
.j' 
~ 

... 
"",,-

t ,~~ 

-'''-,'''I~~'''''' ''''---' •• "1 
~.m " 1 

1 ! ~ -:-m • .v.... "" . 
~~\, ....... ~ ... t '". '~IC-.s ' ,-. 

(' /. - 57'1 (ill 

~4~/f. 

'r.. structions ut LECTURE NOTES " . Per Letter In _ 

PILE ?rlEJD£{}lASSlfjEO_~1.~L()_&:;_~ 
p. "'orrison JA.s-?;PfHIISOR CENTRAL Fll!, 

1943 . !. ORAL 
June 15, 

Control of the nile: 

Control has turned out to be relatively en.:'tier then at firstfenred. 

The gener~l methoa is to vary k (in eX1)crimentnl piles, variation"""" 1% or less) 

by movirl." a rod bearing Cd or B into or out of the' '9ile. In nractice several 

-
rods are )Jrovi~ied; 'one will have a fine c\djustrr.ent and 1s the measuring instru-

ment J t',e otllers are arranged an s,.fety device"" !ll.)re or 1e88 automatic in 

operation. 

Intensity (.-v n l the themal density) is 111ElaSured with a BF3 ioniz,~tion 

chamber, corrected for saturation by corr.f)~1rIne t:l€l: re~-'ldings 9EAinst the knOV'ln 

exponentinl rh:e of n with time for given setting of the cnntrol rod. 

a) Sen::;itivity 

Two Tlletnod.;: of ~:"Leasuring k have be-en us~d; me".~u:ring the relaxetion time 

·di::r.octly I an( meM.uring the position of the :rod for. hi eh the :)ile is steRdy • 
./ 

The first c~s!; ~':ive8 a ~er;sitivity denenoing on the (jc:~urecy of the 0.ens1ty 

:t:len8Ur(F'1ents; tbe second is indene'1dent of iJistru"l!':lUts~ being in fact a null 

method, es])eciall.y if a gnlv. with a constant biaf.'ing Gurrent is used. 

In case two t}lere is fUl inter~~ting relation. We haVf) for the period(when 

delays control); 

'"'?= 
dT 
t. 

':-,... 

If we get for E.' ... O, with an error ~e.. Dna observe that tIle intenSity doeA not 
I 
,1\ ' 't'"") ""\? 

change '~:ith/four senr:itivityp fora"\> seconds, Vfe have --? "/'" \) y '} ::; 

or ~\?16 S < d\,( [\,..., i \ !~.~,) 
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Control has turned 0ut to be relatively eallier than at firstfeored. 

The gener'3.1 methoa is to vary k (in eX1Y3rimen tnl piles ~ variation '"'-" 1% or less) 

by movin;~ a rod bearing Cd or B into or out of the- 'Pile. In Dractice several 

-
rods a.re provi(ied; 'one will have a fine c\djustrr.snt and is the measuring instru-

;nent, ti,e otllors are arranged aR s,:fety device::. !lh)ra or le~s automatic in 

operation. 

Intensity (rvn t the tbemel density) is m~)asured with a BF3 10niz13,t1on 

chamber, corrected for saturation by cOlT',I.?arine t:le re:,dings 8Ef'linst tbe knOV\TIl. 

exponential rice of n with time for given setting of the control rod. 

a) Sensitivity 

Two method,o: of !:teasuring k have been us~d; me",8uring the relaxation time 

'diroctly, ant: merlruring the position of the rod fOl'./1ich the ,Ue is ste8dy. 

The first c~S'l ,(,:1ve8 a sensitivity de'o9nding on the Clc'~urecy of the ;:,ensity 

:rlenGUr(F'1entSj tbe seoond is indeDe~:dent of iJ'lstrt'l'lymts. being 1::1 fact e null 

method, eS3?ecial1.y if a galv. with a constant bladng :~urrent 1s used .. 

In case two t}lere is anLflterc&ting relation.. We haVf) for the 'period(wnen 

delays control); 

If we set for f> ... O, with an error A€,., Dncl observe that the intensity doeR not 

change i':itrf;our senl'!itivity, for6:9 seconds, VoTe have'\? ")7\)'9 '}~;::; 6' ,~ 
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It we suppose we can detect a charge of 1% in density, then 6. 'Q ";1',0\ "? ; 

and we have A-'\)(::.f:, <., ,00\ seco Thus a ten-minute observation gives Cl-E.,-ri 2-10-5 , 

'1'hi s is not very dIfferent from the practical case. 

c) Control 

Two general tyPes of c0ntrol have been ~ur~ested: 

1) Limit control: This controi operate6 to aetuate a control rod 

w::ere the neutron ti,snr;i ty crosses certain :;>re-set limits a,hove or below nor:nal 

operating intensity. Using the simple theory of paragra!)h VI b, we ~lnd the 

tine t between rod mov()ments ror a limit at n _ ( \ j: \) "" c; 1:.. -::.:. {T ,,\) - ~ 
\I",€.) -+1) 

III' 

.. ' , ~; 

\ 
olot or densi ty ver~us ti,ne 

"'0 Thus for a 5% D, t = .05· .1 sec "",,3 pec. 

\t\ 0- 1» 
, 27:001 

in a 'typical case. This represents rather 

2} Derivative control: serious hunting" 

For E.. -:. 0 , II j"'4Y nave any "fi.!),ll.ld. Eu:t ct hide t 0 only when E:.. ~ 0 • 

Thus detecting the derivative of the ce~~sity should be a better auoroach than 

. simply the variations, in n. SuP:)OS,., '"e hs,v'; ~ (':mtrol rod y'hich work!:! so t1::et 

itr- velocity is d.atermined llartly by nGutron denRi ty 811("1 p~rt;l'y by the derivativ0; 

& 'j =- - c:-: (~.:- ~ 0)' _ ',).. &,(h ~,'<'\o '~ 
&. t _ ~ ,\~ :~ \:LY\ ~"'=-

&'E../&t - -(.. \ (.!i--\Y L 1...- - 1-\fherec.., )C;t.. Hl'~~ CO"lstents of the 
no / ~c dX. 

"~o"" C ___ v " 
.!~ \1'"", ~ r I 

control m~chani~. 

If C-\) C'A., are b.)tc! positive, t1~e control opposes any ch211ge in n. 

Vie have: 

In'traduce the 

~y., .• E:..,'I(', 
.------ - --
~"t:.. Sl. 

;-£.. -, 
f\ (....r- '" Ot,..(.. __ ~ ...----.. 

&:t-::.., Q... 

and re~tricting to 

as berore. 

c-::..Z\\ 

~'E;'1~·~-r.-
~ .,,:wtt1:P';:;.7:'~~~r: . -_~ .. ~'«,,£ .~ .. ~\~" 
,',,;\:"r>~N:';" 7':zm.~"'" -,;. '",,:;~,' 

:;, '" . .":.<,, 

\ . . r 

If we su:y:yose we can detect a charge of 1% in density, then6."9 -;r,O\'? ; 

and we have A'\:>o.~ 4 ,00\ sec. Thus a ten-minute observation gives Ot..""" 2-10-6 , 

This is not very d1fferent from the practical case. 

b} Control 

Two general tyPes of c0ntrol have been r.ur,gested: 

1) Limit control: Thi~ controi operate5 to actuate a control rod 

w>ere the neutron tJ.enf5ity crosses certcin ?re-set limits abovle or below normal 

operating intensity. Using the simple theory of paragrs!)h VI b. we ~inci the 

6'\ , '\) 
tiDe t between rod mOVI)ments for a lind t at n - ( \:t \) ) \"\ 0 J 't... -::. -

... 1.., £,. 

\ 
.olot of densi ty ver;.;us ti,ne 

Thus for a B% D, t = .Op . .1 sec ",,3 .?ee. 
2-.001 

in a typical case. This represents rather 

2) Deriva'bive control: serious huntingo 

Thus detecting the derivative of the c.e:~sity should be a better anoroach than 

. simply tl1e variations in n. Sup:)ose \.e bs.v'..: r:;. 0::,mtrvl rod I;'hich I'iorks so Uat 

itr- velocity 

control m8chanis;, .. 

If L..\) C'l... are b,)th positive, tile control opposes any ciJ.mge in no 

i'/e have: 

as before. 

Introduce the fracti n neutron 

e~d re~tricting to 
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) 
.. "i~'o OI1n find solutions of thif'l e':!.uation, whbh 113 just the damped simple 

"~ h:::m:onic>l"aotion eCLuation, in the form e wt. uJ haa a real part and an il1l.aBinary 

~ 
~ . 

.. '~ < 

part. and repreee::'lts 9. dr:'1!lped oscillation. 

uJ"l-. -:: C1- c.V + (£ -t T . ,'l- ::..: -a/9..'> 0 
~"i..l 

For small real W, for example, W = -01./02, which represents a slow drift 

back to zero. T.he derivative ter"':! would compensate fof' a c":::tnr;e in !c by letting 

N increE.se to about t-\::.. f!;:.. ~-) andt~'len .:: VloulCi tirif't 1:>ack to 0 , 1th 
'-1-

relaxation t11'ne 01/02" Such e control is very good in ;Jrincipal. but limited 

8v8i1l'lble senf~i tivity SHf)"18 to '9reveut itf! 1.)'Qeretion except for large changes 

in k. It 1s still useful to include~ome 02 to urevent dlRaster. In practice, 

a corr.binat1on bf bot:!. methods would be used. The oncillations of sJ are not 

bad because of' their relative slo',mess, and b) aids the control Tf,hrm accidental . 
deviations Rre con~iderable. III +.he experimental piles, YIlW1Ual control see] 

entirely a.del!Uate. 
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~~ -+ C:N 
-=\ 'Q... 

~ ... :z: ~ - ",\",5"'\, -'\ 1. 

~s. -- - -1" c... - ~. -,~'"'<:. 
&s -- --&.:'C 

'1';'0 Mn find solutions of this e'-!uation 0 whL::h is, just the damped simple 

'~h:;'rr.roni'c>moti0n eQ.uation, in the form e wt. u.J has a real part and an imaginary 

part. and represellts So d'l.mped oscillation. 

uJ1,. :: C].. r..V + (~ -t T . ,I- c.. \ _ d"/9..\)-;:;.. 0 
.0. ~iJ 

For 8lTlall real W J for example, W = -01./02, whioh represents aalow drift 

back to zero. Tile derivative tar"':! would compensate for a c:':m~e in !c by letting 

N incrsf.se andt~',en ::'; lfIoulCi ci.rift toack to 0 , 1th 

relaxa~iontiTUe 01/02< Such e. control is very good in ;Jrincipal. but limited 

8vaiJI'!.ble sengitivity SH.~"'\S to -9reveut itfl IJ'Deration e~{cept for large changes 

in k. It is still useful to include!"om.e O2 to urevent diRaster. In practice, 

a corr.bination of bot:!. methods would be used. The oi~cillations of sJ ai'e not 

bad because of their relative slo.mess, alld b) aids the control "it.hem aCcidental , 

deviationfJ Rre con!"iderable. In +.he experimental pile,s, '1lanUal c')ntrol see] 

entirely adeQuate. 
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Approach to critical conditions: 

As a pile grollls, it comes closer I3nd closer to a self 'IJ'..aintaining condi t1on~ 

For general reasons~ one would like to knov'" h:n,,'iT he is progressing, so mea"mrements 

of several kindA are made at this time. 

The presence of spontaneous fission (amounting to 15 neutrons/sec/kilo of 

U a8 oxide) provides a baclqrrouna intensity. This will rise to dangerous 

amounts as the pilf! Goes to com)letion. A number of CCL pieces inserted ell,ring 

construction keep this activity d.own. They are removed periodically to make 

. the tests. 

I. Extrnpolated activity 

Perhaps the best method, whi ·~h ser'veE' (~uanti tatively to predict tbe critical 

size, runs as follows~ 
A measurement of setivi ty (I'Yn) is made at a point a,; near aA possible to 

tile ef[(,(ltive center. If we call the no. of fast natural neutrons produced 

per second pe.( cm3 ~, we ilave: 

I) A t~ ~_'t 
~;)i! 

:l) 6. \" - ~~ T '?l'~ :-..0 
't.:;"" ~ I.J' ~ 

OJ-;...b- .3 \ t (0) :: ~ Q t \< \"\-r 

, A 
EXI1Cl:ld 't in Fourier sari,;,::;. V'r.lj s;:in': at the boundarj.:~s (t::tke t~ s",uare pile, 

edge a, heigtt h). 

()O 

q:. ~ ~ \~.~ A'1'lV 5l \\ '/. -0..... 
rP 

'" -.;;:. Z. '" ~ tW'- ~ ~ ....... ,~...! 

f\,),...;"';:""'; 

~ ........ 

\"Y~,.'x 
_'/) 

a.." 

I 

f':),A. '" .; 
y\-" i!:.. 

~ 

(4')Q.l'I'o'\y\ l Y\ ~l"V"I'.n coefficient 

of a Fourier expansiono) 

~" 
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Approach to critical conditions: 

As a pile grovlS, it comes closer Bnd closer to a self' 'TI.aintaining condition. 

For general reasons $ one would like to know h:)w he is progressing, so mea·c,urements 

of several kindA are made at this time. 

The presence of spontaneous fission (aTllounting to 15 neutrons/sec/kilo of. 

U Sf'! oxide) provides a baclqJ:round intensity. This will rise to dangerous 

amounts us the pile Goes to com~")letion. A number of CCl pieces inserted dhl'ing 

construction keep this activity down. They are removed periodically to make 

the tests. 

I. Extrapolated activity 

Perhaps tile best method, whi'~h ser'ves i~uantitatively to '9redict the critioal 

size,runs as followsr 

A measurement of aetivi ty ("""n) is made at a point a'~' near aA possible to 

tile effc.ctive center. If we call the no. of fust natural neutrons produced 

d ~m3 t", ' . per secon pe.( 'j '<\, iNS nave: 

edge a, heigtth). 

\""~:6 
a.." 

of a Fourier expansiono) 
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Substituting, we get: _ 6. -C ,., D. "C 
6. ~ _ \ ~ ~~Q\l""."", ~ -\- ~ :::; 0 

....... -- \.."l... ~ ''''' "" ~ )~~'('\ L"-

U \. -:- ~ ( ( L~j. C) \ - 6. l: _ ~)) . ):Ci'-\U- 6""'G '- L \ , 
l' J )... ) ~ "' .... \.... 3 L).. \ -. L)l~ " ) e.. ). V\'\('\ ) \}."""\, 

But ~ ~ (\ - ~~6.._Q ') ) { N\.'\,... ~ '-'l.- +\ ('\ with . 1 \ - 0) ~ 

. ( ~o the critical Laplacian 
~ Q ) -::::;. _, _ iM"l./- / . \) ·for the given lattice. 

,",~i\ .l~", 3L4..\ lD.,)· ~\,,"')/ 

Taking main barmonic 
• ( ... ~ .. J, "'\'\.' "::" 'Jr~ ) - '""'\.. ..:0I - - ' \ '..Jr--r' - _ .1. '1.-' , 

:;> \......l- . c:r . "" "'- '- ,-
-' / 

( \- '" "/\\: ) 
rl '\ . 
~...r(\ 1\\\ 
h 1. ~ Q \\ ';L 1':\---

"', '-J" )'I ..? L ').. 

~ '1.. /. 

! ( I~ oJl ~ c.~\... - VS,:. 
(::~\ 

\ • ~ 'I. 1-\ c &. 'v\ C. ~ ) 
Plotting 

" 

\, '". 

h 
'0~J.i!~ 

l!hA natural neutrons ~n an ex,!?onentifll pile are proportional 'tQ ~ 

nu II ') = 3 L 1. ~ ~ 
/ ~ .... 'f\ 1") -. (f\ _ A ~ \ given 

1.40 ~\l/Or('o,"II\) 

f1 rst reading l 
a rough check on ~o :'1i th 

Ot~-,cr !!'!.etbods 

1) Int,roduf'tiv."l bf f'ources. 'ITleasurerlent of·the time. (See part VI a.) 

f:) Introduction of st.:nda:r6. ::; .. :lUrCI3 ~easure acti vi tyof s-tand<:..rd foils. 

(Cal i br:.,tian :ffJ.ethod - CP-430) 

- 5 -

Taking main barmonic 

Plotting 

' .... f 

r ...... ' ........ '-, 

\ . ~ '\ 1-\ c ~ 'V\ c.'~ ) VS,:' 
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" 

l!hA natural neutrons ~n an eX90nentifl.l pile are proportional 'tQ ~ 

nu II ') = 3 L 1. ~ ~ 
/ ~ .... 'f\ 1") -. (f\ _ ~ \ given 

1.4 <,) ~ \l """' 111\ ) 

f1 rst reading l 
a rough check on ~o :'Ii th 

Ot~·.cr !!'!.etbods 

1) Int,roduf'tiv."l bf f'ources. 'ITleasurerlent of ' the time. (See oart VI a.) 

f:) Introduction of st.:nda:r6. ::;.JurCI3 ~easure acti vi tyof s·tand<:..rd foils. 

(Cal i br:'.tion :ffJ.ethod - CP-430) 




