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h2 _
Thus §0 =  | tt approximately, and Q -  aboufc 2 X 10 23 X v 2

sq. cm. when v is measured in 109 cm./sec.
The collision radius -  2 • 5 X 10_12/t> cm. Since we have taken the maximum 

value of $o this collision radius is a maximum also. I t is most unlikely that $0 can 
be less than | tt. A minimum value for the collision radius can therefore be ob­
tained by putting $0 == J tu. The minimum collision radius is then 1 • 8 X10'~12/v cm.

This result is in better accord with experiment than the previous one. The 
cross-section for proton collisions is large and varies with velocity in the way 
required. On the other hand, the cross-section is now too large. Putting 
v =  2-7 X 109 cm./sec. we obtain a collision radius of nearly 10 X 10“13 cm., 
certainly not less than 7 X 10-13 cm., whereas the observations give rather 
less than 5 X 10~13 cm. I do not think that the errors in the experiments can 
cover such a discrepancy, and an explanation must be sought elsewhere.

The explanation is perhaps to be found by introducing some type of exchange 
interaction between the neutron and proton. For example, if the neutron 
consists of a proton and an electron another kind of interaction between the 
proton and the neutron is possible—the change of the electron from the neutron 
to the proton and the exchange of protons. This interaction is analogous to 
that between a hydrogen atom and a proton. In effect it introduces a strong 
repulsive field and a strong attractive field, both of very small radius of action. 
The final result is to reduce the collision cross-section by a factor depending 
upon the spin of the proton. If the spin is -|A/27r the cross-sections may now 
be not smaller than one-quarter of those given above, i.e,,

Q is now

-  4 ttM V
21 5 X 10~24 X v~2 cm.2,

where v is in units of 109 cm./sec. For neutrons of velocity 2 *7 X 109 cm./sec. 
this gives a collision radius of about 5 X 10~13 cm. in good accord with the 
experimental value.*

* The variation in the cross-section with the velocity of the neutron appears to be more 
rapid than is given by the above expression. This can be explained in a more detailed 
development of the theory. It is worthy of note that this rapid variation of the cross­
section for hydrogen collisions accounts in part for the difficulty found in observing fast 
neutrons by their ejection of protons (§ 3). While the cross-section for collisions with other 
nuclei also depends on the velocity of the neutron the decrease with increasing speed is not 
so rapid as for hydrogen. The rapid variation in the cross-section for collision also explains 
the marked preponderance of short proton tracks in expansion chamber photographs, as 
observed in the experiments of Auger and of Meitner and Philipp.
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I t would be premature to conclude definitely that the neutron is a complex 
particle, for the theory of the collisions is not yet complete and the experi­
mental observations are somewhat uncertain. I t  seems probable, however, 
that the experiments can only be explained if there is some kind of exchange 
interaction between a neutron and a proton. The nature of this interaction 
may be different from what has been assumed above and it may perhaps not 
be necessary to conclude that either of the particles is complex. In this 
discussion the spins of the particles and the effects of any possible magnetic 
forces have not been considered. These may ultimately prove to be significant 
in these interactions.

The interaction between a neutron and a proton is of great importance in 
the theory of nuclear structure. If we assume that the atomic nuclei are built 
up from protons and neutrons then the binding forces in a nucleus are the 
interactions proton-proton, neutron-neutron, and proton-neutron. The inter­
action between two protons should be due to Coulomb forces (neglecting any 
magnetic forces) and it is clear, from the nature of the nuclear fields, that 
these forces play only a small part inside a nucleus, certainly in the case of 
the lighter nuclei. The interaction between two neutrons is probably small in 
comparison with the others. Thus the interaction between a neutron and a 
proton is the most significant for the structure of a nucleus and governs its 
stability.

§ 6. Disintegration by Neutrons.—The majority of the collisions of neutrons 
with atomic nuclei are elastic, but occasionally inelastic collisions occur. These 
were first observed by Feather when studying the collisions of neutrons with 
nitrogen with the aid of the expansion chamber. Collisions of any kind are, 
of course, rare, but in 2000 photographs Feather obtained about 100 examples 
of recoil tracks of nitrogen obviously due to elastic collisions, and about 30 
examples of paired tracks of quite a different type. These were ascribed to 
a disintegration of the nitrogen nucleus which has been struck by a neutron. 
In about half the cases observed it appears that the neutron was captured 
and an a-particle emitted, the final nucleus being therefore the boron isotope 
of mass 11.

N14 +  n1 -> B11 +  He4.

This is, of course, the reverse of the process in which a neutron is emitted 
from boron under the bombardment of a-particles. The mechanism of the 
disintegration in the other cases is not yet clear. I t seems probable that the 
neutron was not captured and that the ejected particle was a proton. If this
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view should prove correct, we have here the first example of a transmutation 
in which the bombarding particle is not captured.

Examples of disintegrations of nitrogen by neutrons have also been obtained 
by Meitner and Philipp {loc. cit.), by Harkins, Gans and Newson,* and by 
Kurie.f

FeatherJ has also observed paired tracks in oxygen, in about the same pro­
portion to the normal tracks of recoiling oxygen atoms as in nitrogen. In all 
the collisions observed the neutron was captured and an a-particle emitted, 
forming a nucleus C13.

O16 n1-* C13 +  He4.

This transmutation is of special interest, for the oxygen nucleus appears to 
withstand bombardment both by a-particles and by protons.

He has also found a few examples of disintegration when neutrons were 
passed through an expansion chamber filled mainly with acetylene. Some of 
these appear to be due to a small impurity of air and only two can be definitely 
ascribed to the disintegration of carbon. I t  is obvious from the results so far 
obtained that inelastic collisions are much less frequent in carbon than in 
nitrogen or oxygen. This is, indeed, to be expected, for the transition

C12 -f- w1 Be9 -f- He4

requires a large amount of energy, about 7 \ X 106 electron volts, and few of 
the neutrons from the source used by Feather (beryllium bombarded by 
a-particles of polonium) possess such an energy. Further, if the views expressed 
above about the constitution of the Be9 and C12 nuclei are correct the change 
from C12 to Be9 would be extremely unlikely, for an a-particle in the C12 nucleus 
would have to expand from a condensed system to a looser one.

These are at present the only known examples of disintegration by neutrons 
but it is possible that many other elements will be transmuted in this way.

The energy relations in the disintegrations produced by neutrons present 
some interesting features. The disintegration B11 +  He4 -> N14 -f- w1 takes 
place with an absorption of kinetic energy of 1*4 X 106 electron volts. We 
should therefore expect the reverse process to take place with a liberation of 
energy of this amount. Feather showed that the measurements of 12 examples 
of this process corresponded in 10 to an absorption of energy, and that the 
energy change was not always the same. This suggests that the disintegration

* 4 Phys. Rev.,’ vol. 43, p. 208 (1933). 
t  4 Phys. Rev.,’ vol. 43, p. 771 (1933). 
t  4 Nature,’ vol. 130, p. 237 (1932).
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takes place usually with the formation of an excited nucleus of B11, the residual 
energy being emitted in the form of y radiation. To account for the different 
energy changes one must suppose that more than one excited state of B11 
is possible. Similarly, the analysis of the oxygen disintegrations leads to the 
conclusion that nuclei of C13 in different states of excitation may be formed.

In many disintegrations with the emission of protons the reaction takes 
place usually with the formation of an excited nucleus, but there is no evidence 
for more than one excited state.* I t must be pointed out that the calculated 
energy changes in the neutron disintegrations are subject to errors arising 
partly in the actual measurements of the tracks and partly in their inter­
pretation ; while it seems certain that the residual nucleus is generally formed 
in an excited state the evidence for several excited states requires confirmation.

§ 7. Production of Positive Electrons.—-As I have mentioned in § 3, the 
radiation excited in beryllium by the bombardment of a-particles consists not 
only of neutrons but also of a very penetrating y-radiation, and it is sometimes 
difficult to decide whether the phenomena observed in experiments in which 
the beryllium radiation is used are to be ascribed to the neutrons or the y-rays. 
The most interesting example of this kind is the production of positive electrons, 
particles of the same mass as an electron but carrying a positive charge. The 
first evidence for the existence of positive electrons was given by the experi­
ments of Anderson! and of Blackett and Occhialini| on the effects produced 
in an expansion chamber by the penetrating radiation of the atmosphere. I t 
seemed highly desirable to find some way of producing positive electrons by 
more ordinary means so that the evidence could be clinched and the properties 
of the particles studied. Certain observations led Blackett, Occhialini and 
myself§ to consider the possibility that positive electrons might be produced 
in the interaction of the beryllium radiations and matter.

A capsule containing a polonium source and a piece of beryllium was placed 
outside an expansion chamber close to the wall. On the inside of the wall a 
target of lead, 2 • 5 cm. square and 2 mm. thick, was placed. This target was 
thus exposed to the y-rays and neutrons liberated from the beryllium. Expansion 
photographs were taken by a stereoscopic pair of cameras. A magnetic field, 
usually of about 800 gauss, was applied during the expansion ; any electrons * * * §

* Note added in proof.—Recent experiments on the disintegration of aluminium by 
a-particles give evidence of two excited states of the residual nucleus.

t  4 Science,’ vol. 76, p. 238 (1932).
J ‘ Proc. Roy. Soc.,’ A, vol. 139, p. 699 (1933). '
§ Chadwick, Blackett and Occhialini, 4 Nature,’ vol. 131, p. 473 (1933).
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liberated from the target would be bent in the field, the sense of the curvature 
indicating the sign of their charge and the amount of the curvature the Hp value. 
Of the electron tracks observed from the target about 200 were clearly due to 
negative electrons, but about 70 tracks showed a curvature in the opposite 
sense. There was a remote possibility that these tracks were due to negative 
electrons ejected in distant parts of the chamber and bent by the magnetic 
field so as to end on the lead target. A statistical examination of all the tracks 
observed in the chamber was strongly in favour of the view that the tracks 
were due to positive electrons. Definite proof was obtained in the following 
way. A metal plate was placed across the expansion chamber so as to inter­
cept the path of the particles, and some photographs were obtained in which a 
positively curved track passed through the plate, remaining in good focus 
throughout its path. The curvature of the track was less on the target side 
of the plate than on the further side, showing definitely that the particle 
travelled from the target and therefore carried a positive charge. In one case, 
the track had a curvature on the target side of the plate, a sheet of copper 
0*25 mm. thick, corresponding to a value of Hp =  12,700 ; on the other side 
the curvature gave a value Hp =  10,000 ; in another case, in which the plate 
was a sheet of aluminium 0-33 mm. thick, the corresponding values of Hp 
were 5000 and 4000.

The observations of the ionizing power in the gas and loss of energy in the 
metal plates are consistent with the assumption that the mass and magnitude of 
the charge of the positive particle are the same as for the negative electron.

Similar observations have been made by Meitner and Philipp* and by Curie 
and Joliot.f Some results of the latter workers suggest that the production of 
the positive electrons is, at least mainly, to be ascribed to the y-radiation from 
beryllium and not the neutrons.

That a y-radiation can produce positive electrons has been shown in further 
experiments^ we have made, in which the beryllium source was replaced by 
a very weak source of thorium active deposit, enclosed in a lead block, 1 cm. 
thick. In these experiments the lead target was bombarded by y-radiation 
alone, the strongest component in the radiation being a ray of Av =  2 • 62 X 106 
electron volts. Expansion photographs were taken as before, with a metal 
plate across the chamber to indicate the direction of the particles. Among 
about 1200 tracks of negative electrons, about 50 tracks due to positive

* ‘ Naturwiss.,’ vol. 21, p. 286 (1933).
t  ‘ C. R. Acad. Sei. Paris,’ vol. 196, p. 1105 (1933).
t  Also in experiments by Anderson, * Science,’ vol. 77, p. 432 (1933).
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electrons have been observed. These must certainly be ascribed to the action 
of a y-radiation, very probably to the strong y-ray of Av =  2-62X106 electron 
volts. The ratio of positive to negative electrons is much lower than that 
observed with the beryllium radiations. On the hypothesis, first suggested by 
Blackett and Occhialini, that a negative and a positive electron may be created 
simultaneously in some interaction of a y-ray and the electric field of an atomic 
nucleus, it is not unlikely that the effect will increase very rapidly with the 
energy of the y-ray. as the above observations suggest. The creation of the 
two electrons will require an energy of 1*02 X 106 electron volts, so that 
the energy of a positive electron produced by the y-ray of hv =  2*62 X 106 
electron volts should never be greater than 1*60 X 106 electron volts.

The measurements of the energy distribution of the positive electrons are 
in agreement with this hypothesis of their origin, and in a few cases, both 
with the thorium active deposit and with the beryllium source, a negative 
track appeared to be associated with the positive. The evidence, however, 
is. not yet sufficient to decide how the positive electrons are produced.

Some observations have been made using a source of boron exposed to 
polonium a-particles. The target was thus bombarded by the neutrons 
liberated in the disintegration of B11 and by the y-radiation accompanying the 
proton emission from B10. The energy of this y-radiation is rather less than 
3 X 106 electron volts, so that the ratio of the number of positive to the 
number of negative electrons should have been of the same order as found in 
the experiments with thorium active deposit, i.e., 1 to 25. Actually the 
fraction of positive electrons was much higher than this, but the total number 
of electrons observed in the experiments was small. I t seems likely that 
positive electrons can be produced not only by the action of y-rays but also by 
neutrons, but more information is required before a definite decision can be 
made.
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