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PHOVISIONAJ.. SPECIFICATION 

No. 19157 A.D . 1934. 

Improvements in or relating to the Transmutation of Chemical 

Elements 

I, LEo SzJLA.RD, a citizen of Germa ny 

nnd subject of llungary, c/o Clnremont 

Jlnynes & Co., of Vernon House, Blooms­

ltury Square, J..~ondon, vV.C .1, do hereby 

6 declare the nature of this invention to be 

as follows :-
This invention ha,5 for its object the 

production of radio nctive bodies the 

storage of energy through the prorluction 

10 of such bodies anrl the liberation of 

nuclear energy for power production anrl 

olher purposes through nuclear trans­

mutation. 
In acconlance wi th th e ]Jresent inven-

15 tion nuclenr transmutation lear1ing· to the 

liberation of neutrons and of energy may 

be brought about by maintaining a chain 

rea.ction in which particles which carry 

no positive cha rge and the mass of which 

20 is approximately equal to the proton mass 

or a multiple thereof form the links of the 

clla.in. 
I sha.ll call l'ueh pa.rt.iel es in this sper:i ­

fica tion " efficient particles." 
25 A wa.y of bringing about effiniently 

t ransmutation processes is to build up 

~ransmutation areas choosi ng the com­

position and the bulk of the material so 

as to make cha.in. reactions efficient and 

30 possibl e, the links of the chain being 

" efficient particles." 
One example is th e following . 'rho 

0.hain trnnsmutation conta in s au element 

C, and th is element is so chosen that an 

35 efficient particle .1; when reacting with C 

lllay produce au efficient particle y, and 

the efficient particle y when reacting with 

C may· produce either an effi cient pnrtide 

x or anoth er efficient particle which in its 

40 turn is directly or indirectly when react­

ing- with C capable of producing x. The 

bulk of the transmutation area, on the 

other hand, must be such that th e linear 

1limensions of the area. should sufficiently 

[Price 2{-] 

Price 3s. &f. 

exceed i.lte mean free path between two 45 

successive transmutations within the 

chain: For Ion~ chain~ composed of, say, 

JIJO ltnks the lmear chmensions must be 

about ten times the mean free path . 

I shall ca ll a. chain reaction in which r:.o 
two efficient particles of different mass 

t.J I 

number alterna te a " doublet chain ." An 

example for a. rloublet chain whi0.h is a 
neutron chain woulrl be the followin"' re­

action, which might be set up in a ';nix- 55 

1.ure of a " n eutron reduce r element " 

(like li thium (6) or boron (10) or prefer-

ably some hea•y " reducer" element), 

and a " neutron converter element " 

which yields n(2) when bombarded by 61) 

n(1). An example for such a chain in 

which ca rbon acts as reducer and beryl-

limn acts as converter would be the 

following: 

C(12) + n(2) = 0(13) + n(l) 6n 

Re(9) + n(1) =" Be(S) " + n(2) 

(" Be(8) " need not mean an ex istin<; 

element, i t may break up l'pontaneously) . 

One can very mul'h IUcrease the 

eHl ciency of the hith erto m entioned 70 
n eutron cha.in reaction ~ by h aving- a 

c; neutron multiplicator" 0 mixed with 

ih e elements which take part in th e chain 

r eaction. A neutron multiplicrttor is an 

element which either splits up n(2) into 75 

n(J ) + n(1) or an elem ent whi ch yields 

aclcli tional neutrons for instance n(1) 

when bombarded by n(1). A multiplicator 

Jlf•ed not be a meta-stable element. 

Beryllium may be a suitable multipli- 80 

eator 

Re(9) + n{l) = " Be(8) "+ n(1) + n(1) 

An efficient particle disappears (and a 
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1·hai11 is lhen·fore interrupte~l i£ this 
happens in a chain rea ction) if a neutron 
r f' acts with a nucleus in such a way that 
the neutron uisappea rs i\lld a positive 
purti cle for insta nce n proton or au alpha 
]!article i& emitted. 1 ca n suppress the 
product ion of a positiYe particle wh e.u 
bombarding the e lement hy neutrons by 
choosing th e element and the neutron 

'10 energy so that the positive particle, the 
rreation of which has a potential possi­
l:ili.ty, ~hould not have su~cieut energy 
at. t tf~ th sposal to penetrate lll tho inverse 
J'l'lH:e:;.,<; the nucleus of that element. In 

15 order to avoid such an occurrence in my 
chain reactions I shall use ~Hi reducers, 
converters and multiplirators t he hea vie~t 
elements whi ch are otherwise s~1tis£:-~rtory. 

In the acc~mpanying· drawing:; Figure 
20 1 antl 2 show on e example for utilising 

neutron chains for po"·er produetion ancl 
H1e generation of radio-actiYe bo<lies. 
101 is a high voltage positi-.;·e ray tube 
generating fast light ions like <.liplons or 

25 helium ions which ~,;ame by strikiu~ 
cliplogen or beryllium in 102 the emisf'tion 
of a penetrating radiation (ueutrons).The 
ra<.liation emerging. from 102 nets on the 
ma.terial 103 which forms a sphere 

nrOlliHl 102. Thi s material i1; such that •t ao 
,.!Jain r eact ion, preferably ncco mpani ecl hy 
the adion of a multipli cator is rel case1l. 
For instance one can have a &phere 10:1 
the <limensions of whi ch are so chosen 
that the energy libernte1l in it should he a. 35 
multiple of the energy input. The pumps 
120, 121 and 122 pump a liquid for in­
stance water or mercury through the pip e 
systems 107, 110, lll thereby cooling the 
tra.nsmutation area J 03 a.nd {lriYing the 40 
hente<l liquid l luc>ugh th e boil er 126. 'l'h1} 
l10iler supplies stea m to a power pbut. 
Th e neutrons emerging from the .<; phere' 
103 ad on D layer 104 which is compqse1l 
of an element '1' that " -ill transmute into 45 
a radio-act ive h()(ly which is suitable for 
the storage of energy. The element '1' 
ll ee<l not be JH'P.sent ns a free element but 
t:an preferably be present in the form of 
a compound soluble in water; that maket:~ 50 
it ensier to sepn.rnt.e the nHlio active bodies 
formed in the procHss. A thinl layer JO.) 
contains au element V that will absorb­
t he neutrons fn,(1)/ under liberation of 
!1nergy (I,i). 106 is a heat insulatiug 55 
layer. 

Dated thi:; 28th <lay of June, 1934. 
LEO SZILARD. 

l'IWVISIONAL SPECIFICA'£ION 
No . 19721 A .D. 1934. 

Improvements m or relating to the Transmutation of Chemical 
Elements 

I, LEo SziLARD, citizen of Germany 
and Subject of Hungary, c/o Claremont, 
Haynes & Co., of Vernon House, Blooms-

60 bury Square, London , \V.C.l , do hereb-y 
declare the n ~1ture of thi~=> im·ent.ion to be 
a.~ follows:-

The inventio11 r elat P;; to a pru('esl' ancl 
to apparatus adapted for po,,·er produc-

65 tion, t.he storage of power through th e 
generation of radio-a ctive horlies, nn<1 t.he 
generation of raclio-actiYe bodies in 
general by meum of the ge11eration of 
neutrons (pnrticles "·h ich ·en rry no charge 

70 and the ma ss of which is roughly eq ual 
to the mass of a proton or a multiple 
th ereof). If I use the nam e " effic ien t par­
ticles " I mean neutrons or other particles 
(the mass of which is roughly equal to 

76 the mass of the proton or a multiple 
thereof) whi r-h ca rry no positive chnrge 
;1 nd are efficient either because they can 
travel a long way through matter without 
being stopped like neutrons or they have 

80 a shorter range but are able to react with 
a positive nucleus after having been 
·~topped. I shall discus both the genera­
tion of' efficient narticles and also their use 
in chain reactions. 

In acconlance with the present iuveu- 85 
i.ion a chain reaction lending to the libera­
tion of neutrons and of energy is maiu­
tainecl in a body, the geometrieal propor­
tions of which are S<J chose<n that a. goo1l 
efficiency of the process be obtained, 90 
through the intru<.lurtion of n.n initia.l 
radiation , for iustnnre a. neutron radia­
tion. 

Accord i ug to one fea turP of the inveu­
lion such a neutron ra<linti on is generate<l 95 
thro ugh the aetion of x~rays on ma.tter. 

Aceon1iug to another feature of the 
iuYentiou such a n eutron rn<li:1tion i~ 
generate!l through the nrtion of Li~t 
cathode r ays on matter. 100 

N eutrons are liberated from sn mo ele­
ments, for in sta nce heryll imn , if they are 
·e:x pose<1 in a11 eled ril' di.sl'hargc to the 
aet.ion of electrons. For insta.u<;e if we 
expose them tn the action of catho<1e ray~ 105 
of a couple o£ million vo1ts neutrons are 
liberated from beryllium. 

Instead of exposing the suhstanee 
which I wish to trnnsmute to the dired 
action of the elect.ron I shall in some I I 0 
cases expose it to the action of the pene­
trating radiation which is generated if 
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d ef'tron s tra.\·el through maHer e~pec iall y 
through h eavy elements lik e Hi , l'b , H g-, 
Ti t 1 de. In the n('companying tlrnv•ing~ . . 5 I•' in·urc 1 ~ h o \\-~ an ;1rrangement SUitable 
for tlH' proclud.ion of fa st elertrons. J is th e prim m-y of a trausformer , the seco.n tl­nry 2 of whi ch is connectecl to t.he pou1ts 
;: ;111cl 4 . :'1 is c·onn ertecl t:o the cathod e R 10 of the r ecti fi er tube [J ancl to the anode 7 
of t ho rectifier tuhc 6. l'oin t 4 is r,on-
11 pC'( eel to the (~ (\ thmle n () f t.h e redi fipr 
t uhc lO ancl to th e anode] 1 of th e rectifi er tube 12 . The rnthode." 13 ancl14 nre con-15 uecterl to each other nnd to the f'~n ·tl1. The ;l!lod es 1:) nut! 16 are eonnert.e cl to point 
17 and thiR point is connecte cl to th e pole Hs' of the impul se generator 20, i.he pole 
] 9 of " ·hich is co nn ected to earth . Th e 20 impube generator 20 is built of m n­cl eJL~er ;; 21, r esishmces 22 and spark gaps 
23. 

This impul se g10nera tor is acla ptecl to · 
produ ce intermi ttant voltnge 1q~· to 10 25 million yalts tr nnsmi ttC{l to the du;;charg-e 
iuhe 24 ihro~tp;h th e spark gap 25. 2G i.<> ihe rathode of t.hc disrh arge tnuP, the 
anode 27 of which is connedetl to th e f'a rth. The fa st eleet rons emerg-e through 30 th e metal win<low 27 (whi ch is th e anode 
as well) ancl ar e hitting a bocly 28. . . Fi,..,.ure 2 sh ow~ h ow th e ra.ch ahon 
emitted by a body 28 (in Figure l) whi ch 
is exposecl to the' action of fa ::; t electrons 35 can act as the initial r ad iati on for a r·hain 
r eaetion. In Fig ure 2, 1 iR an c>lectrirn l cli srharp;e t ub f:! whieh gen erates fast eler. -
1 r-on.s. These electrons ente- r through the J1nrr011- t uhe 2 int.o th e interior nf a, 40 ,; pherical layer 3 which is form e1l hy a 
~ uhsta nc ·~ in whi ch a rh ai n rearhon can he maintained, t hP links of the ch:1 iu he­ing effi cient particles, in th e ]H"f' ~ c~ n ce of 
:1 11 iuitinl radiation emitted hy 28. Th e 45 l.uhe 2 is encua ted anrl th e electrons emero-e from it throug-h the winclow (a 
thin ~1.luminimn ::;heet) 4. The space 5 in 
1h e interior of the spherical byer !'I can he evacua tecl . If the voltage of the 50 <'nthode rays hi tting 2R is suffi r:ient to libera te n eutrons from 28, (for m stailCe 
if one uses voltages of n bout or OYer on e million Yolt and u ses cliplogen or com­
pouncls of cliplogen for insta nce a, <liplo-5& gen-li th ium compound to form the body 28) one gets a n eutron radiation as initial 
ra cl iatiou whi ch can main ta in a dwin r e­action in the layer 3. It is essential to 
J•reYent that neutrons sh ould easily escape 60 from the space 5 through t.he discharge 
tube 1 and it may therefore be necessary 
io :-;u rround the whole discharge tube with 
a wall, the .thickness of which may be, if 
11ecessary, several meters. If this wall G5 is 1ntilt from a material containing heavy 

l'l e1n cnls 11·hi<·h have a large c:ros+seet iou for neutron collisions ih e thiekness of ihe 11 ;d] may he les~ than fur a wall huilt of 
li g ht elements. 

If I use instea<l of a cathode rav t nbc a 7Q t ube whieh ejech; fast. diplons 01: helium 
ion ii I ca n also genera te an iuitinl rndia­
tiou of n eutrons if I expose to those icllll 
a horly 28 (in Figure 2) whi ch is eom­
poseil of diplogen or beryllium, and ·c;1n 7f> 
in ~erin in cases prefc·r this is as an r, Jtpr-nutiYe solution. ' 

An esseuti allv different wav of intrn­ciu eing the iuitia·l radi ation into the ohain 
reaction chamber is th e urrang-ement 80 shmYn in Figure 3. 401 is the cathode ray 
tnue rl escribecl in Fi gu re 1. 402 i ~ a shee t 
of a heavy element for insta nce Ph, or U in n·bi('h a penetrating radiation (harcl X­
rays) i .~ generated with g-ood effi1:ieJlcv i £ 85 th e elect rons have a YO] tage about Or o·nw 
on e million Yolt. 'l'hi s etfieiencv increase.s 
very rapidly wi th t.he Yolta g~, aucl is 
muc·h high er th an it. conlcl he expecte.J £rom the exper ien ee hasecl on orclinary X- 90 ray work. The t hickn ess of the sheet 402 
is such us to enabl e the generaterl pene­
tr~ting radiati ou to penetrate throug-h 
1lns sheet and act. on the transmutation chamhtr lOG (in Figure 4}. Nevertheless 95 t he sheet ca n be sufficiently thick tn , . utilise more than lwlf of th~ energy of ' · the cathocle rays. Th e X-rays emerging 
from sh eet 402 penetra te the layer 3 and 
can liberate efficient particles either from 100 the layer 3 or from a. substance 407 placed in the interior o£ the laver 3. The h eat 
l iberated in 3 and 407 ~f Fig. 4 en n he utilisecl as shown in Fig. 2, 3 anJ 407 
forming the interior of the transmutation 105 
chamber ~OG. 'l'hese n eutronS! c·an thc·n maintain a chain r f'action as disc ussed fu rth er alx>Ye anrl fmther below. 'l'ho 
ach·antnge of using- X-rays as an initial 
radiation is the follmYiug-: th e X-rays 110 
rp~etrate t~u·ongJt a perfec:tly C'!G<:ec} )n yer ' ;3 ·mto th e mterior of the layer an<l there-
fore a lenk of neutrons from the intrrior 
can be a . .-oided. Thi~ i ~ SlJPc ially 
impor tant i f one has t.o rlea I with a 115 n eutron chain in which no mnlt i pli rator 
action is invoh·ecl. In surh cases X-rn v;; 
may be used with arlvantage as initi~1l radiation es pecially in view of the nn­
ex pecte~lly large effi ('i enry of the X-ray 120 r roductJon by means of fa st eleetrons ad- I · i ng- on heavy elements . 

Figure 2 shows features some of whi ch 
are needed in neutron chains. The layer 
3 contains some suitable elements to 125 maintain a chain. I refer t.o Fi!ntre 2 of my application 19157/34 in which 107, 
108, and 109 fonn. a tube s-ystem throu,..,.h which water or mercury is circulated by 
means of the pump J 20. The liquid leav- 130 
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iug JUU i ~ leud t hroug-h a boiler .lZG in th e 

t u bu systl' lll 1:.!3 allll transmits ib h ea t to 
lht- ooil cr , th e i' l.en lll produced being used 
I or p ower production. Auother t ube 

5 ,,y stem JJO is operated by th e pump 121 
:mtl is heated by t he b yer 0 colllposed of 

a mat erial whi r h '"ill t ransmute into a 
radio-actiY u boJy und er the influ euce of! 
thu radiation ew erg ing from lnyer 3. 

10 Pump 122 pumps liquid through 11 
along th e outer surface of the t ransmuta­

tion area and throug-h the boiler .126 
lhrough the pipe system 125. 

lf 1 have a, chain rea ction wi th a multi-

15 piica tin g action i.e. i f the number of 
ef fi cient particles i nnenses a long the 

t: ba in I tall r each Yery hi g h effi t: iency for 

th e production of bea t or radio-active 
bodies . J£ I have a clo..;ed spherical layer 

20 <,f mate rial in which t h e. chain reactiou 
takes place the inner radius (r1 ) of which 

is large a·::i compare~! wi th the m enu free 
pa th (a) of the effi cient par ticles which 

main tain the ch ain, the density (8) of the 

25 effi cient particle will with goo<l approxi­

mation be given as a function of the 
r adius (r) by the following equa tion : 

D d(rs) fdr+A(r s) = O 

D aiHl A a re determin e<! by: t he 111 ean 

30 free path of the efficient par t icles a ; t h e 

mean velocity of the effi cient p articles w; 

the factor of the multiplicating action I 
which says how many collisions of an 

l'fficient particle are n ee<led in the aYeraga 

35 in order to produce on e n ew effi cient 

particle. 

V
f) av'b 

A = wfaf; D=aw 3; - =--

A v' 3 

I am in terested i n t he n itiC"nl thickn ess 

l of the spherical layer for which the 

40 gradient of the densi ty s va nish es. If t he 

thickness (r 2 - r ,) approa ch es l I can 

maintain wi th a verv " ·eal : sour(' e of 

ini t ial radi ation in tl~e in te ri or of t he 

inner surfa ce of t h e spheri cal lnyer n very 

45 strong chain r eaction nnu I can ea sily get 
one thousand or mor e t im es m or e effi cien t 

part icles emerg ing from the chain reac­

tion layer than the n u m her of t he efficien t 

part icles forming the iuitinl r adiation. If 
50 t he outer surface (r = r 2 ) of the spherical 

layer were to stancl free in spa ce th e den­
sity s would be zero for that surface and 

the critical value l'O would be given by 

lo = 7r /2 . v'D /A . 

66 If the outer surface i's covereu bv some 
materia l , for instance if the transmuta­

tion la.yer is immersed into the ear th or 

i nl(} wa ler or (' Overetl hy I'Oill e chea p hea vy 

lllater ia l for instance lea d the cri t ica l 
value Zo is smaller. Accordingly one can 60 
economise if .au expensive material i:; 

used to maintain th e cha.in r eaction in 
ih e layer by :::overing that lnyer nntl r e­

du cing its thickness . 
It is important to preven t efli cient par- 85 

t icles from escaping out of the interior of 

the inner surface of the spherical layer 

nnrl also from being absorbe<l ii1 the in­
h ·ri or . If the ini tinl radiation is gener­

aterl by appara tus placer! into th e interior 70 
of t he spher e th e materinl used sh ould h r! 

so selected as to lend to a minimum of 
absorption . 

If the thi ckness is larger thnn the 
critical valu e /0 I can pro<luce an 75 
explosion . 

'l'he differen t ial equation "'hieh I haH' 
given for s ceases to be a goo<l approxima­

t ion if I is sma 11 for i nstanee one or two 
lJut gives a fnirly g·oo<l approximnt ion if 80 
f is large for instance on e or two 
hundreds. 

Som e fea tures of de<;ni he<l proce,;se:; 
a re: 

J. P roduction of hea t or power or pro- 85 
duction of r adio-active bodi es by causin g 

t ransmuta tion t hrough exposing elements 

or mixtures of elements to an elec t ri c di s­
r·ha rge especinjly fn st cathou e rayf>, 'l' hr. 

bXpo. ure of a.n element that will yi el rl 90 

when bombard ed bv electrons effi cien t 
particles especially i1 eutrons ; bery llium 
being an example. 

2. Transmuta tion n.s undH 1 caused by 

th e pen etrating- r adi ation genera ted by 95 

the action of fast electrons on henvv ele-
ment,~ like Pb or U (X-rays). -

3. 'l'he maintainance of a. chain reac-
tion iu a closed for instau r.e spheri cal 

layer , th e initia 1 radiation beinrr rren er- 100 

nte<l ac?ordi!l g to 1 or 2 in such ;. way 
m the mtenor of the s pherical layer or 
wi thin the . ph eriea l layer itself thnt 

effi cient, particles should not be abl e to 

escape through an opening from within l Ob 

the in terior ~ pa ce surrouml e<l bv th o 
el1ai u r eaction laver . -

4 . The chain ; eactiou layer being -'llr­

r ounded by a la rge bulk of materia l whi (' h 

i.s ch eaper than the r hnin r cacti o1t 110 

~n ateri al. 'l'he surrounrling- materi al lH'-
l ll g' a h eavy element like lead or n li gh t. 

elemen t whi ch does not absorb neut rons 
~nd which does not convert them into 
positive particles . .115 

5. The maintainance of chain renc­
tions. in a layer forming a closed body 

for mstance a sphere, t he t hi ckness of 

the layer being slightl y l ess than the 

critical thickness . 120 

Dated this 4th day of .T uly, 1934. 
LEO SZI L·ARD. 
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COMPLETE SPEGIFICA'l'ION 

Improvements m or relating to the Transmutation of Chemical 
Elements 

r; LEo SZJL.-I.IlD, a. citizen o£ Germany, 
a subject of lhmgary, C/o Claremont 
JJ aynes & Co ., of Vern on House, Blooms­
bury Dqnare, London, "\V.C.1, uo hereby 

5 declare the nature o£ this invention and 
in what manner the same is to be per­
formed, to be paJ·ticularly described and 
n:>certained in and by the following state­
ment :~ 

10 The invention concerns methods and 
a1Jparatus for the protluction of nuclear 
transmutations leading to the generation 
of radio-active bodies , to the liberation of 
Huclea.r energy and the utilisation o£ the 

15 liberated energy. 
According to this invention radio 

active elements or energy or both are 
g-ener<1ted by means of neutron isotopes 
prod need hy means of a. chain reaction in 

20 n body in which chnin reaction neutron, 
isotopes of differing ma Rs number take 
part. (I have rea son to b lieve that apart 
from neutrons which ca rry. no charg-e and 
have a. ma ss approximately equal to the 

25 proton mass heaxier isotopes of the 
neutron exist which particles carry no 
charge and has a mass number approxi­
mately equal to a multipl e of the proton 
mns.s.) 

30 'l'he generation of rnclio active ho<li es 
hy the neutron isotopes may he indirect 
i. e. these neutron isotope:; may genera.te 
ntdiations whieh do not con.siRt of neutron 
ifiotOJ}es and whi<"h raclia.tions prorlnce 

a5 radio activt~ elements. 
'l'here are r>eveml ra<liation:> ari::;ing out 

of chain readion whid1 may genera.te 
ra dio-adive bodi<""', for instance, radia­
tion r.onsis(.ing of neutronR of maRs num-

40 lJer 1; raclia.tion r-onsistingo of neutrons of 
ma.ss number higher ihan 1 (mult.iple 
lH~utron s) ancl gamma ra<liatiun . l wish tn 
make it clem· that me( h<Hls aml apparatus 
for t he genrrntion of radio-activo botlie~ 

45 by means of neutron,; of mass number 1, 
wi thout chain rradions. in itself is not 
claimerl , ancl <loer:; not form part of the 
suhjed matter of this speeification. IU 
forms part of a.nd is claime<l in my speci-

50 fication number 440,023. 
In the chain reactions to be Jescr ibed 

below, energy is liberate<] in the form o£ 
hen t and ran be uti lizerl for p(}wer pro­
cluction bv making- use of the heat 

55 liberated iti the chain reaction. 'Through 
ihe generation of radio-active bodies 
energy is being stored and ~:,rradually 
liberated in the form radiations which can 
easi ly be transformed into . heat which 

heat can be utili sed for power production. 60 
.Furthermore, the energy stored in the 
form of radio-active bodies can also be 
more directly utilised for the generation 
of electricity since rauio-a ctive bodies 
emit electrica lly charged particles and 65 
thereby may directly g enera te electrical 
energy. 

In the following I shall deal with 
methods and apparatus for the prod uctiou 
o£ energ-y and the generation of raclio- 70 
active bodies bv means of chain reactions. 
In orcler to ma-intain such a chain anini­
iial radiation oi neutrons may be goner­
nted, for instance by one of the method s 
described in my Specification Number 75 
440,023. I£ the neutrons enter a. spact, 
which ha s the proper shape and size and 
i'" filled with the proper combination of 
elem ents the energy or the number of the 
neutrons, o.r both, can be greatly in- 80 
creased. through their interaction with the 
substan ce which ,fill~ the chain reaction 
t;pace. The interaction of a neutron with 
matter can lead to the liberation of a 
multiple neutron-this multiple neutron 85 
liberates in its turn one or more neutrons. 
of mass number 1, "hich in thei r turn 
liberate ag-ain multiple neutron:'!. In thiR 
wa.y we can maintain a. elwin reaction in 
which a large number of neutrons and 90 
multipl e neutrons are liberaterl, the total 
number being: determined. by thQ 
geometry of the arrangement . 

Figs. 1 and 2 show sueh a. chn.in rea<:-
tion apparatus. A neutron radiation, the 95 
initial radiation, is generate!] by the high 
voltage canal ray tube 1, Fig. 1. 'l'hiR 
tube generates fast deuterons whi!·h strike 
the target 28 which contains deut er ium. 
'l1 he neutron radiation emerging from 28 100 
ads on the matter 3 which fills the 
sphericrtl transmutntion space. The rom­
l;osition of this matter 3 will he diseusse<l 
further helo\Y and is such that a chain 
reaction is released by the neutrons. 'J'he 105 
pumps 120, 121, and 122, Fig. 2 pump a 
liquid for iustanr-e water or nwrcury 
through the pip(} systems J 0'7, llO, lll, 
I'igs. 1 ancl 2· thereby cooling the trans­
mutation area 3. Fig. 1, ancl clrivinno tht~ 110 
heated liquid through the boiler 

0

12G, 
l•lig. 2. The boiler may sur>ply steam to 
a. power plant. The neutrons emerg-ing­
from the sphe.re 3 act 011 a layer 9. Fig. 1 
which is composed of au element that willl15 
transmute into a radio-active body. 

An OO.'!entially different way of intro­
ducing the initial rarliation into the chain 
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r eaction chamber 1s the arrangemeut ­
::-lwwn iu Fig. 3 . 1 is the ca thod e ray 
tubo 40~ is a sheet of heavy elemont for 
inslauce l>b, or u in which ar penetrating 

5 radiation (hard X-rays) is generated with 
n·oou etfi ciency if the elcc:tr ons haYe :t 

~olta n·c of over one million volts. 'l'his 
effici:ncy increases very rapidly wi th the 
Yoltage, and is much high er than could be 

10 ('Xpected from the experience based on 
ordinary X-lay work. The thickness of 
the sheet 402 is such as to enable t.he 
generated penetr:ating radiation to pene­
trate throuO'h this sheet and act on the 

16 transmutati;n chamber consisting of th e 
lnyers 407 and 3 (for the cooling of this 
chamber and the utilisation of the h~~t 
generat.ed in it. I re.f ~r to .Fig. 2,.1 0~ .m . 
l!'ig. 3 1s to be 1dentlfied w1th 1 OG m 1'1 ~. 

20 2). Nevertheless the sheet can be suffici­
ently thick to utilize more than half the 
energy of the cathode rays. 'l'h e X-ray;s 
emerging from sheet 402 penetrate. the 
layer 3 and can hberate neutrons e1ther 

25 from the la.yer 3 or from a substance 407 
}.> laced in .the inte ~·ior ?f the lay~r 3. For 
instance , If berylhum 1s presen t m 407 or 
in 3 n eutrons will be liberated. by X-ray&. 
'l'he~e neutrons can then maintain a ch ain 

30 reaction as discussed further above and 
further below. The advantag-e of using 
X-rays ars an initial r adiation is the 
followino-: 'l'he X-rnys penetrate through 
a perfectly closed layer 3 into the interior 

35 of th e layer and therefore a l eak of 
ueutrons from the interior en n he 
avoided. 

I shall demonstrate in the fo llowing the 
importance of the shape a11d t he size of 

40 the transmutation space. I aso; ume thau 
the chain r enction takes place in a closecl 
spherical layer of. m~teri a l th e inner 
radius ('r 1 ) of whJCh 1s large compared 
·with the m ean fr ee path (a) of i:he 

45 neutrons (or other pnrtiel es w!liPh are in­
volved in maintainin g· the cham) . In tho 
simplest case th e density (s) of the 
neutrons will wi th gootl approximation be 
given as a function of the r adiu s (·r) by 

50 tho followin g equation: 

D. (Z(rs)fdr+A. (rs)= O 

D and A are de term in eel by : the mean 
free path (a) of the n eutrons; the mean 
velocity of the neutrons w; the [ador of 

66 the multplicating action f wh1eh says 
how many collisions of a. n eu tron are 
needed in the average in order to pro­
cluce one new neutron. 

~
D aJj 

A=wfaf; D=awf3; -=-­

A. i3 
GO 'l'he critical thickne.o;;s of the spherical 

layer for which . the gradient of the 

density s nnishes for the internal radiu ~ 
(r1 ) has a bearing on the pre-sent invention 
a~ will now be sho11·n. If the thickness of 
the spherical layer (r2 -r1) 7' 2 and r 1 arc 65 
the external and internal radii r espec­
ti>ely) approaches a certa in critical thick­
ness Lone ca n maintain with a Yery weak 
source of initial radiation in the in terior 
of the. inner surface of the spherica l 70 
layer a very strong chain r eaction ancl 
one can easily get one thousand or moro 
times more neutrons emerging from the 
Phain reaction layer than the number of 
the neutrons forming the initial radia- 75 
tion. I£ the outer surface (r=r2 ) of the 
spherical layer were to stand free in 
space the density s would be zero for that 
surface and the criti cal Yalue L would 
be given by 80 

L = r./'2../D/A-: 

If t he outer surface i·s covered by some 
material , for instance if the transm uta­
tion layer is immersed in water or oth er 
hydrogen containing substan ce or covered 85 
by lea.d the critica l value L is reduced . 
'lhis is clue to the back scattering by 
water or l ea cl and also to the fact that 
t he n eutrons are slowed clown in the water 
r.nd their mean free path is thereby re- 90 
c.luced. 

It is important to preYent neutrons 
from escaping out of the interior o£ t he 
inner ,surface of the spherical layer ;mrl 
also from being absorbed in the interior . 95 
If the initia l radiation is generatecl by 
apparatus placed in the interior of the 
sphere the material usecl should be so 
~e l ected as to lea d to a minimum of 
absorption. 100 

If the thickness of the layer is larger 
than the criti ca l thickness L the number 
of n eut ron s would go on increasing in­
definitely n nd such an increase is only 
:-;topped when the h eat whi ch is liberated l05 
in i"l10 proPess cn u ~t's the Rpherirnl layt>r 
to explocl e. 

T he cliffl'r ent inl P<J ilH Lion whi ch I have 
g-iven ahoYe a ucl from which we havB 
derived the· Yalu e for the nitiea.l thi ek- 110 
ness L does not give t.he correct d e~crip-
tiou of the density of the n eutrons in a 
chain r ea.ction nor r1oes it g ive the correcL 
value for J1. In onlC't' to get the eon·el' t 
c·quation we have obviously io clir;tingui ;;h 115 
between the mean free path a of the 
neutron for a colli ion a nd i ts fa ctor f 
which says how ma.ny Pollisions of n. 
n eutron are needed in the average in 
orrler to procluce a multiple neutron 120 
on the one hand, and on the 
other hand between the mean free 
path a.2 of the multiple n eutron 
and its factors / 2 and /., of its 
multiplying action which sa.ys how many 125 
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('olli~ion,; on the aYeragc of the multipl e 
lleutron are n eeded- in order to produ(;e 
one or two new neutrons respectively etc . 
The only purpo>ie of pu tti ng· dmn1 t he 

5 above simplified equat ion s \Ya s to demon­
strate th e general type of behaviour of 
(' lwi n rcadion•s wi th multi plying action 
:1n<l to sho" · th e exi stence of a. critical 
t hickn ess L. The simplified equation iH 

LO nn a.pproximatiou of t he rorrect equation 
if manv collision::; o.f the · n eutron are 
ncerled 1-o genernte a multiple n eutron but 
fe"· rol lision R of the multipl e neutron art>• 
Jlt' t>cle<l to generate two neutrons. 

15 I ~hall n o\\· di srnss the compositi on of 
111<' matter in which the chain react.ion is 
til he maintaim·c1. It i:; e,;sentia l that 
1 \YO iso topes of the n eu tron shoulcl take 
rad in the reaction in order to obtain a 

20 !'hain . (N en t ron isotopes are particles 
" ·hich h a Ye no charge anll the mass of 
which i.~ roughly equal to the.mass of the 
proton or a mult ipl e thereof. I h ave 
reason to b eli eve that heavy n eutron iso-

25 topes, the mass of whicl1 is ap proxima.tely 
a multipl e of the pro ton mass exist). 

A mixture of two elem en ts " E " and 
" F " ca n b e so chosen that element 
'· F " (the converter el em ent) when it r e-

30 ads with a si mple n eu tro n should trans­
mute into an element the mass number o·f 
whi ch is lower and generate a multipl e 
neutron; on th e other hand element" E " 
(the reducer element) should when it r e-

35 nets with a. multiple neutron transmute 
into an element the mass number of 
whit.:lt is increaseJ and generate a, simple 
Hentrou. In ord er to have a ch ain re­
nc:tion in whidt the number of neutron6 

40 in creases it is n ecessary that apart from 
the c.onver ter and the r e(luce.r el em ent 
there shoul<l be prese nt a multiplirator 
clement that is to say one from which 
neutrons are liberated by neutrons in a 

45 pro cess in which th,-)j inteorncting neutron 
is not ('aptured or alternatively a multi­
plieator element whi eh geuerates two 
JH~ tdron s fro m a multipl e neutron. 

I \Yi sh to g-ive tiLe follo\Ying indieation 
50 of 1,·hirh dements m ay be u se<l as eon­

Yt>rter " F " : The faet that an element 
ejeds a multiple n eutron , for instance ·a 
t etra neutron (a neutron of mass number 
4) , when bombarJed hy simple neutrons, 

55 <"Un be revealed in rer tain rircumstnn ces 
hy the fad that it b ecomes radio-n ctive 
through neutron. bombardmen t , a.ncl that 
the generntecl ra<lio-active element is nn 
i~otope of the bomharcled element itself. 

60 For imtance, if indium iR bombarded by 
fast neutrons (of leA'S than 8 M.E .V. 
c>nergy, but more than 100,000 E.V. 
energy) a radio-a.ctive isotope o£ indium 
is generated, which decays with a 4! h. 

G& perio<1. This indicate.<~ tha.t one stable in-

_ __: ___ - ·------ -·----~ 

di.unJ iso tope capt.ures n n eutron , a.n<l n 
multipl e neutron is ej ected, leading to a 
raclifl'-artin• indim11 isotope of ma s,; 
number .II~. A rnrlio-act.iYe iHllimn iso­
tope of m a.~ f; liHmher J 12 nri·sPs if the 70 
.. ~ t a bl e indium isotope 115 captures the 
u eut- ron ancl ejeds a tetra. n eutron. Oul:v 
Yery f e" · e leme11 ts will ejed a. tetra 
neutron wh en bombarded hy Yery slow 
ne'utrou s. 'l'he number of elements whi r h 75 
(;fl U eject a tetra neutron increases with 
t h e kinetie energ-v of the bomharding· 
~i mpl e n eutron . ' Not all t he elem ents 
reveal t hi s fact by an appreciable radi l}­
activity, t h erefore a more gen eral m etho<I. 80 
cn n he employed to inYe.stignte ea(;lt 
c·lem en t sepa r ate ly . This mo1·e general 
m otho<l is based on the detection of the 
ejecte·d tetra neutron. 'l'he ejected tetra 
neutron ran. be detecte<l through t h e 85 
i.ran:mnthl.tion ''"hich it causes in vnriouR 
elements which are exposed to it. Stl<'h 
t ra.nsmutat.ions reveal their presen ce in 
two different ways; eith er through racliu­
activitv induced in the element which is 90 
expose~l to the tetra neutron, or through 
the ejcetion of c;harged particles (proton 
or alpha-particle etc .), from the element 
whieh is exposed to t he t etra n eutron. 
The ejection of su eh eharg-oo partieles cn u 95 
he obserYed hy means of an ionization 
ch amber, a \Vil son doud ch amber or a 
photographi c. plate which contains the 
element, which transmutE'S when exposed 
to t h e tetra n eutron. 100 

I further wish to give some indication 
as to which elements ma.v be usetl a~> rc­
clucer element " E, " "£rom which a 
multi ple n eutron liberates a simple 
neutron, and a multiplirator elem ent, 105 
fro m which a multipl<~ n eutron liberates 
two simple ne nJ;rons . 

A lo1,·er limi t for t l1 e ma ss of the te tra 
neutrons can be cleduc·ecl from cousi<ler-
ing t mJ rndio-aetive Plements, of whieh· 110 
the lighter one nrit;es from t he h eavier 
ou e, t hroug h t wo beta transformations 
fllld on e rd ph a tra nsfonn n.tio n. If t.he 
mass of th e te tra neutron were small e1· 
than t.h e mns,; rliffert>llC'es o{ the>se hYo 115 
1·adio-adive elem ents, the he;~vi er 
elem en ts \Hndcl spontaneom<; ly luwe t.o 
t:jeet th e tetra n eutron, and ~,·oulcl thus 
spon taneously trnnsmute into th e li g hter 
e l em en t. 120 

By applying this consi deration to th e 
bwwn radio-active el eme.nt-f;, we obtain as 
a lower limit for the m ass of th e tetra. 
neutron about 4.014. ·while the slow 
neutron will eject a tetra n eutron from 125 
only few elements, a tetra neutron havin..,. 
~uch a high ma ss will eject a. neutro~ 
from most of the elements and will eject 
two neutrons from a. number of elements. 
In order to cletennine from which 130 

' . .... 
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el ements it ejects t wo neutrons (multipli­
cn.tor elements) . we ha.Ye to take each 
L·lement in i ts turn, bombanl i t wi th tetra 
Ifeutrons und either observe t he number 

5 of simple n eutrons wl1ich emerge, or 
observe the radio-act ivity induced in the 
hombnrd ed element, nnd thereby id entify 
th e nnture of this tran smutation . 
Examples of multiplicator elements are 

10 beryllium , and certain heavy elements. 
H eavy multiplicator elements a.r e as a 
rule preferable since they will emit no , or 
few, posi t.iYely ch arged par ticles, and we 
ean thereby avoid interru ptions of the 

15 rh ain . 
Other examples for elements from 

which n eutrons can liberate multiple 
n eutrons a re uranium and bromine. 

The Yalue of the cri t icn l t hickne-'iS 
20 " L " previon sly r eferred to, can be 

md.ima ted for a. spherically symm etrica l 
body as follows : 'l'he mean f ree path for 
an ela stic collision of th e n eutron is iu 
ma ny elements of the ord er of 5 ems. 

25 :Every hundredth eln stic collis·ion may 
l t::a tl to the ejection of a tetra. ne utron , 
and every colli sion of the tetra n eutron 
(mean f ree path of the order of [j ems) 
may lead to the ejection of b m simple 

30 · Jlt.mtrons. In these circumstances " L " 
will be of the ord er of m agnitude of 50 
rm. 

By maintaining elwin r eaction in com­
Li a a tion wi t h means fo r l eading a wny 

35 r11.1d utilizing th e beat set free in the 
transmutation process en ergy can 'be pro­
d need and u tilized to r power production . 

H aving n ow p nrticulurly described .a.nd 
ascerta ined th e. nature of my sa.ill inven-

40 t ion and in .wha t m anner the same is t o 
~) e performecl , I <l ecl are that what I claim 
Hi :-

1. A method of generati ng' ralli (}-acti ve 
dements or energy or both by m ea ns of 

45 n eut ron isotope:> pro<luced by mea.ns of a. 
r hain r eaction in a body in \\"hich chain 
r eaction n eutron isotopes of cl ifferin g­
JlHI SS number t ake part. · 

2 . A , method according to Claim 1 
50 clw.ra cteri sed by a. r ba in r ear.tion in 

which a neutron of mass number 1 and a. 
heavier n eutron if;otope t ake part . 

3. A method according to Claim f or 
2 charac teri.sed by the generation of an 
initi al radiation which ca n consist of 55 
n eutrons of ma ss number 1, and the ex­
posure to t his initial r adia tion of a. body 
so composed that a chain r eaction is 
caused by the ini tial r adiation . 

4. A method according to Claims 1, 2 GO 
or 3 chara cterised by the sa id body con­
tnining n. converter element and a reducer 
element. 

o. A meth od according to· Claims 1, 2 
or 3 character ised by th e said body con- 65 
taining a conYerter element and a multi­
plicator element. 

6. A. method according to Claims 1, 2, 
or 3 characterised by the said body con­
ta ining a. conYerter , a r educer nnd a. 70 
mult iplica tor elemen t . 

7. A metho<l accordiug to Claims 1, 2 
or 3 characteri se<! by the said body con­
i.;,ining beryllium . 

8 . A method according t o Claims 1, 2 75 
or 0 characterised by the exposure of nn 
element to th e r adia t ions g enerated in t he 
sa id bOL1y which element transmutes into 
a ra dio-a.ctive element under the influence 
of the r adiations genera ted by t he cha.in 80 
r eaction. 

9. A metholl acconliug to Claims 1. , 2 
or 3 characterised by the use of a hydro­
gen-contn ining substance, for instance 
wa te r , fo r scattering the n eutrons, for 85 
exampl e by S.lU'l'ounding by water th e 
" ·hole body in which the t ransmutation 
takes place . 

10. Improve111 en ts in or rela t ion to the 
t ransmutat ion of chemical elements by 90 
m eflns of a. elw in rea ct ion as h ereinbefore 
described and illustra te<! in t he accom­
panying drawings. 

ll . An npparatus for carrying out the 
ll1ethoJsr claimed in nnv of the Claims 1 95 
t o 9 substantially -as h ereinbefore 
described in the specification and shown 
in th e acrompanying drawings. 

Da te<! t he !) th day of April, 1930. 
CLA.REM:ON'l' HAYNES & CO., 
Vernon H ouse , Sicilian A venue, 

nloom shury Square, W.O., 
Applicants Snlicitors. 
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