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The multiplication in a spilereof 25 of fission neutrons from a

source on the 6urface of the sphere ‘was observal by snm]l 25 and 28

detectors at its center.
.

The values for the multiplication re~istered by

the 25 counter are in agreement with calculations by Rarita for both a

1-1/2”- and a 2“- diameter sphere. The experimental values for the 28

counter, howevers disagree with similar calculations by four times the

probable error. Multiplication of & normal alloy sphere was measured with a

28 counter. In edditibn, the standard indium=foil source-comparison technique

wai3 uOed a6 anothor

results are a160 in

measurement of the multiplication in a 1-1/2” sphere. These

agreement with theory. From these measurements we con-

clude that the effective value of v-l-a assumed

substantially correct9 but the assumed value of

inelastic 6cattering from above to below th? 28

in tho calculations is

the cross section for

fiseion threshold is

30 per cent too high.
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The critical

differential constg.nts

mass of 25 has been calculated in terms of its

and the fis6ion neutron spectrum~ In these c[ilcula.=

tions$ it has been

section and to use

sections which are

limited amounts of

necessary te assume a value for the radiative capture cross

values for the transport und inelastio scattering cross
!’

not yet as precise a~ might be desired, because of the

material available to date for measurements. Even the

fission spectrum is not very welz known. Under these conditions the true

value of the critical mass is cleaTly in considerable doubt. ‘Ihile a

critical mass of 25 ie not yet available , nevertheless it is possible to

devise integral experiments in which, to evaluate the results, the same

differential constants of 25 are used in a manner comparable to the critical.

mass calculation. These experiments are desi~ed to test as well as ~)ossible

the present critioal.mass estimates, while using only the amounts of 25

now available. (Me such experiment is to measure in a 25 sphere the multi-

plication of fission neutrons from a source localized on its surf,t.ce. In.

deede Nelson has sho-.mthat if one assumes the existjng m~surcme;lts of t;e

transport cross section to be corrects a plot of the reciprocal multiplication

versus the sphere radius may be extrapolated to give the critical mass itself.
.

To this end, the mul.ti?licati’onin 1-1/2” and 2“#-stage spheres

was measured in the thermal column in building X. In such a measurement,

the almost purely thermal neutrons in the 3Q x 3’ x 3’ cavity in this

column are used to produce fissions in a rather thin spherical shel~ of
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which measurements are msde. The ~hel1 is t!lickeuough that ideally the

slow neutrons do not ?enetrate”through it, although it is iiiinfor fast

neutrons. The flux of fast neutrons is measur;d at the center of the sphere

both with and without a practically solid sphere ofp’-stage material filling

the apace between the shell ~nd the detector at the center~ The ratio of

these two measurem&ts indicates the multiplication of the fis6ion neutrons

by fission in the solid s~here. The detector at the center is either a

25 or a 28 fission chamber. Although the measurement with the 25 counter is

more directly connected with the critical -ssO the 2!3counter measurement

wa6 taken as an additional check on the differential constants primarily

the inelastic scattering to which it is quite sensitive.

Experimental

During the measurement of multiplication the 25 assemblies were

mounted in the center of the three-foot

of the 25 shell or shell-plus-core (see

The core, vinichwafimade in hemispheres

cavity with the counter in the center

block arrangement, diagram Fig. 1).

for easy assambly, had a small

cavity and radial hole mchined out to contain the countero Although the

geometry and thickness of active material in these chambers deprived them of

plateaus (for detail of fission cha:nbers~ see Fig. 2)0 their sensitivity

was maintained constant by Idsingthem in conjunction with the very stable

Model 100” amplifier at a set discriminator bias. Repeated a count on the

25 counters taken at a low bias showed that in the course of a run the gain

drift was less than one or two per cent. HoweverO in this tine the shell and

the shell-plus-core had been interchanged 60 often that the effect of this

drift on the observed multiplication was vastly reduced.
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UNCLASSIFIED

The small-fission-chamber counting rates were always taken relative

to a monitor of the thertil neutron flux in the block. This mon;tor wa6

checked continually against two other monitors and found to perform reliably

throughout the entire course of the measurements.

The counting rate6 had to be corrected for small backgrounds of

two types. One was caused by epi-cadmium neutrons in the graphite column

even when no fissionable material was present. This background was measured

by the counting rate ?er monitor count when, 3n the geometry used in the

multiplication measurement, the 25 shell was covered by a cadmium shell. As

to be expected ~ when the core wzis present within the shell, this bo,ckground

was somewhat smaller~ because the core filters out some of the epiocadmium

neutrons.

The second backfiround to the measurements was caused by fission

neutrons ref16cted aj.nd~oderated by the ~raphike walls of the cavity. This

arises because many of the reflected neutrons are of hith enough energy that

they are not stopped by the shell source and can penetrate in~icie either *Q

count directly in the counter or to protiuue fissions in the aoreo Surrounding

the 25 counter with boronO or the 28 counter with cadmium, when making measure.

ments on the 6hell, reduced the former oi’these effects. Meanwhile5 it was

found that both effeots could be measured in a very simple way. First$ a source

of fission neutrons was placed at the center of the cavityo Then ona of the

smll counters was used to plot counting rate as a function of position in the

cavity. After subtracting off the counts caused by neutrons coming directly
.

from the source by means of iil\’r2fit, the counting rate caused by rofZected

neutrons was found to be constant over the cavity to the acouracy required

UNCLASSIFIED
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for a background correction. The second measurement was to place the

counter half wRy bdween the central source

purposes the counting rate caused by direct

tbx?ithe source and counter were repeatedly

and the walls, where for practinal

neutrons vas already negli~ible;

interchan~ed. in position. It

was found that the counting rate was the same in both arrangement.a. These

&m results meant that we could measure the Background of graphite scattered

neutrons as followo :

The shell [or shell-plus-core) is covered by the cadmium shell

and mounted at the center of the three-foot cavity as for measurement of the

first -typeof background, Then a

to that of the shell is ?Iaced in

a Iwlllo The c~unt.ing rato at the

fission source of known strength relative

the cavity half way between the center and

center of the slyll less the background of

type one gives the desired back scattering background altered by the ratio

of tho strength of the auxiliary source to that of the shell.

The procbduro of a measurement, then~ was as follows: a bias

curve was run on the countqr findthe biaa sot 60 that tho alpha count was

zero; then the backgrounds wore measured as described~ finall.y~ a series of

alternate measurements of central fluxes in sphere and sphere-plus..shell were

run. Frequent a counts at another fixed bias checked the gain during the

2~.counter measurements. Such-a “run” is self-sufficient for a multiplication

determination, Nevertheless, when,possiblo$ several such runs were made to
.

oheek sach other and give better statistj.csG

Results on the 2“ Sohere

The Z-inch sphere WES of # -stage material containing about TO pen’

cant of 25 and was of density 18.7. The source was a closo.fitting shell of

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



-7-

the same material~ 90 mils thick, About 99.5 per cent of the thermal neutrons

were stopped on their way into the shell. When measurements were made on the

shell alone, the counters were surrounded with a close-fitting shield of

cadmium a~d then a “boron carbide layer~2 gma/cmO In this way, measurement

were made

of the 211

with both the 25 and 28 detector~

TWO separate runs with the 25 detector gave for the multiplication.

sphere

One run with the 28 detector gave the value

1..23+ 002

Here and in the fo?lowing results~ the probable errdrs are

obtained from the self-consistency of the

Results on the 101/2° Sphere
.

‘Me L=IP2° sphere was also of!

25 content and of

this case was not

&j mila thick and

to about twu mean

density 18.4. liowever~

data, not from counting statistics.

-stage material of about 70 per cent

the close-fitting shell source ia

as satisfactory as in the case of the 2“ she~l. It WS,S

made of & per cent 25 alloy. This thickneso corresponds

free paths of thermal neutrcmsj consequently. an appre-=

ciable number of thermal neutrons leak through This lack of opacity of the

shell causes several effects which must be corrected foro These corrcmtions

are dealt with in some detail in appendik ~ j here we shall.only indicate how

they come about. It is shown in the appendix that 8~~ per cent of the ther.ml

neutrons leak through into tiie interior of the shell and that 1.2 per .ceni+.

,
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leak all the way in and out again and do not procl~ceany fissicm6 at all~

Sinoe9 when tho solid sphere is in place, all the thermals are stopped~ this
—.

means that W3 have effectively a 1.2 per cent stronger 6ourceD HoweverO

this is not quite the full.stcry~ When we make measurements on the snsll

alone, we surround thd counter with either boron or cadmium as exnle.ined

above o The presence of these absorbers inside the shell effectively stopm

a fraction of the (80~ . 1.2) per cent of thermals which would be stopped

on their v-myout, und hcmce further reduces the sourco stremgth of the shell

as measured ‘Dythe counter, Fin~~]y, there is a third effect of the partial
.

transparency of the shell. The 8.5 per cent of thermals which leak through

the shell are stopped in the first millimeter of the core and produce a

neutron Bource which is somewhat closer to the counter and therefore counted

uioreefficiently. It is shown in the appendix that this amourst8 tG about .7

per cen%c

The results on 1-1/2” 6pnere corrected for effects caused by the
.

partial transparency of the shell as well as for the two type6 of background

desoribed on pages ~ - ~jare given in Tablo I.*

Table 1. Multiplication by 1-1/2” Sphere.

- T~ -
—

2% Detector 25 Detector

1033 ~oo3 1o26 + .01
1014 +- .02 1.26T 002
1.14T .016 1.28~ :02
lolfj 7“0014 lo2J@ .01
l’ol~~ 0016
1008 ~ 002 }

kverages i !
1.13 : 001 1026 i-~o?i.,

-..——— e..— ..”

*In addition to the m’msurem.ente in tho 3r cubica] cavity 80me rneasurem.entswere

performed on the 13” cavity. These were corrected for back scattering uaj.ngthe
reeults of Feynman and Reine8 based on the “age theory”. Because these correcisions

were fairly large~ especially in the case of the 25 oounter and because their
predictions on several details did not agree well with experiment those values

Im3 consid~r~d $g be somewhat in doubt and wwre not averaged in with the

large cavity measudernenta to obtain our final resulte
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Measurements on Tuballoy Sphere

A measurement wa8 carried out with the 28 counter On a 3.1/2’t .

normal tuballoy sphere~ This result had to ?JOcorrected in a mannw similar

to those on the 1.1./2°25 sphere since the same shell source was used, Tho

corrected result for the multiplication is .89 + ~OJ~

Discussion

Rarita has calculated the multiplication in 25 spheres to be

expected under the conditions of these observational Using in his calculation

~O&3 as the average cross section for radi~tive ca?ture of 25. the vulue of

VI(25) = 2&!+0 assuming the inelastic scattering of 25 and 28 are the same

and that all inelastic scattering sends the neutrons below the 28 threshold,

using the Staub-Richards fission spectrum (LA HandbookO Edition 2)9 and

assuming af drops off at high ener$ies as given by Brcitscher9 then one obtains

values listed in columns two and three of Table 110 .

Using Mazilcy”s 25 inelastic cross sectiorimeasurenentsc the new .

Richards Q spectrum, ”and assuming af becomes flat above 600 kvO the 2“ sphere

values were recalculated to give column four in Table 110 Rarita al60 calcu-

lated the value for the 1-1/2” normal alloy sphere. He obtained 083, which
.

is below the experimental value.by twice the probabla error~
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It is seen that the first set of calculations on the m~asurements

wi%h a 0.5detector are a percent or so lower than the experincntal valusaO the

recalculation on tho large sphere is as much higher. The agreomezrt of either

oaloulation for ‘the 25 detector with the measurernenlm lies almost within the

experimental probable error. In contrast to this agreement~ the 28-detector

~e.~oll~ationalie four prob~ble errors away from the experimental numberstl

This dificrepancy is not caused by the form of the fission spectrum asaumod

since the two calculations on the 2“ sphere give almost tho sane result even

though the spectra used are quite different. The effective inelastia cross

sections in tho two calculations were almoat the same. !tanley~s

the highero in fact, we show in appendix 2 that if one demand8

number being

a given re8ult

for the 21jcalculations the result of the 28 calculation nny only be altered

appr~ciably by altering the inelastic cross section. On this basisu a re-

duction by ~0 pek cent in the inelastic scattering of the fis~ion neutrons

from above to below the 28 theshold muld bring

the small and large sphore6 into agreement with

cl~de that the effective cross section for this

the calculations on both

experiment o Hence we con-

process should be 1 02 barns

instead of the 1~~ ussd in the calculation. Such a reduction in i;.fi.einelaetie

cross section tends to lower the calculated 25 numbers very slightly,,

Shoe the radiative capture a8sumed has just the effect equal to

the difference between the two calculatimso 1~.!J2and 10L70 we can say only

that we are in essential agreement with the assumed value until A calcu~a.

ticm based on mcm-eaccurate value~ of the other constnnts is pos$ible~

.: .
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Indium Foil Measurmusnts

The multiplication in a 1=1/2” ,~estago spherO of fission neutrons

from a shell source on its surface was also measured by iridiumfoilsc. For

thh measurement the shell and shell-plu6-core were alternately suspended at

the center of an 11” spherical cavity in the graphite ~lock~ The source

strength of each was measured using standard * cadmium-covered iridiumfoils

placed along a ratiius of the cavity and on the side away from the cyclotron

at’ diStanC6S ranging from 1~09 to @o~ cm from the center of tho cavity. The
I

saturation activity9 As acquired by these foils ws m=sured Ona st~n.dard

Chicago-type, tni%wnlled aluminum countere ‘:/henthese activities are

reduced to unit monitor of thermal flux in the block and corrected for a

s per cent baclcground of opi..cadmium neutrons from the cyclotron, the net

activity obtained is proportional to q(r). the slowing-do~~~ density Of l&-e.v~

neutrons at the foil’s locatioc, caused by the source of fission neutrons.

The total souroe strength of fission neutrons is proportional t@

where r i% the distance

. rg

IA(r)r2dr,,0

from the center of the cavity. The ratio of this

quantity for the shtell-plus-coi-ato that for the empty shell gives the

multiplication.

~ince the function ~(r) had the Game shape for both shell and solid

sphere the multiplication was actually determined by

where gj is the 6t~tistical weight of the measurement on the .j’thfoil.
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These measurements were repeated three times for the shell and four for the

she13-plus-cor eo The average ratio is 30152 + 0003~ !Fhis number must be

correoted for the following effects: the shell transparency to tkL~HMl

neutrons was 1.2 per cent~ the presence of boron or cadmium shields at the

center of the shall for simultaneous fission oounte~” measurewer.ts was 308

per cent. There is an additional multiplication in tha solid core caused by

neutrons reflected by the graphite. nccordiug to Faynman and Reines this

number is 07 per cent of the source strength. It must be multiplied by

/v (1 + a) and by 1003 for the greater effectiveness of fission neutron sources

distributed throughout the volume of the core=

to 1.7 per cent. ~!hesecorrections all act in

the measured number to M = 1.076 + 0008 in the

This correction then amount~

the same direction -toreduce

ideal case of an o“paque shell

O.ndno graphite rei’lectcr~ liari%a has also calculated khe result of this
\

experiment and obtains 10070,

A two.col.lisiou approximation to the multiplication expected is

given by

M
t

1

[ 1]=1 +af(w-l-a) a ~ +aTa ~348(1 +f) . -~

where Uf is the fission oross ecction, v is the number of neutrons per fiaaion,

au
f

iB the radiative capture cross section and a~ is the transport cross

section, these quantities being aworages VVZ,rthe fizsion SpWtNUUI. I. + f is this

quantity ever~ged cwer a first-collision spectrum and a is the sphere radius-

From this expression, it is clear that agreement bcrtweon ca~culatinn and

measurement means that the assumed value of %1.a is correct to a probable

error of the measurement, 10 per cent,
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Calculation 9f Thermal-Neutron TranmnisHion of 1-1/2” Shell.—“ .-.

For an iuotropic thermal-neutron flux incident on a sph~rical

absorbing shell wilpsethickness i6 small compared to its radius~ the fraction

Fl of neutrons which reach the interior is Kiven by averafii.ngthe transmi~sion

over all velocities~ vand angles of iricidence, Q. The result is

where x = v//iz3xl

neutrons of velocity

and t is the shell thiclmess in mean free paths for

% =/& and direction of incidenco .CWMAS to the

shell surface. If we let Z =x C08 Q this beoomes

[

00 -to/?.

=4 (1 - ~f Z)2e dz%,0

We may observe that if the flux incident on the shell is not isotropic but

oomea from the walls of a large cavity as in our measurements~ this result

still gives the average transmission since rotating the sphere about ita

oentor cannot

‘1
= .085.

Tho

affect this vaque~ The value obtained for the 1-1/’2” shell is

fraction, ~p of nmtrons inoident on the shell which pass

into it and out again is given by the abovG expression using twice the sheil

thiCkUe8S for too This follows since any ray through the shell enters and

emerges with the sample angle to its surfaoe~ For the 1-1/2” sphereQ

F2 = 00120

Calculation of Absorption of Thermal Neutrons by Opaque Sphere
at C6nter of 1.1/2fi~hell

Let the shell radius be ae the sphere radius b. Then the desired
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.=1
result is obtained by averaging tho flux over an~les O to sin b/a instead

of O%@~2asinF~
1

The result for our shell and the boron absorber

of averaEe diameter 07’fgives F
1 b/a

= ~082~ A similar inte~rmti.on for the

fraction of neutrons ca?tured by the boron whioh would otherwise have passed

out of the sphere gives F = .0120 Hence the net chmnco of fission
2 b/a

source strength caused by the boron is F
1 b/a - ‘2b/a = 00700 ‘or ‘he

cadmium we obtain similarly .025.

Because of the possibility of slight inhomogeneities (of the order

of ~00~” in a total wall thickness of OO&j” which might put the above ca].cu~

Iation in error) it wa6 felt desirable to measure this correction to the

shell-source strength. To do this a cadmium-covered fission chamber was

placed at one side of the 13” cavity with the shell supported in the center.

Counts in this chamber wore then proportional to the source strength of

fiseion neutrons from tho shell. The c~unting rates with and without the

boron or cadmium shield inside of the shell were compared and gave fractional

differences of ~0~ and 0023, respectively, in agreement with the above

calculations. This agreement gives confidence in the calculation of tile

quantity which we did not mea6ure experimentally, the 1.2 per cent of’neutrons

which pass entirely throufihthe empty shell.

~ffcct of Source Distribution in 1.1\2r’ Sphere.

The central counters measure source strength per unit areao Hence

2 for all radii to obtain thewe must average the thermal flux per ~~r

effective s~urce fltrength~ In the case of the 2-1/2” sphero this a~erage

for the shell and core wiJl be different from that for the empty Ghell

because of its @rtial transparency. ‘l’hecorrection to be applied is to

incrqse the measured flux at the center of the empty shell,. It ia very
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[

~2 *2
(F2.a Fl)

T~---l~- m2T 1
where a is the radius of the sphere und II and 12 are respectively

~[mean free path) forthe sphere and she12~ Forthel-1/2’’ s@ere this .

correction is .7 per cent.

,
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Appendix 2

Calculations on Multiplication in a Snmll Sphere

Assume a shell source of fission neutrons on the surface of the

sphereO a point detector at its center. In the one-collision approximations

I

the multiplication !Jobserved by the detector is yiven by
~

P% -1 pfxl

where a is the sphere radiuss ‘A is the fission neutrori s~ectrum, Gf. ae~s aD#

‘of, ‘in are respectively the f_ission, elastics detectorQ radiative capture

u~idinel~atic cros~ sections, and “~(EO Es) is the inelastic spectrum for

neutrons of primary energy E. ‘~.is normalized so that

used in

sourceD

effects

9X

1~~EoEe)dEW = 1
0

Since the major part of the multiplication in the small spheres

our measurements arises from the fir6t colli6ion of neutrons from

we may use this expression for multiplication to notice by what

the 25 and 28 deteotor results are mainly oaused.

We will begin by making simplification of the expression for

1$.1~ First we assort that for 25 or 28 detectors ael(E), sin(E) and

I +u(E) are slowly vurying functioa6 of the energy compared to~{l.i)and

of. Henoe they ma:ybe given’their values at the maximum of~(E) dD(E) and

‘)L(E)oD(E)of(E) respectively and removed from ;he integration, Next we

the
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break the region of integration into two parts for 28: a!Iove and below the

threshold, E28, for 28 fission. 48) may then be removed fro:nthe integration.

The W group results show that Gf become$ essentially conatmt from c~ to 3 Mevo

The vu#5)exporiments in x show that Bretscher’s low oX@5)at high enerKiee

La improbable and indicahe that it remains constant to higher energies. There-

fore it may be removed from the integration in the high-energy region. We

further remark that oe~ P
&t the maximum of >a 5)is almo6t the same as at

the maximum tif)Lff#28).Hence tho contri.btitionof the elastic term to both

detectors is the same~ i.e.

( 32/8 . ~) ‘o#~8)

Now consicler in detail the -(1 + a) term which is the attenuation

oaused by absorption. It has become for the 28 detector

- ~i+a(E2~j)]
J

w
‘$af dl#j’’$dE

L
%8 ‘

.

‘f
io essentially constant above E28, hence this reduces further to

+ + @2&l
For the 25 detector we have to take

Since a varies slowly, wp take this

‘f (’28)

2 Pp.a(E) at the maximum of y.a ~

to be the same as a(lioo)and obtain
r=.u

0[ lj

95

1 +a(E28) %cy2dF/fXafdE
o

af is constant omr most of the fission spectrum. Hence this quanti~y is

. just slightly less than unity times o$25)(E2~)o Again the 25 u.nd 28 detector

terms are the same. This moane that any appreciable difference betvieen the

calculated re6ults for 25 and 28 detectors muet be found in the inelastic term.

This difference can indeed be large. The term$ if all the neutrons
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.
are scattered below tho 28 threshold as assumed in RuritaWs calculations has

.n@~8)a contribution to the 2a detector -a. and if none go below the

threshold.

+(3/8 - 1)ain(E28)

detector. If none of the neutrons go below the

value is again about (n2/8 - l)ain(E28)0 ~ theY

Bycontrask consider tho 25

constant region of a~25the

do not go below E28, then the multiplications observod by the 28 and 25

detectors

af{25)then

multiplication in the 25 detector resultso

are nearly identic&10 Ii”all go below the constant region of

the effective af may beoome extremely IarEe@ and an enormous
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