
,l, 

,.l 

" '.,,: ' 

i! 

l,;. 

. ' 

'''-/ 

.. 

Matal~urgical Project 

Au H. Compton, Project Director 

**** 
Clinton Laboratories 

M .. D .. Whitaker, Director 

R. Lo Doan, Associate Director for Resea.r,ch 

* *'ll- * 
PHYSICS RESEARCH 

, . 
H.. VI. Newson t Section Chief 

( **** 
Physics of the Clinton PUe 

**** 
March 6, 1944' 

This wor~.,:wa.s' done under problem assign-

CP-1300 
(A-1859) 

Y?fV 

ments 100";'11' [~-l& a.nd 133-X3P" " , [, 'l"1~n=~·.~~, 8'1 ',ut~"\Q~tty 01~ 
}\ ,.~ '~7 (k '~ j) ,,--,,:; ",iii,' , 

This doaunent!w been approved Cot relcue , ... _2 ,,":;- - £Y., 
to the public by: . . • &: ~ e IlIIlt1 l , -~ 9 . u~~q( , ftr.~t= . 'Jp ~sJ:""""'"""'" i1liiii<;" ' .. .• .......... 

"I!S iNlro 
~ =!DO UOJl1llWOJUI~ 

:Gq OfIqM ~ '" 
_l:ll 10) p:lAOJdd1l a:l~ $IIq ,\UQWl1l)OP '!1U 

C!!" , 

t~'!l\*~,"\·i:·I.'·~;'\.,;:;';:"~';" '.,'" -.,:....-
.(.(H it1l1\~ihi\~~\'\"'V'tt.y~)"""t t ,t't: '~'<''.' 

".~"".~-"""""""""'" 



I • . , 
JI. 

I 

I " 
.< 

i' 

....2-

Table of Contents 

CP-l.300 
(A-1S59) 

Page 

,~ Abt t {. . srac·~ J 

~ ~ 

~ 

'.\ 

'z. 

"", 
('~ 

t/\ , 

~, 

I.. The Change of the Period of the Pile with Loading. 4 

II •. Temperature Measurements and Power Calibration: 10 

III.. The Temperature Coefficients of the Clinton Pile ~ 11 

IV.. The Reactions oftha Running Pile to a Movement 19 
of a Control Bodo ' 

v~ Control Rod Calibrations and Absorption Measure­
ments. 

VL. Neutron Flux: Measurements. 

YIL, , Stnek ·Activit.y. 

VIII. Appendix. 

24 

38 

48 

52 

Note: Tables and figures are numbered from one in each section 
of this report ~ 

","" ~""'" 
~ ... '. 'H-<V'''''''''>''''''''~ 
.,...._1; .. , --.,.-,-",. '''~~--,...:-­... _ ... ..""., __ f-'"'''' "",,,,,; __ A~~ _~"",,:,:'_"~':N'~:::::!'~~~~~ 

_ .. !ti£ r&M . .,;. .. ,r:t"""·~-)~':'I·~1-~t(~~~i~"";.t~-­
t!¥'R".;::;;:::;!t!liAJ::l:'Ti'-',""'''k",~~jo,''l:l:*,.:;;;i •. li1! U. -

, " 
~t¥).., 1~:""',~.';;~ IPI! "iII,.. '. t1 __ 

UZ:~.ltdJ!y~;<~~m".~~"". ($=.J"~ 
i!! A "',,1.. 2.'+" _.~.~ooi.b~ ......... n _i\ ..... ~~ 

, . 



! I 
( / 

f 

• j,' 

• 
.' 

" 

-, 

: .... 

'"i. 

'~ 

10., 

'" 

~
' 
\ 
" II 
\ 

.... ~/ ~~ ................. - ---,-_T 
Ii I bI Di1:P'~,:,;:,~?d!'.I'!'i;~,:"~~(~~'t.::.:.t.lti"' .. :,,,"i.!!! •••••• 

. I 6",,",;'':'''~~ •..•. , ~ . .=;.a."",,,,,,,-,_. • ~ .. :Jii~ '''':~"'''' :t"'.I .. ~~ .~~";,, ....... ~~ .... 

Abstract 
o 

It is the purpose of this report to present the results, insofar as 
is possible, of the physics research that has been done on the Clinton 
Pile. The size of the pile has been determ!ged arid the critical La­
plaei.a.r'l is given as appra:rlrll.ate1y -102 x 10-.. The comparison between 
the integr8~ion of long period reactivity measurements and reactivity 
determinations by means of short periods and the inhour formula indi. 
cates that the formula gives values 20% low" 

Temperature coefficients for the pile as...a whole, for the metal" ,and 
for graphite are summarized in Table III of ~ction 1114 If allowance 
is made for the change of density of air ,vitll temperature, graphite shows 
an unexplained negative temperature coefficient. The coefficient for the 
metal is, la.rger than the reported Doppler effect measurements indicate .. 

Preliminary results 'based on a method of calibrating the pile while 
it is at operating equilibrium are given in Section IV .. 

Accurate calibrations of t~e regu1ati~z rods are reported in Section 
V. These have been obtained by determining the amount of motion neces­
sary to compensate for the introduction of a small cadmium strip while 
maintaining the temperature of the pile ,accurately.constant.. Measure­
ments or the ripple due to the metal absorption and of the effect of 
poisoning are also reported in this section.. The coordInate system uSed 
is described in the appendix. ., 

A development of appropriate counting foils and neutron flux measure­
ments made .v.it.h them are l"eported in Section VI .. 

The activity in the cooling air is about 5 ~ 10-1+ Curies per cc due 
to the active argon and an approximately equal amount due tofl,ssion 
pro:iucts" The orlgil,2' 01' the fission products has not yet been 
defL'1i tely determined e It has also been found that about one-half of 
the active flTgon is retained in the graphite and diffuse out slowly. 
The total amount of argon activated is in close agreement with that 
to be oxpected •. 
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. §ection I 

~ Q~n&e of, the Period of the PUe with Loading 

Problem AsSi~ent Noo l~ 

In CP-IOSl.the loading and the monitoring of the pile Trias des- . 
cribed. 'l'bIDmost inte.restlng point involved had to do with the change J 

in period of the pile as metal l.'~as added beyond the critical loading~ 
This data '.fas tabulated in that·· report and a. part of it will be re­
considered here in the light of' later expe.rience" . 

In the first loading after critical for which measurement ViaS 
taken there were 369' filled channels. However I three channels near 
the canter of the lattice were empty.· '.From later measurements des;" 
cribed in CP-1173 it was found that the removal of a central rod caused 
a loss of approximately 22 ih. From the loading data it was found that 
an addition of one rod on the outside of the lattice caused an increase 
of 309 ih on the average. Tne weight factor between the two is, there­
fore, 50 6" The intensity relative to the center of one of the ,rods was 
,,98 and tha SQuare of this is .96.. The other two rods were the same 
distance from-centero Their intensity factor is 077 and its square is 
.. 6. The three empty channels are, therefore, 'equivalent to 5 .. 6x 
(,,96-i>-2x .. 6) .... 12. \ Consequently" if' the three empty channels had been 
filledL~ channels could have been removed trom the outside of the 
lattice without changing the reactivity of the pile. L, Table 1 this . 
correction 1s shown as the second coltwrun where nine rods have been sub­
tracted trom the actual nur.nber o In order to calculate the radius of' t.he 
actiye lattice the number of rods is multiplied by the area of the gra-

. phit.e su.rrounding each rod" which is one square la.ttice unit or 64 sq in .. 
The radius equivalent to this a.rea is found and is then increased by the 
augmentation distance i which is of the order of magnitude of the diffusion 
length of neutrons in the graphite.. Reflector theory does not appe;a.r able 
a:t the present time to state the proper value of J!, exactly. How-ever, it 
should be getween 4205 and 50 em for our graphite which had a diffusion 
length about 50 em. 

Our experimental attempts to determine the t€tecti-v'lll radius of 
the lattiee seemed to indicate a some~nat larger augmentation distance. 
For thi$ reason, calculations are .;r.ade on the basis of .J, "'" 42 .. .5J)· 50 11 51 t~ 
em. ill, """ 2042Jr2 is tabulated for each value of ~ and for the various 
loadings for which period measurements are available. These values are 
suf'f'icientlyclose together that; the proper value may be found bY' inter­
polation when a definite deeision can be made on the value of 1" The 
'period in seconds corresponding to each of the loadings is given in the 
sixth column.. The seventh column shows reactivity of the pile in inhours 
as calculated from the formula 

" 
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Number of 
tilled Correoted 

cbannels number 

369 360 

"5l3 364 

117 368 

381 . 712 . 

385 '5l6 

389 380 

- il..J.,.Orltical 

- b Critical 

!.o. c~ l (period) 
8ih (integration) 

BK (period) S(ib) 
~ 

, 8X (integration) s (1h) 

,..' i 

Table I. 

£- ~5 . ··1-~lf.- :loS . 
.~L\e 10':6 cm-2. ' ."lUX L cm-2 -A1C 10- om-2 

85.4779 80.,7529 , 
. " 

8406911 80 .. 0030 

83~9192 79 .. 3205 

8301621 7806246 

82oU90 77 .. 9414 

Slo6S99 ' 77oZ7Cf1 

86.575 810750 

105 .. 019 100,,194 

4~75 JC 10-8 4~3.5 x 10-8 
loSQ '3,048 

3.23 x 10-5 ' 2 .. 9; x 10-5 

2 .. 58 , 2036 

hutetal - 67705 em 

h ..., 73105 cm ' 

76 .. WJ30 

75,,7428 

75 .. OSc:n 

74 .. 4486 

7308191 

7302007 

770425 

95 .. 869 
'4 .. 2 x 10-8 
.:h36 

'2~85 x 10~5 

2oZ7 

~.- 18oU.x 10...6 cm-2 

flo. ... .. 

~ 

1h From. f§C)it 
~r Period 
sec Measurements 

126 23 

62.0 39 

35.,5 56 

22...1 74 

16,,7 36 

11 .. 9 100.8 

~ 

Ih BY In-
tegral 
Methods 

30 

50 

70 

,90 

104 

l2l. 

. t 
\,It 
I 

.. 
'--
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In the last column of the table the re£$cti:v:1.ty in irihoura as 
found by Haydn Jone~ control rod calibrations 'isSho~vn. As explained 
in Section V these measurements indicate that the above formula gives 
the value for the inhours which is 20% low.. This seems to be a nearly 
constant factor in the range ot periods in which we are interested .. 

The inhour figures in column 7 are plotted against the values 
of the Laplacian for the augmentation distance 50 em as, sbown in Figure 1" 
T:':e points farthest to the ri.ght on the curve corresponr. to rather short 
periods which are difficult to measure and the agreement or the points 
with a straight line is within the reproducibility of the p1easure.'11entso 
This is also true far plots using the other augmentation distances~ -
From the slope of the curve we can obtain the change of the Laplacian 
with the change in inhours.. These are sh0WY.l in the lower pa.rt of Table 
l' for both. of the se1.:.s of ,inhourunite: '3300 _ in the table.. In order 
to convert this to the change in k it 'is necessary to assign the value 
of the migration areao This number is rather difficult to determine and 
the value of 680 em+2 has 'been selected. A spread of about 7% on each 
side of' this value will include' est1matesfor this figure based on various' 
method~. of treating the same datao 

tf .• . 

. . 'rflA moat nrobable value for t.he eh~e of k to 
\,!,~\1lW;"ifl is 3,,0 x 105 if ~'\te use the inhoUl" calibration calculated from the 
short period measurements and 2,,4 x 10-5 if we take the value 'which is 
based on long period measurements.. The lat~er figure seems much more 
reliable and is ll1 agreement with information privately communicated 
by Mr. Fermi who ha.s altered the inhour formula' with the use of lat~ 
measurements of the decay of the delayed neutrons o 

To determine the critical value of the Laplacian it is ,necessary 
to assign .an effectbre height to the cylindrica.l pile., The actual. length' 
of metal in the pile is,677~5 cm. The augmentation distance is less im­
portant here since the contribution to the Laplacian is small., It has 
been d~cidedto add 10 em to the length of the pile on one end where the 
metai and the graphit~ are a.pproximately, flush and 44 em a.t the other 
end where a considerable retlector is presento Tbiagives an answer of 
731 .. 5' em which is exactly the length of the graphite in the pUe. This 
gives the, parallel contribution to the Laplacian, 

1f~ ... 18.44 oX 10-6 
h2 

If this is added to the critical value for the transverse co~ 
ponent,the critical Laplacian, of the pile becomes 105, 100, or 96 for 
the different augmentation distances. The mast probable value at present 
is approJdmately 102; inasmuch as, the experimen'tal attempts to determine 
the ra.dius have been somewhat disappointing and the IIi8lJao ~e cannot be 
considered as establishedo ' . 
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It has been suggested by Mro Wheeler that it might be well to 
give up the concept or the inhour unit and make calibrations on the basis 
of the comparison of Laplacian with the period of .the pile. However, a 
plot ot our date. is shown in Figure 2 and. it is seen tha.t a much more 
extensive set of measurements would have to be made in order to be able 
to interpolate the rather complicated curve. 1lIro~over, as is seen here, 
there is some question as .to the exact value of the Lap!acian, whereas 
the inhour is defined in a defini tEl experimental basis providing the 
calibrations are based on periods of the order of an hour. Furthermore, 
experiments of this kind can only be performed on occasions ·~v-
wi'tlSlill a new pUe is being built and the :oppo:t't.u.nity tor checking 
the dataia rather meager. 

The result S ot the new calibration '!Irere only available after a 
considerable quantity of ·t,his report had been written. Ne have also 
published a considerable number ot preliminary results based on the 
older calibratiQns.. . It will, therefore ,be necessary in this report to 
discuss the inhour determinations on the ba&is of the several standardli­
zations.. Furthermore~ our data has not been taken ovel" a sufficient 
range to a.ttempt to set up a new inhour formula and our corrections, con­
sequently, apply only over a limited range·of periodsD We ar$ rather 
confident that the calib.rations made by Jones are· ;mabstant!slly correct .. 
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tt... Te:Jt£srature Measurements and Power ,Qat .. ibration 

Problem Assignment No. lOOXlP 

A considerable number of temperatu~e measurements have been made 
at various points and conditions of the pile. Most of this data has 
beeneiven in CP-10Sl and 1173. The data arc so complicated that 
t.here seems to be no feasible way to present it in a unified form. 
Some of this data. has been used by'Leverett and Lane (CE-1200) to cal­
culate the thermal" conductivity of the graphite. There is much more 
data available, but in general it ha.s only been worl<ed up with some 
specific use in mind. 

Yr o Kanne has attempted to Measure the energy due to th.e radio­
activity of the lwnps by observinG their t~~perature imnlediately after 
the pile OOS been shut dO\irl. This ha.s !leen surprisingly difficult to . 
detect considering that there sho~~d beltemperature corresponding to 
5-10% of the operating powern Further experiments are in progress" 
A. power calibration \~as performed by Mr. Fermi at the time of start-up 
and. is l"enorted in CP;"lOal~ Nothing further has been done with this 
t;ype or measurement. However, Mr.. Levere-t,t f s section has caliorated 
the venturi tube. Both Leverett· and the operatine group have measured 
the !lower froIn' the increase in tenperat,ure orl~he air and find the pre­
vious PO'.ver calibration:l(t'fr by a.bout 10.%. This discrepancy is 
probably'not due to the errors in either measurement bilt due to the 
fact that the ionization chambero have been shirted several times since 
Fermi t s calibration and also to the fact that the control rod pattern. 
has a considerable effect on the galvanometer reading for the Same 

.power outout. 

In CP-10$1 it was sLated ~hat the neutron· flux per watt at the 
center of the pile was 605 x 105• A calculation ot a theoretical 
prediction was also $t.a.ted tv be in agreement with this fi£:ure. How­
ever, it has since been found that the calcula.tion is in error and a 
stud;{ of thef'lux measurements \vhich were made at that time@o,.ed them 
to be lac<ing in conaistency. i;e now use tile figure 4 .. 0 x lcf ne.utrons/Jee/ 
em2/watt as t.he flux at the center of the pile.. This is the correct 
theoretical prediction. Techniques are hein~~ developed to compure the 
nux in the oi1e \'!Iith a, standard !la-Be source. However, this requires 
a com.parison of the order of a factor of a million and the· eK..'leriments 
have not so far b~en succes3ful. ., 
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S!s)t:G.1on. III 
'., < 

!he 'l'emeerature Coefficient of the Clinton Pile 

f~~lem Assignment No. lO~ 
. H. W .. ~$ewsonJ W. R. Kanne 

~: The following temperature coeffioients were measured ldth control 
rods which had been calibrated by measuring several short pile periods 
for various displao~~entsof the rods~ These were converted into inhours 
by the use of the empirical formula as discussed elsermere; there is 
reason to suppose that this formula gives results which are low by 20%~ 
The low values are used throughout this section of the report.. They haver 
also been reported from time to time in previous reports.. The table at ( 
the end of. the report summarizes the data with both sets of unitso 1fhe \ 
higher set of units is probably the more acourateo '. 

1he ~ctical Temperature Coefficiea& 

A number of experiments have been performed in an attempt to de-. 
termine the temperature ooefficient of the Clinton piie under various 
conditions. The simplest of these, whleh we call the practical coef­
fiCient, is the change of reactivity' ot the pile compared to the tempera­
ture of a metalslug~ which we believe to be the hottest in the pile o 

This coei'i'icient is affected by .temperature gradients in the pile 0 The 
gradients will be effected both by the temperature of the cooling air 
and by the volume of the air.. However, we have obtained consistent re­
sults under all actual operating conditions so tar. Table 1 shows an ex­
periment of this kind in which the pile was broUght to temperature 
equilibrium a.t several values of the power output.. Inasmuch as the dis­
placement of three control rods is i~volved, the accuracy of the measure­
ment suffers because there are rather serious shadowing effects between 
the various rods. Ho\ve~er$ the final figure* of abOut c(V ~o58 ih/Co 
is useful in computing the loss of reactivity from roam tgmperature to . 
the operating temperature of the hottest slug, and seems to be reasonably 
consistent with our other experimentso 

:r'he To~al_Temperature Coefficien~ 

We have made a single measurement of the change of rea.ctivity of 
. the pile when the temperature was practically uniform throughout the pile 
in both the initial and final stateso 

. 
*<i/meansa temperature coefficient baaed on our arbitrary temperature 
without correcting for.a non-uniform temperature distribu~ion" cCimplies: 
a coefficient for a uniform temperature changeo' The subscripts lIl, 0, and 
T indicate whether the change occurs in graphite, metal or both.. The 
subscript p indicates the practical coeffioient;, 
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This experiment was performed by heating the pile with steam 
radiator's which were installed in the inlet air chamber. Before the 
experiment started there had been no air circulation for some days 
and the temperature of the active portion of the pile was quite uni­
form.. The tanperature was measured with a thermohm _at the canter of 

Table I 
Change in 

Power Metal Temperature . Lo$ s in Temp. CoElf! • 
. leW' . lIea:r Maximum . Rea<:tbity ~ -cCp !h,tC 

100 oC 46-12 2l . .62 ' 
400 go 123-12 62.2.56, , ' 
600 C 151: ... 12 79 .£!l. 

Average •• ".o;S 

the graphite structure.. The resist 8nee of the thermoitm was initially 
'1l .. 32 ohms, corresponding to a temperature otlloOo Co Atter the pUe 
bad been heated, the resis~nce of the central thermohm was 102 .. 2 ohms, 
corresponding to a temperature 25000 C, or a net increase of ll, .. ,.OO C. 
The critical position of the control rod irtitiallYlllas 105.85". The 
pressure waS 74606 mm.Jh.t.ne final condition the critical position of 
the control rOd was 111.66" and the pressure l'l8.S 750 .. 6Iau The sensitivitY' 
of theeontrol rod in this region 'was 1 .. 98 ih/". The reactivity of the 
pile then decreased by""5 .. !31tf x 1.,98""" -11 .. 5 ih. This must be corrected 
for a pressure change of' 4 nun which amounts to i ih J and the net change 
in ;th, theraf'ore, is -U .. 5 +-1,,0 .... -10 .. 5 ih. This gives a coefficient of 
.tt .. ...:r .. 1-,·'-ih/q:. The final temperature distribution was uniform radially, 
but a. certain amount of· gradient was present 10ngi tudin.ll!,lly.. However, 
these longitudinal gradients are sufficiently close to linear to cause 
no particular error in using the central temperature as a uniform t$mpera.­
ture. 

The Metal Temperature Coefficient 

Our most promising method r or determining the metal temperature 
coerricient When the temperature of the graphite is held constant is 
obtained by allowing the pile to come into equUibrium with the cooling 
td.r at the operating power.. Very satisfactory critical poSitions maT 
be determined under these oondi tiona. The pUe 1s then shut ofr but 
the f ana continue in operation and the temper'atur~r the metal. drops 
below the tempera.ture of the graphite. The critical position is measured 
under this condition with a very small power output. If these measure­
ments are made reasonably rapidly, there is very little cbange in the 
graphite temperature. 

Table II shows three experiments of this kind.. .In the first two, 
the fans were left on during the whole elq)eriment. In the third the tans 
were shut off after the critical position wa.s determined and the critical 
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position was measured again.. The inhour change as shown is corrected 
for 'the pressure change of 11,,0 JDmo In the average .tbe third e.zperiment 
was considered mncb the· best of the thr8eand was weigbt,ed double. 

Table II 

Meta1 Temperature . 
tJear Maximum 

Temperature a:f'tar 
shut down 

Loss in reac- CI( g m 
tivit:v (ih) iblOC 

ISOCC 
iSlet 
l50ct 

64CC 
5~ 
69\i 

35 -o4!17 -0613 
39 .. 4 -.410 ...-o(.S 
'51 

(Fans off, same expt) 76'C 34 
Average 

. -.4':r1 ':"~?6 
- .. 460 -~'17 
- .. 43 -072 

If' o(1l is the, PJ"acticaJ.. temperature coefficient <8 mJ that of the metal 
alon~ and "'t,' that 0'1 metal and graphite at the same temperature theY' 
are related. as follows: 

, <,vp (T2 ~ To) -01: om ('1'2 - Tl)-t-<IIT ('1'1 ..;. To) 

'" oc~ T.... ~ ~8 (1500 ~ ~6) _ -f].'82 ~150 - 76l 
(', 

cC'Q T -.75 inhours/OC 

Where To is the temperature of the pilLe before start-up, Tl, is the central 
graphite temperature at running conditions, and 't2 is the operating metal 
temperature in the center" The "'~' 8 are temperature coefficients cal­
culated fram, the central: metal. tEmpe;ra:hure where there is a' non-unif"orm 
temperature distributiono 

.Jt6 'ftIJ1'1' be corrected to <m by· the fact that T - '1'i is approxi-
m.at~ly piiportlonal to the neutron flux throughout ~e pUe. Then for 
each cell in the pile 

&Tl"'" (12 "':' TJ.) Ni/n (center) 

,and for each cell in the pUe the los8 in k is proportional to the square 
of the neutron denSity 

NZ .. .:; . :; 
Ski _o!(~STi ;:p i ... ~(T2 ... Tl) !? i ~ {. (T2 - '1'1)( eeslto(2;~))" 

The total change of' k is 

'Al<-.({T2'- 'll)ll(cos~ Jo {2;t.I:)13
dx r dr 

.. ' 0' 
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SimUarly, if T is the equivalent uniform temperature change 

.. ~k cas .~ T .fJ \;08 ~~ JO (~;~))2 dx r dr 

T ... ~.9M .... o~63 * 
T2-T]. ·;(M .. 

Since the corresponding number for a cube is 0061, it is concluded 
. that the conversion factor does not change much with pUe shape and may 
be used safely on our irregularlY'. shaped pileo .'. The fifth column in 
Table II gives the corrected coefficient. The correction' factor becomes 
0.96 x 0063 .... 0 .. 60 when we take into account the fact that the slug is 
two feet down stream. from the center of the pUe 0 This location was 
chosen in an attempt to use the hottest slug .. 

It is more difficult to correct 1\9T_ The temperature distribu­
tion parallel to the rods seems sufficiently symmetric to require no 
correction" In a radial direction the temperature should be considerably 
flat ter than that of the neutron nux be,cause of the strong cooUng by 
the amQty. ~han~els at the side.. One might approximate the ·factor as 

- ' 

.. ' 
(063)1/3 .... 0086 • 

~ 11 T - ...... 86 t.('f 

~'T -= -BP!! 

This' is·.in reasonably good agreement with the directly measured value 
of -,,7'0 . 

Oth~ Obser'lrations on the Metal Temperature Coefficient 

Several other experiments have been performed which throw light 
on the tempera.ture coefficient in the metal.. All of them are complicated 
by the fact that measurement was made on a slug a considera.ble dista."1ce 
from the center oftha pile and that neither theoretical or experimental 
methods are entirely satisfactory for determining the position of the ac-
tive center. ' 

The first of these measurements has been previously reported in 
Of-lOSI. The experiment was performed by Mr .. Fermi principallY' for the 

purpose or detel'lIlir$lg the power output of the pile.. However, while the. 
metal was hot the critical position or the control rod was found, and the 
temperature coerficient was reported to be ap:.>roximatelyoS ih/Cb for the 
particular slug. This was . corrected to give a coetf'icieQ,t of' --066 for the 
central slug, which should be-lo05 tor the weighted average temperature" 

.. We are indebted to-MI'. Weinberg for -tn,e evalUation-of thisfactoro 
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This result is cons:iJj61"ably higher than those of the previous experi­
ments but is subject to correction on t1li0i).~ount.s. Such measurements as 
we have been able to make indicate that the slug is somewhat farther 
from. the active center than wafj at tirst thought. There was also a con­
siderable power output in the course of this experiment, enough to raise 
the graphite ot the pile appreciably. Since the temperature difference' 
was measured bet~.'een the slug and the neighboring graphite, any additional 
temperature rise in the graphite would g1 ve' a coefficient apparently too 
high" For these reasons, the measurement does not seem to be in too poor 
agreement with the other experiments. 

Experiments have recently been per.f'ormed in which the behavior of 
temperature and power have been noted atter a small shift of the control 
rod under uperating conditions.. These measurements were undertaken mainly 
in an attempt to determine the sensitivity of a control rod in a manner 
analagous to a long period measurement in a pile at room temperature. 
However, temperature changes were observed 'Which indi cated a temperatUE"e 
coefficient of 07 .ih/£: tor the particular slug.. In this case the correc­
tions fora position in the pile and for mean temperature approximately 
cancel eatJhother and the final value is unchanged. This is in fa11t, 
agreement with the previoU$ measurements .of ct'",.. This e.xperiment will be 
discussed in more detail,,'" " 

It was also reported in CP-1OSl that the temperature coefficient, 
observed when the pile was being flashed for the W shield experiment, was 
much lower than any other observation. In this case the power and tempera-

. ture were rising very ra.pidly.. When this is the case the' temperature con-
tinues to increase after the pUe is' in the critical conditione In other 
words, the lump continues ,to heat while the power level i.e going down" In 
these experiments the temperature indicating d~ces operated with a long 
delaY' time and the.., effect observed was therefore not the temperature 
coefficient, but the 'change in inhours of the pUe divided by the maximum possible 
temperature.. This gave us a value of -,,4 ih/'b.on this particular slug ,and 
~'.ouldbe reduced to about -,,35 ih/~ for the central slug. . 

While the observation reported was not very accurate, we may make 
an interesting cal culation from it; namely J the maximum number at excess 
inhours which the pile can stand without l"eaching a temperature ',.hleh 
would. be permanent.ly damaging. This temperature would be approximately 
600Ci:;, which is just below the melting poip.t of aluminum and the phase 
change in uranium metaL. If we, therefore", multiply 600CC by .35 we obtain 
210 1h - 0.14'~ K. 

The value of ';(au which we take as "",,72 ih/'<'II is to be compared .,ith 
the results at experimmnts performed in Bloomington (CP-597) on the change 
at resonance absorption with temperature. This result 'was very close to 

9;, 
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one percent change in the absorption per hund.red degree temperature rise. 
To convert this to inhours per degree we multiply by 1 - P $ the probability 
of resonance capture and convert this figure to inhOUl"s.. This is 

!~ .. ~_ x 1~2 f ~-:f!3 ..... 04 !b/oC. 

It is possible that the errors in the two measurements maY' be suf­
ficient to allow agreement • However, the discrepancy appears to be con­
siderableo It ¥lIould seem advisable to devise experiments to see if any 
other factor besides the temperature effect of the resonance neutrons 
may be causing the discrepancy. 

An attempt has been made to account for this discrepancy by the 
temperature distribution in· the graphite near the metal.. OUr thermocouples 
?nnich measure araphite ten~erature are located several centimeters from the 
nearest metal. Ho~',revel' s> the hottest parts of the graph! te are near the 
line COlltacts between the slugs and the bottoms of the channel,. If these 

,"hot l
' spots extend into the graphite by a distance of the order of the mean' 

free pa.th and are at approximately the temperature of the metal J the 
neutrons passing through the spot lYiU be changed in temperature. This 
would add a part of the effect of graphS. te in vacuum to the resonance ab­
sorption. 

However, Messrs o Nordheim and Soodak have calculated ~e tempera-
. ture ot t.his "hot" spot and find that the average temperatui'ei'one centi­
meter froa: the slUgs is 'only one or two degrees. This effect must, there­
fore, be negligible" 

Te ': 'rature coefficient of t.he Gra,ohlte and Correction for the 
Atmospheric fect 

The dif'fere""':~T - '{m is equal to r.lg , the'tanperature cOefficient . 
whicbwould be obtained if the temperature of the metal were held constant 

. and the temperature of the graphite were changed. This is equal to .. 72 
- .• 72. ..... .0 ih/oe.. Or J wi thin experimental. error, the effect of changing 
the graphite temperature alone is negligible., However, if the reaction 
were being carried out in vacuum or in an a.tmosphere of a gas such as 
helium which does not absorb neutrons, a sizeable negative temperature co­
efficient would be found. lIihen the pile is operated in an atmosphere of 
air an increase in temperature decreases the density of the nitrogen in 
the pile and in this particular case it appears to compensate the tempera-
ture coefficient almost exactly. M equivalent change of pressure will 

'change the density of the air by the same a'llOunt as the change of tempera-' 
ture.. This, therefore", is approximately 74S,,6/291 times the barometric 
coef.ficient. We do not yet have a. thoroughly reliable measurement of 
this coefficient but we do have measuramentsthat indicate tbatit is 
between 02.6 and ,,18 ih/rom of mercury.. If we accept 021 as a tentative 
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value we get - .. 52 U!./o as equal to ~o The same corrections gives us 
-1 .. 23 for :~ in vacuum. 

Since the change of denai ty ot the atmosphere· til.ft~. principally the air 
in the pores of the graphite there is little analegous correction to be 
made in the case 'of ,:(m... . enlr one sixth ot the air in the pile is in 
the cooling channels. The temperature of this air will be influenced 
by· the metal temperature .. but)· considering that the metal has only 44 per­
cent as much surface as the graphite, the oorrection should be OI\l~X 0 .. 17 
x 0 .. 44 ..... ...0 .. 04 ih/Co. This gives a value of~ in v~cu.wn ot -0.76. 

Discussion 
• =II 

The very considerable negative temperature coetficient ~ cannot 
be explained by any known street. It is presumed to be due to & change 
ot ,l (the number of neutrons prod.uced per slow neutron absorbed .in uranium) 
with temperature. In other t::1ords; an increase of the temperature of the 
graphite increases the average energy of the neutrons which presumably· 
decreases the probability or fission relative to the other reactions which 
may occur when a thermal neutron is captured. Experimental work now going 
on at the Argonne Laboratory may verify this effect 0 

It is also possible to assume an ~l effect to a.ccoUnt tor the dis­
crepancy between ~ and the change of reson~ce absorption with tempera­
ture. This would presumably be due to a. decrease of the probability of 
fission. due to an increased thermal energy of the uranium atoms. Another 
possibility is resonance capture by 25 to form 26. This effect mal" b~ 
present with a probability considerably Less than that of fission (CP-1255). 
The increa.se of this effect with temperature %'vould cause a less in addition 
to that. observed at Bloomington. However, it seems unlil<e1y that the ef­
fect would be large enough. 
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Table nI 

SK -Sib 

;,(p 

o(T 

..". 

.(T ( vacuum) 

~, iii .. 
c(Jil (vacuum) 

·(m (vacuum) 
(Calculated from CP-;97) 

.. ~.G 

~G (va.cuum) 
The temperature coefficient 
due to the air in the pUe. 

, .s ih 
,iJiiin Kg 

Inhours based on 
short period 
measurements 

3 .. 0 x'lo-5 

...o .. 5B 

...007' 
-1023 

,...0 .. 72 
...0.7,6 
-0040 

0 

, -0.,49* 

0 .. 20* 

This section ot 
the report u.ses, 
the figures' in ' 
this colwnn .. 

Inhours based on 
long period 
measurem.entaH 

203 % 10-5 

-00 66 

-00 81 

" -1039 

-0.81 
..00 86 

-0044 

0 

-0063 

0 0 25 

This column is 
based on sounder 
calibration and 
is probably cor-
rect. . 

* Previously published data uses the units in Column 2 except the two 
marked ,with asterisks which are based on the calibration in Column 3. 
** In Section V it is pointed out that calibrations based on short 
period ineasureme..l'\ts at start-up differ by six percent from similar 
measurements made recently. It is probable that this represents a 
real. change in the calibration curve due to changes in the pile between 
the two sets of measurements. Since most of the tempera.ture coefficients 
were measured some t:Uneago the earlier periods give the better calibra­
tion .. ,'For that reason the figurestin this column are raised 14% instead 
of 20%." 
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Section IV 

'!'he Reactions or the Running PUe to a Move-
ment ot a. Control Rod . 

f!"oblem AssiQ!m!nt No.. lOOm 

H. B'" Newson and R .. UaCord. 

We ha.ve previously discusSed the usefulness of the inhour unit,. 
because of its unambiguous definition in terms of directly measurea.ble. 
quantities. However, it is abundantly clear that calibrations must be 
based on long period meaellrem<Jnts if accurate results are to be expec­
ted • Unfortunately, inatloperating pile long period measurements are 
very inconvenient. It is not only necessary that the pile be shut down# 
but it must also be at suah a temperature that chal.'.\.ges are not likely to 
occur' during the measurements. This ~nplies a relatively long waiting 
period while the graphite reaches thermal equUibrium with its sur­
rouildings. In the calibrations described 1.'1 Section V j it was fairly 
convenient to perfor.m these measurement.s once to standardize the whole 
tl&t of calibra.tions, although the accuracy or the measurements sutfered 
O'.)naiderably because of an attempt to perform them in the shortest pos-
4ible time .. 

It will shortly be necessary to introduce poisons into the pile in 
order to increase its power output.. Reasonably well calibrated control 
rods will be very useful to checIt 'I:.he progress of the poisoning experi-

. mente. However, this poisoning will change both the sensitivity and the 
shape of the calibl"ation curves. It would seem out of the question to 
shut the pUe down frs'1,Uently enou.gh to reca.librate with lcmg periods 
on the' cold pile. An att~l1pt has" therefore, been made to substitute 
a measurement on the opera.ting pile .. 

~~en a chain reacting pile is off the critical condition it rises 
or falls according to the equation 

g ~~ ~~~-s ih 

if the period is long. ;1ihere n is proportional to the power output of 
the pile and 'i'" is the period 0 

A pile operating under equilibrium. conditions at high, 9ower, ho .. -
wei"" will suffer a change of tanperature for a very slight: movement of 
the control rod. This change of temperature will be proporti9nal to a 
change of inhours _ t( (To - T2). Vlbere c( is the temperature coefficient, 
To is the temperature uDder critical oonditions and T~ is the temperature 
at time T after the c~mtrol rod has been moved. CombJ.ning these two 
equations \I'e find tha'l; 
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d ~ n .... S :l.b _ r< (To, - T2) 

This equation will not be exact since the equUibrium between the in.­
stantaneous neutrons and the delayed neutrons is continually being 
disturbed 'b7 the temperature changes.. ' Howeyer, Mr.. Nordheim. has de­
veloped an ingenious empirical correction which, may be appUed, (U-CP ... 129'). 

Figure 1 shows a plot of the pO~'1er level of the- pile and of the 
temperature against time. The two curves are similar" but the JJd.niDla 
are conslderabl,y displaced.. It is probable that the pUe' haQ not reached 
thermal. equUibrium.' at the time measurements· were stopped, but there did 
not seem to be any possibility or following them further with ·much ac­
curacy. New instruments 'are on oreler which 1d.ll probably perform this 
task and follow the complicated temperature changes which probabl,. take 
place tor at least an hour after the change. The main etfects from these 
curves are probably due mainly to the change, of metal temperature and the 
latter part to 'changes in the graphite temperature which, howeve:r~ have 
probably not reached equ11ibrium~ 

. Figure 2 shows a plot ofdl.ur4tr against. To - 1'2.. This is plotted 
only as tar &s the temperature minimum, -miclY~he interesting region of 
this plot.. This is extrapolated back to 1'0» which gives us a period of 
1.03 rec&procal hours.. This is equal to the numbtbr Of inhoUrs within 2$. 
From Jones G control· rod. calibration we know that the movement ot the rod 
wa.s equivalent t.o 1.,6 inhours.. The resu1.t of the extrapolation is, 
therefore, low.. Tbe lower cu.rve~ shown by crosses within circles" is 
~Jordheimll s correci;.ion. This extrapolates to exactly 1.6 iho Tbf.' b!!ltlwd 
~ aot ,b~en carried far enough, as ;vet, to determine the accuracy with 
which standardizations may be made by this methodo However, most of the 
ditficulties which have been encountered seem to stem from the instruments 
which are those built into the control panel of the pile and are not very 
suitable for the purpose. There seems good reason to suppose that better 
instruments would allow the pile be~be standardized with sufficient ac­
curaey by this method. The. temperature coefficient < should, at first 
be CIC Ii mt the uncorrected coefficient tor the metal as explained in Section In. . ' 

, After the elapse of some time <..should be equal to 4('.... However ; 
provided <: does not change rapidly during the course of th'i measureJllents$ 
its value is not ilnportant for our present purpose" . It ~vUl be observed 
trom the corrected'curve that the slope corresponds to 014 ih per arbi­
trary temperature unit or ~82 ih/~ The thermocouple was in a position 
where its intensity relative to the cent.er was .8. o(U at the center 
should, therefore, be ,.'J1 1h/~ It the inhour change during the experiment 
is divided by the temperature change from the initial conditions to the 
final value a coefficient of 1 .. 0 ib!CC is found. ..If' we convert this to 
the activity center we obtain ,.8.ih/ct:. These values are somewhat dif­
ficult to compare with the result's reported in Section In .. «: Vm, as given 
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there I must be converted .to the new calJbration a.nd corrected for the 
tact that the slug is somewhat ort center. This gives "'043 x .96.x 102 
==-049 ih/~ '~D must also be. corrected in order to compare with measure­
ments at the center, sinee the center of the pile is ott the max::l.Jnum of 
the temperature CUl"V'G for which co<p applies, ~s correction ull raise 
it somewhat. The value should be apprQXimately .66/09; - 070. The 
agreement of o'J1 with .. 49 iswith1n the spread of measurements of tCll* 
The value of .. S exceeds' the v~l.wa «' \) by about the same amount. . Con­
sidering the errors in conve~ b'am measurements at one .point to 
thO$) a't; another, this is' reasonably good evidence that the temperature 
coefficients during the abort period Of· time which dete1".l'4nee the ex ... 
trapolation curve is not. much above oG . but that the tempera.ture c0-

efficient does change coilsiderablJr d~ the course ot the whole measure­
ment. 'fh1s may be seen by plotting the rest of the points. Figure 2 in­
cludes only those points up to the temperature minimum. The rest of the 
poin~e while near the curve» aho .. , a definite tI"end away from it. . 

jVe are indebtsdto Mr" Kanne and several others for help in as­
sembling the apparatus and in taking some ot the measurements ... 
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Control Rod C&libra~ions and A;bs'!Ption,' h$easurEBllleats 
.. ..... 

lToblan eant. No .. l<>OXJ.r 
. Jon~3 .. 

,'.' 

.. :, 
It ODe &'c.Wlllpte to calibrate the control rods :0£ a pUe opezrat1ng at 

a high power lavcol b-,,,.. making period m.easur8Bl;~mts, 'It becomos apparent that 
the method 1s quite inappl108ble due to ~es Qe.~ed by teniperatuH 
drifts. To circumvent euch difficulties. the toUowing proc8dure ,JaG 
used to ~l1brate the 112' co.ntl!'91 rod .(0, -~OoS to 18, '''701.3)i 

1. A sons:Lt1ve type K potentiometer ".e connected to a thermocouple 
soldered to the Al can of the 3Stll metal .lug'in channel 1859 (0, 0" 9.18S). 
The tempera.tUl~e of this slug :_8 .kept essentia.lly constant dur1n& Q set 
of l'llaBplH2remGnts by varying the power lavel of the pUe. 

20 A cadmium strip 2-1/4"t11<16 x ool9'! thick was used as a staridard. 
unit ot reactivity b;y plaoing 1t.1n slot 1/')8 (-9" -19 to 0, -9) BO that it 
extended l44" into the pile !rom one edge: of the pUe to the middle plane 
(or :Y II: 0 plane) of the pile. This is a region of v~r¥ low neutron derlfJity 
so that this rather large piece,ofcadmiwn had a smaU effect on the re­
activit7 of the pUe (208 'inhoUrs)..Thenumb~r .2 regulat:i.ilg rod· runs 
pai"eJ.lel to this slot some 73. S. inches away,. The perturbatiOn ca.used by 
the Cd strip on tb~ neutron distrib.ution :wu negligible for mOst ot the 
pUeo Any shadovd.ng etfect. on the #2 rod is well within the ax.perimental 
_norso' 

- . 
30 Using the 1/1 regulating rod (O~ +1005 to-IS, 6.87) as' a comp8ll";' 

sat01" J the s<!lnsit1vity of tho #2 rod was' c:le~erm1ned for various positions 
of the #2 regulating rod taking the Cd strip as' the Unit of reactivity. 
That 1.) the pile critical. position tor the. control rods was determined. 
for a. g1VeJ:l position of the #2 re'aulating rod. Then the Cd strip was in­
serted alo'Wly and the pile tempera.ture hald canst-ant by' moving the #2 
rC93UlaUng l"Od outr-io8o I pile \\las kept opel:atin.s at 0ISsent1aJ.~ the, same 
power lweI-until the Cd strip was at its "in II position. Thell a new'crit­
ical posi Uon was de.ter.mined. The direction ot .!letion of the.· ca.droiwn etl"lp 
and #2 rods were next; reversed untU the Cd strip was again out of the pile 
and. a . critical position aga1ndeterm1ned~ When we first. tried. euch me&sUN­
ments, wEI, held tile power level constant dur1.ng the ~puJ.at1on$, but the 
sUght tenperature cb.a.n8es 1ntrociuced cona1derable errOl''' 

Figure 1 shows.the s.Gne1t1vity curve measured ~n thi8 w~o 
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The setting of t.he aeleyn is essentially correct since the center of 
the pile as .. s" wa.s designed. to have occurred at. a. reading of 84,11 out .. ' 

Two attempts were made to tit the e:cperimental data b,y a Bessel'., 
function.. Those are shcrwn in Figure 1.. Since control 1'04 #2 cute through 
only a small portion of themetallettlce, the theoretical. fit could not 
bf) Entpocted to be perfect.. 'In the caBe of the #1 control 1'04" tlw tit 
witb a Bessel's £unction was e&collent6 the ave~ge percentage deviation 
being 402% .. 

4.. The absolute reactivity of the Cd st.rip was determined at a later 
date from pile periud measlll'ements, liMe with the' pUe cold and' operating 
at very low power'levels so as not to disturb the pile t.em.peratwe. 

, , FoUl' separate lnethode wore ulleda 

(1) 'lb.. standard Cd strip VlaB in thlil pile when it '.a atal'ted and 
bl"ougllt to ess<Ultially a. c~lt1cal poeitJ.on" Then the Cd strip _8 ru­
moved from. the pile and the pariod mea.aured (1280 seconds) t.o give 2073 
inbours for ths strip as calculated from the inhaurs fOJ"lliula (adopted 
from the tor.mul.a. use(i for the Argonne Pile).. it correotion of 0.22 in­
hours ba,d. to be mae to this value to correct tor the fact that. the pile 
\\1Q,II, sllghtly otf the critical posit.ion betor" the Cd. strip was l'emoved. 
The corrected value. equals 2 .. 95 1~u.r1J0 

; 

(2) The pile was running at a constant power level" 'A Cd siirip _s 
inserted into the pUs" The measured period was -1302 s~conde which is 
equivalent to -208/+ 1nboure. 

(3) With the pile at a c.ritical position, the regulatlDg rod was 
moved. out ISO as to give the pUe a p$l'iod of 2913 seconds which 1. equiV­
alent to 1 .. 22 inhours reactivi try. '!ben the Od strip \'988 inserted to give 
the pile a period of -261, seconde or a. reactivity of -1039' 1nhours. The 
dttterellae in those rea.ctivi tiee should. be that tor the Cd strip or 2,,61 
inhoUrliJo 

(4) With the Controls set t.o giV<ii the pile a period of 5SS seconde or 
a. reactivity of 60Cfl inhours, the insertion ,of the Cd strip decreased. the 
per!.od to 10S7 aeconds or a reactivity of .3029 inhOure.. ThS difference in 
reactivity d.lW to the Cd strip 18 t.hen 2 .. 18' 1nho~e" 

Tbra averagG poisoning effect is taken as 2,,8· lnhoUl's tor tbe eta.nd.ai-d 
Cd s~ripo This value which was taken with the pile cold may be very rU.gbt13 
lUsh to use am e. hot pUe value (l$}o 

It one int.egrates the sensitivity curve over its length, one gets the 
total number ot inhoUl's equivalent for the entire 112 control rodo This 
gives 39 inboura 'lImch should be compared with period measurements made tor 
the allnost complete removal of the #2 rod which gave an average of 34074 ± 
.2 inhoure .. 
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The d1screp&rAQY is likels due among other. tbirlge .to &r1 'error 1n the 
con$tants of the' reactivity va .. peJ'1od 'formula uaed. 

Cp;L~b"ration of ft.l, Control Rod 

The III CQntl'Ol rod. (OJ 10.; to -18. 6 .. 87) was oalJ.bl"atod b7 oom-
pari.r:as itasenaitivit,y aga;I.nst that of the #2 control rod9 Cr1t1ael,' 

II 

'posi tiona 'Were taken tor about 2ft JnoYODlent;s of the III control rodo Since 
the #2 rod hae a. emaller effect on the pile tban the III rod, l~:was I1fiIO!o • 
el!l<S&q to insert ext~e, Cd strips 1I1to alot.s S9 and 60 W lBintain the a.m.G. ,.. , 
lave! ot operat10!l. Theae Cd atri.ps undoubtedly perturbed tbfJ measurEunont •. 
to aomedegre.. Howwer, the con'Umi1t.y of the da.ta shows that the etfect . , 
was very :emal.l." 

A l_st aqua.l'ea $-erath ~rder BeastalRs funotion tit ga.'f. the sensitiv1t7 
in iJ1houre per inch as . 

.. . 2.922 Jo2 e·tff f;2 ....... :·T-(-~O-o2-5-j2) 

.hElre» .30 .. 2~" := distance trom center ot aCtive lattice to OOIltroll'Od. 
channel. 

y :: distance from '3 = 0 plane·al.ong the control rod channel t 1'/6 OOft. 

US" :: effective radius of ¢.le': 29·2 cmg 

2" 922 = eene1Uvity in inhoUJ'1I pOl' inch of suoh a control rOd at the .. 
center of tho central oell. 

Using information about;, tho neutl1.\l6'ldist1'1buUon in the graphite shield, 
one can writ.e a torl1lU.l.a which appl1es «t]'graph1te 1"egion of the control 
rodve travel u . J . 

(MSo4lt - 1'1 . _ UJ&"M "'r:1 2' . 
. 1t.78.xl0-4 [. 18.~· _.. 18.6·. . 

'Where, 18" 6'1 == ·the rru.&ution distanoe" 47024 em 
148 .. 449 ·'Z'a4ial.:dista'lce ,to a ooint where, ,. 

. t,b.e. effective nwtron density :1.& . zero . 
'4.78 x 10-4 .. norJnaJ.iza.t1on constant in inhOUl'8 pel' inch 

144" ii /1/ z;8S" r .. J;2:(;O'o2,)2' ' " 
An. integral. curve of tbe Ill· control rod is show in Figure 20' The' 

"al:i1ez in the region 9£ usual pUe operation around "'2S" a.re about 14% 
h:1.g}~a~ than tho .. obtained. tr~ the 1n1tJ.al pUe start-Up data· ar.d about 
~ bighel' than .gl~iriod measurements gave" Tn."s difterences maybe 
caused. in part by We constants U8IId. in the inhoure v~" period fonnula .. 
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R1el?le EKperimcts 

Having ceJ..1brated the number 2 regulat1n~ rodjl we decided to st\ld;y 
the, ripple in t.he slow neutron intenel ty caused by the rod. structure of . 
the lattice.. To do this 'We placed small pieces of Cd _\let. on an alUmi­
nUln strip so thut they CQuld be .moved back and forth in e. toil slot across 
the central vertical pla.ne (y :: 0 plane) of the lattice. 

10 Three 2n x,2" x .. 020"'Od pi.cu were Dcotch taped au apart (the 
lattice apao1ng) to an aluminum st.rip. Theetrip was alid to the centel' 
ot t.he pUe.. to'e.. the center of the middle Cd piece wae' in the y • 0 
plane 0 Ueaaurements of critical positione were taken at two inch inter­
vale OYer the aen.utal 32 inches or t.lle lattice.. Runs were made in slot. 
liSa (9. -2 to 2.0 9) antj slot #52 ~-9, -2 to 2 .. 9) mer.e the graph1te tem­
peratures "WeI'e around 20°0 and 1S 0.. ~o ebeenable d1tfere!'lce due to 
i_perature tlatte~i~ was m.eaeurab1e. figure), shows the experimental. 
results" 

When eo correction 18 .made for the general shape of the pUe intensity 
dietr1bution in this regien ;)Iou get P1gura 4<> fhe general downward drift 
is caused. bj" the fact that c.U.fterent amounts of aluminum are in the pUe 
for the various mlS&surements 0 

'lhe e1mUar measurements DJtMte with five 1" x 2" x 0020" Cd pieces 
spaced 8" apart are alSc. inc1ueleelo 

The ripple had be~~' ~~~~d""~rii~1' ~s~' C~ tolls ~; .. detectors. 
A 5% variatiol'l in 1nteneity was obs*?rvedo The transition region between 
the graphite shield an4 metal-loaded lattice has been investigated using 
10-6 gra.m indiUDl deteatorso (Technique described elsewhere in this repOrto) 
Typical. results shown in Figure 5 indicate a 71, ripple. The control rods 
bave a vanishing sn~l ripp1~ due to the fact 'Ghat the rods' absorb allot 
the neutrons in their neighborhood so tha.t there 1s nothirag lett to ·ripple. 

Axial Distribution 

A 2" .:It 6" x ,,020" Cd piece ecotet .... t&ped to an aluminwn strip was l"wf 
into slot 1162 (18 to "'18, 0, 0)" This toil slot runs parallel to the 
met.al rodeo Critical position measurements were t.aken tor one toot JflOVe­

menta of. thi.e .eel piece., In order to el.1m1n&.te long time· drifts of the. 
pile and to h~p locate the center and ends of the intens1ty distribution 
mora accurat.ely those data were .anal.Nzed.to' sive us aeeentia.lly .the deriv­
at.ive ot the square of the n~tl"on intenSity 0 The curve ot Figure 6 1s 
the sin :2 El with a width of lOOn and its mldpo:l.nt (051 .. 0, 0) at 12,,34 
feet trom the front laoe (18, 0, 0) ot thsgraphite.. The metal rodsl .. l"diam"rutt 
parallel. to the x-axis starting 21 .. S" tJ.'om tM front of the graphite and. 
ext.endin,g to the rear edge ot the graphite being composed ot 65 aluminWIP 
coa.ted metal slugs 4,,1" long.. That is tor the main CGntl"al cylinder ot 
the pile,p the metal extends from x = 15 .. 2 units to -18" 
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The eJCptl:rimental point.s, Figure 6 JJ show that the intens.ity ot neutrons 
along the axis-cylinder quit.e accurat.ely tit a cosine curve of wid.th . 
Ti::::: 300".± In and zero angle at 4.,08ff back of tlle center of the graphite 
lattice" 

Ef'f'ect or Po~eo~ 

A Cd. wire .. 0 .. 1:016 om diaJne1ier and 140 em. long l'Vaa scotch-tapoc.i to an 
aluminum strip and·inserted in slot 1162 (IS to -lS, 0, 0). Critical posi­
tions 'Were takon for one foot e.xial ehifts of the w1re. Asawning that. the 
pile intensity tollows a. cosine function along the oylinder-axLsl we cal.­
C"..u.ate the CUl'V0 dravvn i:n Figure 7, where'!Jhe abscissae are d.istances from 
thlD center of th0 pUe intensity to the center of the 140 em 16l1gth of Cd 
wirflo When adjusted by the method of least squares to the experiment· 
points we get the sensitivity 

rb 
S!! s·~) 0092 etta 
dx L , 

a. 

where R i$ in inhours and L i8 the length of the wire in teet betw~on 
8. and b 0 Using thia formula one caloulatea that IiUl eight inch (width ot 
cell) piece at Cd (diameter '= 01016 em) placed in center of slot 1162 would 
ettec~ the pll~by O~a2 inhoura or for the central cell of the pile it 
woula effect the pile i~ctivity by R B lGOO96 inhourso 

UlSing A k:: k 6cd p where .11k iti tne change in k nEte.r k :: 1; 
ocell ocd 

Oed :;: ..!.. diameter x length of Cd 'Wireg 1,,16 0 effective croas-seotion ot 
, 1+ , 

Od wirQ in the cell; (cGll liD l\/u .ou .T'U N + \Ie PC 00 N· . W .... i Au ---. ; Ac 

with V :: volume of material .in clill; f::; density ~ ((Ill atomic cross-sec­

tion, N :::: avagodro 9 fJ number, A =: atomic \tc:light, VI(\) got 11 k :: "0427,, 

'l'aJdng ~ ,~ _ 2 .. 29 x lO~~SR... \lIilell."fI n -= the nurllber of 45quivalent central 
n - . . 

cells we get n III _& k :: 001;27 - 11/1 1847 central 
2029 x 10""5R 2,,29,x lO~5 :It 1 0 0096 

cell.So 
, . 

A second over-all measurement, «ade ata later date, gave n =2092 
equivaJ.ent cells" Feld e.t. the time of start-up cuclJlated that the pi1<J 
had 5130 aqu.1valent central metal slugs ... Since the sluga average 4 .. 1" 
in length, Vi~havElat!/4 .. l.n :: 10 9Ss1ugs per oello. Since the poisQning is 
proportional to the square, 'WE) evaluate: .L.J2(xJ.dxo !~ cos2 ~·d~.= 00600, 

JJ(x.}dx .. J 008 ~~ 
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" ,.(~ . ". :> which givee n = 2 29 :Jt. ;330 x 1095 x .. 608 = 1996, alii the number ot equiv-
alent cells on ttde eatirnat.~ where the factor 2075 x 10-5/2029 x lO~5 
is introduoed to (U)rrect 'eldls value to the constant we used in our cal­
oulationso 

Ustng·very similar arguments, we calculato the number of equi.alent 
central roda as 102" . 

Pile Scano:1ng 

As we IIIUI in the section on "Axlal. Distribution", the ~. of the 
relative neutron density in the pile can be found by inserting poisoning 
mt@rial( ssuch as a continuous Cd strip) and obsm'Ving the change of the 
critical position on a calibrated oontrol rod" This has been done in sev ... 
eral toil slots 0 Typioal data are sham 1n Figure a l> a.long 'Wi til a Bessel's 
function ttt and norI.aa.lh~~ toll scanning data" (Seo seotion VI, Figure It 
also .. ) 

I:rJ. the region of t.he graph.ite shield the neutron distribution should 

t h-r - h-r 
fit an axpresaion r- (q 

I-
I ::: 10 Lab - e b 

where JJ r nradial dist.e.nce frollL center of pUe til if;;;'2 I Y :: cUstance 
along .foil slot, d iii distance from most active rod to foUslot, h = radiaJ. 
d:i.stanes from. center whore the intenei ty I ., 0" b m relaxation dis1ianoe" 
Now Sl if intO.nsity measuretnent.s are taken at equal. X' intervals and \'ie use 
sets of three measurements IIJ 12' 13 at l'J..t r,2J 1"3 with l"T!'1.:!!Q:1",-1"2J1 
t.h<m. the following convenient computation formUlas are usefula 

b :: D/cosh-1 ( ~2)(Il~ I~ 
r2fb rlJ'b r'j/b r2/b 

h 8 .2. ln ~l· ~ 12(3 P..ln I~ - l]e 
2 11.-1."2/0= I;-:rJlb = 2 It'-r'j/b "" l'je-r2fb 

~9 .. 6 ... r - !49.6 "; t:l . Using the small 1Q[:-6 gm indium tolls we have found: 

I :: 441 a 18 0 6 ,- e lB. ~ 

fits the data for slot 1159 extremely well· with d :: 30" 2S" 0 . 

I am particularly indebted to Gq V ~ Packer fOl' a.ssistance with the 
early me:?surantents~ R. V. McCord helped with,th.e later work and computa­
tions 0 The toil scanniYl.g de. ta taken concUJ'14ently by Co Cliftord t s group 
often set'vGd a.s a checl{ or. a guide to this stud,Vo At .many points 'l'hel.ma 
Arnette a.nd Linda Watson helped with COlllputcttionso This problem a.nd its 
method of solution WeN) giverl to me by H. W. Newson whose encouragement 
and suggestions throughout its performance v~ere very stimulating., 
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VI .. ~ttron Flux Measurements 

Pro~)~ Assi€inment No.. loom!, 

C .. ,Cliftorti.l' T Q Arnette, G.. Hstu tt, L 0 Vilatson 

OtlT first measurements ot the distribution of neutron flux in the 
pile were based on measurements of rather large copper foils. 'A set of 
these measu,rem.ents was r~JPorted in OP-IOSl.. The copper foils were un­
satisfactory at. high power operation.. The act,ivity was great enough to 
approach a health hazard, and instruments were not ava.ilable which would 
measure the stron,g activity accurately. A Lauritsen electroscope was 
actua.lly used~ It was fou.nd that the reproduceability was poor, and that 
the d.ecay curves were not consist.ent. However ,one run ~,a8 made where 
the copper toUs we1"'e distributed in all ten foil slots at s.spacing of 
one lattice unit.. In all cases the foUs were about 3 em immediately 
under the metal 'rods 0 This set was exposed at low power, and maasured 
on a~-ray countero The results here were better and a number of in­
teresting etfects were obsel"Ved. However, oportunities for operation 
at low power are too ir!i'requent to make this a et!tistactory method of 
procedure, and it was decide.u to develop foils which could be used at 
full power operationo 

In order to mea.su.:r>e the neutron flux in the Clinton pile using 
counter technique it was first necessary to develop a type of foil which 
could b.e coUnted b~r the standard thin t,alled glass Geiger tube J from eo 
metal with known reson&n,ce levels a.nd half' life and with a reasonable 
length of exposure time the intense flux of 3 x lOll ri/cm2/sec which 
prevails at the center of the pile at present ope~ating levels~ 

, " Sin,ce indium is weillmown .and infrequent use it was decided upon. 
Calculation using the eross section of indium and the approximate nv of 
the 'pile at abou.t SOOk:w indicated that .fe would have to use of the order 
of 1(r6 grams of metal to get an initial counting rate of six t.housand 
counts. per minliteafter five to six minutes exposure in the pile .. " It 
was then necessary to der,errnine some means of constructing a number of 
standard friils which wotLld hne fixed geometry and which could be handled 
conveniently.. To do this we decided to evaporate a fixed quantity of di­
lu·te indium, nitrate soltr(,ion upon 8,. small square of cellulose acetate 
plastic sheet .. 002 ll'lchesthick" 'tIe used a technique developed by the 
micro-chemists involving a. ,0005 ce pipette a.nd a small syringe to depOsit 
a droplet or solnt.ion .< ,,2 grams of ihdium and, two co of concentra.ted 
nitric acid per U.te~" In order t.o make a reasonable number of foils con­
veniently we deposited five to til.\l!ll drops of solution upon a square of cel­
lulose ,acetate which had been heated in a n alumi.num tray at about 700(; to 
ca.use it to lie flat in t.he tray., The drops 'were then evaporated on the, 
hot plate stl11at700 Co After they were evaporated the first sheet was 
covered by a second of the same size and thickness and both were heated 
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to about 35000 in order to seal the..'Jl together and prevent the loss of 
any of'. the indium. It. W&s very necessB.l'Y to keep all the operations 
completely clean as a small amount of contamination was deadly to the 
results .. 

The drops were then cut out of the large sheet so that they were 
in the middle of a foil "),/4 aq em in area.. The toils were kept in card­
board holders to keep them. clean and nutr'Dered. ,~re tested· each foil by 
placing ten foils in OD.€: cal"dboard holder and irradia.ting them in the 
pile.. The foils seamed. to be quiteSst3af~ and in 'the graphite shield 
of . the pile but as we at tempted to mea.sure on int.o the center of the 
pile we found that we would have to dilute the st.reIlt,Tth by· one third in 
order to count tillS foil a within an hour after they had been exposed. 
Since the power at 1J'4hich the pile l.:JaS running varied we tried the foils 
at radically different power levels and·' tOl.md a consistent linearity 
lr.lth the galvanometer use~ to monitor the pile. To convert ~he data into 
a useltul form we calculated the saturated activity per kilowatt .. 

In order to proteet the personnel the small foils were irradiated 
in. the pile by l)lacing them upon a. lucite strip an. inch wide and 1/13 inch 
thick" V\it:} chec1ted the strip for absorption by l"'Umling t.he foils on a 
graph! te strip of the sarne dimensions and also upon an aluminum strip and 
found no varia.tion detect.s.ble.. The foilS were placed in a colored card­
board hol.der which seamed. to become fairly radioa.ctive and which cut the 
intenSity about 4 % " -

The toi~s were first made with 1 sq am of cellulose acetateo How­
ever, it" was found 'Ii.hat bombarding the cellulose acetate alone in the ref­
lector gave a background activity.rl.th a half U.fs of about nine minutes· 
amounting to about 1% of the activity of the indlum. However, ttds ba.ok­
ground increased markedly' when bombardments wers made near the metal rods 
inside the a.ctive lattic~o '.t'h.i:J indicates tha.t the lC'eactioJ'l is due to 
fast neuh'ons. It was found that by decreasine the area of the foil 1/4 em2 
that the bacltground was not serious. However, w'hen a. foil is covered· with 
cadmium and the indium count, reduced by a r actor of 2,. the backgrow'ld causes 
soma dlffiCt.11tyo Consequ.ently, the measurements of' Gadmium covered foils 
are slight11 less satisf(~,ctory than the bare foils" 

Tabla 1 shows the x'esults of three runs l1'I&de with the foils.. The 
reproducibility iSj on the whole:; good; a~thoughsome.'lhat less satisfac-' 
tory than results of counting standard indium foils.. The foils must be 
handled vary carefully order to aoldcontartJinating them and for this 
Jr:-~as©n decaY' is followed for about one half life and any foil which 
does not deca~r normally is immediately thrown out, and presumed to be con­
taminated" '1\able:2 give::~ the a.vera.ge count in saturated activity per wa.tt 
ot power out.put of the pile for various foils both bare and cadmium covered .. 
The cadmium ratio has a nea:r'ly cOnstant value of about 1 .. 05 within the ac­
tive lattj,ce when lnaasul~ed at. the boundary of a lattice unit o 
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'1'able I 

These measurements "Jare made in hole 59 which is nine lattice units 
upstream from the center of the cooling cha.'1nels and 3;8 lattice units 
below the moat active rod in the pile.. The cadmium oovered foUs are 
corrected for a 7% absorption of the l'Etsonance neutrons in cadmium .. 

DIStance from --jj"ist&:ncefrom As7k:'R AJkw eel Total....cd 
_slot .center .~~er Total CoveredCo~,ered Cd ra.tio 

366 
355 
345 
)35 
325 
315 
305 
295 
285 
2:14· 
26L. 
254 
244 
239 
234 
229 
22A 
218 
213 
200 
203 
198 
193 
188 
183 
173 
152 
132 
112 

91,,4 
71.1 
50.,8 

227 

208 

189 
171 
153 
136 
119 .. 4 
105.0 
92 .. 1 

5.33 
13 .. 2 
2.3,,5 
32,..1 
43.3 . 
56.3 
71 .. 9 
91,,0 

113 .. 0 
141,,6 
175" 
217 
265 
292 
321 
351 
383 
409 
1,28 
453 
449 
502 
549 
576 
573 
664 
813 
9rJ7 

10;0 
1082 
1151 

5,,33 138 
9 .. 63 165 

14,,12 203 
38 .. 3 227 

64.2 262 
99,,5 
99~5 282 

162,,6 261 . 
208 .. 7 245 

26e .. 6 ZlS 1 .. 08 

337 327 ~71 
394,,0 419 L.06 
445~O 462 1,,06 
486 .. 0 564 I'JI6 
640,,0 442 . .. 69 
647.0 504 

1 
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Table II 

This t.able shows thr.ee typical runs along Slot #59" 
without Cadmium. .. 

DistanC€l from --~fti.\n 1ft ---------Run 712 

All runs were-

Runll3 
As/kw -slot center As/kw As/Io" lattice units . ____ , ___________________ _ 

11 
10 .. 75 
10 .. 5 
10 .. 25 
10 .. 00 

9 .. 75 
9~50 
94025 
9 .. 0 

10.5 
9 .. 5 
8.5 
705 
~~5 
50? 
1 ... '$-
305 
2 .. 5 

383 
418 
429 
460 

-452-
498 
532 
566 
512 

US 
5Jl 
623 
790 
912 

1017 
1040 
1152 
1196 

382 
392 
422 
438 
435 
395 
535 
572 
1Jl2 

403 
426 
645 
806 
fJ76 

1008 
1000 
1146 
1265 

382 
_ 400 

430 
I.,." 
45l~ 
513 
547 
582 
!r15 

415 
52e 
682 
816 
898 
996 

1069 
1180 
1202 -
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Fieure 1 shows a plot of the intensity of the bare 'foils.. In 
general, the measurements are made at the edge of the lattice unit" 
that. is midway between the uranium rodso However, for the last cell 
the active lattice measu.:rements have been made evel·Y' two inches ;to in­
vestigate I'ipple" , The ):'j.pple amounts to a 7% increase of the count 
immediately below a metal rod as cOmpared to that midway between two 
metal rods., Occasional points taken farther into thE~ act.ive lat.tiee 
indicate tha.t t.he ripple is about the same throughout. 

Figure 2 shows a plot of the thermal neutron activity arid the 
resonance neutron activit.y hear'the edge of the active lattice" It 
will be. noted that; the thermal intensity is nearly flat for approxi­
mately two lattice units and shows a slight maxj.murn a.bout one la.ttice 
unit beyond the active lattice. These two curv(;)os are in good qualita­
ti ve agreement with theoretical curves predicted by l1ir .. Friedman: pa~­
ticularly the cadmiu.'!l ratio inside the 8,ctive lattice seems to be about 
as expected. HovJever ll li':rieciman predicts a shorter plateau in the thermal 
neutron cnMre;l'l nlace the m.aximum which we ha.ve found .. 

Fleurs :3 shows fA plot of the thermal and resonance intensity as 
a function of the distance from the cent-ar of activit.y of the pile. 
Since the Bessel functi.on is nearly-linear in that region the plot is 
extrapolated to \'!ioro intElnsity, to determine the effective radius of the 
pile.. This gives, a vGllue of 292 em "'" l4.4la.ttiee units. The ra.dius or t.m a.etiIJe . 
l£ttklEnkI!I:l be~~:1l.5 la.ttice units';!- which gives an augmentation 
dista.nce of 2 .. 9 "'" 60 em. TIua measurement seems'to be (~onsiderably 
higher than any theoretieal prediction. Howeverp there is a large per­
turbation, which it is dif'f1cultto explain compl~ltely in the neighbor~ 
hbod or an empty channel which, up to a point 30 cmfrom the foil slot, 
is filled with thol'ium cl~\rbonate.. This pertuy'bation leaves a very short 
linear curve to form basis of the extrapolation~ 

Figure 4. sh::nvs t,he therma.l and resonanoe actl'vities plotted on 
semi-lOB paper" I1' an end correction ia made assumin,:; that the con­
crete shielding is equiv;~"lent to ten additional centimeters of. gr'aphlte, 
a relaxation dlsta::lce of 47 em is obtained" This is in very good a.gree­
ment \'d.th the diffusion length of the gra.phite near t.he outside of the 
pile," 
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,rIlo~qioaotiviJi.:r of Coolin~ Ai,!: 

f!oblem A~~ent.]p" !33f2.I! 

jf{. Ro Kanne and M. H. WiU:ening 

I. ~9n of the Fgu..!m:.eE!: 

Plans for ·t.he detection of' radioactivity in the !lile cooling gas 
have been describE~ :l.n CT ... 757, page S and Figure 1" Air is sampled from 
the stack side of the:ta.ns,. passed t,brough a chamber in lihieh it can be 
filtered by an electrl.e<ll precipitator and a glass ~'jool filter if de­
sired,,, then through an orifice plate, through a large ion chamber. and 

. returned t,O the sl1.ctio1'l.sida of the fans.. A now of 15 cfm is provided 
by the fan differentialJ 

Tha ion chamber i:3 constructed so &9 t.o p:rovide six collecting 
volumes. bounded by plans13 which serve alternately as high voltage and 
collecting electrodes.. jUl the electrod.es J E}.KCspt the high volta.ge elec­
trodes which are fastened to the s·teel shell of the chamber by means of 

. st.and~off insulators, aI''' made of an open mesh of wire woven on angle 
:iron frames. This pernt'Lts be'ta. pa:r'tle.l.es arising in the gas to have the 
largest possible range.; The effective .internal dimensions of' the. chamber 
are 58-5/16" x 28 .... ,/16/V .1~ 28-5/16 11 , giving a volume of 766000 co ... 

This eha'llber was c::alibrated at Chicago 'by introducing into it 2560 
eo of argon at 76 ~m pressul">e and )20 C whicg had belen activated at the . 
cyclotron by a. slow neutron flux of 4 .. 2 x 10 fOl' 45 minutes in Cl. con­
tainer considered to be 96 0 7% transparent. This amount of argon was 
O .. 3/~ of the argon occurring nat.urally in the air contained in the 
chamber. The chamber current observed, corrected. for th~ argon decay 
durln8; and after bombardr£t.ent was 300 x lo-ll amp.. 'The current then to 
be eJtpected if· all the a.ir in the chataber had been bombclI'ded similarly 
l'zould have been :3 x 10-11/,,344 """ 8 ... 7 x 10-11 amp.. The relation between 
the nvt t.o which ordinar.f air has been subject 2.nd the ion chamber current 
is then 

!!!1_ .!~,,~ x J..If>. X:.?7'N x ~1.- 1,,26 :x: 1020 n/cra.2/amp 
amp 8~?x 10-. . 

If the argon cross-section is assumed to be 962 x 10-24 cm2 one can 
determine another constant of the chamber, limich is .. 01l1 curies/ec/amp" 
This eonSl.~ant has l)sen used to calibrate other ion cbambers and Geiger 
eounte~s in housi.ngs by passing ·t.he same gas through the calibrated and 
uncalibrated ~hamberso 

This calibration has been repea.ted by irradiating argon in the 
flame container in t.he CIL.'1ton Pile" Due to the higher neutron intenSity 
it has not been possible 1.0 get as a.ccurate an a.bsolute value for the nv II 
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but a calcu.lation ba~led on the total energy ~:>utPilt. (l'f t.he pUe during ·the 
rUll and ·t-..ue previ()Us calibration is in good ag:reem.ent, with the nv to be 
expected at the place. in the piJ.e whel'"e the argon was irradiated. As a. 
matter of reeol"d, tW.s indicates that the cOl1tainer of total length 20" 
~lacGd into ho~I #60 to its end at the removable COle received an average 
nv of 2 .. 2 x 10-'- per 1000 kriJ~ . " 

II" !~a11!!!.2Lthe Argon..;~ctivit:·t 

1110 decaY' periods other t.han t,he 110 mtJ.'largon llali' life. hav. been 
observed in the cooling gas bfd'ore ~'ebruary 16, 19/..1~. However: i", :was 
observed early a.fter the "beginning of power operation that the ab" jgoing 
through the pile picks up activated argon long after the pile is s¥ut 
dmm~ The curves obtai.ned vary slightly with total air flow, but t,\ey . 
all show an abrupt drop in activity fo11o'&'foo an uXponential Ifde~a(rtl 
of a.bout 25 min half 1i1'90 1m extrapolation themJcurves to the time 
of shut d01!m. show:) that about one-halt of the eQuilibrium activity i, 
due to argon tl"'apped in the graphite and release'd exponentially with ..... 'TI.e p 

A correc'Uon for the decay of t,he argon indica'l:.es that it is actually .... ... 
leased \llith a 33 min half life and that one-third of the trapped argon .\. 
lost due to decay Q 'l"he total e,!'gon produced t.hen one-sixth greater 
than is observed at eq; .. dlibriuin .. 

It should b~ remarked that the prooess giving rise' to this observed 
curve is not undex'stooo;" According to measurements b~r ~Hr. Leverett tJ s 
group. t,her-a is abodt seven 'times as much air in int~r$tices in the graphite 
a.s there is in the channels.. The "instarrtaneouslt d.rop in activity' 
(aetually the drop corr~~s:9onds to the mixing time in the filtering and 
ion chambers) is not associa.ted only with the sweeping out of the air ;in 
the channels. It seems necessary to aS8ume that some of the air ih :th~ 
graphite difrU3SS out rnpidlyand some slo~'ilybut wo can ?ropose .no 
mecha...fli~l1 which would di.vide the ail· diffusing out of the graphite into 
t\VO eomp3nents. A calc~lation shows that all of the air in the pil~ ~n­
cluding tbat in the gra.phite contributes to the activa.ted argon observed .. 

A typicnloperating relationship is that a chamber current of 
1 .. 2 x. 10-9 amp is observed when operating at PflO klfl (according to th(~ 
galvanometer)vlith an flow of 41,000 cfm entering and 51,000 crm 
leav:h'lg ·the pile" The total argon produced would therl represen,t 11'4.lt 
10-9 ampl .and . .:i.ndicate an avera.ge nvt ."". 1.26 ::c 1020 x 11>4 x 10-9.". 1..77 x 
loll n/elD.2 at thls watt.& .. ge..The argon activ:tty undt:T these condit.ions is 
5065 lmd 10-11 cu]'ies per co .. 

E-,,(:m ·though the .';!,varage nv pet watt in the pile is not well known, 
a rea.sonable comparison with the expected nvt. ma.y be .m.ade. The effectlve 
transit tirneof the air thr{)ugh the pile may be found by dividing the total 
volum.e of' air j,n 1~he pile by it s rat.e of flow.. The 64 sq in cross section 
of a. lattice unit is coml'os':lld of about61sq in 01' f;raphite, 1 sq in of 
meta.l and 2 sq in of ail". However l'I oilly 1/3 ars, rUled $ so an average 
woul.d be 2,,7 sq in of Graphite contains 2205% air Ii' so this represents 
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r:.bout 61 x Q 225 .,.", 1.3 .. 7 sq in of' air, giving a total ot 16 .. 4 sq in of air 
per la,tt.ice unit, or 16.,4/64 ....,. -1)256 for the f'ractlon of the whole pUe 
t.hat is air .. · There are then 3,530 en rt of air in the pile and the· 
average transit time is 3SJ 530/'~6tOOO .,." ,,(1'17 min or 406 sec.. The nv at 
t,he center of the pile is 4 x 105 per watt and the average in the pile 
i.8 one eigh1h of this, or 5 x 104 per watt" This i.s an average over both 
t.he loaded and unloaded p~U'tso The nvt to be expected for comparison. 
with the observed figurfi giv'en above is then 5 x 104 Jt f!'IO x. 103 x 406 "'" 
2~O x loll n/an.2• Coneid~lring the present uncertainty- in both the power 
(;''llibration and the aVe!'age· nv J. this is extremely good agreement and the 
result might be used to cnlculate one of these if the other were known 
aecure.tely .. 

III.. EVidence fc:~ Fis!!:.~p Products in the. Coolin;; G!!, 
. . I 

The stack activit.y meter has tlldce indicated a.ctivities about 15% . 
in excess of no~ with both the precipit1"on and air fil1;er in operation;. . 
'J~e second of these burst8 occurred during the morning of February 14, 1941! 
and severa.l other mea,surement.s weTS made during the period of increased 
activity.. The precipitron caused about 101 dhy/m!h drift in a Lauritsen 
a,lp.,rJroscope held up to t.he outside of its chamber. an.d t,helarge air duct 
i~;; caused a dd.ft of' 10 divin 41 sec instead -of 10 div in 450 sec, 
whichMr" Sinclair said had been observed before (January So A small . 
cylindrica~ chamber was acting as stack raonitor while the large rectangular 
chamber wa.s running a bcH)kground experiment" 'l'ha ,large chamber showed 
i;.1aatUle gamma ra.diation front the precipitron chanjber and the pipes aL-nost 
doubled at, thistime~ Undoubtedly" these two burats of activity were due 
to cO€1.ting failure .. 

On February 16 furt.her evidence was obtained indicating that large 
!:mlounts of short lived f5.ssion products are entering the cooling air" An 
JJlcrease of about 20% over normal activity was observed in the large chamber 
and a decay half life of a.bout 4 minutes was observed for this exeess ac­
tivit-y_ was admitted to t.he~hamber mile the preeip:itron was turned off .. 
Four minutes is approximatiely equal to the Change over tLrne of the gas in the 
precipitron and large chaniber and this l'llSasurenlen~:i is in agreement with the 
rule of' thumb that the half life of fission product is equaJ. to the time 
~,ince bombardment. It waH possible to get much tfycronger lt gas into the small 
{:hrunber;. 'rhis WetS done by permit-r;ing about 20 CrIn to flow through the large 
eha.ll.ber, 1i!h.i.ch is :in paraJJ.elwith the smaller one, and then closing the 
valve to the larger one" This fills the small on(;J very quickly.. h[ore than 
~Jix times normal argon a~1;,ivity was observed, shov~ing a beginning half lite 
ot abou.t thirty seconds. The rapid decay- of these materIals makes it dif·­
ficu1t to '::1tat,e aetiviM.fH) at, any pa.rticular placf3 and tL'nS, but itma.y be 
estim!l.ted that abou.t '?' cUl·i€ per minute was coming out of. the stacl< at the 
time t.hese nteasurerr~ents 'Ic'iere made" Measurements on February 19 and. February 
~U showed successive redltcticns ot'about %, in thii3 l!Eixti'a e.ctlvity, and as of 
March ~. i;1:. ssems to be equal to the argon in intensity" 
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ERperim.ents with t.he precipitron and t.he glass wool air filter in-. 
dieate that ·t.he preeip:l:il"on is highly efficient :in removing fission products 
trom the gas stream, bu:t the' air filter is on~y about 50% efficient. "The 
preeipitron can be reco~nended if tbe removal ot such products from a gas 
is required .. 

The activity collected by the precipitron can be measured on the 
out,side of its sheet st.e~,l housing during operation or very near its pla.ta~ 
after' opening the housing" It reqUires about ten minutes to purge .the air 
syat<em and to open the hous:1.ng. Electroscope measurements were made in 
both ways periodically both before and after each of the suspected coating 
failures, yet n6 actlvi"!.:.y appreciably above elect,roscope backgrOuhd was ob­
served excrot duringt.he seoond radiation burst .. This indicates' that the 
dang~rs or accumulated ~'ntamination are not yet appreciableo On the other 
hand,!? there is no record that the chambers were operated with the prec..ipi­
trOD. off at anY'time between the two coattngfaillures or after the int.ro­
duction of the. h!3atexch':ll1g~r on· January 8 J) and the negative readings on 
the precipitron can no longer beconsidaredevldence that fission products 
did n.ot enter the air st,l'eam dUl"ing this t_e.. ~~he records show that the 
secof1.d ·failure was of longer dura.tion and it may ha.ve been the more serious 
of the t'Wt)" ' ' 

, TheeC]llilibriwn br~,ckground of the large chal!iber ls now (middle of 
Ftebraa..ify $.11944) about ·fifte~'ln times that to be elq)ec:ted on the be.sia 'of 
.mea.surements made in. Chi~ago last Augt.lst,· and a.bout ·three times that ob­
stl!l'"Ved late ~I.n December $ 19l~3o The tota.l background in tbelarge chamber' 
is now about 5% altha aetivity due to argon •. On. Pabruary II the chamber 
was' purged 'With nOl1~act.j:tl'e air and a decay curve on the backt,TOund was be­
gun" A single axperiment ha.s so far been analyzed into three periods. 

,Strong act.ivities of approximateiy :34 min and 17 days contrib1;lte roughly 
equal equilibrium, int(msitiea and there seems to be an 8 hr period of 
about 1/20 the intensity of the ()thers..The periods g1venare not. claimed 
to be aCcura.te. They aro probably daughters of fission product gases' wh.tch 
eithe:r came directly from the pile 01· were created in the preeipitron .. 

R .. W" Newson and Lo No NordheiIIl have contributed '1:.0 the worle des­
cribed in this seci4ion of the report .. 

i<. 
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!ERe~ 

!h!. ;to £.ile Coo~.~a.~e· S3:stem 

It has been fOWld a~edient to devise a coordinate system tor 
the X pile to be Ilsed in designating positions ctiscU3sed in reports. 

Coordinate x: 

Coordinate y: 

Coordinate z: 

east-west direction; . plus""eastofx equal. 0 
. minus,west of x equal· 0 

north-south direction; plus" south of y equal 0 . 
minus ... north of y equal 0 

vertical direction; plus, above z equal 0 
minus" below z. equal 0 

~~ .. -/,,"j 
. To ~. ~ 

.~ .. ~~~ 
)

1' ... 'C -ta.ee 
~ 

"'7· . I _~tA~ 
l. . SQUt.h !~ 
'EltP.. race 

Since a unit cell is Sit xSIJ X 8 r" one unit. has been made to equal 
eight inches.. x""" 0 and y_ 0 are at the geometl"ica1 center of the packing 
a.nd of the m.etaL z...,. 0 1.S in the sa.me horizonta.l plane as the tops of 
slots 59, 60,61 and 62~ which is ... 250 units above the geometric eenter of 
the packing. . 

Sket.eb No .. 1 shows the relationship between z ..". 0 and the metal 
channel#186S, which is the geometric. center of the metal matrix in the 
z and y directions. 

Given below are the posUions, directions, and d:Lstances of 
packing and. shield su.rfaces fl·om the origin • 

Posit.t.2rl 

Topoi' pile (carbon) 
Bot. tom of. concrete roib! 
Top of shield (ou.ter) 
Sou'ch outer faCt) 

South :i.nner i'ace 
South packing face 
Nort,h Qutertace 
North inner face 
Nqrth packing face 
East outer face 

.,East inner face 
Ea:;t pi:l.cldng face· 
fJest ollter face 
West i.nnel~ face 
Weist pac;dng face 

Distance f!.:.om Origitl 

z equal 18.00 units - top of layer 
is equal 19~25 units 
z equal 29~75 units 
yequal 2iL6J l.mits 
y equal 18 ~ 13 uni to 
y equal 18¢OO units 
y equal -2.8,,63 units 
y equal -18~13 units 
y equal -lSeOO units 
x equal 33b units 
x equal 22.5 uruts 
x equal lS. units 
x ~qual -37~5 units 
x equal -27~O units 
x equal -16.0 units 
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'rable 1 gives posit.ions and ranges of t.he rods j) foil slots, and e.x:peri­
mental holes in terms of the coordinate system. 

For e}(ample, 1156 (9., Y$ -9) 28 0 63 to -2B .. 6.3 indicates that the hole 
is in the north,·south dLrectlon :9.00 it extends throJ.gh the pacidng and 
shield in both directions to the outer surf'aces. It is 9 units east of 
x """ 0 and 9 units below £ .... 0 .. 

Table 2 may be Ilsed to determine the locat.ion of metal regions. For 
example, 

z 
1 

x: ran~e c:" 
-18 to 15.3 

y range 
-10 t.o 10 

describes a horizontal rectangular region of metal extending through the 
pile; fr1l.meast to Wt:lst and. fl"l,m 10 units north of the origin to 10 units 
south of it in the z "'"' :I. p1.£me Q 

It. should b·a mentioned in connection vd_th T,{ble 2 Vs use that it is 
limited to the ."Arraneement of metal that existed November 15 jJ 19[,3 since 
it was based on that loading. 

The metal rods of 30 slw.;s are symmetric with respect to the center 
of the channel ~ The rodr5 of 65 slugs are flush agai."lst the discharee end 
and 21. 5 inches in from the charr.:i."lg end .. 
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!~ble 1 

~p'eri~t.al Hol~.!~il Slot 2. and' C~ptrol.]~_Positions 

-: 

,Hole No~ _ I:0Sl.i;-,1.-0n .. !la.p~e. of Variable. • 
. 1 (0,y,6 .. 75) 28 .. 63 to -28.63 Tfi'rough shield wills and packing 

:2 (0 'iJ' -7 21::) I~ 11 " ., If It It fl sO' 11 D.'-
:3 ( 3;,Y , Z7 5) lij It /I " .1 rt ,t . 11 

4 (-3,1',2" 75) "" I' . " It " n " 
5 (-3,1" ,-3.2;) II" If II 'IU PI " 

6 (:3 y -.3~ 25) Et If ". " '" . t<. • " . . !VI 

7 (6:25,3 .. 5,z) 29g;to'-6"C6 Through Top Past rtiiddle of packing 
8 ( -6 .. 25,3. 5, z) 11 II Ii \I . "" II " It 

9 (6.,25,-3.,,5,z) "II" fJ II II " " It 

10 (-6,,25,-3.5,z) tI II II II If" '! n It 

11 (-. 5,-6 0 5,z) II It " II " II " It II 

13 (-9,y;1 0 75) 28.63 to -28.63 Throllgh shield wails and iJacd.ng 

'. 
• 
.~ 

t 

i4 (-4 J1 y,1..,75) II II " 11 II II II " 1, (0,y,,1.75) fI rI It II II II II II 

16 (.4,y ,l ... 75) 11 11 II II II If II " 

17 ( 8 ,y,l 075) I' II If II II II It " 

18 (-8,.y ,-2~25) ,,/I ft II II " .. II 

19 (-4,Y,-2 .. 25) I. it " 11 nil" II 

20 (O,Y .SI-2 .. 25) II If 11 IS II 11 II II 

21 (.4,y,-2 .. 25) ., It " If . II It It II 

22 (8,y, ... 2 .. 25) "" II' II. U " It If 

30 (12 .. 7-y,18.58) -28.63 to -12 .. 50 Through shield and on pacldng 
31 (-7 .. 50 ,-y,18~ 58) II If " Ii " II " II 

32 (7.;O,-y,-2 ... 64) . -28 9 63 to -18.13 Through sh:1.:eld 
33 (12 .. 7 , .... y,-2~64) 'I If If II II 

34 (12~7Ii'y,18~58) . 28 .. 63 to 12.50 Throngh shield and onpacrlng 
35 ( -7 .. 5 'Y.I' Hl" 58) "It Ii II II ff II " 

:36 (-12,,7 s-y,-12 .. 95) 28.#63 to 18 .. 13 ,Through shield 
Jl ~J2.7,1y, ... 12(>95) It fI II I. If 

40 \ .¥x,12,11~25) -Y/,. 5 to -Zl II II 

41 ( ~·x , 0,7 .. 25) II II II !I !! 

42 (~"'xll-7,..25) It 11 II n If 

43 (-ii, 7 ".25) II It II " rt 

44 (·~x,-12,1-9 .. 75) It ,. Ii II " 

• 
, 

.., 

4.5 . (-X.!l12,-9.75) . '."'~ II It 

46 (,,,,20,,;,12,z) 29.75 to 19.25 Through top 
47 (:-21.. 15 .. 0,z) II I'" /I II 
;0 (91'y~9) 2g~63 to-2S.,63 Through sh:i.eld walls and packing 
51 (0 9Y , 9) " . If U II """" 

52 ( --9 ,Y' ,9) ,t u It 11 Ii" ,t II 

.53 (9,-y,0) o·2f.L,63 to .... 1.88 Throuehnorth shield wall to core 
54. (OSi-YlIO) II II 'f /I n II II '1'1 

55 (-9,-";0) . "II 11 II If 11 !. II II 

56 (9,ly~-9) 28,,63 to -28 .. 63 Throueh shield walls andpac~ing 
~I (0 y -9) II . If . " Ii II' It :t.. n 

, :I. 

58 (-9 ,Y ,-9) It II /I II II !i II II 

59 (9,y,O) 2S.63 to 1.8S Through south shield wall to core 
60 (0 jlY $10) II II II I! II " " " " 

61 (-9,y,O) II II .. rt ,~ It II tt 11 II 

62 (J~,O!lO) 33 to -18· Th!"Ough east shield and pae;d.ng 
63 (lO,,5,y,22 .. 70) 28 0 63 to -7 ... 5 Through south top past center top 
64 (14~25JY ,22615) \I,. II II!! II It !I II 

• 
.. :.., 

~ 

., 

.~ 
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Table 2 
"-.. Metal Regions in X Pile -,. ......... __ ......... _ ........................ -. _._--------_.- .....•.• _ .... _-

,~ 

'" 
" 

z x range y range 

o plus .185 -18 to 1503 ~10 to 10 , 1 11 1/ II " If 
¢ " r. II. 

2 If II It II ff -11 rt 11 
:3 It " It " It It II U 

4 11 II It " " -10 It 10 
5 " f! II II II II " II 

6 n II l' " I' II U n 

7 II " ., II II " lin " 
g II II II It II -, If 9 
9 .. II If II 11 " !, II 

10 II II It (' " -8 II 8 
11 (i It '1' n It -7 '. 7 
12 II !I -7~5" 7.5 -7 It 7 30 slugs 
12 " " -18 " 15.3 -6 " 6 ,- 13, Ii II -7.511 1 .. 5, .... 7 If 7 30 slugs 
13- ., If -1S If 15.3 -3 II 3 
14- " Ii -.7.5 rl7.5, ,. -7 II 7 30 slugs 
15 It II rt If " " It " " It .. 
16 It II II !I II -5 " 5 fI il-

l? It II /I If " -4 " 4 II It 

0 ra II -1S II 15 .. 3 -10 If 10 ,- -1 " '7 It " If -10 It 10 
-2 I. II II II If -10 II 10 
-3 It II It II It -9 II 9 • 
... 4 II It It II ., II It " 
-5 /I " II II II -8 If 8 
-6 " 

II If /I It ";'7 II 7 
-7 II " -16.25" 16 .. 25 -6 II 6 65 sltlf~Ef 
-7 " n -IS II 15 .. 3 -.5 " 5 
-s '~I II -16~2511 16 .. 25 -5 '/I 5 65 slugs 
...g !I !l -18 II 1.5 .. 3 -3 rt :3 
-9 II Ii -16 .. 25!! 16 .. 25 -1 " 1 65 slugs 

• 
-~-

~ 

io 



.. :. 
,y 

'., • !II 

... hI 

Loading Di~am or Charging Face 

XiS indicate boundaries of 30 slug stringers 

, 

___ ._, .. g2J.!.ldj.e~~2-..e.~.2!!"~,~_C!!:..M_.slug s~l'illt!~.r!L_~_.w. ~.,. 
L , , 
'; i 
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; i 
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We wish -t,() aclmowledge the valuable help of 
J .. P .. Sinclair, L. K. iJya.t.t and the Operating 
Organiza:t;.5_on4 These men operated the pile 
during all these experiments .:md a.lso assisted 
in taking the data. 

Jle are also indebted to w. P. Overbecl<: and the 
Instrument Group who built and installed most 
or the instruments on the pile and in addition 
were very helpful. in the specia.l arrangement.s 
V1hi ch had to be made . for some o,r theseexperi­
ments a 
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