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The purpose of the present paper is to show thqt a chain reaction can be 

achieved by using an element like carbon for slowing down the neutrons in certain 

particular systems composed of uranium and carbon. The theor,y which is given 

in the present paper can be applied to elements other than carbon but it does 

not give any useful information for systems composed of uranium and hydrogen. 

Though one might think that carbon should be much less efficient for slow-

ing down neutrons than hydrogen from several points of view it would be preferable 

to use carbon in the form of graphite rather than hydrogen in the form of water . 

The capture cross section of carbon for thermal neutrons ( (C / is small. An 
- l r-

upper limit of (};_ ( C ) ~ 0 · t I X' I() r;,;:: has been report.ed by Frisch, Halban 

and Koch, but this upper limit is not sufficiently low to allow us at present to 

conclude that a chain reaction could be maintained in homogeneous mixtures of 
' I 

uranium and carbon. For neutrons it takes about 6.5 collisions with carbon atoms 

to reduce their energy by a factor of e. Thus a neutron which is being slowed 

down by carbon stays for a long time within the resonance absorption region of 

uranium. Consequently, very low uranium concentrations would have to be used in 

order to avoid that a large fraction of the fast neutrons emitted by uranium is 

absorbed at resonance by uranium . At such very low uranium concentrations, on 

the other hand, the fraction of the thermal neutrons which is absorbed by carbon 

n i ght perhaps be too large to permit a chain reaction. 

It will be shown, however, in the present paper that if instead of using a 

homogeneous mixture of uranium and carbon a large number of spheres of uranium 

which may form, for instance, a close- packed hexagonal or cubic lattice are 

~nbedded in carbon, the ratio of the number of thermal neutrons and the number 

of resonance neutrons absorbed by the uranium can be so much increased that a *" 2./ chain reaction will become possible. It will be seen that this ratio strongly 

depends on the radius of the uranium spheres and that a rather small radius 

must be chosen in order to obtain most favorable conditions. 



-- In order to get a simplified picture of the various factors which 

have a bearing on the balance of neutron production and neutron absorpt

ion let us consider a sphere of uranium ~~ immersed 

into an infinite space filled with carbon, and let us assume that fast 
• neutrons are produced uniformly everywhere in the carbon, wai~h are 

slowed dmm by collision with carbon atoqJ.s; each neutron will even~-

ually reach the thermal region unless it is absorbed at resonance by 

the uranium sphere is by virtue of 

its energy interval 
l • ' 

E, neutrons, and that everywhere within 

the carbon the same number of neutrons Q enter the energy region d .E: per 

cc and sec. 

We are interested to find out the ratio ~ of the number of neut

rons which are absorbed by the uranium sphere in the thermal region and 

the number of neutrons which are absorbed by the uranium sphere at reson

ance. Both, the resonance neutrons, which have an energy in the interval 

IE , and the thermal neutrons have a finite range in carbon. The former, 

because they leave the energy inte-;;;,alf E by b:ing slowed down below 

that interval through elastic collisions with carbon atoms, and the lat

ter because thermal neutrons are captured by carbon. We can use the 

same formalism for both the resonance neutrons and the thermal neutrons 

if we postulate that on the !tv.erc;g~- ~l).e neu~;:-~~jY9~c~ bas an_ energy 

within the interval I E will .. have a probability of /- e -t 
of having been slowed down below that interval { E _:E~xlmtl:isim:Rs 

and therefore disappear as a resonance neutron- by ~colljsjons in 

-earben. Since a thermal neutron has a probabilit¥ of ./ , lmi:Bg 
..-J fa!!!:._ ~ fJ 4t l'r / v , ·• 

a»s~~kKiximx«x~EI«HX«f /-- ~ Of, disappearing)~Y virtue of absorpt-

ion in carbon, the law of "absorption" for the resonance neutrons and 

thermal neutrons in carbon is corupeP£:1 t-o the range of--Peoon-a.Be-e-- ne&t

)_ ~v-< • Cc'-v"r- t 



r----- "v'/e nefine the range A of the thermal neutrons and the range B 

of the resonance neutrons by 
t;G(.. r~ ~ ~ =- .A , ' o-1'(;... -r -

3 c.. 
I ~ 

We are first of all interested in determining the ratio 

of the number of thermal neutrons absorbed by the uranium and the 

number of the resonance neutrons absorbed by uranium in the case of 

a single sphere of uranium in an infinite space filled with carbon . 

We are next interested in the lattice of uranium and want to 

find out what fraction tyof the neutrons which are ~~ slov;ed 

down by carbon is absorbed by the uranium spheres in the thermal 

re5ion, the rest being absorbed by the uranium spheres at re onance 
bv 

and the carbon. This fraction ill depend on the spacing of the 

uranium spheres 

lar6 e spacing . Ne 

of lfwhich can be 

spacing of the uranium spheres . If the distance between the uranium 

spheres is very large all the neutrons which are slowed down by car

bon are captured by carbon . The number of thermal neutrons captured 

in unit time per unit volume b~ the carbon is proportionate to the 
' ~ t..-4_. c_ 

average thermal neutron density . If the thermal neutron density for 

very wide spacing of the uranium spheres is o the average neutron 
- ~ J• ~ 

density j for a spacin5 of the uranium spheres will be 

The fraction of the neutrons absorbed by carbon is proportionate to 

the average neutron density , and since for very wide spacipg of the 

uranium spheres all neutrons are captured by carb~n~iven 
spacing of the uranium 

by carbon will ~ ~ 

, 

the fraction of the neutrons captured 
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In the lattice th e ratio of the number of thermal neutrons ab-

sorbed by the uranium spheres and the number of resonance neutrons 

absorbed by the uranium spheres is cA. £. if the spacing of the 

lattice is smaller than the range A of the thermal neutrons but large 

compared with the range B of the resonanc e neutrons . This 

lows from the fact that the number of thermal neutrons absorbed by 

the uranium spheres per sphere is reduced by a f actor o( due to 

the competition of the other uranium spheres, whereas the number of 

l -
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~ '~~ -• A 
of =;~~~~]: eRa ~, abso.rbea by the uranium spheres 

~given by 

Since fraction of neutrons absorbed by uranium, the 

absorbed as thermal neutrons by the uranium 

eres is given by tf. CZ... 

r ::: (1-1..) 
I 1"¢. p(. -= I( 

This expression becomes a maximum for ----V , 
rA..,-::.. - I -/.... I+~ 

and its maximum value is f' :::.. ~ 

~- (- 'l_c{MA-:; 

r~ :.4 ~ 
'-' ~-~-

(1 - tl L 



energy of which lies in the energy interval E) vanishes for the sur-

face of the uranium sphere at r • r1 , i.e. P I , 1-=- 1 '/ - ..., 

7 If r 1 is large compared to XBXKEK the density 3 of the thermal 

neutrons can be treated as a diffusion problem, and in the absence of 

a resonance absorption in uranium we would have 

/) d ~ 

~. ,., 

f XI). where 

J 

{df) -t- ~ r 
... _.,.,... J 

( t- _! ~WI ) 
~ _-.----

.... vu ~ -- --,--:- -Gl~ 
,-ttit which would reach 

-
Accordingly the number of 
by diffusion 

thermal neutrons raaakiag the uranium sphere .) 

/in the absence of a resonance absorption by uranium would be 

_ 4 il r, ?..._]) ~ - 4ll (..~ 5 _!_!_ -1- r; L 
~ Q o~ ) 

-.,.. 
This value is also correct if there is a resonance absorption by uranium 

provided that we have 
,.- .c~ 

I 

.l r-;-, 
/'-oc... -· k ~ D 
-~--., () -

~uite similarly we have for the density s of the neutrons, having an 

energy which falls into the interval 

cv 
( I -

y 

F * .::: ftii Q ( 

~ fh;~· 
The ratio of the neutrons absorbed by the ur~nium sphere in- the thermal 

region and at resonance is therefore 

-- I 
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We now wish to calculate the value ~ 1 for a uranium sphere 

which is black for resonance neutrons but not black for thermal 

neutrons. The density of' the thermal neutrons within the uranium 

sphere is g 'ven }3Y the~ equation 
W,t~._ r ~ tG/r- fO) - -
-3 - ,t/"''),.. 

and we have -r-

c (e_ 
7'-

- 4.-r-
e ) 

where u stands for 
I v-J()c{~ 

- -;::,_(L{_) O'i;(t() 
The ratio of the number of thermal neutrons absorbed by such a 

uranium sphere to the number of thermal neutrons absorbed by the 

black uranium sphere of the same radius is equal %kK to the ratio 

of 12} in carbon for the t~ cases ani is calculated to be 

"f' :ry- I f _ fi/ 
~ - ~ +- ~+-d.. 

wllere G stands for ttl& • I Wr- r -it Y" 

~r 2 r3 o-c_(i-t_)._, f!_. I .f.. C'_ . I - ~, Jt_J 1 
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For a_<..~ .1. we have .a:ad for we aa.e 
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E. 1 February 17, 1940 

A method has been fo1urrd to set up and to maintain a divergent ch~in reac-

tion in a system which co11tains uranium . About ten tons of uranium will be 

needed to reach the point of divergence at \.h ich atomic trl:Ulsmutation will 

proceed at the rate limited only by the necessity of avoidins over heating . 

If the chain reaction i s to be used for purposes of supplyi ne power a system 

has to be used which permits a rise of temper~ture to 500° to 900 ° C. so as 

to have suffi ~ ient temperat ure t;radient available for leading awa the heat 

produced . A system has been found which is able to withstand such tempera

tures and a meth od has been found for l eadi ng away and utilizing the heat with-

out interfering with the nuclear processes in the chain reaction. A method 

has also been found to stabilize and control the chain react ion so as to avoid 

accidental over heating . 

A number of physical constants have to be measured rath er accurately to 

be able to find the most favorable conditions for operating an atomi c engine 

and three experiments have been devised for tllis :purpose . Two of these are 

quite inexpensive and are nov; be ing started. The third requires lar 5 er q_uan

ti ties of mater i al which have been Ol'dered[!t my re q_ues~ by a department of 

the Administra tion and will be supplied to Columbia University where the ex-

perii!lents ·will be started in about two months time . ·~e thus should be in a 

position within a fevi months to begin with the construc t ion of an atomic en-

gine and various steps ought to be taken right now in order to avo i d unneces

sary del ay . iJ: feurt.Q ~YIHrrimen+ wklic'* WQ"l;llo8: 'Be If-fourth measurement which 
~~c:t~JI'.f 

would be very useful could :perhaps be carried out at Columbialif additional 

facilities could be obtained . 

As far as the production of power is concerned the f ield of application 

is limited by the necessity of having the engines surrounded by water tanks 

to protect the personnel fr om the irradiat ions emanating from the atomic en

gine . This would not prevent, though , the use of the atomic engine for driving 

boats which could, no d.oubt , out run every other boat and stay on the high 

seas for a long period of time , as they would not be dependent on a fuel base . 
form 

Still it is not possible ¢1tpresent to ~ome a final opinion on the scope of 

this applicat ion since it is not knovm v.rhich of the two uranium isotopes is 

responsible for the liberution of energy in the chain reaction . If it is the 

rare isotope then ten tons of Ul'CUium would supply only as @UCh power as about 

fifty thousand tons of coal before the act ive agent in the uranium is used up 
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to a pbint where the machine vwul d stop opera tine; . I f i t is th e abun<iant iso

tope then ten tons of uranium could supply more pov1er than f ive million tons 

of coal . Thoujl li . Bohr has put f orward interest i ng ar5-uments m f'a.vor of 

the view th t it is the r are i s otope 'hich i s the active agent i t is now gen 

erally ac;reed that this L,uestion ho.s to be decided by a Lli rect observat ion per

formed on a small s ample of th e separated isotope . I have found a new method 

by which such sanples we i t:£h in6 a f ew milligr ams could be reuared ·ri th out much 

difficulty and this could be done a t any t ime if the facilities were obtaina

ble . Expen ses in this connection would essenti ally cons i s t in the salary of 

some person who Yvould have to be entrusted \Yi th this wo r k . It is of course 

possible that in th e meant ime other physicists will succeed in preparing sam

ples of the separated i s otopes weighine; at least a few nicro- grams by using a 

mass specto graph . One way or another this point ouQht to be cleared up as 

quickly as possible since it vlill determine the scope of applications as far 

as power production by an atomic engine is concerned . 
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'lc:.C. ;round Pa e 4 ___.,.,._ -
of u ranium would have to be used ·n lar;:;e scale: ex:w i 1 nt in ora.er to produce 

a nivereent chrin =e ction. eco1'T1Jen r :on ~de t' at step · e ta·~en to 

prepare or he perf'orl'la.nce of s·.ch a k rce sea e exr eri,..=-·1 ~nd t ~ "'19 thods of 

producin.,_, uraniu rrtetal from uraniu oxide be explored . t e h"sized t· at 

be ore tarting a 1 rge RC~ e e·n ri cnt - sec ion car on 

O~ld e me Slred a~d t hat a C ons o c;r ph:.te for t s pt rpose . 

~· mcmortnuun su~arizinJ theses 'te e1 sand recornm ndations as su ~itted to 

Dr . Bri gs ( ~ ober , 193 ) . 

The v lue o the cap-4; :tre eros - scc+,ion )"" c..,rbon or the~ al ne ·trans us not 

knoml r t t 1at tir'le; onlJ an U_:) 1e li""li t -~"or this Magni trae of 

was published by 1 ris ·1, v . ~~:?.lban, an F ch . '2o eas .re t'lli value a:r:>Y')eared, 

t' ... ere 0re, to be n u Gent t sk , indeed. :'he usual met 1ods or eas rin.,_, s'r!lall 

absorption cross- sections di not ~e~ to Je ade ua e or thjs p· rn~~e ~d so a 

method ·ras devised --lich al "'.. d 'b .,. t"rl.P s+uc"y of' the Rp t i 1 di tribution o ~ "'"he 

therm..,.l neutron d.em;ity in Fl 1" e T'1 ss o~ '"ra.~:hi~e . nhe "':.hemal neuron dens i ty 

in _,raphite obeys n di .f' i on equ ion · 1-J.i h con .. ai s the an ree n th or 

scatterinu en the r..,+io o t'1e cPnture c os @- section and t1e scatterin· cross -

section . Since 

slo i n - o-rn o 

t::e thcrma ncut nns are produc ed in the graphite hrou .o>h J.he 
v---~~~ 

t'1e fast n"!u.trons eP'litted rom +heysource , ti:1is di usion equation 

i s not homogeneo s . By intrllucin~ screens -·hich are loc or ~he ~1 neutr1n. 

o""e can ob ·ain , h)>•ever, e '1f'ri• en' l valUPS ·""".ich o e r tl1e ho o ..... cneou:::; i sion 

equation . 

Due to vario 1s circuMstances, e uerj 1enta ion lou~ ·hi line :as 'l"l ted l!re-

twer>n J1ly, 193 m d -~arch , 940 . Jhile no infor~ati 1n on t1e cap ure eros~ -

section o~ carbon as as yet forth- comins , a increa~inolY op imis ic view on the 

chanc es of ~ ch in reaction in a uranium - gr aphi e s •stem auueare· to be justi -

- ied when it as realizw"; ;he 

r euuced by allowi n th graphite to 

f i nally r ea ched the cond usion that 

absorp i on in carbon cotld b e m teri a l l 

up t o ~i~h tem eratures. Thus havi ng 

e m y exn ec t a d ivergent chain r eac ti on in 

such a :=;ystem, the paper r;as submitted i n •ebruary , 1941, to t h e Physical Revi ew 

for publi cation . After its acceptance, and after consultations with a number of 

my colleagues and Dr. Lyman J. Briggs, its publi cat ion a s deferred at my request . 



Background 

density in graphite obeys a diffusion equation which conta ins the mean free 
( aA-1.tf/'( I · - r . , - ... ~~J~~ ~ ,..._.:y ·r ~ .( ~ ..., ' r 

path for scattering (cross-sections. Since the thermal neu t rons are p r oduced in 

the graphite through the slowing down of the fast neutrons emitted from the 

neutron source, this diffusion equation is not homogeneous. By intro ducing 

screens wh ich are black for thermal neutrons one can obtain, however, experi-

mental values which obey the ~omogeneous diffusion equation. The first experi

ment of this type which was originally planned (July 5, 1939) is described in 

the paper. 

Due to various circumstances, experimentation along this line was halted 

between July, 1939, and March, 1940. While no information on the capture cross-

section of carbon was a s yet forth-coming, an increasingly optimist ic view on 

the chances of a cha in react i on in a uranium - graphite sys tem appeared to be 

justified when it was realized t hat the neutron absorpt ion in carbon could be 

materially reduced by allowing the bulk of the graphite to heat up to high 

temperatures. Thus having finally reached the conclusion that we may expect a 

divergent cha in reaction in such a sys tem, the paper was submitted in February, 

1941, to the Physical Review for publ i cation. After its acceptance, and after 

consultations with a number of my colleagues and Dr. Lyman J. Briggs, its publi-

cation was deferred at my request . 
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These experiments demonstr~ te beyond doubt that on the average 

more than one fast neutron is emitted for one thermal neutron absorbed 

by uranium, but this does not necessarily mean tht t a cha in reaction 

cnn be maintained in a mixture of atcr and uranium oxide. 

A fraotion of the fast neutrons emitted from uranium is absorbed 

by uranium at resonance before reaching thermal ener?ies, and does not 

cause fission . As 1 t was first no in ted out by G. Placzek; thia fraot-

ion becomes so large at hi h uranium con centratione tha t it may very 

well prevent the possibility of a cha in reaction at such concentrations. ! 

At low concentrations the fraction of thermal neutrons, whi ch is ab-

sorbed by hydrogen , rather than uranium, becomes considerable, and so 

there may not be any concentration a t which a nuclear uhain reaction 

may take place in a homgenous mixture of uranium oxide and Wuter • . 

For this reason, Placzek advocated the use of helium instead of hydro

gen for slowing do17n the n eutrons . Helium mey be expected to have 

no absorption for thermal neutrons and would therefore per~it the use 

of low uranium concentrations at which only a small fraction of the 

neutrons would be absorbed at resonance. A a eneral theory of the pro

ceso of slowing down fast neutrons in media heavi er than hydrogen had 

been given by Placzek in 1939 . 

Fermi was the first to realize that the fraction of neutrons 

absorbed at resonance may be reduced in mixtures of uranium and water 

by keeping the uranium oxide and water in separ at e layers. He found 

tho.t by uoing thin layers of uranium oxide and water the conditions 

for a chain react ion oa.n be i "!lp rovcd. Whether thie i :provement is 

sufficient for making a chain reaction actually possible in such a 

system .is not known. 

1 
' 



It is easy to understand why uranium layers of finer thickness 

embedded in paraffine are preferable to layers of an infinitely small 
a 

thickness, i.e. to homogenous mixture . If the thickness of a very thin 

layer of uranium is increased the thernal neutron absorption of the layer 

increases proportionally to the thickness. The absorption for resonance 

neutrons of uranium, however, increases more slowly than proportional 

to the thiclcnesses at which the thermal neutron absorption is still in-

creasing proportionally to the thickness . This is due to the fact that 

for not too thick uranium layers the resonance absorption is mainly due 

to the first sharp resonance line of uranium . At larger thickness the 

absorption of thermal neutrons ~ flattens out and there is a thick-

ness which is optimal from the point of view of ratio of the thermal 

absorption and t he resonance absorption of uranium. This optimum may 

be even more marked and more favorable for lumps of uranium than for 

flat layers of uranium. $ince the range of the thermal neutrons in 

paraffine wax -is of the same order of magnitude as the range of resonance 

neutrons, and since the thickness of the paraffine layers which may be 

sandwiche~ between uranium layers must not be made large compared to 

the range of the thermal neutrons, systems of this type may be considered 

as quasi homogenous since the velocity distribution of the neutrons will 

not vary very much within the system. 

While the question whether XkR a chain reaction can be maintained 

in such a system remained open it appeared of interest primarily from 

the point of view of possible practical applications to raise the 

question whether a chain reaction could be maintained in a system com-

posed of uraniu~ and carbon. Even if it were pos s ible to maintain a 

chain reaction in a system in which the neutrons are slowed down by 

hydrogen the rate at which the chain reaction could be maintained would 

necessarily be limited by the fact that hydrogen containing substances 



decompose or evaporate at moderately elevated temperatures. If carbon 

can be used in the place of hydrogen for slowing down the neutrons for 

the purpose of the chain reaction, there would be no such limitation of 

the chain reaction rate , and it would be possible to have a suff iciently 

high temperature gradient available f or dissipating the heat which would 

be generated . 
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The purpose of the present paper is to show e. e.h.ain roac-

on can be uoh1oved by using an element lJit carbon for slo 1ng 

wn the neutrons 1n certain particular systems composed of carbon 

d uranium. 'l'he calculations in the · esent p:>per can be applied 

to an element other thQ.n car'!Jon pro'!1ded .that t.qe range 

f thermal neutrons 1n a medium compose~ of this elem~nt is large 

omp rea to the range of the resonanc neutrons , 

For a number of practical reasons it would be prefer able to 

o&.rbon 1n the form of raphite rather th9n hydrogen in tho form 

t water for the purposes of a c11o.1n reaction . The c pture c osa-

ection of carbon for thermal neutrons 1s small . An upper limi 

f has been :r·epo ted by Friscn, Halban, 

nd Koch, · but this upper limit is not suf'f1c1sntly lo 1 to all ow us 

t present ·to conclude th t n chain "eaction could be maintained in 

omogeneous mixtu~ ee of u1•anium and carbon . For n utt•one it takes 

out 6 . 5 col lisions with carbon toms :o r duce thoir n .r y by a 

actor of e. Thus a neutron "hich is bein~ slowed down by carbon 

ror a l on; time .1i thin the resonance absorption region of u1•a 

Consequently, very low uranium concent:t .. t one · ould hav to 

e ue d 1n ordor to avoid that a large fraction of the fast 

by uranium be ab"orbed -by uranium t resonance . At such ... 

ery lo uranium concentrations , on t e other hand, the Ir ction of 
f'• 

the thermal nt.:1utrons -.,L1ch is o.baot•bed by carbon ni rht porhaps be 

too large to pGrmit a chain reaction . 

ln the pl'esent paper ~·e cona dor a syatem in which a large num

er of fairly large spheres of uranium vmich are practicall y b l ack 

tor resonance n0utrone of uranium in an ener y interval stretnh1 

f ro.m perhaps 2 to 20 volts are embedded in carbon. It ~111 be 

shown the.t the ratio of the nurnber of thermal neutrons and the 

bar of resonance neutrons abso•·bed b th uranium can be de ao 

small ~n such a system t h t 1e may expect a chain reaction to be

come a reality. 



is practically independent of the carbon cross-section since we have 

Its value is determined by the density of graphite and uranium and the nuclear 

values . 
' • The value of R may be chosen as to make this 

factor a maximum. 

All expressions for were so far obtained from diffusion equations 

involving the assumptions: 

For small values of R the problem can no longer be treated as a diffusion 
phenomenon and we shall, therefore, refrain from using exuression No. 20 or 20a 

for values of R of less than 5 em. 
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These experiments demonstra te beyond doubt that on the average 

more than one fast neutron is emitted for one thermal neutron absorbed 

by uranium, but this does not necessarily mean tha t a chain reaction 

can be maintained in a mixture of water and uranium oxide. 

A fraction of the fast neutrons emitted from uranium is absorbed 

by uranium at resonance before reaching thermal energies, and does not 

cause fission. As it was first pointed out by G. Placzek, this fract-

ion becomes so large at high uranium con centrations that it may very 

well prevent the possibility of a chain reaction at such concentrations . 

At low concentrations the fraction of thermal neutrons, whi ch is ab-

sorbed by hydrogen, rather than uranium, becomes considerable, and so 

there may not be any concentration at which a nuclear vhain reaction 

t~ 
~ take place in a homgenous mixture of uranium oxide and water. 

,_....-.-~ ( / ~ ..,... ftC -

For this reason, Placzek the use of helium instead of hydro-

gen for slowing down the neutrons. Helium may be expected to have 

no absorption for thermal neutrons and would therefore permit the use 

of low uranium concentrations at which only a small fraction of the 

neutrons would be absorbed at resonance. / A general theory of the pro-

cess of slowing do'vn fast neutrons in media heavier than hydrogen had 

been given by Placzek in 1939. 
/.)l~ 

Fermi was the first to P8e}iae that the fraction of neutrons 

absorbed at resonance may be reduced in mixtures of uranium and water 

by keeping the uranium/~ide a~d wa ter in separate layers. He ~~H~ 
~~~~~ A- ~4-:.._ ~ ~ 
'*a* ~Y a~iB~ thin layers of uranium oxide a~d wate~~ c9 dit~o~s 

~ ~ ~~,.({.~ ~~-·~ .-... II( ~. ~·~1"'. ~·< . ··~ -~ 
f for a chain react ionJa~:~.l'l '?1 8 ia~f!Pevea. ":lfis thsi this 1mpr ov ement 'tS 



CORRECTION OF VALUES 

By calculating the value of from we have neglected the effect of 

the absorption of resonance neutrons {by the uranium spheres in the lattice) on the 

production on thermal neutrons in the carbon in the neighborhood of the uranium 

spheres. The absorption of resonance neutrons reduces in reality the value of 

near the spheres below the average value of and accordingly the correct number 

of thermal neutrons absorbed by the uranium spheres per sphere will 

be smaller than • Corresponding to this, the correct value of q, q 

will be smaller than q • 

If the uranium sphere in the lattice did not absorb resonance nrutrons then 

a neutron which reaches a given sphere at least once while its energy is in the 

resonance region would have a certain probability of reaching the sphere at least 

once after it had been slowed down to the thermal region. It can be shown that we 

have 

For values of 

we find 

In order to take into account this and other corrections and in order to devi-

ate on the conservative side we shall in discussing the chances of a chain reaction 

use a value of q which is ten per cent below the calculated value • 

.;;;.SP=A;.;;;,;C_,.I=N.-G .2]: m LATTICE 

Formula No. 26 giving the value of q was derived under the assumption that 

there is a uniform production of resonance neutrons throughout the whole mass of 

carbon into which the lattice of uranium spheres is embedded. We have to verify 

that this assumption is correct. For this reason we have to compare the distance 

to which a fast neutron "diffuses" away from a uranium sphere from 

which it is emitted before it is slowed down to thermal energies with the distance 

L between two neighboring uranium spheres in a close-packed hexagonal or mbic 

lattice. If the value of L which corresponds to the maximum value of q were large 

compared to then obviously equation No. 26 giving the value of could not 

be used. 

In order to estimate L, as well as for other reasons, we shall calculate the 

volume V of carbon per uranium sphere in the lattice. 

In the lattice of uranium spheres from the ~ V neutrons which are slowed down 

per second within the volume V to resonance energies, the carbon absorbs 

neutrons and the uranium spheres in the lattice absorb neutrons. 

Accordingly we have 
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elllbedded in graphite appeared eTen more faTorable from the point of view of a 

chain reaction than the system of plane urani~ layers which was initiallY con

sidered. The eft'iciency of such a system was calculated and it was found that , 

if small spheres of uraniUm metal were embedded in graphite there would be quite 

a good chance of obtaining a chain reaction in an experiment performed on a 

large but entirely practicable scale. TheTe appeared to be an appreciable chance 

for success even 1f' uranium oxide had to be used in place of uranium m tal. 

In the circumstances. the conclusion was reached that it would be better to per

form an experiment on a large s-cale rather than to wait for measurements to be 

performed for the purpose of determining all the nuclear constants involved. 

{J"uly 9, 1939) 

!W, for Memora.ndwtu 

TentatiTe steps weTe thereupon taken in this direction and among others. 

E. P. Wigner a.nd E. Teller were informed of these considerations. They shared 

my opinion that no time must be loat in following up this line of deTelopnumt 

and in the discussion that tollowd the opinion orystall1:&e4 that an att~mpt 

ought to be made to enlist the support of the Government rather than that 

ot pr1Tate industry.. Dr . Wigner. in partiaular,urged Tery strongly that the 

Government of the United States be advised of certain possible consequences of 

this as well as certain other linea ot work conneote4 with uranium. With thia 

in mind, we approached Professor Albert Einstein and Dr. Alexander Sach•• and 

after a number of coa ltati~na, Dr. Einstein wrote a letter to the President of 

the United States recammending that a personal committee be appointed to act aa 

a permanent liason betwe-en the GoTernment and the physicists who are working 

on uranium. (Augus-t 2, 1939) 

Einstein's letter and a memorandum Which I was asked to write were submit

ted by Dr. Sachs to t he President and Dr. Lyman J". :Briggs was appointed as 

chairman of a Government committee.. Dr. Sachs, Dr. Wigner,. Dr. Teller and I 

were given an opportunity to explain to this committee why we belieTed that t e 

work which is being done on uranium deserved the attention and the support of 

the Government . (October 21. 1939) 

On this occasion a plea was made for the Government's support either finan

cial or moral both for the work on uranium in general and for the work along 

the lines indicated in the paper in particular. It was stated that a lattice 

of uranium metal spheres embedd in graphite appeared to offer the greatest 

chance tor tmmediate aucceaa; that about 100 tons of graphite and 10 to 20 tons 



the upper limit which has so far been established and consequently there is hope 

that conditions will be much more favorable for a chain reac t ion than would seem 

from the values so far quoted. 

The amount of carbon and uranium required to reach the point of divergence 

at which nuclear transmutation will proceed at a rate limited only by the neces

sity of avoiding over-heating is essentially determined by the value of 

In the foll"owing we shall calculate how the value of this expression depends 

on the value of the carbon capture cross-section at room temperature. 

We shall take the density of graphite to 1.7; the density of uranium metal 

to be 15 and choose R : 8 em. We then obtain for a capture cross-section of car

bon at room tempertture of 0.005 the following set of values at 900° C! 
It =6~~ / f == 9o 1' f~o · €€6 / ~ =2. 7 ;' f~-= t:> . 6cP 
Critical Dimensions ~ ~ / ""' :::- 2.. (,/t 7" I:J , 'l - / )-= () • 3 ~ 

For a large sphere of graphite which contains a large number of small sphere 

of uranium the critical value, 1, for the radius of the gr aphite sphere for 

which the chain reaction becomes divergent may be calculated for various distribu-

tiona of uranium within the graphite sphere. The treatment of this question may 

as well be postponed until the value of the carbon capture cross-section is 

known. In the meantime, a very rough approximation may give an idea of the order 
r'V of magnitudes which are involved. In graph ite of 1.? density the meandistance ~ 

to which a fast neutron emitted by uranium diffuses away from its point of origin 

until it becomes a thermal neutron and reacts with uranium or carbon is about 

For 0 f - ')==;j; we find for the critical radius L /""" Z Sl:J ~ • 
~ ,.....,., II ~ 4:• : , tr( ./ /\, if .. _2!}YV ___, .,(,. r ~y-1 r /'tq'-1 

The amount of uranium required can be calculated from equat~on No. 33a 
1-(~ l?"l. I 

~', ~, ~~ lr-R~ c ('0 ' . ... . . 

--
Ll y 

Note ~ Memorandum 

50 em 

The approximation used here corresponds to a treatment of the problem which 

was first given in a patent application that was filed in England in 1934, and 

was assigned to the British Admiralty·. Appendix No. is a copy of pages of the 
corresponding American patent application which was filed ih March, 1935. The 
mean distance ~ in this paper has to be identified with the me~n free IR ~h "a" 
in the appendix. The differential equation quoted in the append1x leads, 1f writ-
ten in the notation of the present paper, to a critical radius of 

- I.) 



It may be kept down by choosin a s allor valle ~or~ than the value corres-

ponding to the ma.xirrruP'l a. ue o 
~ 

• 33a gives 

~ 7< -/ = () " (J ~ 1. 
.3 /1} 

correspondin~ to ZO tons of tr~ni1m 4or 

1 c tons or uraphite. 

MEASURE! [E .. T S 

tribution of the small ura g 3raphite sphere it is 

essential 

the mal n ut rons. 

In or er to have o.n accura t€' v·-- ue ~ r it ill be Jeces~ary to 

have a direct .easurement o"' '9 -~"or -sm~ll ydroe;en concentra ions preferably 

for n : 3. 

The upper limit w ich hAs been reported or the car on cross-section y 

Hfl.lban, 'li'risch, and Koch is alread r so low that it ould be di-f' icult to i -

prove upon it unless a method is used which is specifically designed to measure 

extremely small capture cross-sections. Such a method will be described in 

the following: 

Let us consider a sphere o carbon and a neutron source in the center of 

the sph~re. The thermal neutron density insiQe the carbon will then obey 

equation No . 3 only in this case is a function of r of which VTe must not 

assume 
tl6~ ..= 0 Let the carbon sphere be immersed in a water tank 

1 

or surrounded by paraffin wax . The thermal neutron density will then have a 

certain value at the surface of t h e sphere and inside the sphere it will be 

fJ,(~ 
some function of r V~f in a second experiment t he surface of the sphere in 

the water is covered by cadmium the thermal neutron density at the surface 

of the sphere is then reduced to practically zero and inside the sphere it 

will be another function of r I S~1. / • The difference 

obeys the homogeneous equation 

j) t} ? 
-~ =o 

which has the solution - '>'-,4 
j(r) -=: {' ___ e._ 

We can thus find A by determining the value of 

r, for instance: r : 0 and r - r . 
~4 

e 
It is 

-"1'~ 
e 

for two values of 

I 
I 
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r for small values of r/ 

{) 4-) 
::; £JfO) = 

Using a sphere of graphite of fifty to seventy centimeters o: radius it 

should be possible o measure the range A with sufficient accuracy . TI1ere is a 

limit to usin~ very laroe sp~eres w1ich arises out o~ the fact that for a very 

l arge sp~ere most of the neutrons e~itted in t~e center o the sphere will be 

slo . ed down to the thermal region ithin t1e carbon and the thermal nettron 

density near the surface o~ +he carbon ay beco~e very l ow . IL that happens, 

then the difference f -r~ will becone small and ill 

therefore set a li~jt to the accuracy of the measure e~t . 

Sta~ilizin! the chain reaction 

Soon after the discovery of an a undant neutron eMission ~ m t~aniun +he 
( 4,J5) 

question of s abilizine s ch a reaction o.e a subject o discussion but :·1e 

situation as we see it apnears to be rat~er fi~ erent. 

If a chain reaction could be ~ain~ained in a hono 0 eneous ixture o ater 

and uranium or carbon and uraniu~ it •ould have a certain natural ~tabil~t~ in 

the sense that "ith ri::ing te'Tlpe at'lre ther rould ~e a decrease in the neutron 

producti. on. The reason for t is is the fact t 1?.t the absorption o both ura-

nium an '-'lydro·;en o ey the 1/v law in the nermel e:;ion and ,hus at igher 

temperatures the an e of' thermel -aeutro'1~ in he ixture · s larzer. "orrespond-

ingly, at hiJher te~pera res a ar6 er fraction o~ the the~~l '1C trons ,ill 

er,cape across the b ou d?ry o~ the 17li~rture wi tho t havi n0 reacted i th the -,. 

niwn in the mi:rture. This natural stability caul eyen be enhan ed by h ving 

bodies o~ strong the mal neutron absorbers inserted in the mixttre. ~airly thin 

sheets of such absorbers as boron. for instance, are practically "black" ~or 

therma l neutrons and eny strong therm· J neutron absorber would sta ilize equally 

well • 

... system, on the other 1und, in '1:ic '1:1 uranitL"'l bodies ·uhich re almost 

"black" for thermal neutrons are e....,bedded in c rbon, like the ystem "hi h e 

have con idered in grea det i in the prese t per a no such stabil "ty. 

This ic: due o YJ.e fact that ni th risin ~ tefllpcra u e the c- n+, re oro a-section 

of the c r on decreases 1cre s the bsorp ion by -'- e uraniu.ra sn ere re·nains 

almo~t unch~nged . Accordingly, at hi~her tePJ era ures , a 1 rger fra ion o 

the therrn 1 neutrons i ,b. orbed by ''r niu"!l a 1d 1 er fraction is absor ed 

y carbon rd this leads to n i~crease in q and hermal instab i ity. 
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The rate at which a nuclear chain reaction can be maintained is 

determined by the rate at whic: the heat lib~rated in t~e chain react~n 

. . . /ltr , h ,- ~ I ) -- l"'k ~ 
can be dissipate<!/ A---i!tyatem can nat..::be efficient in :tb.i~t'-'Untes 

~a~ iderab:r-~-,teinpe.La tare d ifferene1:1e Ge:n be- 1!lg-nrtained, 1. e .: ;;an:te~s _;:ae, 
[,.,... . ·,... ,..._.,~ • ,./... • ·~ /( . ~ ,. ~ 'Ju. 

withstand hi.=-h temperatures/ Carbon · exce],lent material :P" 
,_ __ .,.,.,~ 

from this noint of viev and it was this point of view 1hich led me to ~~ 
~ 

v 
~estimate the ch~nce of a ch~in reaction in carbon 1nding that carbon 

...;;:t-
can be obtained in considerable purity~ hi ~h density and ~moderate 

in the orm of graphite bricks w1ich can be easily used to~ ~~ 

structure comp js ed of alternate layers of uranium oxide and ~aphite 

I tried to estimate the chance o""' a chain reaction in sum ~ 
,z.;_ j _.,.... 1'-

~YStem. The 
~ 

very different from\&¥~~~~ behaviour 
L 

~~~~~~~~~~t~~ 
~ ).. r f4 

bon I 

found ~be# the result\is independent 
~ r.l 

of the intensity and shape o_ theL 
"""" ~............. If" 

lowest resonance line"~~ ~n-~ea- -~-~~~-· Therefore in spite of 

inadequate knowledge of this was possible to arrive at a favorable 

forecast . --In- crrcter t-o u.a.ders-:t::a:n-Q- ths ~ifference between a h·vdrogen ffi stem and 

a carbon systen one has to realize that the range of resonance neutrons 

i n carbon is sm< 11 co¥11pr- red to the range of thermal neutrons . This 

ma~es it possible to summarily . tak~ rnto account the lowest resonance 

of uranium , but assuming that the unanium is black for neutrons ··:"lich 

have energies within a certain ener.c;;r intervRl, say between 10 and 100 

volts . Such a simple assumption has been made in the enclosed aper 

and leads to very simple formulas . 3al:turally, uranium will have some 

absorption ~t wX± hi ~her energies ~h~ch can not be taken into account 

1 b h · I ''hihdf · 
in suc1 a way y t e generql exne r1en e wn1c a rom so e prev1ous 

work on the capture by heavy elements atomic number led me to 

believe that this neglected absorptio ill not be very si niricRnt. 

nile neglecting the higher resonance to overestimate the chances 

of a chnin re~ction the approximation the paper :7hich is made 

noss:ble by considering s~all dense res o ur niun metal only exag-

geratea the val·le or. the loss of ne ue to absorption in carbon a.nd 

ni,_;ht to s ome extent counter-balance the neglect of the higher resona 'ce . 
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range of the resonance neutrons . 

For a number of ~ rae t ical reasons it would be '"'re f erab le to u~ e carbon 

in -che form of graphite rathe r tha n hydrogen in the !'orm of water l,O_· the 

purposes of a chain reaction . The caotur e cross-section of carbon ior 

thermal n e11trons is small. An upp e r limit of 

has been reported by Frisch , Halban , and Koch, but xNix this upper limit 

is not sufficien tly l o;r' to allow us at n r e s ent to conclude that a ch ain 

reaction could be ma intained in homo"'eneous m·xtures of u· anium ana carb 

.1:' or n eutrons it takes about 6 . 5 collisions i th carbon a toms t- o reduce 

t r-eir ener~y by a factor of' e . Thus a nautron ·:lli ch is bein rr slo .,ed down 

by carbon stays for a long time i thin Ghe resonance ab sorp t ion reP.'ion of 

uranium . Consequently, v ery l nw m·anium concentrat ions ·1ould t.a ve to be 

used in ordvr to avoid tha t a large fraction of the fas t n ~ utrons emit ted 

by uranium be absorbed a t resonance by ur·anium . At such very 1 w uran ium 

concentrations, on the o Lhe r hqnd , the f r a ction of the the rmal n eutrons 

wuich is ab sorbed b y carbon mi ~·h t pe rhaps be too large to p0 rmi t a chain 

.reaction . 

In the pre sent paper we c onsi de r a sys tem in which a large nurrb er of 

fairly larg e sphe res of u r·anium v1b ich are pra c t i.cally black for r t. sonance 
'l..... 

n vu t rons of ur a nium in an ener~y inte rval stretching from perhaps ~to 
'Z_O 

tw~&ty volts are embedded in carbon . It will be sbo·nn Lha t t he ratio of 

t..he nw1 b er of the rma l n et trons and tLe numb, r of resonance n eu trons 

ab eorbed by t-he u1·an ium can be made so small in 311ch a system t hat we may 

expect a chain r eaction to become a reality . 



In order to get a better picture of this limitation we may assume 

for the sake of a t gAtooi argument that one half of t he fission neutrons 

has an initial energy above the dissociation energy of beryllium, and 

that the cross-section for the disintegration of beFylliQ~is one third 
c..'~ 

of ~ total cross - section ef "biPyllitim (and one half of its elastic 

collision cross-section ) . A fission neutron would then in its first 

collision with a beryllium nucleus on the average knock out .166 neutrons. 

If we further assume, rather arbitrarily, that the fission neutrons with-

s tand two elas t ic collisions with b eryllium with undiminished capacity 

for the disintegration of beryllium, but that after the third elastic 
~ t.~ / ,• t4-c t4..,.--..L / ~ 

collision their energy ha~ become ~c ]9w 1;1-te:~ i!hey e::Pe Bi' ~~!table 

Gt splitting bei,lliQm we find that a fission neutron moving entirely 

in beryllium would liberate ab out i) .. S. ~ ~t "f. J!. .I::: C/;'.Sr neutrons 

and not;ore . f(!n our arrangement collisions will t~ke place with carbon 
~ 

atoms as well as beryllium atoms, and accordingly the total number of 

neutrons liberated from beryllium by on e fission neutron would be smal1 

It should be emphasized though that a value of 0 . 2 would %x already be 

very significant since it would raise,~ , the value of the neutrons 

generated in the system per thermal neutron absorbed in uranium from a 

value between 1 . 5 and 2 to a value b etween 1 . 8 and 2 . 4. The data avail-

able at present do not permit to estimate the increase in~ which we 

may expect from bhe introduction of beryllium into a system composed 

of uranium and carbon , ~t fxperiments using ?5 to 150 lbs of beryllium 

are in preparation for the purpose of clearing up this point. 

, 
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. 1'23 .e .. ~scov(..r., 1 / .:>_ 1 .. issi on of f._ t lCU I'O!l.S 

~-O- ur th _ ce ~eutro ~bsorption ~-~ ~ro4uctio~ h~ bee 
~~.{',. 6 

by ~e~~ i ·ere v ~peso· e~~cri~cnts . v~ryin out o c 
.)' 

.. pe .r e_-. ..... erL.!c .• t 1de ... :son , .cer_i , :.!1 ~ .:3 i.::..~d : .. :c ortcd ....... t en 10 

VOl' :f~ot neutrons ·e crni ttcd b•r urcn:· for every 

t r .....1 CUuiv ........ bsorb ~ uruniu..-n . _ oo c ..... co ""t.:.te v luc for~ can be 

obtc. L c i prL ciplo :fro:1 c. sccon tyiJc of ex_ cri. c t s c'1 !'.s tho one 

:per:fo_ ed al c Ferrin for w ich rc • ave 

(1/ / 
~ J) 

o a sorbe b u.r ium "' reo • o.ncc in u. uro.-

inin~ n ~tooa of bydrogen for one uto . o 

is tL ru. io f th c ..... '"'till. e cross- scctiol o:f 

..... c.J.iGvl'p vlo. crons- oeotion :f urt-'titll'. com risi 1 · both 
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The v 1 c t~l c: :...->y i..t c:.::.lcul... .... ted froo tl is e .,.u tio _s ""'C !Xccl-

a:C ectcL :: the ,i .c l.:. ..... i ts o:f error of the re:Jent c:c~erinental values 

~ • ~ very ecCUl' te v uc f r/c0ul thuz be obt 1 ed · rr.e ou-

nc v l c f p a.CCLU'._. Cl~ - d. e.lt ...... t L t:: ..... ~ t is ei o s:..a c in th is direc -

~~t value avail . lc t coent 

2_ • 

o stated iore in o. homo ·eneous ! ixturc of uranium ~ld.. ter con-

sidcr· lo :frt cti n of · ~e neu ns i.., boor l.! b ur nium ~t recon 1cc .. 
_ d it ~c- ina q i .. e ~.c<.rt .... l ;hc .. h r L · such .ixt e tle n ,1 or of 

. c· "';ro ~ rod cc xcee f eut ono n.osoroe , i . e • . hcther 

o. cL in rc ..... ,tio i i..hc. t e c. o 
.s-

t C ,Old C e n.i tv.1 ~ed in ouch 

reut ,co . 

.Jm sev r o .. ts o ie> it, u.ld be . rc r le o ul'sc c ..rbon 

i'!l he for .e ~orm of rt..t r or 

s . J..h- c .. tare cro~s-sectio of' c .r.J.., . , J !'.or-
- 2."' "t-

cutr 1; ?1. pur lL .. l l. UC > (). 0 I JC f O ~ 
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r ium s heres cobedded in r .... hi tc i, crcuncs 1 L tonsi t}" if tl e te::n""cr -

t · C of vhC Cc.\rb n rises; tLio rc CO ts t e of 1 er .... l 1 • t . i it· 

· .. ic c~ ot c ily be re_edicd . ctll ""'or ot bL izi t e 

c· i re~ction hu there! b. u.e isc tero leas di ic tics 

"1-m c_ t be sun oocd . Tho ·roblcr f le ~w.L1._; . .. t. c he . ... r uced 

( .l,)s t :f .1 ic ic 1 · .ere ted ui ... hin the Ul um G orcs) t bl c 

t c cb .. un .. e .... ction ·. o .... lso · ce nvesti .. ted s c ebl f s t ·s-

sol tic • • 

I no f ...... Lc r uotion c .. cr o~ nr .ctic 1 ur ... es is co -

c .r o th Cl r....ci ..1 ucs i ... n ·,hich , · 11 < c ~.~crnilc c 0 c f 1· c. ions 

ion l et!1 r h ~c iG tope f x ni 2oo r tb d. .!t isoto c 

3 in 1 c ctivc -t- •• e .ermal neutron ro~c 1 • I ..... h .... r 1.r 

is to c :s tl~ c ive ~ ·e t te. t 1 S ~ ~ .. ro '-Y bccowc 

b tech i rc.c o Lft vi J sll. L'l '!.C l cr s c 1 e b-

ta.i c fro a t _'i:ft.. ~.-l.o s 1 to. o f c ~ • In ca!3c o 1 t or 
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DIVERGENT CHAIN REACTION IN SYSTEI.:S COJ~O~ _cJF· UR.AIHUM AND CARBON 

~ 
Following the discovery of an abundant emission of fast neutrons 

from uranium the balance of neutron absorption and production has been 
</t)~ 

studied by means of different types of experiment~ Carrying out one type 

of experiment Anderson, ermi and Szilard reported that on the average about 

~ : ~s-- fast neutrons are emitted by uranium for every thermal neutron 

absorbed by uranium . A more accurate value for~ can be obtained in prin

ciple from a second type of experiment s~ch as the 

Joliot , Kovarski , and Perrin® for which I find 

one performed by Halban , 

/ r- "">2 0:(/() ( / 
1-jJ o;; f~) /- )o 

-- - J) (!) 

fJ 

p is the fraction of neutrons absorbed by uranium at resonance i n a uranium· o"~<1lrt 

- water mixture containing n atoms of hydrogen for one atom of uranium,_ ~(~·h 
C';/U. l 

is the ratio of the capture cross- sec t ion of hydrogen and the absorption 1 

cross- section of uranium comprising both r adi at ive captur e and f ission . The 

value of J is determined by the values directly measured in an experiment of 

this second type . For the experiment Hhich has been a ct-uall y carried out 

by Halban , Joli et , Kovarski , and Perrin I find~lished dat~ 
the value of J = 1 . 8 for n • 3 . Taking into account that for n .:- 3 we have 

'{. .z CP.Z 
3 Q;_(H) 

p :: 0 . 5 we fiave L t..:t 

/ + 
~(t{) 

The value obtained for~ i f calculated from this equation is scarcely affec 

ted by the 1ide limits of error which are still attached to the experimental 

value of ~~)~ A very accurate value for~ could thus be obtained by 

measuring the value of p accurately and an attempt is being made in this di 

rection . In the 

ent ; ~ = 2... 
foll owing we shal l use as the best value available at pres -

if) 
As sta ted before in a homogeneous mixture of uranium and water a consi -

derable fraction of the neutrons is absorbed by uranium at resoBBnce nnd it 

remains quite uncertain whe t her in any such mixture the number of neutrons 

produced can exceed the number of neutrons abs orbed , i . e . whether a chain 

reac t ion in the true sense of the word can be main t ai ned in such mixtures . 

From several po i nt s of view it would be preferable to u-ae carbon in 

the form of graphite or slowing down the neutrons r ather than wate • The 

captur e cross-section of carbon 1'or the r mal neutrons O;({)is small ; an upper 
~ -L¥ 

limit of ~({) a. 0/ xto has been reported f or room temperature s by Frisch , 
<2) 

Halban, and Koch . mt is not possible though to sta~ e at present whether 

or not a 0hain reaction can be maintained in homogeneous mixtures of uranium 

and carbon . 
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The purpose of this communication is to re ort that a ~ethod for ob -

tainin6 a chain reaction in a system com_osed of uranium and carbon has 

been devised and worked out in detail . This method is based on the fact 

that in a. lattice of uranium s:phe es embedded in gra::phi te the ratio of the 

number of thermal neutrons and the number of resonance neutrons ·which are 

absorbed by the uranium spheres can be made very sm~ll if onl ~he r dius 

R of the uranium spheres is chosen rather small . In s::pfute of our present 
. 

insufficient knowled6e of the value of the capture cross - section of carbon 

it can be predicted that by usin6 such a lattice of uranium s heres 

inst ead of a homogeneous mixture a chain react ion can be maintained which 
~e~<6>B a~ ~~~ 

will be divergent for a suffciently large "crystal" oft uranium spheres/. 
<¥I"> "'-e-4:' 

I find XkKX for a latti ce of urru1ium spheres in carbon that a chain . '~ ~ reaction ~~maintained ~~:w~~~ ,...._ 
~ ~·rc- <: € 
Q'~ ( 7 ) 1.. 

(L) 

~=~ 
/'- /./ 

- II for /4 - <: • f. is defined as the ratio of the 

number of thermal neutrons and the number of resonance neutrons which 

would be absorbed per second by a single uranium sphere which is embedded 
~ 

in a11 infinite Bpaoe of graphi te in the special case in which the numbers 
and second 

of resonance neutrons and thermal neutrons produced pe r c .c. are equal and 

have th e same vo.lue throue;hout the whole infin i t e mass of graph i te . 

In order to obtain a conservative estinate for ~ we calculat e its 

value under the a ssumption that every neutron which 1·eaches the uranium 

s1)here by d iffusion while its energy is between 0 . 2 E a..nd 2 E is abso r bed 

by the sphere at resonance, E being the energy at iihi ch the resonD.nce absor p-

tion of uranium has its maximum . Using only such values of nuclear cross-

sections in our cooputati onx whi ch appear to be well established we find 

thus for a ur:ani um sphere of less than 8 em. radiu:; at 900 Centigrade , ~ ;:> /?'_ 
s 

In these circumotances we can expect a chain reaction to take place 

in a sufficientl y l arge mass of gr aphit e \Fhicb contains for instance 

a close-pack ed hexagonal or cubic latt~ce of uranium spheres . The capture 

cross-section of aarbon may of course be much smaller than the upper limit 
onlx,. 

quoted above and consequently there is hope th t~ately large masses 

of graphite ·will be needed to reach the point of divergence at r1hich nucle-

ar transmutation can be maintained at an i.atensity which is limited only 

by the necessity of avoidin5 over-heating . An experiment requiring several 

tons of gr aphite is being prepared in order ,to measure the exact value ofu~ 
7t...:., t....o 4 4 ~/'~~·,£4_ ~ ~~ r~-~~~--~'"2.J JF--
,~dh - l: ~~ ~ // ~ /~ ~ 2. • -
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Large quantities of radio-active elements will be produced directly 

from the splitting uranium atoms and indirectly by the intense neutron 

emission . The nacessity of protecting human beings from deadly irradiations 

emanating from the chain reaction will undoubtedly limit the scope of 

practical applications.~ will , perhaps , s+ow down the industrial develop
' 

ment of this field but it is difficult to imagine that ~ractical applications 

should not follow in due course of time the present turn J f events in physi~ • 
./t: e.- ~ 4~ k-.A-

/ ' chain reaction maintained in a lattice of uranium s~heres embedded 

in graphite i . creases in intensity if the temperature of the carbon rise~ 

<lift>tc ~~~§ly ~~ ~~ermal instability which can not easil~ 
be remedied . A dynamic method for stabilizin6 the chain reaction has there -

for been devised and encounters less Qifficulties than might be supposed . 

The problem of leading away the heat produced( most of which is liberated 

within the uranium sphereo/ without blocking the chain reaction has~ inves-

tigated and is capable of a satisfactory solution • 

In so far as the production of power for practical purposes is concerned 

the crucial question which will determine the scope of applications is now 

v1hether the rare isotope of uranium 235 or the abundant isotope 238 is the 

active agent in the thermal neutron reaction . If the r afe isotope is the 

active agent ten tons of uranium would become exhausted by th e chain reaction 

after having supplied as much power as can be obtained from about fifty 

thousand tons of coal . In case of the other alter native , ten tons of uranium 

could supply more power than five million tons of coal without being used up . c;; . 
Though U. Bohr put forward . intere_sting arguments i~upport of the view that 

J :£_0 u-..~ •'"'l~ ~"?-< -.. ~.,.::~ 
vrthermal neutrons 5pli~ ~he F&PO isotsp~ this question Will have to be decided 

by direct observations performed on small samples of the separated isotopes . 

Only after some such observation shall we be able to express a well balanced 

opinion upon the immediate future of"atomic engi neering ." 



{! ) 

DIVERGSUT CHAIN REAC TION Til SYSTE!.:S COllPOSED OF URAIHU1.1 AUD CARBON 
<Z)~ - -

Follovnng the discovery o£ an abundant emission o£ £ast neutrons from uranium 

the balance of neutron absorption and prod1ction has been studied b·~ maans o£ di££erent 

types of experiment~~ Carrying out one type o£ experimen~Anderson, Fermi , and 

Szilard reported th3.t on -';.1e a.V3l''l;e about '< ""I. .)fast neutrons are emitted by uranium 

for every thermal neutron absorbed by uranium. A more accurate value for~ can be obtaine 

in principle £rom a second type of ezperiment such as the one performed by Halban, Joliot , 

• .....A-'~ .-:. ~ Kovarski and Perrin for ~ic~ I Piud 

/ Jj 
is the fraction of neut!·ons a sor::<~t~ l-, .,~ uranium at resonance in a uranium oxide •:.'a.ter p -.; 

mixture containing n a t oms of hydrogen for one atom of uranium, 0!~ I ((_ 
is the 

rati8 of the capture cross-section o£ hydrogen and the absorption cross section of uranium 

comprising both radiative captur.e and fission. The value of J is determined by the 

values directly measured in an experiment of this second type. For the experiment ~hich 
@ h_J 

has been actually carried out by Halban, Joliot , Kovarski, and Perrin I fin~ the pub-

lished data ~I ~ the value of J : 1.8 for n • 3. Taking into account that for n • 3 

~e have p • 0.5 it is 
" ) ...... ..,..._ .. 

The value obtained for ~ if calculated from thi s equation is scarcely affected by the 
/ ~ 1-4.~~ 

wide limits of error wft.~h al"e still e:<etae.fted :t;e' thii(8Bperimental value~o£ 6';; • 
A ve~J accur te value for~ could thus be obtained by measuring the value of p accurately 

and an attempt is being made in this direction. In the follo>ring we shall use as the 

best value available at present : / -= Z. 

As stated before in a homogeneous mixture of uranium and water a considerable fraction 

of the neutrons is absorbed by uranium at resonance and it remains quite m certain 

·whethor in any such mixture the number of neutrons produoed can exceed the number of 

neutrons absorbed, i .e. whether a chain reaction in the true sense of the Yro rd can be 
@ 

maintained in such mixtures . 

From several points of vie · it ~rould be preferable to use carbon in the form of 
A~..:-.. tt- /r- ~ -

graphite rather/~ vrater f or slovnnr; doVJn the neutrons . 

carbon for thermal neutrons OC is sn all; an upper limit of 

The capture c_·oss- section of 
-z y "l.. 6C. > o. 0 I X I () ~ 

has been reported for room t Jmperatures by Frisch, llalban, and Koch. It is not possible 

though to state at ?resent vmether or not a chain reaction ·can be maintained in homogeneous 
ar ~ "" '',Ce 

mixtures of urn.ni~ and carbon. 
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The pu~ose of t his communicat ion is t o report t hat a method for obtaining a chain 

reaction in a sys tem compos ed of urp..nium and carbon ha s been devi sed and •rorked out in 

detail . This method is based on the fact t hat in a lattice of uraniun spheres embedded 

in graphite the ratio of the n~er of thennal neutrons and the number of r esonance neutrons 

which are absorbed by t he ur anium suher es can b e made very small if only t he radius R of 

the uranium spheres is chosen rather small . In spite of our present insufficient knov~edge 

of the value of the capture cros s- section of carbon it can be predi cted that b,; using such 

a lattice of uranium spheres instead of a homo geneous mi:::tur~ a chain reaction can be mn-
Q. ~t-U.'a ~ 9~aL/' ~~ Q~ 

tained •·rhich '.'ill be divergent fo1 embedded in a large sphere of graphite. 

I find for a lattice of uranium spher e s in ca rbon t hat a chain r eaction can be mais-

tained provided ''le have 

(f!.) ~ ~~ - /./ ) l. 

~ is defined as the ratio of the number of thennal neutrons and the number· of reso-

nance neutrons ··rhich would be absorbed per second by a single uranium sphere ·.nich is 

embedded in an infinite mass of graphite in the special case in ·;rhich the numbers of 

resonance nentrons and thermal neutrons produced per c . c . and second are equal and have 

the same value throughout the vrhole infinite mass of graphite . 

In order to obtain a conservative estimate for € we calculate its value under the 

assumption that every neutron vihich reaches the uranium sphere by diffusion 1·Jhile its 

energy is be~reBlO. 2 E and 2 E is absorbed by the sphere at resonance , E being the energy 

at ·which the resonance absorption of uranium has its maxirn.um. Using only such values Cif' 

nuclear c r oss- sections in our computations uhich appear to be wel l established we find 
<Tf.~~~ 

thus for a l!1!~=·ce~r~· ..... sphe~of less than 8 em. radius at 900 Centigr ade , E. > 1)1 · -
~ C.:., .;...rt < 4"/oo• J4.u,.. $....~~" 

This p~,~ ~e "Se &o ""''P#f'l • ,.(_ ~~~~.>iven by Formula (2) ·which is 11 for~ .::::?2. 

In these circumst ances we can expect a chain reaction to take place in a sufficiently 

large mass of ~raphite ·:.hi ch cont a ins f or ins tance a close- packed hexagonal or cu ic 

latt ice of uranium spheres . The capture cros s- section of carbon may of course be much 

smaller than t he upper limit quoted above and consequently there is hope that only 
a.u..d ~~ ...-y ~~-~ 

moderately large masses of graphitel vnll be needed to reach the point of divergence at 

'hich nuclear transmutation can be maintained at an intensity which is limited only by 

the necessity of avoiding ove r - heating . An experiment requiring 
t.~ ~ ~~~/i--~~~-r-r;._.rl 
ie ~sing-prepAred in eraoF te neae~reYthe exact value of ~ 

several tons of raphite 

• 

Large quantities of radio- active elements vnll be produced directly from the split

ting uraaium atoms and indirectly by the intense neutron mmission. The necessity of 

protecting hUJ'llall bein s from deadly irradi "'.tions emanating from thA chain re ction cill 

undoubtedly limit the scope of practical applications and~erhap~ Slovr down 

the ind·strial development of t his f i eld but it i s difficult t o i~~ino that practical 

applications should not -~'ollow in uue course of t i ne the pr esent turn of events in physics . 
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It can be shovm that a chain ~eaction maintained in a l a ttice or uranium spheres 

embedded in gr aphite inc~eases in intensity ir the temperature or the carbon rises j this 

<_ct. f.'n' ~ ~ 
represent S'! thermal instab ility vrhich can not easily be remedied. A dynamic method ror 

stabilizing the chain reaction has thererore beerl devised and encounters less dirriculties 

than might be supposed. The problem or l eadin awa the h eat produced (most or ·.:hich is 

liberated v;ithin the uranium spheres) without blocking tLe chain reaction has also been 

investigated and is capable or a satisfactory solution. 

In so far as the production of po:·rer ror prac t ical purposesis concerned the crucial 

question ;·rhich vrill determine the scope of applications is now '\'rhether the rare isotope 

or urQnium 235 or the abundant isotope 238 is the active agent in the thermal neutron 

reaction. If the rare isotope is the active agent ten tons or uranium ~ become ex-

hausted by the chain reaction artor having supplied as much po·:rer as can be obtained rrom 

about rirty thousand tons of coal. In case or the othe r alternat ive , ten tons or uranium 

could supply more power than five million tons or coal vrithout being used up . Though 

CZ) 
N. Bohr put rorvrard inter esting arguments in support or the vim·r that it is the rare 

isotope vmich is split by thermal neutrons this question i7ill l1ave to be decided by direct 

observations perronned on small samples or tre separated isotopes . Only arter some sue ' 

cnbservation shall we be able to exnres :3 a vrell balanced opinion upon the iLJmediate ruture 

or "atomic en~incerin.,.." 
0 "' 

• 
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