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We write the 

a) 

t,,~ ~ e.A\:O~ (\,)'\ . 'P 

p is the pl."Ob.. t.r18t a neutron eBCEl:!!es re.sonarice capture in· sloiling, 

and L() il: the a~~e of tjlerm,~\l neutrons; .o,is the villus of the I ... r:l;)lacian. 

) 
V\.a.. 3Q...-t.'" ':S JV'\ ( '. . O~ .lr O ) , b ~"- \j.' 1\ oJ' '; ~ J"t, If tho density 1.S not step,dy, ~ l' ' 

0) 't (0) : (" - Z:. '" ~ )i'A": .. ;£ ~- c~ 

~i:lereo(.~ is the number of delaved ":1eut:ro:.lS of lTLeen lifetime I{. ner . ~\, ~ 
, 

fi::;sion; c." is_th~ density of .?otelltiBl emitters of such neutrons; 

k is the re(jl'oduction factor .. 
. " . 

0'- i., '" u d) :i~ - _ 1\~ (..~ + 
. - for all i. 

!"t 

Assuin!E: 

1\ . 
" .. Y\ () Cit) e v.Jo\:, . <.. __ c...:, ~ c ( it ') e ~~ 

) 

cO."'-~ + e,.d1: /L\J..-7:.C.L)~ 't~j\~c..~ '\; 
L1- \.. 0 } 

~ ",:3 
6,-t }\...r 

Substituting from a}: "'C' (~_~C'.-~ ) 
\ A 

.6. - - -\' e.. L'1... 
L~ 

", w' 
(' I.,. '" - -z 

vJ '-if -= f... e. A't. *-
+- " 

\ .. ?- 'i\;"",,1.AJ 

If Vie measure 6from the value at the critical condition, ~o, we C:et 

'l. ~ ~}o = c.. \ - Ci L 1" ) 
<:. 

and 
..i..Jd. ~ 
w+ A~ 
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P. Iiorrison. 

V" Improved 

We write the 

a) 

p is the probo t.imt a neutron e,sca!les' re."lona!ice ca.ptura in· SlO'iling, 

and "to i[' the a?e of tilarmr.:il neutrons; .o1s the vl:Uue of the Le:;)laeian. 

b).o.", -~ "'" 3Q..-i\" '; .2. .d\"\ . (If tho density is not ste~'.dy~ ~ :t:o.) 
\..1.. ~ ..r l\ v d-t. (;IV 

" (0) ~ (v.. - ~ at. ~ )~V"\;-:: c) 
-to ~ >-...... c.~ 

......." ,:'7 

1> 

~.j;1_ereo(..:. ).' 8 the 'n"m_ber of del ..... ved ·~eut .......... ·'s 0'" me~n 11.fet';·me 1/ .... er 
• _ y _ """. "'..: • v... L .. _ a .... ;I\~ t:' 

, 
fi:;sion; "t.. is~th!3 density of )otelltial emittl31's of such neutrons; 

k is the re.::iroductton factor. 

1"01' all i. 

Substituting from a): ) 
\ A"i;(~-ficcJ.,~ 

6-- -.;e. .., 
L'J.. . L'" 

If we measure 6from the value at the critical condition, /:::'0' iI'Ie ,.:et 

'l. e. ~J'o = (. \ - Ci '-'i.. ") 
6 

large ( vJ not too large): 
..i..Jd. ~ :;:w./\ -\-ft.. 

\J vJ+ A~ 
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Or, '"l'J."'i ting the relaxation 'i;il!l.e T il1st :ad of "->'" \A t 

e \( . "" , 1\. ~ at..;.,-t ~ 
([;::..-1:::>,0 r ... L?, ~"'t'o J:: T ~ ;- \ . ---
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This result has the Bame pronerties as that of IV, and gives a curve like 
, 

that 8ho~m before G It is more ade~uate for experimental comparison since 

in a pile like CP-2 accurate settings can be made in the whole ra!;,ion of 

k near 1" Using the measured value for (A i AJ and ("C" -tL"') :. '700 cm2 , 

using the ratios 01.' do 9 S and the tits as given in II, the value for the 

percentage of delayed neutrons comsp out to be .61% instead of the directly' 

meal1ured 1 '!' ,,2%.. The calibration of the controls at Argonne nae boen 

made in terms of the period for a given setting, usinp, a unit, the recipro-

cal hour or "inhour" which corref':pondl'"' to a shUt of the pile from th~ 

critj.cal setting to one with a period of ona hour.. An inhour near the 

critical position means a chanGe of 3 • 10-5 in k. This is rather close 

to the Rrb1trary unit - the conven.tionr.tl inch or"cinch'!.u8od in CP-I; 

1 inhour :. 1 .• 23 cinch.. The 1uhour is an ab~..)lute unit of reactivity, ·,ud 
. ( -

will corras':ond to the BfU''le eXceF,S k for all piles in which the number 

:\nd li1'etL"n6 of the delayed lleutrolls end the time per generation ClTa like 

those of CP-2 .. 

VI. TTfm::1tent Phenomena 

So far Vle have discussed the tmd.isturbed exponential gro~·:th or :t'all of 

neutron density. It iR interest1n.8 to consider the remlit of ra.pid chonges 

in the eo:f.ng pile. We shall use the' s1.'lJiplified theory of IV for this; 

the results are entirely analogous to those obtained with V end the formulas 

::re 1?>uch simpler. 

The relaxation time l/~ in the nractical caso of a pile operated with 

ke-1<.<.delayed neu'tron percentage 1s given by the ~ roots: 

"iii"iRii'~rot::~~;, -~_Wi44&W. _ 
-'ZlS!i!HU!hU'.fJ.ilS'I!t;ZEirr_'iB""RM I CWlinal 
- •• ~:~...Y~:1'nt~~~·.'! 8' + :W;:he 

u'_ .. _ '~y~,a"vn or Its'~~j!d'M=: 
&&6&&32&63 )dXIE'1 ~j; _mill., _ •• 

• 

e· 
) / 

\ 

Or, 1'.Titing the relaxation ·time T i118t :ad of 1.1.,)'= \A, anu writin.g 'I:: '- ::.. 

1\ ~ .c(...\,-t~ 
(t.::..-c:"oy"L?w ~"'C'o "):; t ~ ;- \ 't~ ~\ 

This result has the sama pronertles as that of IV, and gives a curve like 

I 

that Hhown before.. It is more ade<?.uate for experimental comparison since 

i,n a pile like CP-2 accurate settings can be made in the whole rer;,lon. of 

k near 1 .. Using the measured 'Value for (~-r 6.J and (1:;" TL"") :: 700 cm,2, 
, , 

using the ratios at a v S and the ti' B as given in II t the value for the 

percentage of delayed neutrons comeF out to be .61% instead of the directly' 

~ 
measured 1 - .2%. The calibration of the controls at Argonne has been 

made in terms of the ~eriod for a given setting, usinp, a unit, the recipro-

cal hour or "inhour" which corre~pondr' to a'shift of the pile from th~ 

oritj.cal setting to one with a period of one bour~ An inhour near the 

critical :position meallS a ohan{!:e of' !3 • 10-5 in k.. This is rather close 

to the ~,rb1trary unit - the eonven.tionn.l inch or\\cincn.'~f'ed in OF-I; 

1 inhour :. 1 .• 23 cinch.. The inhour is an ab~~lute unit of reaotivi ty p "nd 
( 

Ifiill corres',ond to the p.1i'.:r.!.e exceF,8 k for all piles in wliich the number 

:".nd l1tetL"Ue of the del!:tyed i.:.eu.tro1l8 and the time per generation are like 

those of CP-2. 

VI. Trfm3;.ent Phenomena 

So tar 'we have discussed the undistur(}ed exponential gro:':th or fall ot 

neutron density.. It 11'; interesting to considertha raoul t of !'a.pid cho.nges 

in the 8o:t.ng pile. We shall use the' si.'I1iplified theory of IV :for this; 

the results are.entirely analogous to those obtai~ed with V end the formulas 

::re 1'!'l.uch ~1mpler. 

The relaxation: time l/.,j in the Dractical caAa of a pile operated with 

ke-l<.<.delayed neu·tron percentage Is given by the ~ roots: 

A 
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w,~ : E. I( a-f.. )\ 
U.l_:' -(J'-L) 

L 
Vii th these values, one ,::ets two independent solutions: 

~ 

c..~:. I.. (J- ~) \' ..... 
..t 

c. :::. _.f. '" 
- (d"-r...) 

, , 
The solution with w. i~ tr'cnsient, Cites away in time p ana C[;.l1~ot exif"\t alone. 

since it implies a ner~ativ:e density of :Jote!:lti~l neutrons. Thus \lfO discarded 

it when 'Ke looked for the uncli,:turbed rise q Now we want to concilier its 

effect on tr~msient operation. Note the rcb.tion: \'\ '" "'_ 0\- -t=r Co-\- C_= 0 

(ThiS is an orthogonality relation for tl'~e two flolutions, and 10 a special 

case of the more detailed treatme:.:t u!'\ing 4 lifetimes, where five roots, and 

five orthogonal :..:olutions exist" See C-65, CP-351 for detE'.ils.) 

a) Neutron burst. 

Sup;'ose we have a. pile '::1 th k nenr 1 (E. ma~r be .. or -). ij;ith an ,external 

;j,Jurce '!fe induce a large neutron denE'i ty, tt.en suddenly remove the source. 

'V\e maYllvrite for ::.11 times: "'-l",'C w -'t 
Y\ <. 'C) ':.0.... ¥'\ ~ It ') + ~ ~ _ C .... ') ~~ Y'\ ~ :; \. e.. , ..,... _:: \ ,IZ. 

c; (t. ) -- a:.. ~ Cr· i:. ) '<' -T (to') - 'c ( f-£.) \'\ _l't. ') 
J. 

The 'initial condition is: 
"'lo') ... O\..~\Q f) 
() - ,.,T(<"_<t..)-'o_ 

c 61 := 0 = ...... -; 0 b - £. . 

,,(-\:.) ::. "t()\~_ ) (eo vJ *t -t (5" - E. ), 'l. -"\ ",vJ."\. ) .. 
,(I-\-(O-<t..)'l,., . -

. 17 tF 
If E>O, a plot of two terms and the tot"l would,look1i..1ce: 

1'\ 

~WT~~~ 
w_.~ 

t ----:.;. 
/ 

The thermal density decreasAs, 

even thou!:h k is r!reater than 1 t 

0;.1 the tram::Hmt diw..:)~e8r?" ?hysi-

cally, the delayed neutrons leave 

no cha~ce to contribute for 
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~~1 th these values, 

- 3 -

w-~ :: Eo /( ~_£ )\ 

U.J_ ':. -(J'-L) 
L 

one f,:ets two independent 

c,,,,:. I... (J. t.) "'_ 
.,l 

d c. ::.-- '''' 
- (5"-r;.) 

solutions: 

, 
The solution with w. i~ tr'J.lsient, d.ies away in time, nna. c:::.n:r:ot exi$t alone. 

since it implies a negative density of :Jotent1d neutrons. Thus we discarded 

it when 'We looked for the uncl1~:turbed rise. Now we want to con8ider its 

effect on tr:.l1lsient operation •. Note the reb.tion: '!\ +' h_ ~ A- c..-;- c_: 0 

(ThiS is an orthogonality relation for tile two Rolutions, and 1:0: a special 

case of the more detailed tre8tme~:t ur::ing 4 lifetimes, where five roots, and 

five orthogonal colutions existo See C-65, CP-351 for detdls.) 

a) Neutron burst. 

Sup;~ose we have a. pile d th k nenr 1 (€. may be -+ or -). ~;;i th an external 

;:::;:mrce we inQuee a larg~ neutron dene-i ty, tl':.en suddenly remove trle source& 

be may write for :'.11 tir.1es: v..J ~'t. w-"t 
V\<.:c)-::.O""l"\~lt)+\:.~_l~) ,o-lu- "('\~:. \-eo. ,"'_::\ ,e.-

Go ('t. ) .", a.. , (cf- f. ) Y\ -T (:t') - ~ ( f-~) \"" _l't. ') 
~ 

If E. > 0 " a plot of two terms and the tot",l would· look lLlee: 

The thermal denSity decreasAs, 

even thoU!.:h k is r;reater than 1, 

cally, the delayed neutrons leave 

no ch~~ce to contribute for 

/ 
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tiMe of t~e order of T. Af'ter that~ the density settles into the steady: 

eX'-?onentia;L rise corresponding to w"'f" 

b) Control rod shift. 

Sup~')ose we ogerate with t. "" 0, establishing a ,"teuuy v8.1ue of n clUd c: ,s 
'1(\-::; '1\0; c...-::. T "'0' 

Than - say by moving the control rod - we cn8.n,~e suddenly to F.1. nev! value of £. " 

Then: ~():::'o.....-Y''o 

\" a '" 0 ::. CJ...--r:;- <.. 6" - ~ ') - ~" '--r. 9.. <...5 - <i... J 

Solving, we get: . . vJ ..:1:.1 
"" It) -:. V\ 0 I Q. I )_ rc L + ~ l Q.. v.) -\,'\7. -' S- E. e.. 

$». +T($ .. ~ "l. ~ O·f....o... ~ 

~'\' 

and a~lot like th:stt in a) looks like: 

~ ()-\~\~ 

t4t~ ;. \(\ .:/ 

"'-

I 
I 

"'t. -"> 

\-\ Q/'\.Q.... 3'" >-0 

~rl' 

I "t I ~"b '" "I ~uSl 
' \"\+ 1\'£ 
t,~ 
:"--n- . ,,- I 

.s;~, s·~<-o 
't -.,.,. 

\ 
-. 4 -

time of t~e order of T. After that, the density settles into the stead~ 

eX'}onentia;L rise corresponding to uJ"'t'o 

b) Control rod shift. 

Sup:.:')ose we operate with f;. .. 0, establishing a .'.'teauy ve.lue of' nand c: 
. ,5" 

Y\..: V'\(); c..'::. T V'\o" 

Than - say by moving the control rod - Vie cn:,:,nge suddenly to a new value of £. 

Then: 

\0 ::.o...\"lb-<e..)-~ , -r yo.. 0 9.. c..S -'E... ') 

Solving, we get: . . w..:t:. l 
~lt) -:. V\Ctf ~T'cS'-'f-~'i: ~tf.. +:: l a. v)~"\; _. T €. e- j 

and 8::>lot like th~t in a) looks like: 

~ o-\~\~ 
I 

V'I._ 


