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hbstract 
A-  90 
1 

A knowledge of the absorption proceetsetf for neutrons 
in uranium is imprtant for planning a chain reaetion experi- 
ment. The absoFption of thermal neutrons in uranlurn and wan- 
ium oxide has been studied. Neutrons from the cyclotron were 
slowed down by passage through a graphite block. A uranium or  
uranim oxide sphere 88s placed at various positiom in the 
block. The nerrtron intensity at different points in the sphere 
arad i n  the graphite was measured by observing the activity in- 
duced i n  detectors of  UT&^ oxide or manganese. 
found that both the fission activity in the uranim oxide and 
the activity induced in manganese was affected by non-themal 
neutrons. An e x p e r h n t d l  correction for such effects was 
made by making measurements with the detectors surrounded by 
cadmiam. After such corrections the results from three methods 
of procedure with the urgnium oxide detectors and from the man- 
ganese detectors were consistent t o  within a few per cent. If 
f, the density of therntal neutrons ia the absorbing E n a t e r i a l ,  
is given by = X'f, the experimental data are shown t o  give 
a value it" = 0.41 c r l  for a U metal aphere of density 8.6 in 
contrast t o  0.55 cm-1 from constants given bp Fermi and his 
collaborator8. For a a& sphere of density 5.3 the data give 

Possible 
sources of error have been discussed. 

It was 

X = .24 enrl i n  agreement with Fermi's rewitts. 
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‘Report pn thermal”nentr6n. absorption for both mete. 

Absorption coefficient depends on 

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

From calculated absorption coefficient for thermal 
the measurements of resonance absorption it is 

1 

utrons and 
ture intention to deduce the optimum dimensions for the 

power for resonance neutrons of U308spheres of radii greate 
or less than 8.5 cm. 



-_lC- 

I. Jntroduction 

Beutron absorption in uranhn is believed t o  be principally 

of two general typesr en absorption by 8-2S81 chiefly aithoat fiasion, 

in the thermal region and in a re~ol3~pce region; an8 an absorption b;v 

U-2S5 which leads t o  fission. A detailed knowledge of these absorption 

processes is of interest  in c a l c u b t h g t h e  ofihwn s h e  and spacing of 

the spheres t o  be wed in the experiments on the .chain reaction. The 

object of . the present series of erperiments is the study of the absorp- 
I 

1 

1 

I resonance neatirons. 

t i on  processes in uranimn and i n  partic& is the acenmulation of data 

from whioh can be calculate8 absorption coefficients for thermal and 
t 

I 

The absorption of reeonance neutmn.8 was dealt w i t h  in a report 
i 

! 

submitted on June 1, 1941. In that report, Appendux A represented re- 

sults of wasurenents carried out at Princeton jointly by the Columbia 

and Princeton groups on "The Capture of Resonance Neutrons by a Uranium 

Sphere Imbedded i n  Graphite.W Appendix A (written by Ferd and Anderson) 

arrived at a figure of 4800 cm for the volume of a black body equiva- 

lent with respect t o  resonance absorption t o  a sphere of 8.5 cm radius 

Containing 9170 &ai of TJ3Os. Appendix B imestigated w h a t  proportion of 

the resonance absorption takes place in various portions of the UsOs 

sphere. 

face effect an8 a voltmre effect. 

a formila giving the absorbing power for resonance aeutrolls of Us08 

spheres of radii greater than or less than 8,5 cm. 
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._ - It was found that the absorption eoald be fivlded into a 6ur- 
w 

This result d e  it possible t o  derive 

i 
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f?: Further studies of the absorption of Fesonance neutrons have 

been carried ont at Princeton, with the important difference that the ab- 

eorblng spheres were composed of compressed U508 arad of uranium metal. 

Results of these s t u a e s  will be described in a subsequent report. The 

present report deals with the absorption of thermal nel;rtrons in both 

uranium metal and wranium oxide. A sphere of the substance to be invres- 

F 
I 

J 

I 

tigated was placed i n  the interior of a graphite block. The surface of 

the block was exposed t o  an Mense source of neutrons of abcnzt 4 MeV, 

1 

j .  

1 '  

! 
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The neutrons were slowed t o  thermal energies in the graphite and pene- 

trated into the absorbing sphere, The relative n m b r  of t h e d  neutrons 
I 

was measured cart various points in the graphite cand i n  the sphere, The 

measued fdlhg off of the nrrmber of thermal nsutrons toward the eenter 

of the sphere allows the determination of a certain absorption eoeffi- 

I 

, 
i 
i 
I .  

The absorption coefficient is a mcroscopic property charac- 

t e r i s t i c  of the nraterial of the sphere. It depends not only upon the 
1 .  

1 .  
I '  
1 .  
I -  

absorption cross sections of the constituent atoms and upon their number 

per cubic centimeter but also upon their scattering cross sections, 

Fronthe calculated absorption coefficient for thermal neutrons and 

the measurements of resonance absorption already reported for U& and 

in progress for uranium metal and compressed u508) f t  is the intention 

1 :  

I 
I '  

e 

, 
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t o  deduce the optimum dimensions for the trpical  cell in the proposed 

htt%ce. 

The folloafng measurements of density of thermal neutrons have 

been carried out in some cases by observing the radioactivity of the 

f t-\ producte resulting from fission by t h e r d  neutrons; in some cases by 



measuring the activity indaced in a detector made of manganese, which is 

sensitive t o  thermal ne.tstrons; and in a f e w  wses by separating out 

chemically the radioactive iodine resulting from f iss ion produced by 

thermal nexrbrQns. The three assfhods of neaswemnt, when compared, were 

f o d  t o  give results in satisfactory agreement with one another. How- 

ever, certain internal discrepancies uhieh appeared in the first experi- 

ments were only eliminated when it became apparerrt that two unexpected 

effects were present and would bave t o  be taken into accom€. One of 

these effects is apparently. fission produced i n  the uranium detectors 

bymeutrons of energy between 1 ev and loo0 ev. -I€ was corrected fo r  i n  

la ter  experiments by covering the urdm detectors with cadmium and 

subfiracting %he aetivity so obtained from the total. The other impor- 

tant effect revealed in the first experiments was activity produced i n  

the lnaryanese detectors by n o n - t b d  neutrons. Cadmium shielding a l s o  

made it possible t o  csFrect for this effect in later masuremonts. Xei- 

ther effect was expected on the basis of w h a t  was previously known. The 17 
----------_, _Î ___---- I 

apparent production of fission by epi-the& neutrons is of consider- 

able interest. Further experiments are i n  progress t o  investigate this 

point in more d e W .  . 
The eyelotran was wed as the eouee of neutrons. 

view experinenfa* beryllimn was bombarded at the target chamber with 

In the pre- 

ab& one dcroaupere of 8 MeV protons. T U 8  corresponded t o  ab& 

3500 curies radon berguiam equivalent. Latew it has been found that 

the neutron intensity a t  the graphite block is  increased 

of about ten i f  tbe beryllium is bombarded internally on a probe; this 

Increase occurs even though the probe 58 about 50 cm farther away from 

a factor 

* 
the block than is the usual target. 

- 



The neubmns sere slowed down, as i n  previous experimedts, by 

a graphite block (61 I 61 x 91 cm), the front face (61 x 61 em) of which 

was 60 cm f r o m  the int”rna3. beryllfunt target. The manitnu sphere was 

placed in  a spherical cavity which could be located at m i o w  distances 

from the front fme of the graphite block. 

U308 spheres of 16.4 and 15.8 em diameter and of density 4.0 and 6.6 g/em 

respectively, and on a pure uTEl;nffrm pswdee sphere of ll.4 em diameter 

and of density 8.60 g/em*, 

one cm 3n diameter which extended sonswhat past the center as shorn i n  

Pig. 1, As the saxm procedure was used fer all spheres, we shall speak 

only of the uranium sphere except in the statemnt of the final results. 

Experiments were made on 
3 

In each sphere was a cylindrical cavity about 

11. hbsorrrt;ian of Fission-Producl.ng Reufrons 

We used four different methods fo r  measuringthe distribution 

e 

,t- 

of fission-produc3ag neutrons. These methods w i l l  be described i n  this 

section, The first w i l l  be called the Wide Sample Physical Method, the 

second the Marrow Sample Physical Method, the third the Manganese Method, 

and the fourth the Chemical. Method. 

Wide Sample Physical Method 

The c a d t y  i n  the ur&m sphere was f i l l e d  t o  the surface 

wtth U8OS lshich had just been purified from U X and which was contained 

in a cylindrical bag of cellophane that f i t ted snugly into the cavity. 

Purification of the UBOe f r o m  U X was carried out by the standard ether 

extraction method recently described by Anderson, 1 

i”/ 
- 
*Re were i & o d  by Dr. Szilesd that the U metal contained SO - 200 
1. H, L. Anderson, Resonance Capture of Eerttrona by Uranium. 
parts of boron per l,ooQ,OOO par ts  of metal. 

. _ _  - .. ..) - 
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The average number of neutrons 866% 'j&F b ~ s z &  the-Sphe& 

was measured by a thin purified Us08 detector, the center of which was 

placed 18 cm from the center of the sphere as shown in Pig. 1, In some 

eases, as a check on the method, two detectors were placedtogether, To 

correlate experiments d e  with the sphere at different positEons in the 

graphite block, a puriffed U508 detector was placed each time a t  the 

position (M) indicated in Fig. 1. This detector wfll be referred t o  

as the monitor. 7 
I w' 

With the sphere placed in the graphite so that the UsOs cylin- 

der was hrieontal and pardtlel t o  the f h n t  face of the black, a neutron 

exposure of several. hours w a ~  made. The cellophme tube containing the 

UsOs was then withdrawn and cut into four or five measured segments. The 

from one of these sections was removed and finely ground using an 

agate mortar and pestle. 

i n  amyl acetate were iuixed'with the ground-up U p 8  and about 50 q of 

the &we were then painted thinly and uniformly over an area of 4.5 x 

6.5 cp1 on ti piece of paper 6.0 x 6.5 cm which was subsequently covered 

Several. drops of a dilute solution of collodion 

rofth Scotch Cellulose Tape. It was ia just tbits way that  the monitor 

and outside nextrota detector had been prepared from the purified but 

UmxpoJed usOe* The u508 from the other sections was treated in the 

same way and the act ivi t ies  of the samples prepared from the sections 

of the cylinder together with the monitor and detector were observed 

continuously one af'ter another for a period of from f ive t o  seventeen 

hours. 

tube whieh could be slipped over a thin-walled silvered glass Geiger- 

Muller counter. About 20,800 counts -re taken for each measurement. 

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

i The activity of a sample was measured by enclosing it i n  a luci te  

IP 
I 
I 

I 



i F: intervals using a ste~ndard mdum sample and, as & further check, an 

unexposed sample of puruied UsOs was also followed. 

In some of the earlier experiments, the recording equipment, 

a ham3 tabe seale of thirty-two and a Cenco mechanical counter, missed 

counts at csunting rates above 5000 counts per miante. This was am#- 
I 

t a w  observbg the decay of a sample of iodine which had been ex- 

- posed t o  neutrons. 

‘at low cowting rates, the activity decays with a 25-mintrte half-life as 

it should, but tbat, at higher counting rates, the curve deviates from 

The decay curve is plotted in Fig. 2. It is seen that, 

the straight line drawn through the points at low rates. 

between the straight line and the observe6 curve 5.8 a mea~ure of the 

The difference 

counts lost ,  and uas applied as a correction t o  the date. U s u a l l y  the  

correction amounted t o  but & few per cent. I n  the &iter experbents the 

I resolving time aas decreased so that no counts were lo s t  b e l o w  20,OOO 

counts per .minute. 

In Fig. 5 the measured activities of a typical ruzl are plotted 

on semi-log paper as a function of the time after the end of the expos- 

ure. PresuFoablythe measured activit ies consist of three parte, that  

from G259 of ha l f - l i fe  24 mintl.t;es, that from the fission products, and 

that from U H newly generated by the uranium, The first two activities 

w i l l  die out, $he Zbminute activity rapidly, the fission activity more 

gradually, but the U X activity w i l l  POW, giving the upmard turn t o  

the curve8. To obtain the amrunt of U X activity t o  be subtracted, the 

samples were rmeasured several d q s  biter when the U X had grom t o  such 

an extent that the f iss ion products were neglfgible. The U X shotild 

grow as A (1- where A ie a constant proportional t o  the mass of 

uradwn i n  the ample, 11 is the decay constant of U X, and t is measured 

- 

b 

4 t )  
f- 
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t-* from to which is approximately the- ts- of 0 X se&ati& - actually a 

few hours earlier as the separation is not complete, For about a day 

after the separation the growth is very nearly lineeur, The activity of 5 

an uuexposed sample was followed, and when these measurements were plotted 

as a function of time, the straight line obtained could be accwratexy ex- 

t r a p h t e d  t o  obtain to. 

b 

- 
After a day or so the growth is no longer l inear 

but can be closely approxilnated ky A t  (1 - 0.59 XU 4 t )  where t is meas- 

ured in hours.- It sag found expedient t o  plot the observed activity plus 

the product of it by 0.59 x 10% as this should reduce the data t o  a 

stmight line continuation of that which would be obtained at earlier 

times. Such growth curves are shown i n  Fig. 4. It is men that the curves 

are essentially straight Unes after sr couple of days, and that all of 

these l ines can be ex%rapolated back t o  very n w l y  the same zero time 

given by the unexposed sample, In aome cases, the activit ies of the 

monitor Ebnd detector were measured before the neutron exposure. The 

elopes of the straight l ine  part of the build-up curves fo r  all samples 

were measured. These are proportional t o  the msses of €f80s i n  the 

sampbs, and enahle one t o  calculate how much t o  subtract from the ear- 

lier measurements in  allowing for the D X activity, 

In  Fig, 5, the activities nreasured within the first twenty 

hours af te r  exposure are plotted after the subtraction of the U X con- 

c 

tribution. 

the same, one aotzld expect these curves t o  be parallel, i.e., the ratios 

If the neutron energy distribution at each eample had been 

of the activities of different samples t o  be independent of time. Act* 

ally the neutron energy distribution was not the same and therefore the 

relative proportions of the 24-ninute U-239 activity and of fission 

products of var2ous Il fe-tbes w i l l  not be the t3arne. The effect of the 

I - - m - . - ^  - 
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24-minute u-259 can be ignored af ter  about four hours uhei it has fallen 

t o  less than one tenth of one per cent of i t a  first measured value. 

After this t i m e ,  i f  the 0113.7 activity were from fission products created 

by t h e 4  neutrons, the ratios of the activit ies of various samples 

should remain constant in t i m e  and a h o a  give the relative intensit ies 

of thermal. mrztrons at the positions of the various samples, For 680)- 

ples taken from the sphere these ratios did repjain constant t o  within a 

f e w  per cent over 8 range of about 15 hours as can be seen.from Fig. 5. 

However, the ra t io  of the detector and d t o r  intensit ies t o  those of 

the sphere samples increased in the same time range by as PNCh 8s ten 

per cent, although the ratio, of the detector act ivi ty  to the monitor ac- 

tivity remainea constant, This result indicates that we are dealing with 

an effect #at does not arise entirely fmn thermal ~8PtronS and, as 

might be expected, that the neutron energy distribution a t  the monitor 

and detector ase about the same but differ from that prevalent through- 

or;t the sphere, Since this effect does not enter into the question of 

the relative act ivi t ies  within the sphere, its further consideratien 

afll be postponed until after the final reduction of data has been ex- 

plained and the results of this group of experiments presented, 

In Fig. 5 we have the act ivi ty  of varims aAmPfes eorrected 

for U X and the 2Q-minute ILZ59. 

build-up e m s  sf the various samples. The slopes of these build-up 

curves are ppor t iondk t o  the amount of xcran.iw~ in the samples SO that 

dividing the act ivi t ies  at a given time (Fig. 5) by the slopes of the 

corrwponding build-pp curves give8 the relative activity per mg of the 

various samples, Fig, 6 exhiMts the result of three separate runs 

In Fig, 4 we have the U X activity 

d e  with the center of the sphere 1 20 c m  fromthe front face of 

. - .  
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the graphite block. The re form Of--h8%o&?&ll@ 

where the relative fission produced (taken four hours after the neutron 

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

t e r  of the tphere. 

at the center of the sphere; anit the monitor and detector activities are 

The relative strengths bave- been adjust4  t o  anity 

Sndieated by the horizontal Unes. It is  seenthat the agreement is tu 

within three per cent for all points within the sphere, and tkt the 

agreement with the results Qf the chemical method, shich i s  & b o  shown 

and which w i l l  be explained presently, is about the same except for the 

detector activitywhieh I s  aborrt aeven per cent lower. 

As an additional check en the method, in a few of the experi- 

ments, two outside detectors were placed together, The relative fission 

activity per ng of the two samples was the same t o  w i t h i n  one per cent. 

The average results of runs made with the uranium sphere at 10, 20, 50, 

40, and 60 em fromthe front fece of t h e  graphite block are shown in 

Fig. ?a. In Fig. 7b are shown the results of run8 made with two differ- 

ent uranium oxide spheres, Thus, Figs. 7a and 7% present the data' from 

this first group of experiments. Before reporting other methods and re- 

sults, we w i l l  consider further the c m e s  in Fig, 5, 
I 

It was mentioned before that the decay curves of the samples 

inside the sphere were not parallel t o  those of the detector and monitor 

s a ~ ~ p l e s  (Fig. 5). Furthermore, it is noted in Fig. 7a that the absorp 

tion of nerztrons appears appreciably le88 when the Bphere is  closer t o  

the front face of the graphite black. This effect might be attributed 

t o  the 2.S-day activity of elelnent 93, which 18 the daughter substance of 

R S 9 .  An estimate indicates the number of 93 disintegrations per minute 

L 

* 
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t ' .  w i l l  contribute eonsiderably leas to the measured activity I I  because the 

nraximum'energy of the electrons of 95 i s  .47 Mev.vhile the mxhm energy 

of those of the fission products is about 1.2 Mev. Therefore a much 

greater fraction ~f the 93 electrons wiU be absorbed in the counter aazL 

: rz; 
I 

To see how much of the activity was due to element 98 or fission products 

resulting f r o m  fast neutron colUsions, we enclosed in caddurn the wan- 

im oxide cylinder and the detector but not the monitor, 

sure was made and the e q l e s  were prepared, measured, and the data worked 

The usual expo- 

i ug as before. The curves for the samples enclosed in eadmfumwere flat- 

ter than that f o r  the unenclosed monitor, but still showed the slow change 

of half-life that is characteristic of fission products instead of a 

I 

I 

simple composition of 2 4 4 u b e  and 2 . 5 4 % ~  eomponent curves. This would 

indicate f a s t  neutron fission and its nature w i l l .  be discussed later. 

The rehtive activit ies per mg four hours af te r  the end of the exposme, 

due t o  whatever cause, were reduced to  the same mnitor activity i n  the 

experiments with and without cadmium, Then a corrected absorption curve 

was obtained by subtracting the caddmeovered relative aetfvit ies fmm 

the mn-cadmiunt-covered values. The relative values so obtained with 

the sphere et 20 em f r o m  the front face are shown %n Fig. 8. men the 

above experbent vas repeated, but with the sphere 60 em from the front 

face of the graphite black, no measurabb act ivi t ies  except those due 

t o  U X were observed in the samples com'red with admiam. Furthermore, 

the difference c m e  obtained with the sphere at 20 cm is in reasonable 

agreement with the absorption curve obtained with t4e sphere at 60 e m  

if the width of the samples is  taken i n to  account. TUB was to be ex- 

pected since both act ivi t ies  Bse caused by'thermal neutrons produced 

outside the sphere. The r e s u l t - v y  checked 00 Itrg the Mn method (see 

- _ _  



below) and form the basis of the theoretical 5Lt 

Harrow 8ample Physical MethodE 
or 

A W i e a t i o n  of the general method de#~~ib~3'a'tmre'ww to-' LIJ ---- - 
prepare all the e e s  Im a form suitable for measurement before the 

exposure. These samples were prepared a's before except they were one cm 

wtde and 6.5 em long. They were then wrapped around a t h i n - d e d  brass 

tube 80 that they could be supped snugly inti0 the cavity in the sphere. 

The brass tube was f i l l e d  with u r d t m t o  the surface of the sphere, the 

rest  of the space being filled with a carbon plug. The advantages of 

this arrangement w e  that the positions of the samples are more definite 

and that more points can be taken. Indeed, ~DBII;~ samples were placed in 

the graphite at intervals of a few centimeters on a horizontal line par- 

a l l e l  t o  the front face and exteading from the center of the sphere to 

the edge of the block, 

In this modified procedure, as i n  the earlier method, the sam- 

ples were measured after the neutron exposure. However, the weight of 

the VsOe in the samples eolild now be obtained igniting and then weigh- 

h g  them rather than by the mre tedious device of following the build-up 

of UX. 

before because the counter w a l l  did not have uniform thickaess mer i t s  

length, This is i l lustrated i n  Fig. 9 where the counts per minute of a 

narrow 60uree of uranium i n  eqdlikiun with the U X is  plokted as a 

Thie method was not *ssihle with the larger sieed samples used 

function of the position of the source along the counter. 

that only over a short distance near the middle of the tube i s  the thick- 

It is seen 

mS8 =Worm. Ths S q h S  were m C e d  b this region, 8s C O U n t b g  8- 

weighed uranirvn santples i n  equilibrium with V X, it was possible t o  .a- 
c u t e  the mount of U X activit ies t o  subtract from act ivi t ies  of the 

- i  I -  



exposed samples, To deternine to, the grodh of an unexposed sample of 

the purified madm was also folll~aed, Results of two exposures using 

I f?, 

t h i s  method m e  Elhorn in Fig, r0. 

i. 

Manganese Method 

Thermal neutron distributions in and around the sphere were 

also obtained by eubatituting b 0 2  in place of the uranium oxide i n  the 

narrow samples used in the. Jplethod just  described, The decay curves of 

these samples after exposure all displayed a pure 2,S9-bur ha l f - l i fe  

as is shown in Fig, 11 f o r  a typical experbent , The relative neutron 

density was then obtained by dividing the intensity of a sample by its 

weight, The weight was obtained by piling sill the samples a t  one place 

in the graphite block, exposing t h e m  t o  neutrons, and then measuring the 

activity induced. To obPiafe absorption by the samples themselves, sev- 

eral other exposures were made with the samples piled indifferent  orders. 

An average of the 2 e s u l . t  intensit ies was taken at3 the relative weight, 

’tllhen the manganese samples were exposed covered with Cd, con- 

siderable activity was still noticed. Hence, in some cases, a second 

exposure was made with the samples in the same positions except that 

all but the mnitor sample irere covered with cadmium, Thus the non- 

thermal component could be aubtraeted. The non-thermal part w i l l  be 

discussed later. ‘Fige, lZa ,  by c, d, e showtherraal neutron distribn- 

tions so obtained i n  the graphite black $n various directions with and 

without the uranium spheres, Fig. 8 shows the agreement with’the Physi- 
c 

‘ 4  

c a l  Method in those cases when the non-therd components have been 

subtracted, 



1 t-c. Chemical Method 
I 
i I n  the ehedcal method of measuring the fission production, a 

cylinder of purified UaOs was prepared f o r  -sure i n  the same way pre- 

viously described. 

contabed i n  a thin cellophane envelope. It was found necessary t o  @e 

a neutron exposure of about six hours i n  order t o  get measurable activi- 

t ies.  After the exposure, the cellophane cy3inder was taken from the 

The outside detector sample of several grams was 

sphere and cut into measured segments as before. The U50s from each 

segment was then weighed, The U5OS which constituted the outside detector 

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

I 

To 

each sample was added an equal weight of iodine t o  serve as a carrier, 

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

yielded silver iodide which was finely 

ground up, mked with alcohol, and painted on a weighed piece of abminum 

over ax area of 2 x 6 cm, A second weighing yielded the weight of the 

silver iodide which indicated the efficiency of the separation. The 

chemical separation of all the samples was made as nearly simultaneously 

as possible. The order of the samples 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 making the separations exactly simulta- 

neously would be indicated by different activities per mg i n  the two 

detector fractions. 

- Af'ter the samples were prepared for measurement i n  the usual 

way, the i r  activit ies were followed f o r  several hours. 

ted on semi-log paper, and the smooth curves 60 obtained were closely 

parallel. The activit ies of the samples at a given t i m e  were read from 

These were plot- 
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the curves. The relative f i s s ion  act ivi ty  per lag of a UsOs sample sas 

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

ponding weight of the Us08 and by the weight of the silver iodide of 

the measured sample. The results of such a run d e  with the llrasium 

sphere at 20 c m  f h m t h e  front face of the graphite block have been 

shown i n  Fig. 6, where it was seen that they agreed t o  within seven per 

cent with the results obtained by the physical method. The t w o  p a r t s  of 
c. 

the outside detector agreed with each other t o  within five per cent. 

Beeause the internal consistency of the results of the chemi- 

c a l  m t h d  was not so good as the results given by the physical methods, 

and because the labr and time of bombardment iwolved was much greater, 

it was decided not t o  perform more extensive eixperiments using the 

chemical method. 

111. ;EPcalua$ion of the Macroscopic Absorption Coefficients 

The thermal neutrons obey in an absorbing material, apart from 

the immediate neighborhood of the surface, the equation 

where f is  the density of neutrons and Jb is given, with a sufficient . .  

accuracy, by the equation 
1 

Herein 6 and are t o t a l  and absorbtrig cress sections contained 

i n  unit volume. The above described experiments will be nsed t o  deter- 

mine it for our U metal. of density 8.6 t o  be 

-2 ac= # #.t 



This is sufficient for  the calculation of the neutron density within a 

sphere in the rf4nrsl arrangernenta where the disposition of material can 

be considered t o  be spherically symmetric about the center of the sphere. 

T h s  the density ofAneutrcms in the final arrangement w i l l  be, i n  the in- 
thermal 

side of the sphere, given by 

For our experimental arrangement, (5) is not acclzratew obeyed because 

the distributisn of the neutrons BELT deviate from spherical spmetry. 

This effect will be discussed and shorn not t o  be large enough substab- 

tially t o  influence our results, It w i l l  be: shorn, furthermore, that 

the validity of (1) (and hence ~f (3) i n  the final arrangement) should 

extend practically t o  the surface, i,e,, that the starface effect  is very 

small, It Sill be noted finally that the energy distribution of therrmal 

neutrons is not very sharp but extends over sr considerable range. This 

necessitates some modification of (1) anb (3) which dll be considered 

in some detai l  in a l a t e r  report, 

Our result (2) is a good deal higher than that which follows 

from the constants given by Fermi and collaborators, Le,,. 

5 shere = 2.2 ‘1Oe2 is the number of atoms per em , The X de- 

rived from (4) is 0.35 em-’. 

Discussion of Experiments with U Metal Sphere 

The density of thermal neutrons was obtained from three essen- 

f i s s ion  activity inside the sphere when tially independent emeriments: 



T A B U  I 

Ratio to 
activity 

Distmoe from center in 
60 om 20 om Mn 

Derived value of x in emo1 from 
60 cm 20 am Mn 

at center exp S X p  exp exp exp exp 

1 

1.1 

l a  2 

1.5 

1.4 

1.5 

1.6 

1.7 

1.8 

1-9 

2.0 

0 

x.6 ~m 

2.25 

2.8s 

5.3 

0 0 0 m u  

le7 Cm lo65 QP 0,766 0.M 

H 

0.455 

2-35 2.5 1.066 0.49 0.455 0,465 

2.8 

5.4s 

2.95 

5.55 

3-65 6-96 5.95 

4.3 4.4 4. 3 

4.65 4.75 4-65 

4.95 4.8 

6.0 

1.29 Om45 

le475 0.445 

1.62 

l e 7 6  

0.446 

0.41 

1.87 0.40 

1.975 0.40 

2.06 

0.445 

0 430 

0.410 

0,400 

0.595 

0.440 

0.416 

0.410 

0 e 410 

0.410 

0.410 

0.410 

5.2 2.17 0 416 

2.1 S a 4  2.2s 0.416 



sphere was at 60 cm from source; same 8CtiVity for 20 cm distance of 

sphere f r o m  source; activity of Mn detectors inside of sphere for 60 cn 

distance. The %ourcem means, in this connection, the front of the 

block, L e , ,  the place where the fast &trons enter. 

A separate experiment shoved that there is no observable non- 

thermal fission activity induced i n  the sphere at the 60 em position, 

La this case, the experiments3 lnaterial can be used without any correc- 

tion, 

I 

(. 

In  the two other cases, the activity induced by n o n - t h e d  

t neutrons had t o  be subtracted frornthe w h o l e  activity. 

In dl cases, f i r s t  of all, the histograms were replaced by 

rsmooth eumes. Then the activity of the Cd covered samples (giving the 

non-thermal neutron's activity) was reduced t o  the same monitor intensity 

which was observed in the experimsnt with the uncavered sample. The. re- 

duced activity of the Cd covered sphere was subtracted fromthe activity 

of the uncovered sphere and the distances r detemined at whichthe ac- 

t iv i ty  is 1.1, 1.2, 1.5 etc. t&s greater than the activity at the 

center. This gave, f o r  the above described three experiments, the three 

sets of r a d i i  given i n  the second, third, and f o e h  cohms of Table I. 
I The values of XA f o r  which /X.t assumes the 
I 
I 

vdtues of the first column axe given in the f i f t h  col~lmn and the ra t io  

of this X h  t o  the /L of the second, thbd,  and fourth columns 28 

given in the sixth, seventh, and eighth columns. 

all the same, i.e,, 2 . It is seen tha t  i n  a l l  three experiments the 

I 

These ratios should be 

F - Y  

values of decrease considerably fromthe center. Bowever, the ex- 
near the center 

perimental accuracy.is leest and the uncertainty of the 

magnitude of the activity at A = 0 may partly be responsible for this 

- I  I ^- _-. - . -- 



r". discrepsscy. At higher h , the values rather consistentlytend t o  ,a. 
The agreement within the last values of one column does not mean, of 

course, much more than that they were dl taken fro= a smooth curve, but 

the agreement between the three curves must be considered t o  be signifi- 
I ** 

I 
' cant, 

i 

Experiments with U50s Sphere 

The procedure of evaluation was the same as in the experiments 

with the metal sphere, Table 11 summarizes some of the results, viz. 

Brp. 1OB and 12E. In the first one, the fission activity was measured 

directly at 60 cm Prom the front of the blockj i n  the second, the Ibn ac- 

t ivitywas measured a t  the same position and corrected by subtracting the 

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

nent agrees with the t-f!A xh/ g/t curve very satisfactorily. In  fact, 

in view of the limited accuracy of the mea6urement6, the agreement must be, 

t o  a large extent, accidental. The 3c in the fission experiment increas- 

es with increasing h 

grourids but which is surprising in View of the opposite behavior of the 

mre accurate data used in Table I. 

a behavior which must be expected on theoretical 

\ 

On the whole, the data indicate a 

for this UsOs sphere of density 5.8. 

Discussion of Errors 
c The chief difficulty i n  the interpretation of the experimental 

data is the persistent increase of ;tC with increasing T h i s  be- 

havior is manifested in the very accurate experiments sumaarized i n  

Table I. 
r' 

It is, of course, possible tbat this behavior i s  due t o  the 

. I_ . .. .., .- . . . . . - . 
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TABLE If 

uti0 to 
aotivity 

Dirstanoa from center 
in Fig. 10 in Fig. 12E 

X derived from 
E X p e  LOB E-. 1ZE 

at center. 

1 

1.1 

0 

5.9 

0 

3.3 

0 

0.766 

W I  0-0 

0.195 0.28 

1.2 * 5.0 4.6 1.065 Oe21S 0.2s 

1.3 6.0 5-7 1.29 0.21s 0.225 

1.6 

1.5 

6.3 

6.8 

6-5  

7 

1.475 

1.62 

0.235 

0.24 

0.23 

0.25 

1.6 7.2 7.4 1.76 0.266 0.24 

1.7 7.4-7.5 1.87 0.25 



23 
inhomogeneity of the material, but it is ipipossible t o  discuss tl& pos- 

s ib i l i t y  on theoretical grounds. 

One might think, next, that the brass tube which contained 

the Us08 for  the analysis m y  be responsible for  the effect. This brass 

tube had a diameter of,1.25 crn and a sail thickness of .08 cm. The ab- 

sorbing cross section of Cu is 1.6 x 10 -24 (F. &setti, Phys. Rev. 58, 869) 

that of Zn is about 1 x lo** (Coltlaan, ibid, 59, 917). Since the to t a l  

concentration of Cu and Zn atoms is about'four times higher in brass than 

tha t  of U atoms fn our metal, this gives a 

about equal. t o  the of U. The t o t a l  d is, on the other hand, 'higher 

in brass than i n  OUT U metal by about 40 per cent. T h i s  corresponds t o  

f o r  brass which is Just 

an increase i n  R by 20 per cent. However, the oxide powder contained 

in the tub  decreases the average of the center t o  an even greater 

extent than the brass increases it, and the cover of the tube has too 

little effect t o  explain the variation of ;ic by much more than 1 per cent. 

The solution ( 8 )  holds only  if the distribution of neutrons fs  

spherically symmetric within the  sphere. It s evident fromthe figures 

reproduced i n  the experimental part that this condition is not realized 

in the experiments. One has t o  consider, therefore, other solutions of 

(l), corresponding t o  higher spherical, hamonics. 

synrmetry of the problem .that among the spherical harmonics with be = 1, 

only the 

m ,a 9 . T b i s ,  however, vanfshes in the direction a= SOo in 

which the measurements were W e .  

It follows from the 

/m = 0 ctm enter corresponding t o  an angular dictribution 

The effect of the next spherical h& 

mnics ( d= 2) can be estimated as follows. 

The solution in questlon is 

X h  3e .Lht 



where C is a constant. Since 8 4  i s  about 2 on the boundary (6) gives 

Ct2 (4 f 16/14) = 10.2 C for J =  0; -5.1 C for' fi= $0'; 10.2 C for  

3 = 180'. The experinental values are, in one particular case (Pig. 

la, U B )  2 .O, 1.75, l.6. The combination f (0) - 2f (90') f f (180') gives 

0 f o r  the solutions with L = 0 and L = land can be attributed t o  the 

L = 2 solution. 

C r: 0.01, This will give the correct order of magnitude of C, bat the 

experimental values are too inaccurate t o  excluds even a three times 

higher value for C. 

It gives 0.1 = (10.2 - 205.1 f 10.2)C = 10.2 C, L e ,  

for  the dependence upon distance of the activity at 8 = 90'. If one 

calctihtes for this function the product of the constant term and of the 

coefficient of r4 and divides the result  with the square of the coeffi- 
2 d e n t  of r , one obtains a quantity ahich is independent of X , via,. 

. S ( l +  si43 e) 

The experimt?nM value of this quantity, as derived framthe figures 

underlying Table I, is around 0 and certainly not larger than .04. This 

would involve a C e -l/E - which seems impossible. 

There are two further effects which shoUrd be discussed i n  

detail,  v i z .  the surfaee effect and the effect that not all neutrons 

have the same velocity. 

oretical  work and w i l l  be given, therefore, i n  another report. 

should be mentioned, however, that it does not seem that they can ex- 

plain the trend exhibited by 

Both discussions involve a fair amtat of the- 

It 

in Table I and the only suggestion 



, I  
we can offer for explaining this trend, therefore, is a possible in- 

homogeneity of the mtal. The absence of the trend for the oxide sphere 

(Tame If) appears t o  give some support t o  this view. 

Discussion of Results 

The value of 3p given by (1) is incompatible with a t o t a l  

I cross section l8.~0** ern2. The .ninimum value of b ' which i s  compatible 
22 with our ;'c i s  just this 2 i tsel f ,  which gives with El = 2.%:'*10 

the value 18.5*1044 em2 as the smllest possible value for the t o t a l  

cross section. However, this would involve al; = CT # C& = 0, Le., 

that U is black torprard thermal. neutrons. 

fore, to use a 8omwh.t higher 

cmss section of 20*10 cm . This gives 

1 

I 

I 

It is nore reasonable, there- 

6 # such as corresponding t o  a t o t a l  
-24 2 * .' 

(9) 
-24 C = 2 ! O B U )  -24. 8.2 B 10 

From these figures, the x for the oxide of density S.3 can be derived 

if one assumes 4-loe* em' as the scatterfag cross section of oxygen and 

further assumes that oqgen bas no appreciable absorption ((.,<lO4%ci6) 

f o r  thermal neutrons. , This gives 

P' 

fo r  the oxide of density 5 3 .  These figures do not take possible con- 

tamin&tions of the metal into 8ccount. st = 06L8 em-' 

for the oxide, a value considerably larger than given by (5) . This 
indicates either an even higher 

(9) or a considerable amount of absorption 

=tal. 

measured 

This gives a 

C .  (and lower 5 ) than adopted i n  

contaminations in the 

It is not necessary t o  discuss this since only the Immediately 

enter into the consideration of the Rfinaln arrangement. 



* .  

I 

The absorption coefficient of the oxide is  Zn substantial agreement with 

the value which can be derived from the cross sections (4) given'bg 

the Columbia group. 

Our tl.lllakR are due to Professors H. D. Sqth  and J. A, Wheeler 

for their invaluable help in connection with the formlation of our re- 

&- 4-( 

sults and the preparation of this mm.ascript, 
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