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Pll.E T'iIEORY LECTURE NOTES 

* * * 
P. Morrison 

June 8, 1943 

~ KINI!."J'ICS 
0: 're' tA~ ~S·"·" 'f~ I: 0' J:'er ~-: ~trUCtioll9 UI 

I: "I II: :)C"~-----~-_J?_O _____ _ 
I. Chronology of a neutron 

Time 

o sec 

5.10-5 

Born as a fAst neutron .......... 2 Mev enorgy 

Slows dOVin: to thermal ener,~y by elastic collil'iion: 

no. of colI. :tn Eo • 1 
Eth «:c 

. 6 
m ,1 £h 2.1Q = 110 

II6 2.5. 10-2 
Free path..-v 3. 5 eM; ave vel. at :Least 50 times thermal vel • 

Lives as thermal t and is fin:;i.l1y absorbed .. 

no. of coIl. ~. 1080 in grauhlte 

=: 1080 (l-f') -120 in a nile 

Free .?ath~2~ 7 eM; vel. ....... 800 m/eee. 

1.5 • 10-3 sec; new: neutron is born 

Thus one ,:Oj~,eratlon lagts 1. 5 • 10-3 sec. ~~ . . 1 

II. f:1mpletheor;;T of' ro'::,cting pile: 

TllaI'efore, we can 1/>1'1 to for the ti!l1e vurbtion of the t~lermal neutron 

density n in 11 gOing pile vrith an effective reproduction 1><:.ctor ke 

dn - ~(ke-l)n 
dt - ' -; 

n ~ no e{ke-l)t!l 

The "relar~tion~ time T is ~ivenby: 

liT :: (ke-l)! j 
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T. Chronology of a neutron 

Time 

o sec 

5.10-5 

Bom as a fast neutron"...."" 2 Mev energy 

Slows dovm' to thermal ener,~y by elastic colli~ion: 

no. of call. ::.bJ. Eo • 1 
Eth «:c 

... ,1 iD. 2.1Qo - 110 
II6 2.5. 10-2 -

Free path·""'"' 3.5 em; ave vel. at J.east 50 times ti:Jel'mal vel. 

Lives as thermal, and is fin0l1y absorbed. 

no. of colI. - 1080 in grauhite 

:: 1080 (l-i') -120 in a :vile 

Free path:-v2~ 7 em; veL ........ 800 m/sec. 

1.5 • 10-3 sec; new: neutron is born 

Thus one : :eneration 1agts 1. 5 • 10-3 sec. ,-:::-. i! 

'f.aorefore, we can write for the tiJlle vflri~~tion of the tilermalneutron 

density n in 11 gOing pile with an effective reproduction 1\~.ctor ke 

The 1Yrelax::;.tion'l? time T is :~iven by: 

liT :: (ke-l) / 1. 
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For Argonne pile. (ke-l}max ......... 004. " T --1. 5 • 10-3 "...... .4 sec. 

4 • 12-:; , 
{Note: with a ten )ercent excens k, T ~1.5. 10- sec -- rather f~st!} 

Actually t something is \oIJl'Ollg: the mini'num Ar~onne perioe} is""'" '7 sec. 

III. Delayed neutrons. 

It was early reco,:~n1zed that all neutrons pr:.>duced by fission did not 

follow the si:'rrple chron.ology of I. SO"lla ::leutrons a!l'flear a fev:; seconds or 

even a ~inute after fis~ion has occured. Neutron emission from the ex~ited 

fre.gments is known to require times ........aO-16• The delayed lleutrono CO!lle out 

long after the fission product.s havo been fOI'J11ed, and result fron: the chance 

for hip;h e:::citat1on following t-ae ,e~dec8Y of the fission products. The 

process 1s described in the accom:penyin;; ~ketche,,: 

()() 

I\ucl..eus in act 
of ciivic.ion. 

"'-.. :J 

o 'J 

~l 

? o 
Fission frQGments 
with neutron "splash" 
releac,ed at monent of 
fission. 10-15 'sec" 

-=-:.:' 

-;;:1-10 ' 
IS'~=== ;.. 

1 
-JI t) rJ I " ;> ,7 '"7 

e .. 
! 

Level dlagra~ of o~e of fi~sion 
pr::>ciucts - charge f, a:1U its 
dr:1U,~:bter element after .8-decay. 
En :: neutron binding ener!::y; 
E total axei tat10D . of nucleus Z. 

After some time QUI'ing 'which tile 1'ission products lo,oe energy by ,a -decay, we 

may have a nucleus.:hOf.:;e exei tution ,enereY exceeds tae neutron binding energy. 

'l'he .8-cecay prob3.bilHy increases wi th ava .:ilable energy like E5; but the .....,. 

nu:"'~ber of states in the product nucleus incre::,ses very ra:)idly 8!'.'l the excHat10n 

e::'ler,r:'f r~ro~'rs, so tnHt some of' the transitions will occur as f'hovm, leaving tIle 

nr~)duct nucleus exei ted 'with TIlore than IHmtron bind ing enerf.Y, and a neutron 

will go off ina :,l(;,tter 01' 10-14 seconds or less. But this all awaited e~deCay 

which tekes 801ne seconds 1'01' '~he f'm': :r.1.illicm volts == ¥ 4~iiA '."2& ~ 
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For Argonne pile. (ke-l)max _ .. 004, " T.....,... L 5 • 10-3 /'- .4 sec. 

4 .. !2-3 
(Note: with a ten ]ercent exeens k, T ~1.5. 10 sec -- rather fast!)" 

Actually, somethir.g is wrong: the minburn. Ar~onne perioci is"'" 7 seco 

III. Delayed neutrons. 

It WEB early reco'i;nized that all neutrons pNduced by fission did not 

folloW' the sicnple chronology of I. 80111& neu.trons arY!,)ear a fev.; seconds or 

even a minute after fi~~ion has occured. Neu.tron emission from the eX(!ited 

fre.p:rnents is known to require times ........aO-16• The delayed neutron::; CO!lle out 

long after the fission produc't.s hHVO been fomed, and result fron: the chance 

for high e:;-.citation follmdng t'ne .e~decey of tile fission products. The 

process is described in the accoffipenyin,;; <;ketchef!: 

l\ucleus ill act 
of aivi'='ion. 

o ? 
o 

Fission fravments 
with neutron ttsplash" 
releat;ed at mOJ:lent of 
fission. 10-15 'sec~ 

1 . -
~t) r) 7)? ,77 

e .. 
1 

Level dlagra~ of' one of fi~sion 
pr:lducts - charge 53, a:ld its 
dDu:;hter element after J8-decay. 
En :: nDutr.>n binding energy; 
E total exei tatton . of nuc:1eus B. 

lLfter SOTlle time -::i,uX'ing which the fission products l~fle energy by LJ -decay, we 

may have a nucleus,:hof':e exdtution, energy exceeds toe neutron 'binding enerf!:Y. 

The ..8-cecay t>rob~bi11,ty increases "ii th :..:tva ,:Hable energy like E5; but the 

nU1T'~ber of states in the product nucleus increl'~ses very ra.:)idly 8t.i the exdtation 

e~:..erf:';f r~rows, so tnFit some of the transitions will occur as ~hovm, leaving the 

nr;)duct nucleus e:x:Ci ted ildth 'l1lor-e than llf)1ltron binding energy t and a neutron 

will gu o£f ina :11(;.tter of' 10-14 seconds or less. But this all awaited ,(:'~decay 

which tekes SOli1e seconds fOl' '~he fe::, r,lilliCn voli;s 

: :' 
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Direct n:easurement (see c-al) shows th.at about 1% of all fission'l1eutt'ons 

re delayed, with a gooa representation of the delayed neu"trons viith periods 

.01 sec~period< 20 minutes given by: 

EO. oi:.2elayed neutrons :: .Ol(.03'7e-~0122t "" .. 2S3e-.. 029t ., .34e-· 099t 
total fisston neutrons 

-t.34e-· 28t ) 

The relative amounts 'and lifetimes her'e are r::-:ther accurate, but the total 

nuc:ber of' delayed neutrons is given better by indtrect me'thods which 'live will 

discuss laterv 

IV. Simple theory with delayed neutronz of a ::::in~le life-time. 

Write n :z. densit:l of' themal neutrons 

c :- densit~: of active atoms wilieh will eventually sII'.it a neutNn 

Then 

1";: - fraction of neutronE1 Which are Jelayed 

T =- lifetime of delayed neutrons., 

[ 

I. ,:. time for a eeneration 
.Ea. 111 <-> nit ... k{ 1- S) 11 t c;rr 
dt' , ( 

££ :; -. ciT J k Snl J.' 
,dt . 

We solve these equ.atlons ,'fith the a~~[;u'!lption: n: no~ 

c = Co etJ/t 

Then vJmust be a solution of the equation: 

, (vJ <t-(~ -l1t-1)'('w t 1.)- fA =: 0 
\ .e. 7, T IT 

which gives: \- '\' . 

" 

w = ~ -t (J -(( ).r:- [-1 ;. r-\ -+-4-( E-:' ~) t-T-i-(t-1'(~J~{~""V;')~­
~l~ LT 

writing c. f'or k-l. 

Let U2 consider r:eve:i"'l3.1 cnf.JosJf this result: 

M414i «~if.nIf . 
.If f..( r ~".A """4~t:J 
-7 (II f) J.JI, ..... -4~ 
~~. 

a) Del~yed ~leutrons control: r.r( J - f ».,.. Q (prRctical' C3S~, for any 'Pile 
run v;ith€.<.l%) 

"") = 11 relax. t,ime;;:: f I (J - ) T 

ThiR is 82Sy to interpret and GiveR a qualitative explanation of the contra-

diction !"!.entloned in II,. 
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Direct 'm.e8.surement (see C-81) shows that about 1% of all fission neutrons 

1'13 delayed, with a gooa representation of the delayed neutrons with periods 

.01 sec ~period <. 20 minutes ,:;;1 ven by: 

no. of delayed neutrons :: 401(.037e-~0122t "'r .2e3e-· 029t 

-total fission neutrons 
~4e-·099t 

"'t ." 

The relative amounts 'and lifetimes her'e are rc:ther accurate, but the total 

nu-:::ber 01' delayed neutrons is given better by indtrect me'thodE which Vie will 

discuss later y 

IV. Simple theory with delayed neutrons of a ~dn,:"le life-time. 

Then 

Wri te n z, density of themal neutrons 

c :; densit: c of active atoms wIlieh will ev~ntually emit a neutron 

tf:: - fraction of n8utT'On~ v,h1ch are etelayed 

T = lifetime of delayed neutr::ms~ 

[ 

fI. ,~ time for a eeneration 
En. = p nit'" k(l-,s) t ciT 
dt ' ( 

,.. 
i2. ;:; ciT'" k J n/ i ' 
dt . 

We sol va these eq'.lations 1'!ith the B!~[:u'!lption: n =: no f1clt 

Then vJmust be a solution of the equation: 

Let U2 conSider r,everal C13EeS ·.Jf this result: 

c - c eM; - 0 . 

a) Del:;;.yed :leutrons control: T(J - E }>~ ~ {prf-!.ctical' cas!=l, for any pile 
run Y;ithE.<.l%} 

vJ =: l/relax. t.ime;: f /( J - E.) T 

Thin if; e2.sy to interpret and giveR a qualitative explanation of the contra-

diction n:.ent10ned in 1I,0 
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Problem: Hmv do you d.ecide 'which root of the quadratic is the physlCt'Jlly 

T:10anillgful o::le'( 

b) Excess k larr,e compared to l: delayed neutr-:>ns uninrport::!nt. 

~.:::: ~ f-t' (-1 + (l .; gJ.}yY¥~af', in paragraph II. 
- E. T ,"'" 

c) i.= ..::. 0; pile below' critical size. In this case, W is negative "md n 

falls tally ',:ith time. 

For control by delayed neutrons (a) hola.s u!).(;hanged. 

If' pile very far from critical, the other root is required in b), and -I;lle 

min. relaxation time is given byhv\.-l/T. 

L'1 the l?CcOTiirytm~rinf~ fieure, we plot the !'e.:!..axation ti:l~e ar'ail1.st the ex.::ess k. 

'" \ 
,} 
~ 
~~ 
-.:. 

,,~ 

" 

'i' 

'f-"'''~.''.. .~ ~., ~ I ",-,P°"'-).," 9. I.'i« o~ 0-"-

" a 1 • eo ~' " ~,\e. ~~.tlvo~':' -" (b".) ,\Q,~.~'_'<'o~, t 

. .It - rf,;) 

I 

,-

,,..,.. 
'A' 

Problem: How do you decide v'Ihieh root of the quadr~:'l.tic is the phYflically 

nean1ngful O::1e? 

b) Excess k lar!3:e cornpared to !': delayed neutr..)ns uninrport::mtc 

\.v·:::: -:h (-1 + (l '\' !J.'}'/:Y¥i.18 in paragraph II. 
- ET ' 

c) f.= k-l"'- 0; pile below critical size. In this case, W is negative ~md n 

falls exponentially -~,-ith time. 

Fo]' control by delayed neutrons (a) hol6.s unc:hanged. 

If' pile very far from critical. the other root is required in b), and the 

min. relaxation time :1.s E~iven bylw\rvl/T. 

L'1. the ~_cconL,~anyinr~ figurE! t' we plot the :::'e':"a.xat ion ti:119 avainst the 9x·::;ess k. 
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