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EXPERLIFMTAL PRODUCTION OF A DIVEFGLET CHAIN RELCTION
E. Ferai

This report gives a description of the ccnstruction and operation
of a chain reacting pile. The pile was construeted in the Fest Stands
Leberatory during the months of October and Hovember 1942 and was operated
for the first time on December 2, 1942.

, "It will appear from its Jescr1otlon'that &n experinent of this
kind requires the collaboration of a la‘ge nunber of physicists.

The two groups of Zinn and Anderson took chnrge of. the »reparation
of the naterials and of the actusl construction of the pile, the group of
Wilsen prepared the measuring equipment and tae automatic controls. The
detzils of this work are giver by the uembers of the two groups in the
appendices. "3

A large share of tie crcdit for the experiment poes also to <11
tiie scrvices of the lletallurgiczl Laboratory and in p“rticu}ar to the
groups responsible for the development of the production and the testing
of tne matorials. The exceptionally hiph ourity requirements of graphite
and uraniun which were needed in very large amounts probably nade the
procurencnt of suitable materials the greatest single difficully in all
the developnent.

General description of the'pile. The pile consigts essenticlly
of & lattice of lumps, partly of uranium metel and partly of uranium
oxide imbedded in graphite. Except for a small fraction near the surface
of the pile the lLattice cell is a cube of 8.25 inches side.

Since only a relatively small cmount of metal (about six tons)
was available and since our graphite =ias of various brands of differrnt
purity it had been plamned originally to coanstruct the pile in un approx-
imately spherical shzpe, putting the best naterials as near as possible
to the conter. It happened actually that, tie critieal conditions wore
reacited before the sphere was completed and construction was interrusted
about onc layer above tlie criticel dimensiona. -For the same renson the
top leyers-of the pile were made apnreciably smaller than would correspond
to the spherical shape originally planned. The oresent structure may
be rouglily described as a flatiened rotaticnal elliinsoid having the polar
redivs 309 ca and the equatorial radius 388 cm. (See Fig. 1)

The graphite is supported on « wodlen structure and restes on
the Tloor on its lowest point.
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The original plan foresaw the possibility that it nirhit have heen
necessary to evacvate the structure in order to reach tie criticul conlitions,
For this rcescn the pilc was constructed inzide a tent of rubberized Lnllicen
fabric thet in case of need could have been sezled end evacuctced.

Since the amount of metal available wes only about 6 tons, the
netal-bearing port of the lattice was desiyred for best vtilizatim of “he
metzl ratier thin for test reproduction factor. The metal luans used
weighed 6 pounde and consisted of metnls of variosus oririns (Testinghouse,
iletel lydrides, and Ames). An exponential experimeni performed on thac
metnl loattice had given for it a reproducticn factor of 1.067 and Vz =
101.7 x 10-Ccu.=2.  The use of heavier netrl lumps of seven or eight
pounds waild have riven a better renroduction factor., Sinece, hovever,
aeavier wetnl lumps would have reduced tic volume of the metai-bearing
part of tue lattice, it was deemed edvisable to use lumps somevhat undersize.

The greatest part o7 the volume was occupied by o lattice having
the same cell side of &3 inches with lumps of pressed UC, weighing about
2140 gms. The reproducticn fuactor for ithis lnttice had BDeen measured
invﬁ -revious cjyponerntial experiment and had been foumd %5 be 1.039 ith

a Vv = 59 x 10Vcm.<, ®

Jleancurencnts performed duringe the corstruction. A series of measure-
ments vas nerformed vhile the pile wes being assendled in order to meke
sure that the critical dimensions coiuld not be recched inudvertently
without taking the prouper nrecautions. These mezsureients had also the
purpose of checking the neutron nultiplication properties of the structure
while it was being assembled so &s to- permit the determination of the
critical point before actumlly reaching it.

Tine peazurements were verformed using two types ot detectors.
A B Fa—counter was inserted in a slot about 43" from the ground and
its readings viere taken et frequent intervals of time. ‘In adcition an
indivn foil was irradiated every night in a position &s close us possible
to- the effecotive center of the stiucture and its induced activity :ias
necsured the following nmorning and compared wvith the readings of the
B F,-counter. For these measwre..ents the nztural necutrons spont: neously
emitted by wranium are a perfectly adequate source snd no other source of
neutrons wag added.

Typical results of these measurenents are collected in Table 1.
The first colum indicates the height of the ctructure expresced in
nuiver of lovers (each layer approximately 4 1/8%). The second column
cives tihe intensity A expressed in cowmts nor ninute of & stordard
indium foil, induced by the naturnl neutrons vhen the foil is piaced
at o central place inside the structure vhere tae neutron intensity is
a meximea. Actually the folls were placed as close as possible to the
oo puosivion and a small correction was applied in order to account:
for the fect tint the foil was not exzctly at the optimal nosition.

e
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Table 1
1> 42 128 390
19 78 158 320
23 119 187 294
25 - 18 200 270
29 221 225 229
33 345 248 178
36 470 265 149
41 350 288 98
L5 1360 308 70
A7 1940 317 52
51 4400 332 25
5/, 12400 344 9.5
57 divergent 356 --

In a spherical structure having the reproduction factor 1 for
infinite .dimensions the activation of a detector placed at the center
due to the natural neutrons is proportional to the square of the radius.
For an ellipsoid a similar property holds the intemsity at the center

being proportional to the square of an .effective radius Reff given by
the formula

= 1 1,1
i R A W

where a, b and ¢ are the semiaxes of the ellipsoid. For the case of
gpherical sectors such as were the shapes of our structure at various
stages of its construction it clearly would be a major mathematical
task to determine exactly R.pp+ It Proves, however, rather easy and
not too arbitrary to determine graphically for any height of the
spherical sector an equivalent flattened ellipsoid. (See Fig. 1). The
effective radius can then be calculated with formula (1). The values
listed in the third column of Table 1 are calculated in this way.

If the reproduction factor were 1 for our lattice the expression
given in the fourth column of the table should be a constant. It is
seen instead that the values listed in column four decrease steadily
and converge to zero at about the 56th layer. This is the point where
the critical conditions are attained and where the intensity due to

the natural neutrons would become infinitely large. The values of
/A are plotted in Figure 2. The critical layer is at the inter-

R etf . X
section of the curve with the X-axis.
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During the comstruction as a matter of precaution, appreciably
before reaching this critical layer, some cadmium strips were inserted
in suitable slots. They were removed once every day with the proper
precautions in order to check the approach to the critical conditions.
The actual construction was carried in this way to the 57th layer, about
one layer beyond the critical dimemsions. When all the cadmium is
removed the effective reproduction factor of the structure is about 1.0006.

Measuring equipment and controls. Any detector of neutrons or of
gamma radiation can be used for measuring the intensity of the reactiomn.
Neutron detectors are somewhat prefereble since they give a more immediate
response to the intensity of the reaction and are not affected by the

- radiations emitted by the fission products after shut-~down of the reaction.

Actually used for determining the intensity of the reaction were

several such neutron detectors, namely, two BF3 Proportional counters
placed on the outside of the pile and several ionization chambers filled
with BF3 and placed near one of the walls of the pile. These chambers

were connected to suitable amplifying systems, and the amplified current
was used to operate recording instruments and the automatic controls
and safety devices.

The controlling of the reaction was obtained by imserting in
the pile some strips of neutron absorbing materials (cadmium and, in one
case, boron steel). '

When the pile is not in operation, several such cadmium strips
are inserted in a number of slots s8o as to bring the effective reproduction
factor considerably below 1. It was actually found that any one of the
cadmium strips is alone sufficient to bring the pile below the critical
conditions., Besides a number of cadmium strips that can be used for
manual operation of the pile, the pile is provided also with two safety
rods and one automatic control rod. The safety rods are normally out
of the pile during operation. They are kept.outside of the pile by a
catch operatel by a magnet and they are connected to a suitable system
of weights so that they are drawn inside the pile by the weights if
the catch is released. The magnets are energized by an amplifying
system in such a way that they are automatically released if the intensity
of the neutrons emitted by the pile rises above a specific limit.

The automatic control rod may be pushed inside and outside the
pile by two electric motors and may be operated either by hand or by
and amplifying system in such a way that the rod is pushed inside if
the intensity of the reaction increases sbove the desired level, and
is pulled outside if the intensity is below the desired level. The
detailed description of the control and measuring devices is given in
Appendix 2. ’

Operation of the pile. In order to operate the pile, all the
cadmium strips except one are first tsken out of the pile. The last
rod is then slowly pulled out of the pile. As the critical conditions
are approached, the intensity of the neutrons emitted by the pile begins
to increase rapidly. It should be noticed, however, that when this last
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strip of cadmium is so far inside the pile that the effective reproduction
factor is just below 1, it takes a rathér long time for the intensity to
reach the saturation value. In a similar way, if the cadmium strip is so
far outside of the pile that the reproduction factor is greater than 1,
the intensity rises at a rather slow rate. Indeed, for our pile, when

all the cadmium is completely outside of the pile, the intensity rises
approximately at the rate of a factor of 2 every minute. When the cadmium
strip is close to the critical position, these relaxation times become
exceedingly long. It has been found, for example, that for one of our

controlling strips, the relaxation time is given by: __Q_E%EEEEE where
x is the distance of the rod from the critical position expressed in cm,

This means that if the rod is only 1 cm. off the critical position, the
relaxation time is about 4 hours. For the automatic control rod the
corresponding constant is 180 minutes. These long relaxstion times which
are due to the existence of a small percentage of delayed neutrons emitted
in the fission process make it rather easy to keep the pile operating at

a constant level of intensity even without the use of automatic regulation.
Indeed, to operate the pile at the desired level of intensity, one can
usually proceed as follows:

First, the last strip of cadmium is pulled completely outside of
the pile and the intensity as indicated by the various measuring devices
begins to rise slowly. Since. in these conditions, the relaxation time
is about two mimutes, the desired level of intensity is usually reached
in a few mimutes. As soon as the meters indicate that the desired level
has been attained, the rod is pushed inside the pile to about the critical
position. The measuring instruments indicate immediately a steadying
of the intensity at about the desired level. In order to keep the level
constant, it is sufficient to push the rod one or two cm. in or out
every once in a while so as to compensate for the small variations in the
reproduction factor due primarily to changes of atmospheric pressure.

The diagram in Figure 3 was taken by the automatic intensity
recorder during the first operation of the pile. The exponential rise
of the intensity is clearly noticeable on the diagram. The intensity
was permitted to increase up to a value corresponding to an energy produc-
tion of sbout watt. At this point, the automatic safety device operated,
and the safety rods were pulled inside the pile and interrupted the
reaction as evidenced on the diagram by the sudden drop in intensity.

A higher"intensity test was made on December 12 when the pile
was operated to an energy production of approximately 200 watts. The
test was not run to a higher intensity on account of the limitations
imposed by the necessity of keeping the radiation outside of the building
well below the physiological tolerance dose. During the operation at
high intensity which lasted about 45 mimites, some records of the
intensity in various rooms inside the building and on the street outside
were taken with standard R-meters and with BF, counters and Indium foils
to detect the neutron intensity. Typical valués obtained in this survey

are the following:
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Counts per minute

Milli. roentgen per | of a standard Indiw
minute foil at saturation _

Near pile 50 g » 109

Inside pile room far from pile 6 _ 106

Corridors on the side of pile room 2 2 x 10°

Tower rocm 0005 negligible

Sidewalk of Ellis Street nearest to

pile : .05 6000

Sidewalk of Ellis Street farthest :

from pile 0L 2700

Control ’ ,001 -

Conmvarison of expected and observed eriticel dimensions. In spite
of the fact thot the shape of the pile &nd its interral structure are
far froan resvlur, some conclusions nmay be obtained as to ithe zeituul repro-
duction factors of
with the revroduction factors expected from the results of cxponential
experinents.

Ve have already indicated (sec Fip. 1) thet the ovtline of the
structurc is not far from that of a flattened votation ellipsoid with a
polar semi-axis of 309 cm. and an equatorial semi-axis of 335 cm. Foruvla
(1) gives then as effective radius of the structure,

= 355 ca.
This value of the radius corresponds itc « v of
73.3 x 10-6cn, =2
and to an averoge reproduction factor of abeout 1.054.

Since various lattices have been uvsed at various nlaces inside
tre structure, such values are only nean values for tic various latlices
used, znd they can be compared vitn the individeal valucs only if the
statistical meight pertaining to each kind .of latiice is knovm.

One can prove easily that the statistical weight of cecli component
Jattice is in first approxim=tion proportionel to its volume nultiplicd

by the nean square densiiy of ncquonvnovL* the volune occuplied by the
given lattice type. An attenpt has been ncde U0 calsulite in this vay

tiae stovisticel weight of the varicus 1aih¢ues Suowvnertod in our strnmeire.

The results of this calculation are given in Yavle 2.

P

PR

thie various lattices used in the pile and their comparison

it
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Table 2
V< x 10° from expon

Type of iattice Statistical Vieight ential experimonts

fletal 39.24 + 102

AGOT Browm AGOT 53.5 + 59

Speer 6.6 + 45

L. S. Live . .5 - 10

Dexd .2 = 520 |

Tieighted Average 73.4

than the published values.

—y

The first column of the table gives the type of lattice. For the
sake of simplicity, lattice types having uvresumsably & rather simila-
repracuction factor have been proupcd together under the denomination
of f)cer Tae second column gives the statistical weipht of each kind

i.ttice expressed in percent. The third column gives the values of v2
as obtalned frcn cxnonential experiments. The weignted average of v2
io 73,4 inctead of the value of 78.3 as estimated from the criticel
GLNenl5LOoNnG.

Tuis is an indication that the values of vzand of the reproduction
fuctors as calculated fron exponential experiments liave been slipgntly
underestinated, the correct velues being probebly about .003 or .04 higher

“nercy euaitted by the pile. The number of neutrons emitted by
ihe pile, the rusber of fissions and tiae energy produced can be estinated
in teoss of whie activity of standard indium foils placed inside the pilse.
e rtandardization of these indium foils has indiceted that the following
relatisnsiin exists betueen the vesonunce activity, ARea expressed in
counts/ ninute at satwration with the foil screened by cadmium, and the
slowing down density of neutrons ir graphite.

q = .00156 x Ap.g (2)

!

he aclniws ratin in the greatest fraction of the volume of owr structure

is atout 6.6; tinis -ezns thet if an cctivity of A counts/minute at
taration is -ecwrded vhen tic indium foil is not screened by codmium,

s:
+the retivity with cadmium would be
A
Apes T 676
and consequently, p
.00156 ’

q=—-676-xA=.000236xA
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The total number of neutrons that are sloved dovm inside t'ie nile from
above to below indium resonance erergy is given, thereforc, by:

.000236 x K V

There A is the nean value of activity and V is the volume of the pile
we iave assumed

=1.95x 108 cc.

an the other hand, one can estimete that A is ecusl to about .3
x the activity Ag at the center of the pile. It follows tiat ihe total
rumber of neutrons slo:.d down in the pile from above to below indium
resonance is

1.4 x 104 I

The total number of neutrons produced in the pile is about 13% higher
since some of the fast ncutrons produced are absorbed at reconince before
reaching indiuz resonance energy and a small fraction escapes from the
vile. Thie total nmumber of neutrons produeced is riven, ticrfore, by:

1.6 x 10* x A, (3)
If we assume that 2.2 neuirons per fis/ion are enitted, e obtain from
thiis the number of fissions per see i rexpressed by the formula

F = 7200 Ay

Assuming that the enerry prc”uced per fiscion s 2070 llev, equivelent to
3.2 x 104 ergs, the power output of the pilec is given by:

2.3 Ay exgfsec = 2.3 x 1077 x Aj watts.

This foriula has been used in the estimates of the power output alreedy
given,
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| APPENDIX I
CONSTIUCTION OF THE CHATN FEACTLNG PILE

H. L. Anderson, A. C. Graves, P. G. Koontz, L. Seren, A. Wattenberg
G. L. VWeil, W. H. Zinn

In the previous sections of this report some discussior of the
general structural features of the chain-reacting pile is given. In this
section the detailed plan of the graphite-uranium system is set forth,
together with a brief description of the preparation and testing of the
special materials., This work, which occupied a period of three months,
required that very careful physical measurements be made on rather large
quantities of material. Our indebtedness to the Research Agsistants,

H. Agnew, D. L, Hill, H, Lichtenberger, G. Miller, R. Nobles, W. Nyer,
H. Kubitshek, L. Sayvetz, and W. Strum, upon whom the main burden for
carrying out these measurements fell, is here acknowledged.

Two types of measurements on the materials with which it is
proposed to build a chain reaction must be made. First, the reproduction
factor for the particular graphite-uranium system being used must be
determined and, secondly, reasonably large samples of the actual materials
of construction must be checked in order to insure that the reproduction
factor will not be lowered by the introduction of inferior batches of
uranium or graphite. In this instance the problem was somewhat com-
plicated by the fact that in the first chain reacting pile three different
types of graphite-uranium systems had to be used.

Determination of the reproduction factor. The exponential pile
expcrinment is designed to determine the reproduction factor, k, of an
infinite lattice of uranium lumps in graphite without the necessity of
constructing piles of very large dimensions. From such pile experiments
the optinmum cell constants have been deterinined for pressed U0y (density =
6.1 £i3) and cast uranium metal (density = 18 %gs), together with the
veluss of k associated with these optimum lattices in grephite of poorer
qu:lity than thzt avcilable for the chain-reacting pile. For the purpose
of designing the chain reacting pile it was necessary to determine the
value of k for the three comnonents (cast urarnium metal in AGOT graphite--
presced U0 in AGOT grephite-- pressed U0, in Speer graphite) of its
structure. The mensurements and results of the exponential piles which
were constructed to test these components will be given in this secticn.

Briefly, tie theory of exponentiel pile ncasurenents is as follows:

If one considers a uranium-graphite lattice structwure of sguare
cross section with side equal to a, tnd semi-infinite height, with a
sowrce of fast neutrons at the center of the base, then, at points
suf’ficiently far removed from the source, the neutron intensity will
be given by an equation of the form:

X

D13 cos §%¥ cos 1%? (1)a

e
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where the x axis is taken along the vettical axis of the pile, and the
x = 0 plane coinciding with the base of the pile. Thus, for points on
tie axis, each harmonic of the reutron intensity decreases exponentially,

X

n= bij e 3 . (2)a

with a relaxation distance equal to by ije At 8 sufficiently large distance
frop the source the first harmonic only is important. The relaxation
length b (byy) is related to the reproduct1on factor, k, through the

following equation: T, 2
k=i -3, -2 o T(“z'"“z] (3)a
where
A = mean free peth of t:eraal neutrons in grapﬁitéi
{% = mean free nath for absorption collision.
f%- = tho age of nnscent taernal neutrons.

VNN N " |
The quantity (Sz - -;2) =32

wiere ¢ is the diffugion length. TFor the case that k is close to unity,

¢ is very large and snall so that one can write .
2 13
) Vi 1
K= - (=~ 4+ =0- - ——
E G =, ?-a"z)] (4)a
L2 2. (M, 12
or K=Q - 52) where L = (3— + —2-—) (5)a

Thus, if/L, the migration length, is knoim, & neagurenent of the relaxation
distance, b, associated with the first harwonic of the neutron intensity,
will deternine the reproduction factor corresponding to a lattice of
infinite dimensions similar to the one being tésted.

Because of the finite height (124") of an actuasl exponential pile,
two corrections must be applied to the neutron intensity measurements.
First, a "harmonic correction® due to the presence of higher harmonics at
points near thie source; and second, an "epd- correction®™ due to the
proximity of tho top of & pile to tlic measwring positions.
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_ To detcrnine the relaxation distance, b, indium foils,; (.0924
gm/cmz) are plzced at positions olong the axis of the pile, and the
induced 5% minute activity measured on G. I1. counters. For these’
nmeasurenonts the foil is held in a nickel holder, tuus, the activation
(#,4) is.due to both thermal and indium resonance peutrons. (All

" measurenents are corrected to give the activities thet would be observed
for infinite times of irradietion.) The emission of neutrons by spontane-
ous f{ission of the uvranium in the pile produces a "background® which
must be subtracted from the intensity measurements. Finelly, after making
the harmonic and end-corrections, on calculates b from the relation -

D :
b=- 3 (6)a
ET}E:
in 0

"~ where D is the distance between the two positions at which (Apy) is
measured.

The length of a side, a, to be used in calculating k from
equsztion ({a must be that value for vhich the neutron intensity actually
becomes equal to O. (Because of the finite length of the mean free
puthy, A, compared to the dimensions of the pile, the effective side is
lerger than the physical side.) From neutron intensity measurenments
near *hc edge »f the pile one can estimate the cffective value of a.

' d
graphite density and the cadmium ratio. The cadnmium ratio ii- is

the ratio of the activity of a foil with nickel holder(knl cd)

and"tbe activity (A.g) at the seme position when the foil is covered with
cadmiun  Activation in the latter case is due only to indium reson-
ance neutrons.

' The migration length, L (Equ. (5)), can be calcula3§nlfrom the
)

Tac three piles with which we are concerned had the following
~evieral features in comon. A plle was constructed on a base (AGK
rraphite), 16" high, in the top layer of which a source channel was
placed. Four (Ra + Be) fasl neutron sources, each of apprcximately
0.5 gm, wore used, and these were divided into two closely equivaleni
1 (m. sources. [Lach was placed in the charnel at positions approximately
holf way frou the center to the edges of ithe pile. This arrargenent,
tarough cancellatior of odd harnonics of the ncutron intensity at
points along the pile axis, considerably reduced the harmonic correction
to be apnlied to the neasurenents. The lattice structure neasured
99n x 99" x 123 3/4", end consisted of 15 layers (each 4 1/8" high) of
rraphite bearing wronium, alternating with 15 layers of solid graphite.
Measuring clots extending to the center of the pile were inserted in
horizontsl soctions corresponding to tiie even numbered graphite layers.

. ¢4

In order to eliminate error caused by slow neutronéAbeing
scattered back into the pile from the surroundings, the top and sides
_Of the piles were covered with cadmium sheet.




T e e e e e

-15-

In specifying the nositicns at which measurcments werc nede, the
follewing cocrdinate uyiten and unit of length arc used. The origin is
taken at the center of the base of the lattice; the x coordinate along
the nile axle, the y ccordinate in the direction of the line joining the
sourses, end tie 5 cocrdinate in the direction of the measurin: slotis.
The fundepental latiice constant (also equal to the distance betveen ‘wio
leyers of the pile) 1s taken as the wit of length, and in the piles to
Le deaeribed, is equal to 5.25%,

P2ile o, 18, The structure of this pile consisted of a cubic
dattics of pressed UGy (irzllinekrodt cther purified) pzeudo—sphorcs
{ivsrage weirsht 2143 ma) in Srecr grephite, The latiice smaciiyg was
.25 fuenes, ord the watio of Tho weigit of graphite *o thot of vicniynm

per celi mas G.l.
A sumszary of the measurensntc is given in Table It

Table T

Positior Average Intengitics s Het Intencity
Xy T 3 Vith Sounreo Tithout Sowrece

a_. L -

o Aog A il ‘i

e o s e T3

%y 05 D 33569 75
6, 0, 0 172730 2747 e2
10, 0, O 4513 70

¢ .
-——

#Counis por nminute

In Teble II ars given the correction factores snd coricctad
Intensitlos togebher with a lsast sqvm}%-'}ana]ysis of L worulibo.

Table IX

{ i ] s’

fPos. det In- | Hameonie | End Cer- | Corrected | Log Least Sonare
=, ¥, 2 ! encify | Correci~ | wection Iniznsities | 1 vilue 5.113501
i 2ren ion . vJ4525 x

i Tahle T

' |

0 133494 |1.0193 1.0006 34161 L5405, 445325
, 0 |17291 12,0039 1,0022 17396 4e2/Q38 £.2420

Cee~
-
o O
-

9

.

10, 0, O 4443 |1.0002 1.0323 4537 i3.6615§_ 3.6610
‘ :

*

THth the distsnca between positions 4 and 10 equ_le to 125.8 cm,
we obtain for the cponontinl relaxation distance (Fau. (GXr)

b = 62,72 om,

be}

The effeciive side of the pile was estimated to be

a = 246.9 cn.

A - - T ——— - ——— e e —m - -
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With this value, and that for b, we calculdte
| tz=33§-%2=1.5110'6cm“2
and ¢ = 1 49 om.

From Table I we obtain a cadmium ratio equal to 6.32. The value
of the migration length, L (BEqu. (§}), can be estimated knowing the graphite
density (1.24) and the cadmium :rat:l.o. For this pile

= 712 a?. |

From Equation @)a we obtain for the reproduction factor

k=1.0 \

Pile No, 27. This pile was identical with No. 18 with the

exception that AGOT graphite was used throughout in place of Speer,
Tables III and IV gives summaries of the measurements and corrected

intensities.
Table IIl
Position Average Intensities Net Intensity
Xy ¥y 2 With Source Without Source
Apt | fed .. Any
0, O 34261 84 3,17
6, 0, 0 18158 | 2726 - 18067
0, 0, O 4881 80 4801
_ Table IV
QB Het Ine [Harmoric | End Cor- | Correoted | Log Least Square
y ¥y ¢ | temsity [Correct- | rectlon Intensities| I value 5.10980-
from ion ol .35 x
| Teble IL ‘
0,0 | 3477 [R.0193 | 1.0006 | 35144 4.5458 4o544d
*0,0 | 18067 [.0039 | l.0022 | 18183 4.2506| 4.2607.
10, 0’ 0 ml Qm 1.0% 4977!7 306970 3.69&
ﬁ:.tv.‘

e — e e s - e T e e
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From these results we calculate
b = 64.52 cm.
&858.9x10’6u"2.

and o = 130 cm.

For AGOT graphitg, density 1.62 gms/co, and a cedmium ratio from
Table I equal to 6.67, L is estimated to be

1%= €66 on®.
From these wvalues we obtain for the reproduction factor
k =1.039

Thus, the use of AGOT in place of Speer graphite gives an inoreaso
in the reproduction factor of 0.7%.

Pile No. 29. Since the amount of cast wranium metal avallable
for testing was insufficlient to fill a complete lattice of the »sual size,
the pile was construsted in the form of a sandwich in vhich four oxide
bearing layers (at the planes x - 6, 7, 8, 9) of Pile llo. 27 were replaced
with four metal bearing layers in the same lattice. In addition, the
AGOT graphite in this same region vas replaced with AGOT (Lot MNos. 10, 11),
which lots showed the. lowest absorption oross-section. -The wranium netal
(from Metal Hydrides) was in the form of cast ¢ylinders, 2;" diameter, ,
weiyhing approximately 2.7 kg. each. The graphite to uranium ratio was 5.1.

The determination of the exponential relaxation distance for the
metal lattice of the sandwich pile is bused essentially upon a comparison
of the ratio of the neutron intensity below and above the metal lattice
with the ratio of the intensities at the same positions in Pile No. 27.
Bince, however, Pile No. 29 was built at a different location thon that
of Pile No. 27, it was necessary to repeat Pile No. 27 at the new
location. The results of this Pile (No. 28) agreed with those obtained
for the identical Pile No. 27. Pile No. 28 was, therefore, used as the
control for Pile No. 29.

Ir and R, are, respectively, the ratios of ine intensities at
positions below and above the position of theo mctal lattice in the oxide
and oxide-metal~oxide piles, b, and b, the exponential relaxation distonce
associated with the oxide and metal lattices, and A the helght of the
netal lattice in the sandwtrich pile, then:

A

A
In g =5 & (7)a

5

The measurements on Piles Nos. 28 and 29 are given in Teble V.
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Table V
A lg:autions e No. 28 0. 2
X5-Yy 2 Observed Intensitdies Observed Intensities
Ans Rea bny Aod
4y 0, 0 36680 37320
6,0, 0 19520 2865 20980 3200
10, 0, O 5212 . 600L
- i
For Pile No. 28 R, = 34 = 7,021
Ro o
T .
For Pile No. 29 R, = 4 = 6,219
n ST

Since A = 83.82 cm, and b, for Pile No. 28, 64.472 om, .o obtain
from equation 7 v

or

In 7e02L = §3.52_ _ 83.82

6.219

472

bm = 71.10 cm.

by

(8)a

Thie gives an improvement of 42.8 x 10“6 e in the value of 12
compared to Pile No. 28, or an increase in the reproduction factor fof
metal over dioxide (IR estimnted to be 700 cm?) of

700 x 42.8 x 10~6 = .03

Therefore, k for the wranium metal lattice in AGOT graphlite is

—-—
—

k 1.04 + ,03 = 1.0
A sumiary of the results for tue three Piles discussed is given
in Table VI. '

Table VI
Pile llo.| Form Graphite | g:-%%h—imz—J Cd-ratio| Thermal{ b om 1 cxu"?’li.zcm2 k
of U Utiliz ¢

ation

Factor
18 [1¢] Speer 6.4 6.32 .866 6.4 45 J7l2 1.032
127 U0:. AGOT 6.4 16.67 869 | 64.53 58.'1666 1.03
29, Metal | AGOT (Lot | 5.1 6.56 87T | 71.1d 101.1700 1.07

Nos. 10,11
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Graphite crops section measurguentse. Acourate determination of
the neutron capture cross section of the graphite to be used in n reuzcting
pile 18 necessary for two reasons. First, if there is too much absorption
in the graphite & chain reaction may be impossible or msy require dimensions
too large to be practical, and, secondly, since the effect of the absorp- .
tion is proportional to the gsquare of neutron density the use of low
cross Seotion materinl near the center will reduce the size of the struoture.
For these reasons cross section neasurements were made on cach hrand of
graphite used in the structure. These were AGX (National Carbon Company),
US (U. S . Graphite Company), Speer (Spser Craphite Company), und nine

-different lots of AGOT (National Carbon Company) graphite. For these

measurenents a series of Oor cross section piles, described in the fol-
lowring section, were constructed.

Desoxiption of o piles. HMost of these piles were built on a base
of Epeer graphite approximately 5' x 5' and about 3' high. A source slot
throurh the center of the center layer of this base parmllel to one edge
measured: about 10 cm. x 10 cm. 2" x 3" graphite strips were fastened to
the top of this base in parallel rows 12" apart. On these strips a layer
of Speer or AGX graphite was laid leaving a %" gap Anto vhich cadimm could
de inserted. In general this layer was different from the graphite being
neasured and was used only because long pleces were available to bridge
the 4" gap. Above this layer 15 layers of the nmaterial to be tested were
laid ith detector slots at the top of layers 3, 6 and 9. These slots
numbered 1, 2 and 3, respectively, passed through the vertical axis of the
pile nerpendicular to the source slot in order that small inaccuracies
in placing the foils would have a ninimum effect on the measurement and
in order to reduce as much as possible the radiation absorbed by operators
handling the folls. The entire pile above the gep was covered w1ith cadmium
in order to reduce to a minimum the number of thermal neutrons entering
the pile from the room.

In those piles built to measure o for AGX, U.£., and Specr 1 .
graphite the dimensions of this top portion werc very neerly 5' x 5! x &',
The renaining Speer piles rnd the AGOT piles ware about 168 em x 157 cm
and 157 om high. :

Theory. The thermal neutron density, n, in a grophite structure
contalning a sowrce is desoribed by the folloring differentlal equationt

Din-fn+q =0 (1)
where '
AV
D is the diffusion coefficient = 3
A is the neen free pnth for scattering
VY is the neutron velocity
t is the nern life of a thermal neutron

q is the nascent tiicrmal deneity.




-20-

If measuremente zre mede vith cadmium in the gap and vithout cadmium in
the gap we will have two such equations for the two neutron demsities
n) and ny. Subtracting these two equations and writing n =n, - 3y, ve

Din - fn=0
(2)v
or L2An‘-n=0

where L is the diffusion length (= Dt).

Te will pive the solution of this equation for a rectangular pile
vhose cides are (a - 7?) (- and (2 - %.) parallel to the x, y end
2z axis res pectnrel{ or boundary conditions’ve vill assume that n =0
when x =@ = 3» Y and 2 = 3. The golution is

z
n= % blm cos l:-:x cos mt? (e PIm - ‘e.(zz - z)/blm ) (3)b

Herc 1'31 m» the distance for the intemsity of the lm harmonic to decrease
vy o factor of 1/e in a pile of infinite length is related to L by the
folloving equation A

T2 = g P ‘"‘2(-2+§) (4)b

Along the verticel axis of the pile the first harmonic of neutron
density is proportional to

"z/bl.L. —(22 - 2)/o14

The second term ‘of this expression is a reflection from the top
of the pile and would not be prescnt in an infinitely tall pile. Hence
to correct for the finite heirht of a pile all intensities along the
axis are multiplied by

£y

1
TR E AL (5)

the so called end correction.

Equetion (4)b gives a means of determining L. One either measures
b,. far from the source vhore the higher harmonics are small or correots
tie aeasured intensities for these harmonics end obteins byy closer to
the source tviere the intensity ie essier to measure. .

This is done as follovs. Assuming a value of L, equatlon (4)b

pernits a calculrticn of the relaxation length of eech hermonic. Vriting
ommc.ion (3)b for the z axis we havs

| ,, : . "z/blm e__(zz - z)/bln)
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If two equal sources are used &t x = % two such solutions must be added
and a factor of aos appears. ‘an causes the 1,3 harmonic to canocel
the 3,1 harmonic and 'the 1,5 to cancel the 5,1 along the 3 axis. The 3,3
harnonic is the first to appear and is negative.

To a good approximation we ean trite
a = bu_(e -z/b1) ‘(23 “)/bll) -b, ( ~2/053_¢ (23 - z)/1’33) + cee

The harmonio correction factor is therefore

2%_1 (e"z/b]_l _e'(az - 5)/b]_1)

For O piles used in determining cross sections of AGOT graphite,
the total harmonic and end correotions factors were 1.0056 for slot 1l
and 1,031 for slot 3.

Heagyureuments, egsureuents vere nade with indium foils of 26 om~2
area weighing 92.4 mg/cm™ Tvo counters "‘ere used and ecach Jdeternmined
the activity of thuee foils from esch of the three slots vhen there vas
cadinium in the slot and agein when the slot was empty. Irradiation times
were adjusted to iccp the initial counting rates below 1500 counts per .
ninute. The counti was started tlhree minutes after the foils were removed
from the plle and contipued for most measurements until more than 20,000
counts ard been recéorded. Assuming a hclf life of 54 minutes for indium
the initial activity after infinite irradiation was calculated. Sinoe
the sensitlvities of the ivwo counters viere mot thc same, the activities
measured on one counter were multiplied Ly the ratio of sensitivities as
Joternined from measurements on e number of piles. The mehn activities
at slote 1 and 3 were corrected for harmonics and end effects as explained
in the preceding section. Then if these correoted activities are called :
11 and I reapective]y b was obtained from the formula

3
by, = 3 13/(1:: 11/13)

where &) 18 the distance between slots 1 and 3. Equation (4L)b of the
preceding section was used to calculate the diffusion length. These
values are given in Table VII, row 2, for each of the graphites measured.
Row 1 gives the name of the graphite as stamped on each piece. GX 2
refers to the shipment of AGX cut to 4" x 4" x 3-", SP 1 refers to the
shipment of speer graphite cut to 10 cm x 10 cm cross section. SP 2

and SP 21 refer to speer graphite cut to 4-1/8" x 4-1/8" x 16-1/2".

prime denotes graphite taken from the ends of the furnace. This graphlte
was not stamped. TO 1 refers to the lst lot of AGOT graphite: TO 2

refers to the second lot and similarly for other lots up to lot 15,

Row 3 gives the diffusion length corrected to a demsity of 1.600 grams/cc,
and Row 4 gives the cross section calculated from the formula

12.8 x 202

L.6?

oa =
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Table VII
aphite | SP 1 (5P 2 |SP 2F |10 1 ™ 025[ 18,9 [T10 |TL [T1Z T4 [715
- £.5,6 |13
L 49.53 | 49,77 | 50453 | 50.32 [48.95 | 49.74 | 50.83 |5L.16| 49.86 | 50.14149.71
L6 48.35 |47.93 |48.63 | 50464 {49.TL | 50049 | 51.40 |52.77] 50.42 | 50,67]50.96
0ax10%% | «00549! .00563| 0054 | .00499{.00518 | 00502 | .00:84] .00479 .00504 .004 4 <0043

- L 1.
AGX U. S,
43e25 | 4457
4379 | 44479,
;00668 .0%38

It wvill be noted that the best graphites ieasured v:ere T 10 and T 11l. These
lota and some T 14 were used for the core of the pile. The rest of the
AGOT formed a rough sphere around this. SP 2 and SP 21 graphite ves placed
outsids this. At the very outside of the pile US and GX 2 grephite vas
uged interchangeebly.

Pressing of Uranium Oxilde. The greater pert of tie pile containps
uranium dioxide lumps which were fabricated by couprossing loose diy 0o,
povder in a die with a hydraulic press. The chief problen here vas the
deaign oFf the diles Wig. 4 glves the detalls of the dies which were used
to oress the 3% iwmch pseudospheres. It is essential tbat the die be mede
of & good quality tool steel, hardemed and ground and volished since the
powder has a considerable abrasive action. The force used in meking the
bnquettes =g in the range of 150 to 175 tons. Lubrication of tic die
proved to be important and it waes fourd that e dilutc solution (0.57 br weight)
of stearioc acid in acetone was quite satisfactory. A small amownt of a
wetting agent (ethylene glycol) was added to the lubricant so that ~hen
1t was brushed on the polished surface of die it would sprecd evenlye After
gone experience in handling the dies had been obtuinec il wes possilile
to fabricate -1th one press 400 to 500 briquettes in ar 8 hr, working dcy.

chining of Griohite, The gruphite io rsceived from the anufzcturer
.in bape of 42" x 429 cross section and in lengths from 17¥ to 50%. The

surfeces are quite rough and therefore it is necessary that *hey be nede
snooth and that hu-icka of a standard length be cut.

For tlns work ordinary wood working machines were used. Two sur-
faces are first made plane and accurately perpendicular to each other in
a jointer and the remaining two surfaces are finished by a planer. A
swing saw was used for cutting to length. The surfaces were held to

.005 inches and the length to + 0.20 inches. The only departure from
thie was a slight rippling which appea.red occasionally as the result of

—
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dull blades or improper manipulation of the work on the machines. Molyb-
denum steel cutting blades were used in these machines and resharpening,
although a vonstant chore, was not so frenuent as to cause any real diffi-
culty. About 1, tons of material could be prepared in this way per 8 hour
viorking day. In all 40,000 bricks were required.

A further graphite machining opsration was the drilling of the 33"
diameter holes with shaped bottoms, which were required to permit the in-
sertion of the UO2 briquettes into the graphite. These holes were drilled
in = sgingle operation by nounting a spade bit in the head stock of a heavy
lathe and forcing the brick up to the tool with the lathe carriage. Due
care had to be given to the design of the cutt:mg tool, and to the aligmnent
and certering of the bit.

These tools required frequent resharpening and, in fact, this proved
to be the only difficulty in this operation. Carballoy bits showed the
lonpest life but were rejected because of the greater effort reauired in
preparing them. Bits group from old files proved to be nost satiefactory;
about 60 holes could be drilled without resharpcning. Actual drilling of
the hole required about 20 séconds and from 60 to 100 holes per liour as
the usual rate for the whole operation. A total of 22,000 holes were drilled.

Construction of tbe Pile. The unit cell of the graphite-uranium
lattice has e side of 83" and a volume of .32/ cu. ft. L order to achiecve
this lattice the graphite bricks were machined to a cross section of
4 1/8" x 4 1/8" and were cut to a length of 16 4", The structure was planned
as a sphere of uaximum radius of 13 feet; the choice of a sphere being nec-
essary because of the fact thirt probably not sufficlent material would he
evaileble for any other shape vhich would be chain reacting. The decieion
to build a sphere necessitated two important additions to the structure.

The first of these was. a r'ooden frauevork in rhich the sphere was inscribed,
and secondly, & {'raphlte pler: uha.ch supports the side of the sphrre through
wvhich the control rods pass. It was believed to be entirely possible that
after the structure was erected that the viood might varp or shrini and

cuase some cdisplacement of the graphite sbove it. Since this vould be un-—
desirable from the point of view of passing control rods irto the pile,

that part of the pila through which tle rods pass is ertirely supported by
this graphite pier. Originally it had been intended to cvacuate the pile
and, thcrefore, cousidercble nains were teken to see that the wooder {rame-
wé_ji- ' 1';t.ted the graphite securely and that it presented a smooth continuous
surface to tho surrounding balloon cloth envelope. It twmned out, however,
thet evacuation was not nececsary and, therefore, these doteils are unimpor-
tant. .

The cube in which the sphere is inscribed has a side of 24'2", From
this it follows that a part of the 26' diemeter sphere is cut off on the
sides: these parts represent a rather small percentage of the total volume
of the sphere. As planned the sphere was to have a shell 1' thick on the

DR




T T I e T T e T e T T e

_25..

outside made vp of grephite without uranium @@ so-called dead graphite.
The grephlite-tmaniyn lattice was expeoted to occupy & sphere of 12' radius
and have a total voluge of 7,220 cu. ft. 2nd hence about 22,300 cells vere
axpeoted to be inoluded in the structure.

As has been indicated earlier not ell of the material available ias
of wmiforn quality and in ogder to use this material most effiociently that
of nighsst quality was pleced at the center vith the less reactive types
axrrenged in ooncentrio shells} the quality dearessing outward from the
oenter. The 26 diameter sphere would have required that about 75 layers
of the 4 1/8® thick bricks would be piled up; however, the chain-reacting
condition was reached at the 57th layer. The sotual amownt of graphite in
the pile is indicated in Table VIII in which also the amownts of eaoch
brend azre given. 4

Jable VIIT
Sxachite in Plle

Source Brand Lbs.
ational Carbon Co. AGOT 510,000

er Graphite Co. 145,000
. 8. Graphite Co. ' U. S. 32,000
lational. Carbon Co. AGX 60,000

+ Spesr (Pier only) 242000

T™,000 = 385.5 tons

The U. S. and AGX brands had dimensions somewhat different than
the majority of the graphite and since they are of lower quality they were
mostly used in the outer shell of dead graphite.

In Table IX the details of the uranium lumps are given. Column I
gives the geometrical form of the lump.
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Table IX -
Uranium in 2;19 |
Geometrical Shape Compound | Veight | Density | Wumber | Total Veight
in Pile
230 cylinder Hetal 6.0 1bs. | 18 pm/omd 2,060 | 12,400 1bs.
32" pseudosphore o, 4.T2 6.10 14,840 70,000
3.9 peeudosphere U304 3.99 5.17 1,200 4,790
3 ° cylinder 109 4.56 6.14 540 2,460
3 " oylinder Ug0g 3.97 520 |_ &0 | _3.340
19,480 | 92,990%46.5

The designation 3 " pseudosphere indicates pressings which were cy-
linders of 3 " diameter and 3 " height, but which had the edtes cut off at
45° go that they were roughly spherical. The designation 3" cylinder means
a cylinder of height and diameter of 3". Since five varieties of uranium
lumps and four brands of graphite were used a considerable variation in the
combination making up the cell was possible. Four sample arrangements and
the labels given them in the diagrams are listed below.

Metal - AGOT. Uranium metal clyinders combined with the highest
gquality AGOT graphite. '

AGOT Br + AGOT. 3 " pseudosphere of U0, inserted in a AGOT graphite

v‘:ﬂ&rfckvapd combined with undrilled AGOT bricks to make up the lattice.

M gp Br o+ Sp. 3 " pseudosphere of U0, inserted in a Speer graphite

- ‘brilk end combined with undrilled Speer bricks to make up the lattice.

e AGOT Bl + Sp. 3 " pseudosphere of U0, inserted in a drilled brick
of AGOT graphite and combined with undrilled épger bricks to make up the
lattice. (Also see insert diagz "m at top of Fig. 5). The distribution of
the various kinds of lattices throughout the structure will be evident from
an examination of Fig. 5. This figure also shows the graphite pier which
replaces the wood in that part underneath the control rods.

Figure 6 is an elevation of a plane cut through the corners of the
cube in which the sphere rests. It is shown here in order that a clear
picture may be obtained of the large amount of wood filling required in
some parts of the pile. The shielding against radiation in these areas
therefore is rather good. The good structure is honeycombed and is made up
of 4" x 6" timbers in such a way that sbout 1/3 of the volume is empty.
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-Flgures 7 and 8 are plans of two layors, the first near the bottom
of the structi—e and the second at the 32nd layer which shovs the manner in
which the slots for the control and safety rods pi:ss through the pile.

Figure 9 is a photograph of the 19th and 18th layers. The roughly
spherical foru of the structure is,showm and also sone of the supporting
wood frame work. The lattiee is naintained in the vertical directlon by
ingerting betveen two oxide bearing layers a layer of dead graphite. Layer
19 as siiotm in the photograph is only p:rtially completed.

A totrl of 10 slots passing completely through the pile rere
provided. Three of these near the center are used for tue control and
safety rors, the renained beiny avnilable for experimontal purposcs. In
addition one 1ot of briciis carrying uranium lumps and passing very close
to the center of thie pile is arranged so that it can be pushed completely
out of the pile. This construction permits the removal of samples from
tiie pile and 18 useful for experiuental purposes.




LayerNo 12 - Phn
E

-30-

e e - ™
~
7 B 7 7 T 7 A el o \ o auir ey bl alay ey o T Ve aard 4 ¢L :
4 4 N\b\\\kbo A" \\\\\ e / \l\ \\\ , 7 VRV
” . , o \\\\ / \\\C\\\\ s
o L . ) .ef. N o7 / /
..\\\ S NN XOF « 12 INEARN //\/\ \\\\\\\.\\\ , o
vl r \ 4 .
Y avid . . v 7/
S /ﬁVn AW\ / e \ﬂ\\\ﬂ\ .
v L QO \\
7 T RIS A
.\. \\ . ) DOV A \\\ / /
o | —i ~ L /// / \\ s -0
; . - N T
v \\ ~’ e 4 s 7/ 7.3
pa ) N* s 7,
.. .. \\.\ .nw // \\\~ -
[ - | \ 4 '
I : i < ',
V\\m,,. : - i _ w S
5] SN -, [ i ’
aky T . SRR S O
yOIN % o0 aby . o~
2, AN £ X ‘ R
v vr.M i 'vJ ! + Efa :U ”... iy
e N . < - & X N H N . il
N, - g | NS [
s, + . ! ~ Y SN
] RS n_ Q . Q. i .r,_ A e
ST & e : L7
vz . ~< N s .
. ) ! | NS B
. . v B R 4
A hJ T m o al -
N~ ‘ - ) /7 -
. b X : R //. &
VR NN . . NN e
2 ”, o - o —w - // e .
» ! \ 4 Tl_
[ — - ‘x_‘ 7/” \.\ s
K ' [ ./7 Ltk
\ ' B SO “
e —— e N P2 / 4 _.
///ﬁ) ¢ STk
# ~ - . a4 L T
. h ) . ’ s
) 1 WnA N W/r s S s b
. r ;7/,/ N s
7 , N ///) /;//.A/ - /\ s s, 7 e
, . ) ) . v / P J \\ V4 .
; K : TN DR A I I
, / S //k.‘ .ﬂbhkm N . \\ s/ . \ e
’ ’ 4 ) B N \\ . i 4 ~
) 7 oot s . o / ////// ” \\ \\\no\.\\w.%&\\\ RSN
- / . o » A- / i u\a N /// s A \\\\ N
D 2 NN ,,/ R R e 2
. v v v — ¢ - < /
7 4 o é & 2 5 5 + € 27 o s » <4 & 6 O 4 &
. 23y
=

Pig. 7

ST

e VPN o WO




T T et T e

“r Wocg =TT

US+AGX vAdGY
x- Wood Filler R bs-4 Wood Fillker

0 SpBre+Sp
) USPASX US » AGY

us Asx ' s
‘-

AGOT 8- +AGOT

U »AGx

- ’ — - _—] - —Z ] I [_'_:—“_‘ Control Stot &°r 4§

N Metal »AGOT K
O-1  SpareSp AGoT &r X | ’ ‘
o] Ko NEelNo g e N ko) oig T ﬁi’o‘_“di‘a:

o o AGOT.

-Tg-

» ASOT Lomliel Ko R e N a)
Q OlQ O

[o+]
[eN 1K)

o)
- (o M)

- 1 | o le)
.- . T 00
: (oMo}

g A 0 o o
a3 o N o
G ojin o

o7 Contro! ot 2°244"

O 12 A o 101 o

US*AGY

Use AGXY

] AGOT Or ¢ AGOT . l

.14 ussy

g
Wood .

Q- e aGr UseAGX
Weod Fisker Sp8re5p

Wood /iller

[/ .1 4 UseAsry

N
=
a1
-
Q 4
~
o 4
(e
LN
o
~d
~
P
<
]
e 4
g
-
o<
~
L
©
3




-32-

Fig. 9




)

R S R P -

-33-
APPENDIX 11

MONITORING AND CONTROLLING THE PIRST PILE

H. Barton, T. Brill, S. Fox, R. Fox, D. Proman, ¥. Hinch
W. R. Kanne, %W. Overbeck, li. Parsons, G. Pawlicki,
L. Slotin, R. Tatts, 2. Wilkening, and V. C. Wilson.

T?e construction and operation of equipment for monitoring and controlling
the first pile was undertaken by the circuit group. This job was subdivided
as follows: :

1. lonitoring the pile during constructicr
2. Yonitnring the pile while operating.

3. The control rods.

4. Electrical controls.

1. ‘lMenitoring the pile duriny construction.--A slot of 21" x 21" cross
section running I'rom the north face of the pile to slightly beyond the conter
of the pile was built into the 11th layer. A BF3 proportional ccunter in
a 2" x 2" x 12" graphite block was pushed along this slot to the center of

" the 1l1lth layer. The counting rate was recorded both by a scale of 128

scaler and a pulse integrator operating a recording millimeter. 1In this way
a continmuous history of the construction was obtained. The integrator also
operated an alarm relay.

Figure 1 shows the counting rate as a function of the number of layers
completed. '

2. Monitoring the pile while operating.--tihen the pile was nearly large-
enough to vecome chain reacting, a second BF3 proportional counter and four
Bi'3 ionization chambers wecre set up to monitor the pile. The automatic _
control rod and the safety rods are actuated by signals originating in these
BF3 ionization cuambers. The amplified ionization current is also used to

‘operate recording power-level inadicators. One chamber is battery operated.

The other three chambers are powered by ourdinary power packs with VR-tube
stabilization. The power for these packs is derived from voltage regulating
transformers. A diagram of the ionization chamber with the first two stages

of amplification and the power supply is shown in Figure 2. The level indicator
output terminuls are shown as well as the output terminals to feed the amplifiers
for the control and safety rods. Actually, different sets are used for the .
three different purposes.

The suppressor grid of the 969 tube is used for detection of the ionization .,

current in order to secure @ high leakage resistance of the tube. At the
plate, screun and filament voltages used, the overall leakage resistance is
greater than 1013 ohms at all voltaes impressed on the suppressor grid im 1
practies. This introduces no appreciable error when resistors less than 10
ohms are used in the grid circuit. The voltage gain in the tube is about 1.85.
Il tho control grid had been used the voltage gain Would have bcen about 15,

2
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but except very near its floating potential, this grid shows an appreciable
leakage. Moreover, this leakage is far from constant as the grid is swung
over the values encountered in practice. In the circuit the connections
are made to the suppressor grid terminal by soldoring uirectly to it, thus
. eliminating leakage in a socket. The insulators in the ionization chamber
were made of clean, dry plate glass. The outer surfaces of the insulators
wero heated and coated with ceresin wax. The 949 tube also was heated
to about 100°C and aipyed in mplten ceresin. The wax keeps surface leaka;e
to a minimum even under conditions of hi;h humidiity.

Operatin; exj.erience with a divergent pile has brought to lizht several
defects in these instruments. These defects are enumarated below with
brief suggestions for correction or improvement. An instrument with the
improved desizn is to be tested cn this pile before similar apperatus is
constructed for future piles.

1. The chambers are too large to handle essily and are unnecesaarily
large for the required sensitivity. A volume of 2 litres instead of
18 seems adequate,

2. The variation of output of the instrumerts with line voltage ia too
great. A triode-pgentode voltage regulat:r snould be used, dispensing
with the regulating transformers and VR tubes.

3. A more powerful tube such as a 6J7 should g used in glace of the
INS tube in the second stage. This will allow using a 1 milliampere-
movement recording meter as a voltmeter un the plate of this tube in
place of using the meter in the plate eircuit. Tnis has the
distinct advaenta;e that the metur readiny ca: bte made accurately
proportional to the current collected in the chamber. 1in the gresent
instruments the meter reading decreases with :ncreased intensity,
and it becomes hizhly non-linear es the tube yoes to cut off.

4, The electric field for the collection.of ions iii the chamber is very
far frcm the saturation value. Tiais condition can be improved both
by increasing the applied voltsgze and by a better shape of the
electrodes.

§. The amplifiers boing built right on the chambers aic rather inaccessible
and, ‘in order to chan_e sensitivity, a rosistor must be replaced by
soldering in the ampl1fier. The leads from the chamber to the ampli-
fier should be long enouzh to pass through a protecting barrier and
range change should be made with a multi-position switch.

6. For high-power piles the chambers should be made of, or lined with,
a material from which no long-lived radioactive product is formed.

3 Th~ control rods.--Since the power produced by a chain reacting pile
is proportional to the neutron aensity, a pile may be controllea by controlling
the. neutron density. In the first pile this was done by means of rods of
cadmium and Boron Steel. These rods could be moved in and out to regulate
the fraction of neutrons abserbed in the rods.
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. During the construction several rods of cadanium were inserted in the pile.
Fhen teats indicated the pile was large enough to be chain reacting, these
rods were removed une by one. This process is described in the main body
of the report. Three of the rods were built specially as shown diagramatically
in Pigures 3, 4, and 5.

_ Figure 3 is a diagram of a safety rod. In normal operation, this rod is
pulled entirely out and is held by a solenoid and catch which in turn are
controlled by an automatic safety circuit aujusted tv release if the neutron
intensity becomes too great. This rod was made more complicated than nece-
ssary for several reasons. First, it was thought thnt the pile would need
to be evacuated and so the rod was built in a vacuum tight steel case with.
remote control. Secondly, it was thoughtthat we should try to nave the rod
S0 in in less than a second. Third, it was thought that the pile would be
run hot and so no rope could te placed in the pile and a steel cablec would
absorb tno rmuny neutrons. These restrictions prevented pulling the rod
through. Fourth, it was planned to have the rod so that it coulabe pulled
out to any desired position.

To meet the seconu and fourth requirements the catch was j:laced on the
rou, and :nade to engage into an endless chain. When the solencid is aotivated
this engages. The circuits are arranged so that this cannot operate unless
the neutron intensity is low. Therefore one cannot remove the rod from the
pile unless the circuits agree that it is> safe to do so. Then the current
in the solenoid is interrupted, the catch releases and the weight falls
pulling only the rod without the extra drag of any pull out mechanism. This
helps speed up the motion. The details of the catch are shown. rnen the
knee action is aujusted so that it is not quite on the zero position when
holuing, the pull of both the srring and tho weight tenu to release the cutch.
To stop the rod a friction brake was designed which binus in the forwerd
direction but automatically releases whon the rod is pulled back.

Figure 4 is a diagram of a simplor safety rod which was built when it
became apparent that it would not be necessary to evacuate the pile. This
is pulled out and set by hand but may be released from the control table or
by the safety circuits.

Fizure 5 is a diagram of the regulating rod used. The rod was built
as a sandwich. The center piece contained 1.5% of Boron by weight.

‘EXPerience with these rods has shown that the regulating rods and the
safety rods should be mounted on sufficiently rigid supports that the shock
of the safety rods cannot destroy the settings of the regulating rods.

A pnoﬁmntic,suroty rod has been designed and one will be tried in the
second pile.

The regulating rod seems adequate and only changes in the motor drives
and gearing are contemplated for theascond pile.

Complete diagrams are available for the mechanical details of these rods.
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4. Electrical controls.--In this section, a discussion will be given of
the attempt to utilize the signals from the monitoring devices to move the .
control rods.

The initial lack of knowledge regarding behavior of the first pile led
us to prepare a rather elaborate system of controls. While it has been
found that these controls may be simplified and improved, our preparations
have made it possible to test a variety of measurement and control devices.

a. Measurement

The primary requirement of control is accurate measurement. We were
equipped with ionization chambers and proportional counters, both filled
with boron trifluoride. A simple method of checking these instruments was
found to be that of allowing the intensity to rise and fall at a natural
rate obtained by placing a control rod outside the critical position and
then inside. This procedure results in exponential growth and decay of
intensity and should therefore produce an indication which, plotted on semi-
‘log paper against time. as linear. Figure 6 shows such plots for the counter,
the ion chamber current and the output of the ion chamber amplifier. Obviously
the proportional counter is best as an indicating instrument since its response
is most linear. The ion chamber, particularly with added amplification,
is far from linear but is satisfactory as part of an automatic control system
since its readings are reproducible.

The curve shown for the ion chamber with glavenometer was obtained with
the circuit shown in Figure 7. This circuit is the simplest indicating
system which we have used and has a great advantage in that only the ion
chamber is located near the pile. Everything else is readily accessible.

b. Indication

One of our most important duties was to provide remote indication of the
various actions of the pile. Since it will be impossible, at high intensities
to remain close to the pile, we must have remote indications of both
intensity and of control rod positions. With regard to neutron intensity,
. our present set-up includes remote indication from four ion chambers and
two proportional counters. Details of the circuits for these instruments >
" are given elsewhere in this report. '

Figure 8 shows the system emoloyed to indicate control rod positions.
The "safety" rod position is indicated only at intervals by means of micro-
switches lying slong its track. "Regulating" rod position is more accurately
indicated by selsyn unita. As shown in the diagram, we have one selsyn
generator coupled to the regulating rod mechanism and two selsyn motors;
ane operating a dial indicator, the other a recording pen. In the present
get-up, it has been found possible to set the rod position within 0.05: inches
of any desired value. A higher degree of accuracy would be possible if the
gear ratio between selsyn and rod mechanism were increased

c. Controls

As mentioned above, the two types of control rod used in the pile are the
safety rod and the regulating rod. The electricel circuit employed with these
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rods is shown in Figure 9. Th®é safety rod (Pigure 3) may be set to any
desired position, usually all theway out, and is then held in place by a
solenoid catch mechanism. TYhenever current to the solenoid is interrupea,
the rod is released and is pulled into the pile by a 100 lb. weight.

"The reigulating rod is operated by two motors, one of which drives inward,
the other outward. The use of two motors rather than a single reversible
motor is for adaptation to an automatic regulating cirouit to be desoribed
later.

The first section of the control system is an automatic safety control.
It consists of two relays, one with normally opeon contacts in series with
the solen.id on the safety rod, the other with normally closed contacts in
series with the "IN" motor on the regulating rod. These relays are actuated
through a comaon "SCRAM"™ line. If this line is opened at any point, all
rods go in. The safety rods go in in about 2 seconds while the regulating
rod requires 20 seconds. It was our intention to desijzn any safety devices
in such a manner as to open contacts in series with this "SCRAM" line. At
the present time thero are three automatic safety circuitse operating from
three separate BF3 chambers and holaing separate relays. 'If any one relay
is opened, the "SCRAM" line is broken and all the rods are sent in.

A second section of the control system is designed for manual regulation
of the pile It includes individual release switches for the sufety rods,
control of tho rewind motors on the safety rods, a re-setting; switch for
the solenoid catch, and a two directional vurisble speed control for setting
the regulating rod. The latter consists simply of a variac whose winaing
is split so that it forms a variable inductunco in series with euch motor.
Thus, direction of motion depends on direction of rotation of theicriac knob
and speed depends on the amount of rotution.

The final section of the control system includes an automatic circuit
designed to operate the regulating rod in a manner such as to maintain
constant intensity. The task of regulating intensity manually has been
found so easy that this circuit has seen little service. Howeiver, with
improved performance, it may be found very useful in experimental work
and, in future plants, some modification of it may be essential. From
present measurements, it seems that such a future control system may operate
on tempcrature rather than neutron intensity since the pile appears to have
a stable relationship between tempereture and reproduction factor. The
principles of jrecise control, nowever, remain similar. Controlling from
neutron intensity, it seems possible to make the following assumption:

dn = Ky x
at

_ whers dn is the rute of changes of neutron
intensity,

x is the distance of the rod from a neutral
position at which intensity remains constant.




Sup, ose, then, that the cortr.l éyetem is designed to move the rod at
a speea partly proportional to:the mneutron intens;ty end partly proportional
to rate of change of intemsity, i.e.: :

dx = -X,n =K< dn
I 2 3

The minus signs indicate that the comtrol system opposes any change of
aeutron intensity. Differentiating this last equation, we obtain:

d%x a2n dn
ate 3 at? | % gy

Suﬁstituting from the first equation, we obtain;

S KKz = e KqRex O
PR EPTIMS
This is now an equation of motion for the rod alone and it is possible
to insert any initial condition in terms of an initial error in rod position
and solve for the motion followed by the rod in correcting for this disturbance.
It is found that this motion is stable if Kzis greater than 2\ (K, and, if
this reguirement is not fulfilled, the contrcl will be un~ — gtable .
and oscillatory. In the event that a temperature control is KA found

more suitable for high intensity operation, the rod may be replaced by a
cocling system and x becomes a cooling rute. To increase intensity, it

will be necessary only to increase the flow of the cooling medium. It seems
most likely that & combination of temperature and intensity controls will

be needed since cuntrol from temjcrature alone may prouuce vicious trenscient
conaitions-

In the present system, the neutron intensity is measured by an ion
chamber whose output, over a limited range may be considered proportionnl
to neutron intensity. This signal is am:lified by a vacuum tube {T, in Fig. 4)
and tnen passes through a network consisting of resistors Rj,.Rz and condenser
C1 - The characteristic of this network is such that, over the range of
possible frequency components of any reasonable disturbance, it app]zes to
the grid of the next tube, Tz, a voltage:

eq = Kqu + Kg g%
The constants in this equation arc determined by the wvalues of Ry, Rp
and C; and the latter may thus be used to adjust the entire control system
for stable performance. .

Tubes Tz and T4 p}oduce an inversion of the control signal without
amplification. . Thus, changes in anode potential of T are accompanied by
equal and opposite changes at the anode of T4.

O T
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In series with eracn of the reguleting rod motors, is the primery winding
of a transformer, Tr) and Tr2. Each transformer hs a secondary windin; across
which two thyretron tubes are so connected that, when con..cting, they short
circuit the ‘'seconderies. The thyratron grid circuits are, however, urramnged
so that the amount of conduction may be smoothly varied. This is acconplished
by adding to the control potentials, supplied by tubes Tp and T4, and a-c
voltajge obtained from transformer Tr3, phase shift network Rzanu Czand grid
trensformers Trgq and Trg.

The transformers Tr) and Tr2 with their thyratrons now act as éutomntically
varieble impedances in sories with the two mctors and, due to the inverse
relationship botween the control potentials sBup.lied by tubes T2 and T4 , an

increuce of intensity arives the "IN" motor and a decrease drives the "OUT"
motcr.

Tests on this original circuit indicate that it will hold intensity
constant to the order or eS% in the presence of rather violent disturbances
such as insertion or rcmovul of other rods.

¢, Conclusions

Thile our initial experiments indicate that fairly precise control may be
obtained with simple manual regulation, it also indicates that stable auto-
matic control is possible, and that it may be made much more precise than
the preso' % system. Our future program, already under way, therefore con-
+ists of iurther development and improvement of such controls so that they
will be availuble vhen needed.




£000

4000

Jooo

2000

Coun’s per )ﬁmw‘e

/000

=40~

P .

20
Nember of comple/za £ a;;f

Fig. 1




155706

L

T

-

To indhcating

fv O~/ millameter

< Jo amplsfrers

r" ac’_afng reds

€

> 800¥, 200ma C.T.

sVeG

[ N

ff—

o~ TNl WA VWAL
3000
/0 I1I5H 25 W

Fig. 2

/o077 Clamber Cicur’

VWAAAN -
2000
T W




Brake A
. &5\5/ “ Brake shoes 3\
o——————G - » — = g - > -
— S w— = = ‘“ﬁ_":_..ﬂ—--jm
- —
= .
a A PLAN .
Electrical contact 8 L
- : F“Mw —
) S : a5 S L
6 = ,
Yo 1
T‘ Endless cba/»/ Pel! Jl\'—;
ELEVATION
&)
100 /b. WF }
dra)/ =bross |
% steel L ¥3 m;:/::ck
Frber — .
/-
v | B codmum
3’6 stee/ O—=C=® =
, -]
A-A
De/z//s of Sasely Rod
Fig. 3




7
- / W, Springs N
= 1 ‘ B | W
/ :
PiL “PTAWN
Solenocrd —L
7777 7] s 45
/| o0 ' Jﬁ.—_‘,—"zf.;ﬂ
p : Ll " /4
k) / — 7 2/’ —‘—J.
ELEVAT/ION
Q
/ ) )
Brass
60/,7 (\,—-‘;—?—-}-ﬁ—’ .
] ) A \
A6 % Fder i \

' ” »
Lefarfs of "Zyp " Rod Detol of Coteh A

Fig. 4

‘Eﬂ'



. .  nee Sl Pulley to mofors

\ \ Bevel Gears ™S=r el » .
| | e/syn , |
\\ﬁs S : = ]

\\\ \"‘\ Y/ \[/m'/.’"’fC/, ' l[m’ffn'ﬁ-ﬁ
s - Qﬂ ELEVATION

n Molor Ou/ Mo/or
// 0vera// [ehy:“ /5 1t with (] ‘9 ofmof/oll

//// J#

”..b

'l”.f/ee/
N |2 i ﬁ‘#ﬁ \-
/ l':H L }/ . £ Yot /57190/0/7
/ / I d j_\_ : { ! CA‘Z’»:;/.:”.O’, s stee c-c’ S fee/ 1 £ Lenglhs
5-6 _ stee/ rack

Conrro/ Roe Delals

Fig. 5

- 1-(1-(_



T A e e

-1&5-

76 75
7imne - -- Minutes

Fig. 6

18 ffers ~r a/' Larrosphers

-

Fig. 7

]kf' e
N
f"‘l - el
w0 EE’ o~
10“,47 o",/
//' fGPo Q”
o] 7 .
N / 1 9  [.andm&’E.
- p// wihdt+—"
8 C(// bEo”
\6 n O/
\
/
o / Y
/[ P
/
Mg E
25




Sﬂf&/q kad N q

T ' - /ncicafor Lamps
L4 T‘:’_T m | T
";fl““¥1"j{l““1l"“t ac St
crosmwit¢pes ' ﬁ)el) ® ¢ T ®
Regulating Rod i
— :
fi ;b«‘%g VMW- 0v/ € @ /7
- T Ay -
\\ [Y Z
| ae T

'
1
1
|
}
!
|
|
'
i
I
|

r T

il o1 1
Se/syn Generafor j?‘“} \ ﬁ;
T N

Orrving /_
Mofbfs ’ _ / 58/5(//7

MoYors :
POD PO.S/?' JON INDICATOR SYSTEM | E I /?\

Posstion  oral /na’/caiar
Lecorder

Fig. 8

U, PSRN >

Y/sv o.c.

-9




INAWNO0d J40 NI

__Reguloting Roc/

A\ LA

r W vow S INAN SN2 AN ;
‘a A

/75 v, Oc.

q
Manwal Contrs/
our L

g O

ory ving Mo/lors

Ly
[ r1? *
— 4

[v—

| S, W,

A

reset i . A

496A9y B D,

f

Satety Roo

So/enor  Lwwl
e

?
<
e
N
@

S

'Lﬂ-

Fig. 9

SIMPLIFIED DIAGRAM oF
CoNTROL Sys 7EM

3
2
[\
N\
N
\ of]
J
"SCROAM ine releo.

Rewind

e et et gt
Safely Relays, efc

r3oov

AAAAA~

. T

mpot from don Chamber
Cireovr#






