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The mean life of a neutron in a ohain retiotor oan be

determined wxler suitable conditions by the Rossi nwthod. This

method rmkes use of the Mot that the neutrons do not appear
#

eingly but in chains. Measurement of the deoay period of these

ohains can be made by means of eleotronio gating oircuits. These

resylta are used to obtain the mean life of the mktrm. Measurements

have been made with the water boiler, a YfC-tampadUiOiesenblyand

a berylliun-oxide-tinpd UH assembly.
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Inkroduo%ioa—.

An aotive aa”sembly,e8peoially when 01080 to Oritioal,

does not have a simple dependence of’neutron level with time.

There are several groups .pfdelayed neutrons emitted from the

fis8ion fikgmenta after a time of some seoond8. Their number ia

of the order af one peroent of all neutrc!n8

O1OSO to critioal these neutrons to a large

kium behavior. An analysis 8hows that in a

emittedj but when

oxteritdeternine the

simple approximation

the time behavior oan be considered as a combination of a slow

period. whose oharaoteristioiidepend to a large extent on the

delayed neutrons, and a fast period, whioh depends primarily on

the time after fission for the prompt neutrons to be emitted% the

fiaui?n speotrum and the scattering and absorption oros8-aeotion8

of sore and tamper. It ia the prompt period which i8 of intere8t

4

in this report.

oause fis8ion is

delhygd neutron,

The tine for a promptly emitted neutron to again

several orders of magnitude shorter than for a

so the two periods aan be 8eparated. The prompt

period is vary short . s few milliaeoonds at most - while tho slow

pa-i~d is of the ordor of seconds or minutes, or with oare in

adjustmmt of oritioaliky i8 even hOW8.
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A measurement of the prompt period, in addition to

cheoking the delay in em.is8ionof the prompt neutrons and oertain

feab~rgs of the spsotram and scattering~ iS important in esti’~ting
&

tineeffioienoy ofan explosive reaotion as the effioienoy varies
.

inversely as the square. No laboratory ex~eriment has been made to

iueasurethe poriad in tho highly superoriticnl oonditi~n w~]iohis

of direot interest. A method has been sugge6tea by Feynmaa (LA-29)

to do th’isby suppressing the multiplication of a superoritiokl

8y8tem with the introduction of a l/v absorber. This experiment,

even though dme with Boron 10, would involve fiirly large oorre~tions

for aaattering

striotly l/v.

in f’abrioatlon

(exoept at the

and the fict thnt the boron oross-seotion is not !

It would also involve a certain axmunt of loGt time

and 8ubsequent purification. All measurements

Trinity explosion) were, therefore, wide in assemblies

olu8e to oritiz~l. Tho8e measurements, to be of dlreot interest,
.

mu8k be extrapolated to the 8upercritic~l condition whioh is

usually about three oritical masses. In some cases the period as

a funotion of mass ha8

(U-2$5), and a direot

made. The theory also

been oaloulated over a wide range ofmnss

oonparison with calculated values oan be

8erves a6 a guide in the extrapolation.

Several methods have been used to measure the fast peri;d.

Qne is by a rapid ohange in criticality whioh was done w+.ththe

. water boiler (LA 183) by means of a motor-driven, oadmium control
.

* -------- :.,-.=-.
w~~~h$slFIE$-
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vane. This wa8 also done with the hydride a88embly in the 80-called

I

dragon experiment (LA-397). In this experiment the critioulity was

increased by dropping % SIUK of aotive

of a n6arly aritioal aasemblyr It wasI

to make the a88embly 8uperorit~oal fOr

kiae. Measurement were made on metal

of a aeutron ?ulae~ and a study of the

material through the center

possible In this experiment

prompt neutrons for a short

a88embiies by the introduction
.,

8UbSf3~U@Itdeoay (L4-S74).
.J

On& one method was used satisfactorily on all three general f
*

typos of ori~oal assemblie6z the water boiler, hydrides and metal.
~

This is a me~od suggested by Ro8si and is oalled the I/ossiexperiment.

It makes usei?bfthe faot that an aotive assembly is in a sen8e self-
.
&

mxitilated*i~the man time between the emission of souroe neutrons

is of the or& of or longer than the fast period. “In these
~

cirours8tano@#the kluotuations in intensity due to the introdua%ion
d.

of single ne

I

rons ape recognizable? and their time dependenoo oan

.bestudied. hiisme~hod has no fundamental advantage over the

straightfor

1

d modulation method. In flid, ttiereare certain dis-

sdvantiges. he intensity is fundamentally limited so that a

oompwative 1 sensitive deteator is needed, and the experiment oan

only be done~within a few percent of oritioal. Its advantage, on
,

tho other hand, lies in its teohnioal 8implicity. The presenoe of

. aativity in the assembly is pre8umed whenever a neutron is oounted

in an appropriate detector. A time analyzing system then reaords

.

.
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the number of neutrons aou;t-~”i; short intervals of “timeimmediately

.

after the initiating aeutron. Thi8 time dependence of the number of

neutrons oountad followingeaoh neutron is a direot measure of the

prompt period.

*The theory ofthg Rdasi”axperimant has been developed ~
*

Faynmn (LA-59f). In the simple oa8e hare all neutrons are considered

to be alike, he gives for the expeoted number of neutrons sounted in

tin interval dt a time t after a neutron oount at + z O i

‘dhtmt

z is tie mean number

*CP ir a measure of

of neutrons emitted per fission.

oritioality. It is the value vihiohw

would have to have to make the ~8s6mbly just aritioal. Near oritioal

at least a-s& the umal measure of oritloality. By critiaal
w

is meant prompt critiual. Delayed neutron effeots are negleoted.

E is the effioienayof the deteotor in oounts per fission..

X2 is a measure of the possible vsriation of~ tiom one

f?leeionto another. It is twioe the number of pairs of neutron8

liberated in e~oh fission.
.

Vg is the mean time between fiaaions in the same related

.. ohairI~the mearltime between parent and daughter fission..

~ !s the aouroe strength in neutrons liberated per

.
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aeoond. It inoludes 8~o&n;ous fiscion, ~-neutron reaotion8,
w

.

-.
*,

,

●

✞✎ ✎

“1’”’-

.
.

~mtrons horn jsission fragmentsy as well as ~dditional sources which

my be purposely introd~oed.

G is the reoiprooal of the prompt period.

SinCo the Rosai experiment has been done only within a

few percent of oritiokl, oertain simplificationsand alternative

representations are possible. The man lifo of a neutran r=~

whore the subsoript on K refers to prompt oritio~litY. ~cr --s

whioh is of th~ order of a few peroent~ oan”be negleoted in ootnparison

ES
w<th Xz, whicn iS of the order 4 or greater. — =C the oounting

esi “-w
rata, It can 3160 be expres8ed es —

1-K
, where 6 is the effioienoy

in oounta per neutron born in the reaator, and S’ is the aouroe

strength from %11 8ouroes exoept ~orn the fission fragments, The

expiwssion oan now be writteu~

The first term represents a background o? unoonneated aounts, or

couuts from h different ohain than the initiating couat at t = O ,

Tha vecond term represents the number of oonneoted oount8. The

numbiw of ooix.oldenoesper seaond between au initiatin~ oount and a
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subsequent oouut are, of oourse, dependent of the total counting

rate, It is not neoeristtrythat the initiating count cme from the

same neutrch deteotor as the subsequent aounts, In some experiments

two separate otannela were u8ed. If the effioienoy of this initifiting

ahamel is different, it will naturally have a different o~~nting

rata, cl ● Tko expression for the number of ooinoidenoea per 8eoond
-

is then~

, CiEXa(3!ciP(t)dt = Cicdt+
. f--p~ ~t

&zT(~-Kp) e

BotlL C and ~ *(whioh are frequently equal) are proportional to

souroe stre~,th~ 60 the first or background term is proportional

to its square. The seoond term involves only the first power, so

4

.

.,

.

.by proper choica of souroe a compromise between ooinaidenoe ciounting

rate and low ba?kground am be mado. Since both terms depend on the

produot (or sq~mre) of the deteotor effioienoiea, a high efficiency

detmtoc is usuNlly desirable.

% ter 130iler M&.suranents—— —

.

The first timo soale measurements were made with the low-

,,powerwater b~i;er desoribed in IA-134. Two boron ionization chambers
4

were used as deLectors, They were plaoed in holes in the B~O tamper

on oppo81to sides of the boiler, the faces in oontaot with the sphere
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containing the reaoting 8olution. This arrangement not only provided

good effioienoy, but the”ol~se oontaot between the deteotor and

eolution.decrea6edthe time required for a neutron to travel from

the realtor to the deteotor whiah, in a thermal reactor, i8 of

importance. One of’the ohambers had an eff’ioienoyof about 2 x 10-3

oounts per fission and the other about 10-4, The pre8enoe of these

two ohambers and their hole8 in the tamper deoreased the reactivity,
1.

End more 25 was added bringing the total amount to 625 gram8 from the

utiual580* ‘ “

A block diagram

. neutron pulsg received in
.

of tho apparatus is shown In Fig. 1, A

the initiating ohannel was passed through,..’

‘ the seleotor, which will be denoribed below, and aotuated the time

a?@lyzer. Thi8 oirauit waited for a predetermined time T, and then
.

opened a gate of determined widthATS through whioh neutron pulses

.
4’rwmthe oourftingohemel were reoorded in oounter D* The thao

●nalyxer oould not be reinitiated until after the gate had opened

snd ehut. The n~mber of times the analyzer -s init;ated ma reoorded

in oounter C. Thus, the ratio of the number of oounts in D to the

<number of oounts in C should give P(T)AT. In aotwl experiments

t% 60WU6 to give kP(T)AT, where k is an unknown fi~tor le$s than

one. In other words, the time dependence i&iproperly measur6d, but

z.~+%=KJ-
4

“thpq’hatktity— is not deterinined. The reason for

thi8 uemm to be that the oircuit, as desoribod, is not initi~ted by

lfifi~~;~~
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all’neutrons nox”by an Average or random seleotion. The &ot that
b

the analyzer is dead to initiating neutrons for a Wne means that

khase pu18es wldoh olaaely follow other pulses are discriminated

ag8in8t. In other words, the initiating oirouit discriminates against
..

neutrons whioh f.remenbera of large ohains, so the result is not

surprising.
. ..

The purpose of the seleotor was to minimize this difficulty.

It oonsistod ofa gate whioh was opened at random intervals with

respeot to the behavior of the boiler. Aotually, sinoe the boiler

itse~f is more or less random, a regular opening wa8 used. The time I
● interval between openingciwas longer than any time delay 8tudied. If

this gate *ere Kmde sufficiently narrow so that the probability that

two pulses oame through in one opening was 8uffioiently small, the

pulses eo -passedwould be randomly seleoted and each pulse would I
operate the t.imoanalyzer. One would then expect the faotor of the I
exponential in ~,2)to be properly meaeured. It is not praotical,

-,

for inteneity rl!asons,to make the gate sufficiently narrow. Data

were taken with different gate widths and different effioienoiea

in thO initiating deteotor, and it was possible to extrapolate to

effectively zer!)gate width. The number of pulses coming through
●

.
the seleotor were oounted;in oounter B. A oorqarison of the number

? of counts in B ~;othe number in C gave a measure of the amount of

discrimination ~n the time analyzer. Ths seleotor served another
I

.

.
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wiiat 3onger time w!wn the time delay was Tmw. With \,heselector in

dependent of tl,etimo delay. without t,ilis %c~i~n the time ctependeace
●

af the xmmber of subsequent neutron~ wou?d not have been properly
.-,

a~eti~iared,as ti.erewould have been a clifferen$ diecriminstin.gaction of

the analyzer a!.ehort times thdn lon~.” Analytically, the factor k in

what the apparatus measures, kP(T)AT, is a function of T. With the
.

selector, it it kdgpendent of T; and. as either the gate width ~r

efficimc’y af the initlatinr.detect~? are deoreaseci,it &pproaahes one.

The chamber e?ficienc:ywas determined by a comnarlson of .—

.
the cixlnti~F.rtte with that of a srmall25 chamber placed at ar.a~prcpiate

.

.

the toiler ran~lstiwtion of its counti.v e??iciency and a measurement ~

,counterE,

}heasl}rementswere ,mde at khree crikicalsettings: One

with the “cor.tro}lrod set fairl!”close to critical, which, siccordiri~ I

1;.0ca?ibratfionmcasprcxerlts,wa6 -2.9~ram : another with th,scmtrGl ;

alm-
.,
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finally, with bt}ththe oontrol rod and safety rod in, which corresponded

to 4?6.1 gwm.,. Those calibrations had been made with S80 grams in

the reactor. !?orthese measurements thero were 625 graws present.,,

The critical setting8, therefore, were multiplied by~25/S80 or 1.08
.

making rcorenen~.lyoorreot value8 for the oritical settings a.1~

-16.0, and -28.;’grams, re8peotively. In arriving at these figuro8

. . it was assured vhat the oontrol and safety rods aoted independently.

Fig* 2 shows the results for two measurements at”the most

critical settin$~8-3.1 gram. The number of oonneoted counts per
.-$

millisecond, pe” initiation of the time analyzer, i8 plotted against

the mean time after the initiating count. The background, which was

subtracted in cskahmeasurqnent, is indioated by tho correspondingly

labeled line on the verkiaal axis. In both oases, the gate width WRS
.

one millisecond, The same chanrlelwa8 used fo~ both initiation and

. wbsequent oounting. Th”oeffioienoy of the deteator was 2.3 x 10=

counts per fiselon. The RMS error of 8everal typioal pointe is
)

indicated. In both the6e ourves, aa well as in fivo others taken

butp;t 8hOWn, %_period of lG.9 milliseconds is indioated. All ..n

menasurtiments were in exoellent agreement.
.

Th~ iateroopts of the two ourves at O time, which should be
*,

Exactt
‘equal,to s1, are different. Curve A wa8 taken with-Z P[ i- Kp)

—
a gate width in the seleator of 0.92 MS., wh~le for ourve B it was

0.33 ins..For uuwe A the ratio, R, of the number of times the

.
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analyzer was initiated b“{;e” number of pulses ooming through the
a

random selector. wa8 0.83t and for ourve B it wae 0.86. This general

behavior was trAe for the five other ourve8 which were taken with a

wide tiriety of seleotor gate.width8 and ohamber efficiencies. Fig. 3
-...

uhows a plot of’tho interoept I against R. The extrapolation to R s 1

or to the value which I would have if the circuit had been initiated
I .

for every pulse, is scan to be reliable and gives a value of’.95

oourIt6per init~ation per millisecond.

*

..
Fig. 1 ahow8 the rekults of three of the measurements at “ “

-16.C!grame, Omves A and B ooinoide and were ixike~tinaoridentical

conditions, exc~pt that aurve A was obtained with an additional

sourcti placed n.sarthe boiler. It is seen that the background iti

over three times B8 large, but that there is no othor significant

dif’ferenoe. Ths natural souroe pre8ent in the boiler due to

spontaneous fission ~-n rwotions, eto., was of the order of 600

neutrons per 8eoond. All three curves were taken with a gate width

of one ms. and n chember effiaienoy of 2.3 x 10-? oount”8per fission.

A and B had a s,~lectorwidth of .92 ins.,which gave values of R of “

0.80 and 0.t?3,respectively, Curve C had a seleotor width Of 2.s IRS.$ ,

R was 0.50. A “;otalof six measurements wer6.made, all of which gave

a value of the period of 7,6 mG. Fig. 3 shows a plot of I against

R whic~ gives 0.58 ag the extrapolated value of the interaept I.

.
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~~y one measurement was made at the 1ea8t critioal setting
$

of -2t3.2grams. The res”ultsare shown in Ng. 5. The gate width was
.-..— . ..-

as beforo, one rns.sthe selector width 0.92 ms.$ R was .95} the ohamber ,’
—.

.

effioienoy 2.2 x 104ciount8 per fi88ion, The slope inaicatec a decay
4

period of 4.8 ma. Sinoe only one measurement was made, it was not

possible to extrapolate the I versus R plot. Sinue R was already
.

. . .

oloee to one, however, the slope was guessed and an interoept of 0.36

was obtained.
*

Sinoe Ooth the period and intercept vary inverselyas 1- ,
%

a plot of their ‘eciprooalaagainst criticality should be a straight
.,2:. a

linet and since the point where K = 1 ie well determined, the difference

betweo~ K and Kp in terms of grams should be detemdned. ~g. 6 show8

SullhR plot. Unfortunately,neither the three points for the inverse
.-

period nor inver~e interoep% lie on utraight line8. This probably

means that the aoale of criticality is not well determined. A

possible reason .8 that aafey rod and oontrol rod do not aot independently,

which was assum~i in setting up the oritioality scale. Unfortunately, “

no recalibration

criticality were

the difficulties

was made at the time, or.no other ohGoks on

made. The setting of -3.1 grams does not suffer from

of interaction between the oontrol and safety rod and,

since it is not .lirfrom oritio~l, oan not be far wrong in any ease.

Aooording to LA-i83 one gram is equivalent to 5 x 10-4 in K, and the

difference betwet,nK and Kp i8 7.9 x loam For the -3.1 grams setting

.
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the mean life of a neutron in

one takes these values of~

and l.XP and assumes for X2 its minimum po8sib~e value of 4 (obtained

by assuming that either 2 or 3 neutrons are emitted per fission with

equal &obability) and oalculat’esthe value of the interoept$ one
+

-obtains 0.74 as compared with the”measured value of 0.95. The.

difference of 26 ‘/o is not disturbing in view of the sereral sources

of error, This ?noasurement.however, does establish the faot that

X2 is not muoh greater than its minimum possible value, and the
. .

even divi6ion between 2 and 3 neutrons per fission is not far from .

the”~ruth. Tke value of X2 is of interest in the aaloulation of

-. predetona$ion probabilities”.
I

●

6

Fluctuations

A series of experiments were perforned on the water boiler
---- .-

&ioh are related to the Rossi ex~eriments, namely, a study of
. . ..

fluctuations. ‘lheseare not written up or elsewhere reported. A
.

gate was opened at regular intervals (whioh amounts to a random

opening wtth relpeot to the oondition8 in the water boiler) and

coincidences of neutron ~lses through this gate were reoordeds that

i~, the number cf times two pulses, and so on up to 15 fold coincidences.

Ififormationabo~e 15 fold ooinoidenaeewas obtained by the use of

scalers whioh effectively recorded, for instance, the number of times

200, 201, 202...... 215 fold ooincidenoes ooaured in a single

oounter. Data ‘+’eretaken with gate widths between one millisecond
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and a quarter of a aeoond, at “th~”a~meorltios1

Ro.ssiexperiment!

Uni’ottunately,the gating circuit was

8etting8 u6ed in tie
. .

f~tilt$,and the circuit

tended to disorlmlr~te againet m“ny-fol.daoincidence8. The resu?,ts
.

are, therefore, only a sort of lower Qmit to the magnitude of %he
7

fluctuations. ?ime was not available to repeat this work with proper

equi~ment$ and ns there wa8 no theoretical interest in the imperfeot

rosulta, they hive not been properly analyzed nor properly reported.

Inspection and xxaory examination show that the statistics bear

little resemblance to a Poioson distribution, These results are

available in LA notebook 276. This experiment la mentioned here, “

however, as a suggestion that a proper investigation might be interest-

i~, inwhioh o}t8ethe preliminary results might be useful, : “

.

Two s.?tsof’time-soale measurements were made as ~rt of

the hydride pro.;ram. One in a beryllium oxide tamper, representing” -

a non-absorbing thermalizing tamper, and the other in WC, representin&

a non-themliz~ng absorbing tamFer. The hydride assemblies are

de:oribed in ~.f.l’$, A flat fission uhamber was used as a deteotor
. .

which contained 0.497 grams of 63 0/0 oxide or 0.260 grams of 26. It “

was plaoed appr~>ximatelyin the oenter or the assembly of acti.~e

miterialo
.
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An eetimate of the cffioi,encyof the ohamber was made by

as8uming that the

rate as the 25 in

effioienoy of the

4.3 Kg. of 25 the

25 in the ohamber underwent fis$ion at the came

the surrounding assembly, and that the oounting

ohamber was one. Sinoe the BeO assembly oontained

effioienoy was 6.0 x 10-5 oounts per fission and for
,.

WC 2.1 x 10”5 ocuntn per fission, since the latter assembly contained

12.5Kg.of25. This estinate is only rough but serves to give the

proper”order of magnitude. The same ohamber was used for both

initiating and subsequent oounting. The time analyzing airouit

“oontainednine ~hannels. It reoeived an initiating count and opened

eaoh of the ohaanels in order for a predetermined length o,ftime,

and then reset l}$ulf. The effiaienay of the deteotor was sufficiently

low so that no nelector, auah ag was used with the water boiler, wae
b

neoessary. The ohannel width was in all cases 40 S. It
P

● been desirable to have used wider ohannels in some oases,

hydride aasemb~ies were ulower than antioipted and 40ps

maximum range of the instrument.

would have

but the

was the

The B>O measurements were made with the deteotor, aotive
* ,

Mteri,al and pa;t of the tamFer st.aokedin a steel tray, whioh oould

. be xr.ovedIn and out of the main body of t~mper. The pohition of the

%ray oould he accurately set and was used to adjust the criticality.
w

This assemblyis desoribed in detail in IA-&~~. Measurements were

made at approximately 1 ‘/o, 1 l/2 ‘/o and 2 ‘lo from prompt oritioal.

e
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The re8ult8 are uhown in Fig. 7 The expeoted number of’“oountsper

40 s inter~=l following a oount at L’O is plotted as a finotion of
P ,

the time after the ‘initiatingoount. Curve A i&I for 1 ‘lo off and
.

indioates a value-of 550 s for ~
P

with an initial value or interoept 4 . ,

Of 2,3 X’104 oopnta per 40~3 . CtirveB ia for 1.5 ‘/o off with a.

810pe of 400 -3
.

& afidan interoept of 1.6 x 10 . These measurements

are quite rough and the values above only approximate. The orders of

nwgnitude arej Iowever, established. The main life of a neutron la

suoh an assembl~ is about 5.5
Pa” .

The r(aults for WC tanper are sh&n in Fig. 8. As before,

o’lrveA is for obout 1 ‘/o off prompt oritioal with a slope of 126~s ,

and an inixroept of 1.06 x 10-2 oounts per 40
P“

Curve % 16

for 1.5 ‘/o off with a slope of 76~s and an interoept of 6,5 x 10A, -

and ciarve C is hr 2 ‘/0 off with a slope of ~~s and an i“nteraeptof ‘

3-2X 10->. Thrjmean life o: a neutron in the aa80mbly is about 1.3
P“ ‘

In both this aase and for the BeO assembly, the neasured value

of the interoop. is olose to the value oaloulated fromzp the chamber

officienoy, and a low value assumed for X2.

The d.fferenoo between the 5.5,. fism~n life with BoO tamper

and 1.3~a wi ;hWC tiroper is striking and ia an illustration of the -

extent to whioh the properties of aotive assemblies depeud on the tamper,
*
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not avqilable tJ- pursue those exporimenks further m to i;oprovethe )

preoision. The experiments served, however, to establish tht. the

r~aetion tim of”the hydride assemblies wag too long to be ai’military

ictgrest, and t~ Give valuable experignco whi.>hwas a~plled to the

inotal assemblies (LA-%74),
.,.
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