
Aa a carrier or such a chain reaction it 

sary the mass or 

high to 

ation ot eneru, 

parts with liber­

ordinarily 

inhibited the 

a neu'tron. A.rJ. ex3.mple 

element is uranium. / 

In order to be able to utilize a nuclear reaction 

in which an excess number or neutrons is liber ated 

for the maintenance of a chain reaction, it is not sufficien 

to measure the cross- ction and other constants or the 
is 

reaction, ut it/al o necessary to be aware or the laws whic 

govern the output of such reactions in f unction or 

the Geometric conditions. Once the general laws, the type 

known, tlie exact d i.I11ensions can be easily 
------~~------ - ----

output. Such ex erimental adjustments can, however, 

wade if t~ e general type or behavior is known. 

In the toll wing we shall by way or example dafuon-

strata certain general features of such a neutron chAin 

reaction in a special case. In this special case the 

carrier of the chain reaction forms a spherical layer as 

illustrated in Fig . 1. In Fig. 1, 1 is a spherical layer 

which contains a carrier of the chain reaction, 2 is a 

neutron source whichhas fixed constant output or neutrons, 

!l io the inner radius of the spherical layer, and ~ is 

the outer radius of the sr herical layer. In order to be 

ahle to treat the problem as e diffusion rob e~, we choose 

£1 ~ry much larger than the mean free path ~ of the neu­

trons produced in t e chain reaction in the substance of ... 
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the chain reaction layer. The neutrons liberated in tbe 

chain reaction layer will have to make a number or collision 

with the nuclei which compose the chain reaction layer, en4 

we designate the number or collisions neceesary tor cauain& 

transmutations in the carrier or the chain reaction layer 

which lead on the average to the liberation of one addi-

tional neutron with t• ·e further assume that 1 is a larse 

number so that we may have conditions in which the well 

known equations or diffusion can b~ applied. With these 

assumptions the density ~ ot the neutron ~ill ~th good 

approxtruation be given within the chain reaction layer aa 

a function of the radius r by the following equation: 

(I ) D ~~ -r .f } -f~ r r-J) - o 
a']'-')... 

D is a diffusion constant which is given by 

b::: ~ 
3 

w is the mean velooity of the neutrons; ~the mean free path 

tor sc~ttering collisions within tbe chein reaction layer; 

and t a number which says how many scattering collisions 

a neutron has to make in the chain reaction layer in order 

to produce on the averse- an additional neutron. 

A stands tor the number or neutrona produced per 

c.c. of chain reaction layer in ~ second end its value is 

given by 

For a given value of ~ ,there is a certain value of £2 
end accordingly a certain value of r 2 - r 1 for which the 

number ot neutrons per ~econd diffusing out ot the spherical 

layer into space becomes infinite tor a finite neutron pro­

duction ot the source. This value ot (~ - r 1 ) we may call 

the critical thickness ot the chain reaction layer. If the 
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thickness of the chain reaction layer is smaller than but 

very close to the critical thickness, the neutron output 

is very much larger then the neutron input and .we may have 

1000 or more times as many neutrons emerging from the chain 

reaction layer as the neutron input of the neutron source 2. 

The velue of the critical thickness is a function of !:1 

eP d of the rcundary conditions for ~ = ~l and~ & ~2 • If 

the outer surface (!, "" ~2 } of the s pherical layer were to 

stand free in srace, the density~ would be 0 for the outer 

surface, And if there is no absorption of neutrcns in the 

hollow s phere contAining the neutron source, i.e. if the 

number of neutrons produced by the neutron source is equal 

to the nll fllber or neutrons diffusing outwards from the kif. ~~ sphere~~ r 1 , we obtain ~y large values of ~l (r.1>> V;.r ) I 
for t he value of the crvi tical thickness 

-~ r l> (z) 1 c _:: f -;; il a._ v L 
z ~ 

The cri:.icf- 1 th.i.ckness tor these conditions V'e shall c~ll 

f urther •1elow tr1e standard critical thickness of the sub-

stance \• . .tich COIIlposes the chain reectior. la yer. 

1f the onter surface is covered by some material, 

for instance if the transmutation layer is covered by lead 

or w.ersed into ·.·eter, the critical thick!'.ess is less than 

t.he ster.derd critical t hickness. ~'his is due to the bao k 

scattering by lead or water, and, in the ~Ase of w~ter, 

H• foct th't the neutrons ore slo""d dmm ey "eter end the+ 

mean free ~a th is thereby reduced playa ~n imr0rtant role. ' 

If t!':e .:-'.eutrons a re nllowed to escape out of the 

hollc~ srhere containing tbe neutron sour~e in the interior 

ot the s ~herical l9yer or if they are absorhed within this 

·jol]ow ~ r: ;1ere, the critical thickness is increased. 
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If ell the neutrons were ce-ptnred ln the hollow 

sphere within r. • r 1 , the critical thickness would b9oome 

in~ependent or the value or r.1 and haTe a value exactly 
)~~ 

double the ee~ma~~tical thicy~e s s provided that the 

nPutron density!!. rema ins 0 at the outer surface (£ • !:,
2

). 
(IJ. ­

Obviou~ly the above given diffusion equationlholds 
J 

only for stationary solutions, that ls for solutions where 

t ha neutron ~ensity s is a funct i on of £ only and does 

not vary with time. Not for ell bmwdary conditions will 

such ste t ionRry solutions exist. I f we greduellv increase 
Ju.A.-~~ # 

the thickness of the aiL~ (leyer "'e reach for any giTen 

hcmndary c oncH tions a t h ickness F- t wtich the neutron out-

flow becomes infin ite . ror finite neutron production or the 
~ 

neutron s ource. This thickness is rf critical thickness 

of t. !'l~ arrE:~ngemer.t. I~ c~n 1-e calcul ated for every case 1~ 

the following WRY from ei ven houn1ary conrH ti ons. 

The sol-ution of the A hove given d 1ftusion e quation 

has the form or 

For the houndArV condition s • 0 tor r a r ~ the solution 
• - - -G 

takes the form ot ~ 

I i ) 4 T - c 4 ,~) !7;: - r-; Fi .J 

or 
( _h~ .. ( t''- - .,._ ) 1~_7 

r-

Jf t here is no absorption of neutrons in the 
( 3 )__; (.;, 

hollow sphere,sround the neutron sourcefand if the neutron 
2_) 

source produces a fixed number _i_ of neutrons per second, 

t he number or neutrons diffusing from the s phere r. • £1 

into the chain reaction layer must be equa~ to N. On the 

other hand, th~ num~er of neutrons thus diffusing through 
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. ' 

a ny s phere is ~i ven b~ 
'flT il- f) d ~ 

and it i s t hei efore a lso . 

;V -= '~11 r; z_/) c{s,f_.~~~~ 
. ~ chJr: 7, i 1 ~ 

For a va lue of ~ • ~tor which ~ becomes o, the ratio 

of t he numher of neutrons diffusing t hrough the outer 

surface !. = r.2 to r becomes infinite. The correspondi2'A. 

va lue of( r&- r 11 i s t her efore t he critica l thickness ~- (5) 
h~'f- ~~-

~thus r ecalcu la ted for ~cvalues or r3]'~For very 

small va lues of t.i ( fJ '-Z f ~ } ) it obviously becomes 

twice t he standard critical thickness.L. .e. 7!' -j 7 

To t ake another example, if the boundary con­

ditions a re ~ • 0 both for r.1 and ~· then a glance at 

equation ( r) shows that , !.2 - rl l .ll,: ', i.e. twice the 

critical thickness, qu-i~e independent ot the value ot !.1.• 

Figs. 2 and 3 show such a chain reacti apparatus. 

A neutron radiation, the initial radiation generated 

by the high voltage canal ray tube 1 (s in greater de-

tail in Fig. ). This tube generates fast deuterons which 

strike the target 28 which 

radiation emerging from 28 

the s pherical transmutation s 

matter 3 will be 

The neutron 

the matter 3 whioh fills 

The composition of this 

below and is such that 

a chain reaction is rele sed by the neutrons. The pumps 

120, 121 and 122 1iquid,tor instance water or mercury, 

through the pipe s 101, 110, 111 thereby cooling the 

transmutation a driving the heated liquid throu~ 

the boiler The boiler suppliea steam to a power 

plant. neutrons emerging fraa the sphere 3 act on a 

which is composed of an element xx that will trans-
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The critical thickness is given by 
11 1\ - rr I (W:z_- U)o \~ (_f(; { - .3 3(w

1--LWJ-J ) 
in the general nd by 

(o ::: rr 
)_ 

in the special case. 

Obviousl the above 

supposes fo ts validity a small value of ~· but even 

values of ]f
2 

it gives at least the order 

for the critical thickness. 

The critical thickness will in practice always 

be determined empirically for instance in the following 

v·ay: a neutron source is surrounded by the chain reaction 

layer of an approxiruetely correct thickness which is safely 
14 below the critical thickness. The radiations emitted from 
15 the chain reaction layer while exposed to this neutron 
16 source are observed by means of an ionization chan.ber. 
17 Then the thickness .of the chain reaction layer is brought 
18 closer to the critical thickness by gradually increasing 
19 either the quantity of uranium or the quantity of hydrogen 
20 containing substances lli ixed with the uranium. The amount 
21 of ionizing radiation which is emitted is again observed 
22 and the thickness of the chain reaction lF.yer is again 
23 brought closer to the critical thickness in the same way 
24 as before. In this way, by observing the increase of the 
25 emitted radiation as a function of the increasing effect-
26 ive ttickness of the chain reaction layer the critical 
27 thickness can be extrapolated from the observed curve by 
28 plotting the intensity of the emitted neutron radiation 
29 against the effective thickness of the chain reaction 
30 layer. Instead of an ionization chamber which registers 
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the neutron intensity by means of recoil ions in he g~s 
of t ·~e charuber 1 induced activity caused by the neutrons 

can be used as a measure of the radiation intensity. 

Variation of Critical Thickness 

If slow neutrons ar e used the critical thickness can 
be increased by having a s low neutr on absor ber ~ithin tte 
hollow sphere in the ce . te r of the s r herical arr~n~e r ent. 
If the inner radius of the s_herical shell of the chein 
re ac tion l ayer is much larf!er than the critical t hi cknes s 
(to be accurate we hAve said the standard c r itical t hi c k­
ness ~iven by the abo ve fon~u~ as ) , and if aJl slow reutrcns 
are a·hs or bed, for i n~tanc e by a cadmium layer covering the 
inner surface of the srherlc~l cha in re qc t ion aye r; t he 
criti cal thi ckn e ss of t he arran ~eruent is increased. By 

re :·1 vin such ahsor bine. .rl.E! tter f r om the i nsi1e of the c. ain 
r eacti or leyer , the criti.c al thick. e ss :::.ay e re duced below 
tr:e AC t. uA._ t ~ . 2. ckness, Rnd t.hus l'ln exrlosi on ;·1e v be r oug ht 
abo t. The e~plo sion v·i ~ l h~ all t ne ~· re v i o e n t the 
r1.0 r e quici<ly tre e s ~.- r b i n s ub s t.ence is remo ved. J.. si i ' ar 
i nc re a se in the critical t hi c Kn es s of a srher·cally sy ­
metrical chain re ac ti on l ayer can be br o tgh t about by 

removing a s ection of the layer a nd there by prod 1c ing an 
openi.:1 through ··hich the r.eutrons can es c.c;p e. For inster.ce 
a coni cel se ction corre s endi ng to a few percent of the 

srher ical chain reacti on layer can be so a rre.:1 ed ~s to be 
ea sily mo ved but of its place and re plq ced, End t here · th€ 
critlc<.Jl thic kness 1.. ey be reduced or i nc ree~ed. 

Explosions -BY be br ought about by a variation of 
the critical thic kness for the pt r po se of c reating a lqrge 
arn(mnt of radio active ele r::.ents. I n 3U Ch a cese it is 
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