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Su m m a r y

The dispersion o f sound in hydrogen is investigated. The results 

show th at no variation o f velocity occurs below frequencies o f the order 

106 cycles per second. This is to be expected from  the classical theory o f 

Jeans as well as from  the quan tum  trea tm ent o f the inelastic collision 

between two hydrogen molecules as the calculation shows.

A rtif ic ia l  R a d io a c t iv i ty  p r o d u c e d  b y  N e u t r o n  

B o m b a r d m e n t— I I
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In t r o d u c t i o n

W e describe in this paper some further results on artificial radioactivity 

induced by neutron bom bardm ent, which have been obtained in the 

Physical L aboratory  o f the U niversity o f Rom e, after the publication o f 

our first paper on the same subject.* Prelim inary reports containing the 

m ain results have been already published by several o f u s . |

* F e r m i, A m a ld i, D ’A g o s t in o , R a se t t i ,  S egr e , ‘ P ro c . R o y . S o c . , ’ A , v o l. 146, p . 483  

(1 93 4) .

t  F e r m i, A m a ld i, P o n te c o r v o , R a se tt i , S eg re , ‘ R ic . S c ie n t .,’ v o l. 2 , p. 28 0  (1 9 3 4 );  

F e r m i, P o n te c o r v o , R a se tt i ,  ‘ R ic . S c ie n t .,’ v o l .  2 , p . 3 8 0  (1 9 3 4 ) ;  A m a ld i, D ’A g o s t in o ,  

S egre , ‘ R ic . S c ie n t .,’ v o l. 2 , p . 381 (1 9 3 4 ) ;  A m a ld i, D ’A g o s t in o , F er m i, P o n te c o r v o ,  

R a se tti , S egr e , ‘ R ic . S c ie n t .,’ v o l. 2 , p . 4 6 7  (1 9 3 4 ) ;  v o l. 1, p . 123 (19 3 5 ). S o m e  o f  

ou r e x p er im en ts  h a v e  b e e n  r e p e a te d  w ith  a n a lo g o u s  re su lts  b y  B jerge  a n d  W e stc o tt  

‘ P ro c . C a m b . P h il. S o c . , ’ v o l .  31 , p . 145 (1 9 3 5 ) ;  w e  th an k  th e m  fo r  h av in g  

su b m itte d  th eir  m an u scr ip t to  u s . '
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A rtif ic ia l R a d io a c tiv ity 523

By far the m ost interesting new result concerns the effect o f hydro­

genated substances on the activation o f several elements by neutron 

bom bardm ent (§ 1). W e give an in terpretation  o f this phenom enon by 

assum ing that neutrons are slowed dow n by im pacts against hydrogen 

nuclei (§ 2). Some anom alously large absorption  cross-sections for 

slow neutrons are discussed in § 3. In m any cases the anom alous 

absorp tion  is connected w ith the em ission o f  y-rays (§ 4). § 5 describes

som e attem pts to  get inform ation  abou t the energy o f the slow neutrons. 

Scattering experim ents on slow neutrons are described in § 6, while 

§ 7 deals w ith the production  o f slow neutrons through the action o f non- 

hydrogenated substances. In § 8 the above results are discussed from  a 

theoretical po in t o f view. §§ 9 and 10 are dedicated to chemical m ethods 

for the separation  o f  radioactive isotopes, and to  im provem ents in the 

technique o f the m easurem ents. Results o f a  systematic investigation 

o f the different elements are given in §11. These results are collected 

in a  table a t the end o f the paper.

§ 1—Ef f e c t  o f  Hy d r o g e n a t e d  Su b s t a n c e s  o n  t h e  A c t i v a t i o n

In our previous w ork we had noticed some irregularities in the intensity 

o f the activation o f silver by neutrons from  a radon +  beryllium source, 

which apparently depended upon some not very clear geometrical factors. 

F urther investigation showed th at the activation was strongly influenced 

by objects surrounding the neutron source, and in particular tha t the 

activation could be enorm ously increased by surrounding the source and 

the activated substance with a large am ount o f water or paraffin wax. 

This effect appeared a t once to be due to the presence o f hydrogen, as 

other substances no t containing hydrogen failed to give com parable 

effects (see § 7).
To ascertain whether these large activations were due to the neutrons 

or to  the y-rays em itted very strongly from  our source, we repeated the 
experiment using as a source 100 mg radium , w ithout beryllium, and 
found no induced radioactivity. I t  follows that the effect is actually 
connected with the neutrons. As a check on this point, we observed the 
same hydrogen effect with a Po +  Be neutron source with an intensity 

in accordance with the num ber of neutrons emitted.
N o t every substance which is activated by neutrons shows an increase 

in activity when irradiated under water. Am ong the strongly influenced 
activities are : N a (15 h); A1 (2-3 m ); V (3-75 m ); Ag (22 s, 2-3 m ); 
Cu (5 m ); R h (44 s, 3 - 9 m ) ; 1 (25 m). The activation of other elements, 
or possibly of single decay periods, is not influenced by w ater; among
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524 E . A m a ld i a n d  o th e rs

these are : Si (2-3 m ); A1 (10 m ); Mg (40 s); M n (3-75 m ); Zn (5 m). 

We have observed that in every case where the active element is known to 

be an isotope of the bom barded one (about 20 cases), the activation is 

increased by the presence of water.

In order to measure approxim ately the sensitivity of the different 

activations to the action of water or paraffin, we express it in a con­

ventional scale. A cylinder (about 2 cm in diam eter and 5 cm in height) 

o f the substance under investigation is irradiated by putting the source 

in its centre. Source and cylinder are sustained by thin metallic supports 

at some distance from  other objects. The activity reached after a con­

venient time of irradiation is measured. Afterw ards the same cylinder 

is irradiated with the same source in the same relative position for an 

equal length of time surrounding both with a  large cylindrical block of 

paraffin 27 cm in diam eter and 20 cm in height. The ratio of the activities 

with and without paraffin is taken as a measure o f the sensitivity to 

hydrogenated substances and denoted by a. In this scale a =  1 means 

that the substance shows no increase in activity when irradiated in paraffin. 

Of course this definition of the sensitivity coefficient is only an empirical 

one, as it depends somewhat on the geometrical conditions.

Sensitivity coefficients different from  one have been observed ranging 

from a =  1 -6 for U  (13 m, 100 m) to a =  40 for V (3-75 m). However, 

it must be pointed out that the last figure may not be the largest, because 

many substances fail to show some activities when irradiated in air, and 

these activities appear only by irradiation under water, and then rather 

weakly.

The ratio of increase in activation due to the presence of paraffin or 

water is much larger if source and irradiated substance are kept some 

centimetres apart (see § 5).

§2—In t e r pr e t a t i o n  i n  Te r ms  o f  Sl o w  N e u t r o n s

The experiments described in the preceding section can be explained 

on the hypothesis that the effect o f water, or better o f hydrogen, surround­

ing the source is due to scattering and slowing down of the prim ary 

neutrons by elastic collisions with hydrogen nuclei.

It is easily shown that an im pact o f a neutron against a proton reduces, 

on the average, the neutron energy by a factor 1 /e. From  this it follows 

that 10 impacts reduce the energy to about 1 /20,000 of its original value. 

Assuming the initial energy to be 4 . 106 electron volts, the energy after 

10 impacts would be about 200 electron vo lts; and less than 20 impacts 

would be necessary to reduce the energy to therm al equilibrium values.
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T he phenom ena th a t we have described can now  be explained on the 

assum ption  th a t slow neu trons are  m ore  easily cap tu red  by som e nuclei 

than  fast ones. In  this and  in the follow ing sections we shall discuss 

ou r experim ents in  term s o f  th is hypothesis.

T he increase in activity th rough  the action  o f hydrogen m ay be ascribed 

bo th  to  the scattering which causes an increased neu tron  flow through 

the substance to  be activated  and  to the higher efficiency o f the im pact 

o f a  slow neu tron  as com pared  w ith  th a t o f  a fast one. In  o rder to show 

th a t th is second fac to r is largely im p o rtan t, we perform ed the following 

experim ent.

A  silver cylinder was irrad iated  w ith a  R n +  Be source containing 

350 m C ; the distance betw een source and  cylinder was 20 cm. I f  noth ing 

b u t a ir su rrounded  the source and  the cylinder, no activity could be 

detected in this last after irrad iation . K eeping the distance between the 

source and the irrad iated  cylinder constan t, we then  pu t round  the source 

a cylinder (14 cm  diam eter and 14 cm depth) filled w ith water. A strong 

activity is show n by the silver irrad iated  in these conditions (about 100 

im pulses per m inute in our counters). This experim ent shows that the 

slow neutrons are m uch m ore effective th an  the fast ones. Indeed, the 

num bers o f neutrons im pinging on the silver per second is no t increased 

(possibly slightly low ered through absorp tion) by the w ater surrounding 

the source. As the activation is m uch increased by the w ater in these 

conditions, we m ust conclude th a t the yield o f  activation per impinging 

neutron  is very m uch enhanced by the slowing dow n o f the neutrons.

§ 3— A b s o r pt i o n  o f  Sl o w  N e u t r o n s

F rom  the result o f  the preceding section, th a t the collision cross­

section o f slow neutrons fo r the activation o f m any elements is m uch 

larger than  th a t o f fast neutrons, one is led to investigate w hether slow 
neutrons are strongly absorbed by the elements which are m ost strongly 

activated by them . W e therefore m ade a systematic investigation o f 

the absorp tion  o f slow neutrons in the different elements.
The m ain purpose o f this investigation was to find elements with 

anom alously large absorption  coefficients for the slow neutrons, and 
hence we generally used fairly th in  layers o f absorbing m aterial. The 
arrangem ent for these absorption  m easures is shown in fig. 1. The source 
o f neutrons, a  R n +  Be tube (S) is pu t inside a paraffin cylinder 
P (24 cm diam eter, 14 cm height) about 2 cm under the upper surface. 
A second paraffin cylinder P ' was pu t on P ; in its lower surface a hole 
a  few centimetres diam eter and 2 or 3 cm in depth was excavated. The

A r ti f ic ia l  R a d io a c tiv i ty
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526 E . A m a ld i  a n d  o th e r s

detector o f the slow neutrons, a rhodium  plate (sometim es also a silver 

plate), was pu t inside this hole and its activation m easured, after irrad ia­

tion during a standard  length o f time, once w ithout absorbing layers 

and once interposed between two layers A o f the absorbing m aterial, as 

shown in the figure. The ratio  o f the activities w ithout o r with absorbing 

layers gives the absorption. In these as well as in m any other experim ents, 

we generally used rhodium  as detector o f the slow neutrons, because the 

activity induced in this elem ent is very large and  can be m easured very 

exactly w ith an ionization cham ber; m oreover, o f the two periods o f 

Rh, 44 s and 3-9 m, practically the first only is o f im portance, which 

makes the reduction of the m easurem ents very easy.

As a result o f  these absorption  measures, we found th a t the half-value 

thickness 8 for the absorp tion  o f slow neutrons for the different elements

varies over a very wide range. F o r 

several elements it is exceedingly small. 

As an exam ple we found for boron  

8 =  0-004 gm /cm 2; fo r y ttrium  8 =  

0 -0 1 5 g m /cm 2; for cadm ium  8 =  0-014 

gm /cm 2; for som e other elements in­

stead, 8 is several thousands times la rg e r; 

for instance, several centim etres o f lead 

absorb  less than a few milligram s per 

cm 2 o f boron.

Expressing the absorp tion  coefficients 

in term s o f a nuclear cross-section cj for 

the activating im pact o f a slow neutron, 

we find in some cases surprisingly large values, e.g., a — 3 0 0 0 .10-24 for 

B ; cr =  7 0 0 0 .10-24 for Y ; 1 0 ,0 0 0 .10-24 for Cd. This last is the largest 

cross-section as yet found. I t  is rem arkable how m uch larger these cross­

sections are than  the geom etrical cross-sections o f nuclei, while, as is well 

know n, fast neutrons have cross-sections com parable to the geom etrical 

cross-sections.* Indeed, we found directly th a t the absorption  o f boron 

for ordinary fast neutrons is a t least 1000 times less than  the absorption 

found for slow neutrons in the sam e element.

These absorption m easurem ents do no t refer to  hom ogeneous neutrons. 

Indeed, the absorption curves are by no means exponentia ls; the absorption 

coefficient decreases with increasing thickness, as shown, for instance, by 

the absorption curve o f cadm ium , fig. 2. It m ust also be noticed that 

the half-value thickness depends to some extent upon the arrangem ent o f

* D u n n in g , ‘ P h y s . R e v . , ’ v o l. 45 , p . 58 6  (1 9 34 ).
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A r tif ic ia l  R a d io a c tiv ity 527

the paraffin, as this affects the average velocity o f the neutrons. F o r 

instance abso rp tion  o f the neu trons inside a hole in paraffin is larger than  

outside a paraffin block.

§ 4— Em is s io n  o f  y -r a y s  Th r o u g h  t h e  Ca pt u r e  o f  t h e  N e u t r o n

In  connection  w ith the anom alous absorp tion  o f slow neutrons, one is 

led to  investigate m ore closely the abso rp tion  process. T he sim plest 

assum ption is to  adm it th a t the neu tron  is cap tu red  by the nucleus w ith 

fo rm ation  o f an  iso tope heavier by one m ass unit. I f  this heavier isotope

<  50

0 0 6  gm/crrr

T h ic k n e ss  o f  a b so r b e r  

F i g . 2

is unstable, we m ight expect a  strong induced radioactivity for the strongly 

absorbing elements. This occurs, for example, for indium  and iridium , 
which are know n to  go over in to  radioactive isotopes. A rough evalua­
tion  o f the intensity o f the activation o f the absorbing substance and o f 
the num ber o f the absorbed neutrons, shows that approxim ately an 
activated a tom  is form ed in each absorp tion  process. In  other cases it 
is found that no activation, or a t least no strong activation, corresponds 
to an anom alously large absorption  (B, Y, Cd). In these cases we might 
expect tha t the capture o f the neutron leads to the form ation o f a stable 
nucleus. I t  is obvious th a t this should happen m ore easily for elements 
w ith m any stable isotopes differing in atom ic weight by one unit (Cd, 

Hg).
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528 E . A m a ld i  a n d  o th e r s

In both cases, if  the slow neutron is simply captured, we m ight expect 

that the absorption process should be accom panied by the emission o f a 

y-radiation, w ith energy corresponding to  the binding energy o f the 

neutron. F o r fast neutrons a y-radiation o f this type has already been 

announced by Lea.*

F i g . 3

In  the case o f the absorption o f slow neutrons we were able to show 

for some elements the emission o f a  relatively strong y-radiation of this 

type by the following experiment.

A Po +  Be neutron source S, fig. 3, o f  abou t 60 millicuries was im ­

mersed in a paraffin block together with one o f our standard Geiger M uller 

counters C. A  lead absorber L, 10 cm thick, protected the counter 

from  the direct y-rays o f  the source. The counter was surrounded by 

a lead foil 2 mm thick. The counter registered in these conditions about

* ‘ N a tu r e ,’ v o l. 133, p . 2 4  (19 34 ).
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30 counts per m inute. Small cylindrical layers o f the various substances 

were placed around the counter, outside the lead foil. We generally 

observed a very m arked increase in the num ber o f counts for the strongly 

absorbing substances. This was observed, for instance, for Co, Cd, Y, 

Cl, Ir, A u, Hg, when the num ber o f counts was sometimes m ore than 

doubled. An exception to this behaviour is shown by boron and lithium, 

which, although showing a strong absorption for the slow neutrons, do 

no t emit y-rays. In these elements the absorption o f the slow neutrons 

has been found to be connected instead to the emission o f heavy particles 

(see § 11). This alternative possibility to the emission o f y-rays appears 

theoretically likely only for very light elements owing to the low potential 

barrier.

T hat the emission o f y-rays, as described before for some substances, 

was actually due to slow neutrons was shown by the fact tha t no emission 

was observed by rem oving the paraffin. Furtherm ore, the effect was 

very much reduced by surrounding substances and counters with a boron 

screen.

A r tific ia l R a d io a c tiv ity  529

§ 5—En e r g y  o f  t h e  Sl o w  N e u t r o n s

It would be very im portant to  evaluate somehow the m ean energy of 

the slow activating neutrons, and we describe in this section some attem pts 

to do this.

W e have already stated that the m ean energy of the neutrons is reduced 

by a factor 1 je for each elastic collision against a proton, provided the values 

of the energy are large com pared with the therm al energy. If  the energy 

of the slow neutrons were really reduced down to this limit, one would 

expect that the diffusion process might be influenced by temperature. We 

m ade an attem pt to find such an effect by the following experiment.
A  rhodium  or a silver detector was irradiated with the Rn -f- Be 

neutron source under the same geometrical conditions, once in hot 

paraffin at 200° C, and once at 20° C in a mixture of benzene and penthane 
having at this tem perature the same density and elementary composition 
as paraffin at 200° C. N o difference in the activation was found in the 
two tests, within the accuracy of 2%. The mixtures filled a cylinder 
26 cm in diameter and 15 cm in height. The detector was on the axis 
o f the cylinder 1 cm under the liquid surface; the source, also on the 
axis, 2 cm lower. It must be concluded that temperature, at least in 
these conditions, does not affect the activation, which might be interpreted 
to mean that the energy of the activating neutrons is higher than the 
therm al energy. This is, however, not quite conclusive, as the dependency

VO L . C X LIX .— A. 2 M
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530 E . A m a ld i  a n d  o th e r s

o f both the cross-section for activation and the m ean free path  upon the 

velocity for very slow neutrons is unknow n.
A direct m ethod o f m easuring or a t least o f establishing an upper 

limit to the energy of the slow neutrons would be to  m easure the average 

ionization produced in each collision o f a  slow neutron against a hydrogen 

nucleus. This m ight be done either by m easuring the to ta l ionization 

in a hydrogen-filled cham ber or by directly m easuring the ionization in 

a  single process by means o f a linear amplifier. In both m ethods the action 

o f the slow neutrons can be separated from  th a t o f the fast ones, by 

screening the cham ber w ith a thin  boron  layer. Experim ents o f this 

kind are being attem pted but have no t yet led to definite results.

W e have investigated w hether the increase in activation produced 

by paraffin is also to be found w ith different sources o f neutrons. W e have 

done this with the neutrons em itted by beryllium  irradiated  w ith the 

y-rays o f radium ,* and found a large effect w ith this source. This shows 

that the slow neutrons o f paraffin are slower than  the neutrons em itted 

in this nuclear reaction.

§ 6—S c a t t e r i n g  a n d  D i f f u s i o n  o f  t h e  Sl o w  N e u t r o n s

In connection with the absorption  m easurem ents described in § 4, we 

have m ade a rough survey o f the scattering properties o f the different 

substances. The experim ental arrangem ent is shown in fig. 4. The source S

F i g . 4

S is enclosed in the cylindrical paraffin block P as described in § 4. The 

rhodium  plate used as detector was activated by placing it on the top  of 

this paraffin block. The activation was m easured once with the substance 

to be investigated placed in a  layer above the rhodium  plate, and once 

w ithout it. In  some cases an increased activation was found when a 

substance was superimposed, indicating an action from  slow neutrons 

scattered back from  the substance. F o r instance, a layer o f carbon a 

few centimetres thick increases the activation about five times. Similar

* S zilard  a n d  C h a lm ers, ‘ N a tu r e ,’ v o l. 134, p . 4 9 4  (19 34 ).
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A rtific ia l R a d io a c tiv ity 531

results are found with several light elements (Be, C, Si). Heavy elements 

generally produce a much smaller effect. Boron, which has a large 

absorption coefficient, does not produce any appreciable increase o f 

activity. This shows that the anomalously large absorption of this 

element is mainly due to real absorption and not to scattering.

12 cm0 3

T h ic k n ess  o f  w ater  

F i g . 5

We have repeated the same experiment with water, obtaining the curve 

reproduced in fig. 5 for the intensity of activation as a function of the 

thickness of the scattering layer. A similar

result is obtained employing paraffin instead ----

of water. /  \
Other experiments on scattering have been 

made by the arrangem ent shown in fig. 6.

A paraffin cylinder, 13 cm diameter and 11 

cm high, contains in its centre the neutron 

source S. The detector, a silver or rhodium  

cylinder R, is kept at a distance of 30 cm from 
the source. A screen D of the scattering ma­
terial is interposed between the source and 
the detector; its dimensions are such as to 
intercept exactly all the neutrons which might 
reach the detector from the paraffin block.
The difference in the activity of the detector 
measured when irradiated with or without 
the screen D gives a measure of the effect of scattering +  absorp­
tion. We found by this apparatus that a paraffin layer 0-5 gm/cm2 
thick reduces the intensity of the silver activation to about one-half;

Fi g . 6

2 M 2
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532 E . A m a ld i  a n d  o th e rs

here also we found that the absorption is not exponential. A similar 

result is obtained, using water as a scatterer. From  this we m ight deduce 

the order of m agnitude of the mean free path  o f slow neutrons in 

water or paraffin, this being com parable with the observed half-value 

thickness.

F or carbon the half-value thickness is about 5 gm /cm 2. Lead o f a 

thickness of about 4 gm /cm 2 gave a slight decrease in intensity, which is 

mainly due to scattering.

Another set o f experiments was m ade in order to determine how the 

intensity of the activation o f rhodium  in water decreases with the distance 

from the source. The source was immersed in a water basin of the 

dimensions 40 x  40 x  100 cm and the activity induced in rhodium  at

0  2 4  6  8  10 12 14 16 18 cm

D is ta n c e  

F i g . 7

different distances measured with an ionization chamber. The result 

is shown in fig. 7, where the activity is plotted as a function of the dis­

tance. A  similar experiment was m ade with 2% boric acid dissolved in 

the water, obtaining a curve similar to  the former, only very m uch reduced 

in intensity, owing to the absorption of boron.

The general picture of the slowing down process, which one gets from 

these experiments is the following. The largest part o f the diffusion 

process takes place when the prim ary neutron still retains much of its 
original energy, having collided only a few times with hydrogen nuclei; 

as the velocity is reduced down to the value for which the absorption by 

boron becomes appreciable, the mean free path  in hydrogen appears to
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A rtific ia l R a d io a c tiv ity 533

be fairly small, so that the diffusion process after this stage is contained 

in a small volume. This explains also the fact tha t the absorption 

coefficient o f boron for the neutrons in water is fairly independent of the 

distance from  the source.

§ 7—Ef f e c t  o f  N o n -Hy d r o g e n a t e d  Su b s t a n c e s  o n  t h e

A c t iv a t io n

We have tried if  effects sim ilar to tha t o f water or paraffin could be 

obtained also with n'on-hydrogenated substances. Owing to the large 

am ount o f m aterials necessary for these experiments, only a few substances 

have been tested; Pb, S i0 2, C, Fe. In all these, with the exception of Fe, 

a definite increase o f the activation o f rhodium  was observed. U nder 

the goemetrical conditions to be described later, the effect was increased 

by a factor two to five, while in water the factor would have been o f some 

hundreds. T hat this increase in activity is not simply due to scattering 

of the neutrons but mainly to their loss in velocity, is proved by the fact 

tha t the activation o f silicon under the same circumstances is not increased; 

moreover, very thin cadm ium  absorbers considerably redliced the acti­

vation o f rhodium . These facts seem rather surprising chiefly for lead, 

as it would be difficult to explain the slowing down o f neutrons as due 

to elastic collisions.

The details o f these experiments were as follows. We built with lead 

blocks a cube with a side of about 50 cm. The neutron source was placed 

in the centre and the rhodium  detector 10 cm apart. The activity is about 

three times larger than in the same geometrical conditions without lead. 

A similar result is obtained with silver as detector instead of rhodium, 

while a silicon detector shows no increase in the activity. This fact is 

to be taken as an indication that the velocity of the neutrons is reduced 
by the im pact against lead nuclei. This view is confirmed by the observa­

tion that the activation of rhodium  in lead is reduced to half value by an 
absorber of cadmium of 1 gm/cm 2. Comparing this absorption of 

cadmium with that of the same element for the slow neutrons in water 
(half-value thickness 0 014 gm/cm2), one is led to assume that the average 

velocity of the neutrons in lead is not so low as in water.
A similar experiment was performed, using a graphite cylinder of 3 

litres volume. The source was placed in the centre and the rhodium 
detector at 5 cm distance. The increase in activation was about the 
same as that produced by lead in the form er experiment and the absorption 
of the neutrons in cadmium was certainly not smaller. Similar results 
were obtained with silica in the form of “ Kieselguhr.” The failure to

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



observe a similar effect with iron is probably due to its relatively large 

absorption.
We conclude from these experiments that the property of intensifying 

the activation is shown by most materials. The possible action of 

surrounding objects, possibly even of air, m ust always be considered, 

when experimenting quantitatively on the activation of some substances. 

For these reasons, the figures given above for the effect o f some materials 

are to be taken only as an indication.

§ 8—Th e o r e t ic a l  Co n s id e r a t io n s  o n  t h e  Pr o pe r t ie s  o f  Sl o w

N e u t r o n s

In our first paper we left undecided the question whether whenever the 

neutron bom bardm ent gives rise to a  radio element isotopic with the 

original one, the neutron is captured or causes the expulsion of a neutron 

from the struck nucleus, i.e., whether the atom ic weight o f the radio­

active product is A +  1 or A — 1. W e believe that the evidence 

accumulated since then speaks all in favour of the first hypothesis. The 

main points o f this evidence are the following.

{a) Two new weak activities have been recorded : one, a 15-hour period 

in sodium, the other a  2 -3-minute period in aluminium. Both their 

identity with known periods, in the first case of alum inium  and magnesium, 

in the second case of silicon and phosphorus, and the chemical evidence 

in the case of sodium (see § 11), show that the radio elements are respec­

tively isotopes of N a and Al. As both these elements have only one 

stable isotope, i.e., 23N a and 27Al, the choice remains for radio sodium 

between 24N a and 22N a, for radio alum inium  between 28A1 and 26A1. 

Now both the lighter isotopes 22N a and 26A1 are known from other 

nuclear reactions to have different periods and to emit positrons instead 

of electrons, so that it seems well founded to adm it that, at least in these 

cases, the neutron is captured.

(b) While there is no theoretical difficulty in understanding how a 

neutron with a negligible kinetic energy can be captured by a nucleus, 

it seems unlikely that it could knock out a stably bound neutron li om the 

nucleus. Still more difficult it would be to understand that in the latter 

case energy could be left over to account for the emission of y-rays.

We shall, then, discuss the experimental facts on the standpoint that 

the neutrons, and particularly slow ones, are easily captured by many 
nuclei.

There are, however, some theoretical difficulties in understanding this 
capture process, or at least to account for the large cross-sections that

534 E . A m a ld i a n d  o th e rs

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



535

have been experimentally observed in some cases. Nevertheless it may 

be worth while to state some general consequences of the theory, which 

must be always kept in mind in the discussion of this problem.

Let us admit, as it has been generally assumed, that the forces acting 

between the neutron and a nucleus extend about as far as the nuclear 

radius itself. I f  this is so, the de Broglie wave-length is, for fast neutrons, 

o f the order of the radius of action, and consequently for slow neutrons 

is much larger. The well-known theory of the impact, in which the 

nucleus is treated as a potential hole, takes in this case an extremely 

simple form. Let 41 be the ^-eigenfunction corresponding to zero energy. 

In fig. 8 the product rty is plotted as a function of the radius vector r, 

and p represents the radius of action. The curve has an irregular shape 

for r< p, while for r> p it becomes a straight line. We norm

41 taking ^ (0) =  1. Let then the equation of the straight line into which 

r  goes over for large values of r be

rty  -> v\ {a  +  r),

where the geometrical meaning of rt and a is clear from the figure. The 

values of these two quantities could be easily calculated if one knew the 

form  of the potential hole representing the nucleus. The cross-section 

for elastic collisions in the limit for low velocities is found to be

ael =  Ana2, (1)

while the density of probability for the neutron to be found in the centre 

of the nucleus is
P =  n / f i ,  (2)

A rtific ia l R ad io activ ity

where n is the density of the neutrons outside of the nucleus.

Whatever the mechanism of capture may be, it is natural to assume 

that, at least to a certain approximation, the probability of capture of the 

neutron by a nucleus per unit time will be proportional to P, i.e., that 
this probability will be given by k n jr f ,  where A: is a constant for each 

nucleus.
This probability can be expressed in terms of a cross-section oca for 

the capture process through the relation

^ca =  (3)

where v is the velocity of the neutron. A limit to the validity of (3) is 
set by the fact that oca can evidently be at most of the order of magn
of the square of de Broglie wave-length. This allows one, considering 
the largest cross-sections found experimentally (Cd, aca =  10-20), to set
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536 E . A m a ld i  a n d  o th e r s

an upper limit for the energy of the slow neutrons. This limit turns out 

to be a few hundred volts. However, it m ust be borne in m ind that this 

deduction is valid only under the explicitly stated assum ptions.

Form ula (3), valid only for low velocities, gives a  cross-section for 

capture for a given nucleus inversely proportional to  the velocity o f the 

neutron. This explains why the cross-section for capture is generally 

larger for slow neutrons than  for fast ones. This result may also be 

expressed by saying that the m ean life o f a slow neutron in a  substance is 

independent of its velocity. W hile the capture cross-section is inversely 

proportional to the velocity, the cross-section for elastic im pact expressed

P- - a -  -

F i g . 8

by (1) is independent of the velocity, which means that the m ean free 

path  for this type o f collisions is also independent o f the velocity.

One m ore feature of (3) is tha t aea is inversely proportional to  yf. The 

straight line of fig. 8 may occasionally be nearly parallel to the abscissas 

axis. In this case tj is very small and consequently the capture section 

becomes very large. This behaviour o f the eigenfunction is probably 

responsible for the anom alously large cross-sections observed for a few 
nuclei.

In order to deduce from  (3) the absolute values o f the cross-sections, 

it would be necessary to know also the values o f k , which quantity depends 

on the physical mechanism of the capture. We know from  the experi-

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



A rtific ia l R a d io a c tiv ity 537

ments that there are two different processes. In some light elements 

(Li, B) the capture of the neutron is followed by the emission of heavy 

particles; while in the heavier elements the norm al process seems to be 

capture with emission of a  y-ray. The binding of an additional neutron 

to a nucleus sets free an am ount of energy which, on the average, has 

a value about 7 million electron volts. This surplus energy might in some 

cases produce the emission of an a-particle, provided the potential barrier 

surrounding the nucleus is low enough to allow for a quick escape of the 

particle. Therefore this process is expected to occur only for the lightest 

elements, whereas in the activation by fast neutrons, owing to the kinetic 

energy of the impinging neutron which is to be added to the binding 

energy, the emission of charged particles is possible also in elements of 

higher atom ic weight.*

In the case of capture with emission o f a y-ray, which is observed for 

elements of any atom ic weight up to the highest, the ordinarily accepted 

mechanism of irradiation gives apparently rather too small a value for 

k . k  depends upon two factors which are rather difficult to evaluate: 

matrix elements and energy of the emitted y-quanta. As the probability 

o f emission of a y-quantum  is ceteris paribus proportional to v3, it is to 

be assumed that processes by which the binding energy of the neutron 

is very large ought to be preferred; this binding energy might in several 

cases considerably exceed 10 million volts. Nevertheless one ought 

probably to assume rather too high a value for the matrix elements in 

order to get a plausible interpretation of the relative frequency of the 

anomalously large cross-sections. From  the theory one would also 

expect that generally anomalous cross-sections for the capture process 

were connected to anomalous elastic cross-sections. N o experimental 

evidence has yet been found for this fact.
In this section we shall also discuss briefly the velocity distribution 

law for the slow neutrons in hydrogen. From  the above theoretical 

considerations (formulae (1) and (3)), it seems plausible to assume that 

neutrons having velocities smaller than a certain limit have a constant 

mean free path X for elastic collisions, and a constant mean life-time t  

before they are captured by the nuclei present in the medium. One can 
then easily show that the number of neutrons in a hydrogenated sub­

stance, having velocities between v and v +  d i\ is proportional, for v 
less than the above-stated limit to

vdv

Jp +  X /t )3'
(4)

* M eitner, ‘ N a tu rw iss .,’ vo l. 45 , p. 789 (1934).
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538 E . A m a ld i a n d  o th e rs

This distribution law of the slow neutrons m ight be used for inter­

preting the fact that the absorption curves o f the slow neutrons are not 

exponentials.

§ 9— Se pa r a t io n  o f  Ra d io a c t i v e  Is o t o pe s

Szilard and Chalmers* were the first to separate radioactive iodine from 

usual iodine by chemical methods. W e have extended their procedure 

to some other cases, using also inorganic instead of organic compounds. 

The principle of the m ethod is the following: let us suppose that the 

element before irradiation is bound in a molecule or radical which, once 

decomposed, has a  practically negligible probability of being rebuilt. 

As the neutron strikes the atom , this is generally knocked out from  the 

molecule, and has a tendency to rem ain in an atom ic or ionic state. I t 

follows that, after irradiation, the modified atom s are in a different 

chemical state from  the main bulk o f the unm odified ones, and can thus 

be separated by convenient reactions. The energy o f the chemical bond 

is a few volts, and, even adm itting that the impinging neutron m ight have 

a negligible energy, the recoil o f the y-quantum  emitted in the capture 

of the neutron would be sufficient to overcome the binding chemical 

forces.

Szilard and Chalm ers separated radioactive iodine from  irradiated 

ethyl iodide adding a trace o f free iodine, reducing and precipitating I -  

with A g N 0 3. The same m ethod was applied by us to brom oform , 

chloroform , carbon tetrachloride and some other halogenic organic 

compounds. We were always able to separate alm ost completely the 

radioactive halogen from  the bulk o f the inactive substance.

We have also separated radioactive chlorine (35 m) starting from  sodium 

chlorate. The chlorine atom  is knocked out o f the C10~3 ion by the neutron 

im pact; adding a small trace of Cl-  to carry the radioactive isotope and 

precipitating carefully with A g N 0 3 with addition of H N 0 3 to prevent 

precipitation of AgC103, one finds the activity concentrated in the AgCl 

precipitate. Similar results are obtained also with brom ates and iodates. 

In these last com pounds the nitric acid was substituted with ammonia. 

From  70 to 90% of the total activity is concentrated in the precipitate.

Cacodylic acid (C H 3) 2AsOOH is a good starting substance for con­

centrating radioactive arsenic. By precipitating arsenic sulphide from 

irradiated cacodylic acid, it is possible to concentrate the activity.

Potassium  perm anganate irradiated and then filtered through an 

ordinary paper filter left much of the activity on the filter with manganese

* ‘ N a tu r e ,’ v o l. 134, p . 4 6 2  (1934).
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A rtific ia l R ad io activ ity 539

dioxide formed in the oxidation of the paper. A bout 80% of the total 

activity was separated, adding a trace of a manganous salt and pre- 

cipating the manganous carbonate. The M n 0 4~ ion is dissociated by 

the neutron bom bardm ent and the manganese atom  is left in lower 

states of ox idation ; these are collected with manganese peroxide on the 

filter, or precipitated by carbonates. We tried this separation starting 

either from  solid salts or from  solutions; there is no very remarkable 

difference between the two cases. Also no m arked influence of the 

acidity or alkalinity of the irradiated solution was observed.

A physical m ethod for separating radioactive isotopes is analogous to 

the well-known m ethod of collecting the active deposit from the emana­

tion. We tried this m ethod with a gaseous iodine compound. A glass 

cylinder of about 1 litre volume with a large cylindrical aluminium electrode 

close to the wall and a nickel electrode along the axis was filled with methyl 

or ethyl iodide saturated vapour. The tem perature of the cylinder was 

regulated so that the vapour pressure was about an atmosphere. The 

whole apparatus was immersed in hot water and a potential difference of 

3000 volts applied to the electrodes. A R n +  Be source was placed 

outside the wall. After irradiation the nickel electrode was removed and 

showed an activity decaying with the iodine period. Nickel was used 

as a support because it does not become radioactive under neutron 

bom bardm ent. The yield was rather a poor one. Inversion of the 

polarity of the electrodes gave no consistent results.

§ 10— M e t h o d s  o f  M e a s u r e m e n t s

The observed fact o f the intense activating effect o f the slow neutrons 

opened the possibility of obtaining stronger sources of the artificial 

radio elements than were available last year. This allows more accurate 
measurements of the constants of these substances by using an ionization 

chamber instead of Geiger Muller counters.
The ionization chamber was built of steel; the inner electrodes were 

a wire net and a brass rod. The (3-rays entered the chamber through a 
circular window of 6 cm diameter on the top, closed by an aluminium 
foil 0 01 cm thick. The chamber was filled with C 0 2 at 3 atmospheres 
pressure. The chamber was connected to a Perucca electrometer, the 
total capacity of the system being about 20 cm, the electrometer sensi­
tivity 0 02 volts per scale division. The system was perfectly constant 
both in its zero effect and in its sensitivity (as controlled by a uranium 
standard preparation). We reproduce in figs. 9 and 10 some decay 
curves obtained with this apparatus.
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540 E . A m a ld i a n d  o th e rs

The same apparatus was used for measurements of the absorption of 

the [3-rays. The window was protected with alum inium  foils and the 

activity plotted as a function of the alum inium  thickness. The absorption

F ig . 9

T im e in  d ays

Fi g . 10

curve was roughly exponential. Sometimes substances show besides 
the (3-activity a strong y-radiation. We conventionally attributed to 

y-rays the residual ionization when the chamber was screened with 2 mm 

of lead. In the evaluation of the absorption coefficients for [3-rays allow-
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A rtific ia l R ad ioactiv ity 541

ance has been made for the y-radiation. To check the measurements, the 

absorption coefficients of the [3-rays of RaE and U X 2 have been measured 

and results obtained in accordance with the values commonly admitted.

§ 11—Sy s t e ma t ic  In v e s t ig a t io n  o f  El e me nt s

In this section we shall report all the new data that we have found about 

each element, both as regards the induced activities and the properties 

with respect to slow neutrons. Some data differ slightly from our 

previous ones, owing to the increased precision of our measurements.

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 several days.

3—Lithium —Lithium hydroxide was found to be inactive after irradia­

tion with slow neutrons (14 hours, 400 millicuries). Although lithium 

remains inactive, it strongly absorbs the slow neutrons; half-value 

thickness 8 =  0-05 gm/cm2. This absorption is not accompanied by a 

y-radiation. It was shown independently by Chadwick and Goldhaber* 

and by us that when the slow neutrons are absorbed, heavy charged 

particles are emitted. According to Chadwick and Goldhaber, the 

nuclear process is represented by the following reaction,

63Li +  \ n  =  4£He +  \H .

A— 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 mis­
leading.

5—Boron—Metallic boron irradiated 14 hours under water with 500 

millicuries was found inactive. Boron has the highest absorption 
coefficient as yet found for slow neutrons, § =  0 004 gm/cm2, corre­
sponding to a cross-section of about 3 • 10~21 cm2. No y-rays have been 
found to accompany this absorption: instead of a y-radiation in this 
case as well as for lithium, a-particles are emitted, as was shown by Chad­
wick and Goldhaber* and by us. This effect can be easily detected by 
the strong discharge in an ionization chamber filled with boron tri­
fluoride surrounded by paraffin and irradiated with a Po +  Be neutron 
source. Screening the ionization chamber with a thin cadmium foil

* ‘ N atu re ,’ vo l. 135, p. 65 (1935).
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542 E . A m a ld i a n d  o th e rs

in order to absorb the slow neutrons, reduces considerably the ioniza­

tion current. The same effect was observed with the ionization chamber 

filled with air, some boron being spread on its floor. The emission of 

a-particles was also detected with a small ionization cham ber connected 

to a linear amplifier, either spreading some boron on its walls or filling 

it with boron trifluoride. In order to explain these phenom ena we have 

proposed the nuclear reaction,

4®3B “f- =  73Li 2̂II e .

Chadwick and Goldhaber have proposed instead the reaction,

105B +  V  =  2 42He +  ^ H .

We do not think that there is a t present sufficient evidence to decide 

between these two possibilities, and we are now experimenting to try 

to get a more exact measurement of the num ber of ions formed in each 

process in an ionization cham ber containing boron either in a gaseous 

form (total process) or spread on its walls (effect o f only one or two 

particles). We are also trying to observe the disintegration in a Wilson 

cham ber containing a gaseous com pound of boron. *

6— Carbon—■N o activity; see hydrogen. F o r the scattering properties 

see § 6.

7— Nitrogen—Am monium  nitrate irradiated 12 hours with 600 milli­

curies under water showed no activity.

8—  O xygen—N o activity, see hydrogen.

9— Fluorine—Both activities o f this element (periods 9 seconds and 

40 seconds)* are not sensitive to hydrogenated substances.

11—Sodium—This element has two activities: one of these (period 

40 seconds) is not sensitive to hydrogenated substances. A  very weak 

activity with a long period was reported by Bjerge and W estco tt.| As 

this activity is strongly enhanced by water, we were able to measure its 

period with reasonable accuracy and found it to be 15 hours. Owing 

to the theoretical importance of this activity (see § 8), we compared very 

carefully its decay curve with that of the long period of aluminium in 

order to check their identity. F or a chemical investigation of the active 

substance we irradiated pure sodium carbonate (Kahlbaum). We dis-

* [ N o te  a d d ed  in p ro o f—T aylor  an d  G o ld h a b er , ‘ N a tu r e ,’ v o l. 135, p. 34

h ave sh ow n  that th e  re actio n  tak es p lace  a cc ord in g  to  th e  first sch em e.]

t  B jerge an d W estco tt, ‘ N a tu r e ,’ vo l. 134, p. 286  (1934).
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A r tific ia l R ad io a c tiv ity 543

solved the irradiated substance in hydrochloric acid and added alum inium  

and magnesium chlorides. A  precipitate of the hydroxides of the latter 

elements obtained by adding am m onia, was found inactive. A fter­

wards we added some sodium  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 elim inate neon, where an active isotope of this 

element would have been formed. The activity was found in the dried 

sodium  salt. We conclude that the active product is an isotope of 

sodium, 24Na. The same isotope was produced by us last year by bom ­

barding magnesium or alum inium  with neutrons. 24N a has also been 

produced recently in considerable am ounts and studied very completely 

by Lawrence* bom barding several elements with artificially accelerated 

particles.

12—  M agnesium —Pure magnesium oxide (Kahlbaum ), especially tested 

by us in order to ensure that it was alum inium  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 o f aluminium, which 

is known to be due to 27Mg (see aluminium), it is very likely that it is due 

to the same isotope formed by the capture of a neutron by 28 Mg present 

in an am ount of 11% in ordinary magnesium.

The 40-second period is insensitive to water.

13— Alum inium —Aluminium  irradiated in water shows a fairly strong 

new activity decaying with a period of 2-3 minutes (measured with an 

ionization chamber). Irradiated outside of water, this activity is extremely 

weak. As the period of the new activity coincides with the 2 -3-minute 
period of silicon, which is due to 28Al, we assume that this activity is also 

due to the same isotope formed by capture of a neutron from 27Al.
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 pre­
cipitate of magnesium hydroxide carried the 10-minute activity. We 
assume that the active isotope is 27Mg formed according to the reaction,

2713A1 +  \ n  =  2712Mg +  \ H .

* ‘ P h ys. R e v .,’ v o l. 47 , p. 17 (1935).
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14—  Silicon—We have determined with the ionization cham ber the 

short period of this element, finding it to be 2 • 3 minutes. This activity 

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. W e think probably that its carrier is 31Si which is 

obtained by irradiated phosphorus and has a period of 2-4 hours. 31 Si 

could be formed by capture of a neutron from 3oSi present in an am ount 

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 28Al. A chemical test in favour of this hypothesis is the follow­

ing : we irradiated phosphoric acid, neutralized the solution with sodium 

carbonate, and added alum inium  chloride; the activity was found to be 

concentrated in the precipitated aluminium.

We have observed, with the aid o f the ionization chamber, the decay- 

curve of the longer period o f phosphorus. Its period is 2-4 hours 

instead of 3 as given before. We have also measured, with the ionization 

chamber, the half-value thickness o f the corresponding (3-rays and found 

it to be 0-15 gm/cm 2 Al.

16— Sulphur—We have determined in the ionization cham ber the 

period of phosphorus extracted from  irradiated sulphur. We found: 

period 14 days, half-value thickness of the (3-rays 0-10 gm/cm2 Al.

17—  Chlorine— Chlorine irradiated under water showed a new period 

of 35 minutes measured electrometrically. F or the chemical tests on the 

carrier o f this activity see § 9.

Chlorine absorbs fairly strongly the slow neutrons (half-value thickness 

S =  0-3 gm/cm2). 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 o f the activity, performed by the 

same method described for sodium, excluded the elements Cl, A, Ca. We 

conclude therefrom that the activity is probably carried by an isotope 

of potassium. According to v. Hevesyf, this isotope is to be identified 

with a 42K, that was obtained by him by neutron bom bardm ent of 

scandium, and has the same decay period.

* ‘ C .R . A c a d . S ci. P aris ,’ vo l. 198, p . 2089  (1934). 

t  ‘ N a tu r e ,’ v o l. 135, p. 96 (1935).
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20— Calcium—N o activity was found in calcium fluoride irradiated 

14 hours in water with a 600 millicuries source.

23—  Vanadium—The decay o f the activity induced in vanadium has 

been measured in the ionization cham ber with the following results: 

half-value period 3-75 m inutes; half-value thickness of the (3-rays 0-17 

gm /cm2 Al. The (3-rays are accompanied by a y-radiation. The activa­

tion of vanadium  is strongly sensitive to hydrogenated substances; 

with the definition of § 1, a =  40.

24—  Chrom ium—The activity of chrom ium  is insensitive to water.

25— M anganese—The activity with short period (3-75 minutes) is 

insensitive to water (a =  1). On the other hand, the activity with longer 

period (2-5 hours measured in the ionization chamber) is strongly 

enhanced by water (a  =  23). Half-value thickness o f (3-rays measured 

electrometrically is 0 14 gm/cm 2 A l; the disintegration is accompanied 

by y-rays. The 2 • 5-hour product is known to be an isotope of m anganese; 

in § 9 a m ethod for concentrating the activity has been described. 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 perm anganate by a precipitation of manganese 

carbonate. The carbonate containing the activity was then dissolved 

in hydrochloric acid, and large amounts of chromium, vanadium  and 

iron salts were added to the solution. Afterwards the manganese was 

separated once again as dioxide, with nitric acid and sodium chlorate. 

The manganese precipitate carried the activity, while the fractions con­

taining 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/cm2.

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— N ickel—Strongly irradiated nickel showed only a dubious trace 
of activity.

29— Copper—Both induced activities of this element (periods 5 minutes, 
measured electrometrically, and 10 hours) are strongly enhanced by 
water. For the first a =  15. Copper absorbs the slow neutrons with 
a half-value thickness of about 3 gm/cm2; this absorption is accompanied 
by a weak y-radiation.

VOL . CXLIX.— A. 2 N
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546 E . A m a ld i  a n d  o th e rs

Irradiated metallic copper was dissolved in hydrochloric acid, and small 

quantities o f cobalt, nickel and zinc salts were added. Copper sulphide 

was precipitated from  the acid solution and found to be active. The pre­

cipitates of the zinc, cobalt and nickel sulphides, obtained by neutralizing 

the solution and adding am m onium  sulphide, were inactive. As the 

time employed for this test was rather long, the test refers only to the 

longer period. The carrier o f this activity can then be assumed to be 

an isotope of copper, as suggested by Bjerge and W estcott ( cit.)-

30—  Zinc—The activity o f the short period of zinc is no t enhanced by 

water. The longer period was measured electrometrically and found to 

be 10 hours. The carrier o f this activity has been investigated by means 

o f 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 precipitated partially by reduction on small traces 

o f undissolved metallic zinc and partially as sulphide in the acid solution. 

The collected copper was strongly active. N eutralizing the solution and 

adding am m onium  sulphide, the other elements were precipitated and 

found to be inactive. This confirms the results o f Bjerge and W estcott 

that the long period of zinc is due to copper, probably to the same isotope 

o f copper which is responsible for the longer period o f this element. 

There is only a certain difference between these authors and us with 

respect to  the period (6 hours according to Bjerge and W estcott).

31—  Gallium—The 20-minute period (m easured electrom etrically) is not 

very sensitive to water (<x =  3). Half-value thickness of the corresponding 

(3-rays is 0-17 gm /cm 2 Al. The carrier o f this activity is probably an 

isotope o f gallium. In order to test this point, we irradiated gallium nitrate 

and afterwards added to the solution traces o f copper and zinc. Copper 

was separated as a metallic deposit on zinc pow der and zinc as zinc 

mercury sulphocyanate after adding m ercury sulphocyanate. 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-radiation; 

it decays with a period of 23 hours (m easured electrometrically).

33— Arsenic—The activity of this element is strongly sensitive to water 

(a =  6). We have measured electrometrically its period (26 hours) and its 

half-value thickness o f the (3-rays (0-16 gm/cm2 Al). F or a concentration 

o f the activity, see § 9.

34—  Selenium—The activity of this element (period 35 minutes) is 

sensitive to water (a =  4). Irradiated selenious anhydride was dissolved 

in 30% hydrochloric acid and some arsenious anhydride added to the
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A rtific ia l R a d io a c tiv ity 547

solution. We precipitated metallic selenium by reduction with gaseous 

sulphurous anhydride, and found it strongly active. We precipitated 

from  the solution 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 o f selenium.

35—Brom ine—Both activities o f this element are sensitive to water. 

The short-period activity has a =  10. The periods have been measured 

electrom etrically; they are 18 minutes and 4-2  hours. The half-value 

thickness of the y-rays is for both activities 0 T 2  gm/cm2 Al, and both are 

accompanied by y-rays. F or the concentration of the activity see § 9.

38— Strontium —N o activity was found after a long and strong irra­

diation under water.

39—  Yttrium —Strongly irradiated yttrium  oxide showed only a very 

weak activity possibly due to impurities. Y ttrium  absorbs very in­

tensively the slow neutrons (half-value thickness 8 =  0-015 gm/cm2). 

This absorption is accompanied by y-rays.

40— Zirconium —  Strongly irradiated zirconium nitrate showed only a 

very weak activity probably due to impurities.

41— N iobium —The same as zirconium.

4^—Rhodium —The short-period activity is sensitive to water (a =  15). 

Period and half-value thickness of the [3-rays have been determined 

electrometrically (44 seconds; 0-15 gm/cm 2 Al). We also made a more 

accurate merasuement in the ionization cham ber 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 /cm2) : the absorption probably corresponds to the 

form ation of the active isotopes.

46— Palladium—Also the activities o f this element 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. McLennan, Grimmett, and Read 
record a period of 14 hours, which is consistent with our precision.

47— Silver—The two periods have been redetermined with the ioniza­
tion chamber. They are 22 seconds and 2 • 3 minutes. They are both very 
sensitive to water, having a =  30 and 15 respectively. To the strong 
activation of this element corresponds a considerable absorption 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 solution we precipitated

2 N  2
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548 E . A m a ld i  a n d  o th e rs

palladium with dimethylglioxime 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 o f the activity is probably an isotope 

of silver.

48—  Cadmium—Cadm ium  irradiation under different conditions showed 

several weak activities with various periods not yet identified. Cadm ium  

absorbs with great intensity the slow neutrons. (Half-value thickness 

0 013 gm /cm2.) The corresponding cross-section is the largest as yet 

found for slow neutrons (a =  10~20 cm2). The absorption is accom ­

panied by an intensive y-radiation and probably corresponds to the 

transform ation of a stable isotope of cadm ium  into another stable isotope 

of the same element.

49— Indium —The activity induced in indium  shows three perio d s: the 

shortest period (13 seconds) corresponds to an activity sensitive to water 

(a  =  12). Also the second period (54 m inutes, m easured electro­

metrically) is very sensitive to water. M agnetic deflection experiments 

show that the corresponding electrons are negative; their half-value 

thickness is 0-045 gm /cm 2 Al. A still longer period of some hours is 

recorded by Szilard and C halm ers;* this last activity is either insensitive 

to water or is only m oderately sensitive.

Chemical tests have been m ade in order to  identify the carriers o f 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, antim ony and cadm ium  and 

precipitated them  as sulphides with sulphuretted hydrogen. The acidity 

of the solution m ust 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 indium , it is found that this 

element has a considerable absorption power for the slow neutrons: 

half-value thickness S =  0-3 gm /cm 2.

50—  Tin—Tin strongly irradiated under water showed no activity.

51— A ntim ony—We have found an induced activity in this element, 

decaying with a period of 2 • 5 d ay s; the activation is sensitive to hydro­

genated substances. The half-value thickness for the emitted (3-rays 

is 0 -09 gm /cm2 Al. The following chemical test indicates that the carrier 

of this activity is probably an isotope o f antim ony. We dissolved metallic

* ‘ N a tu r e ,’ v o l. 135, p. 493  (1935).
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irradiated antim ony in aqua regia and added some tin  to the solution; 

after separation o f tin as a  sulphide according to Clarke, we found the 

activity in a precipitate o f sulphide o f antim ony. The antim ony sulphide 

was then dissolved a g a in ; indium  was added to the solution and antim ony 

separated as a sulphide in a  m oderately acid solu tion; the solution was 

neutralized and indium  precipitated and found to be inactive. To a new 

solution o f the antim ony 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 w ater; the period 

resulted 45 minutes instead of 30 as given in our form er paper.

53— Iodine—Period and half-value thickness o f the (3-rays were deter­

m ined electrom etrically: period 25 m inu tes; half-value thickness 0-11 

gm /cm 2 Al. The activation is m oderately sensitive to w ater (a  =  5). For 

the concentration o f the activity see § 9.

56— Barium —A  new activity sensitive to water (a =  8) w ith a period o f 

80 minutes has been found. The following chemical test is in  favour o f the 

assum ption th a t the carrier o f this activity is an isotope o f barium . We 

dissolved irradiated barium  hydroxide in hydrochloric acid, and added a 

small quantity o f sodium  chloride and precipitated barium  sulphate. 

The activity was carried by the precipitate; we evaporated the solution 

and found the residual sodium  to be inactive.

57— Lanthanum —N o activity was found after strong irradiation under 

water.

58—  Cerium— Same as lanthanum .

59— P raseodym ium —The short-period activity (5 minutes) is insensitive 

to water. Irradiating under water we have found a new water-sensitive 
activity decaying with a period o f 19 hours; half-value thickness o f the 
corresponding (3-rays 0-12 gm /cm 2 Al (both measured electrometrically).

64— Gadolinium— V ie  irradiated under water a  very pure sample o f 

gadolinium oxide kindly given to us, together with the other rare earths, 
by Professor L. Rolla. 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—M etallic tungsten was irradiated under water and showed 
an activity (a =  15) decaying with a period o f about 1 day.*

A r tif ic ia l R a d io a c tiv ity

* Cf.Mc L e n n a n , G rim m ett, an d  R e a d , ‘ N a tu r e ,’ v o l. 135, p. 147 (1935).
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We irradiated tungstic anhydride, dissolved it in caustic soda and then 

added and separated tantalum  pentoxide which was found to be inactive. 

To the tungstic solution we added a nitric rhenium  solution and preci­

pitated the tungstic anhydride adding hydrochloric acid. The precipitate 

carried the activity, while the rhenium , precipitated from  the filtrate as 

sulphide, was inactive. As we have no hafnium , we have m ade the 

following experiment in order to exclude an isotope o f this element as 

carrier o f the activity. F rom  a solution o f irradiated tungstic anhydride 

in amm onia, we precipitated zirconium  hydroxide. The precipitate 

was inactive. W e conclude that the activity o f tungsten is probably due 

to an isotope of this element.

75—R henium —W e irradiated pure metallic rhenium  under w ater; its 

activity is enhanced by water and decays with a period o f about 20 hours. 

The half-value thickness o f the electrons is 0 • 12 gm /cm 2 Al. The activity 

is probably carried by an isotope o f rhenium . Irradiated  rhenium  was 

dissolved in nitric acid; we added tantalum  and tungsten and separated 

them  as tantalum  pentoxide and tungstic anhydride. Both were inactive, 

while rhenium  conserved the activity.

77— Iridium—The activity induced in this element is strongly sensitive 

to water. Period and half-value thickness o f the [3-rays have been 

measured in the ionization cham ber; period 19 hours, half-value thickness 

0-12 gm /cm 2 Al. To the strong activation o f iridium  corresponds a 

strong absorption o f the slow neutrons; half-value thickness 0-3 gm /cm 2; 

the absorption is accom panied by the emission o f y-rays.

78— Platinum—Very pure metallic platinum  (Heraeus 4th purity  

standard) irradiated under w ater showed an activity decaying with a 

period o f about 50 minutes. M cLennan, Grim m ett, and Read (

cit.) record a period of 36 minutes.

79—  Gold—The activity o f this element is sensitive to w ater; its period 

has been measured electrometrically and is 2-7 days. The (3-rays were 

magnetically deflected and found to be negative. They have a very 

small penetrating pow er: half-value thickness 0-04 gm /cm 2 Al.*

80— M ercury—N o activity was found after strong irradiation. This 

element absorbs intensely the slow neutrons, half-value thickness 0-2 

gm/cm2. Y-rays are emitted during the absorption.

81—  Thallium—N o activity was found after strong irradiation.

82— Lead—The same as thallium .

* G o ld  b o m b ar d ed  w ith  s lo w  n eu tron s em its  a  str o n g  y -r a d ia tio n .
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83— Bism uth—The same as thallium.

90— Thorium—The 1-minute and 24-minute (measured electrometrically) 

periods are scarcely sensitive to water.

92— Uranium—W e have also studied the influence of hydrogenated 

substances on the induced activities o f this element. (Periods 15 seconds, 

40 seconds, 13 minutes, 100 minutes.) The result was that while the 

activities corresponding 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. We have measured the increase in activity 

for the 15-second, 13-minute, and 100-minute activities. We have 

found for all these a =  about 1-6. F or the 15-second activity the 

measurement was m ade with the counters and, owing to the shortness 

of the period, is not very exact. The a values for the other two activities 

have been measured in the ionization chamber, special care being taken 

in order to verify that the a values for these two periods are equal. For 

this we com pared three decay curves of the activity obtained by irradiating 

the same am ount of uranium  oxide for 14 hours, once in air placing the 

uranium  around the source inside a test tu b e ; once in the same geometrical 

disposition surrounding the test tube with paraffin, and once inside a 

large mass of paraffin placing the source at about 5 cm from the test 

tube containing the uranium . In all these tests we found that the decay 

curves were proportional, i.e., showed the same ratio o f the two activities. 

We think, therefore, that the test on the identity of the sensitivities to water 

for these two periods is rather more accurate than the absolute value of 

the sensitivity coefficient and also than the identity in sensitivity coefficient 

with the 15-second activity. It is now evident that all the active products 

arising from the same prim ary process must have the same sensitivity 

coefficient. We conclude, therefore, that the 40-second activity is due to 

an independent prim ary process while the other three activities are 
probably due to the same primary process. This conclusion is limited 

by the possibility of a chance coincidence of the sensitivity coefficients 
within the rather wide limits of our precision. In this assumption the 

three activities could either be chain products (the short-period activities 
being parents of the long-period activities) or their relations could be 
complicated by branching phenomena. A certain amount of evidence 
in favour of the former assumption, a t least as regards the 13-minute and 
the 100-minute periods, is given by the following test. We have measured 
on the electrometer the decay curves of a thick layer of irradiated uranium ; 
these curves analysed in exponentials with the periods 13 minutes and 
100 minutes show that the initial activities are in the ratio of about
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552 E . A m a ld i a n d  o th e rs

100:45. The half-value thickness for the (3-rays o f the 13-minute 

activity is 0 • 14 gm/cm2 A l; for the longer period it could not be measured 

with any accuracy, but is definitely less than the form er value and probably 

about a half. These results are consistent with the assumption that the 

number of disintegrations for the 13-minute and the 100-minute periods 

is equal.
In our form er paper we gave some chemical evidence which seemed to 

indicate that the carriers o f 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. O ur point o f view has in the m ean­

time been criticized by von Grosse and Agruss,* who, although never 

having experimented on activated uranium , deduced from  our chemical 

tests the opposite conclusion, that these activities were due to isotopes 

o f protactinium. We have therefore perform ed some new chemical 

experiments on the behaviour of these activities.

The precipitation of the activity with a sulphide was repeated, preci­

pitating several metals (silver, copper, lead, m ercury); the acidity o f the 

solution (hydrochloric acid) was about 20%; sometimes slightly varied 

in order to facilitate the precipitation of the sulphide o f the metal used. 

The yield in activity of the precipitate was generally good—about 50%— 

and varied according to the conditions o f the precipitation. N itric 

acid lowers the yield of the reaction very much. The usual high yield 

of the sulphide reaction is also obtained in presence of a hydrofluoric 

solution of tantalum . W e also m ade a test in order to see whether the 

induced activities presented a reaction which is given by von Grosse as 

the most characteristic o f protoactinium .

We dissolved in a 25% hydrochloric acid solution uranium  oxide 

which had been purified and irradiated; we added to the solution zir­

conium nitrate and phosphoric a c id ; the precipitate of zirconium phosphate 

was inactive. After the separation of zirconium we precipitated a 

sulphide from  the filtered solution, and collected the activity in the 

sulphide with the usual yield. According to von Grosse and Agruss, 

this reaction must be considered a proof o f the non-identity of the carrier 

of the activity with a protactinium  isotope.

By different chemical experiments, H ahn and M eitnerf conclude also 

that the 13- and 100-minute activities are very probably due to trans­

uranic elements; we have repeated some of their experiments finding 

the same results.

* ‘ P h ys. R e v .,’ v o l. 46 , p . 241 (1934). 

t  ‘ N a tu r w is s .,’ v o l. 23 , p. 37  (1935).
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The two activities have beyond doub t a  similar chemical behaviour. 

Some slight evidence o f a  possible separation was obtained only in the 

following experiment. Carefully purified uranium  oxide was irradiated 

and dissolved in hydrochloric acid. The solution was poured into an 

am m onium  carbonate solution until the uranium  precipitate was com ­

pletely dissolved again. Adding lead or manganese nitrate, we collected 

the precipitate o f carbonates and found it to  carry a fraction o f the 13- 

and 100-minute activities. In the filtrate we precipitated copper sulphide, 

and  this also carried a fraction o f the activities. I t  seems that the ratio 

o f the two activities was somewhat different in the two precipitates, the 

13-minute activity being m ore abundan t in the sulphide precipitate.

Through these experiments our hypothesis tha t the 13-minute and 

100-minute induced activities o f uranium  are due to transuranic elements 

seems to receive further support. The simplest interpretation consistent 

with the know n facts is to assume that the 15-second, 13-minute and 100- 

m inute activities are chain products, probably with atom ic num ber 92, 

93 and 94 respectively and  atom ic weight 239.

W e express our warmest thanks to Professor G. C. Trabacchi who 

supplied us with the radon sources. O ur thanks are due also to Professor 

L. Rolla who placed at our disposal some rare earths, to Dr. G. Fea for 

help in the experiments and to the Consiglio N azionale delle Ricerche for 

m aking a grant.

§ 12—Ta b u l a r  Su m m a r y

The main results o f radioactivity induced by neutron bom bardm ent 

are summarized in the table. Colum n 1 contains the atom ic numbers and 

symbols of the elements investigated. Colum n 2 gives the isotopic 
constitu tion; num bers in bold type refer to isotopes which represent 

m ore than 20% of the element. Column 3 gives the observed half-value 

periods in order o f increasing magnitude. Colum n 4 gives the half­

value thickness of the [3-rays in gm/cm 2 o f alum inium ; the mean 
energy o f the (3-rays in millions volts m ight be very roughly obtained 
by multiplying the figure of column 4 by 8. Colum n 5 indicates 
whether y-rays have been observed to accompany the (3-disintegration. 
Column 6 indicates the carrier o f the activity. Column 7 gives the 
sensitivity of the activation to hydrogenated substances; this is given 
either by the numerical value of the sensitivity coefficient (for definition 
see § 1; sensitivity coefficient 1 means that the activation is not enhanced 
by hydrogenated substances) or by the letter a, which means that the 
activation is increased by hydrogenated substances, but the sensitivity
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coefficient has not been measured. Colum n 8 gives the half-value thick­

ness for the absorption of the slow neutrons.

In a few cases the periods o f products, known from  chemical evidence 

to be equal, but obtained by bom bardm ent of different atom s are given 

as equal, even when measured very accurately only in one case. The 

same holds for some half-value thicknesses o f [3-rays.

T h e  T h e o r e t ic a l  D e te r m in a t io n  o f  th e  L if t  C o e ff ic ie n t 

f o r  a  T h in  E ll ip t ic  C y l in d e r

By L. Ho w a r t h , B.A., B.Sc., Busk Student

(< Comm unicated by G. I. Taylor, F .R .S .— R eceived M arch  6, 1935)

1—In t r o d u c t i o n

This paper is concerned with the calculation o f the lift coefficient o f an 

infinitely long, thin elliptic cylinder in a  stream of viscous fluid moving 

with constant velocity a t infinity, in a direction inclined at some angle to 

the m ajor axis. The m ethod used is a general one and may be applied 

to any cylinder with a stream-line section provided the potential flow 

past the cylinder, for a  given value of the circulation, is calculable.

It is clear from  experiment that two cases arise according as the flow 

in the boundary layer is fully lam inar, or partly lam inar and partly 

turbulent. I t appears that experimental conditions have not yet been 

obtained capable o f producing a boundary layer turbulent right from the 

forward stagnation point. M athematically, however, the discussion o f 

this latter problem  is a  necessary preliminary to the one in which both 

lam inar and turbulent portions are present.

We shall, therefore, discuss the three cases in which the boundary 

layer (i) is entirely lam inar; (ii) is entirely turbulent; (iii) contains both 

lam inar and turbulent portions.

Joukowski has, o f course, given an approxim ate solution of the problem 

indicated for the case when the section of the cylinder considered 

has a sharp trailing edge. The methods used in the present discussion 

are not dependent on such a salient point existing in the section of the 
cylinder, and indeed will give much more accurate results than Joukowski’s 

method where that is applicable.
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