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Report llo, CP-413

EXPERITFNTAL PRODUCTION OF A DIVEFGELT CAAIN KE:#CTION
E. Fermi

This report gives a description of the ccnstruction and operation
of a chain reacting pile. The pile was constructed in the Fest Stands
Leberatory during the months of October and November 1942 and was operated
for the first time on December 2, 19/2.

It will appear from its description that an experiment of this
kind requires the collaboration of a large number of physicists.

The two groups of Zinn and Anderson took charge of the nreparation
of the materials and of the actual construction of the pile; the group of
Wilson prepared the messuring equipment and the automatié controls. The
details of this work are given by the members »f the two fioups in the
appendices. -

A large share of the crcdit for the experiment goes also to &1l
the scrvices of the [jetallurgical Laboratory and in particitar to the
groups responsible ror the development of the production and the testing
of tne maiorials. The exceptionally high purity requirements of graphite
and uraniun which vere needed in very large amounts probably nade the
procurencent of suitable materials the greatest single difficulty in s8ll
the development.

General deseription of the pile. The pile consigts essentielly
of a lattice of lumps, partly of uranium metel and partly of uranium
oxide imbedded in graphite. Except for a small fraction near the surface
ol the pile the lattice cell is a cube of 8.25 inches side.

Since only a relatively small cmount of netal (about six tons)
was available and since owr graphite =as of various brands of differrnt
purity it had been planned originally to coustruct the pile in «n approx-
imztely spherical shepe, putting the best naterials as near as possible
to the crnter. It hapnened actually that tic eritieal condilions vore
reacned before the sphere was comnleted znd construetion vas interrusted
about onc layer above the critical dimensiona. -For the same reason the
top lajers of tue pile were made appreciably .maller than would correspond
to the cphericzl shape originally plamined. Tae nresent struclure may
be rouglly described as a flaticned rotaticnal eliinsoid having the polar
redivs 309 cm and ithe equatorial radius 398 cm. (See Fig. 1)

The graphite is supported on ~ wodden structure and reste on
the floor on ite lowest point.
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The original plan foresaw the possibility that it ni~hi hove Leen
necescary to evacvnte tho structure in order to reach e criticdl conltitionr.
For this rcescn the pilc was constructed inzide a tent f rubbesined Lnlics:
fabric tinet in cace of need could hinve been sezled and cvacuctod.

Since tie amount of netal ovailable wes only about 6 toins, the
metal-beuriog purt of the lattice was desi;red for begt viilizatlin of “le
metal ratiher thin for berct reproduction fuctor. The netal luans uscd
veirhed 6 pounds and consisted cf metnls of wvarisus oririns (Vestinshouse,
tdetel Hydrides, anl Ames). An exponential exnerimeni perfoimed on +1o
netnl ln*ﬁ~£e &ad given for it a reproducti:n factor of 1,067 and
101.7 x 107%¢cn."~. The use of henvier neirl lwrns of seven or eLght
powxls woald hrve riven a better rerroduciion factor. Since, hovever,
aeavier notal lwmps would have reduced tiae volume of the wetaui-bearing
part of tne lattice, it was deemed edvischle to uce lumps soncvhat undersize,

The greatest (pt »f the volume was occupied by o lattice having
the gome z2ell cide of g5 inches vith lumps of precsed UQ, weighing about
2140 fms.  The rcproductlon factor for this lattice had Been measured
in 5 -revious cjponcrtial experiment cnd had been foumd %z be 1.039 ith
a V° =59 x 10~0cm.~<, *

ilencurencrts performed durings the corstruction. A series of measure-
ments vas periormed vhile the pile was boiry asserdled in order to mske
sure that the critical dimensions c.ild not be reiched ilnudvertently
without taking the proper srecautiones. These meazsureients had also the
purpose »f checking the neutron nultiplication properties of the structure
while it was being assembled so zs to permit the determination of the
critical point before actually reaching it.

The .secasurements were performed using two types of detectors.
AB Fé-counter was inserted in a slot about 43" from th- pround and
ils readings vieve taken rt frequert intervals of time. ‘In z2dcition an
indivu {oil was irradiated every night in a position &s close us p0051b1e
to the effeotive center of thic structure ond its induced activity
necsured tie following norning and conpared with the readings o7 *We
B F.~counter. For tihese neaswre .ents the nciural nuecutrons spont neously
emitted by uranium are a perfectly adequate source #nd no »ther source of
reutrons wag added.

Typical results of these measurencrnts are collected in Table 1.
The first colum indicates the height of the structure expresced in
nuaber Hf lovers (ench layer approximately 4 1/8%). The second column
{ives the intencity A expressed in coumts nor ninute of £ stirdard
indium foil, inuuced by the natursl neutrons vihen the foil is piaced
at o central place inside the structure vhere t:ie neutron intensity is
a neximea.  Actually the folls were placed as close ag possible to the
beos pusivion end & small correction was applied in order to account
for the fret thnt tie foll was not exactly at the optimal nosition.
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Table 1
Layer A Rypp(cm) B2 po/A
Ly 42 128 390
19 78 158 320
23 119 187 29/
25 18 200 270
29 221 225 229
33 345 248 178
36 470 265 149
L1 350 288 98
L5 1360 308 70
L7 1940 317 52
51 4400 332 25
54 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 sguare of the radius.
For an ellipsoid a similar property holds the intensity at the center

being proportional to the square of an effective radius Rgpp 8iVen by
the formula

- 1 1.1
Mo TRt Rt @
e

where a, b and ¢ are the semiaxes of the ellipsoid. For the case of
gspherical 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 Rgppe 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
f/A are plotted in Figure 2. The critical layer is at the inter-

2
R
segglon of the curve with the X-axis.,
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During the construction 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 dimensions. When all the cadmium is
removed the effective reproduction factor of the structure is about 1.0006.

Measuring equipment and controils. Any detector of neutrons or of
gamma radiation can be used for measuring the intensity of the reactioun.
Neutron detectors are somewhat preferable 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 lonization 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 so 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 cutside 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 above the desired level, and
is pulled outside if the intensity is below the desired leveli. The
detailed description of the control and measuring devices 1s given in
Appendix 2.

Operation of the pile. In order to operate the pile, all the
cadmium strips except one are first taken 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 rather 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: O minutes where
X is the distance of the rod from the critical position expressed in cm.

This mesns 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 relaxation 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 ovutside 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 minutes. 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 about 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 disgram by the sudden drop in intemsity.

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 minutes, 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 !
[1111i. roentgen »er | of a ctundard Indiw
ninute foil ot saturation |

Near nile 50 8 x 106
!
Inside pile room far from piles 6 106 |

Corridors on the side of pile room 2 2 x 107
Tower rocm 0005 negligible {
3idewalk of Ellis Strcet nearest to i

pile .05 6000

Sidewalk of Ellis Street farthest !
Trom pile Nk 2700 :
§
Control .001 —- f

Corvarison of expected and observed critizel dinencions. In spite

{ tre fact that the shape of the pile and its intermcl siructure ove
ar from refvlur, some conclusions nuy be obtained as to “he cetwd repro-

with tie revroduction factors exsected from tiie vesults of cxponential

siperinents.

Ve have already indicated (sec Fig. 1) tnst, the ovtline of the
structurc is not far from that of a flattened vrotation elilipsoid viith a
polar semi-axis of 309 em. and an equatorial semi-asxis of 325 ¢, Forwvla

(1) gives then as effective radius of the struvciure,
R = 355 cn.
This value of the radius corresponds tc v2 of
78.3 x 10-6¢m, =2

and 1o an aversge reproduction factor of about 1.054.

Since verious lattices have been uvered at variovs nlaces insido
tl'e structure, such values are only nean valucs fur tic varions lattices
used, «nd they can be comparcd “sdtih the individval vaeluos only if the
statistical vweight pertaining to each kind of latiice is knom.

One can prove eagily that the statistical welcht of cech conponent
lattice is in first approxim=tion proportional to 1ts volume -ultiplicd
by the mean csquare density of ncutrons over lLhe voluuie vecupicd by the
riven lattice type. An attcuapt has been mode o calsulite in this wvay

tae slevisticed weight of the varicus lencices ooowo. i

The results of this calculation are given in “Yavloe 2.

i oour SulmC e



-10~

Table 2
v< x 10° from expon-
Type of attice Statistical Veight ential experinmonts
letal 39.2% + 102
AGOT Broun AGOT 53.5 + 59
Speer 6.6 + 45
. S. Live .5 - 10
Dead w2 = 520
Vieighted Average 73.4,

The first column of the table gives the type of lattice. For the
sate of simplicity, lattice types having uresumably o rather simila-
reprocucvion factor have been grouped togetuer under tle denomination
of Tyeer The second column gives the statistiecal :eipht of ezch kind
of lititice expressed in percent  The third colum gives the values of v2

s obtained freom exponential experinents. The weighted average of 92
s 73,/ incuead of the value of 78.3 as estimated from the critical

Ltels.oons

ELNN)

Tuls is zn indication that the values of vzand of the reproduction
fuctors as calculated fron exponential experiments lhave been slipghtly
ub.Jerestinated, the correct values being probably about .003 or .034 higher
than *he published values.

T rey enitted by the pile. The number of neutrons emitted by
tac pile, the rusber of fissions and t.ae enercy produced can be estinated
in te. s of o activity of stendard indium foils placed inside the pile,
T ctendiaiization of these indium foils has indicated that the folloring
relu*tisnsiin exists bebreen bhe vesonunce activity, A expressed in
courte/ iinute at saturation iih the foil screened by cadnium, and the
slowing dowr density of neutrons in graphite.

q = .00156 x Ap_, (2)

he oo ldwa ratis in the greatect fraction of the volume of owr structure

~
1 <
is elout 6.6; tiis .erns thet if an sctivity of A counts/minute at
satiration is vceorded vhen the indium foil is not screened by cadmium,
e vetivity with cadnmcum would be

A &

Res ~ 6.6
and consequently,

.00156

qz"—-ETB—XA=.000236XA
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The total number of neutrons that are sloved doim inside tie pile from
above to Lelow indium resonance energy is glven, therefore, Lvs

L000236 x KV

tlhere A is the nean value of activity and V is the volume of the pile
we have assumed

vV =1,95 x 10% ce.

n the other hand, one can estimate that A ig ecual to about .3
x the activity Agp at the center of the pile. It follows that ihe t>tal
rumber of meutrons sl¢..d down in the pile from above to belows indium
resonance 1is

1.4 x 104 A

The tolnl numbe s of neutrons produced in the pile is about 13% higher
since some of the fast ncutrons produced are absorbed at recon nce before
reaching inliw. resonance cnergy and a small fraction escipes from the
vile. The total number of neutrons produccu is given, thicerlore, by:

1.6 x 104 x 4, (3)
If we assume that 2.2 neu rong ™ 't ion are enitted, e obtain from
thiis the number of fissiong per v . - ssed b fhe forrula

F = 7200 Ay

Assuming that the e.er~y p: *iccd per fiscion 's 2070 llev, equivalent to
3.2 x 104 ergs, the pcser output of the pile i. given by:

2.3 Ay cogfsec = 2.3 x 1077 x Ay watts

This foruula has been used in the estimates of the power output already
given,
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APPENDIX I
CONSTHUCTION OF THL CHAIN TTACTING PILE

H. L. Anderson, A. C., Graves, P. G. Koontz, L. Seren, A. Vattenberg
G. L. Veil, W. H. Zinn

In the previous sections of thisg report some discussior of the
general structural features of the chain-reacting pile is given. In this
gection 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
experiment 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 optimum cell constants have been determined for pressed U0y (density =
6.1 §53) and cast uranium mete) (density = 18 ggs), together with the
values of Kk associated with these optimum lattices in grephite of poorer
qulity than that aveilable for the chain-reacting pile. For tue purpose
of' decigning the chain reacting pile it was necessary to determine the
viilue >f k for the three comnonents (cast urarium netal in AGOT graphite--
presred U0 in AGOT grephite-- pressed U0, in Specr srephite) of its
stricture.  The measurements and results of the exponential pilec which
vere constructed to test these components will be given in this secticn.

Bricfly, tihe theory of exponentiel pile ncasureaents ic as follows:

If none considers a uranium-graphite lattice structure of sguare
cross scction with side equal to a, und semi-infinite height, with a
sorwce of fast neutrons at the center of the base, then, at points
su’Tilciently far removed from the source, the neutron intensity vill
be given by an equetion of the form:

X

n =32 byj e Bij cos i’g cos 3'—;—‘ (1)a
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where the x axis is taken along the vettical axis of the pile, and the
= 0 plane coinciding wilh the base of the pile. Thus, for points on
the axis, each harmonic of the neutron intensity decreases exponentially,

X

n= bij e 3 (2)a

with a relaxation distance equal to by At a sufficiently large distance
fropm the source the first harmonic only is important. The relaxation
length b (byy) is related to the reproduction facto- k, through the
following equation:

M )
Kz[l‘a-(sz = e © 2] (3)a

where

mean free pathh of tiermal neutrons in graphite.

A
%g = mean free nath for abgorption collision.

Yo

"

i

the age of nrscent taermal neutrons.

1 2u2 1

wilere ¢ is the diffugion length. TFor thc case that k is close to unity,
¢ is very large and s small so that one can write

_E_ = -0-)(b2 - ~-2 ] (4)a
or K=0 - L2) here 12 = (M4 Iof (5)
o2 where 3 2 ) 5)a

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

Because of the finite height (124") of an actual exponential pile,
tuo corrections must be applied to the neutron intensity measuvrements.
First, a "harmonic correction®™ due to the presence of higher harmonics at
pointo near the source; and second, an %end- correction®™ due to the
proximity of the top of & plle to the measuring positions.
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To determine the relaxation distance, b, indium foils, (.0924
gm/cmz) are ploced at positions olong the axis of the pile, and the
induced 54 minule activiiy measured on G. II. counters. For these
meesureicrts tie foil is held in a nickel holder, thus, the activation
(Ani) is due to both tihermal and indium resonance neutrons. (All
measurenents are corrected to rive the activities thrt would be observed
for infinite times of irradietion.) The emission of ncutrons by spontane-
ous {ission of the vranium in the pile produces a "background® which
must be subtracted from the intensity measurements. Finelly, after making
the harnmonic and cnd-corrections, on calculates b from the reletion

D
b = - —ly (6)&
%ﬂz_
ln h

where D is the distance between the two positions at which (Api) is
measured.

The length of a side, a, to be used in calculating k from
equstion (4 a must be that value for vhich the neutron intensity actually
becones equal to 0. (Because of the finite length of the meun free
puth, A, compared to the dimensions of the pile, the effective side 1s
larger than the »hysical side.) From neutron intensity neasurenents
near %hc edge »f the pile one can estimate the cffective value of a.

graphitc density and the cadmium ratio. The cadmium ratio yeid~ is

the rntio of tne activity of a foil tith nickel holder (i, )¢/

and the activity (Acd) at the scme position when the foil is covered with
cadmium Activation in the latter case is due only to indium reson-
ance rieutrons.

' The nigration length, L (Equ. (5)), can be calculntgd rom the
)

T.ac three piles with which we are concerned had the following
~cr.erl features in comaon. A pile was constructed on a base (AGX
praphite), 16" high, in the top layer of which a source channel was
placed. Four (Ra + Be) fasl neutron sources, each of apprcximately
0.5 g, woere used, and these were divided inlo two closely equivaleni
1 ¢m. sources. Lach vas placed in the cherrel at positions approximately
helf way froa the center to the edges of tie pile. This arrargenent,
tarouga cancellatior of odd harnonies of the ncutron internsity at
poinls along the pile axis, conciderably reduced the harmonic correction
to e anmlied Lo the neasuarenents. The lattice structuwre neasured
gy « 99" x 123 3/4", end consisted of 15 layers (each 4 1/8" high) of
rraphite bearing wrenium, alternating with 15 layers of solid graphite.
Measurirg clots extending to the center of the pile were inserted in
horiz nt:1 soctions corresponding to tie evren numbered graphite layers.

In order to eliminate error caused by slow neutrons being
scattered back into the pile from the surroundings, the top and sides
_of the piles were covered with cadmium sheet.
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In spceiiying the nositicns at which measurenents wore ade, the
Zolleving cocrdinnice o clen and unit of length are used. The origin is
taken at the center of the base of the lattice; the x coordinate along
the nile axie, the ¥ ccordinate in the directiom of the line joining the
sourznad, wnd the o soordinate iu the direction of the measurins slots,
The romdrpental lablitice constant (elso equal to the distance betueen “wio
lovors of the pile) ls taken as the wunit of length, and in the pileg to
>0 deieribed, is ecual to S.25Y.

Pile lo, 1.8, The gtruchure of this pile consisted of a cuble
latties of pres ssed UO (Palline'arodt other purified) pszeude-srheoren
{nvzrage weioht 21/3 mi) in Seeor gerohite. The laliice sn'a,m,“g TAD

2,25 fachis, ond t’:zc ::a_':,z.cw of The velght of graphite Lo tha’. of vicnen
per cell wap O.le
A syurmmary of the moasuvreonte 1o given in Table Ik
Table I

5
Pogition Ayerage Intencitles 3 flet, Intencity
i . q . ’
Xy Ve O Tith Sovreo Vitheut Souvree

L R g 5.

“ni | ey A et

i -

/s 05 O 32569 75 238
5, 0, O 373731 2747 €2 .".’f”&’:. .
10, ¢, O 4513; 70 LoD ;

Ty

In Table IT ar- glven the correction factors s=nd co .cctal

intensii es togeticr with a Trapd stosre-onalysis of e marulin.
Table II

i | | 1
E‘Poso | Yet In- | Hereonie | End Cow- | Corrocted { Log Leoost Srunre
X, ¥y 2 !'Lfmsi't.y Correoct- | woction Intensitics ¢ 1 vilue 5.11350-
| b Srem ion vi4525 3t
! i Table T
N |
h, 0, 0133494 |1.0193 | 1.0006 34161 he5AAS; 405325
5, 0, 0 {17291 11,0039 140022 17396 Le?/ Q3| 442420
§1o, 0, 0 4443 }1.0002 i 1..0323 14,537 33.66155 3.6610

] ] :

THith the dictsrce between positions 4 and 10 ecv-ﬂ. to 125.6 em,

e obtain for +he crpoaontinl rolan.,h_‘ 1 digtance (Fau. (e
= 62,7 cn,
The effeciire side of the pilce vas estimated to be

a = 26,9 cn.
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With this value, and that for b, we calculate
b =2 -d =i x 100
and ¢ = 1 49 om.

From Table I we obtain a cadmium ratio equal to 6.32.

The value

of the migration length, L (Equ. (5)), can be estimated knowing the graphite

density (1.44) and the ocadmium ratio.
L2

For this pile
= 712 a®.
From Equation §)a we obtain for the reproduction factor
¥=1.0
Pile Ng, 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
fpi | Acg Any 't
4, 0, O 34261 84 32177
6, 0, 0 18158 | 2726 921 18067
‘10 s 0, O 4881 80 ‘ 4801
1
Table IV
Pos, Net In~ |Harmoric | End Cor- | Correoted Log Least Square
N, ¥y 8 tensity |correct~ | rection Intensities] 1 value 5.10980-
from ion «14135 x
Teble I
4e O, O 34177 1..0193 1.0006 35044 4.5458 45444
6, 0, O 18067 1.0039 1.0022 18183 4.2596] 4.2617
10, 0, O 4801 «0002 1.0323 49717 3.6970| 3.6963
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From these results we calculate
b = 64.52 cm.
3y = 58.9 x 100 a2,

and ¢ = 130 em.

For AGOT graphitg, density 1.62 gms/cc, and a cadmium vatio from
Table I equal to 6.67y L° is estimated to be

From these vnlues we obtain for the reproduction factor
k=1.039

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

Pile Nu., 29. Since the amount of cast uranium metal available
for testing was insufficient to fill & complete lattlce of the vpual size,
the plle was constructed 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 was replaced with AGOT (Lot Hos. 10, 11},
which lots showed the lowest ebsorption oross~section. The uwrenium metal
(from Metal Hydrides) was in the form of cast eylinders, 2i" diameter,
welphing approximately 2.7 kg. each. The graphite to uranium ratio was 5.1.

The determination of the exponential relaxation distance for the
metal lattioce of the sandwich pile is bused essentially upon a comparison
of the ratio of the neutron intensity bslow and above the nmetal 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 vas 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 ae the
control for Pile No. 29,

If R, and Ry are, respectively, tho ratioe of tne intensities at
positlions 'befow and above the position of the nctal lattice in the oxlde
and oxlde-metal-oxide piles, b, and by the exponential relaxation distonce
associated with the oxide and metal lattices, and A the height of the
matal lattice in the sandwrich pile, thens

MWQ;'%; (7)a

The measurements on Piles Nos. 28 and 29 are given in Table V.,
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T=ble V
k?sitions Pile No. 28 Jo. &
3 Y, 2 Observed Intensities Observed Intensitias
Ans Aog Any Aod
Ly D, O 36680 37320
6, 0, O 19530 2865 20980 3200
10, 0, O 5212 . 6001
- "
For Pile No. 28 Ry = 34~ = 7,021

I10

For Pile No. 29 Ry = —A- 6.219
110

8ince A = 83.82 cm, and b, for Pile No. 28, 64.472 om, ve obtain
from equation 7

7.021 = 83.82_ _ 83,82
8200 T Gdz T By (8)a
or b, = 71.10 cm.

This mives an improvement of 42.8 x 1076 cm2 in the value of 1-2
compared to Pile No. 28, or an increase in thc reproduction factor fof
metal over dioxide (IR estimated to be 700 om 2) of

700 x 42.8 x 10~6 = .03
Therefore, k for the vraniuvm metal lattice in AGOT graphlte is

k= 1.04 + ,03 = 1.07

A sunnmary of the results for tiae three Piles discussed is given
in Table VI.

Table VI
6
Pile lNo.{ Form | Graphite %%m% Cd-ratio| Thermall b om lgcm“ipzcmz k
of U Utiliz ¢

ation

Factor
18 uo Speer 6.4 6.32 .866 62,74 45 |2 11.032
27 V0. AGOT 6., 6.67 .869 64.53 58. 5666 1.039,
29 tetal | ACOT (Lot | 5.1 6.56 .87 | 7..1d 101. 1700 1.07

Nos. 10
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Graphite cross section meagsurguents. Accurate determination of
the nsutron capture cross section of the graphite to be used in & receting

plle is necessary for two reasons. First, if there Is too much abserption
in the graphite a chain reaction may be impossible or may require dimensions
too large to be practicel, end, secondly, since the effect of the absorp-
tion is proportional to the square of neutron deneity the uge of low

cross Seotlion material near the center will reduce the size of the strusturs.
For these reasons cross section neasursments were made on cach brand of
graphite used in the structure. These were AGX (National Carbon Companmy),
US (U. S . Graphite Company), Speer (Speer Craphite Company), and nine
different lots of AGOT (National Carbon Company) graphite. Tor these
measurements & series of Oor cross scetion piles, described in the fol-
lowring section, were constructed.

8C; ion o iles. Most of these plles were built on a base
of Spesr graphite approximately 5' x 5' and about 3' high. A source slot
throurh the center of the center layer of this base parallel to one edge
weasured about 10 cm. x 10 cm. %" X 3" graphite strips were fastened to
the top of this base in parallel. rows 12" apart. On these stripe a layer
of Speer or AGX graphite was laid leaving a %" gap into vhich cadimm could
be inserted. In genersl this layer was different from the graphite being
measured and was used only because long pleces were available to bridge
the 4" gap. Above thls layer 15 layers of the material 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 ocovered wlth cadmium
dn order to reduce to a minimum the number of thermal neuvtrons entering
the pile firrom the room.

In those piles built to nmeasure o for AGX, U.S., and Epecr 1
graphite the dimensions of this top portion were very nearly 5' x 5¢ x 5%,
The renaining Speer piles rnd the AGOT piles were about 168 em x 157 cm
and 157 cm high.

Theory. The thermal neutron density, n, in a graphite structure
containing a source is described by the folloming differentlal equationt

Din~{n+q =0 (1)b
where
AV
D is the diffusion coefficient = 5
A is the meen free path for scattering
VY is the neutron velocity
+ i the nern life of a thermal neutron

q is the nascent thermal denoity.
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If measurements tre mede t:ith cadmium in the gap end <ithout cadmium in
the gap we will have two such equations for the two neutron demsities
nl and ny. Subtraoting these two eguations and switing n = Ny =M, Vo

DAn-%n=o
(2)v
or L2An-n=0

where L is the diffusion length (= Dt).

Te w11l pive the solution of this eq tion for a rectangular pile
vhose cides are (a - ) (b - and (3 - parallel to the x, y end
2 axis reupectlvel\‘ or bounda conch.tions e will assume that n =0
vhen x = ¥ 2 and z = 3. The solution is

z
n = 2:15 blm cos ua!x cos mg! (e PIm - e.(zz = 2)/o1n ) (3)v

Herc 5. the distance for the intemnsity of the lm harmonic to decrease
a

vy ¢ factor of 1/e in a pile of infinite length is related to L by the
folloving equntion

2 2
23" @R (&)

AMong the verticel axis of the pile the first hermonic of neutron
density is proportional to

~a/by_ (28 = )by

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

1
1 - o2(8 < 2y/b11 (5}

the so called end correction.

Equetion (4)b gives a means of determining L. One either measures
far from the source vhore the higher harmonics are small or corrects
t}i% neasured intensities for thuese harmonics and obteins byy closer to
the source wiere the intensity is essier to neasure.

This is done as follows. Assuming a value of L, equation (4)b
pernits a calcul:tion of the relaxamtion length of eech hurmonic. ‘Vriting
ecuation (3)b for the z axis we havs

-a/by, (2% - 2)/15_.,)

n:%n lm(O
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If twe equal sourceg are used at x % ¥ 2 450 such solutions must be added
and a factor of oos appears. This causes the 1,3 harmonic to cancel
the 3,1 barmonic and the 1,5 to cancel the 5,1 along the 2 axis. The 3,3
harnmonic is the first to appear and is negative.

To a good approximation we san write
n= bl'l(e‘-z/bll .,pe-(za - 2)/b11).b33 (eﬁz :93«3'9‘(2% - Z)/bBB) + coe

The harmonioe correction factor ig therefore

2%1 (e"z/bll (28 - 8)/b11)

For ¢ piles used in determining cross sections of AGOT graphite,
the total harmonic and end corrections factors were 1.0056 for slot 1
and 1.0131 for slot 3.

Ueasurements, lNegsurenents were nude with indium foils of 26 om~<
area weighing 92./ mg/em™. Two counters "‘ere used and each Jdeteriined
the activity of tiree folls from each of the three slots vhen there vas
cadizium in the slot and agein ihen the slot was enpty. Irradiation times
were adjusted to kecp the initial counting rates below 1500 counts per
minute. The count was started thires minutes after the foils were removed
from the pile and continued for most measurements until more than 20,000
counts ned been recorded. Assuming & helf life of §4 minutes for indium
the initial activity after infinite irradiation was calculated. Sinoce
the sensitivities of the two counters viere mot the same, the actlvities
measured on one counter were multiplied Yy the vetio of sensitivities as
Jeternined from neasurements on & number of piles. The meén activities
at slote 1 and 3 were corrected for harmonics and end effects as explained
in the preceding section. Then if these corrected activitieos are called
I1 and 13 respectively b11 was obtained from the formula

by = 8 13/(In,1y/I4)

where % is the distance between slots 1 and 3. Equation (4)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 2% refer to speer graphite cut to 4-1/8" x 4-1/8" x 16-1/2". The
prime denotes graphite taken from the ends of the furnace. This graphite
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 density of 1.600 grams/cc,
and Row 4 gives the cross section calculated from the formula
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Table VII
Graphite | SF 1 [oP 2 |8P 2° |T01 |10 023] 108,90 |T10 JT 11 |T12 |T 14 |T 15
La5.6 | 13
L 49-»53 49?77 50»53 50-32 48.‘95 49074 50-83 51016 49o86 50.24-'&49071
3.6 48.35 14793 148463 | 50664 {49471 | 50649 | 5140 | 5170 | 50.42 | 5066750696
~ Taxl0%4 | 00549] 400563] 00541 | .00499].00518 | 400502 | 004841 +00479 00504 »004 5 00495
N i i ~
AGX U. S.
4325 | Lho5T
L3719 | 44679,
200668| ,00638

It wvill be noted that the best graphiteg neasured vere T 10 and T 11, These
lots 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 2l praphite vvas placed
outsids tuis. At the very outside of the pile US and GX 2 graphite vas
uged interchaungeably.

Pressing of Uranium Oxide. The greater pert of the pile contains
uranium dioxide lumps which were fabricated by couproessing loose diy 00,
powder in a die with a hydraulic press. The chief problen here vas the
deaien o7 the dles PRig. 4 gives the details of tue dies which vere used
to press the 3% ipch pseudospheres. It is essential that the die be made
of a good gquality tool steel, hardened and ground end polished since the
powder has a considerable abrasive action. The force used in meking the
briguettes was in the range of 150 to 175 tons. Lubrication of the die
proved to be important and it was found that a dilutec solution (Q.5¢ b7 weight)
of steario acid in acetone was quite satisfectory. A4 small amownt of a
wetting apgent (ethylene glycol) was added to the lubricent so that ~hen
1t was brusned on the polished surface of die it vould spreced evenly. After
pome expevience in handling the dies had been obtuinecd i1 wes possilile
to fabricate -1th one press 400 to 500 briquettes in an § hr, working doy.

Machining of Gryphite, The gruphite Lo rsceived from the nanufecturer
in bare of 43" x 4% cross section and in lengths from 17¥ to 50%. The
surfaces are quite rough snd tiherefore it is necegsary that they be mede
smooth and that bricks of a standard length be cut.

For this 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
this was a slight rippling which appeared occasionally as the result of
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dull blades or improper manipulation of the work on the machinee. 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
vorking day. Inm all 40,000 bricks were required.

A further graphite nachining operation 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 = single 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 cutting tool, and to the alignment
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 vithout resharpening. Actual drilling of
the hole required about 20 seconds and from 60 to 100 holes per liour wes
the usual rate for the whole operatiorn. A total of 22,000 hales were drilled.

Construction of the Pile. The unit cell of the graphite-uranium
lattice has & side of 83" and a volune of .32 cu. ft. I order to achieve

this lattice tiie graphite bricks were nachined to a cross section of

4 1/8" x 4 1/8% and were cut to a length of 16 3®. The structwre was planned
as a sphere of neximum radius of 13 feet; the choice of a sphere being nec-
essary because of the fact tant probably not sufficient material would be
available for any other shape vhich would be chain reacting. The decision
to build a sphere necessitated two important additions to the structure.

The first of these was a vwooden fra.e.ork in thich the sphere was inscribed,
and secondly, & graphite pier vhich supprorts the side of the splr re through
which the contrcl rods pass. It vas believed to be entirely possible that
after the structure was erected that the vicod might varp ar shrink and

cuage some displacement of the graphite above it. Sirce this vould be un-
desirable froa the point of view of passing control rods irto the pile,

thut pert of the pile through which tlie rods pass is ertirely supported by
this graphite pier. Originally it had been intended to cvacuate the pile
and, thcrefore, considercble pains were teken to cee that the wooden frame-
work ‘fitted the graphite secwrely and tast it presented a smooth cortinuous
surféte to tho surrounding balloon cloth envelope. It turned out, however,
thet evacuation was not necercsary and, therefore, tihese deoteils 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' diameter 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
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outside made vp of graphite without wranium or so-called dead grephite.
The grepbite-treniun iattice was expected to oscupy & sphere of 12°' redlus
and have a total volume of 7,220 ocu. ft. snd hence a&bout 22,300 sells nere
expeoted to be inaludsd in the strustuxre.

As bhag been indicated earlier not ell of the meterial avallable vaes
of miform cuality and in order to use this material most efficiently that
of nighast quality wae placed at the center with the less reactive types
arrvangsd in concenterde shellsj the quglity dewressing ocubward from the
center. The 26° diamster gphere would have required that about 75 layers
of the 4 1/8% thick bricks would be piled up; however, ths chain-reacting
condition was reached at the 57th layer. The actuml amownt of graphite in
the pile 1s indicated in Table VIII in which aleo the amounts of each
brand are given.

Lable VIIT
Sxaghiie Jn Plle
Source Brand Lbs.

ational Cerbon Co. AGOT 510,000

peer Graphite Co. 145,000
‘u. 8. Graphite Co. U. S. 32,000
kxauoml Carbon Co. ACX 60,000

M + Bpoert (Pl oxly) '7—%1&:888_'-'- 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. Columm I
gives the geometrical form of the lump.
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14
Table IX
Uranium in Pile
Geometrical Shape Coupound Teight Density | Number | Total Veight
in Pile
23" cylinder letal 6.0 1bs. | 18 rm/omd 2,060 12,400 1lbs.
35" peeudosphore go, 4.72 6.10 14,840 70,000
35" pseudosphere U30g 3.9 5.17 1,200 4,790
3 ® cylinder 1103 4.56 6.1 540 2,460
3 " gylinder U30g 3.97 5.20 0 3.340
19,480 92,990=t4§>n.5
8

The designation 3

7"

pseudosphere indicates pressings which were cy-

ligders of 3 " diameter and 3 " height, but which had the edtes cut off at
45% g0 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

quality AGOT graphite.

AGOT Br + AGOT. 3 " pseudosphere of U0,

inserted in a AGOT graphite

brick and combined with undrilled AGOT bricks to make up the lattice.

s Sp Br + Sp. 3 " pseudosphere of U0
brick and combined with undrilled Speer bric

AGOT Bl + Sp. 3 " pseudosphere of U

of AGOT graphite and combined with undrilled
lattice. (Also see insert diag. 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.

inserted in & Speer graphite

Es to make up the lattice.

O_. inserted in a drilled brick
épger bricks to maske up the

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 about 1/3 of the volume is empty.
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Figures 7 and 8 are plans of two layers, the first near the botiom
of the structice and the second at the 32nd layer vwhich shows the manner in
which the slots for the control and safety rods prss through the pile.

Flpure 9 is a photograph of the 19th and 18th layers. The roughly
spherical foru of the structure is.showm and slso sone of the supporting
wood frane work. The lattise is naintained in the wertical direction by
inserting betwveen two oxlde bearing layers a layer of dead graphite. Laysr
19 as shovm in the photopraph is only p:rtielly completed.

A toterl of 10 slots passing completely through the pile were
provided. Three of these near the center are used for tue control and
safety rods, the remained beinpy available for experimontal puvposcs. In
additiorn onc vow of briciis carrying uranium lumps and passinge very close
to the center of the pile is arranged so that it can be pushed completely
out of the pile. This construction permits the removal of samples from
tie pile and ig useful for experinentel purposes.
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APPENDIX 11

HONITORING AND CONTROLLING THE PIRST PILE

H. Barton, T. Brill, S. Fox, R. Fox, D. Froman, V. Hinch
W. R. Kanne, '%. Overbeck, H. Parsons, G. Pawlicki,
L. Slotin, R. Tatts, 1. Wilkening, and V., C. Wilson.

The construction and operation of equipment for monitoring ana controlling

the first pile was undertaken by the circuit group. This job was subdivided
as follows:

1. lonitoring the pile during constructior
2. Yonitering the pile while operating.

3. The control rods.

4, Electrical controls.

1. lMenitoring the pile during construction.~--A slot of 21" x 21" cross
section running from the north face of the pile to slightly beyond the center
of the pile was built into the 1lth layer. A BF3 proportional ccunter in
a 2" x 2" x 12" graphite block was pushed along this slot to the center of
the 11th layer. The counting rate was recorded both by a scale of 128
scaler and a pulse integrator operating a recording millimeter. In this way
a continuous history of the construction was obtained. The integrator also
operated an alarm relay.

Figure 1 shows the counting rate as a function o:f the number of layers
completed.

2. Monitoring the pile while operating. --Wthen the pile was nearly large
enough to Lecome chain reactinyg, s second BF3 proportional counter and four
Bf'z ionization chambers wcre set up to monitor the pile. The automatic
control rod and the salety rods are actuated by signals originating in these
BFz ionization ciambers. The amplified ionizetion current is also used to
operate reccrding power-level inauicators. One chamber is battery operated.
The other three chambers are powered by orainary power packs with VR-tube
stabilization. The power for these packs is deriveu from volta,e regulating
transformors. A disgram of the ionization chamber with the first two stages
of amplification and the power supply is shown in Figure 2. The level inaicator
output terminals 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 tdbe is used for detection of the ionizatiom
current in order to secure & high leakage resistance of the tube. At the
plate, screen and filament voltages used, the overall leakage resistance is
greater than 1013 ohms at all volta es impressed on the suppressor grid in 1
practice. This introduces no appreciable error when resistors less than 10
ohms are usea in the grid circuit. The voltage gain in the tube is about L.S.
If tho control grid had been used the voltage gain Would have been about 15,
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but except very near its floating potential, this grid shows an appreciable
leakage. Moreover, this leakaze 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 cuter surfaces of the insulators
wero heated and coated with ceresin wax. The 949 tube also was heated

to about 100°C and aipied in molten ceresin. The wax keepe surface leakagse
to a minimum even under conditions of hi_ h humidiity.

Operatin,; exjerience with a divergent pile has brought to li;ht several
defects in these instruments. These aefects arc enumarated below with
brief suggestions for correction or improvement. An instrument with the
improved design is to be tested cn this pile before similar apperatus is
constructea for future piles.

1. The chambers are too large to handle essily and ure unnecessarily
lar;e 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 is too
great: A triode-pentodec voltage regulat:r snould be used, aispensing
with the regulating transformers and VR tubes.

3. A more powerful tube such as a 6J7 should ¢z used in place of the
INS tube in the second stage. This will allow using a 1 milliampere-
movement recording meter as & voltmeter un the plate of this tube in
place of using the meter in the plate oircu’t. Tais has the
distinct aavanta;e that the met:r reading csi te made accurately
proportional to the current collected in the chamber. 1in the present
instruments the meter readin; decreuses with .ncreased intensity,
and it becomes highly non-linear as the tube ., oces to cut off.

4. The electric field for the collection of ions i the chamber is very
far frum the saturation value. Tais condition can Le improved both
by ‘ncreasing the applied voltage and by a better shape of the
electrodes.

§. The amplifiers being built right on the chambers sre rather inaccessible
and, in order to chan_e sensitivity, & resistor must be replaced by
soldering in the amplifier. The leads from the chamber to the ampli-
fier should be long enough to pass through a protectinyg barrier and
range change should be made with a multi-position switch.

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

7 T~ control rods.--Since the power produced by a chain reacting pile
is proportional to the neutron aensity, a pile may be controllea by contreolling
the neutron density. In the first (ile 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 abscrbed in the rods.
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During the construction several rods of cadmium were inserted in the pile.
Fhen tests indicated the pile was large enough to be chain reacting, these
rods were removed cvne by one. This process is described in the main body
of the report. Three of the rods were built specially as shown diagrematically
in PFigures 3, 4, and 5.

Figure 3 is a diagram of a safety rod. In normal operation, this rod is
pulled entirely ocut and is held by a solenoid and catch which in turn are
controlleu by an automatic safety circuit sujusted to release if the neutron
intensity becomes too great. Tais 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 & wacuum tijht stesl case with
remote control., Secondly, it was thoughtthat we should try to have the rod
g0 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 cable would
absorb too muny 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 ana fourth requirements the catch was placed on the
rou, and :made to engage into an endless chain. When the solenoid is activated
this engages. The circuitas are arranged so that this cannot operate unless
the neutron initensity 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 spsed up the motion. The detail:s of the catch are shown. when the
knee action is aujusted so that it is not quite on the zerc position when
holuing, the pull of both the srring and the weight tenu to release the cutch.
To stop the rod a friction brake was designed which binus in the forward
direction but automatically releases when the rod is pulled back.

Figure 4 is a diagram of a simpler 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.

Figure 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 pueumatic safety rod has been designed and one will be triea in the
second pile.

The regulating rod seems adequate and only changes in the motor drives
and gearing are contemplated for thesscond 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 becn
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 sutomatic 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

Opne 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 along its track. "Regulating" rod position is more accurately
indicated by selsyn units. 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
set-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 electrical circuit employed with these



_37..

rods is shown in Figure 9. Thas safety rod (Figure 3) may be set to any
desired position, usually all thewsy ouwut, and is then held im place by a
solenoia catch mechanism. Thenever current to the solencid is imterrupeaq,
the rod is released and is pulled into the pile by a 100 1lb. weight.

The regulating rod is operated by two motors, one of which drives inward,
the other outward. The use of two motors rather than & single reversible

motor is for adaptation to an automatic regulating cirouit to be described
later.

The first section of the control system is an sutomatic safety contrel.
It consists of two relays, ome with normally open contscts in series with
the solencid 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 common "SCRAM" line. If this line is opened at any pecint, all
rods go in. The safety rods go in in about 2 seconds while the regulating
rod requires 20 ssconds. It was our intention to design any safety devices
in such a menner as to open contacts in series with this "SCRAM" Iline. At
the present time therc are three automatic safety circuits operating from
three separeste 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 incluaes individual release switches for the sufety rods,
control of the rewind motors on the safety rods, a re-setting switch for
the soclenoid catch, and a two directional varisble speed control for setting
the regulating rod. The latter consists simply of a variac whose winaing
is split so that it forms a variable inductance in series with euch motor.
Thus, direction of motion depends on direction of rotstion of thswriac knob
and speed depends on the amocunt of rotution.

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

dn = K3 x
ot

where dn is the rute of change of neutron
intensity,
x iz the distance of the rod from a neutral
position at which intensity remaine constant.
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Sup, ose, then, that the contr.l system is designed to move the rod at
a speea partly proportional to the neutron intensity and partly proportional
to rate of change of intensity, i.e.:

dx = -Kzn -‘3 dn
at o

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

d2x+x dzn*xg‘_n_ 0
ate 3 a2 | 24

Substituting from the first equation, we obtain,

-0

dx+KK dx+xK
— X
ate | AR gg T R1te

This is now an equation of motion for the rod alone ana 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 roa in correcting for this aisturbance.
It is found that this motion is stable if Kzis greater than 2 Ko and, if
this reguirement is not fulfilled, the countrcl will be un- - stable
ana oscillatory. In the event that = tewperature control is KA found
more suitable for high intensity operation, the rod may be replaced by a
cucling system and x becomes a cuoling rute. To increase intensity, it
will be necessary only to incresse the flow of the cooling mcdium. It seems
most likely that a combination of temperature and intensity controls will
be needed sinco cuntrol from tem;crature alone may proauce vicious trenscient
conaitions-

In the present system, the neutron intensity is measured by an ion
chamber whose output, over a limited ran;e :ay be considered ropc.tion 1
to neutron intensity. This signal is awmj.lified by a vacuum tube (T, in Fig. 4)
and tnen passes through a network consisting of resistors R), Kz and condenser
Ci - The characteristic of this netw:.rk is such that, over the range of
possible frequency conponents of any reasonable disturbance, il applies to
the grid of the next tube, To. a voltage:

eq = Kqu ¢+ Kg g%
The constants in this equation urc determined by the walues ui’ Ry, R»
end C; and the latter may thus be used to adjust the entire control sy:tem
for stable performance

Tubes Tz and T4 preduce an inversion of the control signal without
emplification. Thus, chau,,~ in anode joter®.«l of Ty are accompanied by
equal and opposite changes at the anode <7 T,
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In series with eacn of the reguleting rod motors, is the primary winaing
of a trensformer, Tr] and Trz. Fach transformer has a secondary winding across
which two thyretron tubes are sc connected that, when con...ting, they short
circuit the secondaries. The thyratron grid circults are, however, urrangsd
so that the amount of concuction may be smoothly varied This is accomplished
by adding to the contrel potentials, suppliea by tubes Ty snd T4, and a.c
voltapge obtained from transformer Tr3z, phases shift network Rzanu Cgand grid
transformers Trg snd Trg.

The transformers Tr] and Tr2 with their thyratrons now act as automatically
varinble impedances in sories with the two mctors and, due to the inverse
relationship botween the control potentials wmup_lied by tubes TZ and T4 , an
increuse of intensity arives the "IN" motor snd a decrease drives the "QUT™
motcr.

Tests on this original circuit indicate that it will hold intensity
constant to the order or -3% in the presence of rather violent aisturbences
such as insertion or removal of other rods.

c. Conclusions

While 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 1ay be made much more precise than
the prest % system. Our future progrem, already under way, therefore con-
-ists of iurther development snd improvement of such controls so that they
will be availuble when needed.
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