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(Caims. 

This invention relates to the production of iso 
topes of elements from other isotopes of the same 
or different elements by reaction with neutrons, 
and eSpecially to the production of artificial radio 
activity by formation of unstable isotopes. 

It has been known for many years that, al 
though each chemical element has always the 
Sane atomic number or charge, it may exist in 
different forms having different atomic weights. 
These forms of the elements are referred to as 
isotopes. 

It has also been known that the radio-active 
elements, by disintegration or break down oc 
curring in their nuclei are spontaneously con 
Verted into various isotopes of other elements. 
Thus, for example, the radio-active element ura 
nium may be converted into lead of atomic weight 
206, while the element thorium may be converted 
into a different isotope of atomic weight 208. 

It has long been known that such spontaneous 
disintegration of radio-active elements is ac 
companied by emission of alpha, beta, and gamma 
rays, that is to say, of the helium nucleus, elec 
trons, and electromagnetic radiation of extreme 
ly short wave length. 

In more recent years it has been usemonstrated 
that isotopes of various elements could be con 
verted into other isotopes of the same or differ 
ent elements by bombardment with alpha par 
ticles, diplons, protons or gamma rays of very 
high energy, and that the isotopes thus produced 
may be unstable so as to decompose with fea 
tures similar to those of the naturally radio-ac 
tive bodies. That is to say, radio-active isotopes 
may, in this Way, be artificially produced. 

Accordingly, it is an object of the present in 
vention to provide a method and apparatus by 
which nuclear reactions can be carried on with 
high efficiency and with the heavier as well as 
With the lighter elements. A more specific ob 
ject of the invention is to provide a method and 
apparatus for artificially producing radio-active 
Substances with efficiency such that their cost 
may be brought below that of natural radio-ac 
tive materials, 
Our invention is based upon the use of neu 

trons instead of charged particles for the bom 
bardment and transformation of the isotopes. 

All of the prior work on nuclear reactions has 
been done with high energy particles and every 
effort has been bent toward increasing the en 
ergy of the particles as the means of extending 
and making more efficient the nuclear reactions. 
We have now discovered that effort in this di 
rection, is sound only when charged particles are 

(C. 204-31) 
used which require tremendous energy to break 
through the potential barrier surrounding the nu 
cleus; and that if, instead of charged particles, 
neutrons are used for the nuclear reactions, the 
greatest efficiencies are in some cases attained 
with low energy or “slow' neutrons, e. g., of the 
Order of a few hundred electron volts, or even 
much less down to a small fraction of an elec 
tron volt. 

Neutrons when produced in any ordinary man 
ner, e. g., by the action of radon on beryllium 
or of polonium on beryllium or by bombardment 
of atomic nuclei with artificially accelerated par 
ticles, might have a very wide range of energies 
but high average energy. These energies range 
up to Several million volts. It is necessary, there 
fore, if the greatest efficiency of reaction is to 
be attained, to reduce by artificial means the 
energy of these neutrons. We describe below a 
method for slowing down fast neutrons. 
We have demonstrated that the absorption of 

slow neutrons is anomalously large as compared 
With that of the faster or higher energy neu 
trons. The simplest explanation for most cases 
is to admit that the neutron is captured by the 
nucleus with formation of an isotope heavier by 
one mass unit. If this heavier isotope is unstable 
a strong induced radio-activity may be expected. 
This occurs, for example, with silver and iridium 
which go over into radio-active isotopes. In other 
cases it is found that no activation, or at least 
no strong activation, follows an anomalously 
large absorption. This is the case with many 
elements, e. g., yttrium and cadmium. In these 
cases the formation of a stable nucleus upon the 
capture of the neutrons is to be expected. 

In Some cases the absorption of the slow neu 
trons results in the emission of a relatively strong 
gamma-radiation with energy corresponding to 
the binding energy of the neutron. This gives 
a reliable source of very hard gamma rays, even 
harder than the naturally produced gamma rays, 
e. g., from radium. 
In view of these considerations it is obviously 

desirable to convert as many as possible of the 
available neutrons into the slow or low energy 
condition in which they may be readily captured 
by the nuclei of the substance being reacted. We 
have found that it is possible to achieve the de 
sired results by passing the neutron radiation 
against or through a screen of a suitable ma 
terial. The materials which have been found best 
suited to this purpose are those containing hy 
drogen (including all its isotopes, but the light 
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isotope which predominates in natural occurrence 
being most efficient) and especially water and the 
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hydrocarbons, such as paraffin for example. Oth 
er materials, as for example beryllium, carbon, 
silicon, lead, show this effect to a lesser degree. 
Other materials, of which iron is an example, 
do not produce a similar effect to any practical 
extent, probably because of a relatively large ab 
sorption of the neutrons when their energy is re 
duced. 
The increase in activity of the neutrons by Such 

substances is apparently due to two effects both 
resulting from collisions of the neutrons. In the 
first place it is readily shown that an impact of 
a neutron against a proton reduces, On the aver 
age, the neutron energy by a factor 1/e. From 
this it follows that ten impacts reduce the energy 
to about 60,000 of its original value. ASSunning 
the initial energy to be 4,106 electron volts, the 
energy after ten impacts would be about 200 elec 
tron volts and 20 impacts would reduce the en 
ergy of the neutron down to a value corresponding 
to thermal agitation. Thus the first important 
effect is probably the reduction of the energy of 
the faster neutrons by impact and the efficiency 
of hydrogen for this purpose is probably due to 
the low mass of the hydrogen nucleus. Although 
We refer to the nucleus, because almost the entire 
mass is represented by the nucleus, it will be 
understood that the impact for slowing down 
may be, and for reasons of economy ordinarily 
will be, with atoms, i. e., combined nuclei. 
The second probable effect is the scattering 

and reflection of the neutrons. 
Hydrogen is so much more effective than any 

of the other elements for reducing the energy 
of neutrons that it will ordinarily be used. It 
must not be overlooked, however, that the ele 
ments having a lesser effect offer possibilities 
for control of the neutron energy. Where neu 
trons of initially lower energy are used or where 
their use requires a higher energy than in the 
ree tins with which we are here especially con 
cerne ..., the less effective elements may be used 
singly or combined with elements of different energy reducing power. 
The density of the energy reducing or scat 

tering substance has also been found to be an 
important factor. This follows, likewise, from 
the theoretical explanation given above. If the 
energy reduction and scattering of the neutrons 
is due to impact with atomic nuclei, the prob 
able frequency of such impacts will be directly 
dependent upon the number of atoms in a given 
Space. For this reason such substances ordi 
narily should be used in liquid or solid (i. e., non 
gaseous) form and, so far as is practicable, sub 
stances will be chosen having as high as possible 
a proportion of hydrogen in the molecule. Here 
again, the gaseous state under various pressures, 
and Substances having less hydrogen offer the 
possibility for accurate control if less than the 
maximum slowing of neutrons is desirable. 

It will be readily understood from what has 
been said above that the greatest effect is at 
tained if the source of neutrons and the substance 
being irradiated are both surrounded by the en 
ergy reducing and Scattering material. This 
could easily be accomplished in many cases by 
immersing the neutron source in a solution or 
emulsion of the substance being bombarded. We 
have illustrated diagrammatically in Figures 1 
and 2 arrangements by which this may be accom plished. 

In Figure 1 a cylindrical paraffin block is 
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provided with a hole into which is inserted 
a source of neutrons, e.g., a tube containing radon 
and beryllium. The material being irradiated is 
placed above the source on the paraffin block 
as shown at 2 and is covered by a second paraf 
fin block 3 having a central opening 4 to ac 
commodate the material being irradiated. For 
the treatment of small amounts of materials the 
block O may be, for example, about 24 centi 
meters in diameter and about 14 centimeters in 
height with the neutron source about 2 centi 
meters under the upper surface. It will be ob 
Served that these dimensions give radial thick 
ness of the material surrounding the neutron 
source approximately equal to the mean free path 
in the substance of the high energy neutrons. 
Where the substances to be irradiated are solu 

ble in or can be suspended in water or a hydro 
carbon or other energy reducing or dispersing 
Substance, etc., may be formed and the substances 
irradiated therein by immersing the neutron 
Source directly into the solution etc. (See Fig 
ure 2.) 
The hydrogen which serves to reduce the en 

ergy of the neutrons may also be in chemical 
combination with the substance being irradiated. 

Figure 2 is a diagrammatic illustration of a 
neutron irradiating device in which the substance 
being irradiated is dissolved or dispersed in the 
energy reducing or dispersing material. A suit 
able vessel 20 is provided for holding the solution 
or dispersion 2 and into this is immersed the 
neutron source 22. 
Instead of the radon beryllium source, any 

other Source of neutrons may be used, as for ex 
ample neutron tubes as developed by Oliphant 
and as more recently developed by laboratories 
of the General Electric Company and the West 
inghouse Electric and Manufacturing Company 
or cyclatrons as developed by Lawrence. In such 
tubes deuteron oxide (heavy water), which may 
be separated by known methods from naturally 
occurring water, is bombarded with deuterons 
accelerated in an electric field produced by a grid 
tube. The deuteron nucleus is disintegrated with 
the emission of neutrons. 

Obviously the apparatus can be endlessly modi 
fied, the essential being the combination of the 
energy reducing substance near the substance 
being irradiated, and a suitable source of neutron 
radiation. 

In the following we have tabulated the results 
of various irradiations which we have carried 
Out: 

1. Hydrogen-No activity could be detected 
either in Water or in paraffin irradiated in a large 
can of water with 500 millicuries Rn--Be for sev eral days. 

3. Lithium-Lithium hydroxide was found to 
be inactive after irradiation with slow neutrons 
(14 hours, 400 millicuries). Although lithium re 
mains inactive, it strongly absorbs the slow neu 
trons; half-value thickness 3=0.05 gm./cm3 
This absorption is not accompanied by a y-radia 
tion. It was shown independently by Chadwick 
and Goldhaber' and by us that when the slow 

“Nature', vol. 135, p. 65 (1935). 

neutrons are absorbed, heavy charged particles 
are emitted. According to Chadwick and Gold 
haber, the nuclear process is represented by the 
following reaction, 

Li-ion=He-3H 
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2,206,884 
4. Beryllium-Metallic beryllium (purity 99%), 

strongly irradiated with slow neutrons, showed 
only an extremely weak activity possibly due to 
impurities. Owing to the very strong activation 
of several elements when irradiated under water, 
impurities might easily be misleading. 

5. Boron.-Metallic boron irradiated 14 hours 
under water with 500 millicuries was found inac 
tive. Boron has the highest absorption coef 
ficient as yet found for slow neutrons, 6=0.004 
gm./cm., corresponding to a cross-section of 
about 3.10.21cm... No y-rays have been found to 
accompany this absorption: instead of a y-radia 
tion in this case as well as for lithium, ox-particles 
are emitted, as was shown by Chadwick and 
Goldhaber (Nature, vol. 135, 1935, p. 65) and by 
us. This effect can be easily detected by the 
strong discharge in an ionization chamber filled 
With boron trifluoride surrounded by paraffin and 
irradiated with a Po--Be neutron source. Screen 
ing the ionization chamber with a thin cadmium 
foil in order to absorb the slow neutrons, re 
duces considerably the ionization current. The 
Same effect was observed with the ionization 
chamber filled with air, some boron being spread 
On its floor. The enission of a-particles was also 
detected with a small ionization chamber con 
nected to a linear amplifier, either spreading 
some boron on its walls or filling it with boron 
trifluoride. In order to expia in these phenomena 
We have proposed the nuclear reaction, 

105B--ion=si-32He 
6. Carbon-No activity; see hydrogen. 
T. Nitrogen.-Amnonium nitrate irradiated 12 

hours with 600 millicuries under water showed no 
activity. 

8. Oacygen.-No activity; see hydrogen. 
9. Fluorine.-Both activities of this element 

(periods 9 seconds and 40 seconds are not sensi 
tive to hydrogen containing substances. 

ll. Sodium-This element has two activities: 
one of these (period 40 seconds) is not sensitive 
to hydrogen-containing substances. A very weak 
activity with a long period was reported by Bjerge 
and Westcott. As this activity is strongly en 
hanced by water, we were able to measure its 
periods with reasonable accuracy and found it to 
be 15 hours. Owing to the theoretical impor 
tance of this activity, we compared very carefully 
its decay curve with that of the long period of 
aluminium in order to check their identity. For 
a chemical investigation of the active Substance 
We irradiated pure sodium carbonate. We dis 
solved the irradiated substance in hydrochloric 
acid and added aluminum and magnesium chlo 
rides. A precipitate of the hydroxides of the 
latter elements obtained by adding ammonia, was 
found inactive. Afterwards we added Some So 
dium fluoride to the solution, and precipitated the 
fluorine as barium fluoride; this precipitate was 
also found inactive. The solution containing the 
original sodium was then evaporated and ignited 
gently, in order to eliminate neon, where an ac 
tive isotope of this element would have been 
formed. The activity was found in the dried 
Sodium salt. We conclude that the active prod 
uct is an isotope of sodium, Na. The same iso 
topa was produced by us last year by bombard 
ing magnesium or aluminum with neutrons. Na. 
has also been produced recently in considerable 
amounts and studied very completely by Lawrence 
bombarding several elements with artificially ac 
celerated particles. 

3 
12. Magnesium-Pure magnesium oxide, espe 

cially tested by us in order to ensure that it was 
aluminium free, was irradiated under water. The 
substance was kept at some distance from the 
Source in Order to prevent the activation of the 
periods not sensitive to Water. A new very weak 
activity with a period of about 10 minutes Was 
found. As this period coincides with the 10 
minute period of aluminum, which is known to 
be due to 27 Mg (see aluminium), it is very likely 
that it is due to the same isotope formed by the 
capture of a neutron by 26Mg present in an 
amount of il% in ordinary magnesium. 
The 40-second period is insensitive to water. 
13. Aluminium-Aluminium irradiated in wa 

ter shows a fairly strong new activity decaying 
with a period of 2-3 minutes (measured with an 
ionization chamber). Irradiated outside of wa 
ter, this activity is extremely weak. As the pe 
riod of the new activity coincides with the 2-3 
minute period of silicon, which is due to 28Al, we 
aSSurne that this activity is also due to the same 
isotope formed by capture of a neutron from 2A1. 
The Second period of aluminium has been 

measured with the ionization chamber and found 
to be 10 minutes instead of 12. This activity is 
insensitive to Water. A chemical separation of 
the carrier of this activity has been performed. 
Irradiated metallic aluminium was dissolved in 
a caustic soda solution and magnesium chloride 
was added. The precipitate of magnesium hy 
droxide carried the 10-minute activity. We as 
sume that the active isotope is 2Mg formed a,c- 
cording to the reaction, 

273Al--lon=27122Mg--11H 
14. Silicon-We have determined with the 

ionization chamber the short period of this ele 
ment, finding it to be 2-3 minutes. This ac 
tivity is insensitive to water. 

Besides this activity, we found a new, longer 
period of Some hours in fused silica irradiated 
in water. This activity is very weak and very 
sensitive to water. We think probably that its 
carrier is 31Si which is obtained by irradiated 
phosphorus and has a period of 2-4 hours. Si 
could be formed by capture of a neutron from 
30Si present in an amount of 3%. 

15. Phosphorus-The short-period activity of 
this element (2-3 minutes) is not enhanced by 
water. Curie, Joliot and Preiswerk ascribe this 
period to 28A. A chemical test in favour of this 
hypothesis is the following: we irradiated phos 
phoric acid, neutralized the Solution with sodiurin 
carbonate, and added aluminium chloride; the 
activity was found to be concentrated in the 
precipitated aluminium. 
We have observed, with the aid of the ioniza 

tion chamber, the decay-curve of the longer 
period of phosphorus. Its period is 2-4 hours in 
stead of 3 as given before. We have also meas 
ured, with the ionization chamber, the half-value 
thickness of the corresponding 6-rays and found 
it to be 0-15 gm./cm. Al. 

16. Sulphur-We have determined in the ioni 
zation chamber the period of phosphorus ex 
tracted fronn irradiated Sulphur. We found: 
period 14 days, half-value thickness of the 3-rays 
0/10 gm./cm. Al. 

17. Chlorine-Chlorine irradiated under water 
showed a new period of 35 minutes measured 
electrometrically. 

Chlorine absorbs fairly strongly the slow neu 
trons (half-value thickness 6=0.3 gm/cm2). 
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4. 
The process of absorption is accompanied by 
emission of Y-rays. 

19. Potassium-We have found in irradiated 
potassium an induced activity strongly sensitive 
to water, decaying with a period of 16 hours. A 
chemical investigation of the carrier of the activ 
ity, performed by the same method described for 
sodium, excluded the elements Cl, A, Ca. We 
conclude therefrom that the activity is prob 
ably carried by an isotope of potassium. Accord 
ing to v. Hevesy, this isotope is to be ideratified 
with a 4K, that was obtained by him by neutron 
bombardment of Scandium, and has the same decay period. 

20. Calcine.-No activity was found in cal 
cium fluoride irradiated 14 hours in water with a 
600 millicuries source. A very weak activity sen 
sitive to water has been demonstrated. 

23. Wanadium-The decay of the activity in 
duced in vanadium has been measured in the 
ionization chamber with the following results: 
half-value period 3-75 minutes; half-value thick 
ness of the p-rays 0-17 gm./cm. Al. The B-rays 
are accompanied by a y-radiation. The activa 
tion of vanadium is strongly sensitive to hydro 
genated substances. 

24. Chronium-The activity of chromium is 
insensitive to water. 

25. Manganese-The activity with short period 
(3-75 minutes) is insensitive to water. On the 
other hand, the activity with longer period (2-5 
hours measured in the ionization chamber) is 
strongly enhanced by water. Half-value thick 
ness of 6-rays measured electrometrically is 0-14 
gm./cm. Al; the disintegration is accompanied 
by y-rays. The 2-5-hour product is known to be 
an isotope of manganese. In order to get new 
evidence in favour of the fact that the active 
product is really an isotope of manganese, We first 
concentrated the activity obtained in irradiated 
manganese permanganate by a precipitation of 
maganese carbonate. The carbonate contain 
ing the activity was then dissolved in hydro 
chloric acid, and large amounts of chromium, 

5 Vanadium and iron salts were added to the Solu 
tion. Afterwards the manganese was Separated 
once again, as dioxide, with nitric acid, and 
sodium chlorate. The manganese precipitate 
carried the activity, while the fractions contain 
ing chromium, vanadium and iron were found to 
be inactive. 

26. Iron. The activity of this element (period 
2-5 hours) is insensitive to Water. Half-value 
thickness for the absorption of slow neutrons 8 gm./cm. 

27. Cobalt- This element absorbs fairly 
strongly the slow neutrons; half-value thickness 
0-7 gm./cm2. The absorption is accompanied by 
the emission of a y-radiation. 

28. Nickel.-Strongly irradiated nickel showed 
only a dubious trace of activity. 

29. Copper-Both induced activities of this 
element (periods 5 minutes, measured electro 
metrically, and 10 hours) are strongly enhanced 
by water. Copper absorbs the slow neutrons with 
a half-value thickness of about 3 gm./cm.; this 
absorption is accompanied by a weak y-radia 
tion. 

Irradiated metallic copper was dissolved in 
hydrochloric acid, and Small quantities of cobalt, 
nickel and zinc salts were added. Copper sulphide 
was precipitated from the acid solution and found 
to be active. The precipitates of the zinc, cobalt 
and nickel sulphides, obtained by neutralizing the 
Solution and adding ammonium sulphide, were 

copper was stifongly active. 

2,206,684 
inactive. As the time employed for this test was 
rather long, the test refers only to the longer 
period. The carrier of this activity can then be 
assumed to be an isotope of Copper. 

30. Zinc-The activity of the short period of 
zinc is not enhanced by water. The longer 
period was measured electrometrically and found 
to be 10 hours. The carrier of this activity has 
been investigated by means of the following test: 
irradiated metallic zinc was dissolved in hydro 
chloric acid, and a small quantity of copper, 
nickel and cobalt salts added. Copper was pre 
cipitated partially by reduction on small traces 
of undissolved metallic zinc and partially as 
sulphide the: acid solution. The collected 

Neutralizing the Solution and adding ammonium sulphide, the 
other elements were precipitated and found to 
be inactive. 

31. Gallium.-The 20-minute period (measured 
electrometrically) is not very sensitive to water. 
Half-value thickness of the corresponding B-rays 
is 0.17 gm./cm. Al. The carrier of this activity 
is probably an isotope of gallium. In order to 
test this point, we irradiated gallium nitrate and 
afterwards added to the solution traces of copper 
and zinc. Copper was separated as a metallic 
deposit on zinc powder and zinc as zinc mercury 
Sulphocyanate after adding mercury sulphocy 
anate. Both elements were found to be inactive. 

Besides this 20-minute activity, we have also 
found, irradiating under water, a new activity 
which is accompanied by a rather strong y-radi 
ation; it decays with a period of 23 hours (meas ured electrometrically). 

33. Arsenic-The activity of this element is 
strongly sensitive to water. We have measured 
electrometrically its period (26 hours) and its 
half-value thickness of the B-rays (0-16 gm./cm. Al). 

34. Selenium-The activity of this element 
(period 35 minutes) is sensitive to water. Irra 
diated Selenious anhydride was dissolved in 30% 
hydrochloric acid and some arsenious anhydride 
added to the solution. We precipitated metallic 
selenium by reduction with gaseous sulphurous 
anhydride, and found it strongly active. We 
precipitated metallic selenium by reduction with 
gaseous Sulphurous anhydride, and found it 
strongly active. We precipitated from the solu 
tion arsenic Sulphide and found it inactive. This 
test seems to rule out also germanium, and we 
conclude that the activity is due to an isotope of Selenium. s 

35. Bromine-Both activities of this element 
are sensitive to water. The periods have been 
measured electrometrically; they are 18 minutes 
and 4-2 hours. The half-value thickness of the 
y-rays is for both activities 0-12 gm/cm.2 A, 
and both are accompanied by y-rays. 

38. Strontium.-No activity was found after a 
long and strong irradiation under Water. 

39. Yttrium.-Strongly irradiated yttrium ox 
ide showed only a very weak activity possibly due 
to impurities. Yttrium absorbs very intensively 
the slow neutrons (half-value thickness 3-0.015 
gm./cm.). This absorption is accompanied by 
y-rayS. 
40. Zirconium-Strongly irradiated zirconium 

nitrate showed only a very weak activity prob 
ably due to impurities. 

41. Niobium-The same as zirconium. 
43. Rhodium-The short-period activity is 

Sensitive to water. Period and half-value thick 
neSS of the 3-rays have been determined electro 
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2,206,684 
metrically (44 seconds; 0-15 gm./cm. Al). We 
also made a more accurate measurement in the 
ionization chamber of the longer period and found 
it to be 3-9 minutes. The activity is accompanied 
by a weak y-radiation. Rhodium absorbs fairly 
Strongly the slow neutrons (half-value thickness 
0-3 gm./cm.) : the absorption probably corre 
Sponds to the formation of the active isotopes. 

46. Palladium.-Also the activities of this ele 
inent are Sensitive to Water. We find at least two 
periods: a short one of about a quarter of an 
hour and one of about 12 hours. 

47. Silver.-The two periods have been redeter 
mined with the ionization chamber. They are 
22 Seconds and 2-3 minutes. They are both very 
Sensitive to water. To the strong activation of 
this element corresponds a considerable absorp 
tion for slow neutrons (half-value thickness 
8=1-2 gm./cm2). . 
We added palladium nitrate and rhodium 

Chloride to a solution of irradiated silver nitrate. 
Adding hydrochloric acid, we precipitated silver 
Which was found active. From the filtered solu 
tion. We precipitated palladium with dimethylgli 
oxime and rhodium by reduction. Both were 
inactive. This test is valid only for the longer 
period, owing to the time employed, and shows 
that the carrier of the activity is probably an 
isotope of silver. 

48. Cadmium.-Cadmium irradiation under 
different conditions showed several weak activi 
ties with various periods not yet identified. Cad 
mium absorbs with great intensity the slow neu 
trons. (Half-value thickness 0-013 gm./cm..) 
The corresponding croSS-Section is the largest as 
yet found for slow neutrons (a =i020cm.2). The 
absorption is accompanied by an intensive y-ra 
diation and probably corresponds to the trans 
formation of a stable isotope of cadmium into 
another Stable isotope of the Sane element. 

49. Indium-The activity induced in indium 
shows three periods: The shortest period (13 sec 
conds) has an activity highly sensitive to Water. 
Also the second period (54 minutes, measured 
electrometrically) is very Sensitive to Water. 
Maghetic deflection experiments show that the 
corresponding electrons are negative; their half 
value thickness is 0-045 gm./cm. Al. A still 
longer period of Some hours is recorded by Szilard 
and Chalmers; this last activity is either insensi 
tive to water or is only moderately sensitive. 

Chemical tests have been made in order to 
identify the carriers of the last two activities. 
To a solution of irradiated indium nitrate, silver 
was added and precipitated as silver chloride; the 
precipitate Was inactive. Afterwards we added 
to the solution tin, antimony and cadmium and 
precipitated them as sulphides with Sulphuretted 
hydrogen. The acidity of the solution must be 
adjusted in Such a Way as to leave the indium in 
Solution while precipitating the other metals. 
This precipitate also was inactive; neutralizing 
the solution, we precipitated the indium sulphide 
which carried the activity. 

Corresponding to the Strong activation of in 
dium, it is found that this element has a consid 
erable absorption power for the slow neutrons: 
half-value thickness 8=0-3 gm./cm.. 

50. Tin-Tin strongly irradiated under Water 
showed no activity. 

51. Antimony.-We have found an induced ac 
tivity in this element, decaying with a period of 
2-5 days; the activation is sensitive to hydro 
genated substances. The half-value thickness for 
the emitted B-rays is 0-09 gm/cm. A. The fol 

5 
lowing chemical test indicates that the carrier 
of this activity is probably an isotope of antimony. 
We dissolved metallic irradiated antimony in aqua 
regia and added some tin to the solution; after 
Separation of tin as a sulphide according to 
Clarke, We found the activity in a precipitate of 
Sulphide of antimony. The antimony sulphide 
Was then dissolved again; indium was added to 
the Solution and antimony separated as a sulphide 
in a moderately acid solution; the solution was 
neutralized and indium precipitated and found to 
be inactive. To a new solution of the antimony 
We added tellurium and iodine and separated the 
first by reduction and the second as a silver 
iodide. Both were inactive. 

52. Tellurium-Shows a weak activity sensitive 
to Water; the period resulted 45 minutes. 

53. Iodine.-Period and half-value thickness of 
the 3-rays were determined electrometrically: 
period 25 minutes; half-value thickness 0-11 
gm./cm. Al. The activation is moderately sensi 
tive to Water. 

56. Barium.-A new activity sensitive to water 
With a period of 80 minutes has been found. The 
following chemical test is in favour of the as 
Sumption that the carrier of this activity is an 
isotope of barium. We dissolved irradiated 
barium hydroxide in hydrochloric acid, and added 
a Small quantity of sodium chloride and precipi 
tated barium Sulphate. The activity was carried 
by the precipitate; we evaporated the solution 
and found the residual Sodium to be inactive. 

57. Lanihanum.-No activity was found after 
Strong irradiation under water. 

58. Cerium.-Same as lanthanum. 
59. Praseodymium-The short-period activity 

(5 minutes) is insensitive to water. Irradiating 
under Water we have found a new Water-sensi 
tive activity decaying with a period of 19 hours; 
half-value thickness of the corresponding B-rays 
0-12 gm./cm. Al (both measured electrometri 
cally). 

72. Hafnium v. Hevesy has found an activity 
having a long period of Several months which is 
sensitive to Water. 

64. Gadolinium-We irradiated under Water 
a very pure sample of gadolinium oxide. We 
found an activity, decaying with a period of 8 
hours. 

73. Tantalum.-Only a dubious activity was 
found after 12 hours' irradiation under Water 
with 500 millicuries. 

74. TungSten-Metallic tungsten was irradi 
ated under water and showed an activity de 
caying with a period of about 1 day. 
We irradiated tungstic anhydride, dissolved it 

in caustic Soda, and then added and separated 
tantalum pentoxide which was found to be in 
active. To the tungstic solution we added a 
nitric rhenium Solution and precipitated the 
tungstic anhydride adding hydrochloric acid. 
The precipitate carried the activity, while the 
rhenium, precipitated from the filtrate as sul 
phide, was inactive. As we have no hafnium, 
We have made the following experiment in order 
to exclude an isotope of this element as carrier 
of the activity. From a solution of irradiated 
tungstic anhydride in ammonia, we precipitated 
Zirconium hydroxide. The precipitate was in 
active. We conclude that the activity of tung 
Sten is probably due to an isotope of this ele 
ment. . 

75. Rhenium.-We irradiated pure metallic 
rhenium under water; its activity is enhanced by 
water and decays with a period of about 20 
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hours. The half-value thickness of the elec 
trons is 0-12 gm./cm. Al. The activity is prob 
ably carried by an isotope of rhenium. Irrad 
ated rhenium was dissolved in nitric acid; we 
added tantalum and tungsten and separated 
them as tantalum pentoxide and tungstic an 
hydride. Both were inactive, while rhenium con 
served the activity. 

77. Iridium-The activity induced in this ele 
ment is strongly sensitive to Water. Period and 
half-value thickness of the 3-rays have been 
measured in the ionization chamber; period 19 
hours, half-value thickness 0-12 gm./cnn. Al. 
To the strong activation of iridium corresponds 
a strong absorption of the slow neutrons; half 
value thickness 0-3 gm./cm.; the absorption is 
accompanied by the emission of Y-rayS. 

78. Platinum-Very pure metallic platinum 
irradiated under water showed an activity decay 
ing with a period of about 50 minutes. 

79. Gold.--The activity of this element is 
sensitive to water; its period has been measured 
electrometrically and is 2-2 days. The B-rays 
were magnetically deflected and found to be 
negative. They have a very Small penetrating 
power: half-value thickness 0-04 gm/cm. Al. 
Strong y-radiation is omitted during bombard 
ment with slow neutrons. . 

80. Mercury-No activity was found after 
strong irradiation. This element absorbs in 
tensely the slow neutrons, half-value thickness 
0-2 gm./cm2. Y-rays are emitted during the ab SOrption. 

81. Thallium-No activity was found after 
strong irradiation. 

82. Lead.--The same as thallium. 
83. Bismuth-The same as thallium. 
90. Thorium.- The 1-minute and 24-minute 

(measured electrometrically) periods are scarcely 
sensitive to Water. 

92. Uranium-We have also studied the in 
fluence of hydrogenated substances on the in 
duced activities of this element. (Periods 15 
seconds, 40 seconds, 13 minutes, 100 minutes.) 
The result was that while the activities corre 
sponding to the first, third and fourth period are 
slightly increased by water, no increase was found 
for the activity corresponding to the 40-second period. 
Chemical evidence seems to indicate that the 

carriers of, the 13- and the 100-minute activities 
were not isotopes of any of the known heaviest 
elements, and that they were probably due to 
transuranic elements. 
The precipitation of the activity with a Sul 

phide was repeated, precipitating several metals 
(silver, copper, lead, mercury); the acidity of 
the solution (hydrochloric acid) was about 20%; 
sometimes slightly varied in order to facilitate 
the precipitation of the Sulphide of the metal 
used. The yield in activity of the precipitate 
was generally good-about 50%-and varied 
according to the Conditions of the precipitation. 
Nitric acid lowers the yield of the reaction very 
much. The usual high yield of the Sulphide 
reaction is also obtained in presence of a hydro 
fluoric solution of tantalum. We also made a 
test in order to see whether the induced activi 
ties presented a reaction which is given by von 
Grosse as the most characteristic of protoac 
tinium. 
We dissolved in a 25% hydrochloric acid Solu 

tion uranium oxide which had been purified and 
irradiated; we added to the solution zirconium 
nitrate and phosphoric acid; the precipitate of 

2,206,634. 
zirconium phosphate was inactive. After the 
Separation of zirconium we precipitated a sul 
phide from the filtered solution, and collected 
the activity in the sulphide from the filtered 
Solution, and collected the activity in the sul 
phide with the usual yield. According to von 
Grosse and Agruss, this reaction must be con 
sidered a proof by the non-identity of the car 
rier of the activity with a protoactinium isotope. 
The 15-second, 13-minute and 100-minute activi 
ties are probably chain products, with atomic 
number 92, 93 and 94 respectively and atomic Weight 239. . . . 
From the above tabulation it is apparent that 

the increase in activities by the hydrogen con 
taining Substances, etc., is particularly appli 
cable to those nuclear. reactions in which the 
neutron is captured with the formation of a 
heavier isotope of the same element; and the 
present invention makes possible numerous re 
actions of this type which could not be appre 
ally carried out without the use of our inven 
O. 

With these procedures the isotopes produced 
by the nuclear reactions are ordinarily mixed 
with other substances, although in much higher 
concentrations than was heretofore possible. We 
have utilized for the separation of these isotopes 
and especially of the radio-active isotopes the 
method of Szilard and Chalmers (Nature, vol. 
134 page 462, 1934) and extended their pro 
Cedure to COVer other cases. 
examples and theoretical discussion of our in 
vention are set forth in our publications: Fermi, 
Amaldi, D'Agostino, Rasetti, Segre, Proc. Roy 
Soc.,' A, vol. 146, p. 483 (1934); A, vol. 149, p. 
522; Fermi, Amaldi, Pontecorvo, Rasetti, Ric. 
Scient...,’ vol. 2, p. 380 (1934); Fermi, Pontecorvo, 
Rasetti, Ric. Scient.' vol. 2, p. 380 (1934); 
Amaldi, D'Agostino, Segre, Ric. Scient, vol. 2, p. 
381 (1934); Amaldi, D'Agostino, Fermi, Ponte 
corvo, Rasetti, Segre, Ric. Scient, vol. 2, p. 467 
(1934); vol. 1, p. 123 (1935). 
Claims directed to the broad method of pro 

ducing radio-active substances by a neutron re 
action and to beta-emissive substances so pro 
duced are being presented in the copending ap 
plication Serial No. 57,325 to Enrico Fermi, filed January 2, 1936. 
Although we have herein described our inven 

tion in detail and specified particular examples 
of apparatus and processes and various modifica 
tions thereof, and have proposed various theo 
retical explanations, it is to be understood that 
these are not binding nor exhaustive but are in 
tended rather for the assistance of others skilled 
in the art to enable them more easily to apply 
our invention under widely varying conditions 
encountered in actual practice and to change 
and modify the particular embodiments and ex 
amples herein described as may be necessary or 
desirable under such varying conditions. The 
theoretical statements and explanations are, of 
course, not conclusive and Our invention is in no 
way dependent upon their correctness. We have 
found them helpful and give them for the 
aid of others, but our invention will be equally 
useful if it should prove that our theoretical con 
clusions are not altogether correct. 
We claim: 
1. The process for the production of radio 

active isotopes, which comprises generating neu 
trons having a high average electron voltage, 
slowing down and scattering said neutrons by 
projecting them through a screen of an element 

This and further. 
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2,206,884. 
of the class consisting of hydrogen, helium, 
beryllium, carbon, silicon and lead which screen 
is of such thickness that the neutrons are slowed 
down to an average energy of not more than a 
few hundred electron volts, then passing said 
neutrons into a mass of an element of the groups 
having atomic numbers 11, 12, 13, 14, 17, 19, 23, 
25, 29, 31, 33, 34, 35, 43, 47, 48, 49, 51, 52, 53, 
56, 64, 72, 74, 75, 77, 78, 79 and 92, and thereby 
producing from the latter element a radio-active 
isotope capable of emitting beta rays. 

2. The process of producing radio-active iso 
topes which comprises generating neutrons hav 
ing a high average energy, slowing down said 
neutrons so that they have an average energy 
of not more than a few hundred electron volts 
by projecting them through an energy-reducing 
screen of an element of the class consisting of 
hydrogen, helium, beryllium, carbon, silicon and 
lead, and passing said neutrons of reduced en 
ergy into a mass of an element of the group hav 
ing atomic numbers 11, 12, 13, 14, 17, 19, 23, 
25, 29, 31, 33, 34, 35, 43, 47, 48, 49, 51, 52, 53, 
56, 64, 72, 74, 75, 77, 78,79 and 92 to thereby 
produce from the latter element a radio-active 
isotope capable of emitting beta rays. 

3. The process of producing radio-active iso 
topes which comprises, generating neutrons hav 
ing a high average energy, slowing down said 
neutrons so that they have an average energy of 
not more than a few hundred electron volts by 
projecting them through a hydrocarbon, and 
passing said neutrons of reduced energy into a 
mass of an element of the group having atomic 
numbers 11, 12, 13, 14, 17, 19, 23, 25, 29, 31, 33, 
34, 35, 43, 47, 48, 49, 51, 52, 53, 56,64, 72, 74, 75, 
77,78, 79 and 92 to thereby produce from said 
latter element a radio-active isotope capable of 
emitting beta rayS. 

4. The process of producing radio-active iso 
topes which comprises, generating neutrons hav 
ing a high average energy, slowing down said 
neutrons so that they have an average energy of 
not more than a few hundred electron volts by 
projecting them through paraffin, and passing: 
said neutrons of reduced energy into a mass of 
an element of the group having atomic numbers 
11, 12, 13, 14, 7, 19, 23, 25, 29, 31, 33, 34, 35, 43, 
47, 48, 49, 51, 52, 53, 56, 64,72, 74, 75, 77,78, 79 
and 92 to thereby produce from the latter ele 
ment a radio-active isotope capable of emitting 
beta rays. 
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5. The process of producing radio-active iso 

topes which comprises, generating neutrons hav 
ing a high average energy, slowing down said 
neutrons so that they have an average energy of 
not more than a few hundred electron volts by 
projecting them through Water, and passing said 
neutrons of reduced energy into a mass of an 
element of the group having atomic numbers 11, 
12, 13, 14, 17, 19, 23, 25, 29, 31, 33, 34, 35, 43, 47, 
48, 49, 51, 52, 53, 56, 64, 72, 74, 75, 77, 78,79 and 
92 to thereby produce from the latter element a 
radio-active isotope capable of emitting beta 
rayS. 

6. The process of producing a radio-active iso 
tope from an element of the group having atomic 
numbers 11, 12, 13, 14, 17, 19, 23, 25, 29, 31, 33, 
34, 35, 43,47, 48, 49, 51, 52,53,56, 64, 72,74, 75,77, 
78, 79 and 92, comprising the steps distributing 
the element throughout an energy-reducing 
Screen of an element of the class consisting of 
hydrogen, helium, beryllium, carbon, silicon and 
lead, generating neutrons having a high average 
energy, and projecting the high-energy neutrons 
through said energy-reducing screen to slow 
down the neutrons to an average energy of not 
more than a few hundred electron volts and 
thereby produce from said first element by the re 
action of the neutrons of reduced energy a radio 
active isotope capable of emitting beta rays. 

7. The process of producing a radio-active iso 
tope from an element of the group having atomic 
numbers 11, 12, 13, 14, 17, 19, 23, 25, 29, 31, 33, 
34, 35, 43, 47, 48, 49, 51, 52,53,56, 64, 72,74, 75,77, 
78, 79 and 92, comprising the steps distributing 
the element throughout an energy-reducing 
screen of an element of the class consisting of 
hydrogen, helium, beryllium, carbon, silicon and 
lead, generating at a point substantially Sur 
rounded by said screen neutrons having a high 
average energy, and projecting the high-energy 
neutrons through said energy-reducing Screen to 
slow down the neutrons to an average energy of 
not more than a few hundred electron volts and 
thereby produce from said first element by the 
reaction of the neutrons of reduced energy a 
radio-active isotope capable of emitting beta rays. 

EMO SEGRE. 
ENRICO FERMI. 
EDOARDO AMALDI. 
BRUNO PONTECORVO. 
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