

di6arimSnators and the time for the Rossi method. These oounts were then

reduoed to oount per unit gate width a,ndplotted on 8emi.log paper against the

time

line

when each particular gate was open. These points always layon a straight

within the stakifitius. The slope of the8e line6 determined Up.

5. lot. oit. footnote 10
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will not be given here. From this data it was possible to calculate the

slope of the a vs. mass ourve at a point near oritioal.

DISCUSSION

!Phiereport has dealt principally
1

with the methods for measuring

.

.

‘P
rather than with the more important question of the measurement of

da#dM. While this does not belie the title, it does represent a short-

oomingO Xe have remarked rather glibly that we measure a~ for different

ma88es0 The difficulty is not in measuri~ the ap or the different mass, but

rather know&ng just what the ahange in mass meancj. Sn the laboratory one

ohanges the mass by aatually removing some small pieoe of the active materialo

The problem, whioh is essentially a theoretical one. of evaluating the effec-

tiveness of suoh a removal, is one of extensive difficulty and well beyond the

.eeopeof this paper.

the

The pioture is muoh brighter on the question of determing ap. The

methods described have been cheoked against eaeh other and agree within

8tatit3tioalerrorse Each method has its advantages and di~advantages to

rooommend it.

The advantage of the

This is partiou3arly true when

modulation method is its greater intensity.

one backs

masso I+ canbe shown

multiplioathn for the

multiplication for the

that the oounting
\

modulation method

Rosai mothodo

The Rossi method oxoels in its

off fro.ncritioal by ohanging the

rate varies Iinearlywlth total

while it varie8 as the cubo of the

aimplicity~ Although the detecting

equj.pmentis the samo in both oases the 8implicity of a natural source oompared

to a modulated oyalotron oannot beOoy~@u+xc+ ~~~e Rosszimethod is aleio
69*** ::

free of some spurious effects such &.nu&u&@~.&c.!r&mnds which oan oause

~
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trouble with the modulated bea~, ‘e;iklly there is something inherently

very nioe about measuring a ‘tdynamicWquantity bya ‘statio’fexperiment.

Appendix I.

THEORY OF THE MODULATION EXPERIMENT

We shall start with the differential equation expressing the rate of

change of the number of neutron8 ~ in an assembly and taking into aooount

explicitly the delayed neutrons and an external souroe.

Here:

q --

K==-

f==

P“

s -

mean time for oapture (10s8 of neutrons

to capture)

neutrons produoed per neutron oaptured

fraotion of neutron8 delayed (sometires

~-fl(w) ~tt+s

by leakage is equivalent

oalled y f)

assumed reoiprooal period for the delayed neutrons

souroe strength in neutrons per seoondo

This equation says that the tire rate of ohange of N is made up

of four parts?

(1) The neutrons lo8tby~apturej (2) the prompt neutrons produced

by capture~ (3) the delayed neutrons produced by oapture; and (~ the neutrons

supplied by ths souroeO Upon multiplying the equation by e t , differentiating,
.

and rearranging terms, the following results:

.

(A2)
.

.
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.P . LKJlOfJ l-x
q 9 ad= hK(lcaf) @ (A3)

thens sime p) (-l is negligible compared to ap(- 10~ and.in our

experiment ad-l << ap
r 1seenext page , we may write:

[-%+ ”,][a+$-+”d]”=ps+’

The particular solution of this equation is:
R

This can be simplified by removing the ~ terms froin under the inte~ral sign

by m iate~ration by parts. In the range of K whioh is interesting (K

nearly 1) and since f ~.007~ ad is negligible compared to a,. Using this

fad we aen write aa a final resultit

‘Theresult oonsiats of one term with a very short period (approx-

imately 1 Kseoond) with a coefficient of unity plus another term with a long

period (approximately seoond) witha very small coefficient (ap2~o&10$e

This seoond term will integrate the source for a period of ~~adc.

Consider what happens if S is a periodio square pulse of duration

ti - I/ap and unit intensity whose period if T<<l/ad. We shall a88ume that

S has been on for infinitely many oycle8 in the past and will measure time

from the beginning of some arbitrary pulse. If T>>llap then the first

integral will on~y contribute from t%”%ir$di~~~$fil%?e under consideration
●

● : :0 ● co ::

The last integral will average the ~?’JW~&t?dnt”~~flti~{for a time of’~lad,
●* ●9* ●bs 6 ●

the restJltis~ then
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What we have, then, is a rapidly deoaying exponential superimposed on a

continuous background. This background is oaused by the delayed neutrons.

It is desirable that the background be sufficiently small for a

good measurement of

be one-tenth of the

aO
P

Xe might

oounting rate

take as a oriterion that the background

of the exponential pulse after three periods.

This should permit a good measurement. Assune zP
.1 Beo”l* to= 1W8 seoo

and ad= .01 seo 01. This gives K zogg9Z?~ ap~ 0°105; and 6= 102*10-6aeo.

Our oriterion is

(K

0.1
(eaP6 _ 1) e-3 -

f/5/apTJ (dud T)

Putting in the numbers and solving for l,ITgiven a frequenoy of_300 cyOles[6eo.

One might estimate the oounting rates approximately as follows; if

one assumes the deuteron beam to be 1 w amp, whioh yields 10~0 neutrons\mo,

then one oaloulates from the above expression assuming a repetition rate of

3000yoles/soo that there shouldbe 1.501O5 neutrons present in the assembly

after three periods. Sinoe the oritioal mas8 Of the assembly ia-3*1 & gm

and the ohamber contains one gram then there should be 1.cj~105\301~ = 5

neutrons per seoond making fissions in the ohamberO

Actually these conditions are quite idealized. There is. besides

the background disoussed above, the general background from the tank wall. eto.

‘fhi8 neoe8si%ate8 lowering the frequenoy somewhat. Also, sinoe the ohamber

was placed in the tamper, the estimate of the effioienoy is certainly optimistic.

However, the estimated oounting rate? a~~ so g??d..~ha$one oan afford to take,p
● O ● ● *: : :000

bit of a lioking on these other thin~~.: :“ “ ““ : :
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The Rossi method represent a different approach to this problem.

It is essentially stati.stioalin nature. Let P (t) be the probabi.litythato

if a neutron exists at time t.=o then a neutron will exist at time t= t.

We may calotiate P(t) directly. Suppose the initial t is subdivided into a

largo number of’small intervals dt. V/eask. what is the probable number of

neutrons after a time dt,r’ This probable change in the number of neutrons is

given by the produot of dt\’_to,the probability of a oaptive in the interval

dt, and {-l+K(@ (we are considering only prompt neutrons), the change

in the number of neutrons if a capture takes placeO Therefore, the probable

number after a time dt will be the number existingat the beginning of the

interval plus the probable ohange in the number durin~ tiheintervale

Probable number after dt = 1 + (-1+K (l=f) dt\~o= 1 . ap d%

The probable

probable numbers of all

Therefore =

number after a time t will be the product of the

the subinte~als. ,Thereare tidt of these intervals.

p(t) = (1 - ap dt)
t/dt

In the limit of dt approaching zero, this twoones simply

P (t) = e-apt

(A8)

(A9)

From this we immediately haves for the probability of a neutron
.

produaing another neutron at a t%me t later and being oaptured in the timo

interval &t,

.
9* ● O* -**9 ● ●

● a* ●’* ● ● ● ●9*
● ** ● ● ● *9 ●

(A1O)
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AS an immediate application of’(A1O) we may calculate the total

number of neutrons that will be oaptured because a neutron exists at time

t=o. This requires summing (A1O) over all.times.

J
Cx

e-aPt dt\co = l~ap~o (All)

o

The reason for emphasizing the oapture of neutrons is beoause this

is t-hesame as detecting them. The deteoted neutrons are, among otlzara,

neutrons that are removed from the system. #

Now~ let D be the reoiprooal period for the assembly including the

delays. Then, in analogy to (A1O), we @ve that the probability of produoing

P
a neutron at tima t in the interval dt is e‘Dt dt where

P
is the

reoiprooal lifetime for the delayed neutrons. We get then that the total

probability of produoing delayed neutrms is ~lD in analogyto (Ml). Now

sinoe it is impossible to distinguish a delayed neutron from a souroe neutron.

these delayed neutrons will be multiplied promptly aooordimg’to (A~l). ‘fher~

fore the total multiplication will be

If we now take equation (A6) of Appendix I and

all tim assaming the souroe S to be unity, we find that$

(A12)

interpolate it

after dividing

~o, the number of neutrons present isi3/(1.K). If we eq~te thia to the

expression (A12) and solve for D, we find

D=~(~-K) =’ ad

=p~o
(A13)

This established the equivalence between the significant quantities of the
●9O ● ●9* 990●*

●’* ● O 9*:Modulation and the Rossi Methods. .“ . .. : .. : ::00

● ● *
● e ●:0 :00 ● *. :00 ● .

We shall now investigatet~~ ~gb~bilj$~e~ W oounting pairs of
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neutrons separated by a definite time interval T. We sIMI1 try to,jik”etM. S

idea

1‘{
t=o

t=t’ “
t t=tt —

i- 61

t-=t’+T

‘t=t V+ T+~2

somewlat olearer. Looking at the s.ocotppanying figyre, suppose at time t. o

a neutron exists. This neutron gives rise to a o~in. There iS a oertain

probability that, beoause of the existenoe of the neutronat t=o, a neutron

will be oaptured in the time interral 5 at t = tfh Similarly, there i8 a ohanoe

for one to be oaptui’edduring the interval 62 at time Tzt’+T. We wish

to caloulate the probability for aounting the two neutrons separated by the

interval T for al? values of t~. We can simplify the oaloulationby caluu.

lating the probabi~ity that a neutron is captured at time t? and in the inter.

val 61+62 at time t’+T. The result is

result.

If we integrate this

egapt

2apTo
2

over all times t? we obtain the required

6)
(63 -t 62). (Al’+

6. This compressionis inaoourate in one respeot. ‘-ye~ve omitted any

disowsion of the faot that the number of neutrons emitted during fission

fluokuate. A more detailed analysis of the theory of ohain production shows

that equational sho~ld be multiplied by a Actor usually oalled ~where
●** ● ●e* ●00 ●e
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~cmoe, if one obtains the curve for khe

function of T, then this ourve gives us

●✍❉❉✍✛✛
● O

: ●:0 :00 ● 0

probability of aountin:

a method of determining

If one uses a souroe of’ strength S, then the oounting rate.for paim

When ~ and ~ are the respective effioienoies of the two chambers. The total

counting rate in one ohamber will be

+-r El O

Henoe the background of accidental counts will be

()

2

& El E2 (61+b2).

We may estimate the expected results here as we did on the modulation

methodo ‘Jo will first find what value ofS we can use to keep the background

down to on-tenth after three periods. That $s

If’we use the values of K, ap, and~o of Appendix 1, *hen.we find

that s= 104 Fission/aeo which is easily obtainable with a natural souroeo

If in (Al~) we again take ~s ~ s l/(3x104) and 83= 62 = 50M”7 sea

as reasonable gate width S we find that the pairs\seo of three periods

separation are oounted at the rate of I\seoo
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