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The mean life of & neutron in a chain reactor can be

dotermined under suitable conditions by the Rossi mathod, This

method makes use of the fact that the neutrons do not appear

eingly but in chains, Msasurements of the decay pericd of these
chains can be made by means of eleotronic gating sircuits, These
Measurements

results are used to obtain the mean life of the ueutron.
have been made with the water boiler, a WC-tamped Unlo agsenbly and

8 beryllium-oxide-tamped UHIO assembly.
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TIME SCALE MEASUREUENTS UN&ESS’HEB

~

Introdusction

An aotive assembly, especially when close to oritical,
doea not have a simple despendence of neutron level with time.,
.There are soveral groups .of delayed neutrons emitted from the
figgion frugments after a time of soms seconds. Their number is
of the order of one percent of all neutrdns emitted, but when
oloss to critical these neutrons to a large oxtent determine the
tine behavior.' An apalysis shows that in a simple approximation
the time behavior ocan be considered as a combination of a slow
period, whose charaoteristics depend to a large extent on the
delaysd noutrons, and a fast period, which depends primarily on
the time after fission for the prompt neutrous to be emitteds the
fission spectrum and the scattering and absorption cross-sections
of aore and tamper, It is the prompt period which is of interest
in this report. The time for a promptly emitted neutron to again
osuge filssion is geveral orders of magnitude shorter than for a
deldysd neutron, so the two periods can be separsted. The proampt
period is veary short -~ a few milliseconds at most - while tho siow
perial 1s of the order of seconds or minutes, or with care in

adjustment of oriticality is even hours,
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A measurenent of the prompt period, in addition to
checking the delay in emission of the prompt neutrons and oertaiﬁ
features of tho spectrum and scattering, is important in estimeting
the efficlency of an explosiie reaction as the efficiency varies
inversaly as the squa;e. No laboratory experiment has been made to
measure the period in the highly supersritical condition which is
of direot interest. A method has been suggestea by Feynman (I1A-29)
to do tgas by suppressing the multiplication of a superaritionl
system with the introduction of a 1/v absorber. This experiment,
even though done with Boron 10, would involve fairly large corrections
for soattering and the fact that the boron cross-section is not
striotly 1/v. It would also involve a certain amount of lost time
in fabriocation and subsequent purification., All measurements
(except at the Trinity sxplosion) were, therefore, wmnde in assemblies
closs to oritizsl, Those measure@ents. to be of direct intersst,
rust be extrapolated to the supercritical condition, whioh is
usually about three critical masses, In soms cases the period as
a function of mass has been ocaloulated over a wide range of mass
(1A-235), and a dirent comparison with calculated values can be
made. The theory also serves as a guide in the extrapolation,

Several methods have been used to measure the fast periéd.
One is by a rapid change in criticality which was done with the

water boiler (LA 183) by means -of a motor-driven, cadmium control
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vane. This was also done with the hydride assembly in the so-called
dregon experiment (IA-397). 1In this experiment the criticality was
incroased by dropping a slug of active material through the center
"of & néarly critioal assembly. It was possible in this experiment
to make the agsembly superoritical for prompt nsutrons for a short
time. Measurements were made on metal assemblies by the introduction
of a neutron pulse, and a study of the subssquent decay (LA-374).
Oné% one method was used satisfactorily on all three general
&

typss of origzoal assemblies: the water boiler, hydrides and metal,

This is a meéﬁod suggested by Rossi and is called the Rossi experiment.

It makes use??f the fact that an aoctive assembly is in a sense self-
modulated, iEtho mean time hetween the emlssion of source neutrons
is of the oriir of or longer than the fast period, "In these
circumstanoi}. the fluoctuations in iritensity due to the introduction
of single neclrons are recognicable, and their time dependence ocan
be studied. §fhis method has no fundamental advantage over the
straightforwd¥d modulation method, In fast, there are certain dis-
sdvantages. flrhe intensity is fundsmentally limlted so that a
comparativel¥ sensitive detector 1s needsd, and the experiment oan
only be doneuaithin a few percent of oritical, Its advantage, on
the other hand, lies in its technical simplicity. The presence of
activity in the assembly is presumed whenover a neutron is counted

in an appropriate detector, A time analyzing system then reocords
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" the number of neutrons counted in short i ervals of time immediately

after the initiating neutron., This time dependence of the numvber of
..noutrons sounted following each neutron is a direct measure of the
prompt period,

_A‘Tho theory of the Réssi experiment has been developed Yy
. Feynman (LA-591), In the simple case where all neuirons are oconsidered
.to be alike, he glives for the expedted number of neutrons counted in
an 1nt§rva1 dt a time t after a neutron count at &t = 0 3

ESdt Ezy ). _{_"z/;,.—z/

(1) P(t)dt=
z, . ~v 7'fac Z 2% Z,,.

e %t 4y

Whers:
Zs is tre mean number of neutrons emitted per fission,
Z,. ir a mossure of oriticality. It is the value which 2

would have to have to make the Bss'embly Just eritical, Near oritieal

K, the usual measure of oriticality, By critical
is' neant prompt critical, Delayed neutron effects ars neglected,
E 1is the efficiency of the deteotor in counts per fission,
X.a is a measure of the possible variation of =2 from one
'fl(;sion to anolher. 1% is twice the number of peirs of neutrons
liberated in euch fission,
7’,t. is the mean time between fissions in the same related

chainy the mean time between parent and daughter fission.

S {8 the source strength in neutrons liberated per
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pneutrons from fission fragments, as well as additional sources which

may be purposely introduced,
& 18 the reciprocal of the prompt period.
Since the Rossi experiment has been done only within a
few percent of oritiocal, certain simplifications and alternative

r
representations are possible. The mean life of a neutron 7 = —I;L

- r _ P 2~ _ 1"'Kp
T z 7T 7T

& =

whors the subsoript on K refers to prompt oritioality. 24, -2/,

whioch 18 of ths order of a few percent, can be neglected in comparison

S

with X,, whicn is of the order 4 or greater. ;g——z-/:C the oounting
i e

rate, It can 1lsc be expressed as ie—SK. » where € 1s the efficiency

. /
in oounts per neutron born in the reactor, and S is the source
stteng,fh from all sources exsept from the fission fragments, The

exproasion oan now be written:

_ EXs

~ 1=K
(2) P(t)dt=cCdt+ i Y’
The first term represents a baokground of unconnecsted counts, or
counts from a different chain than the initiating count at t =0 ,
The second term represents the number of connested counts. The

number of coiroldences psr sscond between an initiating ocount and a

e ST o
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subsequent ocount are, of course, dependent of the total counting
rate, It isg not néceasary that the initiating count come from the
sane neutrdn deteotor as the subsequent oounts, In some experiments
two separate ctannels were used, If the efficiency of this initiating
ohaqnel is different, it will naturally have a different counting
rate, ¢t . Tre expression for the number of coincidences per second
is then:
clEX - B¢

(3) c‘P(t)dt=ciCdt+é—;—é—;‘m e~ TFY gy

Both C and (f!(which are frequently ejual) sre proportional to
source strensth, so the first or background term is proportional

to its square, The second term involves only the first power, so
by proper choic3 of source 8 compromise between coincidence oounting.
rate and low bakground can be made, Since both terms depond on the
product (or squure) of the detector efficiencies, a high efficiency

detestor 1s usunlly desirable,

Water Boiler _l;lz.surements

The first time scals measurements were made with the low-
,,power water boi.er described in [A-134. Two boroa lonization chambers
wore used as defectors, They were placed in holes in the Be0 tamper

on opposlite sides of the boller, the faces in contact with the sphere
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containing the reacting solution.

This arrangement not only provided

good efficiency, but the 0l2se contaot between the detestor and

solution decreassd the time required for a neutron to travel from

the readtor to the detector which, in a thermal reactor, is of

importance., One of the chambers had an efficiency of about 2 x 10'3

counts per fission and the other about 10 °,

-4, The presence of these

two chambers and their holes in the tamper decreased the reactivity,

end more 25 was added bringing the total amount to 625 grams from the

usual 580,

A block disgram of the apparatus is shown in Fig. 1,

A

neutron pulss received in the initiating channel was passed through

the sslestor, which will be desoribed below, and actuated the time

analyzer,

This oirouit waited for a predetermined time T, and then

opaned a gate of determined width AT, through which neutron pulses

from the ocouriting channel were recorded in counter D. The time

analyzer could not be reinitiated until after the gate had opened

and shl!tn

.

The number of times the analyzer was initiated was recorded

in counter C., Thus, the ratio of the number of counts in D to the

«<npumber of ocounts in C should give P(T)AT. In actual experiments

it soems& to give kP(T)AT, where k is an unknown fastor less than

one. In other words, the time dependence is properly measursad, but

‘the quantity

E X

A crer(i—~
‘this seems to be that the circult, as desoribed, is not initiated by

... .:. : .:.
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all neutrons nor by an &verage or random selestion, The faot that

the aﬁalyzer is dea& to initiating neutrons for a time mesns that
those pulses which closely follow other pulses are disoriminated
against, In other words, the initiating oirou%t discriminates againat
neutrons which «re members of la;;e ochains, so the result is not
surprising,
The p&rpose of the selectof wag to minimize this difficulaty.

It consisted of a gate whioh was opened at random intervals with
.respeot to the Lishavior of the boiler, Actually, since the boiler
itself 18 more or less random, a regular openingz was used, The time
“interval betwoen openings was longer than any tine delay studied. If
this gate Were nﬁdo suffioiently narrow so that the probability that
two pulses oams throuzh in one opening was sufficiently smail, the
pulses so passed would be randomly selected and each pulse would
operate the timn analyzer, One would then expect the faoctor of the
sxponential in (2) to be properly measured. It is not practical,

for intensity rnaaons; to makaAtho gate suffioclently narrow. Data
wers taken with different gate widths and different efficiencies

'in the initiating detector, énd it was éossible to extrapolate to
effeotively zeru gate width, The number of pulses coming through

the éelgotor we1'e counted‘i; counter B, A compsrison of the number

of counts in B %o the number in C gave a measure of the amnunt of

discrimination in the time analyzef. The selector served another

INCLASSIFIED
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Dirpose. Witacut the selector the tlme anaiyzer aonld be reinitistod
in a énort time when the Lime deluy was short, =and only afier a Some-
wiat longer tine when the time delay was Jong. VIith tne selector in
use, the time Yatwsen possible reinitiautions of the enalyzer was in-
dependent of tle time delay. Without this action the time dependence
of the number «f subsequent nsutrons would not have besn properly
uensured, ;S t;ére would have been a different discriminsting action of
the analyzer ati. short times than longz. Analytically, the factor k in
what the apparatus measures, kP(T) AT, is a function of T. With the
selector, 1t it indspendent of T3 and, aus either the gatu width or
efficiency of the initlating detector are decreased, it spproaches one.

The chamber elficisncy was determined by a comparison of
the counting rete with that of a small 25 chamber placed at an apprOpr{éte
paint in a re-imtrant tube in the reactor. The efficiency of the =5
~hamber was calculated from the mass of 25, the ma~s of 25 reacting in:
the toller an wstimation of its counting efficiency and a mcesurement
of the neutron distribution in the toller. The background was ceterrmined
from the total' ebuntine rate in the counting chaunnel as mmasured on
,counter E.

Measurements were nmnde ut three c¢ritical ssttings: One
with the control rod se@ fairly close tn critical, which, uaccordinsz :
Lo calibration mecasurements, was -2.9 arams: another with tha centrol

vod out and the safety rod in, which corresnonded to 14«3 frams: and, .
B ’ LN
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finally, with both thq oontrol rod and safety roa in, which corresponded
- to -26,1 grams. These calibrations hed besn made with 680 grams in
the reactor, For tbose measurements thero were 625 grems present,
The critical sew.tings, therefore, were multiplied by 625/680 er 1,08
ﬁaking'more nesr'ly correct values for the critical setiings -3.1,.
«16,0, and -28.? grams, respectively, 1In sarriving at these figures
it was assumod “hat the control and safety rods acted independently.

Fig. 2 shows the results for two moasurements at the most
critical sottiﬁ;. -3.1 grams.' The number of connected counts per
milliéecond, ﬁe:A;nitiation of th§ time snalyzer, is plotted against
ths mean time after the initiating count, The background, which was
subtracted in éléh measurement, is indicated by the correspondingly
labeled line on the vertical axis. In both csses, the gate width was
one milliseoond.i.The same channel was uéed for both initiation and
euSsequent oounﬁing.r TH; gfficienoy of'the detector was 2.3 x 10"3
counts per fission. The RMS error of several typicﬁl pointe is
indicated, In doth these curves, as well as in five others taken
but‘p;t shown, 1 period of 1C.8 milliseoonds is indicated, All
m;asufeménts were in excellent agreement, |

The interoepts of the two curves at O time, which should be
E X, dt

&2 (1-Ky)
& éate width in the selector of 0.92 ms., while for ocurve B it wasg

‘squal to =], are different, Curve A was taken with

0,33 mg, For carve A the retio, R, of the number of times the

:‘. b o.a :" : : o.o
T e e e o . e o
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anelyzer was initiated ;o ‘he number of pulses coming through the
random selector, was 0,833 and for ourve B it was 0,86, This general
behavior was trie for the five other curves which were taken with a
wide Yariely of selector gate widths and chamber efficiencies. Fig, 3
shows & plot of the in;;f;ept I against R, The extrapolation to R =1
or to the value which I would have if the circuit had been initiated
for every pulsé. is seon to be reliable and gives a value of ,95 .
oountts per initiation per millisecond,

' Fig. t shows the réhdlts of three of the measurements at
-16,C grams. Curves A and B céinoide and were takegp under identical
conditions, excapt that curve A was obtained with an additional
source placed nsar the boiler. It is seen that the background is
over three times as large, but that there is no other significant
differenoe. Ths natural socurce present in the boiler due to
spentaneous fission -n reaotions, eto., was of the order of 600
neutrons per sesond, All three curves were taken with a gate width
of one ms, and A chamﬂer efflciency of-é.3 x 10™¥ oounts per fission,
A and B had a silector width of ,92 ms., which gave values of R of
0.80 and 0,83, respectively. Curve C had a gelector width of 2,8 ma.s
R was Q.SB. A ‘otal of six measurements were.made, all of which gave

a value of the ceriod of 7,6 ms., Fig., 3 shows a plot of I agdinst

R which gives 0.58 as the extrapolated value of the intercept I,

[ (XX ) [ ] o006 o o ]
'Y [ I ] e 9 0 o r
[
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Only one measurement was made at the legst critiecal set?ing
of -28,2 grams. fhe results are shoﬁn in Fig. 5. The gate width was
as beforo, one ﬁ;;; the selector width 0.92 ms.s R was .953 the chamber
affioienoy 2.2 x 10'3coun§a per fission. The slope incicates a decay
period of 4.8 ms. Since only one measurement was made, it was not

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

close to one, however, the slope was guessed and an intercept of 0,36

-

wag obtained.

Since voth the period and intercept vary inverSely'as I;K?
a plot of their ~eciprooals against criticallty should be a straight
liney and since fhé point where K=11s well determined ﬁhe difference
between K and Kp in terms of grams ahould be determinad. Fig. 6 shows
euch & plot, Unfortunately, neither the three points for the invprsg
pericd nor inver se intercept 1lie on straiéht lines, This protably
means that the ssale of criticelity is not well determined. A
possible reason .8 that safey rod and oontrol rod do not aot independently,
which was assumed in setting up the oritiocality scale, Unfortunately.
no recalibration was made at the time, or. no other checks on
eriticality were made, The setting of —S.i grams does not suffer from
the diffioculties of interaction between the control and safety rod and,
gince it is not ar from critical, oan nét be far wrong 1a any case,
Acgcording to lA-:83 one gram is equivalent to 5 x 10'4 in K, and the

difference betwecn K and Kp is 7.9 x 10, For the -3.1 grams gatting

.:C Osc E:o o:o E:o :..
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l-Kp“is,‘therefo;é, 9;5 x 10~3, and 7° the mean life of a neutron in
the boiler is 1C4 miofoseconds. If one takes tﬂese values of 7

and I-Kp and assumes for xz its minimum possible value of 4 (obtained
t by assuming that either 2 or 3 neutrons are emitted per fission with
| eqqgl probability) and calculates the value of the intercept, one
mobtaiys 0.74 as §pmpa;sd with the measured value of 0.95. The
difference of 26 °/o is not disturbing in view of the several sources
of error, This moasurement, howevér. does establish the fact that
X, is not much greatsr thean its minimum possible value, and the

even division between 2 and 3 neutrons per fission is not far from
the truth., The value of X, is of interest in the caloulation of

. predetonation pxoﬁabiliﬁies}

.
é

Fluctuations

A series of experiments were performed on the water boiler

which are related to the Rossl experiments, nomely, & study of

fluctuations, These are not written up or elsewhere reported, A

;ate wasg opened at regular intervals (which amounts to a random

opening with rﬁzpeot to the conditions in the water boiler) and
colncidences of péutron pulses through this gate were recordeds that

i3, the number ¢f times two pulses, and so on up to 15 fold coincidences,
Information abote 16 fold coinocidences was obtained by the use of

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

200, 201, 202 . . . . . . 215 fold ooincidences ocoured in a single

sounter, Data vere taken with gate widths between one millisecond

- APPROVER? FOR*PUBLI G* Rk EASE
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and & quarter of a second, at the same oriticsl settings used in the

PR

Rossi experiment,

Unfottunately, the gating circuit was faultly, and the circuit
tended to disoriminate against many-fold coincidences, The results
are, therefore, Bﬁly a8 sort of logar limit to the magnitude of %he
fluotuations, [ime was noi available to repeat this work with proper
equipments and as there was no theoretical intersst in the imperfect
rosults, they hive not been properly analyzed nor properly reported,
Inspecfion and sursory examinstion show that the statistics bear .
littIQ resemblaﬁce to a Poisson distribugion. These ;esults are
availasle in LA notebtook 276, Thias experiment is mentioned here, ‘
however, as & saggestion that a.proper investigation might be intereste

irng: in which cnse the preliminary results might be useful,

EEIO Assemblies

Two s2ts of time-scale measurements were made as part of
the hydride projram. One in a beryllium oxide tamper, repressenting” ™
& non-absorbing thermalizing tamper, and the other in AC, représenting

8 non-thermaliz.ng absorbing tamper, The hydride assemblies are

desoribed in IA~1Y, A flat fission chamber was used as a deteotor

which eontained 0.497 grams of 63 °/o oxide or 0,260 grams of 256, It .

was placed approximately in the center of the assembly of active

mateorial,

APPROVED.F&R BUBLI & REEASE



APPROVED FOR PUBLI C RELEASE

E.; E.. :.. E.. E'E ..:
vy O
..: .E. E .E. E.. E.:

An estimate of the efficiency of the chamber was made by
assuming that the 25 in thevohamber underwent fission at the same
rate as the 25 in the surrounding assembly, and that the sounting
efficiency of the oyamber wag one, Since the BeO assembly contained
4.3 Kg. of 25 the efficienoy was 6.0 x 10'5 counts per fission and for
WC“2.1 ; 10~% count;‘pgr figsion, since the latter assembly contained
12.6 Kg. of 25.7 This estimate is only rough but serves to give the
propet_order of magnitude, The same chamber was used for both
initiating and subseqﬁent oounting, The time analyzing cirouit
'oon£aihed nine shannels. It received an initieating count and opened
each of the chaanels in order for a predetermined length of time,
_andrthen reset tyéolf. The efficlenay of the detector was suffiociently
low so that no selector, such as was used with the water boilsr, was
necessary. The channel width was in all cases 4Qfms. It would have
been desirable to have usod wider channels in some cases, but the
hydride assemblle; were alow;r than anticipated and 40/Aa was the
maximum range of the instrument..
The B30 measurements were made with the deteotor, active
material and pa-t of the tamper stacked in a steel tray, which sould
be roved in and out of th; main body of tamper. The position of the
tray ocould te g;curately'set and was used to adjust the oriticality,

Thls assembly i§ desoribed in detail in LA-é;iR. Measurements were

wade at approxinmately 1 °/o, 1 1/2 °/o and 2 °/o from prompt oritical.
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The result; ;are shown in Fig. 7 The expected mxmb\ex" of counts per
40/«(.5 interval féllowing a count at £=0 is plotted as a function of
the time after the initiating count., Curve A is for 1 ©/o off and
indicates a value of 5504e5 for &‘.i_ with an initial valus or interocept
of 2,3 x' 10~ ocopnts per 4043 . Curve B is for 1,5 °/o off with a
slope of 406/45 and an interaept of 1.6 x 10’3. These measurement.s
ar3s guite rough and the values above only approximate., The orders of
nagnitude are, féwev—er. established. The mean life o‘t’ a neutroﬁ in
such an assembly is about 5.5/u.a .
The re sults for WC tamper are shown in Flg. 8. As before,
ourve A is for sbout 1 ®/o off prompt oritical with a slope of 126/..0.3
and an intercept of 1,06 x 1072 sounts éer 40/&3 o« Curve B is
for 1.5 %°/o off Qith a slope of 75/4.6 and an intercept of 6;5 x 1073,
and ctrve C is aor 2 °/o off with a slope of 67 45 and an intersept of
3.2 x 10~?, Tho mean life of & neutron in the a:sombly is about 1.3/1.3 .
In both this aase and for the BeO assembly, the measured value |
of the intercep. is closs to the value caloulated from 7%, the chamber ‘
sfficiency, and a low value agsumed for X2.
' -The d'.fferencoe betweecn the 5.5 /Jesmesn life vd.th. BeO t&mper.
and 1.5/40 wi:h WC tamper is striking and is an illustration t.>f' the

extent to which the properties of active assemblies depend ‘on the tamper,

\d

»
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u’

. Suffisisnt time of both perscancl! and active material was
not available tj:’prur'sue these expoeriments further or to iaprove the ’
precision, The experiments served, however, to establish that the
rsaction time of the hydride assemblies was too long to te of military
intsrest, and t> give valuable experisnce which was applied to the

motal assemoliss (LA-374),

-
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