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I. Chronology of a neutron

Time | J6 - J'/Av su&wsn(n mes

0 sec Born as a fast neutron ~ 2 Mev energy ORNL
5.10~5 Slows down $0 thermal ener:y by elastic collision:

no. of coll. = fn BEo_ * 1
Eth ode

- 1 /o 2.20° = 110 |
116 £.5 « 107=
" Free path ~ 3.5 cmy ave vel. at least 50 times thermal vel.
b Lives as thermal, and is finslly absorbed.
)

no. of coll. 1080 in gravhite

1

1080 (1-£)~120 in a nile
Free path2.7 emj vél,»u800 m/sec.
1.5 » 10~ sec. new. neutron is born
Thus one :eneration lasts 1.5 . 10’s seg. = gf

II. Cimple theory of rezcting nile:
Tacrefore, we can vrlte for the time varistion of the thermal: neutron

density n in 2 going pile with an effective reproduction foetor k

dn - ¥ke-1)ln * bz, elferl)t/Z
at

&

The Yrelaxztion®™ time T is ~iven by:

l/”T - (k-e"l)//é
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For Argonne pile, (Kg=1)pax~.004, -~ T~ 1.5 « 1077
{Note: with a ten percent excess k, T ~~1.5- 107" se¢c -~ rather fust!)
Letually, something is wrong: the mininrum Arconne period is ~~7 sec.
III. Delayed neutrons.

It weg early reco;nized that 21l neutrons produced by fission did not
follow the gimple chronology of I. Someg neutrons éppear a fevw seconds or
even a minute after fission has occured. Neutron gmission from the excited
frapments is known 0 require times wle-ls. The delayed neutrons cqmerut
long after the Tisgion products huve been formed, and result from the chancé

for high excitation following tne A?Qdecay of the fission products. The

process iz described in the accompsnyinzg sketches:

’ 1]
=

Of\> ~ ? 2 //-7 ’ A F\_} —— n
- O O J_ A —= TTITITT
. ¢ p——
Xucieus in act Fission fregments — I
of divi<ion. with neutron "splash" Y e
: releazed at mopent of ’ | l

fission. 10-45 ‘sec. Level diagram of ane of fission
products - charge £, and its

douchter element after B-decey.

En =z noutron binding energy;

B total excitation of nucleus EZ.. ,

After some time wuring which the fission products lose energy by & -Gecay, we

maey have a nucleus hose excitation energy exceeds tne neutron hinding energ

The AB-decay probzbility increases with avs:ilable energy like E5; but the
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nurber of states in the product nucleus increases very ranidly zs the excitation /
enercy rrows, so that some of the transitions will occur ss shown, leaving the
product nucleus excited with more them nentron binding enersy, and a neutron

will go off in & wutter of 104 seconds or less. But this ell awzited <-~decay

seconds fox whe Tew million volie herggpinvolved.
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Direct messurement {see C-~8l) shows that about 1% of 8ll Pission meuttrons
~re (dslayed, with a good representation of the delayed neutrons with pericds

.0l sec <period < 20 minutes given by:

nc. of delayed neutrons = .0L(.0%37e~-0122t ,  2g3e~-029% |  n4e-.099%
total fission neutrons

. 4.%4e~+28%)

The relative amounts and lifetimes here are rmther accurate, but the total

nurber of delayed nsutrons is given oetter by indirect methods which we will
discuss later.
IV. Simple theory with delayed neutrons of i sin~le life-time.

Write n

@

density of themmal neutrons

~

c

r

densit of active atoms which will eventuzlly emit a neutron

11

H

- fra¢tion of neutrons which are a(elayed

T = lifetime of delayed neutrons.
g = time for a generation
Then [ @n = < n/p + k(1~5) n ¢ ¢/T
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We solve these eguations with the =z=cumption: n
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Then wmust be a solution of the equation:

{w-?(-g’c—l)wé 1) Sk -0 ., ’

wh1ch zives:

Let1deq % Sysitor?

W= 4_«(,,§_:(_€?_7j: 14 Y s a(e) ET/’(ij(J{Q)r)"”] 4 LT Hntdl
(SR Y i 44 (145) M"“‘“‘“‘Y

writing £ for k-1. . | Ll dfffisns
Let us consider severzl czses of this result:

a} Deluyed ueutrons control: ™d - E }=> R (practical case, for any nile
run with€ < 1%)

vt = 1/relax. time= £/(J -£)7
This is ezsy to interpret and gives a qualitative explanation of the contra~

diction mentioned in II.
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Problem: How do you decide which rcot of the guadratic is the physically
neaningful one?
b) Excess k large compzred to (f‘: delayed neutrons unimportent.
. £ g
w X - ﬂ,(-l + (1 « _?_ﬁ))’::’&/ias in paragreph II.
- T - » ~
¢) ¢= k-1<0; pilé below critical size. In this case, w is negative and n
falls exponentizlly with time.
For control by delayed neutrons (a) nolds unchanged.
iIf pile very far from critical, the other root is reguired in b), and the
min. relaxetion time is given bylwl~1/T.
In the =ccompanying ficure,' we plot the velaxation time azainst the excess k.
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