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\—_sources of error bave been discussed.
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ABSORPTION OF THERMAL NEUTRONS IN URANIGHM ~

Abstracf. S | : : '—"

A nowledge of the absorption processes for neutrons
in uranivm is important for planning & chain reaction experi-
ment. The absorption of thermal neutrons in uraenium and uran-
ium oxide has been studied. Neutrons from the cyclotron were
glowed down by passage through & graphite block. A uranium or
uranium oxide sphere was placed at various positions in the
block. The neutron intensity at different points in the sphere
end in the graphite was measured by observing the activity in-
duced in detectors of uranium oxide or manganese. It was
found that both the fission setivity in the wranium oxide and

‘the activity induced in manganese was effected by non-thermal

neutrons. An experimentel correction for such effects was
made by making measurements with the detectors surrounded by
cadmivm. After such corrections the results from three methods
of procedure with the uranium oxide detectors and from the man-
ganese detectors were consistent to within & few per cent. If
f, the density of thermal meutrons in the absorbing materiel,
is given by af = #*f, the experimental data are shown to give
e value # = 0.41 en3 for a U metal sphere of density 8.6 in
contrast to 0.855 cm—1 from constants given by Fermi and his
collsborators. For & Uglg sphere of demsity 6.% the data give
% = .24 curl in agreement with Fermi's results. Possible
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Absorption coefficient depends on
1. Absorption cross section of constituent atoms.

2, Number atoms per c.cC.
3.Scattering cross-section of atoms.

From celculated absorption coefficient for thermal |l

neutrons and the measurements of resonance absorption it is ;;,

‘future intention to deduce the optimum dimensions for the
typical cell in the proposed lattice.’
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! Neutrons by a Uranium: Sphere Imbegded in Graphite" Fermi and}a

t equivalent with respect to resonance absorptions to a sphere}

‘ sphere was Jinvestigated and it ‘was found that absorption ¢

In report .of June 1,-1942 "The Capture of Resonan:

~ Anderson arrive at figure 4800 cm”’ for volume of black body |

8 5 cm radius containing 9170 gm. U30s In Appendix B the

be divided into two parts: surface effect and volume effect
This resulted in derivations of a formula giving the absorbidi
power for resonance neutrons of U3Ogspheres of radil greatez

~or less than 8.5 cm. =

CAV.P. '
9-23-42
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Neutron absorption in uranium is believed to be principally
of two gemeral types: an absorption by U-238, chiefly without fission,
in the thermal region and in & resonance region; and an abscrption by

e e

v U-285 whiqh leads to fission. A detalled Xnowledge of these absorption
processesg is of interest in calculating the»optimum gize and spacing of
the spheres to be used in the experiments on the chain reaction. The
object of the present series of experiments is the st/,udy of the absorp—
tlon processes in uranium and in particulsr is the accumulation of data
from which can be calculated absorption coefficients for thermal and
resonance neﬁtrons. |

The absorption of resona.nce.neutrons was dealt with in a report
submitted on June 1, 1941. In that report, Appendix A represented re-
sults of measurements carried out at Princeton jointly by the Columbis
and Princeton groups on "The Capture of Resonmance Heutroﬁs by a Uranium
Sphere Imbedded in Graphite.® Appendix A (written by Fermi and Anderson)
errived at a figure of 4800 cm5 for the volume of & black body equiva-
‘lent with respect to resonance absorption to a sphere of 8.5 cm radius
containing 9170 gm of Ug0g. Appendix B investigated what proportion of
the resonance absorption takes place in various portions of the 13508 |
sphere., It was found that the absorption could be ‘divided into & sur-
face effect and a volume effect. This result mede it possible to derive
a formula giving the absorbing power for resonance neutréns of 0508
spheres of radil greater ’than or less than 8.5 cm.
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Further studies of the absorption of resonance neutrons have
been carried out at Princeton, with the imporbant! difference that the ab-

sorbing spheres were composed of compressed 0508 and of ursnium metel.
Results of these studies will be described in a subsequent report. The

" present report deals with the absorption of thermal neutrons in both

ﬁranium metel erd wranium oxide. A sphere of the substance to. be inves-
tigated was ﬂaced in the interior of a graphite block. The surface of
the tlock was exposed to an intense source of neutrons of about 4 Mev.

The neutrons were slowed to thermal energies in the graphite and pene-
trated into the absorbing sphere. The relastive number of thermal neutrons
waé measured at various points in the graphite and in the sphere. The
measured falling off of the mmber of thermal neutrons toward the cemter
of thé sphere allows the detefmination of & certain sbsorption coeffi-
clent.

The ebsorption 'coefficient is e macroscopic property charac-
teristic of the material of the sphere. It depends mot only upon the
absorption cross sections of the constituent atoms and upon their number
per cubic centimeter but also upon their scattering eross sectiens.

Frdm the calculated absomtibn coefficient for thermal neutrons and

the measurements of resonance ebsorption already reported for U508 and

in progress for wenium metal and compressed 0568, it is the intention

to deduce the optimum dimensions for the typical eell in the proposed
lattice.

The following measurements of demsity of thermal neutrons have
been carried out in some cases by observing the rédioactivity of the

producte resulting from fission by thermal neutrons; in some cases by
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measuring the activity induced in a detector made of mnga.neéa , which is
gensitive to thermal neutrons; and in a few cases ‘py separating out
chemically the radiocactive iodine resulting from fission produced by
thermal neutrons. 'I‘he three methods of measurement, when compared, were
found to give resulte in satisfactory agreement with one anothér. How-
ever, certain internal discrepencies which &ppeared in the first experl-

ments were only eliminated when it became epparent that two unexpected

effects were present and would bave to be taken into account., One of

 “these effects is apparently fission produced in the uranium detectors

by'neut.rons of energy between 1 ev and 1000 ev. It was corrected for in
later experiments by covering the uranium detectors with cadmium and
subtracting the ectivity so obtained from the total. The other impor—

tant effect revealed in the first experiments was activity produced in

the mangarnese detecﬁors by non-thermsl neutrons. Cadmium shielding also
made it possible to correct _for this effect in lsater peasurements. KNei-
ther effect was expected on the basis of what was previously known. The
apparent production of fissior by epi-thermal neutrdns is of consider-
eble interest. Furbher experimehts are in progress to investigate this'_
péin't in more deteail,

The cyclotron was ﬁsed &8s the source of neutrons. . In the pre-
vious experiments® beryllium was bombarded at the target chamber with
about one microampere of 8 Mev prdtons. This corresponded to about
3500 curies redon beryllium eguivalent. Lately it has been found that
the neutron intensity at the graphite block is increased by a factor
of ebout tenm if the beryllium is bombarded internally on & probe; this
increase cccurs even though the probe ig z:bout 80 cm farther away from

the block than is the usual target.

*preliminary report submitted to NDRC by H. D. Suyth on June 1, 1941.
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The neutrons were slowed down, &s in previous expgrimeﬁts s by
a graphite block (61 x 61 x 91 cm), the front face (61 x €1 cm) of which
was €60 cm from the internal beryllium target. The uranium ephefe was
pleced in a spherical cavity which could be located at various distances
from the front face of the graphite block. Experimente were made on
U0, spheres of 16.4 and 15.2 cm diameter and of density 4.0 and 6. 3 g/em®
respectively, and on & pure uranium powder® sphere of 11.4 cm diameter
end of density 8.60 g/cms. In each sphere was & cylindrical cavity ebout
one cm in diemeter which extended somewhet past the center as shown in
Fig. 1. As the same procedure was used for all spheres, we shall speek

only of the urenium sphere except in the statement of the final results.

II. Absorptlon of Fission-Producing Neutrons

We used four different methods for measuring the distribution
of fission-producing neutrons. These methods will be described in this
section. The first will be called theAWide Sample Physical Kethod, the
second the Narrow Ssmple Physical Method, the third the Manganese Method,
and the fourth the Chemical Method.

Wide Sample Physical Method
The cavity in the urenium sphere was filled to the surface

with 050 which had just been purified from U X and which was contained

8
in & cylindricel bag of cellophane that fitted snugly into the cavity.

Purification of the U, from U X was carried out by the stand&rd ether

5 8
extraction method recently described by Anderson.l

*We were informed 'by Dr. Szilerd that the U metal contained 50 — 200
parts of boron per 1,000,000 parts of metal.

1. H. L. Anderson, Resona.nce Captm'e of . Neutrons by Uranium.
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The everage number of neufébﬁ;jzﬁ:ésent"'"”‘éjizst outside ‘the sphereé

.was neasured by & thin purified 3508 detector, the center of which was

pleced 18 em from the cente: of the sphere as shown in Fig. 1. In some
cases, as é check on the method, two detectors were placed together. To
correlste experiments made with the sphere st different positions in the
graphite block, & purified 0508 detecﬁor was p;l.aced each time at the
position (M) indicated in Fig. 1. This detector will be referred to

as the monitor. , , d
o
With the sphere placed in the graphite so that the USOB cylin-

der was horizonmtal end parallel to the front face of the block, & neutron
exposure of several bours was made. The cellophene tube containing the
USOS was then withdrawn and cut into four or five measured segments. The -
UEOB from one of these sections was removed and finely ground using an
egate mortar. and pestle. Seversl drops of & dilute solution of colledion

in amyl acetaste were mixed with the ground-up Ug0; and ebout 30 mg of

8
the mixture were then painted thinly and wniformly over an ares of 4.5 x
6.5 cm on & plece of paper 6.0 x 6.5 em which was subsequently covered

with Scotch Cellulose Tape. It was in just this way that the monitor

. &nd outside neutron detector had been prepared from the purified but

mexposedvllso o The UEOB from the other gections was treated in tke
aame. way end the activities of the samples prepared from the sections

of the cylinder togeﬁher with the ponitor and detector were observed
continuously one after enother for e period of from five to seventeen
hours. The activity of & sample wes measured by enclosing it in & lucite
tube which could be slipped over & thin-walled eilvered glass Geiger-
Muller counter. About 20,000 counts were teken for each measurement.

The consistency of the Geiger-Muller counter was checked at frequent



intervels using a standard urenium sample énd, as & further :c“heck, an

unexposed sample of purified Ug0, was also followed.

| In some of the earlier experiments, the recording equipment,
& hard tube sesle of thirty-two end a Cenco mechanical counter, missed
counts at counting rates above §000 counts pér ‘minute. This wes ascer-
teined by observing the decay of & sample of iodine which had been ex-
posed to neutrons. The decay curve is plotted in Fig. 2. It is seen that,

‘at low counting rates, the activity deceys with & £8-minute half-life as

it should, but that, at higher counting rates, the curve deviates from
the streight line drawn through the polnts at low rates. The difference

. between the straight line and the observed curve is a measure of the

counts lost, and was applied as a correction to the date. Usually the
correction amounted to but & few per cent. In the later experimenta the
resolving time was decreased so that no counts were losi: below 20,000 |
counts per ,minufe.

In Fig. § the measured activities of & typical run are plotted
on semi-log paper &s a function of the time after the end of thg €xpos-
ure. Presumably the ﬁeasured activities consist of three parts, that‘
from U-259 of half-life 24 minutes, that from the fission products, and
that from U X newly fge;xerated by the uwranium. The first two activities
will die out, the 24-minute activity rapidly, the fission ectivity more
gradually, but the U X activity will grow, giving the upward turn to
the curves. To obtein the amount of U X activity to be subtracted, the
samples were measured several days lster when the U X had grown to such
en extent that the fission products were negligible. The U X should

girow as A (1-e where A is & constant proportional to the mass of

uranium in the sample, A is the decay constent of U X, and t is measured

-



from t, which is approzimateiy"théwﬂﬁ"é’gf‘v UX Eeparatibn;- é.c;.ua—ilyawﬂ
few hours earlier as the separation is not complete. Fdr about & day
after the separation the growth is very nearly linear. The activity of
an unexposed sample was followed, and when these measurements were plotted
as a function of time, the straight line obtained could be accurately ex-
trapolated to obtain to. After & day or so the growth is no longer linear
but can be closely epproximated by At .(1 - 0.58 xlo“st) where t is meas-
wed in hours. It was fbund expedient to plot the observed activity plus
the product of it by 0.59 x 10‘51: &g this should reduce the date to a

streight line continuation of that which would be obtaired at earlier

times. Such growth curves are shown in Fig. 4. It is seen that the curves

are essentlally straight lines after e couple of days, and that all of
these lines can be exhrapolafed back to very nearly the same zero time
given by the unexposed gample. In some cases, the activities of the
monitor end detector vere peasured before the neutron exposure. The
glopes of the st:a.ight line part of the build-up curves for ell samples
wére peasured. These are proportional to the masses of 5508 in the
samples, and enable one to calculaste how much to subtract from the ear-
lier measurements in allowing for the U X activity. '

In Fig. 5, the activities measured within the first twenty
hours after exposure é.re plotted after the subtraction of the U X con-
tribution. If the neutron energy distribution at each sample had been
the same, one would expect these curves to be parallel, i.e.v, the ratios
of the &ctivities of different samples to be independent of time.A Actu-
elly the neutron energy distribution was not the same and therefore the
relative proportions of the 24-minute U-289 activity end of fission
products of various life-tlimes will not be the same. The effect of the
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24-minute U-289 can be ignored after aboﬁt four hours when it has fallen
to less than one tenth of one per ce;'zt -of its first measured value.
After this time, if the only activity were from fission products created
bfr thermal neutrons, the ratios of the activities of various samples
should remain constant in time end should give the relative intensit.ies
of thermal neutrons at the positions of the various samples. For sam-
ples teken from t.he sphere these ratios did remain constant to within a
‘few per cent over & range of about 15 hours as can be seen‘frbm Fig. 5.
However, the ratio of the detector eand monitor intensities to those of
the sphere samples increased in the same time range by as much &s ten
per cent , although the ratio of the detector activity to the monitor ec-
tivity remained constant. This result indicates that we are dealing with
 an effect that does mot srise entirely from thermal neutrons end, as |
might be expected, that the neutron energy distribution at the monitor
and detector ere ebout the game but differ from that prevalent through-
out the sphere. Since this effect does not enter into the guestion of
the relative activities within the sphere, its further consideration
will be postponed until aftter the final reduction of data has been ex-
plained and the results of this group of experimenté presented.

‘ In Fig. § we have the activity of varicus samples ecorrected
for U X and the 24-minute U-289. In Fig. 4 we have the U X activity
build-up curves of the various samples. The glepes eof thesc'a build-up
curves &re proportional to ths amouﬁt of wranium in the samples so that
dividing the activities at & given time (Fig. 5) by the slopes of the
corresponding build-up curves gives the relative activity per mg of the
various samples. Fig. € exhibits the result of three separate runs
made with the center of the sphere IW?O cm from the front face of

e
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the graphite block. The resuits are presented in the form of hustograms
where the reletive fission produced (taken four hours efter the neutron

exposure) per mg is plotted as & function of the distance from the cen-

- ter of the sphere. The relative strengths have been adjusted to unity

et the center of the Sphere 3 and the monitoi' end detector activities are
indicated by the horizontel lines. It is seen that the agreement is to
within three per cent for ell points within the sphere, and that the
egreement with the results of the chemical method, which is also shown
and which will be explained presently, ies about the same except for the
detector activity which is about seven per cent lower.

As an additional check on the method, in & few of the experi-
ments, twe ocutside detectors weré placéd together. The relstive fission
ectivity per mg of the two samples was the same to within one per cent.
The average results of rums mde with the uranium sphere at 10, 0, %0,
40, end 60 em from the front face of the graphite block ere shown ;ix;
Fig. 7a. In Fig. 7Tb are shown the resulfs of runs madé with two differ-
ent uranium oxide spheres. Thus, Figs., 7a and 7b present the data from
this first group of experiments. Before reporting other methods and re—-.
sults, we will consider further the curves in Fig. 5.

It was mentioned before that the decay curves of the samples
inside the sphere were not parallel to those of the detector and monitor
samples (Fig. 5). Furthermore, it is noted in Fig. 7a that the ebsorp-
tion of neutrons appears appreciably less when the’ sphere is closer to
the front face of the graphite block. This effect night be attriMed
to the 2.%5-day activity of element 98, which is the daughter substance of
U-2%9. An estimate indicates the number of 83 disintegrations rer minute

comparable to those of the fission products, after four hours, but they

: L.:rﬁ:- 5
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will contribute considerably less to the measured activity becgnse'thg o
maximm' energy of the electrons of 95 is .47 Mev.while the maximm energy
of those of the fiésion products is about 1.2 Mev.  Therefore a much
greater fraction of the 93 electrons will be absorbed in fhe counter wa.lL
To see how much of the sctivily was due to element 98 or fission products

resulting from fast neutron collisions, we enclosed in cadmium the uran-

jun oxide cylinder and the detector but not the monitor. The usual expo-
sure was made end the samples were prepared, measured, and the data worked
up &8s before. The curves for the samples enclosed in cadmium were flat-
ter than A-tha.t for the unénclosed monitér, but still showed the slow change
of half-life that is characteristic of fissicn products instead of a
gimple composition of 24-minute end 2.5-day compox'aent'curves. This would -
indicate fast neutron fission end its naturé will be discussed later.

The relstive ectivities per mg four bours after the end of the exposure,
due to whatever cause, ‘wer‘e reduced to the same monitor act_i#ity in the
experiments with and without cadmium. Then & corrected absorption curve
was obtained by subtracting the cedmium-covered relativq activities from
the non-cadmium-covered values. The relative values so obtained with

the sphere et 20 cm from the front face are shown in Fig. 8., When the
above experiment was repeated, but with the sphere 60 cm from the front
face of the graphite block, no measurable activities except those due

to U X were observed in the samples covered with cedmium. Furthermore,
the difference curve obtained with the sphere &t 20 cm is in reasonable
agreement with the ebsorption curve obtained with the sphere et €0 em

if the width of the gamp'les is taken into eccount. This was to be ex-
pected since both ectivities are caused By'thermal» neutrons produced
outside the sphere. The result was checked also by the Mn method (see

. ¥a3g-/a
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below) and forms the basis of the theoretical inmterpretation.

» 'B.
Narrow Semple Physical Methoddt™

A modification of the generel method dea;‘éf'fbéd”‘?a‘boVé‘W"tO““ e e
prepere &ll the samples in a fb;-m gultseble for measurement before the
exposﬁre. These samples were prepared a8 before except they were one cm
wide and 5.5 em long. They were then wrapped around a thin-walled brass
tube so that they could be slipped snugly into the cavity in the sphere.
The trass tube was filled with wranium to the surface of the sphere, the
rest of the space being filled with & cerbon plug. The advantasges of
this arrangement are that the positions of the samples are more definite
and that more pbints can be teken. Indeed, many samples were placed in |
the graphite &t intervals of a few centimeters on & horigontal line par-
allel to the front face and extending from the center of the sphere to
the edge of the block.

In thie modified procedure, as in the earlier method, the sam-
ples were measured after the neutron exposure. However, the weight of
the 13508 in the samples could now be obtained by igniting and then weigh-
ing them rather than by the more tedious device of following the build-up
of UX. Thie method was not possible with the larger sized samples used
before because the counter wall did not have uniform thickness over its
length. This’A is mﬁstrated in Fig. 9 where the counts per minute of a
narrow source of urenium in equilibrium with the U X is plotted as &
function of the position of the source elong the counter. It is seen
that only over & short distence near the middle of the tube is the thick-
nesg uniform. The samples were placed‘ in this region. By counting small
welghed uranium samples in equilibrium with U X, it was possible to cal-

culete the smount of U X activities to subtract frbm activities of the

L f3p-s




exposed samples. To determine t o’ the growth of an unexposed sample of

the purified uranium was also follcwed. Results of two exposures wusing
this method ere shown in Fig. 10. ’

Manganesge Nethod
Thermal neutron distributions in end around the sphere were

also obtained by substituting MnO, in place of the uranium oxide in the

2
narrow sampleskused in the method just described. The decay curves of
these samples after exposure all displayed & pure 2.59-hour half-life
as is shown in Fig. 11 for a typical experiment. The relative neutron
density was then obtained by dividing the intensity of a sample by its
weight. The weight was obtained by piling all the samples at one pléce
in the grephite block, exposing them to neutrons, and then measuring the
activity induced. To obviate absorption by the samples themselves, sev-
eral other exﬁoaures were made with the samples piled in different orders.
An average of the resultant intensities was tsken as the relative weight.
When the manganese samples were exposed covered with Cd, con-
gideratle activity was still noticed. Hence, in some cases, a second
exposure was made with the semples in the same positions except that
all but the monitor sample were covered with cedmiuvm. Thus the non-
thermal eomponent could be énhfgracted. The non-thermal part will be
discussed later. ’AFigs. 12a, b, ¢, d, € show thermal neutron distribu-
tions so obteined in the graphite block in vArious directions with and
without the uranium spheres. Fig. 8 shows th‘eb agreement with the Physi-
cal ¥ethod in those cases when the non~thermal components have been
subtracted; .



-15- A~ 4.0
Chemical Method

In the chemical method of measuring the fission production, a

cylinder of purified 0508 was prepared for exposure in the same way pre-

viously described. The outside detector sample of several grams was

contained in a thin cellophane envelope. It was found necessary to make
& neutron exposure of about six hours in order to éeﬁ. meagurable activi-
ties. After the exposure, the cellophane cylindér wags taken from the
sphere and cut into measured segments as before. The Usoa' from each’
segment was then weighed, The U,0, which constituted the outside detectér

578
was mixed and then divided into two parts which were also weighed. To

each sample was added an gqnal weight of iodine to serve as a carrier,

and then a chemical separation of iodine was made., This separation,

yielded silver iodide which was finely
ground up, mixed with alcohol, and painted on a weighed piece of a.luminum
over en area of 2 x 6 em. A second weighing yielded the weight of the
silver iodide which indicated the efficlency of the separation. The
chemical separation of ell the samples was made as pearly simmltaneously
as possible. The order of the éamples was the same for every operation!
First we took part of the detector sample, then the samples from the
sphere, and finally the other fraction of the detector sample. Thus any
error introduced because of not meking the separations exactly éinmlta—
neously wogld be indicated by different activities per mg in the two
detector fractions. »

| After the samples' were prepared for measurement in the usual
way, fheir_activities were followed for several hours. These were plot—
;t.ed on semi-log paper, and the smooth curves so obtained were closely
parallel. The activities of the samples at a given time were read from

E3Y-/6
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Fig. Exp.

Sphere

/ % 'SUMMARY OF FIGURES

Bomb.

, Sphere Sphere Sphere
Fo. No. Type Material Density Radius Position Time Method Remarks
‘ (2)
1 Experimental ar-
rangement
2 Correction for
finite resolving
time of counter
5 4 VTission U Metal 5.7 8.6 20 cm 2-1/5H Wide Sample  Total activity
: curves
4° 4 TFission U Metal 5.7 8.6 20 em  2-1/3H Wide Sample  Growth of UX
5 4 VFission U Metal 5.7 8.8 20 em 2-1/3 H Wide Sample Activity with UX
subtracted
6 5 TFission U Metal 5.7 8.6 20 cm 2-1/3H Wide Sample  Comparison of
' 4 . 2-1/3 H physical and
9 6-1/4 H chemical methods
A 14) pigeton U Met 5 8.6 10 H  .Wid
17) ssion al o7 . cm 2 - Wide Sample Summary of wide
: sample results,
7A 5) 2-1/3 H with U-metal
4) Tission U Metal 5.7 8.6 20 cm 2-1/3 H Wide Sample  sphere, uncor-
9) 6-1/4 H rected for non-
18) 2H thermal fission
7A 10) 7
15) Fission U Metal 5.7 8.8 50 cm 2H Wide Sample
22) 2-2/3 H :
7A 6 Figsion U Metal 5.7 8.6 40 om 2H Wide Sample
& 5) riggion U Metal 5.7 8.6 60 cm 2-1/2 8 pide Sample
16) o ' 4 H '
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Fig. Exp. Sphere Sphere Sphere Sphere Bomb.

No. No. Type Material  Density  Radius Pos:z.t:;.on Time Method Remarks
Z -
78 .8) | 1H o
12) Fission USOB 8.2 4.0 20 cm 2H Wide Sample Results with two
13) 4 H _ - Ug0g spheres
7B 58 TFission U0, 7.6 5.3 60. cm 4-1/6 B Narrow Sample
8 5) | | 2-1/5H Thermal fission A
4) Fission U Metal 5.7 8.6 ~ 20 em 2-1/3 H Wide Sample  and thermal man- |
3 9) ; 6-1/4 H . ganese activities
, 18 : P | e in U metal sphere
‘ 8 12% Fission U Metal 5.7 8.6 60 em i_ﬁ/ 20 wige Sample
i 22 | o 2-2/5 H
i 8 49 M0, U Metal 5.7 8.6  807Tm 1-1/2 H W0, | ‘;
35 - 1H ' ‘
9 | * Counter sensitiv- |
w . 10A 50 Tission UMetal 5.7 = 8.6 40 en 4-1/12 B RNarrow Sample Nerrow sample re- |
S 108 58 Psston U0, 7.6 5.3 60 cm  4-1/6 H Narrow Semple SUib8
11 45 M0, ' . ‘ MnO,, ) 10, decay curves
124 43 No Sphere 1-3/4 H Narrow Sample Mn neutron dis-
28 ™0  yachere | 5°7 8.6 20 om ? Narrow Sample tribution in block
- along 2 (thermal +
S regonance)
- 12B 29 MmO, U Metal 5.7 8.6 20 em 2/3 H Narrow Sample Mn neutron dis-

tribution across  — NI
block with sphere ¢4 P
(thermal + reson- ¥ %

ance)
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Fig. Exp. ' Sphere Sphere Sphere Sphere Bomb. ,
No. No. Type Material Density Radius Pos:}.t.’;.on Time Method Remarks
2
12¢ 85 Mn02~ U Metal 5.7 8.6 40 em 1H Narrow Sample ¥n neutron dis-
\ tribution across
bleck with sphere
" (thermal + reson-
ance)
120 % w0, U Metal 5.7 8.6 60 em %_2/2 o Narrow Sample Mn meutron dis-
' : ‘ : tribution, cor-
12E 37 ¥n0,, 0,0, 7.6 5.5 60 cm 1-1/2 H Narrow Sample rected for non-
o thermal part.
N
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the curves. The relative fission activity per mg of a USOB sample was

then found by dividing the activity obtained from the cuﬁre by the corres-

ponding weight of the USOS and by the weight of the silver iodide of

the measured sample, The results of such e run made with the uranium

sphere at 20 em from the front face of the graphite block have been

shown in Fig. 6, where it was séen that they agreed to within seven per

cent with the résults obtained by the physical m‘s'ethod. The two parts of

the outside detector agreed with each other to within five per cent.
Because the internal consistency of the results of the chemi-

cal method was not so good as the results given by the physical methods,

and because the labor and time of bombardment involved was much great;er,

it was decided not to perform more extensive experiments using the

chemical method,

III. Evaluation of the Macroscopic Abgorption Coefficients

The thermal neutrons obey in an ebsorbing material, epart from
the immediate neighborhood of the surface, the equation

af - x%f (1)

where f is the degsity of neutrons end A is given, with a sufficient

accuracy, by the equation

(1)

Herein ¢ and O, are total and absorbing cross sections contained
in unit volume. The above described experiments will be used to deter-
mine 4 for our U metal of density 8.6 to be

X:.#im:i (2)

> FIf-& o
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This is sufficlient for the calculation of the neutron density within a
-gphere in the "final ‘arrangement“ where the disposition of materisl ean

be considered to be spherically symmetric ebout the center of the sphere.
~thermal , »
Thus the density of, neutrons in the final arrengement will be, in the in-

glde of the sphere, given by

[zl 2 Shser ©
8

2, % v, ¢
v lot, (17 200, L)
‘ é £L20
For our experimental arrangement, (5) is not accurately obeyed because

the distribution of the neutrons may deviate from spherical symmetry.
! This effect will be discussed and shown not to be large enough substan-
tially to influence our results. It will be shown, furthermore, that

, ~ the validity of (1) (and hence of (5) in the final arrangement) should
| extend practically to the surfgce, i.e., that the surface effect is very
small. It will be noted final:!.y tha? the energy distribution of tizermal
neutrons 1s not very sharp but extends over & considerable range. This
‘necessitates some modification of (1) and (3) which will be considered
in some det#il .in & later report. | | _

Our result (2) is a good deal higher than that which follows
from the constants given by Fermi and collaborators, i.e., |

¢

- 18N 10-.2 | 2&
7= 144, T = 6N. 10 (4)

where N = 2.2, ¢ '1022 is the number of‘atoms per cms. The /¢ de-

rived from (4) is 0.35 ex T,

‘ Discussion of Experiments with U Metal Sphere
The density of thermal neutrons was obtained from three eésen—
- tially independent experiments: fission activity inside the sphere when



Ratio to

TABLE I

: Distance from center in - Derived value of # in cm™1 from
ectivity 60 om 20 om ¥n 60 com 20 om ¥
at center exp eXxXp exp ©Xp exp exp

1 0 0 0 ) - - -

1.1 1.6 em 17 cm  1.65 em 0.766  0.48 0.455 0.465
1.2 2.25 2.35 2.3  1.066  0.47 0.465 0.465
1.3 2.85 2.9 2.95  1.20  0.45 0.445 0.440
1.4 3.3 8.45 8.55 1.476  0.445 0,430 0.415
1.5 3.65 .95  5.95  1.62  0.445 0.410 0.410
1.6 4.3 4.4 4.3 1.76 0.41 0.400 0.410
1.7 4.66 4.76 4.56 1.87 0.40 0.395 0.410
1.8 4.96 4.8 1,876  0.40 0.410
1.9 5.0 2.05 0.410
2.0 5.2 2.17 0,416
2.1 5.4 2.25 0.416

o~

Fee-42,



sphere was at 60 cm from source; same activity for 20 cm distance of

sphere from source; activity of Mn detectors inside of sphere for €0 cm
distence. The "source" means s in this cohnection, the front of the
block, i.e., the place where the fast neutrons enter.

A separate experiment showed that there is no observable non-
thermal fission activity induced in the sphére at the 60 cm position.
In this case, the experimental materlal can be used without a.ny correc-
tion. In the two other cases s the activity induced by non-thermal
neutrons' had to be subtracted from the whole activity..

In &a11 cases, first of all, the histograms were replaced by

gmooth curves. Then the activity of the Cd covered samples (giving the

non-thermal neutron's activity) was reduced to the same monitor intensitj
which was observed in the experiment with the uncovered sample. The.re-
duced activity of the Cd covered sphere was subtracted from the activity
of the uncovered sphere and the distances r determined at which the ac-
tivity is 1.1, 1.2, 1.5 etc. times greater than the activity at the
center. This gave, for the above described three éxperimenf.s, the three
sets of radii given in the secord, third, and fourth colums of Teble I.
The values of #4 for which Sh s / XA assumes the
velues of the first column are given in the fifth column and the ratio
of this X2 to the A2  of the second, third, and fourth columns is
given in the sixth, seventh, and eighth colms. These ratios should be
21l the same, i.e., X . It is seen that in all three experiments the

values of A decrease considerably from the center. However, the ex-
near the center ' ‘

- perimental accuracy .is least im-these-eeses and the uncerteinty of the

megnitude of the ectivity at A = 0 may partly be responsible for this

F3e-d3
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discrepancy. At higher A , the values rather consistently tend to .41.
Tixe sgreement within the last valués of one column does not mean, of

course, mich more than that they were £ll taken from & smooth curve, but
the sgreement between the three curvés mist be consideréd toJ be signifi-

cant.

Experiments with Uz0q Sphere
The procedure of evaluation was the same &s in the experiments
with the metal sphere. Table II summerizes some of the results, viz.
Exp. 10B and 12E. In the first one, ’the fission activity was measured
directly et 60 cm from the front of the blbck; in the second, the Mn ac-
tivity was measured at the same position and corrected by subtracting the

fission produced by non-thermal neutrons. It is seen that the Mn experi-

ment agrees with the RYAS / M curve very satisfactorily. 1In fact,

ir view of the limited accuracy of the measurements, the agreement must be,
to & large extent, accidental. The X in the fission experiment increas-
es with increasing 4 , & behavior which must be expected on theoretical
grounds but which is surprising in view of the opposite behavior of the
more acéurate data\ used in Table I. On the whole, the data indicate &

){:,Zém—"' _ (5)

for this U0, sphere of density 5.8.

&8

Discussion of Errors .
The chief difficulty in the ‘interpretation of the experimentel
date is the persistent increase of X with increasiﬁg A o This be-
havior is manifested in the very accurate experiments summarized in

Teble I. It 1s, of ecourse, 'pos'si'ble thet this behavior is due to the

o



2
i TABLE II
Ratio to Distance frcem center X derived from
activity in Fig. 10 in Fig. 12E Exp. 10B Exp. 12E
at center.
1 (¢] 0 0 —— S
1.1 349 343 0.766 0.165 0.23
l.2 . : 5.0 4.6 1.0656 0.216 0.23
1.8 6.0 8.7 1.29 0.2156 0.225
1.4 6.3 6.5 1.475 0.235 0.23
1.5 6.8 7 1.62 0.24 1 0.23
1.6 | 7.2 Ted 1.76 0.245 0.24
| 1.87 0.25

1.7 7.4"705 B
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inhomogeneity of the materlel, but it is lmpossible to discuss this pos~-
sibility on theoreticel groumds. |

One might think, mext, that the brass tube which conteined

the USOB for the analysis my be responsible for the effect. This brass
tube had & diameter of 1.25 cm and & wall thickness of .08 cm., The ab-
sorbing cross section of Cu is 1. 6 x 1074 (F. Rasetti, Phys. Rev. 58, 868)
that of Zn is about 1 x 10 24 (Coltman, ibid, 59, 917). Since the total
concentration of Cu and Zn stoms 15 about four times higher in brass than
that of U etoms in our metel, this gives & 9; for brass‘which ie just
about equal to the o of U. The total & is, on the other hand, higher
in brass than in our U métal by ebout 40 per cent. This corresponds to

an increezse in J¢ by 20 per cent. However, the oxide powder contained

. in the tube decreases the average %X of the center to an even greeter

extent than the trass increases it, and the cover of the tube hag too
little effect to explain ‘the variation of # by much more than 1 per cent.
The solution (5) holds only if the distribution of neutroms is -
spherically symmetric within the sphere. It"--g.:s‘ evident from the figures
reproduced in the experimental part that this éondition is not realized
in the experiments. One has tok consider, therefore, other solutions of
(l') s corresponding to higher spherical harmonics. It follows from the
symmetry qf the problem that among the sphericai barmonics with & =
only the s = 0 can enter corresponding to an angular distribution
~ e d . bThis, however, vanishes in the direction = 90° in
which the measurements were made. The effect of the next spherieal har— _
monics (& = £) can be estimated as follows.
The solution in question is

.M. J S
Ot UG - e+ 2ita)

d{ﬁm‘&—i}[x 2 "”'}

(6)

g ¥-2b
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where C is & constant. Since X2 is about 2 on the boundary (6) gives

~19 -

| Ce2 (4 + 16/14) = 10,2 C for 2J= 0; 5.1 C for o = 80%; 10.2 C for

| '79' = 1800; The experimental velues aie, in one particuler case (Fig.
124, 12B) 2.0, 1.75, 1.6. The combination £(0) - 2£(90°%) + £(180°) gives
0 for the solutionsl withL=0 and L = 1 and can be attributed to the

L = 2 solution. It gives 0.1 = (10.2 - 2¢5.1 + 10.2)C = 10.2 C, i.e,

C = 0.01. This will give the correct order of magnitude of C, but t.he

experimentsl values are 0o inaccurate to exclude even & three times

higher value for C.
Adding (6) to (8) gives

2 v ¢
P 2 2 2 v, ¥
1+?—f—€£’a‘-l[)¢/p+":y"/ (7)

for the dependence upon distence of the activity at 6 = 90°, If one
calculates for this function the product of the constant term and of the
coefficient of r4 and divides the result with the squafe» of the coeffi-

cient of rz, one obtains a quantity which is 1ndepeﬁdent of x , viz.
5(1 + 5.45 C) . (8)

The experimentel value of this guantity, es derived from the figures
underlying Table I, is around O and certeinly mot larger than .04. This
would involve & C gy -1/B — which seems impossible.

There are two further effects which should be discussed in
deteil, viz. the surface effect and the effect that not &ll neutrons
have the same velocit}. Both diecussions involve & féii- amount of the-
oretical work and will be given, therefore, in another report. It
should be mentioned, however, that it does not seem that they can ex-
plein the trend exhibited by # in Table I and the only suggestion

g3¥v-& 7
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we can offer for expla.ining this trend, therefore, is a possible in-

- homogeneity of the metal. The asbsence of the trend for the oxide sphere

(Table II) appears to give some support to this view,

Discussion of Results

The value of ¢ ‘givén by (1) is incompgtible with & total
cross section 1802!.0"24 [ g
with our ¢ 1is Just this ¢ itself, which gives with N = 2.225'1022 v
the value 18.5+107°% crf as the smallest possible value for the total
cross section. However, this would involve ¢, =0 , J,, = 0, i.e.
that U is bleck toward thermal nel;trons. It 1s more reasonable, ‘thkere-
fore, to use a somewhat higher o s such as corresponding to a total

cross section of 20+10°2% cu®, This gives

0~ = 20 N 107%4; 7 = 8.2 N107%4 (9

From these figures, the x for the oxide of density 5.8 can be derived
if one assumes 4-10'24 cm‘?' as the scattering cross section of oxygen and
further assumes tbet oxygen has no appreciable absorption (7 < 10‘25M:E(‘ )

for thermsl neutrons.  This gives

-1

0 = 0.55 em -1

and Oz = 0.0f5cm (10)

for the oxide of density 5.3. These figures do mot teke possible con-
teminations of the metel into account. This gives & ¢ = 0.18 ex !
for the oxide, & value considerably lerger then giver by (§). This ;
indicates either an even higher ¢ (and lower 0 ) than adopted in
(9) or e considerable amount of absorption by eontaminations in the
metel. It is not necessary to discuss this since only the immediately
measured J¢ entér into the consiéeration of the "final® arréngémz;t.

o gataf

n”. The minimun value of ¢ ' which is compatible



A-4(

% Za -
The absorption coefficient of the oxide is in substantial agreement with
the value which can be derived from the cross sections (4) given .by
the Columbis group. |

Our thanke are due to Professors H. D. Smyth and J. A. Wheeler
for their inveluable help in cormection with the formulation of our re-

sults and the preparation of this menusecript.
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