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This invention concerns methods and appara
tus for the generation· of radio-active bodies. 

According to one feature of my invention, ra
dio-active elements may be produced from nat-

5 ural elements by bombarding a natural element 
or compounds of natural elements with neutrons 
produced in various ways , more particularly, by 
subjecting the natural elements to neutrons ema
nating from a target containing lithium, which 

1 o target is subjected to a bombardment with fast 
deuterons. Another feature of the invention is 
directed to the production of radio-active ele
ments from natural elements by exposing the 
natural elements to an irradiation with neutrons 

I J which are liberated from certain elements under 
the action of X-rays. Another feature of the 
invention is directed to chemically concentrat
ing radio-active elements produced from natural 
elements if the radio-active element is isotopic 

20 with the natural element from which it is pro
duced. 

Other features of the invention will appear in 
the following detailed description referring to the 
drawings, and will be more particularly pointed 

25 out in the claims. 
In the drawings, 
Figure 1 represents a sectional elevation of an 

apparatus for carrying out the invention, 
Figure 2 shows a more constructional lay-out 

30 of the apparatus of Figure 1, ' 
Figure 3 shows the circuit arrangements for 

further modified apparatus and, 
Figure 4 is a sectiona,I view of apparatus in

tended to co-operate with that shown in Figure 3. 
3J Referring firs t to Figure 1 of the drawings, II 

is an electrical discharge tube adapted to pro
ject a beam 12 of fast deuterons. The tube I I 
is filled with deuterium and an anode A and cath
ode B are provided for connection to a source 

40 of high voltage. The deuterons are thus pro
jected at high speed and pass through the cath
ode B. The deuterons fall on a substance 13 in a 
sealed container 13A. The substance 13 consists, 
for instance, of lithium. The collision of the fast 

4J diplogen ions with the substance 13 causes trans
mutation, i. e. a nuclear reaction of the deuteron 
with an atom of the target. The substance 13 is 
surrounded by a thick layer 14 containing the 
element which it is desired to transmute into a 

aO radio-active element. · In order to have a high 
efficiency. the thickness of the layer 14 has to 
be sufficiently great, compared with the mean 
free path of the neutron, to prevent escape of 
any of the neutrons. 

.;a Figure 2 shows in more detail the electrical dis-

charge tube II referred to in Figure 1. The tube 
essentially consists of a main portion 16 serving 
to accelerate the deuterons and an auxiliary tube 
liT for initiating the flow. I lA is the anode and 
15 the cathode of the auxiliary tube, deuterium 5 
being admitted thereto through the inlet 13B and 
being pumped away through the outlet 14A. The 
flow initiated by the auxiliary tube is accelerated 
by passage through the main tube 16 which is 
maintained exhausted by suction outlets 141 and 10 
142, and which has a high potential gradient, 
there being a million volt potential difference be
tween the ends of the tube. The accelerated 
deuterons emerge through the neck 143. of the 
tube 16 and collide with the ·substance 13 as de- IG 
scribed with reference to Figure 1 of the draw
ings. 

If the substance 13 is a light element for in
sta nce lithium, then the bombardment by the ac
celerated deuterons results in emission of un- 20 
charged particles of mass of the order of magni
tude of the mass of a proton. Such uncharged 
nuclei i. e. neutrons, penetrate even substances 
containing the heavier elements without ion1sa
tion losses, and will cause the formation of radio- 25 
active substances in the layer 14 exposed to them. 
It is to be noted that by the method so far de
scribed , the ionisation losses suffered by the deu
terium nuclei are comparatively small in light 
elements and also that the substance to be made 30 
radio-active is irradiated with neutrons i. e. un
charged nuclei , which pass through even heavy 
elements without ionising them. The substance 
14 exposed for treatment by the neutron radia
tion may be in the form of an organic compound 35 
for the purpose of carrying out separation of the 
generated radio-active element, as described 
more fully hereinafter. 

Neutron radiation may also be produced by the 
action of X-rays upon an element having a dis- 40 
sociable neutron at the prevailing voltage, and 
apparatus for carrying out this process will now 
be described with reference to Figure 3 of the 
drawings. 

In Figure 3, I is the primary of a transformer, 45 
the secondary 2 of which is connected to the 
junctions 3 and 4. The junction 3 is connected 
to the cathode 8 of the rectifier tube II and to 
the anode l of the rectifier tube &. The junction 
4 is connected to the cathode 9 of the rectifier 50 
tube I 0 and to the anode II of the rectifier tube 
12. The cathodes 13 and 14 are connected to each 
other and to earth. The anodes II and I & are 
connected at ll, and fom this point are con
nected to the pole 18 of the impulse generator 20, 66 
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the pole 19 of wh1ch is connected to earth. The 
impulse generator 20 is built of condensers 21, 
resistances 22 and spark-gap devices 23. 

The impulse generator and rectifying unit 
11 shortly described above, are known components 

adapted to give an extremely high voltage for a 
fraction of a second. With such a system volt
ages up to 3 million volts have been obtained. 
The negative side of the impulse generator is con-

10 nected to a spark gap device 25, which in turn is 
connected with the cathode 26 of the discharge 
tube 24. The latter is built up from rings 24A 
of which only a few are shown in the drawings. 
It will, however, be understood that the rings 

11 are COI;J.tinuous to enclose a space which is ex
hausted through the outlet 24B. The anode 2T 
of the tube is connected to earth and is formed 
by a metallic window. A body of material 28 is 
arranged at the external side of the window 2l. 

10 When the impulse generator operates to pro
duce discharge between the cathode 26 and anode 
2T of · the tube 24, fast. electrons penetrate the 
anode 2T and impinge upon the body 28. The 
latter when formed of Bi or Pb or some other 

11 heavy element, efficiently acts 'as an anti-cathode 
and hard X-rays are produced. 

In Figure 4 of the drawings there is shown the 
lower portion of the discharge tube 24 with a 
device therebeneath for utilising the hard X-rays 

10 capable of being produced with the aid of the 
fast electrons emerging through the anode 2l 
of the tube 24. The device consists of a block 
34 of the element which is to be made radio
active, a block 32 of an element with a dissociable 

II neutron, being located therein. An aperture is 
formed in both the blocks 32 and 34 to allow 
entry of the cathode rays from the tube 24 above. 
The blocks 32 and 34 are also arranged to accom
modate a. wheel 30 and axle 35. The wheel 30 

~ at its periphery carries a covering of tungsten 
or · lead 31. The covering 31 acts as an anti
cathode and is cooled with water introduced 
along the bearing for the axle 35. The block 34 
may be in the form of a. cube having a length of 

4t5 side of 50 em., whilst the block 32 can also be 
of cube form with a side of 25 ·em. For the sake 
of example the block 34 may be formed of iodine 
or arsenic or other material which lends itself 
to being made radio-active. The block 32 may 

110 be of metallic beryllium. In order that an iso
topic separation as described hereinafter may be 
performed after irradiation the material of the 
block 34 may be in the form of an organic com
pound. A voltage of 3 million volts may be used 

Iii for the discharge tube and in operation -the wheel 
30 is rotated so that electrons passing through 
the anode 27 of the tube 24 hit the rotating anti
cathode covering 31. When the fast electrons 

· strike the anti-cathode, hard X-rays are pro:. 
60 duced which penetrate the beryllium block 32 

and cause neutrons to be released therefrom, 
which neutrons then act upon the block 34. 

It may be that fast electrons and hard X-rays 
have a. similar effect upon beryllium and one may 

65 therefore contemplate the making of the cover
ing 31 of the wheel 30 from beryllium, the beryl
lium block 32 then being dispensed with, so that 
the neutrons released directly from the berylllum 
anti-cathode may enter and act upon the block 

70 34. 
It is found that when various elements are 

irradiated with neutrons by the process described 
above, practically all elements which become 
radio-active transmute into their own radio-

7 5 active isotopes, and it becomes difficult to sepa-

rate these radio-a.c.tive isotopes from the remain-
ing portion of the element unaffected. In order 
to achieve separation of the radio-active element 
from the non-radio-active part thereof the fol
lowing process may be adopted. This process is 1 
bas~ on the fact that if a compound of an ele
ment is irradiated by neutrons, and if an atom of 
the element transmutes into the radio-active 
isotope, then this atom is freed from the com
pound. In accordance with the process, a com- 10 
pound of the element it is desired to make radio
active is chosen such that the freed radio-active 
isotope of the element will not interchange with 
the combined atoms of the element within the 
compound, whereby the freed isotope may be 11 
chemically separated from the irradiated com
pound. Very often the element wl;lose radio
active isotope is to be isolated, can be conven
iently irradiated in the form of a compound in 
which it is bound to carbon. Thus in the case 20 
of iodine compounds such as iodoform or ethyl 
iodide, the radio-active iodine isotope may be 
chemically separated from the original iodine 
compound in the form of free iodine. In order 
to protect the radio-active iodine isotope a small 25 
amount of normal iodine may bEl dissolved in the 
organic iodine compound before irradiation or 
after irradiation but before separation. 

What I claim and desire to secure by Letters 
Patent of the United States is: 30 

1. The method of producing a radio-active ele
ment from a. natural element by causing fast 
deuterons to impinge on a target containing 
lithium, and exposing a. layer ·or the natural ele
ment to be transformed into a radio-active ele- 3.; 
ment to the neutron radiation emitted by the 
said target. 

2. The method of producing from a natural 
element a concentrate of a radio-active element 
which is isotopic with the said natural element, -tU 
which comprises subjecting a compound of said 
natural element to an irradiation which will 
transform some of said natural element into a 
radio-active isotope of said natural element, said 
compound of said natural element being one u 
which in the environment in which the irradia
tion is being carried out does not interchange 
atoms of said natural element bound in the com
pound with ·atoms of said natural element or its 
isotopes outside the compound, and separating, ao 
after irradiation, from the compound said nat
ural element and its isotopes which are outside 
the compound. 

3. The method of producing from a natural 
element a concentrate of a radio-active element 5.; 
which is isotopic with said natural element, which 
comprises subjecting a compound of said nat
ural element to irradiation with neutrons which 
wlll transform some of said natural element 
into a radio-active isotope of said natural ele- Gll 
ment, said compound of said natural element 
being one which does not interchange in the 
environment in which the irradiation is carried 
out, atoms of said natural ·element bound in the 
compound with atoms of said natural element til 
or its isotopes outside the compound, and sep
arating, after irradiation, from the compound 
said natural element and its isotopes which are 
outside the compound. 

4. The method of producing from a natural 70 
element a concentrate of a radio-active element 
·which is isotopic with said natural element, 
which comprises irradiating with neutrons an 
organic compound of said natural element which 
will not interchange atoms of said natural ele- 71 

{ 
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ment bound in the compound with atoms. of 
said natural element or its isotopes outside the 
compound, and separating, after irradiation, from 
the compound said natural element and its iso-

5 topes outside the compound. 
5. The method of producing from a natural 

element a concentrate of a radio-active element 
which is isotopic with said natural element, which 
comprises irradiating with neutrons a compound 

10 which contains carbon, in which said natural 
element is bound to carbon and which compound 
will not interchange atoms of said natural ele
ment bound in the compound with atoms of said 
natural element or its isotopes outside the com-

15 pound, and separating, after irradiation, from 
the compound said natural element and its iso
topes outside the compound. 

6. The method of producing from a natural 
element a radio-active element which is isotopic 

20 with the natural element comprising the steps 
of producing fast electrons, directing them to
ward a target adapted to produce X-rays under 
the impact of said electrons, exposing to the 
action of said X-rays an element of the class 

26 consisting of berylllum and heavy hydrogen which 
produce neutron radiation under the action of 
said X-rays, and producing a radio-active ele
ment from a natural element by exposing the 
natural element to said neutron radiation. 

ao 7. The method of producing from a natural 
element a radio-active element which is isotopic 
with the natural element comprising the steps 
of producing fast electrons having an energy of 
at least 3,000,000 volts, directing them toward a 

aa target adapted to produce X-rays under the im
pact of said electrons, exposing to the action of 

said X-rays an element of the class consisting 
of beryllium and heavy hydrogen from which 
neutrons are liberated by X-rays of 3,000,000 
volts energy, and producing a radio-active ele
ment from a natural element by exposing the 5 
natural element to said neutron radiation. 

8. The method of producing from a natural 
element a radio-active element which is isotopic 
with the natural element comprising the steps 
of producing fast electrons, directing them to- IO 
ward a target adapted to produce X-rays under 
the impact of said electrons, exposing beryllium 
to the action of said X-rays to produce neutron 
radiation, and producing a radio-active element 
from a natural element by exposing the natural 15 
element to said neutron radiation. 

9. The method of producing from a natural 
element a radio-active element which is isotopic 
with said natural element comprising the steps 
of producing fast electrons, directing them to- 20 ward a target adapted to produce X-rays under 
the impact of said electrons, exposing to the 
action of said X-rays an element of the class 
consisting of beryllium and heavy hydrogen which 
produce neutron radiation under the action of 2;; 
said X-rays, and irradiating by said neutron 
radiation a compound of said natural element 
which in the environment in which said irradia
tion is carried out will not interchange atoms of 
said natural element bound in the compound with 30 
atoms of said natural element or its isotopes 
outside the compound, and separating, after ir
radiation from the compound said natural element 
and its isotopes outside the compound. 

LEO SZILARD. 
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1 Such change is not only possible in the presence of a meta 

2 stable element. A meta stable element is an element the 

3 mass of which (packing fraction) is sufficiently high to 

4 allow its disintegration into its parts and a liberation of 

5 energy. Elements like uranium and thorium are examples of 

6 such elements. It is possible to measure the pRcking 

7 fraction of the elements by means of the mass spectograph 

8 and thereby determine Y:hether an element is meta stable or 

9 not in tr.e sense in which the word is used in this appli-

10 cation. If, for instance, the values which were generally 

11 accepted in 1934 for helium and beryllium had been correct 

12 (and we know today that they were false, at least in their 

13 relation to each other), we have been correct in concluding 

14 from these values which were acc epted in 1934 that beryllium 

15 is a meta stable element ~nd can be disintegrated into parts 

16 with a liberation of energy, one of the parts set free in 

17 its disintegration being a neutron. If such an element which 

18 is meta stable but the disintegration of which is inhibited 

19 is exposed to neutrons, we may have a reaction in which a 

20 neutron disappears and more than one neutron is emitted. 

21 The additional neutr·:Jns would together with the number of 

22 the original neutrons continue to interact with the meta 

23 stable elerr1ent thereby forming the links of a chain reaction. ____ ._ 

24 In order to be able to utilize a nuclear reaction 

25 in which an excess number of neutr~ns is liberated by neutrons 

26 for the maintenAnce of a chain reaction, it is not sufficient 

27 to measure the cross-section and other constants of the 

28 reaction, but it is ~lso necessary to be aware of the laws 

29 which govern the neutron output of such reactions in function 

30 of the geometrical conditionso Once the general laws, the 
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thickness of the chain re~ction layer is smaller than but 

very close to the critical thickness, the neutron output 

is very much le.rger than the neutron input and we may have 

1000 or more times as many neutrons emerging from the chain 

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

The value of the critical tbickness is a function of r 1 

and of the boundary conditions for ~ = ~l and £ = £ 2 • If 

the outer surface (~ = ~2 ) of the spherical layer were to 

stand free in space, the density~ ~ould be 0 for the outer 

surface, and if there is no absorption of neutrcns iL the 

hollow sphere containing the neutron source, i.e. if the 

nt~ber of neutrcns produced by the neutron source is eaual 

to the munber of neutrons diffusing outwards from the 

sphere r = r
1

, we obtain"very large values of D (~1 / 
for the value of the critical thickness 

j J ~ - 71 v __ ,l . - 7T ' v- ;.. 
(_.:2-) 1- > ! 1\ ~. 

. ~ ) ) 

The critical thickness for these conditions we shaJ.l call 

further below the standard critical thickness of the sub-

stBnce which composes the chain reaction layer. 

If tt..e outer su1·face is covered by some material, 

for instance if t he transmutation layer is covered by lead 

or iruruersed into water, the critical thickness is less than 

the st~ndard crjtical thickness. This us due to the back 

scattering by lead or water, and, in the case of water·, 

the fact that the neutrons are slowed down by ~.rater and thej_r 

mean free path is thereby reduced plays an i mportant roleo 

If the neutrons are allmved to escape out of the 

hollcw sphere co n taining the neutron source in the interior 

of the spherical layer or if they are ebsorbed within this 

hollow sphere, the critical thickness is increased. 

-5-











1 a million volts or soo 

2 In spite of its small value the delayed neutron 

3 emission is not without significance. In view of its exist-

4 ence we have - in order to be more precise - to distinguish 

5 between the critical thickness for the total neutron emis-

6 sion (instantaneous and delayed emission together). 

7 It is possible to use uranium in the chain reaction 

8 layer not only as uranium metal or as uranium oxide but also 

9 it is possible to use either of these mixed with a hydrogen 

10 containing substance such as for instance wa.ter and it is 

11 possible to use such a large concentration of the hydrogen 

12 containing substance that most of the neutrons are slowed 

13 down to a few volts before they react with the uranium in 

14 releasing an additional nuruber of neutrons (releasing more 

15 than one neutron on the .~.verage for every neutron captured by 

16 uranium). That the use of hydrogen containing substances in 

17 such concentrations should be possible is very surprising 

18 and unexpected and is in contradiction with the generally 

19 accepted value of the capture cross-section of uranium 

20 for neutrons slowed down by water to a few volts velocity 

21 or less. The total cross-section of uranium has been 

22 assumed on the basis of published measurements to be above 

23 0 10-24 . 4 x , 1.eo the capture cross-section well above 30. 

24 On the other hand, the cross-section for that transmutation 

25 of uranium which yields on the average neutrons in excess 

26 of one but certainly not in excess of 8 per transmutation is 

27 known to be less than 3. In these circumstances most of the 

28 neutrons which are slowed down to a few volts or less will be 

29 captured by uranium without causing a transmutation of the type 

30 which yields neutrons. Accordingly one would expect that 

-10-



1 less than one neutron will be emitted on the average for 

2 every neutron captured by standard uranium. (By "standard 

3 uranium" we mean uranium in which the relative abundance 

4 of the two isotopes 135 and 138 has the ratio which one 

5 finds in uranium that occurs in nature, i.eo about 1:139.) 

6 The only possible explanation is that for some reason or 

7 other an error has been made by those who previously meas-
-24 

8 ured the total cross-section or ur~nium to be about 43 x 10 

9 though it is not possible to state through what mistake such 

10 error occurred. 

11 The mixing of uranium vri th a hydrogen containing 

12 substance to form the chain reaction layer has the advanta ge 

13 greatly to reduce the critical thickness and also the amount 

14 of uranium required. The uranium or uranium oxide can either 

15 be mixed with the hydrogen containing substance or the chain 
·-- - ·- -· ....... .., 

16 reaction layer may be built up from alternating layei·s of 

17 uranium and the hydrogen containing substance. As a 

18 hydrogen containing substance wat.er, paraffin wax or calcium 

19 hydr i de appear to be suitahle. If the hydrogen contain i ng 

20 substance is not mixed with uranium, but alternating l Ayers 

21 are used, the layers should be as thin as possibleo In 

22 particular the thickness of the hydrogen containing layer 

23 should be as small as possible, and if paraffin, water, or 

24 a hydrogen containing substance of about the same hydrogen 

25 concentraticn is used, the thickness of the layer should not 

26 exceed about 7 mm. 

27 It is important that the ra.tio of the number of 

28 grams of hydrogen to the number of grams of uranium in the 

29 chai~ reaction layer shall not exceed a certain critical 

30 value as otherwise no chain reaction can be maintained for 

31 any thickness of the layer which contains the mixture. 

-11-
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This is due to the fact that hydrogen captures slow neutrons 

and therefore competes with uranium. The capture cross

section of the hydrogen atom is about one-third l0-24 

and the capture cross-section of uraniuru for the trans

mutations v'hich lead on the average to the liberation of 

about one additional neutron is about 2 x l0-24 sq. c. 

If these approximate values were exactly correct, no ch~in 

reaction would be possible in a layer which conteins 

hydrogen and uranium in a ratio of 6 grams of hydrogen to 

238 grams of uranium. It is certain that no chain reaction 

is possible in a layer which contains 20 grams of hydrogen 

for every 240 gre~s of uranium. On the other hand, it is 

desirable in order to keep the critical thickness low 

not to use too little hydrogen. A reasonable vAlue for 

the ratio of hydrogen to uranium which gives good results 
~ ..... -

and none too large critical thickness can be found if the 

expression 

(7) X v ~L .? 
2-f--,x. 

is plotted and a value of Xm is selected for which the 

expression becomes maximum. If a mixture is prepared in 

which the ratio of the number of hydrogen atoms to the 

number of uranium atoms Nn/Nu has a value between 

(b) f-- X h7 ~ /' •vt-rb 
J.. 

end if such a mixture is used to build up the chain 

reaction layer, satisfactory results will be obtained. As 

stated before, alternating layers of the hydrogen contain-

ing substance end uranium or uranium oxide can be used 

instead of a ruixture. 

-12-
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the neutron intensity by means of recoil ions in t he g8s 

of t ·ae challiber, induced activity caused by the neutrons 

can be used as a measure of the radiation intensity. 

Variation of Critical Thickness 

If slow neutrons are used the critical thickness can 

be increased by having a s low neutron absorber within the 

hollow sphere in the center of the spherical arrangement. 

If the inner radius of the spherical shell of the chain 

reaction layer is much larger than the critical thickness 

(to be accurate we have said the standard critical thick

ness given by the above formulas), and if all slow neutrons 

ere absorbed, for instance by a cadmium layer covering the 

inner surface of the spherica l chain reaction layer; the 

critical thickness of the arrangement is increased. By 

re moving such absorbin~~_tter from the inside of the chain 

reaction layer, the critical thickness may be reduced below 

the actual t hi ckness, and thus an explosion may be brought 

about. The e xplosion wi l l be ell the more violent the 

more quickly the absorbing substance is removed. A similar 

increase in the critical thickness of a spherically sym

metrical chain reaction layer can be brought about by 

removing a section of the layer and thereby producing an 

opening through v:hich the neu trans can escape. For instauce 

a conical section corresponding to a few percent of the 

spherical chain reaction layer can be so arranged as to be 

easily moved out of its place and repJ.aced, a nd thereby the 

critical thickness may be reduced or increased. 

Explosions may be brought about by a variation of 

the critical thickness for the purpose of creating a large 

amount of radio active elements. In such a case it is 

-16-
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desirable to have mild explosions. Mild explosions can 

be brought about by slowly changing the space distri

bution of matter and also by arranging layers so that 

when the explosion sets in there shall be no rapid 

removal of substances which capture neutrons and thereby 

reduce the critical thickness. For instance, if the 

chain reaction layer is based on fast neutrons And we hAve 

a substance in the hollow sphere in the center of the chain 

reaction layer which will slow down neutrons and absorb 

the slow neutrons, for instance a solution of a boron 

salt in water, the a rrangement ma y be such that there shall 

be no easy outflow for the water from the inside of the 

spherical chain reaction layer towards the outside . On 

the contrary, if a strong destructive expl osion is wanted, 

it can be ':l rought about.~-by pr oviding for such outfJ cw. 

It is advisable to have explosions whi ch for tbe purpose 

of reducing radio active eleraents l'lre so arranged that 

the explosions sha l l t~ke place in the middle of a large 

water tank or below water. After the explosion the 

scattered radio ac tive material uan then be collected 

from. the water. 

Re ulation 

As we have seen, the ratio of neutron input to 

neutron output becomes infinite for the critical thickness 

of the arranger.1ent. The neutron input is in pr a ctice 

limited by the accuracy of the arrangement, since the 

thickness of the chain reaction layer must be extremely 

close to the critical thickness, and yet must remain below 

it in order to avo~d an ~xplosion. Fortunately. it is 

possible to overcome this difficulty by reason of the 

-17-



1 following fact: 

2 In reality we have to deal not with one critical 

3 thickness only, but with two different critical thicknesses 

4 which we shall call the instantaneous critical thickness 

5 and the delayed critical thickness. They arise by virtue 

6 of the fact that, while the bulk of neutrons is emitted 

7 instantaneously when uranium is transmuted by neutrons, 

8 there is also a delayed eillission of neutrons, the delay 

9 being of the order of magnitude of a few seconds. If the 

10 thickness of the chain reaction layer is larger than the 

11 delayed critical thickness: but smaller than the instan-

12 taneous critical thickness, the neutron output increases 

13 to infinity, but does not increase too rapidly. This 

14 makes it possible that by moving an object which forms part 

15 of the arre.ngement ~nd which has an influence on the critical .,.,.., . 

16 thicknesses (for instance, by having a slow neutron absorber 

17 in the intJrior of the hollow sphere of the spherical chain 

18 reaction layer, and by partially withdrawing it from there, 

19 we can reduce the critical thickness, and in a similar way 

20 we can also increase it by the opposite movement), we can 

21 vary the critical thic kness in time. ','/e shall call objects 

22 which are used in this way reguletor objects , and accord-

23 ing to our invention the neutron output can be kept very 

24 high without risking an explosion by moving the regulator 

25 object in such a way that part of the time the cr i tical 

26 thickness for delayed emission should be below, and part 

27 of the time it should be above, the real thickness of the 

28 spherical layer. It is only necessary for safe functioniLg 

29 to have an instrtunent which is sensitive to the emitted radi-

30 ation or the temperature of some part of the chain reaction 

-18-



1 layer, and this instrument can control the position of 

2 the regulator object. Obviously, in order to have stable 

3 functioning j the regulator object will have to be moved in 

4 direction of an increase of the critical thickness with 

5 increasing neutron radiati ~n, and it has to be lliOved in the 

6 o::;rposite way with decreasing neutron radietion . 1!!hile the 

7 thic kness of the chain reaction laye r will still have to he 

8 accurately chosen, since it has to be within na rrow limits , 

9 i.e o between the critical t!J ickness for instantaneous 

10 neutron emission and the c~ iticsl thicknes s for delayed 

11 neutron emission , the latter being only slightly lf:rger 

12 than the for11 ,er . Yet the above described reguJation makes 

13 it I>OSsi ble to get a very wuch higt.er· neutrc n output without 

14 r eaching an explosion. 

15 The cr· i tical thi~kness for delayed em iss ion could 

16 also be conveniently celled the total critical thickness 

17 because it corresponds to the total neutron emission, both 

18 instantaneous and delayed . It can be easily determined 

19 empirically by varying the thickness of the chain reaction 

20 layer and observing for each ttickness the emitted neutron 

21 radiation as a function of time . Below the critical thick-

22 

23 

24 

25 

26 

27 

28 

2 9 

ness for delayed emission the neutron radiation is a function 

of time which resembles a growth curve in the field of rgdio 

activity , i.eo it approaches an upper limit practically 

reaching saturation gfter some time . Above the critical 

thickness for d~layed emission , but below the critical thick 

ness for instantaneous emission , the observed neutron emis-

sion increases more qnd more rapidly with time , and the 

Arrangement has quickly to be ctanged in order to avoid 

30 overheating . The value of the cr itical thic kness for 
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We wish now to insert a description of Figs. 5, 6 

and 7 to which we have referred in the preceding part of 

the specification. 

Fig. 5 shows an example of a suitable arrangement. 

11 is an electrical discharge tube ejecting a beam 12 of 

fast diplogen ions.* The ions fall on a substance 13 

consisting of for instance gaseous diplogen or a diplogen 

compound or lithium, causing transmutation, i.e. a nuclear 

reaction of the diplogen ion with an atom of the target. 

The substance 13 is surrounded by a layer 14 cont~ining 

the element which we wish to transmute into a radio active 

element. In order to have a good efficiency, the thick

ness of the layer 14 has to be sufficiently large, compared 

with the mean free path of the neutron for this trans

mutation. 

Fig. 6 shows the electrical discharge tube referred 

to in Fig. 5. It is a high voltage positive ray tube. 

There is an auxiliary positive ray tube on top of the high 

voltage tube. 11 is the anode, 15 the cathode of this 

auxiliary tube. Diplogen is admitted through the tube 13 

and pumped away through 

Figo 7 shows an arrangement suitable for the 

proluction of hard X-rays. 1 is the priruary of a trans

former, the secondary 2 of ~micb is connected to the points 

z, and 4. 3 is connected to the cathode 8 of the rectifier 

tube 5 and to the anode 7 of the rectifier tube 6. Point 4 

is connected to the cathode 9 of the rectifier tube 10 and 

to the anode 11 of the rectifier tube 12o The cathodes 13 

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

anodes 15 and 16 are connected to point 17, and this point 

also called diplons or deutons 

-21-







~. L~ 
7 ~ j)~ flr~f?;L,~ 

16 s~ 

rJL !/-
.. , 



such change is not only possible in the presence or a meta 

stable element. A meta stable element is an element the 

ruass or which (packing fraction) is sufficiently high to 

allow its disintegrati~n into its parts and a liberation or 

energy. Elements like uranium and thorium are examples or 

such elements. It is possible to measure the packing 

fraction or the elements by means of the mass spectograph 

and thereby determine ··hether an element is meta stable or 

not in the sense in which the word is used in this appli

cation. If, for instance, the values which were generally 

accepted in 1934 for helium end beryllium had been correct 

(and we know today that they were false, at least in the ir 

relation to each other), we have been correct in concluding 

from these values wbich were ecc t- rted in 1934 that berylliwn 

is a meta stable element ,·and can be disintegrated into parts 

v. ith a liberation of energy, one or the parts set free in 

its disintegration being a neutron. If such en element which 

is meta stable but the disintegration or which is inhibited 

is exposed to neutrons, we may have a reaction in which a 

neutron disappears and more than one neutron is emitted. 

The additional neutrons would together with the number or 

the original neutrons continue to interact with the meta 

stable element thereby fo~4ing the links or a chain reaction. 

In order to be -able to utilize a nuclear reaction 

in which an excess number or neutrons is liberated by neutrons 

tor the maintenance or e chain reaction, it is not sufficient 

to measure the cross-section end other constants of the 

reaction, but it is also necessary to be a\~re of the laws 

which govern the neutron output or auoh reactions in function 

ot the geometrical conditions. Once the general laws, the 
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mute into a radio-active body (which is suitable tor the 

storage or energy). 

An essentially different way of introducing the 

initial radiation into the chain reaction chamber is the 

arrangement shown in Fig. 4. 401 is the cathode ray 

tube described in Fig. 1. 402 is a sheet of a heavy 

element tor instance Pb, or U in which penetrating radia

tion (hard X-rays} is generated with an extremely good 

efficiency it the electrons have a voltage over one million 

volts. This efficiency increases very rapidly with the 

voltage, and is much higher than it could be expected 

from the experience based on ordinary X-ray work- The 

thickness of the sheet 402 is such as to enable the gener

ated penetrating radiation to penetrate through this sheet 

and act on the transmut-ation chamber 106 (in Fig. 3). 

Nevertheless the sheet can be sufficiently thick to utilize 

more than half or the energy of the cathode rays. The 

X-rays emerging from sheet 402 penetrate the layer 3 and 

can liberate neutrons either from the layer 3 or from a 

substance 407 placed in the interior of the layer 3}. For 

instance, if we haTe beryllium present in 403 or in 3 

neutrons will be liberated by X-rays. These neutrons can 

then maintain a chain reaction as discussed further above 

and further below. The advantage or using X-rays as an 

initial radiation is the following: The X-rays penetrate 

through a perfectl7 closed layer 3 into the interior of 

the layer and therefore a leak of neutrons from the inter

ior can be avoided. This is specially important if we have 

to deal with a neutron chain in which no multiplicator 

action is inTolved. In such cases X-rays may be used with 
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advantage as initial radiation especially in view or the 

unexpectedly large efficiency or the X-ray production by 

means or fast electrons acting on heavy elements. 

'.'ie wish to discuss now certain features which 

arise when the above teachings of this application are 

flpplied to uranium. If uranium is exposed to neutrons or 

a few million volts energy or to neutrons slowed do'm by 

water to a few volts of energy or less, uranium emits 

neutrons in two different ways. This can be demonstrated 

with particular ease if uranium is exposed to slow neutrons 

"' end the slow neutron stream bitting· the uranium is suddenly 

stopped. One then finds that uranium eud ts neutrons after 

the stoppage or the slow neutron stream for another few, 

perhaps ten to fifteen, seconds. This delayed neutron 

emission is v•reak , 1.e.-4 there are less than perhaps thirty 

neutrons e;Ji tted in this way per incident neutron which 

disappears in reacting with the uranium. No chain reactions 

could be based on this delayed neutron e.missio11 alone. Jn 

the ether hand, it is easily demonstrated that uranium emits 

a large numner of neutrons while it is exposed to the slow 

Eeutron stream and the number of neutrons which are.thus 

instantaneously (within a fraction of a second) emitted 

from uraniWll per nu.u:ber of incident r,eutrons which are 

captured in the reaction with uranium is larger then one. 

This fact makes it possible to use uranium as the carrier 

of a chain reaction·. The neutrons which are erti tted from 

uranium during the irradiation with slow neutrons can be 

distinguished from the incident slow neutrons by virtue 

of the feet that their velocity is much higher and ranges 

somewhere between a few tell. thousar1d volts to perhaps obout 

-9-





I CLAIM: 

l. Production or radio active elements comprisin~ 

the step or maintaining a neutron radiation in a layer con

taining uranium, the thickness or the said layer being 

slightly below the critical thickness. 

2. Production of radio active elements comprising 

the step or maintaining a neutron radiation in a layer con

taining uranium, the thickness or the said layer being 

slightly below the critical thickness, end the step of 

separating at intervals from the layer the radio active 

elements produced in the layer. 

3. Production of radio active elements comprising 
I 

the step or maintaining~ neutron radiation in a layer con

taining uranium, the thickness of the said layer being 

slightly below the critical thickness, and exposing another 

element which can be made radio active hy means of slow 

neutrons to the radiation of the chain reaction layer. 

4. Production dr radio active elements according 

to claims 1 to 3 comprising the step or maintaining e 

neutron radiation in a l ·ayer containing uranium or uranium 

oxide, the thickness or :the layer being chosen so as to 

conform with equation (1) and given by equation (5) accord

ing to the prescription ;(6) respectively using values for 
i 

the mean free path corr~sponding to a cross-section of 

uranium of about 6 x 10~24 ·and oxygen of about 3 x l0-24 

I 

and a value of f of abo~t 60. 

I 

5. Production of radio active elements accord-

' ing to claim 4, the leye;r being composed or metallic uran-

ium and having a thickness of about 30 to ?0 centuueters 

for an inner radius r
1 

about 10 centimeters. 
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6. Production of radio· active elements eccording 

to claim 5, the spherical chain reaction layer of metallic 

uranium being surrounded with a spherical layer or metallic 

bi~uuth the thickness or which bismuth layer exceeds 50 

centimeters and the thickness or the uranium layer being 

below the values given in claim 5, the thickness of uranium 

being reduced to about half if very large amounts or bismuth 

ere used • 

7. Production or radio active elements according 

to claims 1 to 3 in which a hydrogen containing substance, 

such as for instance paraffin wax or water, is mixed with 

uranium, the number or gram atoms of hydrogen having the 

ratio to the number of gram atoms or uranium given by 

equation (8) 

8. Production of radio active elements according 

to clairu 7, the chain reaction layer being surrounded with 

a spherical layer of bismuth metal exceeding in thickness 

50 centi.roeters. 

9. Production or radio active elements according 

to claim 7, the spherical chain reaction layer being immersed 

in water or another similar hydrogen containing substance, 

for instance paraffin wax. 

10. Production or radio active elements according 

to claim 1 or claim 7 in which the uranium used has a differ

ent relative abundance of the isotopes 235 and 238 than 

Rtandard uranium, tlie relative abundance of uranium 235 being 

increased by a factor ot 3 or more. 

11. Production of radio active elements comprising 

the step ot increasing the critical thickness or on arrange

ment comprising 8 layer or uranium, the said increase being 





the thickness or the uranium layer being below the 

values given in claim 5, the thickness or uranium being 

reduced to about half if very large 8nOunts or biamuth are 

used. 

1?. Production or power according to clatm 13 

in which n hydrogen containing substence,such as tor 

instance paraffin wax or water, is mixed with uranium, the 

number or gram atoms of hydrogen having the ratio to the 

number or gram atoms or uranium given by equation (8). 

18. Production of power according to claim 1?, 

the chain reaction layer being surrounded with a spherical 

layer of bismuth metal exceeding in thickness 50 centiweters. 

1g. Production_or power according to claim 1?, 

the spherical chain reaction layer being irumersed in water 

or another similar hydrogen containing substence,for 

instance paraffin wax. 

20. Production or power according to claim 12 

or claim 17 in which the uranium used has a different rela

tive abundance or the isotopes 235 and 238 than standard 

uranium, the relative abundance or uranium 235 being increased 

by a factor or 3 or more. 

21. Production or power comprising the step of 

increasing the critical thickness or an arrangement com

prising a layer of uranium, the said increase being effected 

by changing the distribution of matter within or without the 

chain reaction layer and the increase carried to the point 

where the critical thickness or the arrangement is exceeded 

so that a chain reaction leading to an explosion takes place. 
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6. Production of power accor.ding to claim 5, the [i 

~~~~ spherical chain reaction layer of metallic uranium being 
surrounded with a spherical layer of metallic bismuth the 

I! 

I! 

II 
I 
I 
I 
I 

thickness of which bismuth layer exceeds 50 centimeters 

and the thickness of the urRnium layer being below the 

values given in claim 5, the thickness of uranium being 

reduced to about half if very lerge amounts of bismuth ere 

used. 

7. Production of power according to claims 1 

to 3 in which a hydrogen containing substance such as for 

instance paraffin wax or water is mixed with uranium, the 

number of gram atoms of hydrogen heving the ratio to the 

I number of gram atoms of uranium given by equation (8). 

i! 8. Production o! power according to claim 7 1 II 

I\ the chain reaction layer being surrounded with a spherical 
! layer of bismuth m~tal exceeding in thickness 50 centimeters. 1 

9. Production of power according to claim 7, t! 

\! the spherical chain reaction layer being in.mersed in water 

\; or another similar hydrogen containing substance for in-
11 

i; stance paraffin wax. 
I 

\I 

1: lOo Production of power according to cl.13.im 1 or 
ji 
'! claim 7 in which the uran i.um used has a different relative 
!! abundance of the isotopes 235 and 238 then standard uranium, 
II ., 
i
1 
the relative abundance of uranium 235 being increased by a I• 

'I Lfactor of 3 or IIJ.ore. 
i 

1: 11. Production of power comprising the step of 
·I 
~~ increasing the criticel thickness of an arrengement com-
11 ., 
II prising a layer of uranium 9 the said increase being effected 
.. 
i: bY changing the distribution of matter within or without the 
,I 

i! 
!! 
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9 Claims. (CI. 204-31) 

This invention concerns methods and appara
tus for the generation of radio-active bodies. 

According to one feature of my invention, ra
dio-active elements may be produced from nat-

5 ural elements by bombarding a natural element 
or compounds of natural elements with neutrons 
produced in various ways, more particularly, by 
subjecting the natural elements to neutrons ema
nating from a target containing lithium, which 

10 target is subjected to a bombardment with fast 
deuterons. ·Another feature of the invention is 
directed to the production of radio-active ele
ments from natural elements by exposing the 
natural elements to an irradiation with neutrons 

IJ which are liberated from certain elements under 
the action of X-rays. Another feature of the 
invention Is directed to chemically concentrat
ing radio-active elements produced from natural 
elements if the radio-active element is isotopic 

liO with the natural element from which it is pro
duced. 

Other features of the invention will appear in 
the following detailed description referring to the 
drawings, and will be more particularly pointed 

25 out in the claims. 
In the drawings, · 
Figure 1 represents a sectional elevation of an 

apparatus for carrying out the invention, 
Figure 2 shows a more constructional lay-out 

so of the apparatus of Figure 1, 
Figure 3 shows the circuit arrangements for 

further modified apparatus and, 
Figure 4 is a sectiona,l view of apparatus in

tended to co-operate with that shown in Figure 3. 
3.; Referring first to Figure 1 of the drawings, II 

is an electrical-discharge tube adapted to pro
ject a beam 12 of fast deuterons. The tube II 
is filled with deuterium and an anode A and cath
ode B are provided for connection to a source 

40 of high voltage. The deuterons are thus pro
jected at high speed and pass through the cath
ode B. The deuterons fall on a substance 13 in a 
sealed container 13A. The substance 13 consists, 
for instance, of lithium. The collision of the fast 

4.; diplogen ions with the substance 13 causes trans
mutation, i. e. a nuclear reaction of the deuteron 
with an atom of the target. The substance 13 is 
surrounded by a thick layer 14 containing the 
element which It is desired to transmute into a 

r;o radio-active element. In order to have a high 
efficiency, the thickness of the layer 14 has to 
be sufficiently great, compared with the mean 
free path of the neutron, to prevent escape of 
any of the neutrons. 

06 Figure 2 shows in more detail the electrical dis-

charge tube II referred to in Figure 1. The tube 
essentially consists of a main portion 16 serving 
to accelerate the deuterons and an auxiliary tube 
liT for initiating the flow. IIA is the anode and 
15 the cathode of the auxiliary tube, deuterium 15 
being admitted thereto through the inlet 13B and 
being pumped away through the outlet 14A. The 
flow initiated by the auxiliary tube is accelerated 
by passage through the main tube 16 which . is 
maintained exhausted by suction outlets 141 and 10 
143, and which has a high potential gradient, 
there being a million volt potential difference be
tween the ends of the tube. The accelerated 
deuterons emerge through the neck 143, of the 
tube 16 and colllde with the substance 13 as de- 15 
scribed with reference to Figure 1 of the draw-
Ings. · 

If the substance 13 is a light element for in
stance lithium, then the bombardment by the ac
celerated deuterons results in emission of un- 20 
charged particles of mass of the order of magni
tude of the mass of a proton. Such uncharged 
nuclei 1. e. neutrons, penetrate even substances 
containing the heavier elements without ionisa
tion losses, and will cause the formation of radio- 25 
active substances in the layer 14 exposed to them. 
It is to be noted that by the method so far de
scribed, the ionisation losses suffered by the deu
terium nuclei are comparatively small in light 
elements and also that the substance to be made 30 
radio-active is irradiated with neutrons i. e. un
charged nuclei, which pass through even heavy 
eiements without ionising them. The substance 
14 exposed for treatment . by the neutron radia
tion may be in the form of an organic compound 35 
for the purpose of carrying out separation of the 
generated radio-active element, as described 
more fully hereinafter. 

Neutron radiation may also be produced by the 
action of X-rays upon an element having a dis- 40 
sociable neutron at the prevailing voltage, and 
apparatus for carrying out this process will now 
be described with reference to Figure 3 of the 
drawings. 

In Figure 3, I is the primary of a transformer, 45 
the secondary 2 of which is connected to the 
junctions 3 and 4. The junction 3 is connected 
to the cathode 8 of the rectifier tube I and to 
the anode l of the rectifier tube 6. The junction 
4 is connected to the cathode 9 of the rectifier 50 
tube I D and to the anode II of the rectifier tube 
12. The cathodes 13 and 14 are connected to each 
other and to earth. The anodes II and 18 are 
connected at 11, and fom this point are con
nected to the pole 18 of the impulse generator 20, 66 
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the pole ·19 of which is -connected to earth. The 
impulse generator 20 is built of condensers 21, 
resistances 22 and spark-aap devices 23. 

The impulse generator and rectifying unit 
1 shortly described above, are known components 

adapted to give an extremely high voltage for a 
fraction of a second. With such a system volt
ages up to 3 million volts have been obtained. 
The negative side of the impulse generator is con-

10 nected to a spark gap device 25, which in turn Is 
connected with the cathode 26 of the discharge 
tube 24. The latter is built up from rings 24A 
of which only a few are shown in the drawings. 
It will, however, be understood that the rings 

11 are continuous to enclose a ·space which Is ex
hausted through the outlet 24B. The anode 21 
of the tube is connected to earth and is formed 
by a metallic window. A body of material 28 Is 
arranged at the external side of the window 21. 

. 10 When the impulse generator operates to pro
duce discharge between the cathode 26 and anode 
21 of the tube 24, fast.. ~lectrons penetrate the 
anode 2l and impinge ,upon the body 21. The 
latter when formed of Bi or Pb or some other 

11 heavy element, emciently acts as an anti-cathode 
and hard X-rays are produced. 

In Figure 4 of the drawings there is shown the 
lower portion of the discharge tube 24 with a 
device therebeneath for utilising the hard X-rays 

10 capable of being produced with the aid of the 
fast electrons emerging through· the anode n 
of the tube 24. The device consists of a block 
34 of the element which Is to be made radio
active, a block 32 of an element with a dissociable 

aa neutron, being located therein. An aperture Is 
formed in both the blocks 32 and 14 to allow 
entry of t;he cathode rays from the tube 24 above . . 
The blocks 32 and 34 are also arranged to accom
modate a wheel 30 and axle 35. The wheel 30 

40 at Its periphery carries a covering of tungsten 
or lead 31. The covering II acts as an anti
cathode and Is cooled with water Introduced 
along the bearing for the axle 35. The block 14 
may be in the form of a cube having a' length of 

.a side of 50 em., whilst the block 12 can also be 
of cube form with a side of 25 em. For the sake 
of example the block 34 may be formed of Iodine 
or arsenic or other material which lends itself 
to being made radio-active. The block 32 may 

10 be of metallic beryllium. In order that an iso
topic separation as desci'ibed hereinafter may be 
performed after irradiation the material of the 
block 34 may be in th~ form of an organic com
pound. A voltage of 3 m1Ilion volts may be used 

65 for the discharge tube and in operation the wheel 
30 is rotated so that electrons passing through 
the anode 21 of the tube 24 h it the rotating anti
cathode covering 31. When the fast electrons 
strike the anti-cathode, hard X-rays are pro-

60 duced which penetrate the beryll1um block 32 
and cause neutrons to be released therefrom, 
which neutrons then act upon the block 34. 

It may be that fast electrons and hard X-rays 
have a similar effect upon beryllium and one may 

65 therefore contemplate the making of the cover
ing 31 of the wheel 30 from beryllium , the beryl
lium block 32 then being dispensed with, so that 
the neutrons released directly from the beryllium 
anti-cathode may enter and act upon the block 

70 34. 
It is found that when various elements P.re 

irradiated with neutrons by the process described 
above, practically all elements which become 
radio-active transmute into their own radto-

75 active isotopes, and it becomes dimcult to sepa-

rate these radio-active Isotopes from the remain
Ing portion of the element unaffected. In order 
to achieve separation of the radio-active element 
from the non-radio-active part thereof the fol
lowing process may be adopted. This process Is 
basect on the fact that 1f a compound of an ele
ment is irradiated by neutrons, and 1f an atom of 
the element transmutes Into the radio-active 
Isotope, then this atom ls freed from the com
pound. In accordance with the process, a com
pound of the element lt ls desired to make radio
active is chosen such that the freed radio-active 
isotope of the element wm not interchange with 
the combined atoms of the element within the 
compound, whereby the freed isotope may be 
chemically separated from the irradiated com
pound. Very often the element whose radio- · 
active Isotope ls to be Isolated, can be conven
Iently Irradiated in the form of a compound ln 
which lt ls bound to carbon. Thus in the case 
of iodine compounds such as Iodoform or ethyl 
iMide, the radio-active Iodine isotope may be 
chemically separated from the original Iodine 
compound ln the form of free Iodine. In order 
to protect the radio-active Iodine Isotope a small u 
amount of normal Iodine may be dissolved 1n the 
organic Iodine compound before Irradiation or 
after Irradiation but before separation. 

What I claim and deSire to secure· by Letters 
Patent of the United States Ia: 30 

1. ·The method of producing a radio-active ele
ment from a natural · element by causing fut 
deuterons to lmplnie on a target conta1ninc 
llthlum, and exposing a layer of the natural ele
ment to be transformed into a radio-active ele- 33 
~ent · to the neutron radiation emitted by the 
said target. 

2. The method of producing from a natural 
element a concentrate of a radio-active element 
which ls Isotopic with the said natural element, 40 
which comprises subjecting a compound of said 
natural element to an Irradiation which will 
transform some of said natural element Into a 
radio-active Isotope of said natural element, said 
compound of said natural element being one 4~ 
which In the environment In which the irradia
tion is belni carried out does not Interchange 
atoms of said natural element bound In the com
pound with atoms of said natural element or its 
Isotopes outside the compound, and separating, uo 
after Irradiation, from the compound said nat
ural element and its isotopes which are outside 
the compound. 

3. The method of producing from a natural 
element a concentrate of a radio-active element li .) 
which Is Isotopic with said na tural element, which 
comprises subjecting a compound of said nat
ural element to Irradiation with neutrons which 
will transform some of said natural element 
into a radio-active isotope of said natural ele- 6U 
ment, said compound of said natural element 
being one which does not interchange in the 
environment In which the irradiation is carried 
out, atoms of said natural element bound in the 
compound with atoms of said natural element u;; 
or its isotopes outside the compound, and sep
arating, after irradiation, from the compound 
said natural element and its isotopes which are 
outside the compound. 

4. The method of producing from a natural 70 
element a concentrate of a radio-active element 
which is isotopic with said natural element, 
which comprises irradiating with neutrons an 
organic compound of said natural element whtch 
will not interchange atoms of said natural ele- 7/S 
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ment bound in the compound with atoms of 
said natural element or its isotopes outside the 
compound, and separating, after irradiation, from 
the compound said natural element and its iso-

6 topes outside the compound. 
5. The method of producing from a natural 

element a concentrate of a radio-active element 
which is isotopic with said natural element, which 
comprises irradiating with neutrons a compound 

10 which contains carbon, in which said natural 
element is bound to carbon and which compound 
will not interchange atoms of said natural ele
ment bound in the compound with atoms of said 
natural element or its isotopes outside the com-

16 pound, and separating, after irradiation, from 
the compound said natural element and its iso
topes outside the compound. 

6. The method of _producing from a natural 
element a radio-active element which is isotopic 

20 with the natural element comprising the steps 
of producing fast electrons, directing them to
ward a target adapted to produce X-rays under 
the impact of said electrons, exposing to the 
action of said X-rays an element of the class 

26 consisting of beryllium and ,heavy hydrogen which 
produce neutron radiation under the action of 
said X-rays, and prodQcing a radio-active ele
ment from a natura4,.element by exposing the 
natural element to saicT peutron radiation. 

30 7. The method of producing from a natural 
element a radio-active element which is isotopic 
with the natural element comprising the steps 
of producing fast electrons having an energy of 
at least 3,000,000 volts, directing them toward a 

11 target adapted to produce X-rays under the im
pact of said electrons, exposing to the action of 

said X-rays an element of the class consisting 
of berylllum and heavy hydrogen from which 
neutrons are liberated by X-rays of 3,000,000 
volts energy, and producing a radio-active ele
ment from a natural element by exposing the 5 
natural element to said neutron radiation. 

8. The method of producing from a natural 
element a radio-active element which is isotopic 
with the natural element comprising the steps 
of producing fast electrons, directing them to- 10 
ward a target adapted to produce X-rays under 
the impact of said electrons, exposing beryllium 
to the action of said X-rays to produce neutron 
radiation, and producing a radio-active element 
from a natural element by exposing the natural 15 element to said neutron radiation. 

9. The method of producing from a natural 
element a -radio-active element which is isotopic 
with said natural element comprising the steps 
of producing fast electrons, directing them to- 20 ward a target adapted to produce X-rays under 
the impact of said electrons, exposing to the 
action of said X-rays an element of the class 
consistiilg of beryll1um and heavy hydrogen which 
produce neutron radiation under the action of 25 said X-rays, and irradiating by said neutron 
radiation a compound of said natural element 
which in the environment in which said irradia
tion is carried out wm not interchange atoms of 
said natural element bound in the compound with ,ao 
atoms of said natural element or its isotopes 
.outside the compound, and separating, after ir
-radiation from the compoUnd said natural element 
and its isotopes outside the compound. 

LEO SZn.ARD. 
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The invention concerns a process and apparatus for 

the transmutation of elements and makes it possible to 

bring about such a transmutation on a large scale. The 

production of power by means of the heat generated in the 

process and the production of radio active elements on a 

large scale are thus made possible by the invention. The 

invention teaches that it is possible to produce a nuclear 

chain reaction and to maintain the stationary conditions in 

such chain reactions. It also teaches that it is possible 

to have explosive bodies in which an explosion is brought 

about at will by a sudden change in the distribution of 

matter. 

According to the invention such a chain reaction 

may be maintained for instance by maintaining an initial 

radiation of neutrons by means of one of the known methods 

for t he production of neutron radiations (for instance by 

bombarding a lithium target with deuterons or by exposing 

beryllium to X- rays or gamma - rays) and letting these neu
of 

trons fall on a body/suitably chosen substance, shape and 

dimensions and thereby obtaining an increase in the number 

and energy of the neutrons which increase is ~rought about 

by their interaction with the said body. Thus if the 

proper conditions are observed the interaction of neutrons 

v·ith matter can lefl d to the liberation of further neutrons. 

These ne Nly l iberated neutrons liberate again in their turn 

further neutrons so that we have a chain reaction in which 

a large number of neutrons are liberated, the total number 

being limited only by the dimensions of the geometrical 

arrangement. 
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As a ca1·rier of such a chain reaction it is neees-

sary to have an element the mass or which is sufficiently 

h.i:gh to allow its disintegrat.ion into its parts with liber

ation of energy, the disintegration being ordinarily 

inhib~ted {meta stable state), the inhibition being lifted 
\ 

in a reaction with a neutron. An ex~ple of auch a meta 

stable element is uranium. 

In order to be able to utilize a nuclear reaction 

in which an excess number of neutrons is liber ated by neutro s 

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

to measure the cross-section and other constants of the 
is 

reaction, but it/also necessary to be aware of the laws whio 

govern the neutron output of such reactions in f unction of 

the geometrical conditions. Once the general laws, the type 

of behavior is known, the exact dimensions can be easily 

determined in each pa·;rticula.r case by actually measuring the 

neutron output. Such experimental adjustments can, however, 

only be made if t t e general type of behavior is known . 

In the following we shall by way or example demon-

strata certain general features of such a neutron chain 

reaction in a special case. , In this special case the 

carrier of the chain reactio~ forms a spherical layer as 

illustrated in Fig. 1. In Fi~. l, l is a spherical layer 

which contains a carrier of th~ chain reaction, 2 is a 

neutron source whichbas fixed c~nstant output ot neutrons , 

£l is the inner radius or the sp erical layer, and ~2 is 

the outer radius of the spherical layer. In order to be 

able to treat the problem as probl em, we choose 

~ vary much larger than the ean f~ee path ~ of the neu

trons produced in t i e chain reaction in the substance of 
~ 
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Such change is not only possible in the presence of a meta 
stable element. A meta stable element is an element the 
mass of which (packing fraction) is sufficiently high to 
allow its disintegration into its parts and a liberation of 
energy. Elements like uranium and thorium are examples of 
such elements. It is possible to measure the packing 
fraction of the elements by means of the mass spectograph 
and thereby determine hether en element is meta stable or 
not in the sense in which the word is used in this appli-
cation. If, for instance, the values which were generally 

I accepted in 1~34 for helium and beryllium had been correct 
(and we know today that they were false, at least in their 
relation to each other), we have been correct in concluding 

II from these values which were acc t->pted in 1~34 that beryllium 
I is a meta stable element and can be disintegrated into parts 

!neutron disappears and more then one neutron is emitted. 
The additional neutrons would together with the number of 

li the original neutrons continue to interact with the meta 
stable element thereby forming the links of a chain reaction. 

II In order to be able to utilize a nuclear reaction 
in ~hich an excess number of neutron~ is liberated by neutrons 

~tor the maintenance of a chain reaction, it is not sufficient 
~o measure the cross-section and other constants of the 

II 
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type of behavior is known, the exact dimensions can be 

easily determined in each particular case by actually 

measuring the neutron output. Such experimental adjustments 

can, however, only be made if the general type of behavior 

is known. 

In the following we shall by way of example demon-

strate certain general features of such a. neutron chain 

reaction in a special case. In this special case the 

carrier of the chain reaction forms a spherical layer as 

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

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

neutron source which has fixed constant output of neutrons, 

r 1 is the inner radius of the spherical layer, and ~2 is 

the outer radius Gf the spherical layer. In order to be 

able to treat the problem as a diffusion problem, we choose 

r 1 very much larger than the mean free path !!. of the neu

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

chain reaction layer will have to make a number of collision 

with the nuclei which compose the chain reaction layer, end 

we designate the number of collisions necessary for causing 

transmutations in the carrier of the chain reaction layer 

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

tional neutron v.d.th !· Pe further assume that f is a large 

number so that we may have conditions in ~hich the well 

kno~m equations of diffusion can be applied. With these 

assumptions the density ~ of the neutron will v:i th good 

approximation be given within the chain reaction layer as 

a function of the radius r by the following eouation: 

(' ) D i {rs) t- II r -r-fJ ~ o a ..,..'l-
n is a diffusion constant which is giv€n by 

b::: fL_ 
3 

is the mean velocity of the neutrons; ~the mean free path 

for scattering collisions within the chain reaction layer; 

and ! a number which says how many scattering collisions 

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

to produce on the average an additional neutron. 

A stands for the number of neutrons produced per 

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

given by 

For a given value of ~ there is a certain value of £2 

and accordingly a certain value of ~2 - r 1 for which the 

number of neutrons per second diffusing out of the spherical 

layer into space becomes infinite for a finite neutron pro

duction of the source. This value of (~2 - r 1 ) we may call 

the critical thickness of the chain reaction layer. If the 

-4-



ft. 

( 

thickness of the chain reaction layer is smaller than but 

very close to the critical thickness, the neutron output 

is very much larger than tbe neutron input and we may have 

1000 or more times as many neutrons emerging from the chain 

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

The value ot the critical thickness is a. function of !:.1 

and of the boundary conditions for £ = £1 and£= £2• If 

the outer surtaoe {£ = £ 2 ) of the spherical layer were to 

stand free in space, the density s would be 0 for the outer 

surface, and if there is no absorption of neutrons in the 

hollow sphere containing the neutron source, i.e. if the 

number of neutrons produced by the neutron source is equal 

to the n1lmber of neutrons diffusing outwards from the 

sphere£= r 1 , we obtain~ large values of £1 (r1~>~) 
for 

(z) 
the value of the critical thickness ,~ 

1 _ El~ _ II £Z v f:.. 
4i" - < f --;;- ~ z rs-' 

The critical thickness for these conditions we shall call 

further below the standard critical thickness of the sub-

stance ~hich composes the chain reaction layer. 

If the outer surface is covered by some material, 

for instance if the transmutation layer is covered by lead 

or immersed into vmter, the critical thickness is less than 

t.he standard critical thickness. This is due to the back 

scattering by lead or water, and, in the case of weter, 

the fact that the neutrons are slowed do'¥.n hy water And their 

mean free path is thereby reduced plays F.l.n important role. 

If the neutrons are allowed to escape out of the 

hollow sphere containing the neutron source in the interior 

of the spherical layer or if they are absorbed within this 

hollow sp;1ere, the or i tical thickness is inc rea sed. 
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If all the neutrons were captured in the hollow 

sphere v.rithin !:. = r 1 , the critical thickness would become 

independent of the value of tl and have a value exactly 
I)~~ 

double the fie~~~tical thic~~ess provided that the 

neutron density s remains 0 at the outer surface (£. = !:.2 ). 
(I). 

Obviously the above given diffusion equationn(olds 
_) 

only for stationary solutions, that is for solutions where 

tha neutron density s is a function of £ only and does 

not vary with time. Not for all bo1mdary conditions will 

such stationary solutions exist. If we gradually increase 
~~~ 

the thickness of the ~~~ we reach for any given 

boundary conditions a thickness a t which the neutron out-

flow becomes infinite ~ for finite neutron production of the 
~ 

neutron source. This thickness is ~ critical thickness 

of tb6 arr&ngement. It can ~e calculated for every case in 

the following way from given boundary con~itions. 

The solution of the above given d.iffusion equation 

has the form of 
(3) 

For the boundary condition s = 0 for r = r~ the solution - - -~ 

takes the form ot ~ 

( 1) 4 r = C .4~ ~ - >-) f-R J 
or 

(S') 
~[(!'- - r-) JG?i= J 

r--

If there is no absorption of neutrons in the 
(3V (2._; 

hollow sphere(around the neutron sourcefand if the neutron 

source Wroduces a fixed number _!!. of neutrons per second, 

the number of neutrons diffusing from the sphere r = £.1 

into the chain reaction layer must be equal to N. On the 

other hand, th9 number of neutrons thus diffusing through 
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any sphere is given b~ 
'tlT r-1.}) tf ~ 

and it is therefore also ~ ~ 
z.]) fP ~ '>~ -AI-= 1111i ~ ~"" . )~ 

L r= i; 11-f 
For a value of£= ~ for which ~becomes o, the ratio 

of the number of neutrons diffusing through the outer 

surface £ = £ 2 to ~ becomes infinite. The correspond~,~ 

value of(£& • r 1) is theref:e the critical thickn~(5) 

~ thus be calculated for ~es of r~r very 

small values of r i { 1/ ~< ~) it obviously becomes 

twice the standard critical thickness .L-. e.. 7!' f -J 7 

To take another example, if the boundary con

ditions are ~ = 0 both for £1 and ~, then a glance at 

equation ( ~ ) shows that( r 2 - r.1) = ii ff, i.e. t wice the 

critical thickness, Quite independent of the value of ~· 

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

A neutron radiation, the initial radiation , is generated 

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

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

strike the target 28 which contains deuterium. The neutron 

radiation emerging from 28 acts on the matter 3 which fills 

the s pherical transmutation s pace. The composition of this 

matter 3 will be discussed further below and is such that 

a chain reaction is released by the neutrons. The pumps 

120, 121 and 122 pump a 1iquid,for instance water or mercury 

through the pipe systems 107, 110, 111 thereby cooling tbe 

transmutation area 3 and driving the heated liquid through 

the boiler 126. The boiler supplies steam to a power 

plant. The neutrons emerging from the sphere 3 act on a 

layer 9 which is composed of an element xx that will trans -
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mute into a radio-active body (which is suitable for the 

storage of energy). 

An essentially different way of introducing the 

initial radiation into the chain reaction chamber is the 

arrangement shown in Fig. 4. 401 is the cathode ray 

tube described in Fig . 1. 402 is a sheet of a heavy 

element for instance Pb, or U in which penetrating radia

tion (hard X-rays) is generated with an extremely good 

efficiency if the electrons have a voltage over one million 

volts. This efficiency increases very rapidly with the 

voltage, and is much higher than it could be expected 

from the experience based on ordinary X-ray work. The 

thickness of the sheet 402 is such as to enable the gener

ated penetrating radiation to penetrate through 

and act on the transmutation chamber 105 (in Fig. 

Nevertheless the sheet can be sufficiently thick to utilize 

more than half or the energy of the cathode rays. The 

X-rays emerging from sheet 402 penetrate the layer 3 and 

ca.n liberate neutrons either from the layer 3 or from a 

substance 407 placed in the interior of the layer 3). For 

instance, if we have beryllium present in 403 or in 3 

neutrons will be liberated by x-z·aya. Thea~ neutrons can 

then maintain a chain reaction as discussed further above 

and further below. The advantage of using .. :-rays as an 

initial radiation is the following: The X-rays penetrate 

through a perfectly closed layer 3 into the interior of 

the layer and therefore a leak of neutrons from the inter-

ior can be avoided. 
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1ft- acting on heavy element • 

'.Ve wish to discuss now certain features which 

arise when the above teachings of this application are 

applied to uranium. If 11ranium is exposed to neutrons of 

a few million volts energy or to neutrons slowed dovm by 

water to a few volts of energy or less, uranium emits 

neutrons in two different ways. This can be demonstrated 

with particular ease if uranium is exposed to slow neutrons 

and the slow neutron stream hitting the uranium is suddenly 

stopped. One then finds that uranium emits neutrons after 

the stoppage of the slow neutron stream for another few, 

perhaps ten to fifteen, seconds. This delayed neutron 

emission is weak, i.e. there are less than perhaps thirty 

neutrons emitted in this way per incident neutron which 

disappears in reacting with the uranium. No chain reaction~ 

could be based on this delayed neutron emission alone. On 

the other hand, it is easily demonstrated that uranium emits 

a large number of neutrons while it is exposed to the slow 

neutron stream and the number of neutrons which are thus 

instantaneously (within a fraction of a second) emitted 

from uranium per number o~ incident neutrons( which are 

captured in the reaction with uranium) is larger than one. 

This fact makes it possible to use uranium as the carrier 

of a chain reaction. The neutrons which a.re emitted from 

uranium during the irradiation with slow neutrons can be 

distinguished from the incident slow neutrons by virtue 

of the fact that their velocity is much higher and ranges 

somewhere between a few ten thousand volts to perhaps about 
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a million volts or so. 

In spite of its small value the delayed neutron 

emission is not without significance. In view of its exist

ence we have - in order to be more precise - to distinguish 

between the critical thickness for the total neutron emis

sion (instantaneous and delayed emission together). 

It is possible to use uranium in the chain reaction 

layer not only as uranium metal or as uranium oxide but also 

it is possible to use either of these mixed with a hydrogen 

containing substance such as for instance water and it is 

possible to use such a large concentration of the hydrogen 

conta. ining substance that most of the neutrons are slowed 

do~~ to a few volts before they react with the uranium in 

releasing an additional number of neutrons (releasing more 

than one neutron on the aver8ge for every neutron captured by 

uranium). That the use of hydrogen containing substances in 

such concentrations should be rossible is very surprising 

and unexpected and is in contradiction ~ith the generally 

accepted value of the capture cross- section of uranium 

for neutrons slowed down by water to a few volts v~locity 

or less. The total cross-section of uranium has been 

assumed on the basis of published measurements to be above 

40 x lo-24 , i.e. the capture cross-section well above 30 • . 

On the other hand, the cross - section for that transmutation 

of uranium which yields on the average neutrons in excess 

of one but certainly not in excess of 8 per transmutation is 

knovm to be less than 3. In these circumstances most of the 

neutrons which are slowed down to a few volts or less will be 

captured by uranium without causing a transmutation of the type 

which yields neutrons. Accordingly one would expect that 
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less than one neutron will be emitted on the average for 

every neutron captured by standard uranium. (By "standard 

uranium" we mean uranium in which the relative abundance 

of the two isotopes 135 and 138 has the ratio which one 

finds in uranium that occurs in nature , i.e. about 1:139.) 

The only possible explanation is that for some reason or 

other an error has been made by those who previously mees-
- 4 

ured the total cross-section or uranium to be about 43 x 10 

though it is not possible to state through what mistake such 

error occurred. 

The mixing of uranium with a. hydrogen containing 

substance to form the chain reaction layer has the advantage 

greatly to reduce the critical thickness and also the amount 

of uranium required. The uranium or uranium oxide can eithe~ 

be mixed with the hydrogen containing substance or the chain 

reaction layer may be built up from alternating layers of 

uranium and the hydrogen containing substance. As a 

hydrogen containing substance water, paraffin wax or calcium 

hydride appear to be ·suitable. If the hydrogen containing ! 

substance is not mixed with uranium, but alternating layers 

are used, the layer6 should be as thin as possible . In 

particular the thickness of the hydrogen containing layer 

should be as small as possible, and if paraffin, water , or 

a hydrogen containing substance of about the same hydrogen 

concentration is used, the thickness of the layer should not 

exceed about 7 mm. 

It is important that the ratio of the number of 

grams of hydrogen to the number of grams of uranium in the 

chain reaction layer sha+l not exceed a certain critical 

value as otherwise no chain reaction can be maintained for 

3 any thickness of the layer which contains the mixture . 
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This is due to t~e fact that hydrogen captures slow neutron4 

and therefore competes ·with uranium. The capture cross

section of the hydrogen aton is about one-thirdxlo- 24 

and the capture cross-section of uranium for the tr·ans-

mutations ~· hich lead on the average to the liberation of 

n'b out one ad1itionnl neutron is about 2 :x l0-24 sq. c. 

If these e.pproxim.ate values were exactly correct • n.o chain 

rea.ction vronld l:e possible ir: a layer vrhlcb contains 

hydrogen and uranium in a ratio of 6 grams of hydrogen to 

238 grams of uranium. It is certain that no chain reaction 

is possible in a layer ·which contains 20 grams of hydrogen 

for every 240 grams of uranium. On the other ha~d, it is 

desirable in order to keep the critical thickness low 

not to use too little hydrogen. A reasonable value for 

the ratio of hydrogen to uranium which gives good results 

and none too large critical thickness can be found if the 

exnression 

{7/ X~ 
- 6 

value of L~ is selected for which the is plotted and a 

expression becomes maximum. If a mixture is prepared in 

which the ratio of the nmaber of hydro~~n atoms to the 
"---1 )t ~ ,...,. ~ 

number of uranium atoms NHfNtLhas a value)between 

{P) X /Vk -1--G 
!l-

and if such a Ll ixture is used to build up the chain 

reaction layer, satisfactory results will be obtained. As 

stated before. alternating l ayers of the hydrogen contain-

ing substance and uranium or uranium oxide can be used 

instead of a ~ixture. 
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~:,:-stead of standard uranium, uranium is used in 

which the isotope 235 has been concentrated so that its 

relative abundance is larger than one part in 139, a larger 

concentration of hydrogen can be used in the chain reaction 

layer. The ratio of the hydrogen to the uranium concen

tration can be increased by the same factor by which the 

relative abundance of the uranium isotope 235 has been 

increased. Such an increase of the relative abundance of 

the uranium isotope 235 can be achieved by subjecting 

uranium hexa fluoride to one of the known diffusing pro-

ceases which lead to separation of molecules of different 

molecular weight. 

In such a chain reaction layer which contains such 

large concentrations of hydrogen as indicated above, the 

neutron emitted from the uranium in the chain reaction 

is slowed down after traveling in the chain reaction layer 

an average distance b from its origin. At the distance 

b from its origin the neutron will therefore be so s~o that 

its mean free path~ for scattering is .much smaller than the 

value b. In paraffin wax this mean free path ~ would be 

about 2-1/2 mm, and in the chain reaction layer it 'rlll be 

comewhat larger, i.e. by a factor k which gives the ratio 

of the concentration of hydrogen in paraffin to the concen-

tration of hydrogen in the chain reaction layer. This 

reduction of the mean free path for scattering is due to 

the large scattering cross-section of hydrogen for room 

temperature neutrons. In addition, the neutrons which 

have been slowed dovm at an average distance b from their 

origin have now, being slow, a large cross-section for 

those transmutations of uranium ~ h ich lead to the liber-
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ation of neutrons. The combined effect of the large scatter-

ing cross-section of the slow neutrons in the chain reaction 

layer nd the large transmutation cross-section or the slow 

neutrons for uranium is that a neutron wbioh is emitted by 

uranium and which becomes slow at the average distance ~ 

from its point of origin will transmute a uranium nucleus 

at a point ~hich is at an average distance £ from the point 

at which the neutron became slow, and the distance q is 

small compared to b, so that the neutron lrlll transmute 

a uranium nucleus at e distance £1 not very different from 

£ from the point of its origin. 

I 

In these circumstances the previously given equation 

no longer holds, and the critical thickness is approximately , 

given in the following way: For the stationary state the 

neutron density within the spherical chain reaction layer 

obeys now the equation: 2 
fq / j l".fl'-1{r<f2 f- 6 (Itt! ~1 { "1';.-6) 
(' t''J ' -r'~- Mf-2W 

In this equation ~ is the probability for a slowed 

down neutron to cause a transmutation of uranium in which 

the slow neutron disappears and no fast neutron is emitted; 

~ is the probability for a slowed down neutron to cause a 

transmutation of uranium in ~ich the slow neutron disappears 

and one fast neutron is e itted; .,-is the probability tor a 
~ 

slowed down neutron to cause a transmutation or uranium in 

hich the slow neutron disappears and t ~ fast neutrons ere 

emitted. 

For the special case: wt_
2 

• 1· ~ = o· ....,._ = o, the , -1 , -o 

above equation gives 

/() 
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The critical thickness is given by f 

(L I J Iff ~ Z £- (Wt.-- lvo )t Z---

3 Jfw,- 2W'L) I 
in the general ease and by \ 

( t ~ ) t 0 ~ ~ t ([' 
in the special case. 

Obviously, the above diffusion equation pre

supposes for its validity a small value of w
2

, but even 

for large values or ~2 it gives at least the order or 

magnitude for the critical thickness. 

The critical thickness will in practice always 

be dete1•mined empirically for instance in the following 

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

layer of an approximately correct thickness which is safely 

below the critical thickness. The radiations emitted from 

the chain reaction layer while exposed to this neutron 

source are observed by means of an ionization chamber. 

Then the thickness of the chain reaction layer is brought 

closer to the critical thickness by gradually increasing 

either the quantity of uranium or the quantity of hydrogen 

containing substances uixed with the uranium. The amount 

of ionizing radiation which is emitted is again observed 

and the thickness of the chain reaction layer is again 

brought closer to the critical thickness in the same way 

as before. In this way , by observing the increase of the 

emitted radiation as a function of the increasing effect

ive thickness of the chain reaction layer the critical 

thickness can be extrapolated from the observed curve by 
plotting the intensity of the emitted neutron radiation 

against the effective thickness of the chain reaction 

layer . Instead of an ionization chamber which registers 
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the neutron intensity by means of recoil ions in t he gas 

of the chamber, induced activity caused by the neutrons 

can be used as a measure of the radiation intensity. 

Variation of Critical Thickness 

If slow neutrons are used the critical thickness ca4 

be increased by having a slow neutron absorber within the 

hollow sphere in the center of the spherical arrangement. 

If the inner radius of the spherical shell of the chain 

reaction layer is much larger than the critical thickness 

(to be accurate we have said the standard critical thick

ness given by the above formulas), and if all slow neutrons 

are absorbed, for instance by a cadmium layer covering the 

inner surface of the spherical chain reaction layer, the 

critical thickness of the arrangement is increased. By 

removing such absorbing matter from the inside of the chain 

reaction layer, the critical thickness may be reduced below 

the actual thickness, and thus an explosion may be brought 

about. The explosion will be all the more violent the 

more quickly the absorbing substance is removed. A similar 

increase in the critical thickness of a spherically sym

metrical chain reaction layer can be brought about by 

removing a section of the layer and thereby producing an 

opening through which the neutrons can escape. For instanc 

a conical section corresponding to a few percent of the 

spherical chain reaction layer can be so arranged as to be 

easily moved out of its place and replaced, and thereby the 

critical thickness may be reduced or increased. · 

Explosions may be brought about by a variation of 

the critical thickness for the purpose of creating a large 

amount of radio active elements. In such a case it is 
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desirable to have mild explosions. Mild explosions can 

be brought about by slowly changing the space distri

bution of matter and also by arranging layers so that 

when the explosion sets in there shall be no rapid 

removal of substances which capture neutrons and thereby 

reduce the critical thickness. For instance, if the 

chain reaction layer is based on fast neutrons and we have 

a substance in the hollow sphere in the center of the chain 

reaction layer which will slow down neutrons .and absorb 

the slow neutrons, for instance a solution of a boron 

salt in water, the arrangement may be such that there shall 

be no easy outflow for the water from the inside of the 

spherical chain reaction layer towards the outside. On 

the contrary, if a strong destructive explosion is wanted, 

it can be brought about by providing for such outflow. 

It is advisable to have explosions which for the purpose 

of reducing radio active elements are so arranged that 

the explosions shall take place in the middle of a large 

water trulk or below water. After the explosion the 

scattered radio active material can then be collected 

from the water. 

Regulation 

As we have seen, the ratio of neutron input to 

neutron output becomes infinite for the critical thickness 

of the arrangement. The neutron input is in practice 

limited by the accuracy of the arrangement, since the 

thickness of the chain reaction layer must be extremely 

close to the critical thickness, and yet must remain below 

it in order to avoid an explosion. Fortunately, it is 

possible to overcome this difficulty by reason of the 
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following fact: 

In reality we have to deal not with one critical 

thickness only, but with two different critical thicknesses 

which we shall call the instantaneous critical thickness 

and the delayed critical thickness. They arise by virtue 

of the fact that, while the bulk of neutrons is emitted 

instantaneously when uranium is transmuted by neutrons, 

there is also a delayed emission of neutrons, the delay 

being of the order of magnitude of a few seconds. If the 

thickness of the chain reaction layer is larger than the 

delayed critical thickness, but smaller than the instan

taneous critical thickness, the neutron output increases 

to infinity, but does not increase too rapidly. This 

makes it possible that by moving an object which forms part 

of the arrangement and hich has an influence on the critica 

thicknesses (for instance, by having a slow neutron absorber 

in the interior of the hollow sphere of the spherical chain 

reaction layer, and by partially withdrawing it from there, 

we can reduce the critical thickness, and in a similar way 

we can also increase it by the opposite movement), we can 

vary the critical thickness in time. .re shall call objects 

which are used in this way regulator objects, and accord

ing to our invention the neutron output can be kept very 

high without risking an explosion by moving the regulator 

object in such a way that part of the time the critical 

thickness for delayed emission should be below, and part 

of the time it should be above, the real thickness of the 

spherical layer. It is only necessary for safe functioning 

to have an instrument which is sen8itive to the emitted radi 

ation or the temperature of some part of the chain reaction 
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layer, and this instrument can. control the position of 

the regulator object. Obviously, in order to have stable 

functioning, the regulator object will have to be moved in 

direction of an increase of the critical thickness with 

increasing neutron rndiation, and it has to be moved in the 

opposite way with decreasing neutron radiation. Nhile the 

thickness of the chain reaction layer will still have · to be 

accurately obosen, since it has to be within narrow limits , 

i.e. between the critical thickness fo~ instantaneous 

neutron emission end the cr itical thickness for delayed 

neutron emission, the latter being only slightly larger 

than the forruer. Yet the above described regulation makes 

it possible to get a very much higher neutron output without 

reaching an e~plosion. 

The critical thickness for delayed emission could 

also be conveniently celled the total critical thickness 

because it corresponds to the total neutron emission, both 

instantaneous end delayed. It can be easily determined 

e.mpirically by varying the thickness of the chain reaction 

layer and observing for each thickness the emitted neutron 

radiation as a function of time. Below the critical thick

ness for delayed emission the neutron radiation is a functio 

of time which resembles a growth curve in the field of radio 

activity, Le. it approaches an upper limit practically 

reaching saturation after some time. Above the critical 

thickness for delayed emission, but below the critical thick

ness for instantaneous emission, the observed neutron emis-

sion increases more and more rapidly with time , and the 

arrangement has quickly to be changed in order to avoid 

overheating. The value of the critical thickness for 
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delayed emission is reached when one type of curve goes 

over into the other, and at the critical thickness itself 

the neutron. intensity as a function of time is a straight 

line. 
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We ,~~;rish now to insert a description of Figs . 5 , 6 

and 7 to which ~~ have referred in the preceding part of 

the specification. 

Fig. 5 shows an example of a suitable arrangement. 

11 is an electrical disctarge tube ejecting a beam 12 of 

fast diplogen ions.* The ions f'all on a substance 13 

consisting of for instance gaseous d.iplogen or a diploeen 

compound or lithium, causing transmutation , i.e. a nuclear 

reection of the diplogen ion with 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. In order to have a good efficiency, the thick

ness of the layer 14 has to be sufficiently large 1 compared 

with the mean free path of the neutron for this · tr·ans

mutation. 

Fig. 6 shows the electrical discharge tube referred 

to in Fig. 5. It is a high voltage positive ray tube. 

There is an auxiliary positive ray tube on top of the high 

voltage tube. 11 is the anode , 15 the cathode of this 

auxiliary tube. Diplogen is admitted through the tube 13 

J and pumped away through 

Figo 7 shows an arrangement suitable for the 

prpduction of hard X-rays. 1 is the prilliary of a trans

former, the secondsry 2 of which is connected to the points 

3 and 4. 3 is connected to the cathode 8 of the rectifier 

tube 5 and to the anode 7 of the rectifier tube 6. Point 4 

is connected to the cathode 9 of the rectifier tube 10 and 

to the anode 11 of the rectifier tube 12o The cathodes 13 

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

anodes 15 and 16 are connected to point 1?, and this point 

* also called diplons or deutons 
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'; 
is connected to the pole 18 of the impulse generator 20 , the 

The impulse gener- I 
ator 20 is built of condensers 21 , resistances 22 and spark I 
pole 19 of which is connected to earth. 

gaps 23. 

This impulse geLerator is adapted to produce inter-

mi .... tent voltage up tc lC million volts, transmitted to the 

d.isc.r..arge tube 24 through the spark gap 25. ~6 is the 

cathode of the discharge tube, the anode 27 of v.ilioh is 

connected to the earth. The fast electrons emerge through 

the metal v.rindow 27 (which is the anode as well) and hit 

a body 28. This body is used as an anticathode and yields 

bard X-rays '.A:ith very good ef·ficiency if it is built of 

Bl, Pb or some other heavy element. 

- 22-
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I CLADII: 

1. Production of radio active ~ents comprising 

the step of maintaining a neutron radiation in a layer 

containing uranium, the thickness of the said layer being 

slightly below the critical thickness. 

2. Production of radio active elements comprising 

the step of maintaining a neutron radiation in a layer 

containing uranium, the thickness of the said layer being 

slightly below the critical thickness, and the step of 

separating at intervals from the layer the radio active 

elements produced in the layer. 

3. Production of radio active elements comprising 

the step of maintaining a neutron radiation in a layer 

containing uranium, the thickness of the said layer being 

slightly below the critical thickness, and exposing another 

element which can be made radio active by means of slow 

neutrons to the radiation of the chain reaction layer. 

4. Production of radio active elements according 

to claims 1 to 3 comprising the step of maintaining a 

neutron radiation in a layer containing uranium or uranium 

oxide, the thickness of the layer being chosen so as to 
. ~ ·tM:.., ~ ~tt l! (,' 't• '{" ~""' t 
conform with equations (1) and ~ respectively using , ft~tr 
values for the mean free path corresponding to a cross- f'7 1'i<?:, 

,...,l.t 
section of uranium of about 6 x l0-24 and oxygen of about (6} 
3 x lo-24 and a value of f of about 60. 

Production of radio active e~ements accord-

ing to claim 4, the layer being composed of metallic 

uranium and having a thickness of about 30 to 70 centi

meters for an inner radius r
1 about 10 centimeters. 



t .,.. 
6. Production of radio active elements accord-

ing to claim 5, the spherical chain reaction layer of 

metallic uranium being surrounded with a spherical layer 

of metallic bismuth the thickness of which bismuth layer 

exceeds 50 centimeters and the thickness of the uranium 

layer being below the values given in claim 5, the thick

ness of uranium being reduced to about half if very large 

amounts of bismuth are uwed. 

7. Production of radio active elements accord-

ing to claims l to 3 in which a hydrogen containing sub-

stance such as for instance paraffin wax or water is 

mixed with uranium~ the number of gram atoms of hydrogen 

having the ratio to the number of gram atoms of uranium given 

by equation { 8). 

8. Production of radio active elements accord-

ing to claim?, the chain reaction layer being surrounded 

with a spherical layer of bismuth metal exceeding in thick-

ness 50 centimeters. 

9. Production of radio active elements accord-

ing to claim?, the spherical chain reaction layer being 

immersed in water or another similar hydrogen containing 

substance for instance paraffin wax. 

10. Production or radio active elements accord-

ing to claim 1 or claim ? in which the uranium used has a 

different relative abundance of the isotopes 235 and 238 

than standard uranium, the relative abundance of uranium 235 

being increased by a factor of 3 or more. 

11. Production of radio active elements comprising 

the step of increasing the critical thickness of an arrange-

ment comprising a layer of uranium, the said increase being 



effected by changing the distribution of matter within or 

without the chain reaction layer and the increase carried 

to the point where the critical thickness of the arrange

ment is exceeded so that a chain reaction leading to an 

explosion takes place. 

12. Production of radio active elements accord

ing to claim 11 in which the process described in claim 11 

is carried out in a place surrounded by water or below 

water and the radio active elements produced through the 

explosion and scattered in the water are collected. 
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I CLAD: 

1. Production of radio active elements comprisin 

the step of maintaining a neutron radiation in a layer con

taining uranium, the thickness of the said layer being 

slightly below the critical thickness. 

2. Production of radio active elements comprising 

the step of maintaining a neutron radiation in a layer con

taining uranium• the thickness of the said layer being 

slightly below the critical thickness, and the step of 

separating at intervals from the layer the radio active 

elements produced in the layer. 

3. Production of radio active elements comprising 

the step of maintaining a neutron radiation in a layer con

taining uranium, the thickness of the said layer being 

slightly below the critical thickness, and exposing another 

element which can be made radio active by means of slow 

neutrons to the radiation of the chain reaction layer. 

4. Production of radio active elements according 

to claims l to 3 comprising the step of maintaining a 

neutron radiation in a layer containing uranium or uranium 

oxide, the thickness of the layei .being chosen so as to 

conform with equation (l) and given by equation (5) accord

ing to the prescription (6} respectively using values for 

the mean free path corresponding to a cross-section of 

uranium of about 6 x lo-24 and oxygen of about 3 x l0-24 

and a value of f of about 60. 

5. Production of radio active elements accord

ing to claim 4, the layer being composed of metallic urpn 

ium and having a thickness of about 30 to 70 centi r 

for an inner radius r
1 

about 10 centimeters. 



6. Production of radio active elements according 

to claim 5, the spherical chain reaction layer of metallic 

uranium being surrounded with a spherical layer of metallic 

bismuth the thickness of which bismuth layer exceeds 50 

centimeters and the thickness of the uranium layer being 

below the values given in claim 5, the thickness of uranium 

being reduced to about half if very large amounts of bismuth 

are used. 

7. Production of radio active elements according 

to claims 1 to 3 in which a hydrogen containing substance, 

such as for instance paraffin wax or water, is mixed with 

uranium, the number of gram atoms of hydrogen having the 

ratio to the number of gram atoms of uranium given by 

equation (8) 

8. Production of radio active elements according 

to claim 7, the chain reaction layer being surrounded with 

a spherical layer of bismuth metal exceeding in thickness 

50 centimeters. 

9. Production of radio active elements according 

to claim 7, the spherical chain reaction layer being immersed 

in water or another similar hydrogen containing substance, 

for instance paraffin wax. 

10. Production of radio active elements according 

to claim 1 or claim 7 in hich the uranium used has a differ

ent relative abundance of the isotopes 235 and 238 than 

standard uranium, the relative abundance of uranium 235 being 

increased by a factor of 3 or more. 

11. Production of radio active elements comprising 

the step of increasing the critical thickness of an arrange

ment comprising a layer of uranium, the said increase eing 



effected by changing the distribution of matter within or 

without the chain reaction layer and the increase carried 

to the point where the critical thickness of the arrange

ment is exceeded so that a chain reaction leading to an 

explosion takes place. 

12. Production of radio active elements according 

to claim 11 in which the process described in claim 11 is 

carried out in a place surrounded by water or below water 

and the radio active elements produced through the explos

ion and scattered in the water are collected. 

13. Production of power comprising the step of 

maintaining a neutron radiation in a layer containing 

uranium, the thickness of the said layer being slightly 

below the critical thickness. 

14. Production of power according to claim 13 

comprising the step of maintaining a neutron radiation in 

a layer containing uranium or uranium oxide, the thickness 

of the layer being chosen so as to conform with equation 

(1) and given by equation (5) according to the prescription 

(6) respectively using values for the mean free path corre

sponding to a cross-section of uranium of about 6 :x l0-24 

and oxygen of about 3 x lo-24 and a value of f of about 60. 

15. Production of power according to claim 14, 

the layer being composed of metallic uranium and having a 

thickness of about 30 to 70 centimeters for an inner radius 

r 1 about 10 centimeters. 

16. Production of power according to claim 15, 

the spherical chain reaction layer of metallic uranium being 

surrounded with a spherical layer of metallic bismuth the 

thickness of which bismuth layer exceeds 50 centimeters and 



the thickness of the uranium layer being below the 

values given in claim 5, the thickness of uranium being 

reduced to about half if very large amounts of bismuth are 

used. 

17. Production of power according to claim 13 

in which a hydrogen containing substance,such as for 

instance paraffin wax or water, is mixed with uranium, the 

number of gram atoms of hydrogen having the ratio to the 

number of gram atoms of uranium given by equation (8}. 

18. Production or power according to claim 17, 

the chain reaction layer being surrounded with a spherical 

layer of bismuth metal exceeding in thickness 50 centimeters. 

19. Production of power according to claim 17, 

the spherical chain reaction layer being immersed in water 

or another similar hydrogen containing substance,for 

instance paraffin wax. 

20. Production of power according to claim 12 

or claim 17 in which the uranium used has a different rela

tive abundance of the isotopes 235 and 238 than standard 

uranium, the relative abundance of uranium 235 being increase 

by a factor of 3 or more. 

21. Production of power comprising the step of 

increasing the critical thickness of an arrangement com

prising a layer of uranium, the said increase being effected 

by changing the distribution of matter within or without the 

chain reaction layer and the increase carried to the point 

where the critical thickness of the arrangement is exceeded 

so that a chain reaction leading to an explosion takes place. 
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If a uranium is used which co·ntains a high percentage 

of uranium 235 it is of advantage to use this uranium either 

nixed with s. hy~....rogen containinu substance, or to have the 

chain reaction layer built up from intermittent layers of 

uranium and the hydrogen containing ~ub~tance. As a hydro0 en 

containing substance water, paraffin, or calcium hydride ap

pear to be uui·table. The ratio of the a'nottnt of hydrogen to 

the 'a.rnount of uranium .may be anything up to about 10 grams 

of hydrogen for 235 grams of uranium. This r at io would roughly 

corres" ond to 100 oc paraffin wax for every 10 co of oolid 

uranium or about 20 co of uranium powder. 

If uranium is used in the. form of an oxide the volume 

of uranium will be larger corresponding to the smaller dens. 

ity of the oxide. If the hydrogen containing substance is not 

mixed with the uranium. but if alternative layers of the two 

are used, the layers should be as thin as possible. If paraf~ 

fin or a hydrogen containing substance or similar density is 

Used the thickness of the paraffin layers should be as small 

as possible and should not exceed say 7 mm. 

If uranium which contains a high percentage of uranium 

235 is used it is of advantage to slow down the neutrons by 

using hydrogen oontaining substances, since these hydrogen 

containing substances reduce the mean free path for scatter ... 

ing in the chain reaction layer and thereby make it possible 

greatly to reduce the critical thickness of the ohain reaction 

layer. Thia reduction of the mean free path is due to the 



-2-

high ~cattering cross-section of hydrogen. In addition to the 

decreased mean free path there is a~so a. deorea.ae in the num

ber of collisions which a neutron has to make with uranium 

nuclei in order to produoe on the average one transmutation 

of the.uranium nucleus which leads to the liberation of neut

rons. Tnis is eimi1ly due to the faot that tlle tDflllsmutation of 

uranium 235 has a. larger cross-section for slo\v neutrons than 

for fast neutrons. Practically every collision of a neutron 

slowed down to room temperature with a uranium nucleus leads 

to a tranamu'tation process. Under thane e~.::trcme cirou~atances 

the ori tical thickness i .s no lona;er given by the formula whioh 

we have previously deocribed and which was derived without 

regard of the fact that the mean free path of the neutrons 

for scattering may strongly decrease ith decreasing velocity. 



It is in these circumstances sometimes convenient to 

use compounds of heavy hydrogen. such as for instance heavy 

water or heavy paraffin wax or heavy calcium hydride instead 

of similar compounds of light hydrogen. The ratio of the amount 

of heavy hydrogen to the amount of uranium 235 may be 

If alternative layers of the heavy hydrogen oom:p6unds and 

uraniura are used the thickness o~ the l~era of the heavy hy

drogen compound,~:tueh as heavy paraffin wax may be anything up 

to ••• 
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March 3rd, 1939 

REGULATION. 

As we have seen, the ratio of neutron input to neutron output 

becomes infinite for the critical thickness of the arrangement. The 

neutron input is in practice limited by the accuracy of the arrange

ment, since the thickness of the chadn reaction layer must be ex

tremely close to the critical thickness, and yet must remain below 

it in order to avoid an explosion. Fortunately, it is possible to 

overcome this difficulty by reason of the following fact: 

In reality we have to deal not with one critical thickness 
different 

only, but with two/critical thicknesses which we shall call the 

instantaneous critical thickness and the delayed critical thickness. 

The arise by virtue of the fact that, while the bulk of neutrons 

is emitted instantaneously when uranium is transmuted by neutrons, 

there is also a delayed emission of neutrons, the delay being of 

the order of magnitude of a few seconds. If the thickness of the 

chain reaction layer is larger than the delayed critical thickness, 

but smaller than the instantaneous critical thickness, the neutron 

output increases to infinity, but does not increase too rapidly. 

This makes it possible that by moving an object which forms part 

of the arrangement and which has an influence on the critical thick

nesses (for instance, by having a slow neutron absorber in the in-

terior of the hollow sphere of the spherical chain reaction layer, 

and by partially withdrawing it from there, we can reduce the crit-

ical thickness, and in a similar way we can also increase it by the 

opposite movement), we can vary the critical thickness in time. 
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We shall call objects which are used in this way regulator objects, 

and according to our invention the neutron output can be kept very 

high by moving the regulator object in such a way that part of the 

time the critical thickness the critical thickness for delayed 

emission should be below, and part of the time it should be above, 

the real thickness of the spherical layer. It is only necessary 

for safe functioning to have an instrument which is sensitive to 

the emitted radiation or the temperature of some part of the chain 

reaction layer, and thia instrument can control the position of 

the regulator object. Obviously, in order to have stable function

ing, the regulator object will have to be moved in direction of an 

increase of the critical thickness with increasing neutron radiation, 

and it has to be moved in the opposite way with decreasing neutron 

radiation. While the thickness of the chain reaction layer will 

still have to be accurately chosen, since it has to be within nar

row limits, i.e. between the critical thickness for instantaneous 

neutron emission and the critical thickness for delayed neutron 

emission, the latter being only slightly larger than the former. 

Yet the above described regulation makes it possible to get a very 

much higher neutron output without reaching an explosion. 

The critical thickness for delayed emission could also be 

conveniently called the total critical thickness because it cor

responds to the total neutron emission, both instantaneous and de

layed. It can be easily determined emperically by varying the thick

ness of the chain reaction layer and observing for each thickness 

the emitted neutron radiation as a function of time. Eelow the 
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critical thich~ess for delayed emission the neutron radiation is a 

function of time which resembles a growth curve in the field of 

radioactivity, i.e. it approaches an upper limit practically reach

ing saturation after some time. Above the critical thickness for 

delayed emission, but below the critical thickness for instantane

ous emission, the observed neutron emission increases more and more 

rapidly with time, and the arrangement has quickly to be changed 

in order to avoid overheating. The value of the critical thickness 

for delayed emission is reached when one type of curve goes over 

into the other, and at the critical thickness itself the neutron 

intensity as a function of time is a straight line. 
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According to the present invention a nuclear chain react-

ion can be maintained in a mass of substance so arranged that 

neutrons emitted from uranium are slowed down by carbon if the 

neutron source is for instance placed in the center of a large 

sphere of carbon with which a certain amount of uranium oxide 

is intermixed. The neutrons emitted by the source are slowed 

down by collisions with carbon xocgxte± nuclei to thermal vel-

ocities and are then absorbed by uranium. This absorption pro-

cess leads to the em1ss1on o~ more ~nan one neutrons per absorbed 

thermal neutron, and o:r these neutrons em1 ttea. oy uranium a 

small fraction may escape out of the sphere, but the rest will 

be slowed down by carbon to thermal velocities and will be ab-

sorbed by uranium leading again to the liberation of neutrons. 

A homogenous mixture of uranium oxide and carbon may for inst-

ance be used. In order to have a large ratio of neutron output 

to neutron input the raaius o! tne spnere must be very close 

~o ~ne critical radius. This critical radius will be chiefly 

determined by the density of the carbon (the concentration of 

the carbon) and w1ll be proport1onate to this density. For a 

density of 2 gm per cc the cr1tical radius wi.Ll be about 

The concl\e.:tration of the uran1um must no~ be too large, otner-

w1se tne neutrons are absorbed by uranium before they are slowed 

down to the thermal region and the chain ree.ction becomes im

possible. On the other hand, if the uranium concentration is 

made too small the thermal neutrons will diffuse out of the 

carbon sph~re before they are absorbed by uranium. A reasonable 

value for tne rat1o of the concentrations of uranium to carbon 

expressed in gm per cm2 is 
"' Y! 
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rch 3rd, 1939 

As we have seen, the ratio of neutron input to neutron output 

becomes in£1n1te for the c~itical thickness of the arrangement . The 

neutron input is in practice limited by the accuracy of the arrange

ment, since the thickness of th~ chain reaction layer must be ex

tremely close to the critical thickness, and yet t ust remain below 

it in order to avoid an explosion. Fortunately, it is possible to 

overcome this difficulty by reason of the following fact: 

In reality we have to deal not with one critical thickness 
different 

only, but with two/critical thicknesses \Vhich we shall call the 

, instantaneous critical thickness and the delayed critical thickness. 

The arise by virtue of the fact that, while the bulk of neutrons 

is emitted instantaneously when urani~~ is trano~uted by neutrons, 

there is also a delayed emission of ncutronn, the delay being of 

the order of magnitude of a few seconds. If the thickness of the 

chain reaction layer is larger than the delrJ.yed critical thickness, 

but smaller than the instantaneous critical thickness, the neutron 

output increases to infinity, but does not increase too rapidly . 

This makes it possible that by moving an object which for.ms part 

of the arrangement and which has an influence on the critical thick

nesses (for instance, by having a slow neutron absorber in the in

terior of the hollow sphere of the spherical chain Feaction layer, 

and by partially ithdrawing it from there, we can reduce the crit

ical thiokneas, and in a similar way we can also increase it by the 

opposite movement) ,. we can vary the critical thickness in time . 
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igh scattering cross-section of hydrogen. In addition to the 

decreased mean free path there is also a decrea~e in the n~-

b-er or- col-~ns -wh1 ch -&- n~;r.'On 

nuclei ia er~ei 1te pre~~e 

l 

as t& m~ witk uranium 

one transmutation 

- e~-f. 

due that the t~ansmutation ~ 

section for slow neutrons than 

for fast every ~~n GC ~eutron 
{ 

a uranium nucleus 1leads 

to a transmutation • Under these extreme circumstances 

the critical thic 

we have~evio sly 

regard~ t fact that the 

strongly 

longer given by the formula which 

which was derived without 

of the neutrons 

with decreasing velocity. 



Variation of Critical Thickness. 

If slow neutrons are used the critical thickness can be in

creased by having a slow neutron absorber within the hollww sphere 

in the center of the spherical arrangement. If the inner radius 

of the spherical shell of the chain reaction layer is much larger 

than the critical thickness (to be accurate we should have said 

the minimum critical thickness given by the above formulas), and 

if all slow neutrons are absorbed, for instance by a cadmium layer 

covering the inner surface of the spherical chain reaction layer, 

the critical thickness of the arrangement is increased. By sudden-
from 

ly removing such absorbing matter ~ the inside of the chain re-

action layer, the critical thickness may be reduce below the actual 

thickness, and thus an explosion may be brought about. The explosion 

will be all the more violent the more quickly the absorbing sub-

stance is removed. A similar increase in the critifal thickness of 

a spherically symmetrical chain reaction layer can be brought about 

by removing a section of the layer and thereby producing an open

ing through which the neutrons can escape. For instance a conical 

section corresponding to a few % of the spherical chain reaction 

layer can be so arranged as to be easily moved out of its place 

and replaced, and thereby the critical thickness may be reduced 

or increased. 
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Variation of Critical Thickness. 

If slow neutrons are used the critical thickness can 'be in-. 

creased by having a slow neutron absorber within the hollww exmere 

in the center of the spherical arrangement •. If the inner radius 

of the spherical shell of the chain reaction layer is much larger 

than the critical thickness (to be accurate we s~ld have said 
f)L""" ·..- --the minimum critical thickness given by the above formulas), and. 

if all slow neutrons are absorbed. for instance by a cadmium layer 

covering ·the lnner surfuoe of the spherical chain react ion layer, 
/ 

the critical thickness of the arrangement is increased. By f'ttldcien
from 

y -removing auoh absorbing matter~~ the inside of the chain re-

action layer, the c:x:itioal thickness may be reduce below the actual 

thic~n{'lss, and thus a.n explosion :may be l)rought abottt. The explosion 

will be all the more violent the more quickly the absorbing sub

stance is removed. A similar increase in the critical thickness o:f 

a spherically eymmctric~1.1 ohain reaction layer can be l1rought about 

by removing a seotion of the layer and thereby prod.uoing an open

ing through which the neutrons can escape. For instance a conical 

section corresponding to e. few ~ of' the spherical chain reaction 

layer can be oo arranged as t:J be easily moved out of ita pl3..ce 

and replaced, and thereby the critical thickness may be reduced 

or increased. 

) 
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We shall call objects which are used in this .my re5Ulator objects, 

and according to our invention the neutron out::p\lt oe.n be kept very 
I I 

hi~ by moving the--r~gijlator olfJeO~ fn such a way that part or the 

time the critical thickness the critical thickness for delayed 

emission shvuld be bdluw, and part of the time it should be above, 

the real thickness of the spherical layer. It is only necessary 

for safe functioning to have an instrument which is sensitive to 

the emit·:; .d 1·a.diation o1· the temperature of some part of the chain 

reaction laye1·, and this instrument can cont:t·ol th.a pc-Jaition of' 

the re&'"U.lator object. Obviously, in order to have stable function

ing, the regulator object will have to be moved in direction of an 

, increase of the critical thickness with tnoreasing neutron radiation, 

and it has to be moved in the opposite way with decree.sing neutron 

radiation. ·While the thickness of the chain reaction layer will 

still have to be aoour_ately chosen, a :!nee it ll.as to be within nar

row limits, i.e. between the critical thickness for instantaneous 

neutron emission and the critical thickness for delayed neutron 

emission, the latter being only slightly larger than the for.mer . 

Yet the above described regulation makes it possible to get a very 

much higher neutron output without reaeb:f.n.g an explosion. 

The critical thickness for delayed emission could also be 

conveniently called the total ~ritical thickness because it cor

responds to the total neutron emission, both instantaneous and de

layed. It . can be easily determined emperioally by varying the thick

ness of the chain reaction layer and observing for each thickness 

the emitted neutron radiation a.s a function of time, Below the 
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critical thich-ness for delayed emiasion the 11eutron radiation is a 

function of time which resembles a. growth cv.rVti . in t he field of 

radioactivity, i .e. it approaches an upper limit practically reach

ing saturation afte~ some time. Abo~e the critical thickness for 

delayed em1a s ion, but below the critical thickness for instantane

ous emission, the observed neutron emission increases more and more 

rapidly vr i th time , 1:1nd the s.rrangemen t hBs qui okly to be changed 

in order to e.Yoid overheHtine. The YHlHe of the eritioa.l thickness 

for delayed emission :ia re~ ched 'IYhen rJne type of curve goes over 

into the other, and e.t the c:ri t ioa.l thickness itself th.e neutron 

intensity as a fttnction of time is a straight line. 
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1. Production of radioactive elements comprising the step 

of maintaining a neutron radiation and exposing to the said 

neutron radiation a layer containing uranium, the thickness of 

the said layer being slightly below the critical thickness. 

2. Production of radiaactive elem•nts comprising the step 

of exposing a layer containing uranium the thickness of which 

is slightly below the critical thickness to a radiation which 

will liberate neutrons from elements contained in the said layer 

and maintaining the said radiation. 

3. Production of radioactive elements like 1 or 2, •••• 

and the step of separating at intervals from the layer the radio-

active elements produced from uranium. 

4. Production of radioactive elements like 1 or 2, and the 

step of exposing another element to the neutrons emitted from 

the uranium in the layer under the action of the said radiation, 

and chemically separating the radioactive element produced by 

the neutrons from the said element. 

5. Like 1 to 4, • • • • a layer containing uranium which has 

a larger relative abundance of the isotope 235 than natural 

uranium ••• 

6. Like 1~ to 4, ••• a layer containing uranium in whicp 
10~ 

the relative abundance of the isotope 235 is o or greater ••• 

?. Process for the production of uranium in which the rel-

ative abundance of the isotope 235 is increased, comprising the 

step of preparing a halogen compound of uranium such as for inst

ance UF6 from a uranium compound or uranium element, the step 
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of subjecting the said halogen compound to a diffusion process 

which will lead to a concentration of the isotope 235, aaa tae 

<iL±ep sf e 81\V&Pt in~ 4the ,l'ei:ae1i ef 1;aie B:ifftte iott ..... ~ 
mp+aJ J i.e l:lF!I!Rium.~ ""I t : , I 2 ) ,. 1" 3 

proeees itzto 

8. Like ?, ••• a halogen compound of uranium, in particular 

a chlorine compound, for instance U Cl4, from a uranium comp

ound and a sample of hich cons ists mainly of one of 
D;JJ-~~~ (( 3f'"" 

the two chlorine isotop s and whict.Jp»2e.n./for instance 

obtained by a diffusion proces~ough which one of the two 

isotopes has been enriched. 
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CLAIMS I 

1. Production of radioactive elements comprising the step 

of maintaining a neutron radiation and exposing to the said 
' 

aeatron radiatioi~yer containing uranium, the thickness of 

the said layer being slightly below the critical thickness. 

of radiaactive elem•nts comprising the step 

of ntaining uranium the thickness of which 

is slightly below the to a radiation which 

will liberate neutrons from elements 

Q..llQ ma.intaintae the said radtatlon.-

3. Productibn of radioactive elements like 1 or 2, •••· 

and the step of separating at intervals from the layer the radio

active elements produced from uranium. 

4. Production of radioactive elements like 1 or 2, and the 

step of exposing another element to the neutrons emitted from 

the uranium in the layer under the action of the said radiation, 

and chemically separating the radioactive element produced by 

the neutrons from the said element. 

5. Like 1 to 4, •••• a layer containing uranium which has 

a larger relative abundance of the isotope 235 than natural 

uranium ••• 

6. Like 1~ t o 4, ••• a layer containinu uranium in whic~ 
' . 

the relative abundance of the isotope 235 is ~% or greater ••• 

?. Process for the production of uranium in which the rel

ative abundance of the isotope 235 is i ncreased, co~prising the 

step of preparing a halogen compound of uranium suCh as for inst• 

ance UF6 from a uranium compound or uranium element, the step 
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of subjecting the said halogen compound to a diffuoion process 

whiCh will lead to a concentration of the isotope 235, 

B. Like ?, ••• a halogen compound of uranium, in particular 

a chlorine compound, for instance U Cl4 , from a uranium camp- J 
ound and a sample of chlo~ JPJlP ists mainly of one ot 

the two chlorine isotope~, and~~~a}e can for instance be 

obtained by a diffusion prooeaaJthrough which one of tbe two~ 

isotopes has been enriched. 



Native uranium,or uranium in which the relative abundance 

of U 235 has been artificially increased, may be used mixed 

with a hydrogen containing substance to form the chain reaction 

layer, or alternatively the chain reaction layer may be built 

up from alternating layers of uranium and the hydrogen contain
a 

ing substance. As XkK hydrogen containing substance water, pa-

raffin wax or calciun hydride appear to be suitable. If the 

hydrogen containing substance is not mixed with uranium, but 

alternating layers are used, the layers should be as thin as 

possible. In particular ~ne thickness of the hydrogen contain

ing layer should be as small as possible, and if paraffin, water, 

or a hydrogen containing substance of about the same hydrogen 

concentration is used, the thickness of the layer should not 

exceed about 7 mm. 

In such a chain reaction layer the neutron emitted from 

the uranium is slowed down after traveling in the chain reaction .. 
layer an average distance b from its origin. At the distance 

b from its origin the neutron will therefore be so slow that 

its mean free path, a -for scattering is much smaller than the 

value b. In paraffin wax this mean free path a would be about 

2 1/2 mm, and in the chain reaction layer it will be somewhat 

• larger, i.e. by a factor k which gives the ratio of the con-

centration of hydrogen in paraffin to the concentration of hy

drogen in the chain reaction layer. This reduction of the mean 

free path for scattering is due to the large scattering cross-
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section ~ hydrogen for room temperature neutrons. In addition, 

the neutrons which have been slowed down at an average distance 

b from their origin have now, being slow, a large cross-section 

for those transmutations of uranium which lead to the liberation 

of neutrons. The combined effect of the large scattering cross-

section of the slow neutrons in the chain reaction layer and 

the large transmutation cross-section of the slow neutrons for 

uranium is that a neutron which is emitted by uranium and which 

-becomes slow at the average distance b from its point of origin 

will transmute a ~ranium nucleus at a point which is at an aver-

age distance q from the point at which the neutron became slow, -and the distance q is small compared to b, so that the neutron 

will transmute a uranium nucleus at a distance~~not very dif.. 
ferent from b from the point of its origin. 

In these circumstances the previously given equation does 

no longer hold, and the critical thickness is approximately 

given in the following way. For the stationary state the neutron 

density within the spherical chain reaction layer obeys now the 
2 

(I)~ Lltf -1- G (kA.- w,J ( /)'":!) =- 0 
I(',. 10 ~ 2 It/'\.-

equation: 

In this equation w0 is the probability for a slowed down 

neutron to cause a transmutation of uranium in which the slow 

neutron disappears and no fast neutron is emitted; w1 is the 

probability for a slowed down neutron to cause a tDansmutation 

of uranium in which the slow neutron disappears and one fast 
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neutron is emitted; w2 is the probability for a slowed down neut

ron to cause a transmutation of uranium in which the slow neutron 

disappears and two fast neutrons are emitted. 

For the special case:w2:1; w1 = o; w0 : o, the above equ-
t.. . (. 

ation gives1~ "'1- J 

ry,r~ (7:) ~t;~ r- 3(r~) ::::() 

The critical thickness is given by I/. _ :zz 7 ( (w .. - 4/")) z.. 
f tJ - 2.. -c. ..3 ( w1 1'-' IV2-) 

in the general case and by 

~~ -:- -f.& y i . 
in the special case. 

Obviously, the above diffusion equation presupposes for its 

validity a small value of w2, but even for large values of w2 it 

gives at least the order of magnituie for the critical thickness. 

The critical thickness will in practice always be determined 
\h t.~4H~ 

empiricallyYin the following way: a neutron source is surrounded 

by the chain reaction layer of an approximately correct thickness 

which is safely below the critical thickness. The radiations 
while 

emitted from the chain reaction layer~ exposed~ to this 

neutron source are abserved by means of an ionization chamber. 

Then the thickness of the chain reaction layer is brought closer 

to the critical thickness by gradually increasing either the 

quantity of uranium or the quartaty of hydrogen containing sub-

stances mixed with the uranium. The amount of ionizing radiation 

which is emitted is again observed and the thickness of the 

chain reaction layer is again brought closer to the crtical 

· thickness in the same_ way as before. In this way, by observing 
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the increase of the emitted radiation as a function of the increasing 

effective thickness of the chain reaction layer the critical thickness 

can be extrapo~ated from the observed curve by plotting the intensity 

of the emitted neutron radiation against the effective ~hickness of 

the chain reaction layer. Instead of an ionization chamber which reg

isters the neutron intensity by means of recoil ions in the gas of the 

chamber, induced activity caused by the neutrons can be used as a meas

ure of the radiation intensity. 
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The maximum ratio of concentration of the hydrogen containing 

substance to the concentration of uranium is determined by the 

capture cross-section of the hydrogen atom which is about 1/3 lo·24 

cm2 to the average cross-section for the emission of two neutrons · 

of the uranium which is used. This cross-section is about l0- 24cm2• 

Therefore, if native uranium is used, the number of gm Mols of 

uranium in the mixture must be at least 1/3 of the number of gm Mol~s 

of hydrogen. 

If a uranium is used in which the rare isotope has been con-

centrated, the amount of uranium used can be smaller in ratio of 

the increased average cross-section for the emission of two neut-

rons in the transmutation of uranium. 







lfative uranium,or uranium in which the rE:lative abundance 

o~ U 235 haG been artificially inorcaa~d, may be used mixed 

with a hydrogen containing substance to form the chain reaction 

layer~ or alternatively the chain reaction layer may be built 

up from a1ternatin3 layers of uraniuin nd the hydrogen contain· 
. : a. 

ing oubata.nce •.!·As ik:a: hydrogen"'·eontaining substance ater , pa--, 
't 

raffin wax or 'oaJ.;cium hydride ..:~ppear to be ouitable . If the . ~ . ., 
llydrot;.en containing sui:l tanoe is not mixed rith uTa.nium, but 

alternating l&yers· ar·e used, the layers should be as thin as 

pouaible. In _articular the t1lickness of the hydrogen contain-

ing layer should be as small as po~sible, &nd if araffin , water , 

or a hydrotien conta.inin substance of c...bout the ov:.ne hydrogen 

conc~ntration is used, the thickness of the layor should not 

exct!ed about 7 1mn . 

In such a cila.in reo.ct ion layer the neutron emitted from 

the uranium is n.lov:ed down tra:veling in 'the chain reaetion 

layf.;r :::m averag diat nee ·b frotl its origi 1. At t _1e distance 

b .from its origin the neutron \7ill t 1erefore be so slow that 

its ruea.n free path a for scattering is m'll.Ch SlU<:.lJ.er th,an the 

value b. In paraffin wax this mean free path & would be about 

2 1/2 mm, and lr:. the chc:...in reaction layer it will be somewhat 

larger, i.e. by a factor k which givco the ratio of the con

centration o£ hydrogen in paraffin to the concentration of hy~ 

drogen in the chain reaction layer. This reduction of the mean 

free path for scattering is due to the large scattering cross-
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section ~ hydrogen for ~nom temperature neutrons. In addition, 

the neutrons which have been slowed dovm at an average distanoe 

b from their origin have now, being slow, a large cross-section 
-----
for those tra.nsnutations of uranium which lead to the liberation 

of neutrons. The combined effect of the large scattering cross

section of the slow neutrons in the chain reaction layer and 

the large tt>anomutation cros~-seotion of the slow neutrons for 

uranrum is that a neutron ·which is emi tted by uranium and which 

becomes slori at the average distance b fl"OITJ ita poillt of origin -
will transmute a uranium nucleus at a -point which is at an aver-

age distance q from :he point at which the neutron became slow, -
and th_e distance q is small oor.!pared to b, so that the neutron 

will transmute a ura.ni'um nuolaus a.t a. distance .2?.1 not V$ry dif,.. 

fercnt from b fro::n the point of its ori~in • 
.:_. 

In these oi:.-cums tances the previously given equation does 

no longer hold, and the cri tioa,l thic1-:ness is approximately 

given in the f ollowing w~y.For the stationa~y stat$ the neutron 

density within th~ spherical oha.iu re.&~.ctiGn layel" obey& now the 

equation: t 

(~) ~ d. {r>) f 6' ( '1.{1 - 'V o) ( rr 5) .: 0 
. cLr 2 'VI + 2. 'bfl 

In this equation w0 is the probability for a slo!ed down 

neutron to Ca'IJ.se a transmutation of urt:"'.nium in which the s1ow 
wl 1s tne 

neu±ron disan:pears ~nd no fa.at neutron . is emitted: _·.. .. 
prooalnlity 1:·or a slowed. do".'4rn neutron to cause a. transmu;'ts.titm 

of ure:.niu.m in whic1.1 the slo1r neutron disappea.rs ~d one fas t 



-:3-
(. 

neutron is e itted; 2 is the robability for a slowed down neut

ron to cause d tra smutation of ur~1ium in hich the slow neutron 

diso;p e ro and two fast neutrons are e"!llitted. 

~ or the special caoe:w~l; w1 = ; w0 : o, the above equ-

ation gives 

The critical thickness is given by 
,7i: T H/'So- - '-~ 

£" .- 3 0rw/- 2. w.,_J 
in the oeneral ease and by 

in the special case. 

)~ 

vbviously , the above~ di:f sion eq;.at ion presupposes ~or its 

validity small value of w2, but even for large values of w2 it 

~ives at least the order of ~a~nitu~e f~r t~e 

?he critical thic1~eGs wil1 in yructice always be determined 
(t,.,- ~-·__. "'--• •<-L 

e lpir·icelly) in the follo,ving way~ n neutron e;ource is surrounded 

by the chain renction layer of an a,pproxima.tely correct thickness 

which is ~·ufely bel "?! the Cl'itical thickn~ss ... .!.'he r c intions 
while 

emit ted f1·om the cha in rePction layer~~ e>:posed.¢' to this 

!leutron aouree are observed b.r roea.s o ... an ionization chamber. 

TI1en the t' ioknes ~ of the chain reaction layer is brought closer 

to the critical thickne~s by 0 raduLlly incre~~ing eithc~ the 

quantity c f uranium or the quarti ty of hy(lrot en cot1t&.ir..LlG aub-

etu!lCes mixed v. i th t he uranium. The u.t.Jount of ionizing rl).diation 

;rhich is cmi tted i :J aga in observed and t J1e thickness of the 

chain ~auction layer is again broug1t closer to the crtical 

t'hi cl<:ness in the san\;; '\V"tlY as 1HL ore. In this way, by observin~ 
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\ the increase of the e aitted radiation as a function of the increasing 

effective thickness of the chain reaction 1ayer the critical thickness 

can be e:-tt·c.Aonol a.ted from the observe ' curve by plotting the intensity 

of the emitted neutron r"cldia.tion against the effective thickness of 

the chain r eaction layel"• Inatead of an ionization chamber which reg

jsters the neutron intensity by meane Qf recoil ions in the gas of the 

chamber, induced activity caused by the neutrons ce.n be used as a meas-

re of the ·adiation intens ity. 
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The maximum ratio of concentration of the hydrogen containing 

substance to the concentration of uranium is determined by the 

capture cross-section of the hydrogen atom which is about 1/3 lo-24 

cm2 to the average cross-section for the emission of t o neutrons 

of the uranium which is used. Thio cross-section is about 10.24cm2• 

Therofore, if native uranium io used, the number of gm Jfols of 

uranium iu the mixture must be at least 1/3 of the number of gm Mol}!'a 

of hydrogen. 

If a uranium is used in which the rure isotope has been con-

centrated, the amount of uraniut1 uoed can be s1:mller in retio of ,..,__ ~ 
e' c ~-~'lP,..,. 

the increased average oroas-oeotion for the e!Jhwion of neut--
:..-ons in the trans:ruuta.tion of uranium. 

I 
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