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SLOWING DOV CF FISSION NEUTRONS TN GRAFHITE

~.

J. E. Hill
L. D Roberte o
- G, McCgmman

ABSTRACT

"Z‘-‘v -‘Fz and 1'3 haVe boon meaaured for a ple.no fise

sion source in graphiteq' 'ﬁle valuss 'z,‘ .= 310:6 omza

—TT- 11.48 x 10 qu,'and:;? - 5 25 x 107 @’ were

cbteined. The velug of ""E'T = sloos umz is lower then the
previously accepted ynlue cf 317 cma. _It seems likely'that
certain trensport eo‘r‘recti. ons mw Het l;wve been epplied to

the dets in the aarner work, and thet the dif‘i‘orenee botwesn

the earlier value and ‘cur renult 1a dus tc thiﬂo




I. INTRODUCTION

The purpose of this work was, first, to measure in grephite the
spatiel distribution of indium resocnance .nputronci from a fiesion
source out to lerger distances from the source then previous meesure-
ments had beep carried; second , to ses wh_other this extension of fhp'
measurements would affect the value of % now 4n use; and. third, to
oﬁtain :‘ end higher moments if possible. |

Proviq,ua maaurgmnts have used ¢ point ecurce of v!.'iui.on"neutronvs.‘
In our experiments, to obtein & greater source strength, a plene source
geometry wag used. The theoreticel treatment of Weinberg and Rose,
MonF~-240 and MonP«ZQ?.. wes uged to reduce our moments meaﬁured in a
finite grephite block to the corresponding m(omenti.s for a (point) source
in en infinite grephite block. (Thus: & fourth purpose of this work

wag to obtain an expsrinﬁntal cheok of this theoretical technique.)

11, EXFERIMENTAL DETAILS

(A) Introduction

The fiesion neutrons for the measurements were cbteined by the oapjn
ture of thermal neutrons in e Uzss source mounted in a graphite prism.
The thomall néutrons ceme from.the thermal column of the ORNL pile.

The spatiael distribution in the grephite prism of indium resonsnce
neutron§ wag measured by obteining the setureted sctivity ~='A' - on the

©

source side of éadmium covered indium foils ectivated in the ‘grephite




prism st verious distences £, from the e gource. The remainder
of thie section givea a detelled description of the exparimental

equiptent, proceduree end mesthods of enelysis of detia end resultec

(B) Thermsl Column of the ORNL Pile

This consisted of a steppsd structure of graphite blocks which-
wore very tightly étaoked to obtain & high cadmium retio end o sgym-
metricel transverse flux distribution. The top surface of the column
was §7-3/16" square. The thermal flux at the ceuter ofithskcolumﬁg
éosition "a", Fig. 1, was about 106 neuﬁrona/bmz/heco The indium }eso
onance ectivity indw ed by the thermel column neutroms through 1/8%
af'ca&mium, at this4point erid in the sbsence of the USS° sources w8s
1.8 @’s/@mz/%ecﬂ giving the rather high ocadmium ratio of 14090b°3

| $ince the old thermel column gave en aéymmetric transverae &is«

tribution of thermal flux, e messurement of thig transverse distribution

‘wes made et position "B, Fig. 1, snd gave 8 cos 17;1 o008 77;? d@s#
tribution to within 2%. This demonstretes the absence of any streaming
of’ neutrons through cracks in the structure and also thet there is no
localized region of large ebsorption oross seotion due td impure

‘graphite, ete.

{C) The Graphite Meesurement Column

This was & priem of graphite 4' x 4' x 12°, Fig. 1. It was con-
structed by stacking layers.of graphite blocks, each block beingﬁi?

long by 4.,00" x 4,00" in cross section. In stacking, the long dimensiom
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of the graphite blocks was eslternated by 90° from layo‘r to layer.
Each block passing through the central verticsl exis of the prism
wes removebls, and was. 80 cuf thet indium folils in their cedmium
boxes could be placed at approximetely 2" infervais up the central
axis of the colum all the way from ;'A" to "D", Fig.°l. Slots
were provided at positions "A" and "B" which were 3/4" decp along s
end epproximetely 4° x 47 in the transverse dimensions where the -

023 gource could be ingerted into the colum.

(D) Fast Neutron Source

The fest neutron source wes mede up from urenium which wes 96%
0?38 alloyed with eluminum to form the eutsctic alloy 18% in urenium
by weight. This alloy was rclled to a sheet 0.040" thick end then
cut into squares 4" on a side. Thirty-aix of these squeras were'
mounted on a grephite sheet in e cﬁecker board array &s shown in .l;-‘ig.
2. This shest could be inserted into the grephite messurement column
in the slots provided at either positiom "A" or "B", F_';tgo 1. Vhen
this sheet was in one position, the other position wes filled by a
plene grephite sheet (no urenium.)

As . was pointéd out above, the thermal flux at position "B", ﬁg, 1

wag en almost perfect cos -n;x cos -E;L » whers a is the effective

transverse dimension of the semple. The fast neutrom flux genersated

by this thermel flux would then heve this seme cos ﬁ'.x 008 ﬂ;] dia-
tribution as its fundemental Fourier component. Due to the ”cheékar

board" cherscter of the source, the fast neutrcn source distribution
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would have m.addition certain higher Fourier componenfs. The firét _
two of these would be the 1lth.end 13th harmonics with amplitudes
about equal to the emplitude of the fundamental. Age theory indiceted
that the emplitudes of these higher hamoﬂica would be very violently
damped relative to the fundementel component. This was found to be

true. A meesurement of ths trensverse indium resonance flux at posit-
mx
a

ion "B" gave & cos coa -E—x— to within 2%, the epproximate orro&
of the measurement. Thus, the checker boaxfd source was .compietely
oquivalent to e uni.f'orp plene sﬁeet of uranium. Thisg siﬁ\ple' coa z:x_
008 —%1— was o_.&antage«:main the anelysis of the rouuitso A éi_milar
meesurement just ebove the source invposition "A" wag not a aimpio
cosine of wavelength 2a but contained higher haxﬁonics due to the chenge
in the column oruss section from 67-3/16" to 48" at "A", Fig, 1. As '
will be seen later, these harmonics demp out so repidly that there wes

no difference in the shape of the distribution, within experimental

error, when the scurce wes ot position "A" or et position "B".

(8) Indium Foils end Cedmlum Boxes

The indium foils used for ell of the flux meesurements ioro 4.00 cmo
x 6,35 cm, in area end 93.8 mg/cmz thiok (!ﬁov 2.5825 g). New indium
foils were used at the beginning of the series of messuremnts and s
given foll wes always used in the same position. This wes done to mein-

tain the smallest possible ccunter background relative to the flux to be




[

measured. For the messurement of the indium resonénoe fluxp the f’oil‘a‘
were enoloaad in cadmium boma vd.th o wall thiokneas of ~--0s136" 0
When activating the indium folls 1n cadmium 1n the cclumg the foilla
wers gpaced a_bout 10 cmo' gpar.t al:o,?g £ and u;a_ro para}lel to the qouxfcs-
plané. Two geries of messuramends wore made, with.the ﬁrst foil 5 oms
: Vﬁ'cm the source. end with the ﬁrat foil 10 omo from th.a source. thue
giving; e measuramsnt &% every 5 cmo approximatblyo Meaauremente were
'-made out to 118 07 cm. from the source. msre ths eoti:vity of the lest
foi.l was just t-q‘lce tho ommter background When poseiblo. t}w foile |
mre activated ﬁor at least ‘owo mdimq halr J.ives and Haro oounted for
e toﬁal :lnterv'al up to 28 minutesr qlepending on the i‘oil activityo
anh foil wag coupted on two counten? ‘This gave a larga t:otal count

snd geve & conatant chack on cqunte? an,i scaler oparat:lon.

(F) - Data

‘ Two_experimepta were medo, firgt wilh the gqﬁrga igltha upper _fo‘aii:w

iop, "B", Fig. 1, end secomd, mwtm a&uroe_i:;x t;-ze lqm-; posiﬁon,, AT,
F’_‘%‘o'ln ’ | ) ’ . 4 .: x -
Upper Source Position. . ' '
The data taken with the seursp in thiu poqition are thought to bo
nluable becaum the grephite measurement column hzd the gans treasverse
dimsnslons f‘or' a considoereble dzetanca abow and belou the source, and

elgo the. dietributzon of source. energy neutrona wes &n almoat poerfect
. L
00 —

cos ?&LY . (sootion D), thiese fectore being important 1p the

i 4
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snalyeis of the results. However, because of being relatively far
- from the plle, the source was reletively weak aud measursments could
be cerrisd only out to 86 em. The deta for 4, vs. z are given in

Table I.
TBIE 1

SUMMARY OF EXPERIMENTAL DATA WITH SOURCE IN UPPER POSITION
. ‘Experiments No. 7, 8 soso 12

4 Aa
Distence in oms Seturated Activity
4,80 : . 22918
9.88 21446
14 .96 o 18790
20,04 . : 15803
25.12 ' 12246
30.20 . - 9469
35.28 : ‘ 6982
40.38 . 4978
45.44 ) . 3354
50.52 2274
55.60 1445
60.68 94)
65.76 A ‘ 581
. 70.8¢ B g o 368
75.92 217 .
81,00 141 B
86.08 _ ‘ 75

The data given ere the average values of five expérimsntay the total
count obteined on the pointe of low & being sbout 200,000, and far

lerge z falling roughly in proportion to Aa to about 1;0000 Ag will
be discussed in the seotlons on theory and results, the use of these

date for the calculation of :Z,(average) around o point source in en




infinite medium rejuires the celculation of the kan average of data

defined aa'

2n
Aa ] dg

g N = 001,,2,,130.-,0} (1)

D (ay)

Ab dz

g S8

These integrels go from 0 to ® whereés the upper source poaition dete
ge from O to 86 cm. only. It was essumed thet en exponentiel integral

extrepoletion of the deta would be suiteble from 120 to o giving

120 - - ©o
’ A -ZZn dz + K{:; - Ei(=’;JL-) zzn dz
—fa(av) - /0 8 A (2)
* 120 00 ' A ‘

| AduK/ - E (- ) de
e/.o 8 Jpo VoA

The first integrel in the'nﬁmaretoriand denominator of the sbove
_ frection was thé ares under the experimentel poihts‘and fhe sécond iﬁt-
egral was the calculated area of the exponential integral extrepolation°
Lowsr Soﬁrcé Poeitiﬁﬁo | | i
The date obteined with the source.in the upper position were taken
~ with the best conditiﬁns of geomstry at the sacrific; of neutronlsource
inteﬁsity° The source w#s then placed in‘positi6n~"n“. Fig. 1 (lower
source position) to dbtain’fhe largest possible source 1ntensi£y Ftp.—ﬁat

was first thought to be, & sacrifice.of good geomstry. However, as it

turned ouf, the Aa vs. 2 curve teken




= 12'é.

for the lower source position was strictly proportional to the entire
86 cm. of the AB vs. -z curve measured with the source in the upper
position. Teble II shows the'dat'a teken with the source in the lpwer
position and Teble III shows thé atr.ict‘; proportionality of tﬁe two
sets of data over the first 86 cm. range of z. Since the z positions
Awexfe not identicel in ths twovexperimem‘:s »-the A, velues for the ex-
periment with the sburce in the upper position were read from the
curve at the z values used iﬁ the experi'maln't with the s§ui‘§e in the
lower position end are given in column 3 of Teble III. Column 4 gives
thé retio of 't‘hev 1er§er ‘to the smeller activities for the t‘:emG ¢ values
end column § ths deviat‘i.ons; of this x-atib from the averege velue of -
 43.46. The maximum deviation is 3% with es many plus as lminus.' The
r.m.s. deviation is 1.7% which is well within experimentel error.
Since the two curves are exparimentel ly 1ndiatingui§hable it wag de-
cided to avérage the two sets of -deta.v This was done as follows.
Since there were slight differences in the ¢z velues for the two pbsi- |
tions (compare Tables I and II), a simple average Vof.the L velu.as was-
taken. For the corresponding Ag value;;;, the points for the ﬁpper sour ce
position were multiplied by 43.46 end evereged with the points for the
Jlower sgource po;iﬁion.. Teble IV giw_res the resulting velwsg of z eand
by

Since it is coxweniént in the gnalyais of the deta to use numeri-
cel integration end differentietion methods which require equel inter-

vels of z, velues of Logy, (Ag Jwere plotted vs. z and e smooth curve




TABIE 1I

SUMMARY OF EXPERIMENTAL DATA WITH SOURCE IN THE LOWER POSITION

Experiments No. 13....19

L ] : | Ay
4.94 | 1021226
10.02 916430
15,10 © | 817790
20,18 .  e70780
25.26 - 549748
30.34 ‘ ' 409269
35.42 | 299752
40.50 217244
45.58 139973
50.66 ' . 95600
55,74 ' : _. . 61536
60.82 . 20846
70.98 . 15415
81.14 | 5714
91.30 1986
08,38 , 1067
103:46 657
168354 S 414
13,62 | 260

118.70 163




TABIE 111

Upper Source Pogition

Lower Source Position ‘ ‘ Deviation
£ [ measured (read from curve of Ratio from Av
(distribution gz values indiceated ratio
4.4 1,021,000 22060 44.46 + 1.00
10,02 916,400 21400 42.82 - 0.64
15,10 817,800 18720 45.69 + L0235
20.18 670,800 15560 43.11 - 0.34
25.26 549,700 12270 44.80 + 1.3
30.34 4og.3ooA 9400 43,64 + 0,08
35.42 299,800 6920 43.37 - 0,14
40.50 217,200 4904 44.29 + 0.83
45.58 140,000 3310 42,30 - 1.16
50.66 95,500 2248 42.62 - 0,94
65.74 61,540 1425 43.19 - .27
60.82 40,850 935 43.69 + 0.23
70,98 15,420 361 s2.71 - .75
81.14 5.714 130 43.95

+ 0.49




- 16 =
TABLE IV

 NORMALIZED DATA OF EXPERIMENTS NO. 7...19

2 . A'
4.87 1008600
10,02 _ ) ' 924129
15,03 817108
20,11 678710
25.19 _ . 540918
30.27 410348
35.35 . : 301560
40.43 ' 216769
45,51 1428852
' 50.59 : -~ 971863
. 55.67 "~ 62161
60.75 : 40866
65.76 : ' 26244
70.91 ' 15703
75.96 . . 9429
81,07 5870
86,08 ‘ 3266 .
91,30 1986
98.38 : 1067
103.46 . N 857
108,54 . 414
113.62 _ 260
118.70 168

fittac} to the experitﬁental points. Velues of A5 were reed fram the

ourve at 2 cm. intervals from £ = O to z = 120 em. These results were
checked by plotting e curve of If°510,(A§ Jos. 52 end reading the values

of A, at 52 « 0, 4, 16, etc. The resulting valuee'of'.a. erd z are

given in Teble V and graphs, on a reduced scale, of the curves men-

tioned above sre shown in Figs 3. The values of A at z = 0, 2 and 120 cm.

were cbtained by linear extrepolations on the LOglo(As) veo 22 ourve




_TABIE V

SATURATED ACTIVITY ARD LOGARITHM OF SATURATED ACTIVITY VERSUS DISTANCE AT
2 om. INTERVALS TAKEN FROM GRAPH OF FIGURE III

¢ in am. . A' Log].O(Au)_ z in . Aq ' Loglo(ﬂ.)
0 1.0352 x 106 6.015 62 3.690 x 10% | 4.585
2 1,027 " 6.011 64 . 2.993 - 4.476
4 1.0139 " 6.006 " 66 2.484 . 4,395
6 9.8860 x 10° | 5,995 68 . | 2.08 4.314
8 9.6380 " 5,988 70 1.706 | 4.232
10 9.2900 ' 5,968 72 1,406 4.148
12 8.9130 5.960 74 1,249 x 10% 4.060
14 | s.a0 50926 76 9,333 x 10° 3,970
16 | 7.9800 | 5,902 78 _ 7.586 x 10° 3.880
18 7.4140 5.870 80 ~ 6,166 x 103 3.790
20 | 6.8870 | s5.838 82 §.012 " | - 3,700
22 6.3100 | | 5,800 84 4.074 | 3.610
2¢ | §.7280 5,768 86 3.512 3.520
26 5.1880 - 64715 88 2.717 3.434
28 4,6560 5,668 90 2,229 . 8.348
30 4.1690 5.620 92 | 1.841 30265
32 | 3.6990 | 65.568 ¢ | 1.531 3.185
34 35,2810 | '6.616 96 1,277 ¥ 3.106
36 2.8710 x 10° | 5.458 98 1.067 x 10° 3.028
38 2,630 " | 6.408 100 8.913 x 10° 2,950
40 2.2080 | 6.344 102 7.482 " 2.874
42 1.9060 . ' 5,280 104 6.238 . 2.795
4 11.6450 5.216 106 5,188 2,715
46 1.4060 5.148 108 4.326 2.836
48 1.1968 ) 5.078 110 5.598 2.566
50 1.0188 x 10° 5.008 112 8.006 © 2.478
52 8,610 x 104 | 4.935 114 2.501 | 2.398
54 ] 7.312 " 4.864 116 2.085 2.319
56 6,110  4.786 118 1.738 .|, - 2.240
58 5.129 4.710 120 1.446 x 10° .2.160
60 4.306 4,634 ‘ '
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and are probably good within the experimental error since the distri-

bution is nearly Geaussien for eny given smell 1nterva1 o g.

(G) The Tremsport Correction

Since the measurements of A, were alwaih mede by placing the gource
side of the foil next to the Geiger counter tubes the messured diétri- '
bution given in Teble V is not the true 4,(z). The usuel procedure is
to meesure the ectivities oﬁ both sides of the foil end teke the everege.
i.ea

A + A :
A'(z) . s‘frontz 8 back .(3)’

This method is besed on the following theoreticel considerstions. I one

takes a solution to the Boltzmann equation which gives the flux in terms
. of an expansion in legendre Polynomiels and nezlects all except the first

two terms of'the,expansionp then

d [pv(z)]

nv(z) s« nv(g) + A E cos @ (4)

If this is integreted over the detecting fOiln assuming thet the foll

is black to the indium resonance meutrons: that no neutrons entering from
the back contribute to the sctivetion of the scurce side and vice versa,
that»only activity from a given side is counted by the counter and that
the self ahsorption of -the radietion counted is the same for both eides of
the ¢ ' .2ting foils, then |

= Aa(z) + (s)

A5 front

dz



end similerly

Aa hack u M 2

da(z)
8
dz ] . , (6)

Solving (5) end (6) for A'(z) immediately gives (3) end it should
be noted thet (3) will be true for eny constent coefficient of the
derivative terms in (5) and.(S) aéilong.as the constent is the same in
both (6) end (6); The euthors heve shown experimentélly iﬁ meking slow-
ing down measurements on Sb-Be neutrcns in the game sample of»graphite
_that was used in this experiment, that v | .

d /by = N\
— )) m

d Ag
ds

As front f Aa(') te

and

44 veck - Ag(‘) = ¢ (B)

The value of ¢ dbtainéd wags 0,950 cm. which is less than'ggg fcr.grﬁphite
of 1.39 em. This is not surprising, since the condition thet only
neutrons entering frem the soﬁrce gide of the foil contribute tc As(f;ont)
- ard similerly for Ag(hgck)s vhich wes used in deriving (5) end (6), 18-
not fulfilled with foils of the thicknéss used in this experiment.

Sirce the seme indium foils, Cd covers, counfers_and grephite sample
were used in obtgining_the distribution from the'fiasioh source &8 were
used in the experinnﬁt described fcr determining c, it wa& convenieng'tO'
correct the measured distribution of the activities, on the soﬂrce side
of the foils in this work, to the true distribution hy the use of (7).

which waé done es follows:




Sincs

2 8(e) ;.50 B, (2) = Poeso 4(2)] . (9)
ds . dz '

(7) cen be rewritten as

A (z) anront)

1+ 2,303 ¢

a oz a ()] (10)

dz

Since the correction of As(front) to A (z) ig not large (leas then 10%)

‘d {lo A . 1 i I
[ 810 s(ﬁpntﬂ can be aubstituted for d [0810 (2) in

. » dg ’ dz
equation (10) with negligible error and ' '

. Ag (front)
A (2) <1 + 2.303x0.950 d_[l"io_g_gg_!_)_‘m) (11)
a(frontl
(1 + 2, 187 d L1°510 Aa( front 2—1)
.dg

d [1°€1o s(ri-ont ) :
dz

and the true vealuss '

Table VI gives the values of

d [1°5&Aimzsgt Y
. - dag . . .
the data of Teble V. which were then fitted to a smooth curwvg end velues

wore chteimed dy numerical dif ferentiation of

read from the curve at the z values given. It will be noté'd that the
meximum correction at eny point is ebout 9%, with no correction at the
origin and e constant percent--‘cqtrecfion from 100 to 120 em. The core

rected C¢istributions ere shown as the lower curves in Fiz. 3.

(H) Celculetion of the Moments :ﬁ

 ‘Teble VII g;iveé the velwes cf Aq 24 - Aazlz, calculeted from the

. 120 .
~ dete of Téble VI. Teble VIII gives the velues ct‘/ Ay EZn dz obtained.,
‘ 0




_MBLE VI

°

THE DERNATIVE OF LCGARITHM CF SATURATED ACTIVITY (F’RONT) WITH RESPECT TO des
SATURATED ACTIVITY AHD LCGARITHM OF SATURATED ACTI\TITY NITH TRANSPORT CORRECTIONS, A (t)

¢ in am. difﬁ[logi:gw D‘s (é) . L0810 e (s)
o w0000 1,035 x 10° | 6.0149
2 Y ' .00200 : 1.0z2 x 10° 6.0096
s . " w0871 | . 1,008 x 20° 6.0026
6 . .00843 9,770 x 105 - 5.9899
8 | 00714 f 9,490 " 5.9773
10 . .00880 | 9115 | 5.9598

12 01049 8.y13 | © 5,9402
14 S .01215 8.216 | 5.9147
16 o 01385 | 7.745 5.8890
18 | .01563 | | 7,170 - |  §.8565
20 | © .01720  e.es? 5.8220
22 o .01880 | 6,061 1 s.7825
24 ‘ .02040 ' 5,483 5.7390
26 | 02190 4,961 -  5.6946
28 |  .ozss2 - 4.428 | . 5.B462
30 .02500 o 3.953 | . |  s5.5969
32 | 02635 - 3.497 \) © B.BAST
3% | +02764 ~ 3.006 x 10° | 5.4905
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- PABLE VI (cont?’d.)

d (10810 &g pront) .

¢ in cm. " | As(t) LoglO-As-(i:)_.
36 .02885 2.701 x 10° 54316
38 ,03003" 2.380 ® 6.3766"
40 03112 2,067 5.3153
42 . ,03215 1,781 5.2507
44 03312 1,55 5.1856 °
46 03405 1?399 5,1169
48 -05495 | .153%2 ¥ $°94517
50 03575 9,451 x 10° 49766
52 .03665 7.671  ° 4.:9015
54 03728 6.761 | 4.8500
56 .03805 5,641 4.7514
58 -03880 ég?és 4.6747
60 03956 s§963 '4.5580
62 .04030 3:229 4,518
68 04105 2.748 4.4387
66 .04181 2,276 4.3672
68 -04256 1.885 4.2753
70 04332 1,568 401026
72 04396 1,283 4, 1082
78 04445 1 107 \&, €.0200 -

. 76 .04479 8,500 x 10° 3.9294
78 °04498 3.8393

6.907 x 10°




TABLE, VI (cont®d.)

a [}0810 Ag fr&t_]

v

=4

1.331 x 10

® in om. m s (t) Log)o A‘(t).
80 .04500 50614 x 10° 3.7493
82 -04488 a.568 " 3.6654
84 | 04458 3.m2 3.5696
86 +04406 3.021 3.4802
88" 204325 2,482 3.3948
90 04175 2.042 3.3101
92 04036 1,682 3.2264
o .03966 1409 | 3.1489
96 .03954 1.175 x 10° 3.0700
98 003954 9.821 x 10° 2.9922
100 03954 8.20¢ " 2,940

- 102 03954 6.887 - 2.8380
104 .03954 5.742 .2.7591
106 .03954 s.775 2.6790
108 03594 3.982 2,6001
110 03954 3.312 2.6201
112 .03954 2.767 2.4420
114 ,0395¢ 2,302 2.3621
116 .03954 1,919 2.2631
118 03954 1,600 2.2041
120 .03954 he 2.1242




TABIE VII

40

VALUES OF A_ % VERSUS @ CALCULATED FROM VI '

=, A o s g A 5 a g8 a g0 A 12

“ 8 8 8 8 v
of 0 o 0 0 0 0

2| 408 x 207 | 01635 x 10°| 00000854 = 10°% .2616 x 10° | 0001046 x 10°%] 0004168 x 20™*
& | 1.610 x 10"] .257¢ x 10° | .0004122 = 10*® | .006595 x 1013 .1085 x 10 | .0001688 x 107
6| 5.517 " |1.266 x 10° | .00a568 x 10™ ;164; x 10 | .0005908 x 107 02127 x 10"
8| 6.07¢ 5.887 * | .o2a88 " 1,592 x 10%% | -.01019 x 10!7 | .o006522 x 102°
10 | 9.115 9,315 -09115 9.115 x 103 | 00115 x 107 | .0009115 x 10%°
12| 12,55 | |1sc07 | ~2602° 005747 = 19;7 5396 x 1007 |.07770'x 105
14 | 16.10 {31.56 .6186 o121z " | .002576 x 0% | .4657 x 102°

16 | 19.83 50.76 1,299 .03326 .008512 .0002179 x 104
18 | 23.23 72.27 2,439 07902 ‘;ozsso .0008294 "

20 | 26.55 106 -2 s.248 .1699 -06796 002718

22 | 29,34 142.0 ‘6;873' -3327 .1610 -007792

24 | 31.58 181.9 10.48 6036 -3477 202008

26 | 33.47 226.3 15,30 10034\ 6990 1504726

28 | 34,72 272.2 21.34 1,673 1.812 21029

30 | 35.58 |320.2 28.82 2,59% 2,336 2102

32 | 35.81 366.7 37.55 3.845 3,937 4031

34 | 35.77 413.5 47.80° 5,526 6.388 <7388

36 | 35.00 453.6 58.79 7,619 . 9,874 1.280

38 | 34.87 | 1496.3 & 71067 ¥ 10.35 |}, | 14.95 R 25159 ¥

33,07 x 10" |529210° 84 .66 x 101° 18.55 x 1017 121,68 x 20 |3.469 x 107




c:. A 2° As P Aa 28 A 8 A 210 ‘ Ag 212
42 {3142 x 100 | s54.2 x 107} 97.76 x 1023 17.2¢ x 1027 | 30,41 x 20%° | s.362 x 102
ag l29.70 " §76.3 " |111.6 ° |21.61 " 41.8¢ " 8,100 "
46 | 27,70 586.1 124.0 26.24 55,52 175 |
48 | 25.62 590.3 136.0 31.353 72,18 1663
50 | 23.63 590.8 147.7 56,93 92.33 23,08
52 | 21,56 582;7 | 157.6 42.62 115.2 31.15
54 | 19.22 - §75.0 167.7 48,90 142.6 41.58
56 | 17.69 554 .8 174,0 54.67 171,.1 53266
58 | 15.50 §34.9 1799 60,62 203.6 68049
60 | 14,27 513.7 184.9 66,56 239.6 86,26
62 | 12.68 487.4 187.4 72,04 276,9 106.4
66 | 11025 4608 188.7 77,29 316.6 129,7
66 | 9,914 431.9 188.1 81094 356.9 155,5
68 | 8,829 408,3 188.8 87.:30 408.7 1867
70 | 7.634 374.1 1833 89462 440,1 2166
72 | 6.651 344.8 178 .7 92,64 480.2 248,9
74 | 5.733 313.9 171.9 9413 515.6 262,
76 | 4.910 283.6 163.8 % .61 6465 515,7
78 | 4.202 255.6 155 .5 94,61 575.6 350 .2
80 | 3.593 2300 147.2 94 .61 602.9 385.9
ez | 5069 | 2084 | |18 | o583 | | 6276 4220 |
8¢ |2.619 x 107 | 184.8 x 10° | 230.¢ x 10%° | 82,01 x 1017 | 649.2 x 1020 | as8.1 x 102




"~ TABIE VII (comt’d.)

mgd i@ 22 AQ - _iﬁ a | ‘s o g ® A o
86 |2.236 x 10" |166.2 x 10° | 122.2 = 20%° | 90.38 x 1037 | 668.5 x 10%2° | 454.4 x 10%¢
88 |1.922 " [148.8 oo s 89.21 " 690.8 ® 535.0 ®
% |1.658 134,0 | 108.5 87.89 711.9 §76.6 .
52 | 1.432 121.2 20206 86.84 75540 622.1
% | 1.245 110,0 97.20 85489 - 7589 67056
96 | 1.083 99,81 91;98' 84,77 781.2 ‘72040
98 | .9432 90,58 186,99 83455 1 802.4 77026
. 100 | 8208 82.04 82.04 82.04 820.¢ 820.4
102 |.7165 74 .54 77056 80,68 839.4 873,3
e | le2m 67.18 72,66 78,59 'asooo 919.4
106 | .5365 60.28 67,73 76,10 - 86501 960,8
108 | 04645 64018 63.20 73,72 859.9 1003
110 | ,4C08 48,50 58,69  71.01 85902 '1040
112 | .3471 43.54 54.62 68.52 8696 1078
12¢ | .2992 36.88 50.53 65.67 853.4 1109
116 | .2582 34,78 46,75 62,91 846.5 1139
118 | .2228 31,02 43,19 60014 837.4 166 |
120 | .1917 x\fo"_ 27,60 x 10° | 5007 = 201 | 57,23 = 1%1" 8241 x 169 | 1167 = 102




TABLE VIII

PHE £°° MCMENTS

35,7402 x

oD
2n
0 < . k;/// -B, (~-5) £ az |

. -12 2n / %z, £n 120 i( A , . "

n { A =2 k/-B,(~=)g dg | e~ gon

8 0 1+ % 120 -
0 0 J//’ 2 oem d//’ o ( )
’ <
o s & ¢ 120 “1\R/® de
7 .3 -5

0 | 2.8472 x 10 1,5020 x 10 5,275 x 10

1 | 1.5628 x 101° | 2.5953 x 107 1,658 x 10~3 5.4976 x 10°.

2 | 2.9516 x 1013 | 4.6538 x 102 1.552 x 102 1.0529 x 105

3 | 1.0515 x 1017 | 8.7382 x 101° - 7.672 x 1072 13,9998 = 109

4 | s.7487 x 1020 | 1.7461 x 10%° | 2.330 x 107% - l2.6322 % 1038

5 | 4.2138 x 1024 | 3.7906 x 10°% . a.743 x 072 . 2.8136 x 107
6

108 | 9.27a5 x 10%8® | 7,126 x 1071 ~ l4.5708 x 102}

() Calculetion of the Homents ;ﬁ

Teble VIX gives the valuei_z of Ay sz. Ag e e ’Aa'zlzp calculated
' , : I - 7120
from the data cf Table VI. Taeble VIII gives the veluss QI‘/ Aa gzn dg

' @ o -
obtained by numerical integratlonp the velues of k/ 6"31(””/)\‘) zZp dz and
: 0

the percentage of total mtegral/ v2n dz, which were obtained from
the extrapoleted portions.

The value of k used in the extrapolation of A (z) from 120 em. to @
was cbteined by fitting a function Ay = k [oEi(= g/ A )} to join the

expar:msntal curve at £ = 120 cm. and A was chossn to ba- ronsmtent with -
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the last few points of the measured part distribution. The veluses for

7 and X = 12.116 cm..
Table VIII alsc gives the valuss of g2B s 1oeo ;:2:9 :I -= g 2

these constants used were k = 2,899 x 10
¢ Obe
tained from equation (2).

(I) Corrections for the Finite Size of the Graphite Semple end the
cos Tgx cos aﬂ&'_ Source

The Tn Moments.

As pointed out in the introduction, the theoretical treatment of
Weinberg esnd Rose mekes pcseible- t'he. calculation, fl‘rom- the ?2-:’1: momeﬁts
measured in the finite block w_ith a plene cos 3;5 cos %!» sou;-cep-to the
moments for s point source in en infinite mediume.

Briefly, the éorrections are mede es follows: If £( T ) repreSenté

the primary energy distribution of the meutrons from the fission source

" normelized on & T =scale, g0 that

aO
/2wy aT =1 (12)
/ |

then the averace age. T » over the fission spectrum is defined ss

00 |
K3 ../ £(T) T4 T (s
0

or in sf.en_e@ral. including the higher everage moments, TR

@
-T-=n'1. |
/ F(T) 1% 4T n = 1,2 ooe (14)
0

The treatment of ¥einberg and Rose expresses the ’tn in terms of .the'




meaéured 22n moments end the gecmetry of the exr.ierimer’xt by the follow-~

ing equation:

(15) .

. A ~ 2 '2
where » = 0,1,2 ceveescenecy O

. and; &, is determined experi~
, a .
mentelly by fitting cos to the meesured trensverse indium resonance

distribution just ebove the source. In this experiment & = 129.3 cm. end

D e 1,180 cm™? end the z(2n4 *2v) end 22-2’ are the zzg -sz etéov es

2 w3

messured end listed in Teble VIII. The value of :Z-Tcor;-esponds to

if 2® were measured in en infinite saupls with sn infinite uniform

——
——

2 .
plene source cr to L _if r were measured in en infinite sample with’

a point source. _

It should be einphaaiéed thet the derivetion cof formule (15) requires
no assﬁmptiv.;ms' ebout the nature of the fission spectrum nor dces it .
nssﬁme any particuler slowing down thecry. It involves only\geoﬁetriéal
transfc;rmati ong which meke poss_ible reduction- cf measuremonts made in e
particuler geometry to the more ideelized point source; infinite medium

geometry as described ebove. S o . o

Teble IX gives the values of T (2/)s T2(y) and 7H¥) calculeted

from (15) using the velues of 2/ indiceted and values of %8 taken from

Table VIII. Values of 'z'n(w') indicste how fcrmule (15) cenverges for
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increesing veluss of ¥/, It will be noted that "L becomes con-
stent, well within the experimental accuracy of the measured
dlstrlbutlon. for velues of 1/ & 3 end 'r changes negliglibly from

Y =3 to V=4, BHowever, 'ts is still changing, though very

slewly, b;tweén 2 =2 e8nd 2= 3. For this reeson no v for

n > 3 wore calculated, since these would need values <:~£'_:fiI with
n > 6 and these would be very largely determinmed by the extrapo-
lat-ed portion cf the slowinz down distributioh, f‘rgm z = 120 cm. to
z © oo , which is elmost certeinly en underestimste s the A in
the, k [eEi( = ==§T- )) 0 e.xtrapofating functi oﬁ, would continue tc
increese if one could measure the slowing down distribution far
values of z > 120 cm. '

(K) Corrections for Density o" the Grephite

- 8ince the density of our semple ofv grephite wes 10652:09003 g/(‘.!n'3
and 1t is customery to correot the ege and hlgher ;_‘T moments tc a
starderd density cf 1. 600 g/cm . Teble X gives Tn :(:7 and 1:3 be-
fore end sfter this correction has been made using the well known fact
that m:;? *, —2—5 » etc. Since the ege veries imersely as /32, it'is
Aimportart tha;; the actual stacking déns_ity be accurately known for the
éampleo ansequently the density wes meassured when the column wes un-
stecked by weighing 236 of the 360 stri'ngers'. detérminir;g the aversge
densi ty for stringer aﬁd then computing the weight of theb360 string.ers.

This wes then divided by the volume of the stack from its meesured
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TABLE IX

- VALUES OF ™ WITH AND WITHOUT TRANSPORT CORRECTION

eyt
a——

e

Without Trensport Correction With Tremsport Correction
£ 1 2 3 1 2 3
of 283.1] 9.200x10* | 5.516x 10" | 274.9 | 8.774 x 10* [ 5.335 x 107
1! 293,61 10.01 x10% | 4.095 x 107 | 285.7 | 9.595 x 10% | 5.913 x 10°
2l 297.6| 10.37x10% | 4.394 2207 | 289.9 | 9.959 x 10% |4.208 x 107
3| 298.8] 10.49x 10* | 4.502x 107 | 291.1 | 10.08 x 10* {4.316 x 107
&l 299.1] 10.52 x10* | 291.3 | 10,11 x 10%
6| 29502 293 4- |
TABIE X
FINIAL VALUES OF Z's T2, end S BEFORE AND AFTER CORRECTION
‘ ' TO GRAPHITE DENSITY OF 1.600 g/’
| without Density Correction | 7™ With Density Correction
Y| 1 2 3 1 2 s
= . 4 7 B 4 ] 7
o| 278.9| 8.774 x10% | 5.333x 20 293,0 | 9,967 x 10" [4.036 x 10
1] 285.7] 9.595 x10% | 5.913x107 | 304.6 | 10.90 x 10% |4.739 x 10
. | . ’
2| 289.9| 9.959x10% | 4.208x1207 | 309.0 | 11.31 x 10* {6,096 x 10
3] 292.1| 10.08 x10* | 4.316 x107 | 310.3 | 11.46 x 10* |5.227 x 107
4| 201.3| 10.11 x10% 310.6 | 11.48 x 10°
5{ 291.4 310.6




diménsions. giving the true stscking density of the semples

ITI. RESULT3 AXD CONCLUSIONS )

(A) Comperison of this Determination of T with Previously Reported Work

e 2 :
The value of 7 318.9 cm obtained without transport corrections

2, obtained by E. Fermi, J. Marshall end

agrees with the velue 317 cm
LI; Mershell (CP-1084) very well (0.6%), if“ it is mssumed that Fermi et sl
. did not maeke the tremsport co;'rections described in 2~g. Thesa authors
make no statement as ttlz whether or ncf trensport carrections were ‘mede an-d
it seems likely that they did not.

The velus of o with tramnsport ccrrections wes 310.6 cmz

or 2.6%
.le.s‘s then the velue without the transpert correction. .

A simple celculetionu, on thabbasi‘s" of Farmi aée theory,gives a rough .
estimate of the megnitl;ldé cf tramspert correction to be expected, and the

rasult

- I 2 |
~ (unccrrected) = ~—7 (1 + .2 ) (16)
| | Vo
where. ¢, is the constent defined in 2-g. Equetion (16) predicts thet

the velue of - with transport correcticn; should be epproximetely 3% less

~than the uncorrected vaelus, in good egreement with the experimentsl gdiffer-

ence of 2.6% given above.

(B) Limits cf Error in T eand Higher Moments

The limits cf errcr to be essi gned to 7" moments ere difficult to

estimete rigorously because of the contributioﬁ of the extrapclaeted portions

L —r—

of the 2?0 moments end the rather involved manner in which each of the 7B
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are related to several of the throizgh_ equation (16 ). Hewever, in
the cese cf -? » these more COm.plic;ated factors c_:ontribute rolatively
little to the estimated uncerteinty in the result, ss will be shown - '
in more deteil below. .
Tﬁe factors which contributse to fhe ‘uncertainty in the final velus.
;of T of 310.8 cm? ere es follows: V
(1) Experimental uncertainties in the measured‘portions of the
-:i; moments . |
- (2) Experimentﬁi ﬁncortaiﬁty in the déngity of the §umple used
| to correct to a stendard d;nsity of 1.600 g/emS .
(3) Experimsntal un;:ertainty in the transport corrections from

uncerteinties in the constent, ¢, snd tre values of
d'Agsf‘ront ). ' | |
ds = —
(4) Uncerteinties in the extrepolsted portions of the 2D due to
“the fect that the extrapolating function k 3[-31( - '%E" j} 1s
én ﬁndere‘stimate of the portion cf the diatribution from
z = 120 m. to z =0 '." since’ A increeses slowly with ¢
through the measured region of th‘e distribution for z < 120 cm.
",chéver, for sufficiently large z, A\ should apprcech a constent
velue since there is certainly a finite upper limit to the
energy of fission néutrons and consé;uently A will probably
" not incresse greetly for krge 2 '
Stetisticel enelysis baaeci on the totel nurﬁber of counts éntering
intc the measurement of the original slowing down distribution indicete

L ]

thet the uncerteinties in £°® from source (1) are loss than 0.3%.




The uncerteinty in the d‘ensi’ty of the semple is 0.2%, which contrib-
utes an uncertainty to —'F at a density of 1.6 g/c;ns ﬁ-om sour ce (2) of
0.4%.

The experimsntal uncerteinty in t;,he trensport c'orr.e‘ct'ibn at any giv-'
en point of the distribution is not greater then I 5%. Since the total
contribution of the transport corrections to T was only 2.6%, this indi-
cates thet the uncertainty in 72’: from aourée (3) is certainly less t;han
0.13%. | '

Equation (16), using enough z°° moments to give a stationary velus

2 -

of '1_'-‘..' increases the first term in the expemsion, 5 by only 5.7% .

end eech additional term in the expemsion contributes a repidly decreasing

part of this 5.7%. Thus, if all the extrapolated parts of the: 22" moments
out to 312: were discarded the chenge in T is only l.l%. Consequently,

if the extrapolsted portions of the 0 moments were as much ss 20% in

error, the errar 'in' due to source (4) would be only 0.2%,which is small
compared lw_ith the cther sources of errar. It is cancluded-thet i:he un-
coertainty in X = 310.6 _cmz is vsﬁrely not gf;reat;er then 1%.

Si‘mivlarly,' the uncert_s.thtiég in ? end ;—T ere estimated to be less
than 3% end 6% respectively,

" In conclusionm, 1t appeers thet this éxperiménﬁal method, using e finite
semple éhd_g cos 1—%5 cog 1%1-‘.plane .source, ‘giveg; reliebls results with a
reasoneble size slampleai It has‘deﬁnilte advantages over e poimt source
experiment'_ j.n thet one cen meesurs to greater distenceé fron_x the-schrcé‘. no
geomstry corrections are n'ecesaary-aﬁdv ell the measurements can be talen

with one source and detecting foil sizes’
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