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TRANSMUTATION OF CHEMICAL ELEMENTS 

The invention concern methods and apparatus for the 

production of nuclear transmuta on leading to the generation - - .... -- ~ 

of radio- active bodies, to the to~age of energy by means of 

the generation of radio- active ----- -
dies and ~_Q:tiJJ...eatiD_n_.Q.f 

the energy which has thus been - ..___ ··- ..-.... ·-- - -
heat and power, further to the 

and the utilisation of the 

1) Generation of 

.. 
the production of 

of nuclear energy 

It is possible 

to produce with good efficlel}cY r _o_::a.ct..lv..e...b.odies from 

various elements, if such elements are exposed to the penetrating -. 
radiation , the active agent 

produced 1~~ various ways ~ m~arts.~ 0 

J
on..e..-w.a.y. of generating~~ -~ n~~tron 

of 
causing a nuclear reaction mRkKK~ h 

2 (diplogen)* with itself or other 

are e tron~, that can be 
-~""""""-

~ lec_tri cal 91 scharge s. 

radiation consists in 

drogen of the atomic weight 

t elements 

Fig. 1 shows an example of a sui table arr angement. 

is an electrical discharge tube cting a beam 12 of fast 

ions . ** The ions fall on as bstance 13 consisting 

of for instance ~~ gaseous diplogen or a diplogen compound or 
' ( ~~i~um, causing transmutation, i . e . a uclear reaction of the 

~ di plogen ion with an atom of the target The substance 13 is 

, surrounded by a layer 14 containing the lement which we wish __,....---..... -- -· .,~ ....... - .... -.. -~· 

to transmute into a radio-active element In order to have 

a good eff iciency, the thickne s s of th~_ ..;:;;;...------- ... ~ .. ~ 

suffici~ntly large , ,.q.O.IJ!P ?:l'ed with 

~/ neutron for this transmutation. 

Fig. 2 shows the elec t rical 

14 ha s to be 

free path of the 

referred 

to in fig. 1 . It is a high voltage positi e r ay tube. There 

I is an auxiliary positive ray tube on top o the high voltage 
X 

tube. 11 is the anode 15 t he cathode of t is auxili a ry tube . 

Diplogen is a6.mitted t h rough pumped a~ay through 

~-YiuJ ~------..._ c¥ct!a~ 
c:v C.:L 

I. 

I 

I 

------~-----------------



14. 

Other sUitable ar gement s are based on a d1 fferent 

principle. The nuclear re -- diplogen with itself for 

.instance can be enforced by 11he ating up" diplo gen through an 

~ electrical discharge for a 

~c._ inst~ce, store electrical 

raction of a second. We can, for 

nergy by charging a condenser and 

LS 

LS 

LS 

X 

X 

X 

then suddenly_ di scharg.§l . t)le condenser through ~plo.gen. Ye -· 
thus obtain a neutron radia on which can be used for the generation -- ·-· ~... ---- ._ - .... -., -
of radio-active bodies as a ve . f3ttM-aeftee-e-£=o-fl-~},e-~b!:~-ttr>Jl 

w~~~-be-~e~eP~bed-fttr~e~-be ~w. 

*also called deuterium 

**also called diplons or deu ons 

end of page 1 
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Such an arrangement is 

discharge tube 41, 44 whi ch conta s diplo gen is connected 

'<.) 

>- tantly d1 scharged through the The condenser 52 - ·-

is connected with a high voltage s ply (D.C.) through the 

chokes 53, 54. 

In order to ~tx~~R have a good effi ciency the 

discharge tube has to be devised so as to introduce in 

a very short period of time a very 1 ge energy concentration 

in a small space filled with diploge . O~_possibility of 

achieving this is by means 

in a vacuum discharge tube 

ating charged p~ticles 

g them to go through the 

small space filled with diplogen. 

Fig. 4 shows an illustration of the method. 41 

discharge tube. 42 an electrode n this d1 scharge tube. 

43 a thin metal window hermetically se ling the vacuum in 

the discharge tube and allmving the pa sage of charged particles 

from the discharge tube into the interi the vessel 44. 

to tube 41 can be A number of other discharge tubes simil 

placed around the vessel 44 in a positi simil at' to that of 

41, and all th ese tubes can be imultaneously. Each 

tube may have a separate set of electric 1 condensers and 

all these condensers may be d1 scharged a ross the corre spending 

discharge tube simultaneously by using a 

bridge all the spark gaps simultaneously. 

ray 8 of all the di scharge tube 8 d on a small are a 

45 the "transmutation area" the volume of only a 

to 

small fraction, K.g. d 1rlm IXXliU <X1 of th of the vessel 
41 

44. The vacuum tubep may be operated as c 
---+---

Vacuum can be maintained in the interior o 

Up till now we have described the ~eneration of 

radioactive bodies from elements which are ransmuted by neutrons 

into radioactive "':odies, by methods in whic neutrons were 



liberated in a nuclear r eaction tween light elements . 

The nuclear reactions between the light elements were br ought 

about either by the bombar dment o a target containing light 

elements with a beam of fast light atoms or by heating up a 

small space containi ng a light ele ent . Now two further ------
methods will be described for the iberation of t h e neutron s --leading to the generation of r a dio ctive bodies . One of these ---
is based on the fact that neutrons an be liber ated from · 1 ·\- .ti -~ 

certain elements, for i nstance bery lium, 
~~l...~n-. .tt. J~~ "t- y'' 

by x-rays. tr ' '' ' , , l~ 
II c ~ tu. • • 

Figure 5 shows an arrangeme t suitable for the 
~~ j:...._ -li ...;_ ~J...,.. p \. d • '·, I "l!\.1! ~~~·· '"'~ i..,_~>l. 

production of hard x-rays . 1 i s t he rimary of a trans- "-"t 
II 

former, the secondary 2 of which is 

3 and 4 . 3 is connected to the catho 

the points 

rectifier 

is connected to the ca thode 9 of the ectifier t ube 10 and 

to the anode 11 of the rectifier 2. The cathodes 13 

and 14 are connected to each other and to the earth . The 

anodes 15 and 16 are connected to poin 

is connected to the po le 18 of the imp 

pole 19 of which is conne c t ed to earth. 

20 is bUilt of condensers 21, resistanc 

17, and this point 

se generator 20, the 

The im~lse generator -----·-- - . 

and spark gaps 23 •. " 17 

This impulse generator is adapt d to produce 

int ermi ttant voltage up to 10 million _ _y_p 

the di s cha r ge tube 24 t hrough the spark 

cathode of the discharge tube, the anode 

connected to the earth . The fast 
" 

the metal wi n dow 27 (which is t h e 

hit~ a body 28 . This bo dY is used as 

to 

25. 26 is the 

of which is 

emerge through 

well) and -aPe 

anticathode and. 

yields h ard X-raYs with very good efficien y if it is built 

of Bi. Pb or soroo other heavy element. 
----- ~"""1 ... -~.~· ...... 
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- -----. 
anticathode is wat er-cooled, entering the rotating body 

t hrough t h eaxis 35. 32 is a bery lium block in whi ch a space has been 

left for the rotati ng anticathode and for t he path of t h e cathode rays 

33 between the window 2? and t h e ticathode. This beryllium block 

may for instance have x 25 em. The voltage used to 

operate the electron tube may be million volt. The beryllium 

block is surrounded by a block 34 we wish to trans-
......- ........ ·- f 

mute into a radio-active element. r instance, iodine or arsenic or 

me talic beryllium in the block 32 in the block 34 may be 

present in the form of an organic orde r to make an isotopic 

separ ation possible after • The dimensl QJ1..~J.LJ*,.oQ§_..d4 may, 

for instance, be 50 em. x 50 em. . n_ / ~ ~, «.nNtlv.><i..,:., .r. ... ti-.. ~1 1 " ttn.,.,.~fth.t ~t ,~.,et 1 • \_)VV~ ~~- l e trons .. ~~Na'" ~s·~-~1 ...... · ~a~~o!: . on beryllium as .. hard ~ s, 

~~a fraction of this action may be due o the direct action of the fast 

electrons on the beryllium. In view o the fact that hard x-rays gen­

erate fast electrons in t he beryllium, part of their action can be 

due to fast electrons. In any case, fo do not wish to diff erenti ate 

here be tween the action of f ast electr s and hard x-rays, and while 

~ ;fe think it likely that the direct~o~ tion of hard·x-rays on the 
.;j beryllium plays the major part in the 1 be ration of neutrons,p-e wish 

to en vi sage the following modification f p:ai. method: The electrons 

of t he dischar ge tube f all in st ead of le d on beryllium which can be 

put into the pl ace of the l ead coating 3 of the rotating anticathode 
- _..., -M til'- - -,., -- ._.. ,.... ' 1"' •• 

30 in __ !..~ sure 6. --

-4-
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Many elements transmUte when ombarded by slow neutrons into 

their own radio-active isotope and it equires a special method 

chemically to separate the radio- active element from its irradiated 

isotope. We can achieve such a separati n by irradiating __a_, suit­

able chemical compotmd of the said elem t.Those atoms of our 

element which transmute into a radioaoti e atom are thrown out of 
I 

the compound and ~EM~ will subse uen t be called nfree 11 If we 
/ 

choose a compound which in the circumstan es does not interchange ........_...__ _..,. .... ..._ . ....,. ... , 

the atoms of our element bound within the ompound with the "free" 

~~toms, which are their 1aotopea, we can ch 1111cally separate the •rree" 

a~oms from the compound and thereby separa e the radioactive isotope 

;} from the irradiated element. Compounds in w ich tu1.e element in which 

J we are interested are bound direct to carbo are ver,y often sUitable. 

For instance, in the case of iodine compound like iodoform or 

ethyl iodide can be irradiated and after irr diation the radio­

active isotope can be concentrated by separat ng the 11 free 11 iodine 

from the iodoform or the ethyl iodide. In ord r to protect radio-
~ ... • "'_:.or •!"'"'- .._ 

active ioc:Une.~a.~s.mal~ amount of ordinary iodi e cat'l be...§l_ssgJyed in __..._... ..... - .._ .... ~ .... ,. - - _,_ ............ 

the organic iodine compotmd before irradiation or after irradiation 

but ~efore separation. 

-5-
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In the following we shal deal with methods and 

apparatus for the production of e ergy and generation of 
y 

3 X radio-active bodies b~ means of c in re-action . In order 

to maintain such a ch ain an ini tia radiation of neutrons 

is generate_d by one of the methods described further above . 

If the neutrons enter a space whic has the proper shape 

and size and which is filled with a proper combination of 
ir 

L ~J x elements their energy or thejn umber , l:oth , can be in-

creased through t h eir interaction wi t he substance which 

fills the chain re action space . The i t eraction of a neu-

tron with matter can lead to the further 

neutrons - the se newly liberated liberate a gain 

in their turn further neutrons so tha ca."1 have a chain 

reaction in which a large number of n utrons are liberated , 

the arrangement. 

~c_ Figure 7 and 8 show such a chai reaction apparatus. 

A neutron radiation, the initial radiat is generated 

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

tail in figure 2.) This tube generates deutons which 

strike the target 28 which ri urn. The neut ron 

radiation emergL'1g :from 28 acts on the 

the spherical tra."'lsmutation sp ace . The position of this 

matter 3 will be discussed further below such that 
a 
~ chain reaction is release d by the neu The pumps 

120, 121 and 122 pump a liquid for water or mercury 
y 

LS x t hrough t he p ipe systems 107 , 110 , ebt cooling the 

transmutation area 3 and driving the liquid t hrough 

the boiler 126 . The toiler supp l ies 

plant . n1e neutrons emerging from the spher 3 act on a 

layer 9 whi ch is composed of an el em en t xx t will trans-

LS x mute into a radio-active body( which isSlita for the 

storage of energy.) 
y 

An essentially different wa~ of intro 
initial radiation into the chain reaction ch 

LS X 
cing the 
ber is the 



LS X 

LS X 

LS X 

LS X 

f 

arrangement shown in Fig~re 

tube described in Figure 1. 

401 is the cathode ray 

is a sheet of a heavy 

which pene t ra t i ng radia-element for i nstance Pb , or 

tion (hard x-rays) is generat d with an extremely good 

efficiency if the electrons h ve a voltage a8e~~-e~ over 
Y. 

one million volt. This effici nc~ increases very rapidly 

with the voltage, and is much H ghar than it could be ex-
Y. 

pected from t he experience base on ordinar~ x-ray work. 

The tbiclrn~ss of the s heet such as to enable the 

generated penetrating radiation o penetrate tr r ough this 

sheet and act on the transmutatio chamber 106 (in Figure 

8). Nevertheless the sheet can b sufficiently t h ick 

to utilise more than half of t be e ergy of the cathode 

rays. Th e x-rays emerging from sh t 402 penetrate the 
neut ons 

layer 3 and can liberate eff~e~e~~- a~~ieles eith er from 

the layer 3 or from a sub stance 407 laced in t he inter-
beryllium 

ior of the laye r 3.) For instance, f we have @~~lege~ 

present in 4o3 or in 3 neutrons will e ~rBBBEi liberated 
y 

bt x-rays. These neutrons can then m re-

action as discussed further above and urther below. 

The advantage of using X-rays as an ini ial radiation is 

the following: The x-rays penetrate th ough a perfectly 
Y. 

closed later 3 into the interior of the ayer and therefore 

a leak of neutrons from the interior can b e avoided. This 

tt is speciallz important if we have to deal with a neutron 
p 

chain in which no multiplicator action is In 
y 

such cases x-rays mat beused with advantag as initial 

radiation especially in view of t he unexpec edly large 
Y. 

efficiency of the x-ray production b~ means of fast elec-
trons acting on heavy elements. the 

In the simpliest case, when neurons alone fonn/links 
of the chain, we shall demonstrate in the fo lowing 
the importance of the shape and the size of _e trans-
mutation space. /If we ba ve a closed spherics laJer of 
material in wh ich the chain re~ct1on takes pl ce the 
inner radius (~) of wh ich is farge compared w th the 
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LS X 

8 . 
mean free pathpl of t~e -~~ieiaxtx~••ti£iBaxwki neutrons 

which maintain the chain, th densitJ (s) of the neutrons 

will with good a r-proximation e given as a function of the 

radius (r) bJ the following e uation: 

D d~rs) I d~~ A (rs) = 0 

D and A are determined bJ: the mean free path of t h e neutrons 

a; the mean velocitJ of the ne 

multiplicating action f 
neutron 
e*ee~~e~ are needed in 

neutron 
new e*ee~~e~. A = w I 

the aver 

We are interested in the c 
y 

factor of the 

how manJ collisions of a~ 

in order to produce one 

I 3 : li' = a-VT 
A f31 

itical thickness tf, of the 

spherical later for which the gra ient of the density ~ van-

ishes. If the thickness (r2 approaches a we can main-

tain with a very weak source itial radiation in the 

interior of the inner surface of e spherical layer a very 

strong cr~in reaction and we can e silJ get one thousand or ,, 
more times more neutrons emerging om the chain reaction 

layer than the number of the neutro s forming the initial 

~~radiation. If the outer surface (r = r2l of the spherical 

layer were to stand free in space th density s would be 

zero for t hat surface and the critic value 10 would be 

given by ~ = n12 V D / A. If the oute surface is covered 

by some material, for instance if transmutation layer 

is immersed into v1ater or covered ad the critical value 

10 is reduced. This is due to the bac scattering bJ water 

or lead and also to the fact that the utrons are slowed 

down in the water and t heir mean free p th is thereby re-

duced. 

It is important to prevent neutron from esca ping out 

of the interior of the inner surface of he spherical laJer 

and also from being absorbed in the inter or . If tbe in­

itial radiation is generated by apparatus placed into the 

interior of the sphere t~e material 

selected as to lead to a minimum of 

If the thickness is larger t t an the 

we can produce an explosion. 

be so 

itical value 10 
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We shall now discuss the comp sition of the matter in which the 

cba1n reaction is to be maintained We wish to distinguish three main 

types of chains. 
are 

(a) Pure neutron chains, in whi h the links of the chain/xis formed by 

neutrons of the mass number 1 alone. Such chains are only possible in 

the presence of a metastable element A metastable element is an ele­

ment the mass of which (packing fract on) is sufficiently high to allow 

its disintergration into its parts un 

like uranium and thorium are examples 

liberation of ene~gy. Elements 
metastable 

such/elements; these two ele-

ments reveal their metastable nature b emitting alpha particles. 

Other elements may be metastable witho revealing their nature in this 

way. ~~ether an element is metastable r not can be determined by 

means of the mass spectrograph. If, instance, the value obtained 

by Bainbridge for beryllium by means of he mass spectrograph, which 

appears to be generally accepted at pres t, is really valid, we have to 

conclude that beryllium is a metastable e ement and can disintergrate .. 
into parts wlth the liber ation of energy, one of the parts set free in 

its disintergration being a neutron~ Matx xxxmstxstamiBXBXBMB~tsxBaB 

~~BBxxsxdx~•~~•~xPKZPBXBK ~zmax&kam.xtaxaa xmataataBiBx 

LS X 

LS X 

If we have an element which is metasta le but the disintergration 

of which is inhibited and if this inhibitio can be lifted in a col-

stable element. x~xaxaR If an inhibited element "A" is ex-

posed to neutrons, we may have the following eaction. 

"A" + n = "B" + n + Energ 
has 

The element "A" transmutes into an element "B' whicb '• t he same atomic 

number and mass number and energy is transmitt d to the neutron. The 

element "B" may break up into an element "C" a a neutron, the element 

"C" having tbe same atomic number as "B". The lement "C" may or may 

not break up into further ~atkx parts. If the inte r action of a neutron 

with the element 11A11 leads in this way to an inc ease in the number of 

neutrons (the newly created neutrons would toget er with tbe original 

neutrons continue to interact with the elements " " t t ereby forming 

all element "A" a the links of a c hain aEXXB~ reaction.) ~e e~a~~ 
l 

metastable multiplicator. 
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All particles which have a 

mass of the proton axe or a multi 

B~B~ approximately equal to the 

thereof can play a similar role 

as the neutrons provided they car 

X~JXKXBXBxxix~B~x~s and 

positive particles. Protons, 

not be used as links of chain 

charge or a negative charge Ext 

all these particles heavy non­

other positive particles can 

All pure chains in which one 

and the same heavy non-positive par icles forms the links of t be chain 

must necess arily make use of inhibi ed metastable elements. The simplest 

non-positive heavy particles apart neutron are the neutron with 
the 
a/mass number 2 and the negative pro 

(b) Chains in which two of heavy non-positive par-

ticles sxigiEK~B alternate. Such cha ns need not necesarily make use 

of metastable elements. For instance an element 11 D" may be so chosen 

that when interacting with a neutron mass nu~ber 1) a double-neutron 

(a particle with the atomic the mass n~~ber 2) sho~ld arise 

and when interacting with a double-neu neutron should arise, and 

that these reactions should ive energy balance. If such 

a chain could be maintained in deuteri each link would liberate be-

tween 4 to 5 m.e.v. 

H (2) + n (1) = n (2) + H 1) 

H (2) + n (2) = H (3) + n ( ) 
4.5.m.e.v. 

Such a cr~in can also be maintained in mi tures of two different ele-

menta 11E 11 and "F" which show the reaction : 

11F (m) 11 + n (1) = n (2) + 11G (m- 1) 11 

"E ( k) 11 + n ( 2) = 11 I ( k+ 11' + n ( 1) 

( We shall call an element ''F" which reacts w th tm heavy non-positive 
IJ 

particle and x~2ixB transmutes into an ele mass number of 

which is one less, a converter element. An 11 E11 wh ich reacts 
an 

with a heavy non-positive particle and trans utes into/element the mass 

number of which is incr eased by one, reducer Most elements 

which yield protons when bombarded by deutons used as reducer 

elements. Beryllium can act as a converter e In order to have 

a chain action in wh ich the number of neutrons increases we must have 

apart from t _e converter and the reducer a mul iplicator el ement which 

either splits up double-neutrons into two neut ns or from which neutrons 
are liberated in a process in which the interac ing non-positive heavy 
particle is not captured. 
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"C"- Chain reactions in wh ich a heavy non-positive particle, for 

instance, a neutron, and a sygma q ntum alternate. 
Many 
/elements which capture on emit a rad iation which carries 

away the energy libe r ated in 

t his radiation is not yet 

ture process. While the nature of 

beyond doubt (a large fraction of 

it may consist in a gamma can be sh own f r om the i~xx laws 

of t her mo-dynamic equilibrium 

sygma radiation, can liberate 

r ad iation, wh ich we shall call 
' 

s from ·el ements and the cross 

section of t h is process (wh ich is t h e inverse process of t he capture) 

can be calculated. Some elements emi t wo sygma quanta if they capture 

a neutron and can act th er efore as mu tiplicators in a chain react i on. 

If we have a mixture of elements ( eve pure elements have to be con­

sider ed as mixtures of t r e1r isotopes) we can ch oose the components of 

t he mixture so that one EiBm.Bm.:t of t he components "K" captures neutrons 

and emits two sygma quan t a of t he ener ies E1 and E2; anotr er component 

"L" absorbs t h e quanta of energy E1 and emits neutrons which are again 

captured by "K" and lead again to the.:t:E emi s sion of sjmga quanta; a 
f l 

thi~d componen "M" absorbs the quanta E2 and also emits 

neutrons wh ich too will be captur ed by • 

~~ In orde r to have a large absorption coefficient for the sygma 

quanta we ought to choose such el ements 'L" and "T~ " which have a :E.JlH 

LS X 

siii resonance for qua nta of the energ ies E1 and E2 r espectively. 

Similarly 11K11 may have resonance for t h e apture of the neut rons lib-

erated by the sygma radiat ions from t he o her components or else itxma~ 

»xxa the neutrons may be slowed down aJ f instance by elastic col-

lisions in hydrogen and "K" may have reson nee for the neutrons which 

have been slowed down to its resonance lev 1 (which may be at zero 

energy). 

On_.e, possible comb ina t ion of the r es ona ce levels is t hat "K", "L" and ,, 
11M" have all re sonances at ze r o energy of t e neutron ("K" for ca pture, 

"L" and "M" for libera tion of neutrons) and t hat E1 and E2 a r e slightly 

above t he binding energ ie s of t he neutron in "L" and "M" respectively. 

Examples for el ements which have a res on nee for the capture of 

neutrons at zero energy are cadmium , mercury 
elements, like for instance- r . odium transm 
element if t hey capture a neut ron. If a radi 
one of t he two sygma (gamma) quanta may be em 
time lag, corresponding to t he half life per 
ment. 

et ce tera. Other such 
e into a rad ioactive 
active element is formed 
tted with a considerable 
d of the radioactive ele-
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re-
By maintaining a chain/act n in c ombination with means for leading 

away and utilizing t h e heat set ree in t he transmutation process energy 

can be pr oduced and utilized for production. In t he same way, 

heating up deuter ium by means el ectrical discharge as described 

n t hat part of t his spe.cificatio wh ich relates to Figures 3 and 4 

for power production. 



(1) In an appa~atus for the oduction of radioactive elements 

I claim the combination of a devic adapted to produce neutrons and 

a body (containing an eleme nt wh ich transmutes into radioactive ele­

ments when interacting with neutron ) expo sed to the neutrons genera-

ted by the said device. 

(2) In an apparatus for the pr duction of radioactive bodies, accord-

ing to Claim One, I claim the said d the combination of a 

high voltage canal ray tube adapted or the generation of fast deutons 

or other light ions and deuterium or ther light elements exposed to 

the said canal rays. 

(3) In an a pparatus for the pro u ction of radioactive bodies, 

according to Claim One, I claim the sa d device being t he combination 

of a high voltage x-ray tube and an el ment from which neutrons are 

liberated by x-rays, for instance, ber llium exposed to the x-rays 

gene r ated by the said tube. 

~~ (4) In an apparatus for the produ tion of radioactive bodies, 

according to Claim One, I claim the sai device being the combination 

of a high voltage electron tube and an e ement from which neutrons 

are liberated by fast electrons expos ed o the cathode rays generated 

by the said tube. 

(5) In an apparatus for the produc ·on of radioactive elements, 

a ccording to Claim One, I claim the said 

the ~amim neutrons generated by the said 

comnound (of an element which transmutes 

is exposed to 

a chemical 

elements 

of the generated radioactive el~ent from ts non-radioactive isotope. 

(6) In an apparatus for the producti 

according to Claim One, I claim in the said 
of means for storing electrical energy, an 
adapted to produce a high energy concentrat 
the electrical ene~gy stored by tbe said me 
xkBxBm~ throu6 h it, deuterium or mixtures o 
light elements in the said small space, mean 
xk%mx the stored energy t hrough the said dis 

(7) In an apparatus for the production 
bination of means for storing electrical ene 
charge tube adapted to produce a high energy 

of radioactive element s, 

device the combination 
lectrical discharge tube 
on in a small space if 

s is sudden y discharged 
deuterium or helium and other 
for discharging suddenly 

barge tube. 
of energy, I claim the com­
gy, an electrical dis­

oncentration in a small 



space if the electrical energy stor said means is suddenly 

discharged through it, deuterium or of deuterium or hydrogen 

with other light elements in t he small space, means for disc harging 

suddenly the stored energy t hrough t said discharge t ube, means for 

leading away and utilizing t he heat 1 berated in t he transmutation pro-

cess. 

(8) In a n apparatus for the produc on of radioactive elements or 

energy, I claim t h e combination 

initial radiation, for instance 

radiation a b ody so composed t hat 

vice a dapted to generate an 

radiation, exposed to t his 

reaction of neutrons be main-

tained. 

(9) In an apparatus for the producti n of radioactive elements or 

energy, according to Claim 8, I claim t e exposure of a n element, which 

is transmuted into a radioacti ve element by neutrons, to t he neutron 

of radioactive elements or 

radiation generated in t h e said body. 

(j ~ (10) In an apparatus for the producti 

~ energy , according to Claim 8, I s for leading away the heat 

generated in the transmutation process, m ans for utilizing t he gen-

erated heat for power production. 

(11) In an apparatus for the production of radioactive elements or 

energy , according to Claim 8, I claim the aid body being so composed 

that a c hain of heavy non-positive particl is maintained. 

(12) In an apparatus for the production f radioactive elements or 

energy, according to Claim 11, I claim t hat t he said body contains a 

metastable multiplicator. 

(13) In an apparatus for t he production o radioactive elements or 

energy , according to Claim 11, I claim that e said body contains a 

converter element, a reducer element, a nd a ltiplicator . 

(14) In an apparatus for the production radioacti ve elements or 

energy, according to Claim 8, I claim that said body contains 

beryllium. 

(15) In an apparatus for the production of adioactive elements or 

energy , according to Claim 8, I claim that the aid body be so com­

posed t hat t he chain in w_ ich neutrons and sygm particles alternate 

be maintained. 

(16) In an apparatus for t h e production of 
energy, according to Claim 15, I claim that sai 

dioactive elements or 
body contains an ele-



ment "K" which emits more tha one sygma quanta for each captured 

neutron and one or more el erne ts "L", "M" • • • which absorb strongly 

the sygme. quanta emitted by "K' and eject neutrons in doing so. 
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apparatus for nuclear transmutation 

set forth in the annexed specification; and he hereby appoint 

l>t 
State of attorney with full r of substitution andre-

vocation, to this application, 

amendments therein, to _ei ve the patent, 

business in the Patent Office 

Leo Szilard 

TO ALL WHOM IT MAY em CERN: 

Be it known that I Leo Szilard 
Germany and Hungary 

citizen of irlxRxlsfzd:ctnrdxSxaXI!U[ and resident of New York City 

in the County of New York and State of New York 

have invented certain new and useful Apparatus for nuclear 

tran smut a ti on 

of which the following is a specification 

all 
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This invent~~~on~n~~e sc~~~e,Tr~n~ j ) 
dioactive element~ · b may lead to an e fiJient sys;em of 

'/... ~,., /,Jr. 1(.~ ~ "" ( d~ 
energy storage .~ the prodtlction of heat which may be used for 

~-<-, ~ ~. d. ,{ ' ~ff ~h.~. '?-e.-( ' I'J4., __ ~ 
the production of electric powef by means of a nuclear chain ~. 

~, 
reaction. The links of the chain are neutrons which have no 

charge and have a mass approximately equal to the proton mass 
a 

(or in certain cases possibly a multiple thereof). If/neutron .... 

of a certain velocity is brought to react with the nucleus of 
II "?1-'1 

an element, and if as a result of this reaction on the_~yera~e 

more than one neutron is emitted in place of the original neu-
h 

tron which~ disappear, we have then conditions in which a 

chain reaction of neutrons may be maintaine~}iNaturally, the 
I 

,If * .t"' I I' '1. 

average number of/.~eutrons emitted in the reactio~~~ed not be 
vv ~ L' l \) I )-w( <'L. I ~ ••-,.fl" f i ,."'1' I/' .. f/ /"C.. 

a whole number9 it may be a number ~!ke, f . i ~· 1. 3; this may 
~ ~I.-' eo :cleO a q _. t:o 7L17C""'<"'r 

mean f.i. ~AV~~ one reaction in whic~ two neutrons are emit-
cwwv~ { ..... tM.~- . 

ted there are two react ions in vrhiph only one neutr.on :j,s emitted. 
(!""'-<. i.J.-u t..-,r· I • ~ 

In order to be able to ~aintai 
• • j c . 

, l 1 , ._~ l) t'l t r ~ 

a chain react ion .-±-t i~ :ru rt!re'!' 

_ hecessary t,hat the velocity f the .... neutrons which are emitted 
t.'h ~ll ~' .,_,~,-cY:,'/1 ~ ' , .,_11 ~.,.<~· • / t:. J/' ~ ••••• e .. _,.J !"' 

/ i~ the reaet~on ~tl~ ~€ arger than the velocity wh~h the 
,t I ,, 11'(~; llj~' , .. •' t .. .A• ~~ L, •• "jll.•, 

.'M' ~eutron must necessarily have in cfrder to cause this reaction, 
I . .,."' :> 

and the requirement that the average ntmilier of neutrons emitted 

should be larger than 1 refers to neutrons the velocity of 

which fulfills this requirement. If we have to deal with are-

action in a heavy element which can more efficiently be brought 

about by slower neutrons than by faster neutrons, arrangements 

can be used in which a neutron,which arises out of the break-

ing up of the heavy element, suffers collisions with nuclei of 

a light element such as for instance hydrooene or deuterium , 

and is thus slowed down before it bfeaks up another nucleus of 

a heavy elemen~f a chain reaction is maintained which obeys 

these general functional requirements, and if arrangements are 

-.. /1 

I r- (I 

(I 

II 

II 

II 
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used which obey some other geometrical requirements which will 

be discussed later, it is possible to maintain chains which com­

prise 1000, or even more , nuclear reactions each. It is then 

possible f . i . to obtain a neutron output which is more than 

thousand times larger than t e neutron input . Large amounts of 

radioactive substances may be generated, both directly from the 

heavy element which is broken up and also by the large neutron 

output itself. Heat is generated by the breaking up of the 

heavy element, and if means are used to lead away and utilise 

this heat, the chain reaction may be used for power production . 

Fig . 1 illustrates certain aspects of the invention . In 

Fig 1, 1 is a neutron source placed in a hollow sphere in the 

center of a closed spherical layer containing a heavy element 

U which is broken up by neutrons according to the reaction . 

n +u equal element 1 1-Blement 2 + 2 n . 



If a body conta ·.ning element "A", la:e:v ing tlie propen:-shap-e 

.and pr.on.cu:~ · , is bombarded by neutrons, these neutrons will 

react with element nAn and libe ate neutrons in numbers ex-

ceeding their o n. hese liberated neutrons will again react 

with element "A" and ill again iberate an increased number 

of neutrons, so that fina lly the number of neu.~~ ~g~~~ 

from the body may far exceed the neutron inpu~. 'Ve have to -tc ~~ 

deal ith a chain reaction. Naturally, the average number of , 
' neutrons emitted when a neutron reacts with element "A" need '1)4r-r-. 

not be a whole number, since ·re nay ha"¥:e a number of competing 

reactions . or instance we may have the reactions : 

In these equations "A" is the carrier of the chain re-

action, "B", "C" and "D" stand for one or more elements ~ich 

are either stable or which tran orm into stable elements by 

emission of charged particles but without the emission of a 

neutron. The average number of neutrons liberated by these re-

actions depends on the relative probability of the three reactions . 

If these probabilities are w1, w2 and w3 respectively , it is 

necessary that w1 should be larger than w3 in order to have the 

reaction ead to an increase of neutrons, i.e. the liberation 

of an average number o nuetrons larger than 1 for the disap-

pearance of a neutron . The relative robabilities of the se re-

actions ay be to some extent dependent on the velocity of the 

neutron which enters into reaction :'lith element "A"; the dimens-

ions of the body in which a chain reaction is maintained may 

be reduced by arrangements by which a neutron arising out of 

the breaking up of element 'V\ 11 suf ers collisions witn nuclei 

of a light element,such as for instance in hydrogene or deuterium, 

and is thus slowed down. The slovr neutron thus produced will 
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then react with another nucleus of the element nA" , and the 

neutrons liberated are again slowed down , and so on. 
~~pI 

In order to~l1~a nuclear reaction in which an ex-

cess number of neutrons is liberated by neutrons for- the main-

tenance of a chain reaction, it is not suffic ient to measure 

the cross-section and other constants of the reaction, but it 

is also necessary to be aware of the lavvs which govern the neu-

tron output of such reactions in function of the gemmetrical 

conditions . Once the general laws, the type of behaviour is 

known , the exact dimensions can be easily determined in each 

particular case by actually measuring the neutron output. Smh 

experimental adjustments can, however , only be made if the gen-

eral type of behaviour is known . 

In order to describe this general behaviour we consider 

in figure 1 a closed spherical layerYcontaining the car rier of 
(2 f 

the chain reaction "A" and a neutron source/).11 the center of 

the hollow spher~nside the closed spherical laye~The inner 

radius of the closed spherical layer is r1, the outer radius 

is r2, and we wish to consider a case where the mean free path 

of the neutron a is small compared with r1 . a is the average 
0 

distance which the neutron travels in the spherical layer be -

tween t~o c,.oll iJ> i~ns in which the neutron changes its d irect ion 

b.l'J'~=~ -l!,i<tXt rna.)' take a number of such col ­

lisions before a nuclear reaction occurs in vrhich two neut r ons 

are emitted . The average nunber of collisions needed for this 

we designate by f . With these assumptions there will be at a 

point inside the spherical layer generated per cc . and sec . 

As neutrons where s is the neutron density at the point and 

A is given by 
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In such a spherical synnetrical case the number o neu-

trons diffusing from t 1e ins id,e t OTiard the outs ide a l ong a 

r ad ius per sec. and square cm~en by D ~s . In this expres­
dr 

sion D corresponds to the di fusion constant, and it is 

D : 

[hether or not a stationary solution is poss ible d~pends .Jib, ~ f.l-_ 'b-- · ~4~ --
on the constants llff \~ .. ~ the values of r1, r2•· If(r2 - r1)is 

not too large f-o-r a: ;;:i'lZ"eO: or;t c£4~not~., stationary solutions 

are and for stationary solution~he numb er~f neu t rons ~ 
per the following equation : 

•.. " ,. , ~ .. 
t.,-~ !'.....--. 1' ...-- ~ < • .. ·~-

The solution of this equation has the form of 

4,... ::;::. C, 0'" : 13_ "" -1 (",_ 4 
- . ..- ~~ .. ' /. /p.-yf <( ,., ~ .;.' , , . /. .1' 

n r~ 1If the outer surface 

4r · ~ ~ :::: 
~/~ ...... ~. ~ 
of the spherical l ayer stands free 

in space so that Tie can put the density s at the outer surfac e 

(r : r 2 ) equal zero , and we can write 

7'1 =::: -tC ---J • ... ' ;; -rr 
If we have no absorption of neutrons in the hollow sphere( J ) 

l~f 

4 ,J c.~ .. ~ ... ~ 
~ 

I"J ;L t J"'( • 

c£ ---
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Assuming that the outer surfa ce of the spherical layer 

stands free in space, we can put the density s at t ne outer 

surface (r.rr2) equal zero . ~'""ol: al'ly given !iexm i t:}!~~~r~~ 

~la.~ .. 4-Hs-;.i: ~~~ · iille~~r-on· ~rW!:tr· ·:rall'' 

within -the· spheric'ai "' iaye~ ;fth v ~~;e ·~·s-irig r . 



If a body containing element "A", having the proper shape 

and proportions, is bombarded by neutrons, these neutrons will 

react with element 11A11 and liberate neutrons in numbers ex-

ceeding their own. These liberated neutrons will again react 

with element "A" and will again liberate an increased number 
I 

of neutrons, so that finally the number of neutrons emerging 

from the body may far exceed the neutron input. We have to 

deal with a chain reaction. Naturally, the average number of 

neutrons emitte when a neutron reacts with element "A" need 

not be a whole number, since we may ha~e a number of competing 

reactions. For instance we may have the reactions: 

In these equations "A" is the carrier of the chain re-

action, "B", "C" and "D" stand for one or more elements which 

are either stable or which tranform into stable elements by 

emission of charged particles but without the emission of a 

neutron. The average number of neutrons liberated by these re-

actions depends on the relative probability of the three reactions . 

If these probabilities are w1, w2 and w3 respectively, it is 

necessary that w1 should be larger than w3 in order to have the 

reaction lead to an increase of neutrons, i . e. the liberation 

of an average number of nuetrons larger than 1 for the disap­

pearance of a neutron. The relative probabilities of these re­

actions may be to some extent dependent on the velocity of the 

neutron which enters into reaction with element "A"; the dtmens-

ions of the body in which a chain reaction is maintained may 

be reduced by arrangements by which a neutron arising out of 

the breaking up of element ~" suff ers collisions with nuclei 

of a light element,such as for instance in hydrogene or deuterium, 

and is thus slowed down. The slow neutron thus produced will 
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then react with another nucleus of the element "A", and the 

neutrons liberated are again slowed down, and so on. 

In order to utilize a nuclear reaction in which an ex­

cess number of neutrons is liberated by neutrons for the main­

tenance of a chain reaction, it is not suffic~nt to measure 

the cross-section and other constants of the reaction, but it 

is also necessary to be aware of the laws which govern the neu­

tron output of such reactions in func tion of the geumetrical 

conditions. Once the general laws, the type of behaviour is 

known, the exact dimensions can be easily determined in each 

particular case by actually measuring the neutron output. Such 

experimental adjustments can, however, only be made if the gen­

eral type of behaviour is known. 

In order to describe this general behaviour we consider 

in figure 1 a closed spherical layer containing the carrier of 

the chain reaction "A" and a neutron source in the center of 

the hollow sphere inside the closed spherical l~er. The inner 

radius of the closed spherical layer is r1, the outer radius 

is r2, and we wish to consider a case where the mean free path 

of the neutron a is small compared with r1 • a is the average 

distance which the neutron travels in the spherical layer be­

tween two collisions in which the neutron changes its direction 

by spherical scattering. But it may take a number of such col­

lisions before a nuclear reaction occurs in which two neutrons 

are emitted . The average number of collisions needed for this 

we designate by f. With these assumptions there will be at a 

point inside the spherical layer generated per oc. and sec. 

As neutrons where s is the neutron density at the point and 

A is given by 
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In such a spherical symmetrical case the number of neu­

trons diffusing :from the inside to.ward the outside along a 

radius per see. and square om given by D ~. In this expres­
dr 

sion D corresponds to the diffusion constant, and it is 

D: 

Whether or not a stationary solution is possible depends 

on the constants Ap and the values of r1, r2. If r 2 - r1 is 

not too large for a given set of constants, stationary solutions 

are possible, and or stationary solutions the number of neutrons 

per square em s obeys the following equation: 

The solution of this equation has the :form of 

If the out er surface of the spherical layer stands free 

in space so that we can put the density s at the outer surface 

(r : r 2) equal zero, and we can write 

If we have no absorption of neutrons in the hollow sphere 

inside the chain reaction layer 1 the neutron density s will 

fall from its maximum value at r : r 1 to zero at r = r 2• 
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Assuming that the outer surface of the spherical layer 

stands free in space , we can put the density s at the outer 

surface (~r2) equal zero. For any given density of neutrons 

s on the inside surface (r:r1 ), the neutron density will fall 

within the spherical layer with increasing r. 
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IDhe device in Fig •.• iss itable to a utomatically regul1 te the 

radiati on (?) to a c~rtnin va lue \Tith i n narro"6' naximmn a n d min-

i.mum limits . 'l'he spherical shell 1 enc-_oses ....••... lt is clos e<~ 

by the plug 2 fittinc into the o~ening 3 . he p luc 2 i s attache C 

to the stem 4 \fuich is slidably ~uide oy the guides 5 and 0 and 

nay 1.1ovc u p and dO\m , XNRXlE:N:Jx the L) l uc 2 thereby uncover inc mor x e 

or les s the op ening 3 and by . .. .. .... .. . .. ....... . .•....•.. . •• • 

lo\mring or raising respectively the rGdiation . ~he stem 4 carries 

the rack 7 engaging the pinion 8 . _'he shaft 9 of the pinion 8 also 

ca.J..Tios t.1e g nmr 1 0 nhich engages the norll ll on tn.~ shaft 1 2 of 

the the molor 1 ~ . ~his is a three p hase mo t a r ~HE sense of rotatlon of 

uhich vill be rev erse by interchanginG the connections of any two 

of its ma i n terl"1i luls to the eo.) ecti v.c outlets uf ~ three ;>h8.f3e 

current sup _ply . -,:n the ::.·igure the t e r r _inal 14, is ahrays connect ed 
the to tJ-1e outlet l and the ter:r1inals 1r: and lG are connected to cont -

act points 21 , 30 and 25 , 29 of the relays 21 and 26 re spectivel y . 

~he relay 1 hab contact springs 22 and 23 and the re lay 26 has 

contact S!!rings 27 and 2 =-- . L'hc contGct s.:;,rincs 22 and 27 are con-

ncc~ed to the ou~let ~3 and the contact springs 23 and 23 are con-

ne cted to the out let 32 . ho l)OSit i on of t'1e contact s 1rings s h mm 

L the dravring i - the one \Jhich rTill,lec<ve the motor vli thout current 

i . e . c c r:;.oespondimg to t •.c baL.ncecl state of the d . vic e . 'he r a di -

8.tton af ·e; ct s the ioni _,s.tion cho.1"ber 17 connected to the anpli -

ficr 1 8. '_he amplif ier is also connectc(i to the :K:rinr:m.±x outle ts 19 

and 20 of a suitable electr ic sourc 1l . he rel~ys 21 and 26 ~re con-

nectcd in series ecross the out.Jut ter minals of the auplifiel' 1 8 . 

he i onisation cha,,lber l 7 Lhe o.Y!tt:Jlif ier 18 L nd the I'c~lays 21 ana 26 

0.re so ac justecl that the current in t 1e ..:·clays nill be enou<;h to 
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keoo he cont ct s_,rin.; '~2 and 2 . ~ i.n the 11 breo.k 11 .Josition und. not 

enouc;h for bringing the contact S.o->rinss 2? und 2D .in the '1make 11 pos-

i tion a long as the rudj_atioL js i.dthin ·che aforesaid narTow lim:i_i ts 

and thereby ioni sa .:.._·on in the chc nbe:r 17 is '. i th ".n corres)ondinc; 
fc....11s be1oH the 1 o·.,er 

lil:n ts . . hen , hm;ever , r<- ciiation Rx.c:c-e.Ks_ :t:ru<L ~II¥~~rax lilli t · allm.·ed. 

the contact Sj)ring 22 ancl. 23 Hill _J_al;:e and the motor 1rz wi l l rot<:te 

in one sense so 1: s to 1 ~ ·cr the p lug2 ,·he.L e by ro.dj_u tion uill be 

incre· sec as lorg ~.s :::·e l ay ~~1 Hill be ene r gise cnou&,h to break . 
~:fXRONJZ:Ee·x 

wni:-e:h xhi:s:;;t x::e~:uirRXJaJNXB:XEIDrx:Rn:tx:t:}mNxt:h<Zt:xat"xwlti:KM '~'his le. t t e r 

· · " · 11 b 1 · l thc.. nt · t 1 · h l lntensJ ty of c·:r .1-·enc Hl e ng 1er x~ lla""G a v1 nc t 1e contact 

sprincs ?2 c. nd 23 u·i '1 nke as there is a11 . .rP ys s o1.e inherent frict ­
a s for inst2nce a friction S)rinG 

ion i 11 the re1fly. .er ns not shovm in the uTani ng/ -rl<-Y be .tJ rovided 

for to inc~ease and adjust the margin bet· :ee the currentx i:1ten-

sities requirec' fT HR :J.a king an brealdng rcs.L)ectively . 

In a s i 1J.ilar way Hhen rr diation exceerts the U~)per lirli t alloue d 

the contc:.ct springs 27 ann 2 VTill make and the motor l o now Hi th 

trJO of its terminals c onnectc< crosswise to the tHo c orres,?onding 

outlets will rotate in a sense reversed to th~t before indicated 
vrill drop 

so as to lift the p lug lKEtlx:i:RErJ&l.l{:SB the racieltion/a s long as relaJ 

26 Hi 1 be RNx x~een rgised enough to 3!a~a~ brealm . _'his -:.utter in-

tensity Of' currr nt \'fill be lor.er ClrS: than that at Hhi ch relay 26 Will 

make and means o.s explained in respect of relay 21 r.1ay be "Jrovided 

or to increase this nargin . 

r hese said marGins o · in othe · -Jords the lag in the o1Jerati-'nS 

of the reley ~1 and 2G is useful to pr vent oscil abions of the 

I the rela s 
system. In FjG , . •.. the current i i s p lottec aGainst the stroke a 

of the _9 lug 2 . ii is the curr nt at v;hich relay 21 ·will nake and 

i2 thot nt which it l'!ill break ; i 4 is the current at Hhich re -
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lay 26 will m ke and i that at uhich it \Jill b r eak . lJue to the 

••.. ... .. . . . (Traegheit) of the me nanic 1 part of the system as 

for instance momentum of the motor , clearance in the gear s etc . 

the p lug YTill tr"'vel some\Jhat ove r the limi t s ndiuated by a
1 

a nd 

s 4 and i ts lo1 -erraost and U..Jpermos t 1;osi tions are indicated by :t:k 

~!lin and '=~ax res )e cti vely and the cor:;·cspondins val ues of the 

current in the rel ys by imam: and imhr res.J!ectively . 

In J.Pig . . • . . another device i. · shmm for automatic re6ulation . 

_he spherical shell 40 is ~artl~ fi l led b~ a li~uid .... .. .... 
uhich conr.mnicatcs through o.t;eninbs or channels 41 

to the ~i~~ 12 nd thereby to the XEXJm:i:x tank 43 the uppe r portion 

of ·wh ich is f i l Le d Yri th air or t,.;as . l'he spherical shell 40 has also 

an opcnine; tl5 for admit ting and exhausting ai r or e;as and this op -

ening tJ:5 comrnu11ica t e s tc_, the pipe 4 6 . 4 7 is _n exhaust v alve and 
'li o 

48 is an admi s sion valve . the tan1\: ~g n a i r or t;as is Sl~ppli er by 

a compressor 50 a n cJ means knmm to t he art and not c::homl in t he 

drauing are proviued for to influence the operation ot, the comp ressor 

by the p ressure in the tanl( 49 so as to keep thi s pressu re w;Jk with-

i n limits . .ihen va " v e 4:::- is opened and a ir or [:,as is admi t ted to 

the interior of the S)here 40 liquid is p ressed out through the op-

enings 41 to t h e tank 4~ thereby c on~ressin~ the Lir or ba s in the 

spac e 44 . . /hen the valv e 4 7 i s ope ned air or gas will escape from 

t he S1)he re and li quid rri l l return to the sphere by ex..:Janding a ction 

of the a ir or gas in the S.l)a ce 44 . Rad i a tion ".ril l be . .• . . . .....•.. 

. . . . . . . . . . . . . . . . . . . . . . . ..... ..... ......... .... .. .... .............. . 
The i onisation chanber '± the amplifier 5 with eonne ctions 56 and 

57 t o a suitable electr ic source and the re l ays 58 and Gl ~re made 

and ac1jus tem: in o. similar 'tanner <h o the c orres)onding 1)art s in Fig •.• 

Relay 5h has a contact spr ing b9 end a breaK contact 60 a nd relay Gl 
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has a conta ct s;Jrine 62 and a make contact o3 . '.L'he valvES 47 and 4-3 

are o Jenea by solenoic.s 1.1i th coils r::o and c::1 and iron rmatures 
64 and 65 are outlets of a source suitable to opor te the valves . 
52 and h0 res~Jecti vely . / J:he position of the conta ct s.dr ings hovm 

in the dravring is the one uhich leave s both valves closed i . e . 

corres~ondinG to the b2lancer state of the device . The e l ement s of 

the device are so adjusted a s to kee~ this state a s lonG as the 

radiation is within the limits required . 

. 1hen rao_iation fal · s bel n; the lmJer limit allo .. e El val vo 48 is 

opened and air or Las is admitted t o the S)here and the level of 

the li qu .:_d is 1o-v1ered ·.·here by • • . . • • . . . . . . . . . . and the radiation 
iij.tensifie d. 

i s WMOCkNR!l!lll as long as re l ay r::s vrill break ; on the other hand Hhen 

radiation exceeds the U) pcr limit allowed valve 4 7 is opened \ilie iDe -

by liquid returns to the S)here and radiation c\ roi:) s as lone:; as 

relar 61 bre"ks . F i g ••. indica tes the operation of the device 

when a is w~e oto incHoate the hight of level of the liquid in 

the sphere . hat \'Jaq-Said of the lag in the operation of the relays 
p ltlf, 2 

and of the up.Jermost and lm.ernost _positions of the xp:tRm u1 ref -

erence to the :D'ie; •••. holcls good a l so for this embodiitlent accor. -

in~ to 1 ig. . . . the role of the liquid level replacin~, the pos ition 

of the p lug . '11he extremes Oifl a are determined by the mo11entums of 

the valves and iron cores and the liquid . 
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The fol l owing text, taken fro m a patent applk a tion 
~ U- "'k.- t I"' ~I ) (, 

filed~ in the United States Patent Office in March 1935, may be 

of interest :tn m:-t e nne-c-tl on sin e it seems to b e the first 

~ ~~~_../ 
u · blic/ vailable text ~~neutron carried chain reactlon and 

p 

contains t h e first c a lcula t ion of the critical radius of a 

s pherical cha i n reactor : 



·. 

/; I:' -re 18Ve < closed sD'lcrinel lc ye 0 

te <es place tl· e i11ner Y< C i S ( r) 0 r•h j c'1 - S le rze C onnnred "- i th t le r'le::m -F"re e 

pPt'l 0 the ne·1.trons ··r'1ich ,.,,~i·1t2in t:lP c."' in , t:te cleu3ity (s) o-" t(].e •1e1.trons 

,.,ill-- it'J. ;oocA. ..,n.., o: i., ,,t ion 1 p ._;i'-ren ~s ~ "'imr;-~io·1 0 t "'e ., ..., ,., 1.11 s ( r) ,._:r .LV. '1e '. J. r '-"'-'- . ' , ) -, 
,;{ (?'S) 1.at ion: 

j) ;4.. r .-~" s ' 
1 I / 

YJ a.1d • are cieterni•1e"' by: the 1' e· n -"' ee ·'12-th of' the ne~ 1 tro 1s a; th.e ''e<.n 

v cl ocitv C) - act..;on -~''1; ch 

!I ··r ~ 
' " OJ.' r ·"'or 

~ - -::'lJ 

I . -
\ ..~-• - J_" ~-: 1 () 

~ -.... 
"' J 

r ue l 
--- 'I 

= 1/12 V !;/ . .1. . I..- t.·1e o· te·~ ::' ·r-"':-ce is 

cov-;ret 

is :-c .. :uc: 

~ 1.so -':;o 

·cec.' i.t:) t_:-

r; Oll d be SO E: lectec: C.."" to le::.L:. to C. 

If I f is L.r.::;er t 1an t' e cri+ic:l 7alt.e l CELl proc..uce a .. 1 

e:cplosion. 

c. ) v.. :;_' e 
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"SS nn1ber 1 "l)'1e . uc' 1n ' np are only nossib e in the nrese co o 

a 1etns ta "~l e e e ·1e'1t . 1'1C ast;:h e ele"'lnnt is ·n ele,ent the '11ass o.,.. rri-1ich 

p2.cking r ctjon ) i cu:-' ~ iciently hi'"h to rtllow its disin er~ration illto i ts 

:parts unde lP•er~tiol"l of ene r-:,-y . Ele111ents li e ur niu 1 fl.l1(t t oriu:m are 

eXr. 1"YJples o s lC 1 -- e a::.;ta le ele· e1ts; t '1ese t -:10 eler,.,e 1ts reveal t heir metast -

able nature y emit:'- in~ alpha pa.rt icl es . Other ele 1ents m['Y e ·1c+astable 

y;ithout revealin~ their nat· re in t" i"' 1ay. 11.e-'-'1.er an eleme :+; is ~11etnstabl e 

· , e"':ns o~ t'1e "l1 ss s ectro:;r nh . If, ::'or inst·mc') , 

· "Dh -rh ich arme rs to 

have to co1cl: de t" '"'t erylliu·~, is a .et~ c P. le ele· ent 11d c · cl-isintAr__;r· _._ 

into "'1arts • ri ~;': ~·;,e _ ioer ~:ion o ~ e r:;~-, one o ~ t' .e "'1''rts "'Pt -free in ito 

a :nc tron ·re r ~ 

· ~-cd 

I ll + ,.,.., I + 1 

,.,, e e 8'' (\ 
1 ' 

II t7""''1'" .. ,..L.~- to 

• .'.l 

rl~l l _, -,l'"Y break ~ into "i1 ele 1e'1 

'I II 

urtho:. .,arts. 

+ 

'"'!1 

et"'~ ·• le "·tt J-' e · 'si 1-'-er r· ... ~,..,1 

t 

_t:Yl r --. ::r. 

e e·~c 
_._ ,......, I .' ic.~.!. L _ ~.~ ' 

in'"' o=.;s.; ........ • .J... 

" 

• e ·y R e 

t e ')~ (.;, ~~ 0 ~ 

_ .e e1e e .• t 

rr_,.• :a L ..J 

·ould toget· cr -·it 1 +1e o i_:-lr''"'1 no trans continue to ixter<.c-'- i ... t: the 
IJ 

le"!ents 11_\.rr t'!e eby _or-nin" t .e li..., 1rs of 2, c'1o.L1 reo.ction • . 
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~~~e~~~~d4k&~~~~v-brrBe~r~emm~lhtTild~e~~~ a t this point that in 

natural ura nium essentially only thermal neutrons which are 

abs orbed lead to fission and thus ·to neutron emission. 

Neutrons which are absorbed at higher energies are 11 absorbed at 

resonance 11 without le ading to neutron emission, and are lost 
~~ 

from the point of view of a chain react~/.[ fast neutron 

emitted in a uranium-carbon system is ~s slowed down, a 

certain fr a ction is absorbed at resonance and the rest reaches 
~ 

the thermal re gion. Of the neutrons whjch leaoe the thermal 

region, some a re absorbed as thermal neutr ons by the carbon 

and the rest is abs orbed as thermal neutrons by uranium, 

lea ding to neutron emission. The paper assumed that no neutrons 

other tha n thermal ne utrons are absorbed by car bon. 



~This would be a conservative assumption for a single absorption 

line which obeys the Breit-Wigner formula. For suc h an absorption 

line the abso~ption falls off with 1/v in the thermal re gion and 

reaches a minimum at 0 .2 0Ewhere E0 is the resonance energy . Beyond 

the resonance energy the absorption f &lls rap idly and becomes 

negligible for 2E0 if E0 is not too close to the thermal region. 

If E0 is higher than five volts and if the temperature of the 

thermal neutrons does not exceed 1 / 1 0 of a volt than the absorbing 

cross-section beyond 2 E0 i~ less than 1/10 of the abs orbing 

cross-section for the thermal neutrons . 

By p ostulating E? = 10 E1 we have made 

a seemingly arbitrary pessimistic assumption with resrect to the 

magnitude and the fuaracter of the resonance absorption. As f ar 

as magn ~ tude is concerned the choice was justified by the follow­

ing considerat'ion: Results obtained by Joliot, Halban, Kowarski , 
(13) 

and Perrin's pap er, indicate that a water-uranium systems 

comes cl ose to be chain reacting but certainly does not go much 

beyond being at best just about chain re act ing. If we renlace 

H with C it takes 6.5 collision s wi t h carbon to slow down as much 

as by one collision by H, and since the scattering cross-sec ti on 

of carbon is 4 as comp~red with 1 8 for H, therefore we have to 

replace 1 H atom by 30 carbon atoms, if we wish to h a v e the same 

resonance absorption in both systems. The absorption of H for 

thermal neutrons is about.3, and therefore, if the absorntion of 

carbon for the r mal neutrons is 30 times smal l er, i.e., if ~ (C) = 0 . 1 

&@~~~~~~~~~-.~ ' the loss of thermal neutrons by absorntion 
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wil l also be the same for . t h e carbon as for the H system . In 

calculating the uranium-carbon system we had to use a number of 

constants which were only very inaccurately known but we chose 

a set of values in s u ch a mann er as to mak e the carbon-uran i um 

systemjust a bout chain re a cting (under t h e most f a vor able con-

ditions) for the value of = • 01. For the set of constm ts 

used this condition was fullfilled by postul a t i n g tha t neutrons 

between energ ies E1 and E2 are absorbed at r e sonance if t h ey 

come into contact with uranium and b y set t in g E2: 10 E1 • 

As to the character of the resonance absorption which 

we t hus assumed to be pure surface absorption, t h is was of course 

a misleading assump t i on . It was u artly made b e cause it idrodu ced 

only one perimeter a n d ledl to ver y simp le formulae, and ra rtly 

b e cause the author overestima ted the imp ort a nc e of t he reson ance 

absorp tion in the lowest resonance line as compared t o the ab­

sorp tion in the higher resonance lire s. Subsequent calcul a tions 

made b y others wh ich were inmany res pects more accurate, still 

maintaine d t h is simp le assump tion with res u ect to re s ona nce 

absorp tion until the late Fal l of 1 941, wh en on t h e b~s of new 

experimental evidence procured to a large e x tent at his initiativ9, 

E. P. Wi gner pr e sent ed the first correct treatme nt of the res onance 

absorp tion which to ok into acc ount t h e contribution of the high 

resonance lines. 



APPENDIX ~e7 

•/ , 
Op timum cond it i on s for a chain reacti OJ} wil l b e seen 

later
1
if ~ is as large as possible and the best value of R 

is therefore the v a l ue which makes ~~xxt~a expression 20 a 

maximum. 
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The approxima t ion is good only for smal l sphe·res 

about R = 5 em, or l e ss. It has the advant age of lead in·g t o very 

simple formulae but if t he s e formulae were used for large spheres 

~ uch a s would have to be c onsidered if we went over from uranium­

me t al to uranium- oxide sphe r es} 1 t he error would become too l a r ge, 

l auding to an over-estimate of the t he r m 1 1eut ron a bsorption in 

c a rbon . For ~1a ll s pheres however, ther e would ha ve bee n no ad-

vant age i n using the correct value for t he t hermal ne utr n absorp-

t i on in carbon whi ch leads to ver y much more complic a ted formulae, 
~ 

as long a s the resonance absorpti on ~ trea ted excl usive l y as 

surface absorpti on , the way it was done in t his paper . For smal l 

~ b'nl y when t he correc t trea t ment of t he re s onan ce absorp-
cf.,v--_~~ 

tion is introduced, is it o f valueyto t re a t the therliia l absorption 

also correc tly . The use of the simple f or mul ae i n the c ase of 

smaller s pheres is even of some a dvant age, inasmuch as t he error 

int roduced in t he val e of thermal absorp ti on shifts the optimum 

t owards smaller s pneres, thereby partly coun teracting t he effe ct 

of having negle cted the vol ume resonance absorpti on whi ch tends 

to shift t e optimum towards l arge r spheres , 
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* g, Equation 25 means that we have optimum conditi ons when 

half of the f a st neutrons whj ch are emitted ~ but n ot absorbed 

by the uranium thermal r egion are absorbed by the carbon . Tba t 

means that t he other half must be absorbed by uranium at resonance 

so that we may interpret equat on 25 as s aying that we h ave optimum 

conditions when an equal fraction of t he neutrons is lost thr ough 

resonance absorption in uranium and through thermal absorp tion 

in carbon. 

having 

Equation 26 shows that we get optimum cond it ions by 

7 as large as possible. ._.. 



We may in place of calculating / , rathe r calculate the 

multlplication factor / q . Where q represents the fractionof the 

neutrons which is absorbed in the the r mal region by uranium . 

Obviously we m ve 

I' 
~ 4-

8tl:l38titlst't • fer- its value from equation 3 8 , 

we find 

1- _L. r;v - ; -;) 
J 

-r-1 

This gives for 

For q = 1 we could j ust main tain a chain reaction in 

the s y s tem . By comparing the experimental results obtained for 

n = 1, n = 2 , and n • 3, we can · extrapolate the l a r ger values of n 

and t hus can see that q goes even closer to 1, if we increase n 

be.yond 3 . 

The situation would not appear quite so favorable if 

we assumed t ha t p did not have t he value of . 5, but were smaller, 

for im t ance , had the value of . 3 . But even in that cas e , we still 

would find for n • 3 , q= • 79 . 

It may thus be seen that i n spite of the uncertainty 

of t he valu e p , the experiment shows that a homogeneous water-

uranium s ys tem can come very close to be chain re a ctjng . 
rt-<- ~ ~ . # / t ;t / ~,.; ' t , ~ rt "J ~ 1 ·c 

. ;: 
~v~, 

- , If 
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1. We find more favor able cond i tions if we take into ace ount 

t he temp erature . of t he uranium spheres and the surroundi ng graphite 

is lo.ver t han the tempe rature of the bulk of tre graphite , since 

in that case, dm t o a sort of Knudsen effect, the density of 

thermal neutrons is increased in the cold graphite which surrounds 

the uranium s pheres. 

2 . The value of R = 8 em. was chosen because it makes the .,.., 

valu~ ~ in equation 20 a maximum . However, to use our simple 

formulae for such a l a rge radius is rather s t retchir.g them bey ond 

their validity. 



APPENDIX 

~;lA!/ 
R = 5 em is at room temperature close to the ~r, which makes 

iV /) 
the expression for ~ given in 20 a a maximum, for ~( • . 005 Tlie value q = . 6 

also corresponds to the same carbon absorption cross section . value for 
/..~ _CJ · () '?:>36 

- corresponding to 50 tons of uranium is a numerical error. The correct value 

is .022, corresponding to about 21 tons of uranium. 



APPENDIX to Me asurements 

The de s crjption of a measurement proposed in the 

original paper h a s be en omitted he re ~ revity . 



., 

-

.· 

If uranium is 

slowed 

thus emitted is 
-' 

fast to disintegrate beryllium in slich a way~~t 

..... 1e beryllium breal\:s up ac xding to t e r eaction 
" r , 
' /'"'. . 
l- ..H> J . "I 

herefore, ·r a mixture of berrylium and uranium, contain-

ing a large excess of beryllium is bombarded by s low neutrons 

in a sufficiently thick layer, one neutron of medium velocity 

shot into this layer will produce on the average more than one 

neutrons by the breaking up of one uranium and one beryllium 

} a tom. The neutrons thus libexated can go on reacting with the 

mixture, and it is poss ible to ma intain a chain reaction by ob-

serving the requirements as expla ined in connecti on with t he 

eneral equation wh ich holds 'for ·stationary chain reactions ... 

. . ' 

----~~~~~--------~/ ______ _ 
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