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The masses are BY = 11-00825 -4 0-0016; He*=4:00106 - 0-0006 ;
N4 = 14-0042 + 0-0028. The kinetic energies in mass units are a-particle =
0-00565 ; neutron = 0-0035; and nitrogen nucleus = 0-00061. We find
therefore that the mass of the neutron is 1-0067. The errors quoted for the
mass measurements are those given by Aston. They are the maximum errors
which can be allowed in his measurements, and the probable error may be
taken as about one-quarter of these.* Allowing for the errors in the mass
measurements it appears that the mass of the neutron cannot be less than
1-003, and that it probably lies between 1-005 and 1-008.

Such a value for the mass of the neutron is to be expected if the neutron
consists of a proton and an electron, and it lends strong support to this view.
Since the sum of the masses of the proton and electron is 1-0078, the binding
energy, or mass defect, of the neutron is about 1 to 2 million electron volts.
This is quite a reasonable value. We may suppose that the proton and electron
form a small dipole, or we may take the more attractive picture of a proton
embedded in an electron. On either view, we may expect the ““ radius ”’ of the
neutron to be a few times 1073 cm.

§5. The Passage of the Neutron through Matter—The electrical field of a
neutron of this kind will clearly be extremely small except at very small
distances of the order of 10722 cm. Inits passage through matter the neutron
will not be deflected unless it suffers an intimate collision with a nucleus.
The potential of a neutron in the field of a nucleus may be represented roughly
by fig. 3. The radius of the collision area for sensible deflection of the neutron

Fra. 3.

will be little greater than the radius of the nucleus. Further, the neutron should
be able to penetrate the nucleus easily, and it may be that the scattering of
the neutrons will be largely due to the internal field of the nucleus, or, in other
words, that.the scattered neutrons are mainly those which have penetrated

* The mass of B! relative to B has been checked by optical methods by Jenkins and

McKellar (¢ Phys. Rev.,” vol. 39, p. 549 (1932) ). Their value agrees with Aston’s to 1 part
in 105, 'This suggests that great confidence may be put in Aston’s measurements.
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the potential barrier. On these views we should expect the collisions of a
neutron with a nucleus to occur very seldom, and that the scattering will be
roughly equal in all directions, at least as compared with the Coulomb scatter-
ing of a charged particle.

These conclusions were confirmed in the following way. The source vessel,
with Be target, was placed rather more than 1 inch from the face of a closed
counter filled with air, fig. 1. The number of deflections, or the number of
nitrogen recoil atoms produced in the chamber, was observed for a certain
time. The number observed was 190 per hour, after allowing for the natural
effect. A block of lead 1 inch thick was then introduced between the source
vessel and the counter. The number of deflections fell to 166 per hour. Since
the number of recoil atoms produced must be proportional to the number of
neutrons passing through the counter, these observations show that 13 per
cent. of the neutrons had been absorbed or scattered in passing through 1 inch
of lead.

Suppose that a neutron which passes within a distance p from the centre
of the lead nucleus is scattered and removed from the beam. Then the
fraction removed from the beam in passing through a thickness ¢ of lead will
be mp®nt, where n is the number of lead atoms per unit volume. Hence
np?nt = 013, and p =7 X 1078 cm. This value for the collision radius with
lead seems perhaps rather small, but it is not unreasonable. 'We may compare
it with the radii of the radioactive nuclei calculated from the disintegration
constants by Gamow and Houtermans,* viz., about 7 X 1072 cm.

Similar experiments were made in which the neutron radiation was passed
through blocks of brass and carbon. The values of p deduced in the same way
were 6 X 1073 cm. and 3-5 X 10713 cm. respectively.

The target areas for collision for some light elements were compared by
another method. The second ionisation chamber was used, which could be
filled with different gases by circulation. The position of the source vessel
was kept fixed relative to the counter, and the number of deflections was
observed when the counter was filled in turn with hydrogen, nitrogen, oxygen,
and argon. Since the number of neutrons passing through the counter was
the same in each case, the number of deflections should be pioportional to the
target area for collision, neglecting the effect of the material of the counter,
and allowing for the fact that argon is monatomic. It was found that nitrogen,
oxygen, and argon gave about the same number of deflections ; the target areas
of nitrogen and oxygen are thus roughly equal, and the target area of argon is

* < Z. Physik,’ vol. 52, p. 453 (1928).
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nearly twice that of these. With hydrogen the measurements were very
difficult, for many of the deflections were very small owing to the low ionising
power of the proton and the low density of the gas. It seems probable from
the results that the target area of hydrogen is about two-thirds that of nitrogen
or oxygen, but it may be rather greater than this.

There is as yet little information about the angular distribution of the scattered
neutrons. In some experiments kindly made for me by Dr. Gray and Mr. Lea,
the scattering by lead was compared in the backward and forward directions,
using the ionisation in a high pressure chamber to measure the neutrons. They
found that the amount of scattering was about that to be expected from the
measurements quoted above, and that the intensity per unit solid angle was
about the same between 30° to 90° in the forward direction as between 90°
to 150° in the backward direction. The scattering by lead is therefore not
markedly anisotropic.

Two types of collision may prove to be of peculiar interest, the collision of a
neutron with a proton and the collision with an electron. A detailed study of
these collisions with an elementary particle is of special interest, for it should
provide information about the structure and field of the neutron, whereas the
other collisions will depend mainly on the structure of the atomic nuclei. Some
preliminary experiments by Mr. Lea, using the pressure chamber to measure
the scattering of neutrons by paraffin wax and by liquid hydrogen, suggest
that the collision with a proton is more frequent than with other light atoms.
This is not in accord with the experiments described above, but the results are
at present indecisive. These collisions can be more directly investigated by
means of the expansion chamber or by counting methods, and it is hoped to
do so shortly.

The collision of a neutron with an electron has been examined in two ways,
by the expansion chamber and by the counter. An account of the expansion
chamber experiments is given by Mr. Dee in the third paper of this series. Mr.
Dee has looked for the general ionisation produced by a large number of neutrons
in passing through the expansion chamber, and also for the short electron tracks
which should be the result of a very close collision between a neutron and an
electron. His results show that collisions with electrons are extremely rare
compared even with those with nitrogen nuclei, and he estimates that a neutron
can produce on the average not more than 1 ion pair in passing through 3
metres of air.

In the counter experiments a beam of neutrons was passed through a block
of brass, 1 inch thick, and the maximum range of the protons ejected from
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paraffin wax by the emergent beam was measured. From this range the
maximum velocity of the neutrons after travelling through the brass is
obtained and it can be compared with the maximum velocity in the incident
beam. No change in the velocity of the neutrons due to their passage through
the brass could be detected. The accuracy of the experiment is not high, for
the estimation of the end of the range of the protons was rather difficult. The
results show that the loss of energy of a neutron in passing through 1 inch of
brass is not more than about 0-4 X 10® electron volts. A path of 1 inch in
brass corresponds as regards electron collisions to a path of nearly 2 x 10%
cm. of air, so that this result would suggest that a neutron loses less than
20 volts per centimetre path in air in electron collisions. This experiment thus
lends general support to those with the expansion chamber, though it is of far
inferior accuracy. We conclude that the transfer of energy from the neutron
to electrons is of very rare occurrence. This is not unexpected. Bohr* has
shown on quite general ideas that collisions of a neutron with an electron should
be very few compared with nuclear collisions. Massey,t on plausible assump-
tions about the field of the neutron, has made a detailed calculation of the loss
of energy to electrons, and finds also that it should be small, not more than 1 ion
pair per metre in air.

General Remarks.

It is of interest to examine whether other elements, besides beryllium and
boron, emit neutrons when bombarded by a-particles. So far as experiments
have been made, no case comparable with these two has been found. Some
evidence was obtained of the emission of neutrons from fluorine and magne-
sium, but the effects were very small, rather less than 1 per cent. of the effect
obtained from beryllium under the same conditions. There is also the possi-
bility that some elements may emit neutrons spontaneously, e.g., potassium,
which is known to emit a nuclear B-radiation accompanied by a more
penetrating radiation. Again no evidence was found of the presence of
neutrons, and it seems fairly certain that the penetrating type is, as has
been assumed, a vy-radiation.

Although there is certain evidence for the emission of neutrons only in two
cases of nuclear transformations, we must nevertheless suppose that the
neutron is a common constituent of atomic nuclei. We may then proceed to
build up nuclei out of a-particles, neutrons and protons, and we are able to

* Bohr, Copenhagen discussions, unpublished.
t Massey, ‘ Nature,” vol. 129, p. 469, corrected p. 691 (1932).
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avoid the presence of uncombined electrons in a nucleus. This has certain
advantages for, as is well known, the electrons in a nucleus have lost some of
the properties which they have outside, e.g., their spin and magnetic moment.
If the a-particle, the neutron, and the proton are the only units of nuclear
structure, we can proceed to calculate the mass defect or binding energy of a
nucleus as the difference between the mass of the nucleus and the sum of the
masses of the constituent particles. It is, however, by no means certain that
the a-particle and the neutron are the only complex particles in the nuclear
structure, and therefore the mass defects calculated in this way may not be
the true binding energies of the nuclei. In this connection it may be noted
that the examples of disintegration discussed by Dr. Feather in the next
paper are not all of one type, and he suggests that in some cases a particle
of mass 2 and charge 1, the hydrogen isotope recently reported by Urey,
Brickwedde and Murphy, may be emitted. It is indeed possible that this
particle also occurs as a unit of nuclear structure.

It has so far been assumed that the neutron is a complex particle consisting
of a proton and an electron. This is the simplest assumption and it is sup-
ported by the evidence that the mass of the neutron is about 1-006, just a
little less than the sum of the masses of a proton and an electron. Such a
neutron would appear to be the first step in the combination of the elementary
particles towards the formation of a nucleus. It is obvious that this neutron
may help us to visualise the building up of more complex structures, but the
discussion of these matters will not be pursued further for such speculations,
though not idle, are not at the moment very fruitful. It is, of course, possible
to suppose that the neutron may be an elementary particle. This view has
little to recommend it at present, except the possibility of explaining the
statistics of such nuclei as N4,

There remains to discuss the transformations which take place when an
a-particle is captured by a beryllium nucleus, Be. The evidence given here
indicates that the main type of transformation is the formation of a C*2 nucleus
and the emission of a neutron. The experiments of Curie-Joliot and Joliot,*
of Auger,t and of Dee show quite definitely that there is some radiation emitted
by beryllium which is able to eject fast electrons in passing through matter.
I have made experiments using the Geiger point counter to investigate this
radiation and the results suggest that the electrons are produced by a

* ¢ L R. Acad. Sci. Paris,” vol. 194, p. 708 and p. 876 (1932).
T ¢ C. R. Acad. Sci. Paris,” vol. 194, p. 877 (1932).
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y-radiation. There are two distinct processes which may give rise to such a
radiation. In the first place, we may suppose that the transformation of
Be® to C!2 takes place sometimes with the formation of an excited C'? nucleus
which goes to the ground state with the emission of y-radiation. This is
similar to the transformations which are supposed to occur in some cases of
disintegration with proton emission, e.g., B9, F1®, Al??; the majority of trans-
formations occur with the formation of an excited nucleus, only in about
one-quarter is the final state of the residual nucleus reached in one step. We
should then have two groups of neutrons of different energies and a ~y-radiation
of quantum energy equal to the difference in energy of the neutron groups.
The quantum energy of this radiation must be less than the maximum energy
of the neutrons emitted, about 5-7 X 106 electron volts. In the second place,
we may suppose that occasionally the beryllium nucleus changes to a C3
nucleus and that all the surplus energy is emitted as radiation. In this case
the quantum energy of the radiation may be about 10 X 10° electron volts.

It is of interest to note that Webster has observed a soft radiation from
beryllium bombarded by polonium o-particles, of energy about 5 X 105
electron volts. This radiation may well be ascribed to the first of the two
processes just discussed, and its intensity is of the right order. On the other
hand, some of the electrons observed by Curie-Joliot and Joliot had energies of
the order of 2 to 10 X 108 volts, and Auger recorded one example of an electron
of energy about 6-5 X 108 volts. These electrons may be due to a hard
y—radiation produced by the second type of transformation.*

It may be remarked that no electrons of greater energy than the above appear
to be present. This is confirmed by an experiment} made in this laboratory
by Dr. Occhialini. Two tube counters were placed in a horizontal plane and
the number of coincidences recorded by them was observed by means of the
method devised by Rossi. The beryllium source was then brought up in the
plane of the counters so that the radiation passed through both counters in
turn. No increase in the number of coincidences could be detected. It
follows that there are few, if any, -rays produced with energies sufficient to pass
through the walls of both counters, a total of 4 mm. brass ; that is, with energies
greater than about 6 X 10® volts. This experiment further shows that the
neutrons very rarely produce coincidences in tube counters under the usual
conditions of experiment.

* Although the presence of fast electrons can be easily explained in this way, the possi-

bility that some may be due to secondary effects of the neutrons must not be lost sight of.
T Of. also Rasetti, ¢ Naturwiss.,” vol. 20, p. 252 (1932).
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In conclusion, I may restate briefly the case for supposing that the radiation
the effects of which have been examined in this paper consists of neutral
particles rather than of radiation quanta. Firstly, there is no evidence from
electron collisions of the presence of a radiation of such a quantum energy as
is necessary to account for the nuclear collisions. Secondly, the quantum
hypothesis can be sustained only by‘relinquishing the conservation of energy
and momentum. On the other hand, the neutron hypothesis gives an
immediate and simple explanation of the experimental facts ; it is consistent
in itself and it throws new light on the problem of nuclear structure.

Summary.

The properties of the penetrating radiation emitted from beryllium (and
boron) when bombarded by the a-particles of polonium have been examined.
It is concluded that the radiation consists, not of quanta as hitherto supposed,
but of neutrons, particles of mass 1, and charge 0. Evidence is given to show
that the mass of the neutron is probably between 1-005 and 1-008. This
suggests that the neutron consists of a proton and an electron in close combina-~
tion, the binding energy being about 1 to 2 X 108 electron volts. From experi-
ments on the passage of the neutrons through matter the frequency of their
collisions with atomic nuclei and with electrons is discassed.

I wish to express my thanks to Mr. H. Nutt for his help in carrying out the
experiments.
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