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ABSTRACT

The multiplication in a sphere of 25 of fission neutrons from a
shell source on the surface of the sphere was observed by small 25 and 28
detectors at its center. The values for the multiplication registered by
the 25 counter are in agreement with calculations by Rarita for both a
1-1/2"- and a 2"- diamster spherec The experimentul values for the 28
counter, however, ﬁisagree with similar celculations by four times the
probable error, Maltiplication of & normal alloy sphere vas measured with a
28 counter, In eddition, the standard indium-foil source-cowparison technique
wabs used as another measurement of the multiplication in a 1-1/2" sphere. Theso
results are aldo in agreement with theory. From thess measurements we comne
clude that the effective value of v-lea assumed in the calculations is
substuntially correct, but the assumed value of the cross section for

inelastic scattering from above to below thz 28 fission threshold is

30 pér cent too highe
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MULTIPLICATION OF ISSION NLUTHOMS IN A SPHERE OF 25

The criticel mass of 25 has been calculated in terms of its
differential constants and the fission neutron spectrum. In these calcula-
tions, it has been necessary to assume a value for the radiative capture cross
section and to use values for the transport und inelastic scattering cross
sections which are not yet as precise as might be desired, because of the
limited amounts of material available to date for meuasurements. Even the
fission spectrum is not very well known. Under these conditions the true
value of the critical mass is clearly in considerable doubt. “hile a
criticel mass of 25 is not yet availeble, 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 calculatioﬁo Thess experiments are desipned to test as well as poésible
the present critical-mass estimates, while using only the'amounts of 2%
now availableo One such experiment ia to measure in & 25 sphere the multi-
plication of fission neutrons from a source localized on its surfuce. In-
deed, Nelson ﬁas sho~n that if one assuﬁes the existing measurements of the
transport cross section to be correct, a plot of the reciprocal multiplication
versus the sphere radius may be extrapolated to give the critical mass itself,

To thislend, the multijslication in 1-1/2" and 2" f-stage spheres
was measured in the thermal columm in building X. In such a measurement,
the almost purely thermal neutrons in the 3* x 3' x %' cavity in this

column are used to produce fissions in a rather thin spherical shell of

/S-stage material. These fissions are the source:g e.i‘.astEn.éz:t:-.gma on
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which measur?ments are made. The shell is thick enough thaﬁ ideally the
slow neutrons do not penetrate'through it, although it is thin for fast
neutrons. The flux of fast neutrons is measured at the center of the sphere
both with und without a practically solid sphere of ¥ -stage material filling
the space between ghe shell und the detector at the center. The ratio of
these two meaéureménté indicates the multiplication of the fission neutrons
by fission in the solid snhere., The detector at the center is either a

25 or a 28 fission chamber., Although the memsurement with the 25 counter is
more cdirectly connected with the critical mass, the 23 counter measurement
wa.s taken as an additional check on the differential constants, nrimarily
the inelastic scattering to which it is quite semsitive.

Experimental

During the measurement of multiplication the 25 assemblies were
mounted in the center of the three-foot cavity with the counter in the center
of the 25 shell or shell-plus-core (see block arrangement, diagram Fig. 1).
The core, wnich wes made in hemispheres for easy assembly, had a small
cavity and radiazl hole macnined out to.contaln the countero, 4although the
geometry and thickness of active material in these chambers deprived them of
plateaus (for detail of fissiom chambers, see Fig. 2), their sensitivity
was maintained constant by using them in conjunction with the very stable
Model 100" emplifier at a set discriminator bias. Repeated a count on the
25 counters taken at & low bias showed that in the course of a run the gein
drift was less than one or twe per cent. However, in.this time the shell and

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

drift on the observed multiplication was vastly reducedc
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The small-fission-chamber counting rates were always taken relative
to a monitor of the thermal neutron flux in the block. This mon;tor wa s
checked continually against two other monitors and found to perform reliably
throughout the entire course of the measurements,

The counting rates 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 materiaul was present. This background was measured
by the counting rate per monitor count when, in the geometry used in the
multiplication measurement, the 25 shell was covered by a cadmnium shell. As
to be expected, when the core was present within the shell, this background
was somewhat smaller, because the core filters out some of the epie=cadmium
neutrons.

The second backsround to the measurements was caused by fission
neutrons reflected and woderated by the ;sraphite walls of the cavity. This
arises because man& of the reflected neutrons are of nigh enough energy that
they are not stopped by the shell source und can penetrete inside either ta
count directly in the counter or to produce fissions in the core. Surrounding
the 25 counter with boron, or the 28 counter with cadmium, when making measure.
ments on the shell, reduced the former of these effects. Meanwhile, it was
found that both effects could be measured in & very simple way. First, a source
of fission neutrons was placed at the center of the cavity. Then on2 of the
small counters was used to plot counting réte a8 a function of position in the
cavity. After subtracting off the counts caused by neutrons coming directly
from the source by means of a 1/r2 fit, the counting rate céused by reflected

neutrons ves found to be constant over the cavity to the accuracy required
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for a background cbrrectiono The second measurement was to place the
counter half wey between the central source and the walls, where for pfactioal
purposes the counting rate caused by direct neutrons vas already negligible;
tieri the source and counter were repeatedly interchanged in nosition. It
was found that the counting rate was the sams in both arrangements. These
twe results meant thet we could measure the background of zraphite scattered
neutrons as follows:

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
£irst typs of backgroundo Then a fission source of known strength relative
to that of the shell is placed in the cavity half way between the center and
e wall. The counting rate at the center of the shell lese the background of
type one gives the desired back scattering background altered by the ratio
of the strength of the auxiliary source to that of the shell.

The procedure of a measurement, then, was as follows: & bias
curve vas8 run on the counter and.tho bias set so that the alphe count was
zern ; them the backgrounds wore measured as described; fimnlly, a series of
elternate measuremonts of central fluxes in sphere and sphere-plus-shell were
run. Frequent a countes at another fixed bilas checked the gain during the
25=counter measurements. Such a "run" is selfosufficient for a multiplisation
determination. Novertheless, whep.possiblo, several such runs were made to
check 9ach other and give better statisticsc

Results on the 2" Sphere

The 2-inch sphere wes of ;?estage material conteining ebout 70 per

cent of 25 and was of density 18.7. The source was a close-fitting shell of
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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 and then a boron carbide layer ~ 2 gms/cmo In this way, measurements
were made with both the 25 and 28 detector.
Two separate runs with the 25 detector gave for the multiplication
of the 2" sphere
1,43 + 03
and 1.L6 + .03,
or an average value of 1o.LLS + .02
One run with the 28 detector gave the value
1:.21 + 002
Here and in the following results, the probable errdrs are
obtained from the seli‘o\consistency of the data, not from counting statistics.

Results on the 1-1/2" Sphere

The 1-1/2" sphere was al.so of B -stage material of about 70 per cont
25 content and of density 18.h. However, the close-{itting shell source in
this case was not as satisfactory as in the case of the 2" shell. It was
65 miis thick and‘ made of Ll per cent 25 alloy. Thls thickness corresponda
to about two mean free paths of thermal neutrons; consequently, an appre-
ciable number of thermal neutrons leak through, This lack of opacity of the
shell causes several effects which must be corrected for., These corrections
are dealt with 'Ti.n some dotall in appendik 1; here we shall only indicate how
they come about, It is shown in .the appendix that 8.5 per cent of the thermal

neutrons leak through inte the interior of the shell and that 1.2 per cent
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leak all the way in and out again and de not produce any fissions at all.
Sinoe, when the solid sphere is in place, 211 the thermals ere stopped, this
means that ws have effectively & 1.2 per cent stronger source. IHowever,
this is not quite the full story., When we make measurements on the shell
alone, we surround the counter with either boron or cadmium as exnleined
abave. The presence of these absorbers inside the shell effectively stops
a fraction of the (8.5 - 1.2) per cent of thermals which would be stopped
on their vay out, and hence further reduces the source strength of the shell
a8 measured by the counter, Finslly, there is a third effect of the partial
transparency of the shell. The 8.5 per cent of thermals which leak thnrough
the shell are stopped in the first millimeter of the core und produce a
neutron source which is somewhat closer to the counter and therefore counted
more efficiently. It is shown in the appendix that this amounts to about .7
per cent-

The results on 1-1/2" spnere corrected for effects caused by the
partial transparency of the shell as well as for the two types of background
desoribed on pages 5 < © are given in Table I.”

Table I. Multiplication by 1-1/2" Sphere.

28 Detector 25 Detector

1.13 + .03 ' 1.26 + 001
.14 F <02 1°26.i 202
1.1L + .016 1,28 + .02
115 + 201L4 1.2, T <01
1.15 1.5016

1.08 + .02 :

Averages | ‘ ’

1.13 + 01 ‘ 1.26 + 0k

»In addition to the measurements in the 3' cubical cavity some measurements were
performed on the 11" cavity. These were corrected for back scattering using the
results of Feynman and Reines based on the "age theory". Because these correckions
were fairly largse, especially in the case of the 25 ocunter and because their
predictions on several detuils did not agree well with experiment those values
are considered to ve somewhat in doubt and were not averaged in with the

large cavity measurlements to obtain our final result. _
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Measurements on Tuballoy Sphere

A measuroment was carried out with the 28 counter on a 1-1/2"

normal tuballoy sphere. This result had to be corrected in a wanner similer

to those on the 1-1/2" 25 sphere since the same sholl source was used, Tho

corrected result for the multiplication is .89 + .03,
Discussion '

Rarite has calculated the multiplication in 25 spheres to be
expected under the conditions of these observations. Using in his calculation
»068 as the average cross section for radiative capture of 25, the value of
v(25) = 2.4}, 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 Handbook, Edition 2), and
assuming O drops off at high enernies as given byiBrotscher, then one obtains

values listed in colums two and three of Table Il.

Table II. Calculated HMultiplicatiom.

~

Detector 1.5" 2" 2"
25 1023 R Py - 1,47
28 1.06 1,125 1012

Using Manley’s 25 inelastic cross section measurements, the new
Richards' spectrum, and assuming o, becomes flat above GQO kv, the 2" sphere
values were recalculated to give column four in Teble II, Rarita also calcu-
lated the value for the 1-1/2" normal alloy sphere. He obtained .83, which

-

is below the experimental walue by twice the probabls errors
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It is seen that the first set of calculations on the messurements
with e +G detector are a percent or so lower than the ciperimcntal values, the
recalculation on the large sphere is as much nigher. The agreement of either

caloulation for the 25 detector with the measurements lies almost within the

experimental prabable error. In contrast to this agreement, the 28-detector
anlonlations lie four probable errors away from the experimental numbers.
This discrepancy is not caused by the form of the fission spectrum assumod
aince the two calculations on the 2" sphere give almost tho same result even
though the spectra used are guite different. The effective inelastia cross
sectiong® in the two calculatiqns were almost the same, Manley's number being
the higher. In fact, we show in appendix 2 that if one demands a given result
for the 25 calculations the result of the 28 calculations may only be altered
appreciably by altering the inelastic cross section. On this basis, a ree
duction by 30 pér centiin the inelastlic scattering of the fission neutrons
from above to below the 28 theshold vould bring the calculation® on both
the small and lgrge Sph0r§$ inte agreement with experiment: Hence we con-
clude that the effsctive crogs section for this process should be }.2 3arns
instead of the 10,7 used in the calculation. Such a reduction in e inelastie
cross section tends to lower the calculated 25 numbers very slightly.

Since the rndiative capture assumed has just the effect equal te
the difference between the two calculations, 1.42 and 1.47, we can say only
that we are in essential agreement with the assumed value until & calculae

tion based on more accurate values of the other constants is possible.

* APPROVED FOR PUBLI C RELEASE
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Indium Foll Measurenents

The multiplication in a 1-1/2" ;fostage sphere of fission neutrons
from a shell source on its surface was also measured by indium foils. For
this measurement the shell ang shell-pluswcore were alternately suspended at
the center of an 11" sphericel cavity in the graphite blocke The source
strength of each was measured using standard, cadmium-covered indium foils
placed nlong a raudius of the cavity and on the side away from the cyclotron
at distances ranging from 13,9 to 89,3 cm from the center of the ?avityo The
saturation activity, 4, acquired by these foils was meusured on a stendard
Chicago-type, thin-wnlled aluminum counter. %hen these activities are
reduced to unit monitor of thermal flux in the block and corrected for a
5 per cent background of epi"cadﬁium neutrons from the cyclotron, the net
activity obtained is proportional to g(r), the slowing-down density of lcl~e.v.
neutrons at the foil's location, caused by the source of fission neutrons.

The total source strength of fission neutronms is proportionel te

o o0

A{r)réar
O

where r is the distance from the center of the cavity, The ratio of this
quentity for the shelleplusecora to that for the empty shell gives the
multiplication.
Since the function A(r) had the same shape for both shell and solid
sphere the multiplication was actually determined by
> (a2 g .. ’!Z(A-r?‘ - )
T J Bj’selid Spherg/ 3 i3 &4 snerl

where 53 is the statistical weight of the measurement on the j'th foil.
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Thesa measurements were repented thres tines for the shell and four for the
shelleplus-core. The average ratio is 1,152 + .003. This number must be
corrected for the following effects: the shell trunsparency to éherm&l
neutrone was 1.2 per cent; the presence of boron or cadmium shields at the
center of the shall for simultaneous fission counter measurements was 3.8
per cent, There is an additional multiplication in ths solid core caused by
neutrons reflected by the graphite. accordiug to Feynman and Reines this
number is o7 per cent of the source strength. It must be multiplied by
v/(l + a) and by 1.03 for the greater effectiveness of fission neutron sources
distributed throughout the volume of the core. This correction then amounts
to 1.7 per cento These corrections all act in the same direction to reduce
the measured numbe; to M = 1.076 :_0008 in the ideal case of an opaque shell
and no graphite reflector. Rarita has also galculated the result of this
experiment and obtgins 1.070-

A two=collision approximation to the multiplication expected is

given by

2

M=1+o0.(vel-a) & i %- + o8 [o3h8(1 +£) - '%T]}

whereo Tp 18 the fission oross scction, v is the number of neutrons per fission,
ag, is the radiative capture cross section and Gy is the transport cross

section, these quantities being avorages vwver the [igsion spectrums 1 + £ is this
quantity eversged ¢ver a first-collilsion spectrum and & is the sphere radius-

From this expression, it is clear that agreement between calculation and
measurement means that the assumed value of w.loa is correct to a probable

error of the measurement, 10 per cent,
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Appendix

Calculation of Thermsl-Neutron Transmission of 1-1/2" Shell.

For an isotropic thermele-neutron flux incident on a spherical
ebsorbing shell whose thickness is small compared to its radius, the fraction
Fl of neutrons whicﬁ reach the interior is given by averaging the transmission
over all velocities, rvand engles of incidence, @. The rosult is

o 1™ 2 m/é -tofk cos ©
Fl =03/“1/?) x2e™" dx 8in @ cos 6 o ae

o J o
where x = v/b/§z¥7; and to is the shell thickness in mean free paths for
neutrons of velocity % =/ 2KT/m and direction of incidence normal to the
shell surface. If we let 2 = x cos @ this becomes |

o0 -t/

Py = L (1 = Bf 2)Ze 4z

Jo
We may observe that if the flux incident on the shell is not isotropic bdut
comes from the walls of s large cavity as in our measurements, this result
8%11)1 gives the average transmission since rotating the sphere about its
center cannot affect this valus. The valus obtained for the 1-1/2" shell is
Fy = 2085,

The fraction, F2, of neutrons incident on the shell which pass
into it and out again is given by the above oxpression using twice the sheil
thickness for t,o This follows since any ray through the shell snters and
emerges with the sample ang]e.to its surface. For the 1-.1/2" sphere,

Fs = 2012

Caleulation of Absorption of Thermsl Neutrons by Opaque Sphere
at Center of l-1/2" 3hell

Let the shell radius be a, the spheres radius b, Then the desired
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result is obtained by averaging the flux over angles 0 teo sin°1 b/h instend
of 0 te W2 as in Flo The result fo; our shell and the boron absorber
of average diameter o7" gives F1 v/e = 0082, A similar integration for theo
fraction of neutrons cantured by the boron vhich would otherwise have passed
out of the sphere gives F2 v/ = .012. Hence the net chance of fission
source strength caused by the boron is F'1 b/k - F2 b/ﬁ = 5070, For the
cadmium we obtain siﬁilarly 025

Because of the possibility of slight inhomogensities (of the order
of 005" in a total wall thickness of 0,65" which might put the above calcu=
iation in error) it was felt desirable to measure this correction to the
shell-source strengtho. To do this a cadmium-covered fission chamber was
placed at one side of the 11" cavity with the shell supported in the centero
Gounts in this chamber were then proportional to the source strength of
fission neutrons from tho shell. The chunting rates with and without the
boron or cadmium shield inside of the shell were compared and gave fractionel
differences of .07 and .02%3, respectively, in agreement wvith the above
caiculations, This agreement gives confidence in the calculation of the
quantity which we did not measure experimentally, the 1.2 per cent of neutrons
which pass entireiy through the empty shell,

Effect of Source Distribution in 1-1/2" Sphereo.

The central counters measure source strength per unit area. Hence
we must average the thermal flux per hﬂre for all radii to obtain the
effective source strength. In the case of the 1-1/2" sphere this average
for the shell and core wil) 59 different from that for the empty shell
because of its partial transparency. The correction to ve applied is to

increase the mensured flux at the center of the empty shell. It is very
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(F, = F,) & o®
2" W WTIR T WL
where a is the radius of the sphere und {; and {, are respectively

/E'(mean free path) for the sphere and shell, For the 1-1/2" sohere this

corroction is .7 per cent.
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Appendix 2

Calculations on Multiplication in a Small Sphere

Assume a shell source of fission neutrons on the surface of the
sphere, a point detector at its center. In the one-collision approximation,

the multiplication i observed by the detector is given by

A AS

2 [
-1 = v(E N oe(E)dE ("2/8 - 1)Joy(E)oe€.(E)°D(E)dE
& -5 Jo (£)%(E) op (E)dE + o0 o () a8
_ {ne .
j [1 + a(E)])c(h)og(E)cD(k.)dh J x(h.)oin(ﬁ.)"B' o W(E,E%) up (E') dFeop (r,)} ¥
o e op(r) a Jo x(E) op(e)az

where a is the sphere radius, oL is the fission neutron spectrum, Sps Ggfs s
40p, Ojn &re respectively the fission, elastic, detector, radiative capture
end inelastic cross sections, and 'i;S(E, Ef) is the inelastic spectrum for

neutrons of primary energy E. "dJ is normalized so that

HE >

Since the mejor part of the multiplication in the small spheres
uged in our measurements arises from the first collision of neutrons from the
source, wa may use this expression for multiplication to notice by what
effects the 25 und 28 detector results are mainly causedo

e will i)eg'm by making simplifications of the expressioz for
M.1, PFirst we assert that for 25 or 28 detactors oel(E), oin(E) and
2 + a(E) are slowly varying functions of the energy compared to% (k) and
Opo Hence they may be given their values at the maximum of W(E) op(E) and

A}

Y (E) op (E) of(E) respectively and removed from the integration. Next we
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break the region of integration inte two parts for 28: aliove and below the
threshold, E28' for 28 fissiqno 28) may then be removed from the intzgration,
The W group results show that o, becomes essentially constant from .5 to 3 Mev.
The Voé25)experiments in X show that Bretscher's low oéZS)at high enerpies
‘48 improbable and indicate that 1t reméins constant to higher energies. There-
fore it may be removed from the integration in the high-energy region. We
further remark that og 4 at the maximum of 3001.!25) is almost the same as at
the meximum of )(,oil‘?e.). Hence the contribution of the elastic term to both
detectors is the same, 1.@.
(/8 - 1) g p (Epg)
Now consider in detail the «{1 + a) term which is the attenuation

saused by absorption. It has become for the 28 detector

) Al
- fivatigy)] J\E2'¥'°f, a8/ .!Eeg(‘dE
o8

9e is essentially constant above EZB’ hence this reduces further teo

-[1 + alByg) oplmeg

For the 25 dstector wo have to take a(E) at the maximum of Y. oaf(zs).

3

Since a varies slowly, we take this to be the same as a(E28) and obteln

1 + a(E B]J Lo ds/fxo dE

gy 18 constant over most of the fission spectrum. Hence this quantity is

just slightly less than unity times °§'25)(E28) o Again the 25 and 28 detector
terms are the same. This means that any sppreciable differonce between the
calculated results for 25 and 28 detectors must 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 the 28 threshold as assumed in Rurita's calculations, has
a contribution to the 23 detector "°i_n(E28) and if none go below the

threshold,

+(“2/8 - 1) oin(E28)

By contrast consider the 25 detector. If none of the neutrons go below the
constant region of ol25)the value is again about (ﬂ2/8 - 1)o5,(Esxg) o If they
do not go below .‘28’ then the mu]tiplications observed by the 28 and 25
detectors are nearly identical. If all go below the constant region of
of(25)then the effeétive Cp may become extremely laurpe, and an enormous

multiplication in the 25 detector results.
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