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This roport gives a description of t h e  ccnstruction imd operation 
OZ a chain reacting pile.  
Leswratoqy during th months of October and Navember 1942 and was operated 
f o r  t!ie first t h e  on December 2, 1942. 

The p i l e  was constrwtcd i n  the Rest Stands 

It KU 8pptxi.r from its description' that  M expcriner.t af t h i s  

The two groups of Zinn and Anderson took charge o f s t h e  ?reparRt.ion 

. kink requires the collaboration of n l.a=ce nunber of physicists. 

of -t.!ie zmterials aFd of the actual construction of the phk;. the. croup of 
Wilscn pre:xwed the measuring equipaent and the rtutoinatic' con%rols. 
d e k i h  of t h i 6  cork are Giver. by the !ambers :I!* t!ie- two ~ o u p s  in the 

The 

eppendices. e, 

A h r g e  sllare of the crcclit for  the experiment a lso  to d l  
.tile scrvices of the : ietallurgicd Laborato.-y and in i x m t i h r  t o  the 
groups responsible f a r  t.!io development of %he production and t,!ic t.csting 
o i  t h e  :!s.:,xials. 
an? urmi-ai iyhich nere needed in very b r g e  anounts probably iiade t!!e 
procumwnt or suitable a t e r i a l s  the greetest  . single di f f icu l ty  i n  all 
the develolmen t . 

"he exceptionally hi@ y r i t y  i-equirenents of graphite 

General descriDtioii of the ' D i l e .  The pile consists e s s e i i t i d y  
of i i  l a t t i c e  of lumps, partly of uranium netal end prtly of uranium 
oxide inkdded in  ,mphite. 
of tile p i l e  the l a t t i c e  cell is a cube of 8.25 inches side. 

Bccept for a s r i  fractloi, near t i e  surface 

Since only a re lat ively small cmoumt 3f netal  (about six tons) 
vas available and since our graphite m s  of vr,rious brards of d i f f o r r n t  
?wit7 it lmd been planned or is inal ly  to coastrlict the ?%le i n  :am approx- 
i:nstel,y spherical chqpe, putting %!le liest r*atci.icls as near as possible 
to the  ci,r;ter. 
reociied before the sphere ras conpleted m-d cocstruction ::as intei*ru;ted 
abox?, one k y e r  above t2ie cr i t iw-f  riinension3. 
top  Le3crs :>f <le pi le  imre mde appiwciably :;nailer t h r i  would correspond 
to  the sphericd. sha;~ originally i ~ l ~ ~ m c d .  
be ro7X:lJy described as a f la t tened rotational ell ipsoid having t!ie polar 
rdiw 309 cn nnd the equatorial radius 358 CL 

It lmp?ened ectunl.* t!la+, tAc- c r i t i c a l  csnditions :-me 

-For the saqe rerson the 

Eie ?resent s tmcture  may 

(See Fie, 1) 

The graphite is supported on r: woaZen structure Pnct res te  on 
t h e  r"looi* its lovest p 3 h t .  

I 
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- ;Aefm.u-e!ncnts -i?crfomecl ilwin!: the construction. A s e r i e s  of ne;?sure- 
melits vas pwformed t.;hile the  p i l e  rxs bcin;: n s s e h l e d  ir! ordei* t o  make 
sure t h a t  t he  cri t ical  c'tilr,c:nsion:: c9;iil.d. not bc re::ched inuGvertently 
without taking t he  proper y e c n u i i m s .  .These :neesut*ei.1en t s  lmd also t he  
purpoae of checking the iieutron riult iplication properties bf thc structure 
niiilc? it ~ R S  being assembled so t.s to. p e m I t  the  dete%inntion 
c r i t i c a l  po in t  before actual ly  reaching it. 

of t!ie 

Tile .;taaswemcnts were p x f o m e d  using t710 t y p s  2f detectors. 
A B FTcounter vias inser ted  i n  a 
its readings 1:ieYc taken E . t .  frequent i n t e d s  of t ine.  
indivu ;oil rras irracliated e v e ~ J ' r C ~ h t  ir. A position c.s close US ,possible 
to. tile effoative cerrter of the s t ivc tu re  and i ts  induced a c t i v i t y  :.;as 
m e r d  the  follot;ii9i: morning mrl coxpared -.;ith t!ie I-eadines o f  t!lc 
13 F counter. 
emi&ed 5 : ~  uranium are Q perfec t ly  adequate soirce m i l  EO .>thcr s m r c e  of 
n e u t r m s  w a ~  added. 

s l o t  about 43" from t i l e  pound and 
*In a : i C l t i , x  an 

For .&&e ncasia'e. ients the n n t u r d  neutrons spontr neously 

Tjrpical results of these :xam.re!?cr.ts e r e  collected Ln Table 1. 
Tne first colu:ui ind ica tes  the  height of the  c t ruc tme  e;:!wcseec' i n  
nun'ocr I f  layers (ench layer approximLtel;r 4 1/8"). 
i;ivea tiic i i i t emi t j  k expresoed in counts ?nr ilicute of r. at: xlard 
indium foil, induced bj the  nn tu rn l  neutrons v!lm the f o i l  is $aced 
at n cen t r a l  place ins ide  the  s t r u c t w c  :!!!ere tic neutron .:ntcnsity is 
a n~xixun, Actually the foils were plEIcecl as clooo 88 possible t o  the  
h.jY +siLLon and a d l  correction was npplied i n  3rder t o  nccount 
Tor tlio fr.ct t1w.t the foil was not  excctly a t  the optimal ;>osJtion. 

The second column 

. .  
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13 
19 
23 
25 . 
29 
33 
36 
L1 
45 
117 
51 
54 
57 

-- 

A 

42 
78 
119 
4 8  
221 
345 
470 
350 
1360 
1940 
4.4m 
12400 
divergent 
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Table 1 

128 
158 
187 
205 
225 
3 8  
265 
280 
308 
31 7 
332 
344 
356 

390 
320 
294 
270 
229 
178 
u9 
98 
70 
52 
25 
9.5 -- 

In a spherical structure having the reproduction factor 1 for  
in f in i t e  .dimensions the activation of a detector placed a t  the center 
due t o  the natural  neutrons is proportional t o  the square of the  radius. 
For an ell ipsold a similar property holds the intensity a t  the center 
being proportional t o  the square of an .effective radius Reff given b Y  
the formula 

where a, b and c are  the semiaxes of the  ellipsoid. For the case 02 
q h e r i c a l  sectors such as were the shapes of our structure a t  various 
stages of its construction it clearly w o u l d  be a major mathematical 
task t o  determine exactly R,ff* It proves~ however, rather easy and 
not too arbitrary t o  determrne graphically f o r  any height of the . 
spherical sector an equivalent f lattened ellipeoid. (See Fig. 1). The 
effective radius can then be calculated with formula (1). The values 
l i s t e d  in the th i rd  column of Table  1 are calculated in this way. 

* 

If the reproduction factor w e r e  1 fo r  our l a t t i c e  the expression 
given i n  the fourth column of the table  should be a constant. It is 
seen instead tha t  the values l i s t e d  in  column four decrease steadily 
and converge t o  zero a t  about the 56th layer. This is the point where 
the c r i t i c a l  conditions a re  attained and where the intensity due t o  
the natural neutrons w o u l d  become inf ini te ly  lax-ge. The values of 

sec ion of the curve with the X - a x i s .  

. 

/A are plotted i n  Figure 2. The c r i t i c a l  layer is  at the inter-  R2egf 



-5- 

I 

70 c 



During the construction as  a matter of precaution, appreciably 
before reaching t h i s  c r i t i c a l  layer, some cadmium s t r ip s  were inserted 
in suitable s lots .  They were removed once every day with'the proper 
precautions in order t o  check the approach t o  the c r i t i c a l  conditions. 
The actual construction was carried in t h i s  way t o  the 57th layer, about 
one layer beyond the c r i t i c a l  dimensions. 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 reaction. 
Neutron detectors are somewhat preferable since they give a more immediate 
response t o  the intensity of the reaction and are not affected by the 
radiations emitted by the f i ss ion  products a f t e r  shut-dawn of the  reaction. 

Actually used fo r  determining the intensity of the reaction were 
several such neutron detectors, namely, two BF3 P r O P O r t i O ~  COl.mterS 
placed on the  outside of the p i l e  and several ionization chambers f i l l e d  
with B F ~  and placed near one of the w a l l s  of the pile.  These chambers 
were connected t o  suitable amplifying systems, and the amplified current 
was used t o  operate recording instruments 
and safety devices. 

The controlling of the reaction 
the p i le  some s t r ip s  of neutron absorbing 
case, boron s t ee l ) .  

and the automatic controls 

was obtained by inserting i n  
materials (cadmium and, in one 

When the p i le  is  not i n  operation, several such cadmium s t r ip s  
are inserted i n  a number of s lo t s  so as t o  bring the effective reproduction 
factor considerably below 1. It was actually found tha t  aqy one of the 
cadmium s t r ip s  is alone sufficient t o  bring the p i l e  below the c r i t i c a l  
conditions. Besides a number of cadmium s t r ip s  that can be used fo r  
manual operation of the pi le ,  the p i l e  is provided also with two safety 
rods and one automatic control rod. The safety rods are  normally out 
of the p i le  during operation. They are kept ,outside of the p i l e  by a 
catch operate3 by a magnet and they are connected t o  a suitable system 
of weights so that  they are  drawn inside the p i le  by the weights i f  
the catch i s  released. The magnets are  energized by an amplifying 
system in such a way tha t  they are  automatically released i f  the intensity 
of the neutrons emitted by the p i le  r i s e s  above a specific l i m i t .  

The automatic control rod may be pushed inside and outside the 
p i l e  by two e lec t r ic  motors and may be operated ei ther  by hand or by 
and amplifying system i n  such a way tha t  the rod i s  pushed inside i f  
the intensity of the reaction increases above the desired level, and 
i s  pulled outside i f  the intensity is below the desired levei.  The 
detailed description of the  control and measuring devices is  given i n  
Appendix 2. 

, 

Operation of the pi le .  In order t o  operate the pile, all the  
cadmium s t r ip s  except one are  f i r s t  taken out of the pile.  The l a s t  
rod i s  then slowly pulled out of the pile.  A s  the  c r i t i c a l  conditions 
are approached, the intensity of the neutrons emitted by the p i l e  begins 
t o  increase rapidly. It should be noticed, however, tha t  when t h i s  last 

I .  
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s t r i p  of cadmium is so far inside the p i l e  tha t  the effective reproduction 
factor  is ju s t  below 1, it takes a rather long time fo r  the intensity t o  
reach the saturation value. In a similar way, if the  cadmium s t r i p  is  so 
far outside of the p i l e  that the reproduction factor is  greater than 1, 
the intensity r i s e s  at a rather slow rate .  Indeed, for  our pile,  when 
a l l  the cadmium is completely outside of the  pi le ,  the intensity r i s e s  
approximately a t  the r a t e  of a factor of 2 every minute. When the cadmium 
s t r i p  i s  close t o  the c r i t i c a l  position, these relaxation times become 
exceedingly long. It has been found, fo r  example, tha t  fo r  one of our 
controlling s t r ips ,  the relaxation time is given by: ?- where 
x is the distance of the rod fromthe c r i t i c a l  position expreseed i n  cm. 
!)!his means that  if the rod is only 1 cm. off the c r i t i c a l  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 t o  the existence of a small  percentage of delayed neutrons emitted 
i n  the f i ss ion  process make it rather easy t o  keep the p i l e  operating a t  
a constant leve l  of intensity even without the use of automatic regulation. 
Indeed, t o  operate the  p i l e  at the  desired level  of intensity, one can 
usually proceed as follows: 

Firs t ,  the  last s t r i p  of cadmium is pulled completely outside of 
the p i l e  and the  intensity as indicated by the various measuring devices 
begins t o  rise slowly. Since in these conditions, the  relaxation time 
is  about two minutes, the  desired leve l  of intensity is  usually reached 
i n  a few minutes. As soon as the m e t e r s  indicate that the desired level  
has been attained, the  rod is  pushed inside the p i l e  t o  about the c r i t i c a l  
position. The measuring instruments indicate immediately a steadying 
of the  intensity at about the desired level.  In order t o  keep the  level  
constant, it is  suff ic ient  t o  push the  rod one or  two a. i n  or aut 
every once i n  a while so as t o  compensate for the small variations in the 
reproduction factor due primarily t o  changes of atmospheric pressure. 

The diagram in  Figure 3 wa8 taken by the automatic llntensity 
recorder during the first operation of the pi le .  The exponential r i s e  
of the  intensity is clearly noticeable on the diagram. The intensity 
was permitted t o  increase up t o  a value corresponding t o  an energy produc- 
t i on  of about 
and the safety rods w e r e  pulled inside the p i l e  and interrupted the 
reaction as evidenced on the diagramby the sudden drop i n  intensity. 

w a t t ;  A t  this point, the automatic safety device operated, 

A higher intensity t e s t  w a s  made on December 12 when the p i le  
was operated t o  an energy production of approximately 200 w a t t s .  The 
t e s t  was not run t o  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 roome inside the building and on the street outside 
were taken with standard R-mete r s  and with BF C m t e r S  and Indium f o i l s  
t o  detect the neutron intensity. Typical valu& obtained i n  t h i s  survey 
are the  following: 

. 
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CoWtS per minute ! 
1aIJ.i.. roentgen :)er of a ctil-ntiard In t i iu  
minute f o i l  a t  satumtim- : 

Near ?ile 50 8 31 106 

Elside pile rooa far fion pila 6 IO6 

CoiTidors on the s ide of pile ro3m 2 2 105 

I 

I 
I i 

f 

i 

n lover rocm . OJOS neel i r ib le  

Sidswalk of 511is Stree t  nearest  t o  
I 

1 
I 

Pile 0 05 6000 

Sirlemlk of Ellis Stree t  fa r thec t  I 
€rea p i l e  . G1 2700 

ContrA ,001 

I 

! 

I 
, 

ip 

I 

Conuarison of emected end observed cyi t iee l  dixeneions. In  s p i t e  
of th? fact t l E t  the shape o f  tho p i l e  and its i n t e r c a l  s“,l..xtu;-.s x e  
Tar f r a a  rc:;ul~?:, sonc conclitisions rnny bo *obtnii?ed as to +,!IC: CLC~WL.~ repro- 
dl:ctlon frrctors of the various l a t t i c e s  used i n  the p i l e  and t h e i r  coolparison 
a i  i l l  ti!o relroduction fac tors  e.r.;ectrd from ti;e i*esd.ts of cxponcntial  
e;qxrirner,ts. , 

Vc have already indicated (see Fig. 1) tht, tine oi%line d the 
struckurz is  not far from tliat of a fla-t tenod i.ot.;ition elLipsoiC1 1 . 5 t l i  a 
polar sexi-tucis of 309 cn. and an ocputorial. S c ~ i - ~ i i s  of j;~ ICiJ, 

(1) gives tiien as effect ive radius 02 t h e  ni.ruc.twe, 
. ”(4 Foxxc3.a 

R = 355 cm. 

This value of the radius cor;-esponds Lo EL v2 of 

and t o  an average reproduction factoi- ol” abcut 1.054. 

Since vsriotls l a t t i c e s  have bccn u . s d  at various $.aces ‘ inside 
t \ ie  st ructure ,  such valccs are only !lean values for t:ic V U Y I O - . ~  l a t t i c e s  
used, ?-nil they can be compared -.;j.tii tile 5-ncXvi-dLxL w i l u w  onljr i f  t’:ie 
s t a t i s t i c a l  rreight pertaining t o  each kinrl, :of’ l a t t i c e  is ‘mO:m. 
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!i'able 2 

vL x loo from expon- 
pe c,f 'irrttice S t a t i s t i c a l  Eciclit e n t i a l  eweriaznts  

I 
39,s + 102 
53.5 + 59 
6.6 + 45 

- 5  - 10 
-2 - 520 

Fieighted veraee 73 -4 Bi I I 

The first colunn of the table  gives the type of l a t t i c e .  For the 
sake cnf simplicity, l a t t i ce  types ililvinc p r e a m b l y  2 ra ther  sinila- 
repFJlucLion factor  have been pouped tagether under t!ic denoninatiofi 
of 5:icer. 
o.? l; .t-ticc cx;>resscd in percent- 
c?s obtained f r m  eqonen t i a l  experi:ser.ts. The rrcighted average of v2 
.!.r. 73.1.. icrtcac! af' +,he value of 78.3 es cstinatcd *om the c r i t i c d  

Tiic second column @ares the s'ktistizd. :-reicht of esch kind 
The th i rd  colunn gives t?ie vclues  of v2 

( ; A;", .,., P . ..,,oris. 

I-' 
lilis LI; 2n indication that thc values of +and of the reproduction 

ftic tars :is calculntcd fro:n exponential experiments k v e  bean s l i ~ i l t ~  
rr~-~derc-st.i:~steci, tile c x r e c t  vcllucs being prokbly about ,003 or  .OD,$ higher 
i k n  t,hv ;?ublished values. 

. .  3 r . r . j  ea i t ted  by tlic n i l e .  The number of neutrons emitted by 
i '  i.lw pilc, tl::. i-:uYtwr Df fissims firid tile e n e r g  prociuced can be estirmted 

i n  tc:-;s .)f :.'!e zc t iv i ty  of standard ind im f o i l s  plsced inside t!ie 2i.le< 
i .ic ,r ti~!iui:.i.Iliaat,ion of these indium foils h o  indiceted. thnt, t!le follo:.ring 
~ ~ Z ~ + . L ~ ~ i ~ ~ l i ~ )  ex i s t s  bet,::ec*n t !c yesonrince act ivi ty ,  A b s  expressed in 
cau:<-,s,/' -1iniite a t  scko-otion 5 t h  tile fDil screened b!,' cocinium, and the 
slox.! ng c lavn.  densi t j r  of neutroris b- pxph i t e .  

I ,* 
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The t .otal  nunber of neutrons t!mt nm slo-~ed (:om 'inside t'ie p i l e  from 
above t o  'uoloa indium resonance energy is  Civen, tlierefcrt, 3 : ~ :  

There A is  the !.!em value of actiVity nnd V is tl;e volime of the p i l e  
ne !lave assumed 

V = 1.95 x 10' cc. 

On the other hand, one can estiw-te th:i t  A is c q d  t o  about .3 
x the ac t iv i ty  a t  tkc? center of t!?e pi le .  It  fol lars  t h t  +,be t,.>tal 
cumber of neutrons slcv:;+d dorm i n  t5e pi le  from .?bow t o  beloa indium 
rcsonnnce i s  

F = 7209 

T \ l i s  ful- ,d.a has been used i n  the cstinates of tlie power Dutput nlrecdy 
Civen. 
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API"DXX I 

COI?STItUCTIOIT 3F RIL CIIAIN FiXCTIiiC PILE 

H. L. Pn:lcrson, A. C, Craves, P, G. Koontz, L. Seren, A. Plattenberg 
G. Le kfl, '6. H. Z i M  

I n  the previous sections of t h i s  report some discussioc of the 
general s t ructural  features of t he  chain-reacting p i l e  is given. In t h i e  
section the detailed plan of the graphite-uranium system is se t  forth, 
together with a brief description of the preparation and tes t ing of the 
special materials. This work, which occupied a period of three months, 
required tha t  very careful physical measurements be made on rather large 
quantit ies of material. O u r  indebtedness t o  the Research Assistants, 
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 f o r  
carrying out these measurements f e l l ,  i s  here acknowledged. 

Two types of measurements on the materials with which it i s  
proposed t o  build a chain reaction must be made. First ,  the reproduction 
factor fo r  the particular graphite-uranium system being used must be 
determined and, secondly, reasonably large samples of the actual materials 
of construction must be checked i n  order t o  insure that the reproduction 
factor w i l l  not be lowered by the introduction of inferior batches of 
uranium or graphite. In  this  instance the problem w a s  somewhat com- 
plicated by the f ac t  t ha t  in  the f i r s t  chain reacting p i l e  three different 
types of graphite-uranium systems had to be used. 

- Determination af the reproduction factor. The exporientinl p i l e  
exptri!ent is  designed' t o  (letermine tile repi-oduction factor,  k, of an 
i rZ in i t e  l a t t i c e  of uranium lumps in grap'dte witinout the necessity of 
constructing piles of very large dimensions. 
t i c  o p t h u n  cell constants have been deterinined for pressed U02 (density = 
6.1 &$) and cnst uranium metal (density = 18 rd), toget!iei* wit:? the 
vduss 3f IC associated with these optimum latt'ices i n  gra?hite of poorer 
q r x L t y  than t h s t  avcilable f o r  the chin-reacting pile.  
of cicsignhit: the chain i -eactbg p i l e  it was necessary t o  determine the 
virlue 3f IC f o r  the three com,ponents ( cas t  urariim i x t a l  i n  A N T  grapKte-- 
pxsr.ed U02 i n  G i i T  grcphite- pressed U02 in Spocr graphite) of its 
si;r-JctUre. 
:'cx constrlrctcd to  tes t  those componcnts w i l l  be givcn i n  th is  section, 

From such p i l e  experinents 

For tile purpose 

The .ncnsu-romenLs and resTdts of %he exponential p i l e s  which 

Briefly, tile theory of exponentid p i l e  mnsurenents is  8s follows: 

If one conoiders a uranium-graphite Zcttlce structure o f  s k r e  
cros; section with side equal to a,, md semi-infinite height, w i t h  a 
~o*.li*ct: .;f fast neutrons at the center of the base, then, at points 
sut'ficieritly far removed from the BOUTCB, tne neutson intensits v d l l  
be given b y  an cqw.tion Qf tho fonn: 

i 
1 

i 

f 
I 

i 
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wherc t!:e x &vis is faken along the ve*tical ax is  of t.he p i le ,  nnd the 
x = 0 plane co ix id ing  v i t h  t i le base Df the pi le .  Thus, f o r  points on 
the a s ,  each flnrnonic of t!ic neutron intensity decreases exponentially, 

n = b i j  e -$ (2)a 

with a rclax,?tion distance equal to b i j .  
frop t h e  source the  first :harmonic only is  important. 
length b (Q) is related to t!ic reproduction factor  k, throlxgh the  

A t  a suff ic ient ly  I r rge  d l S t a n C e  
Tho r e l a a t i o n  

follonrine equation: ro2 1 2 fi? 
J (318 

(@ - -dl 

where 

A = mean f ree  p t l i  of t : : a r d  neutrons i n  p a p u t + :  

A = mean f ree  r>at-h for absorption collision. 
2 % = tho age of n::scent therm1 neutrons. 

c 

2 - 2n ) - The quantity (l i? 7 - 2  
where c is the cliff 
c i s  very large md> d l  so t l m t  one can :mite 

ion length. For the case tirat k is close to  unity, 

or 
2 

K = b $  L2 nhere L2 = (y+ y)  

Thus, i f /L,  the migration Icngth, is knom, I? neclsurer.ient of the r e l w t i o n  
d i s t a x e ,  b, associated wit'n t h e  first haniionic of the neutron intensity,  
Nil1 deteniine the reproduction factor  conespondinc t o  a l a t t i c e  of 
i n f i n i t e  2inensions s i m i l n r  to the one being tested. 

Because of the f i n i t e  height (121") of M actual exponentical pile, 
trio con-ections 1n1.st be applied to the neutron in tens ib j  measvrements. 
F i r s t ,  a n h a o n i c  correction" due t o  the presence of higher lmnnonics a t  
points near til2 source; and 8econ(?, an Oepd- correctionn due t o  the 
proxinity of tho top of cb p i l e  to tlio neasurir~ positions. 



To deter l ine the relaxation t l i s tqce ,  b,' indium foils, (.0924 
&cm2) are p'-:ced a t  positions along ths  axis of the pile,  rm-i ?he 
ir.duced 5: minute ac t iv i ty  measured on C. 1.1- counters. For these 
mei:sure*.icr!ts the foil is held in a nickel holder, Giw, tile activation 
( E M )  i s  t l u ~  t o  both thema1 and indium resonance neutrons. (All 
measureiw:nts a re  corrected to give the a c t i v i t i e s  tkt would be observed 
for  i n f i n i t e  times of i r radiet ion,)  
ous 
must Le subtracted from the intensi ty  measuremnts. 
the hamonic r?nd end-corrections, on calculates b fron the relation 

"lie emission of neutrons by spontr-ne- 

Find ly ,  aftcr nakl-ng 
fission of tho uranium in t!ie p i l e  produces a "background" which 

b=i4kF i l  
where D is the distance betseen the two positions a t  which (Ani) is 
9ezs:xcd. 

The length 3f a side, a, t o  be wed i n  calculating k from 
equ;.tim (&a must be t!mt value for c'lich the neutron intensi ty  actually 
hecones equal to 0. 
;xtA, 1, compared to tile dimensions of the pile, the ef fect in  side 1s 
lci-gcr ?,hw the 2hysical side. ) From neutron in tens ie j  nensurexnts 
n e a r  +,:IC edge Qf the p i le  one can e s t i m t e  the cffective value of a. 

(Because of the f inite len[:th of the mean free 

' "!IC nigration length, L (Equ. (5)a) ,  can be calculn 
( p - ~ p l i ~ t c  density and the cadmium ra t io .  

and'tim ac t iv i ty  (ACd) a t  the scme position when the f o i l  is covered with 
cadni-m 
ance rieutrons. 

The csdnium r a t i o  
the r n t i o  of tile cctivit.J of a f o i l  ;.itk nickel holder 

Actit-ation in the latter case is due only t o  indium reson- 

%IC tiwee p i l e s  :;.ith which we are concerned haad tile r"o1loxing 
;e~~.e=.r . l  features i n  cormon. 
c:r?-pis be), 16" high, in the top layer  of which 8 source c,knnel vas 
plscec;. Rmr (Ra + Be) fast neutron sources, each of npprcxinately 
0.5 ~ 2 ,  ;7ore u e d ,  and these aere divided into tu0 closely cquivalcnt 
1 p. s31~~cep1. 
h--lf i:ey Tr0:i the  center to t.hc edges of the pile.  This arrmgencnt, 
t;lroI:gh cancellatior, of odd I--ionics of the ncutron inter,sit;/ at 
po in t s  along tlic p i l e  isis, cmsiderably redirced the harmonic correction 
LO be n3;Aied to the :?easirre:ients. 
9)" x 09" :c 223 3/4", end consis-ted of  15 layers  (each 1, 1/6" high) of 
crapliitc bearing Wrnim, al ternat ing w i t h  15 layere of =lid graphite. 
MeasurlEg 
hcr iTon t i -1  soctione oomoeponding to  the men numbered graphite layare. 

A pile vas constructed on a base (ACX 

C ~ C I I  IES placed i n  the c!wnel' a t  positions approximately 

The l a t t i c e  s t ruc tme :leaswed 

c slots extending to  the c e n t e r  of the p i l e  mere inserted in 

? 

scattered back into the p i le  fromthe surroundings, the top and sides 
of the pi les  were covered w i t h  cadmium sheet. 

In  order t o  eliminate error caused by slow neutron' being 

-& \ 
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I I 

'Ino efPFici;;.-.rc. ni6.c of thc p i l e  ::as estimated to be 

a = 256.9 cm. 



-16 - 
Nith thie value, and that for b, ne caloulate 

= - = 45 x 10-6 cr-2 

From Table 1 ne obtain a cadmium ratio eqtael to 6.32. 
of tho dgration length, L (Bqu. 
dsnsiw (1.54) and the 0admi.u~ ratio. For this pile  

The value 
can be eetimated lcnmbg the graphite 

L * = m o m .  a 

&om muation $3B we obtain for the reproduction factor 

k = 1.032 

Pile No, 27. This p i l e  was identical with No. 18 nith the 
exception that AGOT graphite was wed throughout in place of Speer. 
TRbles 111 and IV gives tmnmriee of tho meamements and oorreoted 
intensltiee. 

Table I U  

Net Intensity 

Table IV 
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From these results ne calculate 

0=130UU. 

E h E  tbese-vriLuee we obtain for the repawduction factor 

k = 1.039 
Rrus, the use of ACUT in place of Spew p p h i t e  gives an inoreass 

gUe Bo. 29. 

in tb repkduction factor of 0.7$. 

Since the amount of cast urMium m e w  available 
for t e s t i n g  PPBB insufficient tn fill a complete l a t t i ce  of the ~ s u a l  6iz8, 
the pUe wa6 constkmted in the forn of a 8andnich in vhich four oxide 
bearm layers ( a t  the planes x - 6, 7 ,  8, 9 )  of P U e  I!o. 27 were roplzoed 
w i t h  fmr metal bearing layers in the same lattice. 
AGOT paphi te  in t h i s  erne region 178s replaced with AGOT (Id. Nos. IO, 111, 
rAi.ch l o t s  shmed the laneat absorption aross-section. 
(from fktal Hydrides) was in the form of cast Cylinczer~, e diameter, 
nei[:Pling zqyroxinately 2.7 kg. each, 

L 

In addition, t h e  

The ur.=nim netal 

!Rae Ernphfte ta uranium ratio %as 5.1- 

The deternination OP the  exponential relaxation distxllce for the 
metal l a t t ioe  of the sandwich pile i e  baaed essentdally upon D comparison 
Oln the ratio af the neutron intensity below and above the netal l a t t i ce  
with the ra t io  of t!ie irhensitieo a t  the w e  positions in pile Eo* 27. 
Ginoe, hwzever, Pile No. 29 nae bui l t  a t  LL different locatinn thn t i m t  
of Pile No. 27, it \la6 necessary t o  repeat P U e  No. 27 a t  tho nerr 
looation, The results of this Pile (No. 28) agreed -dth those obtiined 
for the identical Pile No. 27. Pile No. 28 was, therefore, used as the 
control for Pile No. 29. 

and R, are, reepectfveljr, tho ratios of tne in tens i t ies  at 
anil above +he position of tho nctnl l a t t i ce  in the oxide 

and o.xidt+metel-cndde piles, bo and b, the eqmnential relaxation d i s k n c e  
associated with the oAde w.d metal latt ices,  and A tlie !ieiEht of the 
netal lattice in  the s a ? ? c h  pile, tllenr 

A 
R, 

Tho ueaaureruents on Piles Aros. 28 and 29 are given in TebLe V. 
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I ,  Table V 

' 6  
Cd-ratio !Pheml b om qcxn4L2cm2 k 

C uti l i*  
otion 
Factor 

e flo. prm Form Graphite 
of u 

6.4 6.32 ,866 62.74 45 712 1.032 
6-4 ,869 64.5* 58-c666 1-039 Is:;% I ,871 I'7l.lq lOLf700 ~1.07 

I I I 

1 
1 

i 

I 
For Pile NO. 28 = -L = 7b(M1 

I10 

Wee A = 83.82 an, and bo for Pile No. 28, 64.472 m, rn obtain 
from equation 7 

or bm = 7l.10 cm. 

compared ta PlLe No. 
m e t a l  m r  dioxide ($ esthated to be 700 an2) of 

"hie eves ax impFovencnt of L2.8 x 1W6 c& in the value of $ 
28, or an increase in tlic reproduction fcctor fop 

700 x 42.8 x 10-6 e: .03 

Therefore, k for the uz-anium metal lattice in BCOT paphite i s  

. ... 1 . 
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mate c m ~ s  seoUcu-4 meamexnts boura*te deteimination of 

the neutron capture cross section .of the pphl ta  to be wed in Q react- 
pile is nmBsa3?p for tffo reaeane. -# Lf Were is too NU& &mrptbn 
in the graphite a &ah maoticnr my be 'hpose;Lble or mqy require &aenaSon~ 
too hr&e  to be pmctical, end, -8 &nee the effect of the absorp- 
tfan is pwportional to the quare of netdzon densi+j Urn us8 of lan 
cro88 seoti6n material  near tha oeater mUJ. reduce the sfso of tho strw-, 
For tliese masons ciw6s section uea8tmnmte aere made on oack trrand of 
gra hite wed in tihe strclctuw. 
US flJ. S - Graphite CamFrtqY), Speer (Speer Graphite Company), rad nine 
differerrt lots of AGOT (llational Carbon Conpamy) graphite. X'or those 
measuremnts a seriee of Qor cross eaCtiOn piles,  described Ln fho fol- 
loving sectian, w e r e  con8trUtJted. 

h S e D %  i o n o f  U P  iles, Host of thofie p i les  vere built  on a b e e  
of mer graphite appmx3matel.y 51 x 51 and about 3' high. A aoupce slot  
throuyh thc center of the center layer of this base parallel to one edge 
~~ieasured about 10 cm. x 10 cm. 4" x + gmphite strips were fastened to 
the top of tihis base in palzel rows 12" apart. On these st r ips  8 layer 
of Spew or AGX graphite ?as la id  lesving a *e g a p a t o  ::hich oadimrmn aould 
D e  inserteil. In general this layer was different fhm t he  graphite being 
; ; l e a d  and nrrs used only because long pieces vere available to bridge 
the a m  gap, Abuve th3.s layer 15 layers of the rzateriaL t0 5e h 6 b d  rtere 
l a i d  :dth detector alots at the top of layers 3, 6 and 9. Tlieee slots 
nmb&l, 2 and 3, respectively, passed jhrowh the vertical aXie of the 
pile perpendicular to the sotzrce slot in order that m d 3  inaccuracies 
in placw the fo- VOU h&ve a x:lininnm effect on the measurement and 
in order to redace as much as possible the radiation absorbed by operators 
hmdlhg the foils. 
in order to reduce to a mintmum the number of t h e 4  neutrana entering 
the p i le  fron the rocan- 

These were AGX (National Carbon Company), 

The entire p i l s  above t!ia gap vas oovered rrith aaMum 

In those piles built to nmsure u for Am, U-E., and 6pecr 1 
p p h i t e  the dimemione of this top portion ware very necrly 5' x 3' x 5 1 ,  

'he reminine: Spew pilse ~ n d  the AGOT piles R ~ Q  abut  168 cm x 157 cm 
and 157 am high. 

$borr. The thermsl neutron density, n, in a ~ p p h i t e  sfructure 
conhlning a sotzrce is desoribed bj the f o l l e  differential equation8 

F 
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If measurements me made :.-ith cadmim in the (yap and ::ithotit cadmi- in 
the gap ne ~clI..l have two such equatlone for the tero neutron densities 
nl and t ~ .  sutrtrao- theme ~ I Y O  eguatsoppe sad rrritiDg n = '9 - gr rt. 
have 

- - + = 0  

or L % r l - n = O  

where L is 421c diffusion length (= Dt), 

re rill give 'le soluti of t h a  eq &on for a rectanlcular pi l e  
::hose cf2es are (a - %), (b - 5 and (a  - 5 parallel to the x, Y end 
z axis rcspective 
rinen x 1 .t 3, P = 3jc'b - and 2 = g. The solutiim is 

Tor bounda conctitioils e w i l l  a 8 ~ m e  t!Et 11 = 0 

Herc >*, the distnnoe far the intensity of the Im hannordc t o  decrease 
' ~ ; r  P -actor of l/e in a si1e of infinite length is related to L by the 
folla?:Ug equation <-  

2 2  
(4b = L - n Z ( z 2 + $ )  a '( 

Along the v e r t i c d  axis of the p i l e  the firethermonic of neutron 
density is proportional to 

- z h p - ( 2 1 5  - z)& 
9 9 

.u 

The second t e n  of this axpression is a reflection f r o m  the top 
of the pile and rrodd not be present in  an iilriniteu tall pile. 
to cdrrect for  the finite !ieirht of a pile a11 intensities dong the 
&a 85'8 multiplied by 

Hence 

the so called end correction, 

Fquction (4)b gives a means of deticrxinirtg L. One, eie- masure8 
b tg .,ierrmrred intensities for -21ese Irarmonios end obikins 
the aLwrco rrhere tho intensitiy is emier t o  masure. 

pelxito a calculrticn of the relaxation lewth of w.ah Iwmonic. 
m.u;i-i;ion (3)b for the a ex33 we hat.0 

far from t!ie source :4iore the higher harmonica are emall or correats 
closer to 

This is done a6 follarS, A6suming a d u e  03 L, equation (4)b 
Vriting 

.: . 

. .  
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7 

j 

I -  I .  

I I 
1 

4 

+ 8  If frpo equal SOUO~B ~ e d  8% x - 4 tm, EIU& eolatia~ u t  be dded 
a ~ d  a factor of 0043 F appears. '[pbia causes tho 1,3 m n i c  to canoe1 
the 3,l bamonlc and thc l,5 to cancel the 5,1 alory: the 4 cuds. 
harnonio i o  the first t o  appear Rnd is negative. 

The 3,3 

To a eood apprdna t i a s  we QBZ~ mite  

The barnodo correction factor is therefore 

For 0 piles used in deteminixq cross sections of AGOT paphite, 
tlre total k z o n i c  and end comeotione factors were l.OO56 for s lo t  1 
myi 1.0231 for s l o t  3. 

entsc Lle surermts nere rmde with indium f o i l s  of 26 om-2 
area n e I & ~ ~ . l *  &ern-'. Two counters *-ere used and oach aletex.iined 
the activlly of  t:u.ee foils from ech of tho t.hree slots  rrhen there 17aa 
caddun in tlie s l o t  and again ;/hen the slot vas enpty. 
ceye adjusted to ;.:ccp the initial cauntinf: rates below 1500 counts per 
&mte. 
from t h  p i l e  and continued for most measurements mti l  more than 20,000 
counts hcil been recorded. Assuming a hzlf lFfe of 54 ninutes i'or indium 
the in i t ia l  activity after infinite irradiation vas calculated. 
the smsi*tivities of tho  ixo counters \-;ere not tlic same, tlie activities 
neasured on one cozloter were m u l t i p u e d  & the ratio of sonsitivities as 
JotenrLned from Peasureslents on a number of pilos. The aehn activit ies 
a t  slots 1 and 3 were corrected for hamonice and end effects 88 explained 
in the prece- seotion. Then if t!!eae correoted activit ios ore called . 
I1 and I respectively bu was obtazaed f'rom the formula 

lea 

Irradiation times 

The count nas started three minutee after tihe f o i l s  verc removed 

Shoe 

a 

where g1 
precedid  aection was used t o  calculate the diffusion length. These 

Row 1 gives the  name of the graphite as stamped on each piece. GX 2 
re fers  t o  the shipment of AQC cut t o  4" x 4" x 3-". SP 1 refers  t o  the 
shipment of speer graphite cut t o  10 cm x 10 cm cross section. SP 2 
and SP 2l re fer  t o  speer graphite cut t o  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  t o  the 1st l o t  of AGOT graphite: M 2 
re fers  t o  the second l o t  and similarly fo r  other l o t s  up t o  l o t  15. 
Row 3 gives the diffision length corrected t o  a density of 1.600 grams/cc, 
and Row 4 gives the cross section calculated fromthe formula 

is the distance between s lo t s  1 and 3 .  Equation (4)b of the 

values are given in Table VII, row 2, for each of the graphite8 measured. _ .  



!'; 
;.; . , 

t 



-23 - 
Table V I 1  

I I I I I I I 

3 

It \riU Le noted tilat tilie best paph i t e s  ;:iegsured '.?ere T LO a d  T 11. 
lots and some T 
AGOT fmed  a rough sphere around tixLis. 
&ids thie, 
used interchangeably. 

These 
were used for  the core of t h  pile, The rest of the 

S? 2 and $2 21 F a p h i t u  ~.ms plnoed 
A t  the vezy outside 0-2 tlie pile Us m-d Gx 2 gmphite 

Pre8sI.x~ of Uranium Oxide. The grcater pert of the  pile contains 
uranium clio-de lumps uhich :rere fabricated by cu~prossin::. !.ooso cliy Ua2 
powder ir- u die  cith a hydraulic press. 
design X? the die. Fig. 4 gives t5e details of the t!ics Yihlch nere used 
to press the fi &oh pseudoeplieres. 
of A coal quality tool steel, hardened and ground m d  I;olished sinoe t lm 
powder has a coasiderable abrasive action. The force w o d  i n  mkinf: t h e  
briquettes :a6 i n  the m g e  of 150 to 175 tons, Lubrication of Kie die 
proved to be imrJor-&mt oncl it m s  fow-cl t!at o di lu te  solution (0.5$ b:r veieht) 
of stear20 acid in acetone ne9 quite satisfac-b0i-y. A smnl.1 mocmt of Q 
wet- apnt (ewlene filycol) was added to t he  iubriwnt so tha t  -.-I?er. 
it nas bmshed on the 1mUshed surface of (!io it i-1od.d sprcccl evenly, 

eqeriencs in llandling the dies !md been ob'Mncc' 1? m.s possible 
to +"abricnto :3th one press AGO to 500 briqusttes i~ PZ: 8 hi.. vor l c inE  &yo 

fa bare of &' x &- cross section and in lang-bhs from 17" to 50". 
m u e a  are quite rough and timrefore it is ceceosa-q - L k t  +hey bc ncrie 
smooth and that ba'ick6 of a standard length be c?zt. 

Eie chief i~roble:.~ '.:ere tho 

It is essent ia l  t h a t  t!ie die  be w d e  

After 

I.@&~.XIIIP a4 G ~ ~ > h i t e ,  Tile C y - q J h i t e  2:: i*sceived fi-ois 61ie ! . ' + l r , l l f ~ C t ~ ~ p  
T!le 

7 

For th i e  work ordinary wood working machines were used. Two sur- 
faces are first made plane and accurately perpendicular t o  each other i n  
a jointer  and the remaining two surfaces are  finished by a planer. A 
awing-saw wae  used for cutting t o  length. The surfaces were held t o  
+ .005 inches and the length t o  2 0.20 inches. The only departure from 
chis w a e  a slight rippling which appeared occasionally a8 the  resul t  of 
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dull blade8 or ?.mproper d p u l a t i o n  of the work on the mohinee. 
den-- steel cut t ing blades -ere used in these maehines and reahaxpenin& 
although a oonstant chore, rm not 80 frecrusnt 88 to cause any r e a l  cliffi- 
c a w .  About U ton8 of material could be prepared in t h i s  way per 8 hour 
\lorking clay.  

Molyb 

In all 40,000 bricks nere required. 

A further graphite ivlchining opsration was the  drilling of the 3p 

These holes were dri l led 
the head stock of a heavy 

dianetor holes vith sbpeci bottons, rrliich were reqwbed to permit the in- 
sortion of the U% briquettes h t o  the graphlte, 
in t single operation by mmting a spade bit i n  
Lotlie mil forcing the brick up to  the taol  n i t h  t h e  la the  s a r r i a ~ e .  
care had to be given to  the  design of ths cut t ine tool, and t o  the aUgnaent 
and center- 09 the bit. 

Due 

These fools required frequent reshrpening and, i n  f ac t ,  t h i s  proved 
to  be the only difficulty i n  V i i s  operation. 
lancest  l i fe  but ~tere rejected because of tlie greater effort iwequired in 
pepr ing  them. 
about 60 holes could be drilled without resharpcning. 
the hole required about 20 seaomlo and from 60 to 100 holes per !lour :fee 
the usual rate for the whole operatior_. A total of 22,000 holes vere d r i l l e d .  

!L'he mit c e l l  of the graphite-uranium 
l a t t i c e  Ins a ride of 8zn and a volume of .324 cu. ft. 
th i s  lattice the m p h i t e  bricks were r;lachiiled t o  a cross section of 
4 .r/cjn x 4 1/8" and were cut t o  a length of 16 3". 
as a sphere of ~ a r n  radius of 13 feet ;  the choice of a sphere being nec- 
eesary because 
cvailnble f o r  any other slmpe rihich r;ould be chain reacting. 
t o  WLld a s@ere neccssitjated txo iiaportal1t ac!clitions to  the structure. 
"he first of tneee was, a moden fra-ie..-ork i n  r-llich the sphere vas inscribcd, 
and sec.mdly, E. paphi te ,  p ie r  .\ 
vi!!lich Cie coiitrol rods pass, believed t o  be ent i re ly  possible that 
after the structure vas erectkd hat tile \iood ..riglit varp or shrink 
cutst: sone disphoement of the g;raphite above it. Sir.ce -this liod.cl be un- 
desirable  frai tile point of v i e w  of passing control rods ip to  t'ie pi le ,  
that part of tho pile t'_lrow!i whlch t!ie TO& pass is cctirezy supported by 
%:fir; graphite pier. 

Carballqy b i t s  shoved the 

Bite group f r o i n  old fi les proved to  be !Jooot catiefactory; 
Actual d r i l l i n g  of 

ConStt-tiCtiOn of the Pi le ,  
li. order to  achieve 

The st ructure  was planned 

of the fact tb-t pro:Jably not suff ic ient  material nould be 
The decipion 

h supyor-tt the s ide of the split re through 

Originally it f ~ c l  been intended t o  evacuate the p i l e  
fore,  coEsiclercble p i n s  were taker. t o  see that t!io wooder. frame- 

tho  graphite seomely and that it pmsentod a smooth cortinuous 
It turned out, !imcver, to tho surrowling balloon cloth eiivelope. 

t;Et evacuation was not nececacuy and, tliereforo, these d o k i l s  are unimpor- 
tant ,  

The cube in which the sphere is inscribed has a side of 24'2". From 
th i s  it follaws that a part of the 26' diameter sphere is cut off on the  
sidee: these parts represent a rather small percentage of the t o t a l  volume 
of the thick on the sphere. As planned the sphere w a s  t o  have a she l l  1' I 

! 
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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 i n  the outer she11 of dead graphite. 

In Table IX the de ta i l s  of the uranium lumps are given. Column I . .. gives the geometrical form of the lump. 
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Geometrical Shape 

2@ cylinder 

3i4 peeudosphore 

3 - 3  pseudosphere 

3 cylinder 

cO4Po-d b i g h t  M S i *  

Uetal 6.0 lbs. 18 d a m  

m2 4-72 6.10 

u3°8 3.99 5-17 

no2 4-56 6aU 

5.20 

u308 I 3-97 

19 
d 

- N x  
12,400 lbe. 

The designation 3 I' pseudosphere indicates pressings which were cy- 
l inders of 3 diameter and 3 " height, but which had the edtes cut off at 
45O so tha t  they were roughly spherical. The designation 3" cylinder means 
a cylinder of height and diameter of 3". S+ce f ive  var ie t ies  of uranium 
lumps and four brands of graphite were used a considerable variation in  the 
combination making up the c e l l  was possible. Four sample arrangements and 
the labels given them in  the diagrams are  l i s t e d  below. 

'' 

Metal - AGOT. Uranium metal clyinders combined w i t h  the highest 
quality AGOT graphite. 

;brick and combined w i t h  undrilled AGOT bricks t o  make up the l a t t i c e .  
,.) I, ,. ;. , 
, .,yi 

Sp B r  + Sp. 3 'I pseudosphere of UO 
'bribkr'kd . .  conibined with undrilled Speer bricgs t o  make up the l a t t i c e .  

A ~ T  ~1 + Sp. 3 

AGOT B r  + AGOT. 3 pseudosphere of UO, inserted in a AGOT graphite 
' 

.-., - 1 2 -  
L~ %$.% inserted in  a SPeer graphite 

. ' * ?  . .; pseudosphere of u 0 inserted i n  a dr i l led  brick 
of AGOT graphite and conibined with undrilled 2p8er bricks t o  make up the 
l a t t i c e .  (Also see inser t  diagram a t  top of Fig. 5 ) .  The distribution of 
the  various kinds of l a t t i c e s  throughout the structure w i l l  be evident from 
an examination of Fig. 5.  This figure also shows the graphite pier  which 
replaces the wood i n  tha t  part  underneath the control rods. 

Figure 6 is an elevation of a plane cut through the corners of the 
cube i n  which the sphere rests .  It is shown here in  order t ha t  a clear 
picture may be obtained of the large amount of wood f i l l i n g  required in  
some parts of the pi le .  The shielding against radiation in  these areas 
therefore is  rather good. The good structure is honeycombed and i s  made up 
of 4" x 6" tinibera i n  such a way tha t  about 1/3 of the volume is empty. 

I . . .  . .  . . - -.. . . - . . ._ .. .. ~ . 
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‘Ngures 7 and 8 are plana of two layera, the first n e w  the bottom 
of the a t ruckre  and the second at the 32nd layer nhidi s h m  the mnmr 
which the olota far the control anii safety rotla p”-as lAroug!i tllr, pile. 

Figure 9 is a photosraph of the 19th and 18th layers. 
spherioal fom of the stsvcttrre is. shown and also som of the supporting 
wood h e  nor~s. nle l t l t t i e e  is uaintained in tb v e u - t i c ~ l  clireotfon by 
h 6 e r t b . g  betneen tno oxide bearing layers a layer of dead piphi te .  
19 as shmrn in the photograph is anly prtibiEly cmfletml. 

The 

Layer 

A tot.1 of 10 6 h t S  passinC: conplotely through the p i l e  cere 
provided. 
safe* ~ o f l s ,  the re:lainerl bein[! a m m l e  for experbontal pmpsoa, In 
adclitior. ant: YO:; of bricks CQlTging uranium lumps m d  pass- very close 
to the oenter of the pi le  is arranged so thRt it can be pushed comnplotaly 
out of the p i l e ,  
t i e  p i l e  an11 is useful for experhental pmposea. 

Three of these near the center w e  used for tile coutrol and 

This construction pemita the rmoml of smples  from 



7
 

-3
0

- 

4
 

. Jt
 

‘
I

 



-31- 

U 

1
 "I L
r
 

i.,. , =
+
- 

k
 

lo
 

h
 



-32 - 



-33- 
APPENDIX I1 

!4OMTORIEO AND CONTRCX~IJNC THE PIRST PILE 

The conatruction and operation of equipment f o r  moni tor iq  ana controll ing 
the  first p i l e  was undertaken by the c i rcu i t  group- 
a8 f O l 1 0 W s :  

This job w a s  subdivided 

1. 
2. 
3. The control rods, 
4. Electric81 controlsn 

Xonitoring the p i l e  durilq;  constructicr 
Yonitbring the p i l e  while operatingc 

1, % m i t o r i q  the p i l e  durinl; construction.--A s l o t  of 2;" x 2i ' '  cross 
section running from the north face of the p i l e  t o  s l i gh t ly  beyond the  conter 
of the  p i l e  was b u i l t  i n to  the  11th l n y e r .  
a 2" x 2" x 12" graphite block w a s  pushod along t h i s  s l o t  t o  the  center  of 
the 11th layer. 
sca le r  and a pulse integrator  operating a recording ai l l imeter .  
a continuous h is tory  of the  constructlon was obtained, 
operated an alarm rolay. 

A BF3 proportional ccunter i n  

The countily rate w a s  recorded both by a scale  of 128 
In t h i s  way 

The integrator a l so  

Figure 1 shows the count iw rate as a function of the  number of layers 
cornpl eted, 

2. Monitoring the p i l c  while operating..--Lhen the  t i l e  V 1 8 8  nearly large.  
enougn t o  become chain reactiw, a second UF3 progortional counter and four . 
973 ionizat ion chambers were s o t  up t o  aionitor Cne Bile. 
control rod and the  s a h t y  rods are actuated by signals originatin& i n  theae 
BF3 ionization c:iambcrse 
operate recordin& power-level inaicators.  
Tho otl:cr three charnbers are sowered by ordinary power packs with VR-tube 
s tab i l iza t ion .  
t r a r s f cmors -  
of aluplifictrtion and the power supply i s  shorn i n  Figure 2. 
output terminals are ahom as w e l l  aa +he output terminals t o  feed t he  amplifiers 
for the control  and safety rod8, 
three d i f f e ren t  purpose& 

The autohatic 

The a m p l i f i e d  ionization current is also  used to 
One chmber is battery operated. 

"he power for these  packs i s  doriveci from voltatie regulating 
A di-ram of the ionization chumber with the f i r s t  two stages 

The level  indicator 

Actually, different sets are used for t he  

7 )  . _  The euppreseor grid of the 969 tilbe is used f o r  detection of t h e  ion i ra t ion  . 
current i n  order to owure high laaka60 resistanoe of the tube.  A t  the 3 ,  

pla te ,  scretm and filament voltages wed, the overall leakage resiatenoe ia 
greater than 1013 ohms at a l l  volta,es impressed on the suppressor grid i n  
practise., This introduces no appreciable error when res i s tors  less than 10l1 
ohns are uaea i n  tho grid circuit. 
If' tho  m n t r o l  g r id  had been used tho voltage gain W o u l r J  have bcen ahout 15, 

The voltage gain in the tub6 is about 1.5. 
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but except very near its f l o a t i w  potential ,  th io  &r id  shows an apkreairble 
leakade.. Moreovor, t h i s  leakqe i s  f a r  Prom constant a i  the  gr id  is  mung 
over the  values encountered In practice. 
a r e  made t o  t h e  suppreesor gr id  t'erminal by soldoring ulreot ly  t o  it, thus 
eliminating leakaGe i n  a socket, The insuBator6 i n  the ionieation ahamber 
were made of clean, dry k l a t e  glass. The outer surfaces of tlie insulators 
wero heated and coated with ceresin waxp The 959 t u b e  a l so  was heated 
t o  about 1 0 0 ° C  and aip;ed In w l t e n  &resin. 
t o  a minimum even under conditions of hi;h humiliity. 

I n  #e c i r c u i t  the connectfons 

The wax keeps surface l%aka&e 

Operatin; experience with a divergent p i l e  has brought to l l c h t  several  
dsfects  i n  these instruments. These aefects ar9 enumarated below with 
brief suggestions f o r  correction or  improvement, An instrument with the 
ixpr6ved d e s i p  is t o  be t e s t e d  cn t h i s  p i l e  before sirniler apparatus is  
c o n ~ t r u c t e d  for future  p i l e s ,  

1. 

2 .  

30 

40 

5 <, 

6.  

3 

The chambers are too large t o  handle ees i ly  and are unnecessarily 
1arc;e for tho  required a4neitivity.  
18 seems adequate. 

A volume of 2 li&s instead Of 

The v a r i a t ion  of output of the  instrumerts with l i n e  voltaLe is  too 
great: A triode-pntodc voltage re&ulat.:?r mould be uaed, aiapeneing 
with the re&uPntinl; transformers and VR tiAbes, 

A nore powerful tube such as a 657 sliould 2 used i n  ).lute of the 
1 N 5  tube i n  tho second stage. 
movement recording neter as a voltneter on the klate  of t!iis tube in 
place of usini; ttie meter i n  the plate  oircul.t, 
d i s t i n c t  aavantaGe t h a t  tne metcr readiw ca;i he made accurately 
proportional t o  the  current collected in the =hamby* 
instruments the  ne te r  readint; decreases w i t h  :ncreased intenoity, 
and it becomes highly non-linear as the  tube 

T h i s  w i l l  allow usirq: a 1 milliampere- 

Ttiia has t he  

i n  the present 

t o  cut  o f f ,  

The o lec t r i c  flold for the  col lect ion.of  ions ir. the chamber is v e q  
f a r  f n m  the  saturat ion value. 
by .increasing the applied voltage and by a better shape of t h e  
e lec  trodee 

T h i s  condition c m  be improved both 

The amplifiers bolng b u i l t  riGht on the chambers aro ra ther  inaccessible 
and, in order t o  than-e sensi t ivi ty ,  a rosis tor  must bo replaced by 
soldering i n  the amplifier. 
f i e r  shouldbe  long enough t o  pass through a protecting barr ier  and 
range change should be aade vritn a multi-position switch. 

The leads f rpm the chamber to  the arapll- 

For high-power pi lea  the chambers should be maae of, cir l ined with, 
a material from which no long-lived radioactive Froduct i s  formed. 

T h n  control rodr.-Sinoe the  power produoed Q a ohain reaot iry p i l e  
i s  proportional t o  the neutron aensity, a E l l e  ma$ be controllea by aontrel l ing 
the neutron deneity. 
csilrriiun anti boron Steel, 
the f rac t ion  of neutrons absorbed in tho rods, 

I n  tho first t i l e  this was done by means of rods of 
These rods ~ a i i l d  be :noved i n  and aut to regulate 
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Duriw the construction several rods of caddum were inserted in the  p i l e ,  

men tests indicated the p i l e  was  lorde enough t o  be chain r e a c t i w ,  these 
rods were removed one by one. 
of t h e  report: Three of the rods w e r e  b u i l t  specially 8s shown diagrematically 
i n  Figures 3, 4, and 5, 

This process 1s doscribed i n  the main body 

Figure 3 is a diagram of a safety rod, In  normal operation, t h i s  rod is  
pulled en t i r e ly  out and is  held by P solenoid and catch d i ich  i n  turn are  
control leu by an automatic safety c i r cu i t  acjusted t o  re lease if t h e  neutron 
intenaiq; becomes too great. 
ssary f o r  several reasonsn F i r s t ,  it wns thought t k r i t  the  p i l e  wauld need 
t o  be evacuated and so t he  rod was b u i l t  i n  a vacuum t i g h t  s t ee l  case with 
remote control. Secondly, it was thoughtthat we should t r y  t o  have the rod 
GO in i n  less than a second. Third, it was thought t ha t  the p i l e  would be 
nm hot and 8 0  no rope cou ldbe  plncc-d i n  the p i l e  and a a tee l  cablc would 
absorb too many neutrons. 
through. Fourth, it w a s  planned t o  have the rod so t ha t  it coulabc pulled 
out t o  any desired position, 

T h i s  rod was made more complicated than nece- 

These r e s t r i c t ions  preventod pulling the rod 

To neet  the  seconu ana fourth requirements the catch w a s  [:laced on the 
rou, and :nade t o  endage in to  an enaloss chain, Mien the solenoid is aotivated 
t h i s  engages. 
the  neutron in tens i ty  i s  low. 
p i l e  unless the c i r c u i t s  agree tha t  it i s5safe  t o  do so, 
i n  t h e  solenoid i s  interrupted, t he  catch releases and the weight fa l l s  
pulling only the rod without the extra drat; of any pull  out mechanism 
helps speed ui; the  motion.. The deta i l5  of the cntch a re  shown. men the 
knee ac t ion  is aujusted so t h a t  it is not quite on thc Lero Fosition when 
haloing, the pul l  of 30th the apring and tho weight tenu to  re lease the cc.tch. 
To stop the  rod a f r i c t ion  brake was designed which blnus i n  the forwhrd 
d i rec t ion  bat  au tomt ica l ly  reloases whon the rod i s  pulled backc 

The c i r c u i t s  a r e  arranged so t h a t  t h i s  cannot operate unleas 
Therefore one cannot romove the rod from the 

?'%en the current 

This 

Figure 4 is a diagram of 8 simpler safety rod which was b u i l t  when it 
bccame apparent t ha t  it would not bo necessary to evacuate tha pi le ,  
is pulled out and set by hand but may be released from the control table  or 
by the safety c i r cu i t s ,  

This 

P i p r e  5 is a aiagram of the regulating rod used, Tlie rod was b u i l t  
as a sandwich, The center  piece contained 1.5% of Boron by weight. 

EXperience wit!! these  rods has s!iown t h a t  the regulating rods and the 
safety rods should be mobnted on suf f ic ien t ly  r i g i d  supports that the shock 
of the safety rods cannot doetroy L!e settings of the regulating rods. 

A pae&tic. safow rod hu bean dosigned and one w i l l  be t r ied i n  the 

The regulrtlag rod ~ o a a  adequrtm m d  o d y  ohanger i n  the motor drimr 

second pile. 

and gearing are ooeternplated for themcoad p i l e -  

Complete diagram are available f o r  the mechanical details of these rods. 
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b. Indication 

h e  of our most important duties was t o  provide remote indication of the 
various actions of the  pile.  Since it w i l l  be impossible, at high intensi t ies  
t o  remain close t o  the pi le ,  w e  must have remote indications of both 
intensity and of control rod positions. W i t h  regard t o  neutron intensity, 
our present set-up includes remote indication from four ion chanibers and 
two proportional counters. Details of the  c i rcu i t s  fo r  these instruments 
are  given elsewhere i n  t h i s  report. 

Figure 8 shows the  sy8te.m emoloyed t o  indicate control rod positions. 
The "safety" rod position is  indicated only a t  intervals by means of micro- 
switches lying along its track. "Regulating" rod position i s  more accurately 

{ 

4. Electr ical  controls.--In t h i s  section, a discussion w i l l  be given of 
the attempt t o  u t i l i z e  the signals from the monitoring devices t o  move the 
control rods. 

The initial lack of knuwledge regarding behavior of the f i r s t  p i le  led 
us t o  prepare a rather elaborate system of controls. While it has bean 
found tha t  these controls may be simplified and improved, our preparations 
have made it possible t o  test a variety of measurement and control devices. 

a. Measurement 

The primary requirement of control is  accurate measurement. We were 
equipped with ionization chanibers and proportional counters, both f i l l e d  
w i t h  boron t r i f luoride.  A simple method of checking these instruments was 
found t o  be tha t  of allowing the intensity t o  r i s e  and fall a t  a natural 
r a t e  obtained by placing a control rod outside the c r i t i c a l  position and 
then inside. This procedure results i n  exponential growth and decay of 
intensity and should therefore produce an indication which, plotted on semi- 
log paper against time. as l inear .  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 i t s  response 
i e  moat l inear .  The ion chamber, particularly w i t h  added amplification, 
is  f a r  from l inear  but is satisfactoryo as part  of an automatic control system 
since i ts  readings are reproducible. 
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rods is shown i n  Figure 9. 
desired position, usually a l l  themy out, 
EOlenOia catch mechanism. 
the rod is released and is pulled into the  p i l e  by a 100 lb, miat. 

Thb safety rod (Figure S) mey be set  t o  any 
and is then held in place by a 

Thenever current t o  the solenoid is in te rnpea ,  

'The regulating rod is operated by two motors, one of which drives inward, 
the other  outward. 
:notor i s  for adaptation to  an automatic regulatirq c i r o u i t  t o  be desorlbed 
later .. 

The use of two mtors ra ther  than a single  reversible 

The f irst  section of the control rystem is an autonatic safety control, 
I t  consis ts  of b o  relays, one with normally opon coqtects i n  seriea with 
the s o l o n ~ i d  on the safety rod, the  other with normlly olosed contacts i n  
series with the  "IN" motor on the regalatint; rod, 
through a comon "SCRAM" line. If t h i s  l i n e  is opened a t  any point, a l l  
rods go in. 
rod requires 20 secondno I t  was our in te r t ion  t o  design ally safety devices 
i n  such a manner as t o  open contacts i n  aer ies  w i t h  this "SCRAM" l ine,  A t  
the  present t i m e  thero are three automatic safety c i r cu i t s  o p e r a t i q  from 
three soparate BF3 chambere and holaing separate relays, 
is  opened, the  "SCRAM" l i n e  is broken and a l l  t he  rods are sen t  in, 

Tk;eae relays are actuated 

The safety rod6 60 i n  in about 2 seconda.while t h e  r egu la t iw  

'If any one relay 

A second section of the  control aystem is designed f o r  manual re&ulation 
of the  p i l e  I t  includes individual release mftches fo r  the safety rods, 
control of t h o  rewind motors on the safety rods, a re-settinG switch for 
the  solenoid catchc and a two directional variable speed con t ro l  for se t t ing  
the regulating rod, 
is s p l i t  so that it forme a variable inductmco i n  series with e u h  motor. 
Thus, direct ion of motion depends on direction of rotat ion of ttieurirro knob 
and speed depends on the amount of rotution, 

The lat ter consists simply of a variac whose winairy 

The f i n a l  sect ion of the control system includes an automatic c i r c u i t  
designed to operate t h e m p l a t i a i ;  rod i n  a mnner such as t o  maintain 
constant intensi ty ,  
found so easy that this c i r c u i t  has seen l i t t l e  service, 
improved performance. it may be found vcry useful in experimental w o r k  
and, in ,Irture plants, some modification of it nay be essential .  From 
present seasurements, it seems that such a future control system may operate 
on ternpiratwe r s the r  than neutron intensi ty  since the p i l e  appears t o  have 
a s tab le  relationship between tempereture and roproduction factor.. 
principles of ;;reciao controlo however, remain similar. 
neutron intensity,  it seems possible t o  make the following asamption: 

The t ask  of re julat ing intensi ty  manually has been 
Howe\er, with 

The 
Controlling from 

intensity, 
whore dn i o  the ro to  of ahen,;e of neutron x 

x is the distance of t h e  rod from ameutral  
posit ion a t  which intensi ty  remains constant, 
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Suphose, then, t h a t  the coritn.1 system ba ciesigned t o  zdove the rod a t  

a speea p a r t l y  propor t iona l  t o  the neutron i n t e n s i t y  ma p n r t l y  proporthoarl  
t o  rate of chanl;e of intensity, iceea 

The minus signs i n d i c a t e  t h a t  the mntrol 8yrt.aa opposes any change of 
m u t r o n  intensity.  Mf fe ren t i a t in l ;  this lart equation, we obtain: 

S u b s t i t u t i n g  from t h e  f i r s t  equation, we obtains  

d x  dx - 0  

d t  + K l K 3  - + KlKZX 
\ This is now a n  equat ion  of no t ion  f o r  t h e  rod alone ana I t  is  poss ib le  

t o  i n s e r t  any i n i t i a l  condi t ion  in t e r n  of an i n i t i a l  e r r o r  i n  rod p o s i t i o n  
arld so lve  f o r  t h e  motion followed by t he  rod i n  cor rec t ing  f o r  t h i s  disturbancb. 
It is found t h n t  this notion is stable if Q i a  g r e a t e r  than 2 
t h i s  requirernent i s  n o t  f u l f i l l e d ,  t h e  c o n t r c l  will be un- : z d u  stable 
ana o s c i l l a t o r y ,  
more s u i t a b l e  for high  i n t e n s i t y  operation, t h e  rod may be replaceci by a 
cocjling systen and x becomes a c o o l i n t  rate. To increase  in t ens i ty ,  it 
will be necessary only t o  increase  the  flow of  the cool ing :nt.dium, 
most l i k e l y  t h a t  a combination of temperature and i n t e n s i t y  cont ro ls  will 
be needed s inco  cun t ro l  from t e n p r a t u r e  alone may prouuce vicious t r anac ien t  
cona i t ione -  

In t h e  event  t h a t  a teroperature con t ro l  is 

I t  seem 

I n  t h e  p re sen t  system, t h e  neutron i n t e n s i t y  i s  measured by an ion  
chembcr whose output,  over a l i m i t e d  r a n p  may be considered proportionnJ 
t o  Geutron i n t e n s i t y o  

C l  . The c h a r a c t e r i s t i c  of this netwcjrk is such that, over tho r m g e  of 
poss ib l e  frequency cornponents of any reasonable disturbance, it applies t o  
t h e  g r i d  of t h e  next  tube,  T2. a voltage: 

This s i i n a 1  i s  a:nl;llfied by avacuum tube IT i n  Fign 4)  
and then passes  through a network cons i s t ing  of r e s i s t o r s  R i p  H2 an a condenser 

K ~ Q  + K5 dn % af: 
The cons tan ts  i n  t h i s  equat ion a r c  determined by t h e  value& of R1, H2 

and C1 and t he  latter may thus  be used t o  a d j u s t  the e n t i r e  control  system 
for 3 t a b l e  performance. 

a 
1 

Tubes T3 and T4 produce an inversion of t h e  cont ro l  s igna l  x i t h o u t  
a x p l i f i c n t i o n -  
equal and opposi te  c h a n p s  a t  the anodc cf Tq- 

Thus, c f i a n p s  i n  anode ;Jotentiit1 of T2 are accompanied by 

i 



-39- 

In  series wlth eacn of t he  reguleting rod motors, is the  primary winuing 
of a transf'ormer, T r l  and Tr2. 
which two th j r a t ron  tubes are so connected tha t ,  when con--Gting, they s h o r t  
c i r c u i t  the 'secondaries. The thyratron gr id  c i r cu i t s  are, however, rrangea 
so that  the  ainount of conauction may be smoothly varied.. 
by adding t o  the  control potentials,  supplied by tubes  T2 ad T4, and a-.c 
voltage obtained fron transformer Trg, phase s h i f t  network H3anu C3and gr id  
traneformcre Tr4 and Tr5. 

Each transformer hue a secondary xindin,; across 

T h i s  is accomplished 

Tho transformers T r l  and T r Z  wvfth t h e i r  thyratrons now a c t  as automatically 
parieblo iz~pedances in sorieo with tiiehvo mGtors and, due t o  the inverse 
relat ionship botween the  control potsnt ia la  Bup,liod by tubes T2 and T4 
incretme of  in tens i ty  ur ivss  the  "118" motor and a dccresso drives the "OUT" 
motcar. 

an 

Tests on t h i s  or iginal  c i r c u i t  indicate  thnt  it w i l l  hold in tens i ty  
constant t o  the order or' ..3$ in the presence of ra ther  violent aisturbances 
such RS inser t ion o r  rcmoTul of other rods, 

c. Conclusions 

r;hile our i n i t i a l  exyerLmnts indicate tha t  f a i r l y  precise control may be 
obtqined with simple manual regulation, it a lso  indicates t h a t  s tab le  auto- 
mntic control i s  possible, and t h a t  it xay he .-do much more precise than 
the p m s o  '. system. Our l'uture program. already under way, therefore con- 
-;ists of i u r t h e r  development and improvement of such ccntrols so t h a t  they 
w i l l  be avai lable  c.hon needed. 
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