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stances a quantity of which cleeomposcs 
t.o one half of the original amount. in a 

· JH'riocl of time exeeecling 24 hours . if a 
thiek ln~·e r of substance is exposecl to a 

. 5 penetrating· radiation which i,; emittccl 
when collisions hetwcen heavy h~· drog-en 
(cliplogen) atoms (or nuclei) ancl light 
elements inelncling hPavy h~·clrog-en, 

, (itself cliplogen) are produced. . 
10 In the ac•·ompan~· ing- drawings Figure 

1 shows an example of a suitable arrange
ment. 11 is an eleetril'al clischarg-e tube 
ejPcting- a heam 12 of fast cliplogl:'n ions. 
'rhe ions fall on a substanee 13 consisting· 

15 for instan!'e of g-asous cliplop:Pn or a 
cliplog-en Pompound or lithium. causing 
tran::nnutatiou. The suhstan!'e 13 is sur- . 
rounded by a lawi' 14 of ahout 1 metre 
thicknes,; and an· average clensit~· abo\e 1 

20 gram per cubic em. 
If a substance X which is mixecl out of 

compnuncls of a large numbl:'l' of element~ 
in such a way that it shoulcl contain in 
about equal· molecular quantity (the 

25 number of grams proportional to the 
atomic weight), all the elements (either 
free or in compounds) of the periodical 
system, with the exception of the rare 

gases, Rhenium, :\Iasurium. and the radio · 
. 30 acti>e elements (but including uranium, 

thorium and all the alkali elements) is 
exposed to· the penetrating radiation of 
substance 13 (the acting agents of which 
radiation apparently are unchargecl 

35 nuclei the mass of which are about equal 
to the mass of a proton or multiples of the 
mass of a proton). the substance X con
tains (after the exposure to the radiation) 
spontaneously transmuting elements. the 

40 time of disintegration of whiPh is large 
as compared to the time of disinteg·ration 
of most of the before mentioned raclio 
active elements which can be produced b~' 
the direct bombardment of light elements 

45 with fast charged particles. 
The efficienrY can further he increased 

by measuring ~hich of the 70 elements in 
substance X do not C'ontrihute suhstan
tiallv to the radio active element which 

50 I want to produce and by eliminating 
those elements from the suhstan!'e out of 
which I compose the la~·er. Such a 
measurement can be easilY cm·riPcl out hY 
means of methods that are well-known i;l 

55 e"ery physical laboratory . 
These are the some features of tl1is 

method for the procluction of raclio adi>e 
substances . which are clisintegrating 
slowlv: 

60 Lig·ht elements are homharcl ecl hv eaf'h 
other. espeC'iall~· cliplog·en is hroHg-ht into 
collision with otl1 er lig·ht elements or 
with cliplogen itself. Uncharg·pc] nartif'les 
of a mass of tl1e order of n~n~·nituclp of th e 

65 mass of a proton are emitted as a con-

SC'C]llP II CP of tltP colli,-inns lwl\\'l•c•n IIIH'lPi 
of l ig·ht !'lenH•nt,;. :-;111 ·lt un!'ltarg·,•d !llll'll'i 
jll'Jll'tratp l' \'Pil ,.;uh,.;tancl':' eo td ;tining· t!tc· 
ltc>:n· it•r l'lt•JltPflb without ionization io,.;.;p,; 
and !'att"P tht• form:)tion of radio af'lin• il) 
suhstan~·p,; in a la .\·l'r whieh is P:X]Ht:' c• cl to 
t hPJ II \1'11 h good dliciPII!'\' if t Itt• tIt il'hll•<s 
of the lan•r is of thP or;l<'r of m:wnituclc 
of t lt e 11\;':t il frPP pnt h of t ltr• 11P1ti ~1;1,; fo r 
this ]H'OC'Pss . or larg-t• r . l _ltaYP tltt•rdon• 75 
two stPp.; of g·ood pfflc•it•llc' \' i11 ,.;pri!'=' : the 
proclnction of uncharg·;•tl lllll' lei hy 
~ol~isio!1 hPtwpc•n lig·lt( l'lPnH•nt,.; (tl{e 
lOlliza!Jnn )o,.:,.;p,.; nrP ,;mall ht·t ·an,;p thl' 
ell'nwntg h aYp a sJ'nall at omir· nmnhc'l' nn cl SO 
tlwrpfore .a small lllll'lc•ar c:h:ll'Q't' ancl a 
small nnmlwr of elt•c·trnn,.: pPr at'om). and 
the procludion of radio a<'li,·.., ..;uh,tnnc•c•,; 
hy means of thP un!'ltaro·pt} llll!'lPi (tlt!' 

ionization los,;p;; arP pn~ · tiPnlly ah"<'llt 8:) 

PH'Il m rasP of pa;;":lf!'l' t h wug·lt lt c·aY.Y 
elPments). 

'Th e procluc·tion of "111'11 r:11lio :1C't in~ 
suhstanPe;; \\·ith goocl <' ffkienc ·y mi!.!·ltt 11':1.\ 
to a ~~·;;tem of Pll<'l'g',\' ,fnmg·t• :1 ;1tl ,qH'h DO 
suhstanPe,.: c·an ht• usc>cl ::" :ll 't·umul:Jipr,.; 
for clri,·ing: !'ar,;. " ~' " ""1" . :ll'l'O]llnnc•< and 
so on. Th e>~· wou ld hP inclt•Pcl ai'!'UlllUlatnr,; 
of a wry sm a 11 wt>ig-h t. 
)fET !IOlls .\:'\ll .\ 1'1'.\ H \ ' ITS FOil f' .\\ . sl:'\t : \);j 

TH .\:'\S'\! T'T.\ TJOX. 

Th l' liiPthocl,; clt•,;nihc·d ltithl'rio wc•n• 
Pharaderist•cl hy shooting :1 part ic ·lt• 
tltrnn~rlt mat lt•r whic·lt i,; at ;p,;t. ;\ ;; dc• 
serihecl. a clipl on (a diplog-t'll nuc·lt• ;l") lOU 
shot in to cliplo.f!·!'n :1! rP,;t will in a larQ'I' 
proportion of c· ast•,; lo,.;e it, l'll!'l'!.!'\. 11\· 
ionizing· tl1 P clipl Pg'l'!l ancl eau~ 1 ,' n.o 
tran smutati on in tho<e ca"~'"· A furtl tc•r 
limit a tion of that mt• fhttcl liP,; in tltt' 10.) 

_difficulty of procluring- a,; lnr~· p ion cur
rents as woul c1 hp ll PPckcl fen: inclustrin l 
purpose;;. Th e• follcn,·ing- method is free 
from th ese limit ations : 

If I \H'rP to maintain a Y!'n· laro·p c·ou- 110 
r entration of energ-~· in a spac·;• fillc~d with 
atoms of such eiPlll !'Jd ,; \\·ltic·h will ,-ufi'l't' 
transmutation. if tlt<' atom,; (nucll'i) 
strike .Pach otlH•r at that t C'nlpPraturc 
(wh ir ·h !'OTTl'"POllcl,; to t l11• !'l1Pr0 ·\· l'Olll '1'1l - 11 :) 
tration maintainerl) tl11•n th/.fnllo"·in•" 
wmd cl hol e] g-oocl: th (• Pnc•rg-:-.· tran smitfpJ 
to the elPctrons hy ii H• moYing· nuc·lei 
\nHJl cl ht• rontinuou,;h rPiransmittr·d to 
the mwlei. lt i,; ,.:uffic:iPllt to mnintnin a 1~0 
suita ltl ;~ Pll l'l'/.!':'>. ''OIIC'l'1dration for a 
fra ct ion of a Sl'C'01H1. 01!<' rnn clo :<n h,· 
slwoting PhargPcl partirlPs whic·lt Jta,:e 
hPPll :liTPII'ra fPcl in :111 p]prtril'n l cli"
rhar<.>'t' t uh" through a sp:H'!' in \\·ltil'h 12;) 
cliplng·pn alonl'. or l ith ium hyclric] p (or 
otl H• r c·ompclllncl,.; of lt:-.·clrog·Pll nncllithi111n) 
or ntlll'r c·omhination,.; of ltyrlrog-Pn or 
cliplng·pJl with a tlti nl l i.!.!· lt! Pll'nwnt an~ 
present. If T use an PlPctriP conclensl'r to 1:30 
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would he able to stand for a longer iime. 
'l'he following are some features of the 

·described processes. 
1. 'fhe heating up of an area hy means 

. 5 of rays produced by the acceleration of 
charged particles in Yacuum. 

2. - High Yoltnge and large currents to 
be applied for the production of the said 
rays in order to heat up the said area in 

10 an extremeh· short time. 
3. Diplogen or the combinations of: 

cliplogen and lithium, or hydrogen and 
lithium, or hydrogen and other light 
elements, or diplogen and other light ele-

15 ments in the said area, or other combina
tions of two light elements. 

4. The selection of the size of the 
radiated area and the density of matter 
in it, so· that the charged particles pro-

dnc<>d in till• lrnnsmul:dion proct•ss ~houl d 20 
g'E' t absorhetl with in the arPa to that. 
extt'nt that their rordribution to the heal
ing up of t hP area should he :-uhstant ial. 

A thick shed of ,;uh~ta nct• for in ~ !ant ·e 
a eomhinalim1 of hPaYy p]pn;Pnts !'X)l!l~t·d 25 
to the penetrating radiation (neutron,;) of 
the first. or secontl transmutation arc•a 
haYing such elPnwnts in the ,;heet. as will 
transn1ut e into radio-actiYe element:;. 

In connection with point 2 the me of 30 
means for storing energy for the purpose 
of discharg-ing n larg-e amount of energy 
all of a suddt•n it) a di,;charge tube ; for 
instance such means as electric con-
densers. 35 

Datetl the lOth da\· of )farch , 1934. 
I,EO SZILAHD. 

PROVISIOXAL SPECIFICATIOX 
Xo. 33540 A.D. 1935. 

Improvements in or relating to the Transmutation of Chemical 
Elements 

I, LEo SziLARD, Citizen of Germany 
and Subject of Hungary, cfo Claremont 
Haynes & Co., of Vernon House. Blooms
bury Square, London, '\Y.C.1, do hereby 

40 declare the nature of this invention to be 
as follows :-

The invention relates to a process and 
to apparatus adapted for the generation 
of radio-active bodies by means of 

45 neutrons. 
In accordance with the present inYen

tion neutrons are generated through the 
action of X-rays on matter or through the 
direct action of fast cathode rays on -

50 matter. 
Neutrons are li hera ted from some ele

ments, for instance Beryllium, if they are 
exposed in an electric discharge to the 

action of electron~. For instanee if we 
expose tlH'lll to the action of cathode raYs 55 
of a couple of million Yolts neutrons a~·e 
liberated from Ben-Ilium. 

Instead of exposi'ng- the subst ance which 
I "-ish to tran:-;mute to the direct aetion 
of the electron I shall in some cases Pxpose 60 
it with nth·antage to tl1P artion of the X
rays which are g-eueratPtl if electron,; 
travel through matt er espec iall~- through 
heavy elements like Bi, Ph. Hg-. Th, U 
etc. 65 

Dated the 4th claY of Juh·. 1934. 
CLARE)IOXT .H.A YXES & CO .. 

Vernon House, Rloomslnu~- Square, 
. '\Y.C .. 

Applicant's Solicitors. 

PROVISIONAL SPECIFICATION 
No. 27050 A.D. 1934. 

Improvements in or relating to the Transmutation of Chemical 
Elements 

I. J,EQ SziLARD, a citizen of Germany, 
and a subject of Hungary, c/o Claremont 
Havnes & Co., of Vern on House, Blooms
buiv Square, London, W.C.l, do hereby 

70 declare the nature of this invention to be 
as follows :-

This invention has for its object the 
production of radio active bodies and the 
storage of energy through the production 

75 of such bodies. 

-----·-. 

In accordance with the present inven
tion neutrons are liberated from matter 
hy X-rays or fast cat hocle rays, for in
stance from Ber-dlium. 

In acconlance. with one feature of this SO 
invention radio active hoclies are g-encratetl 
hv means of these neutrons. 
·In accorclance with anothPr featun• of 

this invention the radio actin• element 
which is procluced by means of neutrons 85 
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1dtil'!1 are gl'nl'ntlt>tl in tltis or in some 
udtt'l' ''""·'· i,.; ,.;l'paratet! from it,; bumhanletl 
i,.;otope h.1· hPing· produt·t•d tltmuglt the 
irradiation of a c!tt•mit·al <'OlliJHlll!Hl of the 

5 element. which chemical compound does 
not t•xehnngc the atom,; of tlti,.; Plement 
within the eompound ag-ainst the atoms 
oft ht> samP element outside the compound. 

Hadio-:telin• hot!ies <'an he generated h~· 
10 hotnhartling <'t•rtain p]emPnb with neu

trons from a Uarlon-~t-HaY Herdlium 
,.;oHI'l'l'. Tltt' priH·p,.;,.: im·tlln•d ·i,- of d{fft~rl'nt 
lypl' in <lifferent p]emenl,.;. ~ome Pl<>menh 
trathmuh• \Ylten homh:ntletl h,· ,.;urh neu-

16 Iron,; into a ratlin-:wtiYe ele;nent which 
Ita..; an atomit· numht•r lower than the 
nrig·inal PlPment. I t·onelutle that such 
a tran,.;mutation j,.: not pnssihle, if hea\_\' 
t•lt'llll'nts an• homhartlPd hv slow nputrons. 

20 I t•ont·lutlt' this for 'the following· 
r·t ·a <on :-if in tht' primar~· proC'ess which 
!Pad..; to the formatitlll of a ratlio-acti•e 
atom, thP li<'U'tron di~appears and a proton 
or an alpha particle or another positiYe 

25 ntwlt•u,.; i,.; P,it•ei<>tl. OllP get;; a radio-active 
atom. the t•ht>mi<'al prnp<'rlies of which 
:ll't· clifren•nt from tltt• orig·inal atom as 
tht> atomic number of the 'new element is 
lnwt>r. 1 pn•tlid t hal suC'h a process will 

'30 not takP plarp if tht' ent'rg~· of the neutron 
anti the atomit· numlwr of the homhardecl 
Pll'mt•nt arp s\ll ·h that the positi•e 
pari i<'lt•..; whic·h 11'<'!'1' to lw t•.iede<l could 
not pt•Jwtratl' ag·ain,.;t thP Coulomb fip]d 

35 in thl' inYPr..;p Jn·orps,;. Therefore I pre
tlic ·t that if 1 incl\lrp radio-acti•itv bY ;;low 
lll'\lt ron<. (a< for instance the 'ne\ttrons 
gt•Jit•rait•tl hy thP homhanlment of Dip
jpg·t ·ll h." I>iplog·pn f'aJtal rays of ]p,;s than 

40 a 1nillion Yoli <'lll'l't!'l' ) in ht'avv p]pm£>nts. 
!Itt• Ill'\\. Pll'lll<'lll w{J] han• no lt;\n•r atomic 
numhPr than tl~t• orig·inal p]Pnwnt. ~uch 

intltlt'Ptl :wliYitip,: in .,.;omp hPaVY el<>ments 
IYi tIt ,;]o"· nt•ut mn,.; have lwen ~h;;er•ed to 

45 hp prot'l':':'l's of g-ootl Pfli<'iPil<'~·. As a 
ch:lltt!'t' in atnmit• numlwr <lop,; not. occur 
I t'ol.tducl" that tht•rp is a cltaug·p in the 
ma,.;,: nmn hl'l' of tltP hom hanl<>tf element, 
nntl 1 pre<lil'l that in thp known cases the 

50 <'hang·t· t•on,:j..;j,.; not in a clPrrpa,;p hut in an 
itwrP:lSl' of thP mn<s lltlmher. 1 C'an fur
tlwr prPtliet that. a radiation subsequentlv 
eal!Ptl s:q!·ma radiation is emitted by such 
t>ll'nH•nt,; (i.P. ll\· t>lements which show no 

55 l'ltl'lllil'al t·hang:f'. hnl ,;how an intluC'ed 
artiYit .' · h:n· in.g· thl' s:nnP C'lu•mi<'al pro
pert il'" a-; tl~t• orig·inal PlPmPnts whPn hom
hnrclPclln· 11<'\llr~n,; as for imdancP. iotline . 
ar,;Pnic. g·olcl. hrmninc. rhotlium. iritlimn 

60 Ptl'.) wht•Jt hom ha nl<>tl ln· neutrons. This 
svg·ma rntli:dinn carries' awnY thP excPSS 
P.n.Prt!·.' · liht·r·atPtl in thP proce;s of tl1e cap
tnrt• of tht• homhanlin!:r nPutron. A frac
tion of t!tj, ,-_~ · g-ma rntliation con·sists of 

65 " hnnl X-rays. '' hut I wish to lea•e it. 

open what portion of the sygma radiation 
eunsists of '' hard X-ravs" and this frac
tiull might vary from element to element. 
I further predict that the sygma radiation 
<'all lilJt'r:tle neutrons from certain ele- 70 
ments anti also " hard X-rays " can do so . 
Furl her a similar action can be exercised 
hy fast electrons in processes in which the· 
fast dedron is not captured. They can 
furt ht>I' prot! Ul"e radio-active bodies in- 75 
tlireet (and this is most important) by 
eje!'ting from an element neutrons which 
generate radio-active hodies in the same 
l'lenwnt or in another element mixed with 
tht' first elt'lllent. o~· exposed to the radia- 80 
t ion of the first element. 

Hatlio-aetive bodies can be generated 
:H·<·ord i ng to this invention by the action 
of fast t'lectron.; or the action of hard X-
ray,; whil'h art' emitted by matter if fast 85 
eledrons fall on matter (especially if they 

·fall on heav_1· elements like Bi, Ph, Hg, 
Th. r). 

The said " hanl X -rays " generate neu
trons which re-act with the element itself 90 
anti transmute it. into a radio-active body. 
(The neutron may be ejected by the "hard 
X -ray;; " from one atom and be absorbed 
b~· another atom of the element). Whether 
this trpe of action is present can be seen 95 
h~· inwstigating the action of the said 
" hard X-rays " on thin sheets of the ele
ment; thin sheets will show no effect of 
this type. 

Certain " mixtures " of two or more 100 
<>lemt•nts "·ill sho,, an action of the X-
ra.,·s or cathode rays of the following 
type: -neutrons will be emitted by one 
of the components of the mixture under 
the influence of the "hard .X-rays " and 105 
_a not her component of the mixture will 
trar~smute into a radio-active body under 
the mflut>nt't' of thP said n<>utral racliation. 

Examples are combinations of an ele
ment. like HNylliulll which Yielrl,; neutron,; 110 
under the influence of " hard X-ravs " 
with other e~ements, especially with SUCh 
elements winch show an induced activitv 
wht'n homhanled by neutrons without 
showing a chemical change in the process. 115 
Su<'h t>lemPnts can liP selt'dPtl Pitlwr hY 
ratliating the elements mentioned abo•e 
ont> h~· one with a Radon-a Ray Beryllium 
neutron source and in•est{O'atin-;,. the 
PltPilli<'a] p:operties of t.he _indu~ed a~tivity 120 
or alternahnl~· by radwhng the elements 
~n1e h.v mtt• with slow neutrons autl ~eleet-
lllg those elements whieh show an induced 
adi•it~· unclPr thp influent't' of ,;]ow neu
tron-: .. ~~~"· II<'~Itro.n,; C'an for thP purpose 125 
of tlu,; lllYP~hgahon hp gPnerated ln· 
homhanliltg FluorinP with a Rrulon-a Ra~· 
,;nun' <' or h~· homhanling· Diplogeu with 
DiplogPn can:1l rays). Tf I pr(l(lUt'P radio
acti>e hotlies hy irradiating onp of those 130 
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elements which, like iodi1w, trallsll!Ule 
int.v their own radioaciive isotope, it n·
quires a speeial meth01l ehemieall,,- to 
separate the ra<lioacti,·e element from its 

5 irra<liate<l isotope. Aeeording- to the in
vention I can achieve such a separation 
by irradiating a chemical compound of 
the said element. 'l'hose atoms of our ele
ment which transmute into· a radioaetive 

10 atom are thrown out of the compound and 
will subsequently be called " free.'' If 
I choose a compound which in the circum
stances does not. interchange the atoms of 
our element bound within the compound 

15 with the " free" atoms which are their 
isotope, we can chemically separate 
the '' free '' atoms from the compound 
and thereby separate the radioactive iso
tope from the irradiated element.. Com-

20 pounds in which the element in which we 
are intereste<l are bound direct to carbon 
are very often suit a hie. For instanee in 
the case of iodine compouncl;; like iodo
form or ethyl iodide can be irradiated and 

25 after irradiation the radio-active isotope 
can be concentrated by separating the 
" free " iodine from the iodoform or the 
ethyl iodide . In order to protect radio
active iodine a small amount of ordinary 

30 iodine can be dissolved in the organic 
iodine compound before irradiation or 
after irradiation but before separation. 

This principle of isotopic separation can 
also be applied if the element transmutes 

35 into a radioactive element which is chemi
cally different from the bombarded 
elenient. Though in this case there 
is no inherent difficultv of chemi
cally separating the radio~ctive element 

40 it may be convenient in certain cases to 
proceed as if the radioactive and bom-_ 
harded element were isotopes. 

An impulse generator is adapted to 
produce intermittent voltage up to 10 mil-

45 Jion volts, which can be transmitted to 
cathode o·f a discharge tube through the 
spark gap, the anode of which is connected 
to the earth. 'l'he fast eleetrons can emerge 
throuO'h the metal window (which is con-

50 nected to the anode) and are hitting a 
bodv used as an anticathode which vields 
"h~rd X-rays " with ver~' good efficiency 
if it is built of Bi, Ph or some other heavy 
element . If the anticathocle is surrounded 

55 by a thick sheet containing some of the 
elements radioactive bodies are generated 
in this sheet. 

The O'eneration of radio-active bodies is 
due to Jifferent types of action, mentioned 

60 above. 
A particularh' efficient way of produc

ing radioactive bodies by using high volt
a•ve electron-tubes is basecl on the methocl 
d~scribed above. A possible combination 

65 is to use beryllium as one component ancl 

another t> lement, for insl:IJI(·l' iodinP or 
:II'Sl'lli<· 01' SOllie otLl•r ,.;uitahil' t'Jl 'IIIL'Ill a,. 
till' sPeond <:OlllJH>Uen t. It i,; of col! I':'<' not. 
ueccs,.;ary :u:tunlly to mix tlw !\Yo ell 'llll'llb 
hut only to expo~e the second elenll'lli to 7C 
i he nuliation which is emiitl•<l b,- the 
beryllium under th<• iutlueuee of the l'X-. 
citation of ih l• hen·llium b,- thP X-ra\·s 
or fast eleetnms J;l'lllhH·t-d · hy i11e hig·h 
voltagp electron tubes. 7 ;j 

. In Xi~·ure 1 of the aceompauyiug· draw-
mg, '21 Is the window of the hin·h Yoltan·l· 
tube through which the fast el:ctnm,.; a~·l' 
ejected. The elel'!rou,; hit the rotating 
anticathode ao ,\·hidl is con•retl with lead 80 
or i.ungsten ('r .; ;n. This antieatlwtl(' i,: 
water-cooled, the water Pnteriun· the rotat-
ing bo<ly through the axis 3I 5'.! is a 
beryllium block in whieh a space has heen 
left for the rotatiul.r antit·athode and for tht• 85 
path of thl' t·atiH;de raYs 33 hetwern the 
willllow '.!1 anel the ;lllticathode. This 
beryllium block may for instm1ce ha>r a 
size of z;, em. X '.! ;~) l'lll. X :25 CUI. The 
voltag·e used to operate the Plectrou tube 1)0 
may be three million >olt. The hen·lliuru 
blo~k is surroundt•d !1\' a block 3-! 'of the 
element whieh I wisl~ to transmute into 
a radioactive' element, for instance. 
io<line. or ar~enic or nn\· other element 1)5 
that is suitable. "'hile {t is a<h-i~ahlr to 
use metallic herdlium in the block 5:2 the 
element in the Lloek a-t ma.'· hp prp,:pnt in 
the form of an org-anic compound in onler 
to make an isotopic separation possible 100 
after irracliation. ThP <limen,;ioH,.; of 
bloek 3-! ma~- for in;;taiH't' hP :10 em. x 
CiO em. x 50 em. 

If heavy h;nlrogen or compounds of 
heav;\· hydrogen like lithium hydride or 105 
heavv water are used instead of hen·llium 
it is. a<h·isu hle to use higher t rnsi<;n, for 
the grneration of the X-rays in onkr to 
get. a hif2·her efficiPncy. 

Sinee the output is within eertain limits 110 
proportionatp to the thiekne,;,.; of material 
which the X-ran han• to tran·l i11 
herdlium. ancl :{lso to th<' tliicklll'"" of 
material whirh the nn·,; PlllittPd In· the• 
ben·llium have to tr:n-'Pl in thl' maJe•rial ll;j 

in ~,·hieh I wish to ineluet• radioadivih· it 
is essential to rhoose th" elimPH,:ioHs l;oth 
of the hen·llium :mel oft lw malt•rial whi<·lt 
we wish t.o· aetivatr. If I han• o11l\· a 
limited amount of thP matt>rial whit:ll I 120 
wish to activate <lilllil<·d from 11It' poi11t 
of view of keeping- tlO\nl tlu.' capital in
vestment and the wa"tl' of matPrial whi<·h 
ae·companies tht> l'lu·mie·al ,;t·pamtioll of 
the ra<lioactiw matt>rial) it 111:1~ · he athis- 125 
ahle to rPn~rse thP arrang·<·ment. shown in 
Fig-ure~ in tlw following- wa~· : ~~.J-111!' ou1Pr 
hloek shoul<l he m:11lt> of lll'l'dlimn and 
;)~the inner hlod: ,;hould lH' Tiwrle of tl1P 
material wl1ieh I wish to adiYatP. 130 
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Fast. cl<'elrons haYe a similar action on 
hl·r.dlium as han! X-rnys, a fraction of 
this a<'tion may be due to th e generation 
of hard X-ray,; in the hen·llium hut an-

5 other fraclio;l Ilia\" he tlu~ to the llireet 
a('t ion of the f;1st electrons on the 
henllium. ln Yiew of the fact that liard 
X-~a.\· s g-enerate fast eledrons in the 
hPryllium. part of tlteir adion might lJC 

10 due tn fast. elt>etron s. ln an\" l'ase I do 
not wisb to diil"Pn•ntiall• here lletwPell the 
at'lion of fast dectron ,; aml hanl X-ray;;, 
:1111! \Yhile I thitd;: I hat tla• direct aetion 
of hnnl X-ray,; oil the lwr~·llium plnys the 

!;:) major part iu ilH· liberation of neutrons 
1 " ·i,;h to l'llYisag-e the following modifica
tion nf our Jllt'tho•l: the eledrons of the 
diseharg·<' tuhe fall inslend of lead on 
her~· llium ,,·hicb 1·an he put into the place 

'20 of tht> lea1l l'o:tling :H of the rotating anti
eathode :30 in Fignn· :!. 

The material whi1·h one wishes to acti
vatP is not use1l up appreciably. For in
stanep if r inailiale i>thd iodil]p with 

2;) llCUti'OllS anll SP}HU"afe tJ;e aefi•:e iollille 
ll\- n•nwYiug· it from the etJ,yl iodide 
titroug-h sh:;king· thP rthyl iorlide with 

water in the presence of a reducing agent 
I ean prevent the ethyl iodide from being 
lllixed with the water and easily separate 30 
the water containing the active iodine 
from the ethd iodide. 

After sep~ratiug the radioactive ele
ment one can huihl up chemical com
pounds especially org-anie compounds from 05 
it. 

Some features of the im·ention are the 
generation of ralliuactive bodies by means 
of high voltage eler·tron tubes and the 
chemieal separation of the radioactive •iO 
e Iemen t. based on the irradiation of the 
l'lll'lllical compound of the element which 
does not exehange the afoms of this ele
ment within the c·ompound against the 
atoms of the same element outside the 45 
eompounrl. A further feature is the com
hination of an X-rav tube with bervllium 
and a second elem~nt which will ·trans
mute into a radioactive ele1nent under the 
influence of the rays emitted by beryllium 50 
''"hieh is exposed t.o the X -rays. 

Dated this ?Oth day of September, 1934. 
LEO SZILARD. 

CO~IPJ,ETE SPECIFICATION 

Improvements in or relating to the Transmutation of Chemical 
Elements 

I. LEo ~ZIJ..\HD. a eitJzell of Germany, 
and a suhjel'l of Ilung:u~- . efo Claremont 
IIanH•:-: & Co .. of \"prnon Hou:-:e, Blooms-

55 lnu:_,. Squan•. Lontloll. "\Y.C.l. do hereby 
dPclarl' thP nature of thi:-: invention and 
i11 what nwnuPr the same i,; to hr per
formrd. to hp partil · ttlarl~· rlescriberl and 
n:-:cPrtaillell in and hy thr following 

60 st:tll'IIIPllb: -
The invPntion eoneenH methods and 

apparatu,.: for th1• production of nuclear 
tran,.:mutation,.: leading- to the generation 
of r:ulio-ncti'e hodit>,.:. 

G5 lt i,; not Ill'\\" to prodnee elements cnp-
:ddP pf :-:ponlatleou,.: trnnsmutation h~· 
homhanlill'.!' r·t-rlain elenu•nb with fa~t 
l'l!:n·~· pcl m;dci . for in:-:l:luce by homhanl-

. ing ;':ll'hou with protons or i1lnminium, 
70 hoi·on :m1l m:lc·nesimn with helium ions 

(« partich·~). ' liO\H' \·er, the ra1lio-actiYe 
t'it•Iut•nh prolllli'Pd hy the homhanlment 
of t hp,.;p light l'lemPnts "·ith protons or 
alpha partii·h•s. haYP mo:-;tly a short exis-

i5 ll'lll'l' (I ht•y rli~iuti';_:T:lil' spontaneou,.;l~- in 
a time slwrter than a few hour,; to half 
t h<'ir :nnouut) and it i,.: not po,.;sible to Usl' 
t hPsl' l'lnlr~·p(j nu!'h•i for the transmui::J
tion of tlll: hPnYier p]pment,.; with good 

80 pffil'iPHl'\' a~ thl' i L> ni,.;ation loss grts too 
larg·e. · 

According to this invention radioactive 
elements nre generated bv neutron radia-
tion emitted from a space in which a 
nuclear trnnsmutation process leadinO' to 85 
the liberation of neutrons, is maintai~ed 
anti by the exposure of an element to th~ 
said neutron rndiation which element 
tran,.:mutes into a radioactive element 
under the influence of the said neutron 90 
radiation. 

It is po;:;;illle to produce with O'ood 
dficirncy (hot h from light and h~avy 
element,;) rarlio actiYe substances a quan-
tity of which llecomposes to one half of 95 
the original nmount in a period of time 
exeeerling :24 hours. if a thick laYer of 
snhstanre is expo,.;rll to a penet~atinO' 
ralliation "·bich is emitterl when collision~ 
hehweu heay~- h:nlrogen (diplog-en) atoms 100 
(or nuclei) anll light elements, inrluding 
heavy h~·drog-en (diplogen, also called 
deuterium) itself. are produced. 

In the accompan~·ing drawings Fig. 1 
shows an examplp of a suitable arrnnge- 105 
ment. 11 i,.: an Plertricnl di,;chnrge tuhe 
ejecting a heam 12 of fast lliplogen ions .· 
The ions fall .on a suhstance 13 consistino· 
of for instance g-a;:pous 1liplogen or a eli; 
log-en compound or lithium. eausing trans- 110 
mutation, i.e . a nuclear reaction of tl1e 
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diplogen ion with an atom of llw tarn·d. 
'1'1 I ' · ,_. le su lstallt'e I ,j IS sunou!ldetl hy a la Yl'l' 

·14 containing- the elemt•Bt \dti!'!t . we ":i~h 
to transmute into a radiu-aetivt• d emt•ut. 

5 In_ order to have a g-ootl effil'it•Bn·. th e 
tluckness of the laver 1-! has to h~· suffi
cient!,\' larg-e, eon;pared with th e mean 
free path of the neutron . 

Fig-. '.! s lto"·s th e e lel't ril'al tli,-!'!tarn·t• tuhL· 
f l . I"' ,... re enec to lil 1 Ig-. l. It i:> a hio·h vollil"' t ~ · 10 

positive ray tuhe. There i,- an"" auxilia7Y 
positive ra~- tuhe on top of the hig-h volt
ag-e tuhe. 11 is the anocle. }:j the cathocle 
of_ this auxiliar:v tube. J)iplog-en is acl-

15 nutted throug-h the tuhe 13 aucl pumped 
away through 14. 

20 

25 

30 

35 

The transmutation of elements into 
radio active hotlies u'ncler th r infhH•nce of 
neutrons can be demonstrated even hefore 
one knows which elements will transmute 
into rarlio active ho<lies. if one prepare,-
a mixture of all suitable elPments lNlvin o· 
out the natural ra<lio actin elements. but. 
including uranium and thorium (from 
which the heta actin~ proclucts have been . 
removecl) and exposes the mixture to a 
neutron radiation. The mixture sho"·s 
after exposure radio activit~- deca~·ing
with a large number of half-life periods 
the relative intensity of which depends on 
the composition of the mixture and on the 
time of irradiation. 

The following- are the essential features 
of one methocl for the production of radio 
active substances according to the present 
invention. Light elements are hom hanl ed 
by each other, especially diplogen is 
broug-ht into eollision with other lig·ht 
elements or with cliplog-en itself. l'n-

40 charged particles of a mass of the order 
of magnitude of the ma,.;;; of a proton are 
emitted as a consequence of th e collisions 
between nuclei of lig-ht elements. Such 

45 

50 

uncharged particles penetrat e enn sub
stances containing the heavier elements 
without ionisation losses an<l cause the 
formation of radio active suhstanPes in a 
laver which is exposed to them with good 
efficiencY if the thickn ess of the laver ]:; 
of the ;mler of magnitud e of the ·mean 
free path of the neutron or larg-er. I have 
therefore hvo steps of good effi!'ieney in 
series: the production of unPltarg'P<l 
nuclei b, collision between ligltt Plements 

55 (the ionization losses are smnlJ hecause 
the elPments have a small atmme numher 
ancl therefore a small nuelear clwrge ancl 
a small num lwr of electrons per atom) ancl 

60 
the procluetion of raclio actin! suh-;t.anf'es 
hv means of the uncharged nucl e i (the 
i~nization losses are practical!~- ahsen t 
even in case of passage through hN~vy 
elements) liheratc<l in a nuclea r rrachon 
between lin·ht elements. 'l'he nuclea r r e-

65 actions bet~cen the light elements can he 

hrougltl about c·ii Itt ' I' II\· I Itt • l>o11tl> :tl'llllll 'til 
of a targ-et c·oulai11in g i i~;dli l'il'tll t' t t t ~ '" il! t 
a l>e;llll of fa~( Jio·ll( :lioltl-; Ill' hy !tt•:t l inn· 
up a ,.; nwll ~ p:~ · p c • ottl : ;iuitq~: a li g- 1;~ 
eh'l11l'll t. 

Tlt t> lt•c·ltniquc• for t'<tl'l'\'illo· out tlti-; 
method dt•,.;n ilH·d ill l'ot tnc •c.'ticn7 with Fig. 
'.2 " ·a,.; t•hara l'it·ri:-t •d hy .,Jt, Hd ittg a part il'!c• 
through mattc•r " ·hic ·h i,- at · n ·,d. · ;\-; cle
~crilwc! a diplou (a diplog-l' l! m :c·lt-th) ~ hot 
!11 to. eli p log-<'11 :tl re-;t wi 11 i 11 a 1:t rg·c· pro
portwn of c·a,.;p,.; ]o,.;p ib t' llt' l'"T In· ion iz ir w 

- tht• rliplogt' 11 alit! c·a 11 ,.; p 110 l;·:nt."lllUtat io·~ 
in thy,.;!' c·a.-p,; _ .\rw lh t• i· tc• c·!tniq uc• for 
cnn:nng· out tit i . .- ntc •lltod i~ dt•st· riht•d in 
thP fo llo"·ino· 

l f ·ntH' lll:~;li:;iu.- a n •ry l:ll'Q'f' I'Oilt ' l'll 
tration of · t · nt•rg- ~· in a ,-jl<l!' t• Jill t•d wi th 
ntom,; t'f ,.;ul'l t c•ll'n H• td,; "·hic·h " ·ill ,;HfY,•r 
tran,.;mutatiolt. i f tl tt• :dnm~ ( tnwl .. i ) ,; t r ikt• 
earh ofh<'l' at that ft ' llllH' l':t iHrc• wh i,·h 

. COlT<':'JlO!ll]-: tP fl11• l ' ll P I'Q'~- !'Oilf'!' lltl'a tinn 
mninta i11l'cl th <' n thP follcn~·ing· wou],] ltnl•l 
g-oocl: th p 1'11<'1'!!'' . tra nsmiltPd in tl ~t • p] pc·
tron,; ln· thP m ;~~· ing· mtrlPi " ·ntdtl h t• 1' 11 11 -
tinuou~l~- rPtrnn,;mitt Ptl to th t• lll! l' lPi . 11 
is suffif' irnt to maintain a suit a hl t• t' ll P!'.!!'\ ' 
roncentratio11 for a frarlinn of a "t' t'Ptlll. 
One c· n11 do "0 ll\· -;]tooii ll!!' t·lt :ll'Q't•d 
parti cl p;: "·hiclt h:w;, h l' t'll :wt ·~ ·lc • r:l tPd iu 
an elPrtriral tli.-dlarn·p iuhp tltroun·h a 
~ptlf'C' in wltieh c1iplog·~n nlc•n<' . or litl~i11m 
h :nlridP (or nthPr !'nmpoun<l,; of hYtlrng·l' ll 
and li thimn) or oth t•r comhinations nf 
h~·clrog·en or ,]jpl o_g·pn with a thin! lig·ht 
elemr11t <ll 'l' nn• .- pnf. I f \ \'1' 11-< t' an Plc•c trit · 
con<len,;er :uicl tli,-f'lt:HQ'l' i t in n fr:w( in11 
of a sec on cl :wro,;" tl11• . d i ,;!'] 1 a l',Q'P t u h " w e• 
can introchH'I' ( c• ,;pPPi :1ll~- if W<' u<c• ,.; pvpr:tl 
clisclwrg·e tuhp.- '"hif'll :n,• opt•rai c•d ,-imHl
taneou;;h ·) a Yt'l'\' brg·p t'!l l' l'QT in :1 YPI'\' 
short p P;.j;1<] of ti.mP it\to thc· ;, · tran<tn11(:~ 
iion spaf'C' " fi ll c•tl. P.g·. " ·itlr ,]ip]ng·c•n . 
As "heatin.g· ra~-,_" \\'! ' Pan 11"1' prn(on..: 
or h PnYier ion,;. til' Wp 1':111 u,;p t•:t!hndl' 
ray,;, \Yp t':llt c•n ;: ih· P,tim:d <' l tmY 111\ll 'h 
en.erQT mu;:t h C' .; tor;•,] itt tll l' t•1p<·trir· t•nn
cl en;pi· in orciN to haYI' suffi• ·iPtd ,.;upp] ,,
of f'nergy to h t>:lt up 1 !'HlliP rnt. of dip
log-en. 

Th P 11 <'11 t ron ra tl i a i i 011 o·p11 Pi':d t•ll ln· 
hrino·ino· clin] oQ't' ll intn llll!'~ · ar rc•al'lio;t 
with~it ~;lf thn;u g· l1 ltl':ding· it up wi1l1 nn 
electric clis<·ltaq.!·p 1':111 lw uti l i.-"d for tltl' 
g-en<'r:dion of ra<li o :w!iYc· ],odiP-: a-: tll'
serihPtl a hoYc· . 

Fig-. :3 i!lu,.,tr:dt>,.; tlt!' tP!'hniqllc ' nf 
,Q' l'llP ratin~· 11 e11trott" h.,- h c•atin!.!· up 
swltl en ly <liplngT n with au PIPC'trir· ,]j.-_ 
f'ltal'g'l'. I II Vi!!·- a ' ):! i,; :Jil p] pf'l rif':d ( 'll ll

cl P n:'('l' wltir·lt j,; <·ltarg·p<] up iltrou!.!·lt jJrc• 
PlJOh•..: :10 ancl :,.t to a ltiQ·], C'!Pdri,· :Jl 
poi enti:tl. \Yltl'll j]ll' po!PntiaJ 1'<'<1!'11< '" :l 

f'ritic·al Yah!<· tltl' l'lPC't ri<'nl <'111'1'!.!'\' .-ton·d 
in this r:onc]pn,;l'r i" stHlclc•ttly tli ,;.f'ltaq . .!·t·d 
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PROVISIONAL F;PECU'TCATION 

No. 7840 A.. .D. 1934. 

Improvements in or relating to the Transmutation of Chemical 

Elements 

I, LEo SziLARD, a citizen of G:rrmnny 

.d Hungar y, c/o Claremont Haynes 

Oo., Vernon House, Bloomsbury , 

' 1uare, London, "\V.C.l, do hereby 

' ,• cln.re the nature of this invention to br 

a-; .follows :-
. hns b een deuwmilrated that if atoms 

or nucl ei, e.g. l1yrlrogen atoms (or 

pro tons), h eavy h yd rogen atomR , referred 

10 from now onwards as cliplogen , (or 

,lip logcn ior>s, rrfrrrecl to from now on

wards ns di ;1 lons) efr. are shot at chrmi cal 

cl<'ments, a rl<'finitf' fraction of th0sr 

' r;l10ot i 'lg' partirles will c~ms<' irrm sl ,luta-

1-i" in mall:"' r l em r ni s. (How hrg-P t h ir; 

'1 fr:.JCt. ion i s will clenrnc1 on th<' !1;-~turr of 

I tlw Plrmeni.. thr ~nture of thf' ;;l10oting 

,' , partidr. ancl it s ,c]ocit~r .) Tf one u se<; 

the hoY,, m0ntimwd partirlcs anrl shoot 

10 fhf'm on l :•J o~ or lw:w:v hyrlrogen lithium 

(G) or lit : ,. •n (7) or other clements a cer

tain prcponi(ln of the particl es lose their 

Pncr;r, ~· i h rough ionizing the substance 

thro11gh ''"hirh tl1ey :ur shot. and o~l:v a 

fr,>ct.ion of i.b e sh ooting part.icl rs will 

nw L a nucleus of ih e substance heforr 

loQing so much ene rgy that the sl1ooting· 

•1 
n;-~ ·1icl c is unablr to cause transmutation 

i1, nnrlri ,1']1icl1 it m eets. Of thesr p :->r

. ·r 'Yl1ich mrrt a nucleus in their p;-~ ~ 1 · 

e •dil l h,•inQ' in possession of a , ufli

, ]y LHn'e frartion of their ini ti;-~ 1 

!.t~-~ :1p:a in only a further fraction wi11 

,hl·· .r• JWneiratr th e nuclrus, (w·ill be 

i• -~ ,n ~c a transmutation); if thr 

• iJJI .trl icl <'s are positively charged 

t<'IJUlsed hy the positive]:;

·~·p,l n: clc us , and the prol)ahilit:;· of 

· p· .,,• trnt·ing the nucl eus is a funditP1 

·.eir !·,•lative velocity. 
.• is proha.hility r ises rapid ly wit h in

a,jng· velocity of the shootin g p:nfirl<' 

:1nrl e,-entually r eaches unity at a. velocity 

which depend s both on the nature of th<' 

15 -~hooting particle and the nature of tl1e . 
1 nlo: trcl eel el ement. 

Tiowever , even if this probability IS 

[Price 1/-] 

rqual lo unity one still has to tacr t he· 

fnct f. hat a shooting· partirle has to 1 ra• ' 

for in s tan ce in air a large distn, .. -,. · " 50 

order to encounter a nuclear rolll .<i o>ll 

(which may cause transmutation ) . l ·ul 

1lue io tbr en ergy loss which it. :- nfi'o·r:' 

th roug-h ionizing the air its range i:< om

paraii nly small if its initial velo('it:v 55 

eorrcsponrls to several million volts 

cnerg·y . Only a fraction of the aho·vc 

ment i nNl shooting particles cat, t h er e-

fore produr,e transmutation if :--hot. ;nto 

air o r ofl,cr suhstances or similar r· lt:l! a~'- 60 

terislir · c0nrrrning ionizatio n ln~sc·, ,,d 

n u cl ('ar ro llisions. 
In <H'Corrl<li1Ce with the prr<(", . ot•' <'11-

t ion r;-~rlio-:1diYe bodies arr ;.:·,·nrt. :lt ·d 

hy hnmharrling suitabl e el rnH'J J!s wi ti, 65 

neutrnn ~. which can be prorl ucerl in 

vanous wa:vs. 
In accortlance with one feature of the 

present invention nuclear transmutation 

leading to the liberation of neutrons and 70 

of energy may be brought about hy heat-

ing up a small area fi lled with suitable 

el emeuts very suddenly to high i<'mpcra-

t ure hy means of an electric di chn r;..(·e . 

11.\ DIO AcTIVE SuJJSTANCEs. 75 

It I'> p ossible to produce elemen t - . ; ip

ablc ,l[ ... pontaneous transmutat ion by 

bom h:m1ing r:ertaiu elements wit.h fast 

charg·c.l nuclei, for instance by bombard-

ing carbon with protons or aluminiu m, 80 

boron anrl magnesium with h elium ions 

(particles) . However, most of th e r;~rlio 

acti>e elements produced by the bomhnnl

men t of these light elements with n1oi ons 

or alpha particles have a short co,; i,: .•n e 85 

(they disintegrate spontaneously in , 1ime 

short er t han a few hours to halt ~hei r 

amount), and it i s not possible to use 

these r·hargecl nuclei for the tran~muta-

t ion of the h eavier elements with good 90 

efficiency as the ionization los g-(• 1-: too 

large. It is, however, possible to vrn rlnce 

with good efficiency (both from li g lttcr 

and heavier el ements) radio active ;; u b-
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stances n. quantity of which decomposes 
to one half of the original amount in a 
period of time exceeding 24 hours, if a 
thick layer of substance is exposed to a 

5 penetrating r~Hliation which is emitted 
when colli ·ion s between heavy hydrogen 
(diplogen) atoms (or nuclei) and light 
elements including heavy hydrogen, 

, (itself diplogen) are produced. 
10 In the accompanying drawings Figure 

1 shows an example of a suitable arranrrc
mcnt. 11 is an clcctri cnl di : chargc h~bc 
ejecting a beam 12 of fn st dipl ogen ion :; . 
The ions fall on a substance 13 con sisting 

1& for instance of gasous diplogen or a 
diplogen compound or lithium, causing 
transmutation. 'rhe substance 13 is sur
rounded by a layer 14 of about 1 metre 
thickness and an average density nbove 1 

'20 gram per cubic em. 
If a substance X which i. mixed out of 

compounds of a large number of el ements 
in such a way that it should contain in 
about equal molecular quantity (the 

25 number of grams proportional to b e 
atomic weight ), all the elements (either 
free or in compounds) of the periodical 
system, with the ex ception of th e rare 

gases, Rhenium, Masurium , anrl th e radio 
30 active elem ents (but including uranium, 

thorium and all th e alkali elem ents) is 
exposed to the p enetrating radiation of 
substance 13 (the acting agen ts of which 
radiation apparen t ly are uncharged 

35 nuclei the mass of which are about equal 
to the mass of a proton or multiples of the 
mass of a proton) , the substan ce X con
tains (after the exposure to the radiation) 
spontaneously t ran smuting el emen ts, the 

40 time of di integra ti.on of whi rh is large 
as comparerl to th e time of cli ~int egration 

of most of the befor ment iomcl radio 
actiVf: elements which can be produced h.v 
the direc t homhardment of light elements 

45 with fast ch arged particl es . 
The effi ciency can further he in cr eased 

hy measurin g ~hich of th e 70 el ements in 
substance X do no t contribute substan
tially to th e radio active elem ent which 

50 I want to proiluce and by eliminating 
those elements from th e suhstance out of 
which I compose the layer. Such a 
ntP ~ urement can be en.silv carried out by 
means of methods that ar·e well-known i~ 

55 every physical laboratory . 
Th ese are the some feature~' of tl1i s 

method for the production of radio active 
substances which are disintegrating
slowly: 

60 Light elements are bombarded by each 
oth er, especially diplogen is brought into 
collision with other light elements or 
with diplogen itse1£. Uncharged particles 
of a mass of the order of magnitude of the 

65 mass of a proton . are emitted as a con-

sequence of the collisions between nuclei 
of light elements . 1 uch uncharged nuclei 
penetrate even substances containing the 
heavier clement~ without ionization losses i 
and cause the form~tion of radio active 70 • 
substances in a lnFr which is exposed to 
them with goocl cf6cicnc? if the thickness 
of the layer is of thP order of magnitude 
of the m ean free path of the neutron s £,or 
this process, or larger. l lulVe there fore 75 
bro st.eps of goorl cffiri l' lll'.\' in · :<Pri es : ihe 
prorluction of unrh r~ rgr• d nucle i h:y 
r ollision between l ight r l mr·nts (ll,·c 
ionization losses arc ·mall l> PC:a'l "· , h e 1 

el ements have a <> mall atomir m.unlw~ <l ncl 80 I 

th er efore a small nurlr·nr rhar"'e :•,Hl a 
small number of electro-ns per r~i~m ) . aurl 
the production of radio activp subst an ccs 
~y ;me~n s of the unchargerl nuclei , ih c 
lOlllzatwn losse. are practiC'nlly n.hsent 
even m case of passage throun·h h eavy 
elements) . 

l, 

8 ' [i 

The prorluetion of such radio active 
substan ce~ with good e:fficien ry might leacl 
to a system of energy tora.c:·t· and such 
suhstances can he 11. erl us nrcumuln t ors 
for driving cars , ve,;~el s . aeroplane~ and 
so on. They woulrl he inclced accumulators 
of a very small weight.. I 

I 
~ IETHODS AND A T'T'.I H IT("S F , l j{ ,A L~ J .-.-c; 

TRANS:IIDT.\TION . 
) ' 

The methods cl escrihed hitherto '', 1 e: 
characterised by shootin g a pariiclc ' 
throug h matter which is at r est. As de- 1 

scribed, a rliplon (a diplog-en nucleus' , 
shot into diplogcn a t rr;; t will in a larrr: \ 

prop~rtion of c~se~ lose its energy hy ~ 
wmzmg the chplogcn and cause n • · 
transmutation in those cases. A furih er ~. · 

limi tation of that m et hod lies in 1h c· )5 

diffi culty of producing as large ion eur 

rent n, woulrl he nc rlrd for inrlu sh i :. 

purposes . The following m ethod i s -, 
from these limitations : 

If I ;ver e to maintain a >cry largt• 
centratwn of energy in a space fill Nl 
a toms of such element which will ::,Ll 1 

tra.nsmutation , if the atoms (nur .· 

JO 

stnke each other at that t emperatm . 
(whi_ch corr.esp~nds to the energ,v con rer,. J f., 

trahon mamtamed) th en the followin ,t. 1 

would ho·ld good: the energy tran smitter 1 
to th e electrons by t he movin g nucle~· 
\\·oull be continuouslY r etran mittcd 1 

th ~ nuclei . It is suffi~i Pnt to maintain ( 20 
;nutn hie energy con cPn trntion for a: 

fracti.on of a secontl. (h,c r :m do so by 
shootmg charged parti rlc·>- whiol have 
been accelerated in an clcrtricn.l di ::; 
cJ:arge tube thr·ough a spn ce in whicll ,~ 
chplogen alone, or lithium hydrid e (or , .) 

other compounrls of hydrogen and lithium ) 
or other combinations of hvdrorren or 
diplogen with a third light ~lement are 

present. If I use an electric condenser to ~) 
I 

.I 

' I 

I 
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store e lc~ lri cnl energy and disch:uge this 
co nd c ll ~C r in n. frnction of a second across 
the eli charge tube I can introduce 
(espccinlly if I use several discharge 

5 tubes which nre operated simultaneously) 
a very large energy in a very short period 
of time into the " transmutation space " 
filled e.g. with diplogen. As "heating 
rays " I can use protons or h eavier ions 

10 or I can use cathode rays . I can easily 
es timate how much energy must be stor ed 
in the electric condenser in order to have 

· n. sufficient supply of energy to heat up 
sufficiently 1 cubic em . of diplogen (an 

15 amount o£ cliplogen that wo·uld fill 1 
cubic em. under ordinary pressure and 
temperature). 

Fig. 2 shows an illust ration of the 
m ethod. 41 is a discharge tube, 42 an 

20 el ectrode in this discharge tube, 43 a thin 
metal window h ermetically sealing the 
vacuum in the discharge tube and allow
in g the paRsnge of charged particles from 
the clis~h:ngr tube into the interior of the 

25 vessel 44. A number of other rlisrharge 
tubes si milnr to tube 41 can be plncerl 
aromH1 tl1 e vessel 44 in a position similar 
to thnt of 41, :mrl nll t h ese tubes ca n be 
operntrr1 simultaneou. ly. Ea ch tube may 

30 haYP :1 scpa r::1te set of electrical con
rl en~n·: and all th ese condenser s may bo 
d isr lunged across th e corresponding clis
r hargp lube simultaneously by u sing an 
electrir im pulse to hridge all the spark 

35 g-ap simultaneously. Fig-. 3 shows how 
the tube 41 is connected through a spa rk 
gap 51 to a condenser which is £eel by 
direct current through th e choke 53 and 
54. , 

40 The corpuscular r ays o£ all the dis-
charge tubes are focused on a small area 
45 the " transmutation area " the volume 
of which is only a small fraction, e.g . o£ 
the order o£ on e millionth to on e 

45 thousandth o£ a millionth of the volume 
of tl1 e vessel 44. The rati o o£ the two 
..-olum es to be chosen will depend on the 
rlensitv o£ matter in the tran smutation 
ar ea; ~1 n e can e.g . replace 1 cubi c em. of 

5(; rlipl oQ·cn gas (having a density corre
sponrli.n g- to ordinary pressure and tem
perature) hy a solid compound of diplogen 
which will hold the same amount of 
diplog-Pn in a few cubic millimetres . In 

55 the interior of the vessel 44 a low pressurC' 
i.s maint.ained but sufficient gas is l eft (i£ 
rathorl e rays are used) to compensate the 
nerrative space charge during the dis
ch~rge; to the same effect electric fields 

60 can be maintained between the conductors 
4G nnd 47 which will remove part o£ the 
secondary el ectrons produced by the 

athode rays clnring the discharge. 
The duration of the discharge can be 

G5 chosen so as to suit the purpose and may 

be anyth ing between 10- • sec. and lQ-7 

sec. If I had for instance 1 cubic em. of 
r1iplogen gas enclosed in a small container 
having very thin walls in the transmuta-
tion area 45 and i£ I had a pressure of 70 
one atmos. before the di scharge I shall 
have an enormous pressure after the dis
rbarge which would burst no t only the 
thin walls o£ the container but would 
burst much thicker walls. However, the 75 
rlisplacements during the explosion are 
proportionate to the square of the time 
that ha s passed since the starting of the 
explosion , nnd it is therefore possible to 
mninta.in for a short period o£ time a 80 
sufficiently high den sity o£ the matter 
(e.g. of the cliplogen gas) m the 
transmutation area, i£ the "heating 
up " of this area is brought about by the 
corpuscular ra~'s m a sufficientl y Rhort 85 
time. It Is important to maintain a 
sufficiently high density in orrl er to have 
a suffi cient number o£ collisio·ns (to havP 
a suffi cient chanPe for a collision causing 
transmutation) lwtwePn the nuclei while 90 
th e energ-y concentration 1s hig-h in the 
tran smutation area. From this point o£ 
Vlew it Is an advantage to start with a 
very hig-h clensitv such as one g-eh if one 
use~ liquid or solid compounds of diplogen 95 
(.o·r liquid or solid forms of the otl1er li!!ht 
elements that one may use) . H th e 
"heating up " occurs in a short time the 
hPat losses through racli::1tion anrl ron 
rlu ction are tolerable. As the vessel 44 100 
has a very large volume the ri se of pres
sure, in it after the explosion . is tolerable . 

One nossible way of h eating up 
electricallv a definite area is bv mP:ln s of 
fast particles whirh have been ~ccelerated 105 
clectricnlly (whil e being- elertrirallv 
rh ::1 rgecl) m vacuum. Th-e fast particles 
renresent. energieR corresponrling to 
J 00.000 to t en million volts, and could 
th eoretically h eat up the transmutation 110 
a rea to anything het.ween 100,000 to one 
hillion deg-rees centigran e . An Pssential 
featur e oi' a suitable method is to produce 
t.h e hent i.n a very short time by applying-
to a discharge tube, adapted to eject the 115 
saicl fast p::1rticles. a hig-h voltag-e £or a 
\ erv short time. This ran hr effected bv 
sto~ing- the energ-:- for th e rliscl1arg-.e 
mPrh anicallv. ma<:rn etirallv or bv means 
of :1n Plertric condem~er. . . 120 

Tf an electric conrl enser J S used it lR 

pos_sihle to apply a very nigh voltag-e anrl 
th ereby to store a very large energy b:v 
loacling t.h e condenser m a very short 
time, e.g. 10_. to 10-• sec. n11rl flis- 125 
charg-ina- the condenser t.hroug-h i·he dis
charge tuhe in a time , borter thnn Hr" 
sec. For a time of 10_. to 1 o-• sec. a 
condenser built for the purnose is able to 
stand a much higher voltage than it 130 
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would he able to stand for a longer time. 
'l'he following are some features of the 

described processes. 
1. The heating up of a11 area by means 

5 of rays produced by the acceleration of 
charged particles in vacuum. 

2. High voltage ancl large currents to 
be applied for the procluchon of the said 
rays in orcler to heat up i.he sn icl area in 

10 an extremely short time. 
3. Diplogen or the combinations of: 

cliplogcn and lithium, or hyclrogcn and 
lithium, or hydrogen and other light 
elements, or diplogen and other light ele-

15 mcnts in the said aren, or other combina
tions of two light elements. 

4. 'l'hc selection of the size of the 
radiated area and the density of matter 
in it, so that the charged particles pro-

d uced in the tran smu tnt ion process should 20 
get absorbecl within ihe area to that 
cxtrnl that their contribution to the heat
ing up of the area should he substantial. 

A thi ck shret of suh. tancc, for instance 
a combination of heavy rlemrnts exposed 25 
to the penetrating radiation (neutrons) of 
ihc first or second tran smutation area 
having such clements in the sheet as will 
transmute in to radio-active clCJb.en ts. 

In connection with point 2 the use of 30 
means for storing energy for the purpose 
of cliRcbarging a large amount of energy 
all of a sudden in a discharge tube; for 
instance such means as electric con-
densers. 35 

Dated the lOth day of March, 1934. 
LEO SZILARD. 

PROVISION AI, SPECIFICATION 
No. 33540 A.D. 1935. 

Improvements in or relating to the Transmutation of Chemical 
Elements 

I. T11~0 SzrLAnn, Oili~SGn of Germany 
and Subject of Hungary, cf o Claremont 
Ha~·nes & Co., of Vernon House, Blooms
bury Square, Lond•on, \:V.C .l, do hereby 

4-0 clcrlnre the nature of this invention to be 
a" fo llows :-

'J'he inven6on relates to a process and 
to apparatus nclapted £or the generation 
o£ raclio-act.i ve bodies by means of 

45 neutrons. 
In accordance with the present inven

tion neutr.ons are generated through the 
action o£ X-rays on matter or through the 
direct action o£ fast cathode rays on 

50 matter. 
Neutrons are liberated from some ele

ments, for instance Beryllium, i£ they are 
exposed in an electric discharge to the 

uction of elethous. J!or instance il' we 
expose them to the action of cathode rays 55 
of a couple of million volts neutrons are 
liberated from Beryllium. 

Instead of exposing the substance which 
I wish to transmute to the direct action 
of the electron I shall in some cases expose 60 
it with advantage to the action of the X
rays which are generated if electrons 
travel through matter especially through 
heavy elements like Bi, Pb, Hg, Th, U 
etc. 65 

Dated the 4th rlay o£ July , 1934. 
CI,ARE:M:ONT HAYNES & CO., 

Vernon House, Bloomsbury Square, 
w.c., 

Applicant's Solicitors. 

PROVISIONAL SPECIFICATION 
No. '27050 A.D. 1934. 

Improvements in or relating to the Transmutation of Chemical 
Elements 

I, J,EQ SziLARD, a citizen o£ Germany, 
and a .-ubject of Hungary, c/o Claremont 
Haynes & Co., of Vernon House, Blooms
bury Square, London, W .C.l, do hereby 

70 declare the nature of this invention to be 
as follows :-

This invention has for its object the 
production of radio active bodies and the 
storage of energy through the production 

75 of such bodies. 

In accordance with the present inven
tion neutrons are liberated from matter 
by X-rays or fast cathode rays , for m
stance from Beryllium. 

In accordance with one feature' o£ this 80 
invention radio active bodies are g,,nerated 
by means of these neutrons. 

In accordance with another feature of 
this invention the radio active element 
which is produced by means of neutrons 85 
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whi ch arc rrcneralecl in this or in some 
othl·r wny is ~;eparatccl from its bombarded 
isotope by being produced through the 
irradiation of a chemical compound of the 

5 clement which chemical compound does 
uot exc hange the atoms of this element 
IY.ith.in tile compound against the at(}ms 
of the same element outside the compound . 

Had.io-active bodies can be generated by 
, 10 bombnnling certain clement· with neu

tron from a Radon-a-Ray Beryllium 
Rourre. 'l'hc prores inYolvecl is of chffercnt 
type in different elements. Some clements 
transmute when bombarded by such ncu-

Jli trons into a racli.o-active element which 
has an atomic number lower than the 
original element. I conclude that such 
a tran mu tation is not possible, if heavy 
rlemen!"s are bombarded by slow neutrons. 

20 I conclude this for the following 
reason : -if in the primary process which 
leads to t he formati(}n of a radio-active 
atom, the neutron disappears and a proton 
or an alpha particle or another po ii.i>e 

25 nucleus is ejected, one gets a radio-active 
atom, the chemical properties of which 
nrc cliffcrent from the original atom as 
the atomic number of the new element is 
lower. I predict that such a process will 

30 not tnke place if thP energy of the neutron 
and the atomic numb r of the bombarded 
element are such that the positive 
particles wl1irh wc·n· to be pjected cou lcl 
not penetrate ag-aim;t the Coulomb field 

35 in the inverse proress. Therefore I nre
<lict that if I intlnc1-gadio-activity by Rlow 
n~utrons . (as f ar i.=_in nce the neutrons 
generated by the bomhanlmen ip
logen J:) · ". n cana rays of les~ tha n 

40 a million vol t energy) in heavy elements, 
the new element will h ave no lower atomic 
number than the original element. Such 
inducecl activities in some heavy elements 
with slow neutrons have been ob erved to 

45 be processes of goo<l efficiency. .A.s a 
chan g-e in a romic number does not occur 
I conclud e that there is a change in the 
mass numhrr of the bombarded element, 
and I pred ir.t that in the known cases the 

50 change ron c;i-<ts not in n <lPrrea 'P. but. in an 
incrensc of the mass number. I can fur
ther predict that a radiation subsequently 
ca1led sygma radiation is emitted by such 
elements (i.e . by elements which show no 

55 chemical clwn g:e, but show an induced 
a tivity h aving· the same chem ical pro
perties as the original elements when bom
hnnled by neutrons as for instance, iodine , 
anwnic. golil, bromine, rhodium, iridium 

60 etr.) when bombarded by neutrons. This 
s~·g·ma radiation arries away the excess 
r <'rg·y libera ted in the process of the cap-
1llre of tl~e bombarding neutron. .A. fr ac
r ion of thi s sygma radiation consists of 

G:J "hard X-ra.ys," but I wish to leave it 

open whaL portion of the sygma radiation 
consists of " hard X-rays " and this frac
tion might vary from element to element. 
I fur ther predict that the sygma radiation 
can liberate neutrons from certain ele- 70 
ments and also " hard X-rays " can do so. 
Furth er a similar action can be exercised 
by fast electrons in processes in which the· 
fast electron is not captured. They can 
further produce r adio-active bodies in- 75 
direct (and this i most important) by 
ejecting from an element neutrons which 
generate radio-active bodies in the same 
element or in another element mixed with 
the first elemen t, or exposed to the radia- 80 
t ion of t.h e first element. 

Radio-active bodies can be generated 
acconlin g to this invention by: the action 
of fast electrons or the action of hard X 
rays which are emitted by matter if fast 85 
electron · fa ll on matter (especially if they 
fall on heavy elements like Bi, Pb, Hg, 
Th , 1 ). 

The said " hard X-rays " generate neu
trons which re-act with the element itself 90 
and transmute it into a radio-active body. 
(The neutron may be ejected by the " hard 
X -ra.ys " from one atom and ·be absorbed 
by another atom of the element) . Whether 
this type of action is present can be seen 95 
by investigatinn· the action of the said 
" hard X-rays " on thin sheets of the ele
ment; thin sheets will show no effect of 
t his type. 

Certain " mixtures " of two or more 100 
elemen ts will show an action of the X-
rays or cathode rays of the following 
type: -neutrons will be emitted by one 
of the compo·nents of the mixture under 
the influence of the "hard X -rays " an d 105 
another component of the mixtur e will 
tra~smute into a radio-active body under 
the mfluenre of the said neutral radiation. 

Examples are combinations of an ele
ment like Rcr~· Jliurn which ~·ie lcl s neutrons 110 
UJ?-d er the influence of " hard X-rays " 
w1th other elements, especially with such 
elements which show an induced activity 
when bombarded by neutrons without 
showing a chemical change in the process. 115 
• 'uch rl <> ment ca n be selectecl either l1y 

radiating the elements mentioned above 
one hy one with a. Radon-a Ray Beryllium 
neutr~m source and investigating the 
chem1Cal p:operties of t.he .induced activity 120 
or alternatively by rad1abng the elements 
one hy one with slow neutrons and select-
ing those elements which show an induced 
activity under the influence of slow neu
·trons. Slow neutrons can for the purpose 125 
of this investigation be generated by 
bombarding Fluorine with a Radon-a Ray 
source or by bombarding Diploo-en with 
D iplogen canal rays). If I prod~ce radio
active bodies by irrad iating one (}f those 130 
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elements which, lik e ioc1ine, transmute 
into their own radioactive isotope, i t r e
q uires a special m cUwc1 ch emically to 
separate th e raclioa ctive element from i ts 

5 irratliat cc1 isotope. According- to tl1 e in
vention I can achieYe su ch a separation 
by irradia tin g a chemi cal compound of 
the sa id element. Th ose a toms .of our ele
ment which transmute into a radioactive 

10 atom are th rown out of th e compound and 
wi ll subsequently be called "free." If 
I choo en. compound which in th e circum
stances does not inter ch ange th e atom s of 
our element bound within the compound 

15 with the " fr ee " atom s which are th eir 
isotope , we can chemically separate 
the " free " atoms from the compound 
and ther eby separate the r adioactive iso
tope from the irradiated elem en t . Com-

20 pounds in which th e clement in which we 
are interested are bouncl direct to carbon 
are very often uitahlr. For in tan cr in 
th e case of iodin e compound like iod o
form or ethyl iodide can be irradiated and 

25 af ter irradiation th e radio-actiYe isotope 
can be concentrated by separating th e 
" fr ee " iodine from th e iodoform or the 
ethyl iodide. In order to protect rad~o
act ive iodine a small amount of ordinary 

30 iodin e can be dissolved in the organic 
iodine compound before irradiation or 
af ter irradia t ion but before separation. 

This prin ciple of i otopic separation can 
also be applied if the elemen t t r ansmutes 

35 i nto a radioactive element which is chemi
c·a ll v differen t fr om th e bombarcled 
' l en~en t. T hough in t.his case ther e 
is no inheren t cl i fficulty of ch em i
call,y separa.ting t he rad ioactive element 

40 it m ay be convenien t in certain cases t o 
pr oceed as if the r adioactive and bom 
harcled element wer e i otopes. 

An impulse gen er ator is adap ted to 
produce intermi tten t vol tag-e up to 10 mil-

45 lion volts, whirh can be tran mitted to 
cathode ,of a disch arge tube through t h e 
·p << rk gap, th e anode of which is con nected 

to t.he earth. 'l'h e fast electrons can emerge 
through th mdnl winrlow (whi h is ron -

50 nectecl to th e anode) an<l are hittin g· a 
body used as an ant icath ocl e which y ield s 
"hard X-ra:vs " with ven· good effici ency 
if it is built of Bi , Pb or somr other h eavy 
element. If t h e anticath ode is surround rd 

55 by a thick sh eet conta ining some of t lH· 
elements radioactive bodies are generated 
in this sheet . 

The generation of ra.dio-a r tive bodies is 
clue to differ ent types of action , m entioned 

60 above. 
A particularly efficient way of pro-duc

ing r ad ioactive bodies by using high volt
age electr on-tubes is based on th e m ethod 
described above . A possible combination 

65 is to use beryllium as one component and 

another elf! m en t, for in ·lance iodine or 
arsenic or · nm e other su ita ble clement as 
th e second compon en L It i · of cour se not 
necessary actually to mix t he two elem ents 
but only to expose th e second elem ent to 7( 
t he radiation which is emitted by the 
ber yllium und er the influence of the ex
ci tat.ion of the beryllium by the X -rays 
or fast elec trons pr oduced by t l1 e higb 
voltage elec tron Lubes. · 71 

In Figure 1 of t he accompu nyin cr draw
ing, 27 is the win low of t he high ~-oltage 
tube through which the fa ::>t elec trons are 
ejected . 'l'he elecLrons hit t be ro tat ing 
ant.ica thocle 30 which i COY cred wi th lead 8( 
or tungsten CW .) 3J . 'J 'hi ,; <IIIticati,rHle is 
~mter-cooled, the wat er entr ri.ng th .- rota.t-
m g body thno•ug h th~c· ax is 35 . :)".! is a 
beryllium block in wh ich a space ha s been 
leftfortbe rotat ing an tic·:1 th ode and forih e 8( 
pat h of th e ca thode r nv:- 33 hetw, Pn the 
winllow 27 and the ;nti('athod e; !'his 
beryllium block m ay for in stance ha'e a 
size of z- em . X 25 em . X 25 em . Th e 
voltage used to operate the electron tube 9( 
ma y be three million volt . The beryllium 
block is surrounded by a. bLock 34 of the 
element which I wish to transmute into 
a. radioactive element, for i nst ance, 
iodine, or arsenic or any other element 95 
that is sui table. While it is advisable to 
use metallic ber yllium in the block 52 the 
elem ent in the block 34 m ay be present in 
the form of an organic compoun d in or der 
to make an isotopic separation possible lOG 
after i rradiation . Th e d imensions of 
block 34 may for in tancp hr 50 r m . x 
50 em . x 50 em. 

If heavy hyclro,.,.en or compouu d~ of 
heavy hydrogen like lithium hyclri rl r· or 105 
heavy water are u Red in steacl of ber:vli.1um 
it is advisable t o use hig her tension-· fo · 
th e generation of the X-rays in ord t·, ~ . ) 
get a high er effi ciency. 

Since the output is wi thi n certa in limih 110 
proportionate t o th e th ickness of material 
\Yhich th e X -r avs h ave to travel in 
ber yllium, and also to th e thickne;;s or 
material which thr nlYR rmi lted h · 1i1 ,. 

beryllium h ave to trav'd i n the maJ e• ··' 115 
in which I wish to indu ct r.Hl ioactiv}t 
is essential to choose tlw ,l in r·n sions -JOti, 
of t h e beryllium and of t·hr Tl lf:lerial \Thir h 
we wish to• activate. If J have oJ,' \- a 
limited amount of the m af, •ria l whi~h I 120 
wish t o activa te (limited from the point 
of view of k eeping clown the capital in
vestment and the wa te of m aterial whi ch 
accompanies the ch emical separation of 
the r adioactive material) it m ay be advis- 125 
able to reverse the ar rangement shown in 
Figure 2 in th e following way : 34 the outer 
block should be m ade of beryllium and 
52 the inner block should be m ade of the 
material which I wish to activate . 130 
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Fast electrons have a similar action on -· 
beryllium as hard X-rays, a fraction of 
this action may be due to the generation 
of hard X-rays in the beryllium but an-

5 other fraction may be due to the direct 
action of the fast electrons on the 
beryllium . In view of the fact that hard 
X-rays generate fast electrons m the 
beryllium, part of their action might be 

10 due to fast electrons. In any case I do 
not wish to differentiate here between the 
action of fast electrons and hard X-rnys, 
and while I think that the direct action 
of hard X-rays on the beryllium plays the 

15 major part in the li beration of neuLrons 
I ,\·ish to envisage the following modifica
tion of our method: the electron s of t he 
discharge tube fall instead of lend on 
beryllium which can be put into the place 

20 of the lead coating 31 of the rotating anti
cathode 30 in Figure 2. 

The material which one wishes to acti
vate is not used up appreciably . For in
stance if I irradiate ethyl iodide with 

25 neutrons and separate the active iodine 
by removing i t fr.om the ethyl iodide 
thr ough shaking the ethyl iodide with 

water -in the presence of a reducing agen t 
I can prevent the ethyl iodide from being 
mixed with the water and easily separate 30 
the water containing the active iodine 
from the ethy I iodide. 

After separating the radioactive ele
ment one can build up chemical com
pounds especially organic comp.ounds from 35 
it. 

Some features of the invention are the 
generation of radioactive bodies by means 
of high voltage electron tubes and the 
chemical separation of the radioactive ·10 · 
element based on the irradiation of the 
chC'mical compound of the element which 
does not exchange tb e atoms of this ele
ment within th e compound again t the 
atoms of the same element outside the 45 
compound. A furth er feature is the com
bination of an X-ray tube with beryllium 
and a second element which will trans
mulC' into a radioactive element under the 
influence of the rays emitted by beryllium 50 
whi ch is expo eel to the X-rays. 

Dated this 20th day of September, 1934. 
LEO SZILARD. 

COMPLETE SPECIFICATION 

Improvements in or relating to the Transmutation of Chemical 
Elements 

I, LEo SziLARD, a citizen of Germany, 
and a subject of Hungary, cfo Claremont 
Haynes & Co., of Vernon House . Blooms-

55 bury Square, L ondon, W .C.1 , do h ereby 
cleclan} the nature of this invention and 
in what manner the same is to be per
formed, to be particularly described and 
ascertained in and by the following 

60 statements: -
'fhe invrution concerns methods and 

apparatus fo r the production of nuclear 
transmutations leadin g to the generat ion 
of r acl io-acti'e bodies. 

65 It is noi new to produce elements cap
able of spontaneous tran mutat ion by 
bomhar.ling- certain element with fast 
charged nuclei, for in tance by bombard
ing carbon with protons or aluminium, 

70 boron and magn esium with h elium ions 
(o. par ticles). However, the radio-active 
elements produced by the bombardment 
of these light elements with protons or 
alpha particles, h ave mostly a short exi.·-

75 tence (they disintegrate spontan eously in 
a time shorter than a few hours to hal£ 
th eir amount) and it is not possible to use 
these charged nuclei for the t ransmuta
tion of the h eavier elements with good 

Sll efficiency as the ionisation loss gets too 
large. 

According to this invention radioactive 
elements are generated by neutron radia
tion emitted from n. space in which a 
nuclear transmutation process leadin"' to 
the liberation of neutron s, is maintai~ed, 
and by the exposure of an clement to the 
said neutron radiation whi ch element 
t ran smutes into a radioactive element 
und er the influence of the said neutr.on 
radiation. 

It is possi1Jle to produce with good 
efficiC'ncy (hoth from light and heavy 
elements) radio active substances a quan
tity of which decomposes to one half of 
the original amount in a period of time 
exceeding 24 hours, if a thick layer of 
uhstnn ce is exposed to a penetrating 

radiation which is emitted when collisions 
betwPen heavy hydrogen (diplogen) atoms 
(or nuclei) and light elements, in cluding 
heavy hydrogen (cliplogen, also called 
deuterium) itself , are produced . 

In the accompanying drawin gs Fig. 1 
shows an example of a suitable arrange
ment . 11 is an electrical dischargr tube 
ejecting a beam 12 of fast diplogen ions. 
The ions fall on a substance 13 consisting 
of for instance gaseous diplogen or a dip
logen compound or l ithium, causing t rans
mutation, i.e. a nuclear reaction of th e 

~----------

85 

90 

95 

100 

105 

JlO 

1,:. 

u 
q. 

tH ... 



8 440,023 
- -------- - --- -- -------- --:------

tliplogen ion wit.h an atom of the target. 
The substance 13 is surrounded by a layer 
14 containing the element which we wish 
to transmute into a radio-active. element. 

5 In order to have a good efficiency, the 
thickues. of the layer 14 has to be suffi
ciently large, compared with the mean 
free path of the neutron. 

Fig. 2sho"·s the electrical discharge tube 
10 referred to in Fig. 1. It is a high voltarre 

· · b 'rl "' pos~t~ve ray tu e. _ 1ere i an auxilinry 
pos1bve ray tube on top of the l1igh volt
age tube. 11 is the anode, 15 the cathocl(} 
of this auxiliary tube . Diplogen is ad-

15 mitted through the tube 13 and pumped 
away through 14. 

The transmutation of elements into 
radio active bodies uncler the influence of 
neutrons can be demonstrated even before 

20 one knows which elements will transmute 
into radio active bodies, if one prepares 
a mixture of all suitable elements leaving 
out the natural radio active elements, but 
including uranium and thorium (from 

25 wl1ich the beta active products have been 
removecl) and exposes the mixture to a 
neutron radiation. The mixture shows 
after exposure radio activity clecaying 
with a large number of half-life periods 

30 the relative intem;ity o£ which depends on 
the composition of tl1e mixture and on the 
time of irrad iati<J•n. 

The following are the essential features 
of one method for the procluction of radio 

35 active substances according to the present 
invention. I-'ight elements are bombarded 
by each other, especially diplogeu is 
brought into coJli ion with oihrr lig-ht 
elements or with diplogen it e1£. Un-

!10 charged particle of n mass of the order 
of magnitude of thr mn . s of a proton are 
emitted as a consequence of the collisions 
between nuclei of light elements. Such 
uncharged particles penetrate e>en sub-

45 stances containing the heavier clements 
without ionisation loRses and cause the 
formation of rarlio arii>e substances in a 
la yer which is exposrd to them with good 
efficienc1 if the thirkncss of the layer is 

50 of tl1e ~rder of mngnitude of the 'mean 
free path of the neutron or larger. I have 
therefore two steps of good efficiency in 
serirs: the produriion of un charged 
nuclei hy- collision between light elements 

55 (the ionization losses are smalf because 
the rlements have a small atom1c number 
ancl th erefore a small nuclear charge and 
a small number of electrons per atom) and 
the production of radio active substances 

60 by means o£ the uncharge_d nuclei (the 
ionization losses are practically absent 
even in case of passage through heavy 
elements) liberated in a nuclear reaction 
between light elements. The nuclear re-

65 actions between the light elements can be 

brought about either by the bombardment 
of a target containing light elements with 
a beam of fast light atoms or by heating 
up a small space containing a light 
element . 70 

'l1he technique for carrying out this 
method described in connection wi 1 h Fig. 
2 wa s characterised by shooting a particle 
throug-h matter which is at rest.. · As de
scribed a diplon (a diplugen uud eus) shot 75 
into clip]on·en at re. t will in a lnrg- pro
portion of cases lose its energy hy ionizing 
the diplogen and cau e no trnnsmutation 
in those rases. Another icrhni(jue for 
carrying out this method is de ·nibed ilL 80 
the following. 

If one maintains a very larg-e conc~n
tration of nerg-y in a space fllll·d with 
atoms of such elements which 'vill uffer 
trnnsmutation, if the atoms (nucl('i) strike 85 
earh other at that tcmperahtrt · whi ch 
correspond to the energy conc<·ni ration 
maintain ed then the follo"ing would hold 
good : the energy tran sm itted t.o· the eler
trous by the moving nuclei would hr con - 90 
tinuou ly retransmitted to the nucl i. It 
is sufficient to maintain a. suitable energy 
concentration for a fraction of a srcon d. 
One ran rlo so by shooting rhargrrl 
particles which have been accel erated in 05 
an elrctrirnl eli . charge tube through a 
space in which diplogen alone, or lithium 
hyd rirle- (or other compounds of hydrogen 
and lithium) or other combinations of 
h:yclrogcn or clipl.ogen with a third light 100 
element are present. If we use an electric 
conden ser and discharge it in a fract.iou 
of a second across the discl1arge tube we 
can introduce (especially if we use several 
eli rharge tubes which are operated simul- 105 
tnneously) a ver? large energy in a very 
short period of time into the" transmuta-
tion space" filled. e.g. with rliplogen. 
As " heating rays " we can use protons 
or heavier ions, or we can use caihocle 110 
rny-s. \Ve can easily estimate how much 
enrrgy must be "tored in tbr electrir con
denser in order to have sufficient :< uprly 
of energy to heat up 1 cubic rm. of dip-
log-en. 115 

Tlte neutron rnrliation genrrntrrl by· 
bringing clinlogcn into nuclear rrnrtion 
with itRelf through healing it up with an 
electric discharge can be utili sed for the 
generation of radio active bodies as de- 120 
scriherl above. 

Fig. 3 illustrates· the tecl1ni(jue of 
geJJC'rating neutrons by henting up 
surlrlenly dirlogen with au electric dis
eharge. In Fig-. 3 52 is an elertrirnl con- 125 
denser which is charged up through tl1 e 
chokes 53 ancl 54 to a high electrical 
potential. vVheu the potential reaches a 
critical value the electrical energy stored 
in this condenser is suddenly discharged 130 
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throng h tl1 e ,:p:u-li: gnp 51 ("·hich is con
lll'<'t l'd i.o th e cathod e 4:Z) and the dis
,·hurge tube 41 whi ch contai11 :; diplogcn. 

On e pos,;i bl c form of the discharge tube 
5 .fl is s iHn1·n in Fig . 4. In Fig. 4 the di.-

cllarge tube 41 tal; es the form of a rathorl e 
rny tube . 52 iR an elec trica l cond enser 
" ·bich is charged up throu gh t he chok c:c< 
:)3 and 54 to a high electrical potential. 

10 1\' hf'n the pot ential ren cl1 es a r riti ca l 
value th e elec trical e n erg~· .· torerl in 1l tis 
cond enser is surld e11l ,V rliiicharged throu g h 
t he spa rk gnp ;)1 (ll'hi r h iR r·o nn c·cted to 
t he cathode 42) an<l the cath ocJ , ray tube 

15 4 l. A thin m eta l win1lu" · hprmetica ll y 
seal s oft th e vacuum in til l' ca thod e r ay 
tube 41 hu t allows tl1 e pn. sage of th e 
cathotl e r ays from th e rlisc harge t ulw 41 
in to th e interior of a sph eri ca l con tain er 

20 in th e centre of whi ch is plncerl a .sm all 
rontainer 44 . ~' h e corpu. culnr r ays 
genera ted by on e or more su rlt cathod e 
r ay tubes are for usl'rl on this small con
tain er 44 which m ay eim tain tl iplogen. 

25 Another new m eth orl fur th e g ener a tion 
of radio act ive bodies is ha se tl on the fact 
t ha l. X-rays and n lno f ast. electron s 
can liber at e neutrons fr om certain ele
m ent s, for in stan ce from beryll ium. 'rhis 

30 is rle. cribed in connec tion with Fig. 5 and 
li' ig. 6 . 

l~i g . 5 shows an nn :m ge men t suit able 
for t he p rorluction of hard X -rays, in 
·which 1 is th e primary of a t r an sformer , 

'35 !.he secombrv 2 of whi ch i;; co nn ected to 
t hf" poin ts 3 ·a nd 4. 3 iR eonn ecied to t he 
ca th orl e S of t h e r ecti fier tube 5 and t o 
t hr • anode 7 of th e rect ifier tube G. :Poin t 
4 is conn ec!.etl t o t h e cath ode U of t h e 

40 r ect-ifier t ube 10 and to t h e nn orl e 11 of 
t l1 e rectifier t ube 12 . Th e ca t horle 13 nncl 
14 are conn ected to eaeh oth er and t o 
earth. Th e anod e 15 nnrl J G are con nec ted 
to poin t .17, and thi s point is conn ected to 

45 t he pole 18 f t he impulse gen Pra!.or 20, 
t he pole 19 of " ·hich is ·onn ec ted to ear lh . 
The impulse genera!.or 20 is built of con
densers2J , resistan e's 22 nntl SJHlrk gaps 
23 . 

50 This impulse generato r is arb ptPrl 1 ~> 
prorhtce in !.ermittent voll nge up to J 0 
m illion volt-s. transm i Ucrl to !.h e d is
charge tube 24 throug h th park gap 2--> . 
2G i:; tlw cathod e of th e Jisch arge t ube, 

55 th e anod e 27 of "·hiclt is conn ecterl t o 
ear th. Th e fast electrons emerge t hro11gh 
the metal window 27 (which is the anorle 
a-, 11·cll) and hit a hocl:y 28. 'l'h is body is 
1;~e1l as an antica thode and yiel rl s bard 

(jQ X.-rn:ys with very good efficiency if i t, is 
built of Bi, Pb or some other h eavy 
clement. 

The gen eration of rarlio active boclieq 
hv mean s o{ neutron s which have been 

65 ll.bernted from some suitable element by 

X-rnyR i . slHnm in Fig . G. Tn :Fi g. (j '27 
is !.h e IYin cl ow of t he hi g-l 1 ,·o\(n g-e hd1c 
t h rml"'h " ·hi ch the fast electron s a n· 
c• j e cl c~l. 'l ' he Pl cctron s hi t th e rotniin g 
un(i ('at ho<l e 30 which is cover ed with lrnd 70 
or tuu g-sten (IV) 31. 'rhis anticathode i8 
waier-roolerl , the water ent ering th e rotat-
in g- lHld~· through th e axl e 36. .)',? is a 
heryllium block in whieh a spaf' • ha ;; h rf' u 
left for th e ro bttinn· nntiea thod c nnd fo r 75 
th e p.rlh of th e ca t!J ode ra~·s aa hch H' l'll 
the wiJ1(l o11· :Z7 nn1l th e anlicn thod r·. 'l'hi s 
heryl\ium bloc k 111:'11' fo r in. tnn re ha ve a. 
siz ~ of' Fwm . x ~--H' lll. x 2:1""111 . Tl w 
Yolt-agt' u sc rl to OJH"'ate tlt e electron luhc 80 
mn y he l!Jrce J11illi o11 Yoll s . 'l'lt e her .v llium 
block i . surround ed h1· a hlork 34 of th e 
elem ent whi r h we wi ,.·lt t o tra n><mute into 
a rarli o-activ c PIPm ent. l <'or in ~tan ee , 
iodine or arsenir or nny oth er clem ent tha t 85 
i ,; sui ta ble. \VhilP it is n1lvisahl e to usc 
m etallic ber~' llium i n th p hl ock 52 th e 
clemen t in t hp hl oc· k ::l4: mn ~- be pre ent 
in the form of a ;;ui1 nhlP chpmiral com
pound in orrlr r to m ak 1· a n icw iopi c separa- 90 
tion pos~ibl e af ter irradiat ion . 'l'h e rlimen
sion s of hlock 34 may , fo r ins tance, be 
50cm . x 50cm . x 50rm . 

Fa t electron s h aYc a similar act ion on 
ber yllium to bard X-rays, n f rac t.i on of 95 
this act ion m av be rlue to t iH· d irrct action 
of th e fast electr ons on th r bPnllium . In 
view of the f act. th a t hard X-ra ~~s gener ate 
fas t el e ·Irons in th e berylli1tlll , part of 
t heir action can he 1h1 P to fast el ectrons . 100 
In any case, I rlo n ot wi sh to differ en tiat e 
h ere between tb e acti on of f ast electron s 
and h a rd X-rays, and whil e I think it 
likely th at t h e direct action of hard X-
r ays on th e beryllium plays the major 105 
pa rt in t he liber ation of neutrons, I " ·ish 
to en>isage t h e fo ll owing m odifica tion of 
m y m eth od: 'l'h e r lec trons of the eli -
cl;arg-e t ube fa ll instea d of on l r ncl on 
heryllium which ca n he put in to th e pla ce 110 
of the lea d co atin g 3 1 of tlt e rotatin g 
an t i.cathorl e 30 in Fig . G. 

:Manv cl em ent" transmut e " ·hen bom
hn rde,l . ln - slow n eutrou f\ into tlt eir own 
radi o-:lc ({ve iso tope an rl i i r r quires a 115 
special meth od ch emi cally to separat e the 
r::Hlio-act ive elem ent from it s inadi ated 
isotope. One can nchieYr sucl1 n -ppa ration 
hy irradiating a s\Ji tahle clt (•mi cal com
pound of th e snirl ~·l ement-. Th ost' a toms 120 
of this elem ent. wl1ich tran smute inf o a 

· radio active atom are thrown ou t of i h e 
compound and will suhsequentl y he callerl 
"free." If one chooRcR a compound whi rh 
in the circumstances rloes not interchange 125 
th e atoms of this elem ent bouncl within 
the c;ompound with the " free " atoms 
which are their i.Rotopc. one can chemi
cally separate the " free " atom from 
the compound and thereby separate the 130 
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rntlio active isotope from the irradiated 
clement. Cnmpoumls in which the ele
ment, tho rallio active isotope of which 
unr wau Is to ~>eparu te, is bound direct t.o 

5 cnrhon nre often very ~> uitahle. For in
~;tnnue, in the cn~;e of iocliue compounds 
lik e io<loform or ethyl iodide can be 
irrnrlinted 1111(1 nftcr irrn(lintion tlto mdio
active isotope can he concentrated bv 

10 separating the " free " iodine from th~ 
iodoform or the ethyl iorlide. In order 
to protect radio-:.1CtiYe iodine a small 
amonnt of ordinarv iorline can be cli~;solvecl 
in the organic i.ocline compoun<l before 

15 irracliation, or aft er irradiation hut before 
separation. 

Having now purlieu 1 arly describerl and 
aRcerlained the nature of my saill inven
tion, and in what manner the sam e is to 

20 ~Je performed, I decln re that what I claim 
lS 

1. A methoJ for the generation of rndio
ac "ve elements, characterized by a neu
tron radiation, emitre<l from a . pacE' in 

25 which a nu clen r trnnsmutation process 
lcn<l.inci· to the lilwration of neutrons, is 
maintained , and h~· the exposure of an 
element to the saitl neutron radiation 
wbif'h element transmutl's into a rnclio-

30 active element und er the .influence of the 
saitl neutron raclintion. 

2. A metho<l according to Claim 1 
cha ractcrisctl by the sni1l n uclenr 1 rans
mutation proce .' leading to the liberation 

R5 of neu t.roJt R heimr a nuclear r!"adion of 
diplog('!l (deuter~um) ''"ith cliplogcn or 
other hgh t; elements, or other Jin·ht ele-
ments with eaclt other. "' 

3. A method aecordiug to Claim 2 
· 40 cltarn cteri11 ecl by the said nuclear reaction 

hetween light elem ents, being maintained 
through tlte action of fast light ions, 
generated by an E'lecirical device for in
::;tance a h igh-voltage canal ray tuhe on 

45 ~ target containing ligh t elements;' for 
w:;tan ce through the action D•f diplogen 
canal ray::; on a target containing 

uiplogen. 
4. A method acconliug lo Claim 2 

rharacleri11ed br the :-;a id nucl ear reaction 50 
between light elemen !:; being enforcell by 
means of heating up smldeuly a space 
" ·bich contains Lliplogen or other light 
elements through an electrical <li~chnrge 
!n \\·hir·h energ-y, wbi<·h Ita,; ], 'l'll ::dn n•d, 
1::> rld enly released. 

5. A met.hod acconl.ing to Cla im 1 
c acterized hy a nuclear trau ··mutation 
JH·ocess leading to !he lilwra!ion of u •u
trons being maintaine<lthrough tlu• ac·tion 60 
of X-rnys, generated for ins!:J JtCt' hy 
means of a hi g lt voltage elec·!ron lube, on 
Slli lahle element s, for in:-<!aJH'l' bc·r.dliltlrl. 
· G. A m etlto<1 acrur<ling to Clni111 
chnracteri11 ed hy a nuclear- !ran~ntutati,nt 65 
proeess lea ding- io the libera!i cnt of ll l' ll

troiL ' being JnaintaiHetl through the action 
of cathod e rays, generulc<l for ins!.an!"e by 
means of a h igh voltagp elcc·tron tube, on 
:;~· hle elements, fo.r instanrc lll'l".Yllimn. 70 

7. :A method for tlte gcnerat.icm of ra<l io
ac· 1ve elements a<'conling to Claim i, 
eharacteri 11 e<l by the expo:-; ure of an ell'
ment in the form of a chemi eal compound 
to the saiJ n eutron radiation, which 75 
el:ement transmute int.o its own rallio
ac!. ive isotope, the comp:ound being 
cho. en for the separation of the radio
active element from its non-radid'a.ctive 
isotope . r • 80 

8 . .A. method of generating radioactive 
element s sub tantially as herein hefore de
eribell with reference to the accompany

in g drawings. 
9. Apparatus wlten used for rarrying 85 

out the method:; claimed in auv of tltP 
Claims 1 to 8, substantially a,; !iescriht-' 
with reference to the aceompanyin;..; 
drawings. 

Dated the 9th clay of April, 1935. 
CL.A.REMON'l' HAYES & CO ., 
Vernon House, Sicilian Avenue, 

Bloomsbury Square, \V .C.1, 
Applicant's Solicitors. 

Loamington Spa.: Printed for His Ma.jesty'·s Stationery Office, by the Courier Prcss.-1936. 
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