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PREFACE.

N this book I have attempted to give a connected
I account of the remarkable series of investigations
which have followed M. Becquerel's discovery, in
1896, of a new property of the element uranium, The
i discovery of this new property of self-radiance, or “ radio-
activity,” has proved to be the beginning of a new science,
in the development of which physics and chemistry
have worked together in harmony. The pioneer in the
chemical development of the subject was Mme. Curie,
who, by the discovery of radium, extended our know-
ledge of the new property out of the region of the
infinitely small effects in which it had its beginning,
and demonstrated it on a scale that could neither be
explained nor explained away. On the physical side,
the brilliant and elaborate researches of Prof. Ruther-
ford, at first mainly with thorium—an element which,
like uranium, is so feebly active that it had been studied
for a century before its radio-activity was discovered—
paved the way for a complete and general theory of the
cause and nature of the new property. According to this
theory the elements exhibiting radio-activity are in the
process of evolution into lighter and more stable forms,
and the radiations spontaneously emitted are due to the
incessant flight, radially from the substance, of a swarm
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1v. PREFACE.

of light fragments of the original atoms, expelled in the
course of their explosive disintegration. This theory has
recently received a direct experimental confirmation by
the discovery of the continuous production of the element
helium from radium. In these advances physics and
chemistry have borne equal shares, and in the close
communion between the two sciences throughout the
investigations the secret of the rapidity and definiteness
of the progress is to be found. Radio-activity has
passed from the position of a descriptive to that of an
independent philosophical science, based upon principles,
only the germ of which is to be found in physics and
chemistry as they were understood &efore its coming.

It has been recognised that there is a vast and hitherto
almost unsuspected store of energy bound up in, and in
some way associated with, the unit of elementary matter,
represented by the atom of Dalton. It is possible to
arrive at this result by two independent processes of
reasoning, the purely physical and the purely chemical.
The paths are different but the conclusions are identical.
Since the relations between energy and matter constitute
the ultimate groundwork of every philosophical science,
the influence of these generalisations on allied branches
of knowledge is a matter of extreme interest at the
present time.

It would seem that they must effect, sooner or later,
little short of a revolution in astronomy and cosmology.
They will certainly be eagerly received, for it is only fair
to add that they have been long awaited, by the biologist
and geologist. By the extension of the conception of
evolution to the inanimate world, which the study of
radio-activity has justified, not only has that conception
achieved universality, but the difficulties which hitherto
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have retarded its logical development in the biological
sciences have been cleared away.

Most sciences offer some evidence of the extent of
time over which the laws of Nature may be regarded as
having been in continuous operation without external
interference. It has been a reproach in the past that
the conclusions arrived at were mutually inconsistent,
and its final removal marks a not unimportant step in
the history of science.

The object of the book has been to give to students
and those interested in the subject generally a con-
nected account of the main arguments and chief
experimental data by which the results have been
achieved. This task would hardly have been possible
to me but for the training I have received in the subject
from Prof. Rutherford. I have had the great advantage
of having witnessed the gradual development in the
laboratory of many of his most intricate and difficult
researches, and I have endeavoured to pass on to the
reader something of the clearness of aim directing these
researches as it was interpreted and demonstrated to me,
No attempt at completeness has been made, for the
oreat wealth of detail in which the subject abounds,
while it is the opportunity of the investigator, is probably
also the chief cause of difficulty experienced by the
student. It is hoped that while this book may serve as
an introduction, more complete treatises, or the original
communications, will be studied in conjunction with it.

FREDK. SODDY.
UNIVERSITY COLLEGE,

May 5th, 1904.
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CHAPTER 1.

RADIATION PHENOMENA.

Advances of the Last Decade.—The Undulatory and Corpuseular Types of
Radiation.—T'he Work of Crookes and Lenard on Cathode Rays.—
X-Rays.—The Focus Tube.—The ** Density Law” of dbsorption.—
Deviation of Cathode Ray by Magnetic and FElectric Forces.—
Becquerel’s Discovery of the Radio-activity of Uranium.—Methods of
detecting the New Types of Radiation.—General Adecount of the a, B
and vy-Rays.—Resemblance between the Ejfects of the Undulatory
and Corpuscular Forms of Radiation.

The last decade, 1894-1904, will probably always be con-
sidered a remarkable one in the history of scientific progress
on account of the advances made in connection with the
phenomena of radiation. Not only has there been a great
extension of knowledge with regard to those types of radiation,
allied to light, which enter into every-day experience, and
which have been the object of enquiry for centuries, but, in
addition, entirely new kinds of rays have been discovered, and
to account for them new conceptions have arisen, fresh fields
of research have been opened up, and problems, before deemed
insoluble, have heen brought within the range of direct experi-
mental attack. The previously existing foundations upon
which the vast fabric of modern science has been successfully
raised are being exchanged, without injury or alteration to the
structure, for others one step deeper and more fundamental.
The work of transition has been proceeding quietly and simul-
taneously from many sides, and in this respect the last decade
is inseparably connected with those proceeding ; but until quite
lately few, except those actually engaged in the work, realised
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2 RADIO-ACTIVITY.

the magnitude of the results being obtained or the real con-
sequences of the conclusions being arrived at. Most recently,
however, the advent of radium, and the prominence given to
the almost daily discoveries that followed, have drawn universal
attention to the newly explored regions. The chemist’s atom
is no longer the unit of the sub-division of matter, and the
internal structure of the atom is now the object of experi-
mental study. The particular development which forms the
subject of the present book arose out of a discovery in 1896
by M. Henri Becquerel, that certain kinds of matter have the
property of emitting a new and peculiar type of radiation
continuously and spontaneously, and this class of bodies has
been termed radio-active.” This discovery was, however,
directly connected with previous discoveries of Crookes,
Lenard and Rintgen of other new kinds of radiation, and it
will be convenient to devote this opening chapter to a brief
review of the present position that has been reached in these
allied subjects, treating each advance in the order of its
discovery, and tracing its historical conmnection with those
preceding. This review can at best be but superficial, but
some idea of the modern conceptions of the nature of radiations
generally is essential to the correct appreciation of the dis-
coveries in the most recent field of radio-activity. :
The term radiation is properly applied to indicate an
influence transmitted radially from its source to its surround-
ings, and capable of traversing wvacuous space, without
occupying in its transmission a period of time great emough
to be sensible under ordinary circumstances. It was used
in this sense to express the transmission of light from distant
objects before any definite ideas as to the mechanism of pro-
pagation had been advanced. Some of the most fundamental
ideas in science owe their inception to the necessity of
acecounting for radiation phenomena. Newton was the first
to recognise the difficulty underlying the problem, for to
him, as to present-day philosophers, action at a distance
through space of one body om another is inconceivable
unless some connection exists between the two bodies. He
put forward the only explanation possible in his day to
account for the radiation of light, and his corpuscular theory,
as it is called, although long since disproved so far as light is
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concerned, has a remarkable bearing on the discoveries which
form the subject-matter of the present book. Light, to
Newton, was propagated by the agency of minute material
particles or corpuscles, which are emitted from the radiating
object and travel in straight lines from their source in all
directions outward through space, at a speed which is
practically infinite. This expressed an otherwise incon-
ceivable process in the terms of matter and the motion
of matter. Science outgrew as it advanced these two New-
tonian conceptions, It came to be realised that something
else existed besides matter which was capable of motion. The
idea of a universal ether filling all space and constituting a
medium for the communication of motion over interstellar
distances was naturally only admitted after it had been con-
clusively proved that the older ideas were insufficient. The
erucial test, which showed that the emission or corpuscular
theory was untenable, arose out of the properties of light
radiation, and from that time the rival view, known as the
undulatory theory, which postulated the existence of a
lnminiferous or light-carrying ether, has held the field.
According to this view, light is propagated as a succession
of waves in the ether, much in the same way as the waves of
the sea are propagated. In the latter, the moving particles
of water have an oscillatory motion in a vertical line, whereas
the wave travels forward horizontally. In the transmission of
light the oscillatory movement of the ether is also transverse to
the direction of motion. The velocity of propagation is con-
stant for all kinds of radiation which result from the transverse
vibration of the ether, but the wave-length, and, correspond-
ingly, the frequency or number of vibrations per second,
vary over a very wide range. As the former decreases and
the latter increases we pass, without any sndden break of con-
tinuity, from the invisible heat-radiations occupying the infra-
red region of the spectrum through the region of visible light
from red to violet to the extreme ultra-violet waves, so easily
absorbed even by air that their investigation at last reaches
the limit of experimental possibility.

During the last century the undulatory theory received an
enormous extension at the hands, primarily, of Clerk-Maxwell,
who put forward the electromagnetic theory of light which is

B2



4 RADIO-ACTIVITY.

based on the discovery of Faraday, of the phenomenon of electro-
magnetic induction. The original undulatory theory postulated
only one attribute—namely, motion—to the ether. Physicists
occupied themselves with investigating the laws which the
motions of the ether obey. One school, the most brilliant of
whom was Lord Kelvin, for a long time attempted to explain the
motion on ordinary mechanical conceptions, in which the ether
was given certain material attributes, such as elasticity and in-
compressibility, and the forces acting on it were assumed to be
ordinary mechanical stresses and strains, To the newer school
the discovery of Faraday of electromagnetic induction supplied
the key to the nature of the strains and stresses in the ether
which produce light waves. Clerk-Maxwell developed the
view that a ray of light was due to waves of electromagnetic
induction set up in the ether by the transverse oscillatory
movement of an electric charge, and this view was confirmed
by the proof that the velocity of propagation of electro-
magnetic induction through space is the same as that of light.
But it was not until after 1888 that the view was generally
accepted. In this year Hertz produced electromagnetic waves
from the oscillatory discharge of the Leyden jar, and showed
that these waves, although of wave-length in some cases
several feet long, and hundreds of millions of times longer
than the longest wave-length of visible light, yet travel
at the same velocity as light waves and are subject
to the same laws of reflection, rerfaction and polarisation.
The length of wave is regulated simply by the form and
dimensions of the apparatus employed. To produce
waves of the length of visible light we should have to use
single afoms or molecules of matter. So the general position
has been reached that light waves are caused by the rapid
vibration or oscillation of electric charges within the atomic
or molecular structure, the oscillation being continuously
maintained at a certain definite period corresponding to each
wave-length emitted. For the application of this idea to the
problems of the spectroscope, and the effect of the magnetic
field on the lines of a spectrum, works on spectroscopy must
be consulted.

Thus, in 1895, at the beginning of the decade with which
we are more nearly concerned, all the known radiations, from
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the extreme waves of the ultra-violet region of the spectrum
to the long Hertzian waves nowemployed in wireless telegraphy,
were satisfactorily accounted for as undulations or vibrations
in the luminiferous ether, essentially the same in nature, and
differing only in their wavelength and frequency. At the
present day, ten years later, this explanation holds good
without modification so far as these types of radiation are
concerned, but there has been a great extension in our
knowledge of radiations. It has been recognised that the
undulatory variety is by no means the only example of
radiation existing in Nature. The rays we shall be most
concerned with are of a totally different character, and
constitute the realisation of the conception by which Newton,
in his corpuscular theory of radiation, sought to explain the
character of light. Thus the term radiation to-day applies
with equal propriety to two fundamentally distinct phenomena :
(1) The older-known class of ether vibrations; (2) a new
class recognised within the last decade to be caused by the
radiant expulsion of corpuscles or minute particles of matter,
projected through space at exceedingly high velocity. The
first example of this latter class was correctly recognised by
Sir William Crookes 30 years ago, but his explanation was not
then accepted. Crookes found that when the electric discharge
is passed through a nearly vacuous space, as the degree of
exhaustion is increased the character of the discharge alters,
the so-called ““dark space " around the cathode fills the whole
tube, and “rays” proceed from the cathode normally to its
surface which travel in straight lines through the tube and
cause strong phosphorescence where their passage is arrested
by the glass walls opposite the cathode. These “ cathode rays ”
have very remarkable properties. If any obstacle is placed in
their path it is heated and may be brought to incandescence
if the discharge is sufficiently powerful. Sharply defined
shadows of the obstacle are projected on the opposite walls
of the tube, the glass not phosphorescing where it 1s pro-
tected by the obstacle from the impact of the rays. Small
lightly-poised vanes of mica placed in the path of the rays
are driven round with great speed. But the most remarkable
property of the rays is that they are deviated by a magnet,

and, if the latter is sufficiently strong, can be made to assume
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circular or helical paths around the lines of force. Crookes
gave as the explanation of the phenomenon that matter
existed in high vacua in a fourth state, which he named
ulira gascous or radiant matter. He supposed the effects to be
produced by the flight of charged particles or atoms repelled
from the cathode, and attaining in the electric field very high
velocity and kinetic energy. This explanation has now been
substantially adopted, but only within the last decade. We
shall see (Chapter IIL.) that we are forced to regard the particles
as smaller than any known atoms, and that they would be
more appropriately known as atoms of negative electricity.
Without, however, anticipating this conclusion, it may safely
be stated that the cathode ray constituted the first known
type of a corpuscular radiation caused by the emission of small
material particles or, at least, of particles which possess the
ordinary attributes of matter. In one sense it is not a radia-
tion, for it is propagated normally to the surface of the cathode,
so that with a flat cathode the rays are propagated as a parallel
beam. The phenomenon could only strictly be described as a
radiation when a spherical cathode is employed. This is due
to the radiation being directed along the lines of the electric
force which produces the motion of the charged radiant particle.
New types were soon to be discovered to which this restriction
does not apply, and which in every sense conform to the
original Newtonian conception of light.

But many successive discoveries had first to be made,
and the historical order in which this result has been achieved
is a very interesting chapter in the progress of science. The
chapter opens in 1895, at the beginning of the present decade,
and this date may be well said to commence an era of new and
remarkably rapid advance in the physical sciences. In this
year Rintgen discovered the X-rays. For over 20 years
Crookes tubes had been in general use for demonstration pur-
poses, but it was reserved for Rintgen to discover, and then
by an accident, that they emit a new and remarkable kind
of radiation which, unlike the cathode rays, are capable
of passing through the walls of the tube and so penetrating
the external space. The rays are invisible, but, like the
cathode rays inside the tube, their presence is manifested
by their power to cause strong fluorescence when they
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impinge upon certain substances, of which the platino-cyanide
of barium is the most commonly used. In this way they
are virtually made wvisible to the eye, and they were so
discovered. Another property they possess is the power of
affecting sensitised photographic plates in the same way
as light, and a third very remarkable property is their
power of making the air, or other gases, through which they
pass, and which, under ordinary circumstances, are practically
perfect insulators, capable of conveying limited quantities of
both positive and negative electricity. This process is known
as ionisation, and the rays are said to ionise the gases—i.e., to
make them for the time being partial conductors of electricity.

These three methods furnish the means whereby the invisible
X-rays of Rontgen may be investigated. An explanation of
the manner of their production from a Crookes tube was soon
forthcoming. Their sonurce was traced to the obstacles bom-
barded by the cathode rays. If the latter had an uninterrupted
passage through the tube, the X-rays resulted at the glass
against which the cathode rays impinged. But it was soon
found that far more powerful effects could be obtained by
inserting into the path of the cathode rays an obstacle in the
form of a plate of one of the heaviest metals—platinum,
iridium, osmium or uranium. Platinum, on account of its
other valuable qualities, is most frequently employed. More-
over, if the cathode is made concave, the rays, being expelled
normally to its surface, converge to a * focus.” At this focus
the platinum plate, or ‘“anti-cathode” as it has come to be
called, is placed somewhat obliquely to the path of the rays.
This is the disposition in the ordinary “focus-tube ” which was
first designed by Prof. Herbert Jackson, of King’s College.
The effect is represented in Fig. 1. AB is the concave cathode,
and the dotted lines represent the cathode rays converging to
the focus F, where they strike the anti-cathode. The X-rays
radiate away from the plane surface of the anti-cathode in all
directions, and cause the glass of the tube to fluoresce strongly
and uniformly over a hemispherical area, CDE, bounded by
the plane of the anti-cathode. A satisfactory theoretical expla-
nation, on the electromagnetic theory, of the nature of the
X-rays was soon put forward. When the charge carried by
the cathode-ray particle is suddenly accelerated (negatively),
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and its velocity reduced to zero almost instantaneously by its
collision with the dense material of the anti-cathode, a pulse
of an electromagnetic nature radiates from the latter, and
this pulse constitutes the X-ray.

Thus the X-rays, like light, are ether waves, and the difference
seems to be that in the former the disturbances are of the nature
of sudden pulses very rapidly dying away, whereas in light
there is a regular succession of undulations of the same kind.
This, together with their probably extremely short wave-length,
would account for the fact that the X-rays have not been
reflected or refracted or polarised, although in their nature they
so nearly resemble light rays.

Fig. 1,

The X-rays are of a far more penetrating character than
the cathode rays, and easily penetrate the glass walls of the
tube. The higher the degree of exhaustion of the tube the
greater the penetrating power of the X-rays produced. A
tube in which the exhaustion has not been carried to the
extreme limit gives out an easily absorbed type of X-ray,
and is known as a “soft ”tube. In a “hard " tube, on the
other hand, the vacuum is so good that a very great difference
of potential between the electrodes is necessary to force the
discharge through ; the cathode rays in consequence attain a
very high velocity, and the X-rays they produce on impact
with the anti-cathode are of a high penetrating power.



RADIATION PHENOMENA., 4

The difference of penetrating power between the X-rays and
the cathode rays is one of degree only, and not of kind. The
cathode rays share to a limited extent the property of the X-rays
of penetrating matter which is completely opaque to ordinary
light. The ordinary ideas connected with the terms “ transpa-
rency ” and “opacity ” are derived solely from the behaviour
of light in every-day experience, and a type of radiation to
which these ideas does not apply seems strange and abnormal.
In reality the behaviour of light is more remarkable than that
of the X-rays and the cathode rays. To these new kinds of
radiation all matter is, as a first approximation, equally opaque
or equally transparent if equal weights are compared. For equal
thickness the absorption is roughly proportional to the density,
and independent of the nature of the matter traversed. Thus
Lenard found that, if windows of thin aluminium foil are
inserted in the walls of a Crookes tube in the path of the
cathode rays, the latter are able to penetrate the foil, and their
absorption by different kinds of matter could be investigated
outside the tube. He found that bodies as different in their
nature as air and gold absorbed the rays very approximately
in proportion to their density.

Compare with this simple result the hebaviour of light.
Certain bodies, like glass, most liquids and gases, rock salt,
quartz, caleite and other dense crystals, hardly absorb light at
all, while other substances, especially the metals, are almost
completely opaque even in the thinnest layers. There has
been found to be a connection between the transparency of
matter and its electrical properties, With but few exceptions
the transparent bodies are the best insulators. The whole
range of frequencies should be taken into account, and not
merely the visible part of the spectrum. Thus ebonite, accord-
ing to Prof. Silvanus P. Thompson, is very transparent to the
infra-red region of the spectrum, while Prof. Wood has
recently described a dye, nitroso di-methyl aniline, which is
opaque to the visible rays, but transparent to the extreme
ultra-violet rays. When a hody exists in two forms, one of
which is transparent or translucent and the other is opaque—
for example, selenium, the double iodide of mercury and
copper, &e.—the transparent form is always the best insulator.
These facts serve to indicate that there probably exists a
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connection between the electrical properties of matter and its
transmission of light and are here introduced for the sake of con-
trast. To the new types of radiation it does not seem to make
much difference whether the matter traversed is gaseous, liquid
or solid, insulating or conducting, * transparent ” or * opaque.”
The absorption is regulated, at least mainly, by the mass
of matter traversed and not by its nature. Thus, although
the cathode rays are considered to consist of radiant particles
and the X-rays of electromagnetic pulses, the two types exhibit
a surprisingly close resemblance in their properties. Both
ionise gases, affect the photographic plate, and excite fluor-
escence, and both are independent of the more or less arbitrary
considerations which apply to the absorption of light by
matter. They are, however, distinguished, first, by the fact
already mentioned, that the X-rays are propagated radially
with uniform intensity in all directions from their source, and
secondly by the action of a magnetic field.

The path of the cathode rays is deviated by a magnet,
whereas the path of the X-rays is not known to suffer
deviation. In this way it is easy to show that the cathode
rays are the cause and the anti-cathode the source of the X-rays,
for, if the former are deviated by a magnet so as to no longer
impinge on the latter, the production of X-rays to a large
extent ceases.

In 1896, with the awakening that followed the researches
of Lenard and Réntgen to the existence of new types of
radiations of a character utterly different from those of light,
came the discovery of the property of radio-activity. At first
it was thought that the fluorescence of the glass in a Crookes
tube under the impact of the cathode rays was the cause,
rather than, as we now know, an accidental accompaniment
of the X-radiation. M. Poincaré suggested that the production
of X-rays might be an effect general to flnorescence which had
previously been overlooked, in the same way as it had been
overlooked during the 30 years in which the Crookes tube had
been in use. .

M. Beequerel, acting on this idea, examined some fluorescent
compounds of uranium. His method was to place the bare salt
above a photographic plate, which was earefully wrapped up in
opaque material, and so protected completely from the direct
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action of light, and to expose the salt to direct sunlight,
so as to cause it to fluoresce. He found that his plate was
affected in these circumstances, even when a layer of copper
foil or aluminium was interposed between the substance and
the plate. But M. Becquerel also soon found that the exposure
to sunlight was unnecessary, and the same effect was obtained
in absolute darkness, even when compounds of uranium were
employed which, since their preparation, had mnever been
exposed to light. Moreover, he found he obtained the same
result whatever compound of uranium was employed, whether
it was tfluorescent or not, and he soon satisfied himself that
he was investigating an entirely new property of the element
wraniwm which was completely unconnected with the property
of fluorescence (see Comples Rendus, CXXIL, 1896, pp. 420,
501, 559, 609, 762 and 1,086). This property iz now
generally known by the special term * Radio-activity,” and
its investigation has already lead to some remarkable con-
clusions of a very far-reaching character. The characteristics of
the radiation from uranium are very similar to those of the
X-rays. The penetrability of the rays for ordinary matter is, as
a first approximation, a function of the density of the matter
and not of its nature. The rays ionise the air, or other gases
through which they pass, and make them for the time being
limited conductors of electricity. This can be easily shown
by a gold-leaf electroscope, which is one of the oldest of
electrical instruments, and has suddenly assumed a new impor-
tance as a means of detecting and measuring the ionisation of
the air, and, therefore, the intensity of the new kinds of
radiation. It is strange to refleet that it was not for the lack
of means of detection that the property of radio-activity
remained {or so long unknown.

Fig. 2 represents a simple form of gold-leaf electroscope, charged and
uncharged. It consists ordinarily of two narrow gold leaves fastened to
either side of a strip of metal, which is supported inside of a glass vessel
coated internally with tinfoil, by means of a rod passing through a
stopper of some good insulator, such as paiaffin, shellac or ebonite. To
charge it a piece of rubbed sealing-wax, or ebonite, is brought in contact
with the upper end of the rod, and the leaves diverge owing to the
repulsion of similar electrical charges. If the insulating stopper is in
proper condition, the leaves once charged should remain so for hours, or
even days. If a small quantity of uranium compound is put inside the
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vessel the leaves collapse within a few minutes. By making the instru-
ment small the effect may be sufficiently rapid to be followed with the
eye. The sensitiveness of the instrument, and the rate of collapse under
given conditions, depends on its capacity, and this is regulated mainly by
the area of the leaves and their support which receive the charge.

It may be pointed out that the electroscope would retain
its charge indefinitely ¢n vacuo, even in the presence of uranium,
or when acted upon by the X-rays—i.c., the gas present plays
a direct part in the transport of the electricity. The uranium
rays fail to excite flnorescence (for example, in barium platino-
cyanide), but this almost certainly is because of their excessively
JSeeble character compared with the X-rays from an ordinary tube.
Rutherford has also conclusively shown (Phil. Mag., 1899,
V., 47, p. 111, that the uranium rays are like X-rays, non-
polarisable and non-refrangible.

Fia. 2,—Two Gold-leaf Electroscopes, Uncharged and Charged.

It will be convenient at the present stage to anticipate the
results dealt with in Chapter V. to the extent of giving
a general account of the nature of the rays from uranium
and the other radio-active substances. These radiations have
been analysed into three distinet types, which are differentiated
in the first instance by their power of penetrating matter.
The three types have been termed respectively o, £ and
yrays. The former are so feebly penetrating that they
are completely stopped by a single sheet of note paper or
by a few centimetres of air, The B-rays resemble ordinary
X-rays in penetrating power, and pass with ease through thin
metal foil, glass, &c., but would be nearly all stopped by
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a single coin. The y-rays are by far the most penetrating
kind of ray known, and pass through a pile of 12 coins with-
out being completely absorbed. In each case it has been
found that the simple law is approximately followed, the
absorption being mainly proportional to the density and
independent of the nature of the matter. Of the three types.
the arays are the most and the y-rays the least important.
The y-rays from a kilogramme of uranium, for example, can only
just be experimentally detected by the most sensitive test
known. We shall see that Becquerel has proved the [S-rays.
to be identical in type with the cathode rays of the Crookes
tube. The difference is that the B-rays are travelling with a
far higher speed than the cathode rays ever attain, and in
consequence have a much greater power of penetrating matter.
The proof rests upon the fact that the [S-rays are easily-
deviated by a magnet in the same direction as the cathode
rays. The y-ray is not at all deviated by a magnet, and it is-
probable that the y-ray stands in a similar relation to the
B-ray as the X-ray stands to the cathode ray, being produced
when the charged particle which constitutes the latter
is suddenly accelerated at the moment of its expulsion.
The SB-rays are most active in impressing the photographic
plate. They represent, however, but a very small fraction of
the total radiation if the ionisation of the air is used as.
the basis of detection. The a-rays are mainly operative in
produeing this effect. These have been shown by Rutherford
to be very slightly deviated in a powerful magnetic field
in the opposite direction to the cathode or S-ray. We shall
see that, like the latter, they are camsed by the radial
expulsion of particles, which, however, carry a positive instead
of a negative charge. Moreover, the radiant particle of the
a-ray is by no means small, but is a body of about the mass of
a hydrogen atom, and it is expelled from the radio-active-
substance with the colossal speed of 20,000 miles a second.
In the a and § types of rays we have exactly the realisation of
Newton’s corpuscular theory of light. At first they were.
mistaken for a type of extreme ultra-violet light radiation, and
their wave-lengths were actually estimated. These experi-
ments are now known to be erroneous. But it is curious that
the first wave-form of radiation known was initially considered
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to be due to the emission of corpuscles, and that the first type
of the latter class of radiation was conversely mistaken for a
peculiar kind of wave vibration.

In some respects these recent discoveries may be said to
have provided an additional indication of the scientific intuition
and foresight of Newton. To the triumphant supporters of
the electromagnetic theory of light the corpuscular theory
must have appeared too crude to merit consideration. To-day
we know that its conception anticipated by three centuries
the march of scientific progress.

This chapter was designed to give at the outset a review of
the generally accepted theories of the nature of the many
kinds of radiation, old and new, which come within the range
of modern physies. Two classes of radiation have been
recognised, and yet the various types of both classes seem to
be distinguished from one another by a gradual rather than a
sudden break of properties. There is no single ecriterion
which serves to differentiate an ethereal disturbance from a
corpuscular radiation, except, perhaps, the action of a magnetic
field. Ewven this test would fail in the easily-conceived case
of an uncharged radiant particle.

The power of ionising a gas, which is a common characteristic
of the newly discovered radiations, has recently been shown
to be possessed by ultra-violet light of exfremely short wave-
length (below 2,000 Angstrom units). The explanation of the
transparency of insulators to electromagnetic undulations of
the character of light would seem to necessitate that the X-rays
and the y-rays should be more easily absorbed by conductors
than by insulators. Yet this has not been observed. Indeed,
from their properties, these two types seem to be more nearly
allied to the cathode rays and the a and B-rays from the
radio-active substances than to licht. These considerations
may serve to show that the present division adopted is some-
what unsatisfactory, and that probably in the future it will be
seen that a closer connection exists between the corpuscular
-and undulatory forms of radiation than our present views of
the relations between electricity and matter reveal.



CHAPTER II.

THE RADIO-ACTIVE ELEMENTS—URANIUM,
THORIUM, RADIUM, POLONIUM AND ACTINIUM.

Uranium and Thorium, the only eramples of Radio-activity among the
known Elements.—Abnormal Radiv-activity of Pitehblende.—Discovery
of Radium and Polonium.—Radio-activity an Atomic Property of
Matter.—Radium.—Source.—Method of Extraction.—Atomic Weight.
—Spectrum.—Radio-active Properties contrasted with ordinary
Material Properties.—Polonium.—Work of Marckwald.— Actinium,—
Work of Giesel.—The Five Radio-elements and their Distinguishing
Characteristics.—Source of the Energy of Radio-activity.—1The Two
Alternatives.

Soon after M. Becquerel's discovery of the radio-activity of
the element uranium, Mme, Curie (Thesis presented to the
Faculté des Sciences de Paris, Chem. News, 1903, p. 85, ef seq.)
made a careful examination of praectically all the known
elements, and found that one only—viz., thorium—possessed
the new property. Schmidt simultaneously discovered the
radio-activity of thorium. With regard to the other elements,
Mme. Curie states that if they possess radio-activity it can
only be to an extent at least 100 times more feeble than that
possessed by uranium and thorium.

The compounds of these two elements, when examined for
their power of ionising a gas and discharging an electroscope,
are found to possess a very similar degree of radio-activity.
To the photographic plate, however, thorium is several times
less active than uranium. This result we now know is to be
explained by the fact that the e-radiation from the two bodies
is of similar intensity, but the [S-radiation of thorium com-
pounds is much feebler than in the case of the uranium
compounds.
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Although none of the known elements in the pure state
possessed appreciable radio-activity, Mme. Curie observed that
certain ores of uranium and thorium, notably the pitchblendes,
were several times as radio-active as the element uranium or
any of its compounds. The following is a list of the minerals
examined and their activities :—

x 10— amperes. | » 10— amperes.

Pitchblende (Johanngeorgen- B TS) o1 T T - 1-4
atadt) .. ... 8°3: || Crangeite ... .. 00 naronees 2:0

Do. (Joachimsthal).. 7-0 Monazite: ... . .onseehsies 05
Do. (Pzibran) ...... G Hechynite ... . oot S L
Do. (Cornwall) 1-6 Fergusonite .......o. 000 0-4

6 123 e e e [ | Smnargkite: o..coant e 1-1
@halenlitest. i, o000 0 52 Niohite s i iscem A2
AT e o 27 | Carnokite ..o E N (-2

The method of measurement will be considered later, but
the activity is expressed by the current in amperes which was
enabled to pass through the air, under the action of the rays,
from a layer of the powdered substance of area 64 sq. cm.

The following table gives the radio-activity, on the same

scale, of uranium and its pure compounds :—
x 10-1 amperes.

Metallic uranium (econtaining earbon) .............. 2-3
T L s A U P e e S e Sl sl e e e 26
B B0 AT Rl LB o s e s e e e o e 1-8
Uranic h}'dmtc 'U{l; D L e 06
Bodivm nranate; NasUsOs oo ivinensesnata 1-2
Potassinum uranate, K,U {_'I- ........................ 1-2
Ammonium uranate, {hH }QLL.G ................... 1-3
Uraninm sulphate, U0,80,, 3H,0......cc000:00eu0s 07
Potassium uranyl su]phate v, .80, .50, 2H,0. 0-7
Uranium nitrate, UOx(NOg)a . 6Hz0 ..0vvveiveinnan. UF
Phosphate of copper and uraninm.................. (-9
Mrxanyl Enlphide; A S L e 1-2

It will be seen from the above table that the radio-activity
depends mainly on the percentage of uranium present in the
compound, although the density and state of division of the
compound, by altering the proportion of the rays absorbed
in the substance itself, exerts an influence on the observed
activity. But the Johanngeorgenstadt pitchblende, which pro-
bably contains about 70 per cent. of uranium, is nearly four-
times as active as the most active uranium compound. Mme.
Curie next tried whether an artificial mineral, prepared
from pure materials, would show any higher activity than the
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materials of which it is compounded. She chose for the
purpose chalcolite, which is a phosphate of copper and uranium,
and she found the artificial preparation possessed an activity
corresponding to its composition—viz., 0:9, compared with
5°2, the activity of the natural mineral.

Mme. Curie came to the conclusion, as the result of these
experiments, that rvadio-activity is an afomic property which is
independent of the physical or chemical state of the active
element, but is proportional only to the quantity of active
element present, when compounds of szimilar density and
states of division are compared. On this view, the high
activity of the natural minerals examined could only be
explained by supposing them to contain a new element
(since none of the known elements except uranium and
thorinm are radio-active) many times more active than
uranium, which had hitherto escaped detection by the
analyst.

M. and Mme. Curie proceeded to the decomposition of
pitehblende, and its separation by chemical analysis into
its constituent elements. Each preparation was tested for
radio-activity. If the high activity of pitchblende is due to
the presence of highly active new elements, it is to be expected
that the radio-activity in certain of the fractions will increase
at the expense of the activity of the others.

The expected result was obtained, and it was found that
the bismuth and the barium separated from pitchblende were
both strongly radio-active. These active preparations were
first termed “radio-active bismuth” and “ radio-active barium”
respeetively, but afterwards, when it became clear that the
activity could only be caused by the presence of new elements,
the names ¢ polonium” and “radium” respectively were
given to the latter.

Radivim.—It will be convenient to consider the case of
radium first, in the discovery of which M. Bemont was
associated with M. and Mme. Curie. Radium is the only
new radio-element that has so far been isolated in the form
of pure compounds, or which has been found to give a new
spectrum. It was discovered that the barium separated
from pitchblende possessed marked activity, and, if the
active barium chloride was fractionally crystallised, the

C
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activity tended to concentrate in the least soluble fraction.
The active barium preparations were, as soon as possible, sub-
mitted to M. Demarcay for spectroscopic examination, in order
that the hypothesis of the existence of a new element might
be confirmed. In the first specimens a new line in the ultra-
violet (A=23814Tpp) of considerable intensity was detected,
and, as preparations were obtained of higher and higher activity,
this line became stronger and new lines appeared. As the
fractionation of large quantities of material was proceeded with
small quantities of intensly active products were prepared, in
which the new spectrum predominated and only the three
strongest barium lines were visible. Finally a product was
obtained, in the spectrum of which the presence of barium lines
was scarcely detectable.

The quantities of pure radium compounds so obtained are
excessively small. A few tenths of a gramme only of radium
chloride can be extracted from a ton of pitchblende, and this
is in the ratio of one part to several millions of the original
mineral. On the other hand, the radio-activity of the pure
compound is correspondingly inereased, and the tiny quantity
extracted from a ton of ore retains in concentrated form the
greater part of the radio-activity of the original mineral.
Weight for weight, the radium compounds are at least a
million times more active than the compounds of uranium
and thorium. This numerical comparison hardly conveys a
true impression of the relative activities. A clearer idea is
given by a concrete example. If a radium compound
produced a given effect, for example, on a photographic
plate, in one second, a similar weight of uranium com-
pound would take several weeks to produce the same effect.
This is illustrated by Figs. 3 and 4. The first illustrates
a radiograph of an aluminium medal taken with uranium
rays in which probably several grammes of a uranium
compound were employed, and the exposure given was
14 days. The second illustrates a negative obtained by
merely writing slowly on a photographic plate with a
tube containing a few thousandths of a gramme of a pure
radinum preparation.

The use made by M. and Mme. Curie of the property of
radio-activity as a means of detecting and separating new
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Frs. 3.—hadiograph of an Aluminium Medal taken by M. Beequerel
with the Uranium Rays. Exposure: A fortnight.

(From * Rapports du Congrés International de Physique, 1900,”

Tome IIL., p. 51.)

Fra, 4. Negative produced by Writing with a Glass Tube containing a
few milligrammes of Pure Radium Bromide on a Photographic Plate
wrapped in Black Paper.

U Rdio-Aetivity.” [To foee pagels.
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elements is strictly analogous to the use of the spectroscope
made by Bunsen and Kirchhoff for the same purpose, in their
discovery forty years ago of two new elements, rubidium and
caesinm. Thus 44,200kg. of Diirkheim water were worked up
by these investigators and 7-272 grammes of caesium chloride
obtained therefrom, the sole guide to the existence and, in
the early stages of the separation, to the analytical behavour
of this new element being the two bright blue lines in the
flame spectrum of caesium,

Mme. Curie states that the strongest line of radium eannot be
observed with specimens less radio-active than fifty times that
of uranium. Since radio-activity =55 5th of this can be directly
detected (compare Strutt, Phil. Mag., 1903, VI, 5, p. 683),
it follows that for radium the radio-active test iz 150,000
times more sensitive than the spectroscopic. Nevertheless,
Demarcay classes radium among the elements which possess
the most sensitive spectrum reaction. In pitchblende itself
the quantity of radinm is probably about one-twentieth of the
minimum quantity detectable by the spectroscope. Recently
it has been demonstrated that radium is very widely distri-
buted in nature. The test used is not the direct radiation,
but depends on the fact that radium produces an emanatfion,
or radio-active gas, whose presence can be detected in almost
inconceivably minute quantities. The presence of the radium
emanation, and, by deduction, the existence of radium, has been
detected in the soil of many localities, in tap water and in
various springs, also (compare J. J. Thomson, Cambridge
Phil. Soe. Proceedings, February 15th, 1904) in the com-
monest materials, such as flour, the sand of the sea shore, &ec.
In fact, it is hardly too much to expect that, as the methods of
investigation are improved, and sufficiently large quantities of
material are worked with, radium will appear as a universal
constituent. This is mainly due to the fact that the means of
detecting it are almost infinitely more sensitive t! n those
possible for any of the older known elements. Cu .versely,
the property of radio-activity has supplied the chemist with so
powerful a new weapon in the search for excessively rare
elements possessing the property that a great extension' of
our knowledge in this direction is to be anticipated in the
near future.

02
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The principle underlying this method of research, and which
is also at the root of the important theoretical advances that
have been so quickly made in the subject, depends upon the
fact that radio-activity is an atomic property. When the prin-
ciple was first enunciated by Mme. Curie, it connoted that the
activity of any radio-element was not influenced by its state
of chemical combination or by the conditions under which it
was tested. Thus any mineral containing uranium or thorium
is radio-active without reference to the other inactive elements
it contains, or to the conditions of its past history. We now
know that, if proper precautions are taken, the radio-activity
of a substance furnishes a good quantitative measure of the
amount of the radio-element it contains. The radio-activity
of matter is a property which can neither be increased nor
diminished by any artificial means.

Matter, strictly speaking, possesses only one other “atomic
property,” and that is mass, which, like radio-activity, is an
additive property of the atoms, each constituent atom contri-
buting its quota without possibility of its being changed by any
agency we know of. This is shown by the fact that mass, or,
as it is usually measured, weight, is the only property that
can be used universally as the basis of chemical analysis.
Of other properties spectrum reactions represent probably
the nearest approach to an atomic property, for, within
certain limits of temperature, the spectrum of an element
is the same whatever the compound employed. But the
spectrum reaction is not an additive property, and the
intensity of a spectrum is by no means a sure indication of
the quantity of element present, for many spectra are
“masked ” by comparatively small quantities of impurities.
Radio-activity is, of course, distinguished from the property of
mass or weight in being a very special property of a certain
few types of atoms, and not a universal property of all.

In spite of the discovery of many new facts, which at
first sight seemed to contradict the view that radio-activity
is an atomic property, there is no doubt of its truth
at the present time. It has not been found possible to
influence radio-activity by any known agency, any more
than it has been found possible to alter weight, and the
more free from disturbing causes (such as absorption)
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the measurements are, the more accurately this result
holds good. Hence radio-activity is fitted in every respect as
a property upon which a method of quantitative chemical
analysis could be hased. We shall see later that radio-activity
furnishes a means of qualitative analysis also. There are
certain peculiarities which enable us instantly to recognise
thorium, or radinm, from uranium (even were all these elements
mixed) by the character of their radio-activity, without perfor-
ming a single chemical or spectroscopic test with the substance.
Conversely, by an examination of a radio-active mineral, one
can be sure, before a single chemical test is employed, whether
1t contains any new and hitherto unrecognised active elements,
or whether its activity is due to the known radio-elements. The
finest and best methods of chemical analysis do not surpass in
ease of operation and certainty the methods of *“radio-active
analysis,” whereas the latter tests are applicable for quantities
millions of times less than the former.

Source of Radium.—So far radium has only been found in
notable amount in minerals containing uranium, and very few
of these appear to contain a sufficient quantity to repay ex-
traction. Not all pitchblendes are equally rich in the element ;
for example, the Cornish pitchblende, although it contains a
high percentage of uranium, possesses such a low activity (1-6
compared to 8'3 for the Johanngeorgenstadt ore) that it can
only contain little, if any, of the element. Practically the
ore from Joachimsthal provides the whole of the available
supply. A method for the accurate estimation of radium
in ores will be given later, after its properties have been
more closely studied. The quantity obtainable even from the
best ores is excessively small. Mme. Curie states that from
2 tons of residues from the Joachimsthal ore she obtained
a few hundredths of a gramme of the pure chloride and a
few tenths of a gramme of considerably less active material.
Giesel, who has probably prepared the largest quantities of
concentrated radium compounds, obtains about 0°25 gramme
of pure radium bromide from 1 ton of the residues of the
pitchblende after the commereially valuable uranium has been
extracted.

Method of Extraction—The following method of treatment
of the residues from the Joachimsthal ores has been worked
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out by Debierne and is taken from Mme. Curie's Thesis :—To
extract the uranium, the oré is roasted with sodium carbonate,
lixiviated with warm water and then with dilute sulphuric
acid, when the uranium passes into solution. The insoluble
part consists of the sulphates of lead and calcium, alumina,
silica and iron oxide, together with greater or less quantities
of nearly all the metals. These residues possess an activity
four and a-half times that of uranium, and constitute the raw
material used for the extraction of radium. The insoluble
sulphates are converted into carbonates by bhoiling with a con-
centrated solution of earbonate of soda, and the soluble sodium
sulphate produced is removed by repeated washing. The
residue is treated with hydrochlorie acid, which dissolves most
of it, including the polonium and actinium, but the radium
remains undissolved, as unconverted sulphate. It is washed
with water, again boiled with concentrated sodium carbonate
(which completes the transformation of the sulphates into car-
bonates), again thoroughly washed, and then treated with dilute
hydrochloric acid free from sulphuric acid. Polonium and
actinium are still present in the solution, from which the
radium and barium are removed by precipitating with sulphurie
acid. From 1 ton of residues 10kg. to 20kg. of crude sulphates
are thus obtained of activity about 60 times that of uranium,
and these contain calcium, lead, iron and a trace of actinium.
The sulphates are transformed into chlorides as before, and the
solution treated with sulphuretted hydrogen, filtered, oxidised
with chlorine and precipitated with ammonia. The activity of
the precipitated hydrates and oxides is due to actinium. The
filtrate is precipitated withsodium carbonate, and the precipitate
washed and converted into chlorides, evaporated to dryness, and
the chlorides washed with concentrated hydrochlorie acid, which
removes calcinm. The purified chlorides of barium and radium
thus obtained possess an activity of about 60. Eight kilos are
obtained from 1 ton of residues. At this stage the material
leaves the factory, and is now fractionated in the laboratory.
Mme. Curie’s system was based upon the fact that if the
mixed chlorides are dissolved in water, raised to the boiling
point, and allowed to cool, the small part that crystallises out
is five times more active than the part left in solution. By
suceessive repetitions of this process the mixture is divided
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into two parts—the one consisting of the great bulk of the
material, which may be obtained only one-tenth as active as
uranium, the other consisting of continuously diminishing
quantities of preparations with correspondingly increasing
activity. As the fractionation advances it is convenient to dis-
solve in water containing gradually increasing quantities of
hydrochloric acid. The salts are less soluble in the latter than
in water, and larger volumes of solution are obtained. When
the proportion of radium inecreases to a certain point, the
crystals of mixed barium and radium chloride become coloured
after a few hours, the colour disappearing when the crystals
are re-dissolved. A maximum coloration is reached when the
radium present is of a certain concentration, and then again
diminishes as the preparation becomes more concentrated.
This serves as a check on the progress of the fractionation.

Giesel (Berichte der Deulschen Chemischen Gesellschaft, 1902,
p. 3,609) has improved upon the method by using the bromide
instead of the chloride for fractionation. He states that eight
crystallisations suffice to remove the easier soluble barium
bromide, leaving the radium bromide approximately pure. But
it is probable that to approach the purity ultimately attained
by Mme. Curie with her method very many more fractionations
would be required. Such a degree of purity is, however, only
required in certain special cases, and Giesel’s method furnishes
preparations with sensibly the maximum obtainable radio-
activity. Giesel discovered that salts of radium impart to
the colourless flame of a bunsen burner a fine carmine red
colour, which serves as a useful control over the progress
of fractionation. In this respect radium shows its relation-
ship to the other alkaline-earths, which all yield fine flame
colorations.

Atomic Weight.—The atomic weight of radium has been
determined by Mme. Curie with the preparations obtained
during the progress of the fractionations. The method em-
ployed was to precipitate the chlorine in a known weight of
the chloride with silver nitrate, and to weigh the silver
chloride obtained. Besides being accurate and applicable to
very small quantities of material, the method possesses the
advantage of retaining the radium in the soluble form, as
nitrate, after the performance of the operation.
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The atomic weight of preparations of activity 230 and 600
times as active as uranium was indistingunishable from that
of barium—viz., 137. With a preparation of activity 3,500
the number 140 was obtained, showing a small but distinct
difference. Another sample of activity 7,500 gave the num-
ber 1458, while two samples of very high activity, each of
the order of one million times that of uranium, gave 1738 and
225 respectively. In the latter the barium could only just be
detected spectroscopically. A mean of three determinations
of the purest sample prepared also gave the number 225,

It may be noted that the radio-activity of pure radium salts
is generally taken to be of the order of a million times that of
uranium, but the exact value is unknown. This is because it
is experimentally impossible to directly compare together
activities which are so widely different. An absolute measure
in electrical units of the radio-activity of pure radium salts has
not yet been published.

The value 225 for its atomic weight places radium in the
position of the third heaviest element known, the two heavier
being the other radio-elements—thorium 232 and uranium 238.
It is surely not merely a coincidence that the three elements
distinguished by their radio-activity should possess the three
heaviest atomic weights. Except in this respect they are
chemically very dissimilar, radium being divalent like barium,
thorium tetravalent like tin, and uranium hexavalent like
tungsten. On the other hand, these eiements, which they most
resemble, show no trace of radio-activity.

Spectrum.—The following table shows the measurements of
Demarcay of the spark spectrum of radinm between the limits
A=5000 and A=3500pp. The intensity of the strongest
line is put at 16 :—

A Intensity. | A Intensity.
L T T T (460051 o
(47%9 5 Violet 1453'35 .... 9
Blue 469°98 3 \ 44361 ... g
RV
46419 .... 4 violet (gez.96° (111 12

In addition there are two well-marked misty bands in the
spectrum, and in this and other characteristics the spectrum is
completely similar to those of the other alkaline earth metals.
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Runge and Precht (Phil. Mag., 1903, VL., 5, p. 476) have
examined the spark spectrum of radium in a magnetic field,
and have found that the strongest lines are exactly analogous
in their behaviour to the strongest lines of barium, and to the
corresponding lines of the related elements magnesium, calcium
and strontium. Like the latter, the radium lines may be
grouped into three series, a pair of lines in each series. In
the second series of each element there occurs, besides the
two lines, a third, which they term a “satellite.” In caleu-
lating the distance apart of the lines of each series, the
oscillation-frequency which is the reciprocal of the wave-length
is employed. Runge and Precht find that the distance apart
between the two lines of the first and third series, and of one
of the lines and the “satellite” in the second series, 1s the
same for each element and different for different elements.
The following table shows the corresponding lines in the spectra
of magnesium, calcium, strontium, barium and radium, ex-
pressed in .!ingstmm units (p=10 .Emgstz'ﬂm units) :(—

— I‘IIg+ Gﬂu 31'+ | Bﬂu i Ea--

— - —— I |
2 A I 12,803 | 3,969 | 4,216 | 4,934 | 4,682
LA Al honc s n0ss (2,796 | 3,934 | 4,078 | 4554 | 3,815

[ — 3,181 3,475 4,166 | 4,436
1st secondary series .... |4 2,798 | 3,179 3,465 | 4131 | 4,341
2,791 | 3,159 3,381 | 3,802 8,650

. M b 2,937 | 3,787 | 4,306 | 4,900 | 5,814
2nd secondary series .... 2:929 3,706 |4:lﬁ‘2 4:525 | 4533

- —_

The following is a table of the distances apart of the three
pairsin the caseof radium measured on the scale of frequency :—

R ! A 108/A Difference.
: : P 21,356 T Ted
PLATNATY BETIER v v s asinis s aiain { i'g? 423 gé'é;‘é? } 4,8583
|_ QL. 4= & :3 ~ " 1
1zt secondary series .......... { g:zigﬁ é?'gggg _} 4,8585
9nd secondary series ........ ll ﬂ%gga éggggg } 4 858-6

Now, in a series of elements of the same family in the periodic
table, the distances apart of the lines increases with the
atomic weight of the element, and from the values in the
case of Mg, Ca, Sr and Ba Runge and Precht have extrapo-
lated for the case of radium, and obtained for the atomic
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weight of radium, the number 257-8. This is considerably
above the experimental number found hy Mme. Curie, and the
discrepancy has not been explained. This matter needs further
investigation, but for the present we must accept the experi-
mental value, 225, especially as it is that required by the
periodic law.

The position is a very interesting one. Both the chemical
and spectroscopic evidence point most strongly to the con-
clusion that radium is a heavy representative of the alkaline-
earth family of element. If old tables of the periodic law are
consulted there are two vacancies possible beyond barium, the
then heaviest known member of the family. One corresponds
to atomic weight about 172, the other to 225. The former is
too small to agree with either determination, and need not be
considered, whereas the latter is identical with Mme. Curie’s
number. If the value 2578 indicated by the spectroscopic
evidence were correct, radium would appear in the periodic
table allied to the mercury-cadmium family of elements and
not to the alkaline-earths.

The line 4,826:14 in the radium spark spectrum is stated by
Runge and Precht to be the one most prominent in the flame
spectrum, and is analogous to the strongest flame lines
Ba 5,535, Sr 4,607, Ca 4,426, for all these lines are resolved
into triplets by a magnetic field, the lines in each case being
equidistant from one another on the scale of frequency. We
thus see that the spectrum of radium, when subjected to the
strictest investigation by the modern methods of spectroscopy,
is the normal spectrum to be expected for an alkaline-earth
element heavier than barium. Radium shows in its spectrum
no indication of any special peculiarities which might be con-
nected with its many unique radio-active properties, and this is
the more surprising when it is considered that the methods of
spectroscopy have thrown a great deal of light on the internal
mechanism of the chemical atom.

In marked contrast to its strictly normal character as a
chemical element occupying a definite and predicted place in
the periodic table, radium possesses in addition a totally
different set of properties, which make 1t in many ways the
most extraordinary substance known. These will be generally
referred to as its radio-active properties, in contradistinction
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to the other set, which will be termed the ordinary material
properties. There is thus a double nature to the radio-elements,
according as their ordinary material properties or their radio-
active properties are considered. We shall see later that it is
probable that the same set of atoms is not concerned in the
two cases, the ordinary material properties being caused by
what may be called the normal atoms, which are in over-
whelming numerical majority, while the radio-active properties
are caused by a very minute and constant fraction of the total
in a very critical and unusual state.

It will be convenient to pass in review in a preliminary
manner some of the most important of the radio-active
properties of radinm. The radiations, even from a few milli-
grammes, are of an extraordinarily powerful character. We have
seen that they can be divided into three classes, in the order
of their penetrating power. The a or non-penetrating type
are stopped by less than an inch of air. They instantly
discharge an electroscope or an electrified silk tassel, and cause
zine suiphide to phosphoresce very brilliantly. The scintilla-
tions of Sir W. Crookes’ “spinthariscope ” are brought about by
the impact of the a-rays on a zine sulphide secreen. Owing to
their enormous kinetic energy and the ease with which they
ave stopped by material obstacles, the e-rays are the main cause
of the heat evolution from radium. By far the greater part of
the o radiations are absorbed in the solid compounds of
radinm, and their energy is converted into heat. In this way
radinm liberates enough heat every hour to raise its own
weight of water from the freezing to the boiling point. They
continuously maintain themselves a few degrees above the
temperature of their surroundings. The e-rays bring about
chemical decompositions, the most remarkable of which is the
decomposition of water into its constituent elements. A
gramme of radium in aqueous solution liberates 10 cubic cm.
of hydrogen and oxygen per day continuously.

The [B-rays of radium pass with ease through plates of
copper and other metals of the thickness of a visiting card, and
will instantly affect a photographic plate or produce brilliant
fluorescence on a crystal of barium platino-cyanide on the
other side. As they carry away  a negative charge, the
radinm, under favourable cireumstances, is continuously kept
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charged with positive electricity. The y-rays of radium will
affect a photographic plate and produce visible fluorescence
on a screen of platino-cyanide through metal screens over an
inch thick, or through a pile of 12 coins. In addition, there
oceurs simultaneously a continuous production of a radio-
active emanation, or gas, the absolute amount of which is so small
that it can scarcely be directly perceived. Yet this invisible
quantity of gas emits enough energy to give astonishing indi-
cations of its existence. The quantity of emanation obtainable
from a few milligrammes of radium salt will keep a phosphores-
cent mineral like willemite continnously luminous for several
days or even weeks, to a sufficient extent to be visible even in a
brightly lighted room.

A fuller consideration of this property and of others con-
nected with it must be reserved till later (Chapter VIL,
ef seq.). At this stage the point must be emphasised that,
in spite of the properties above mentioned, the radio-activity
of radium appears in no fundamental point different from that
of uranium and thorium. It is mainly a matter of the
phenomena in the former case being exhibited to an extra-
ordinarily greater degree than in the latter cases.

Poloniwin.—DBesides radium there is strong evidence that
there exists in pitchblende two other new radio-active bodies,
polonium and actinium, and, although neither of these has yet
been obtained in sufficient quantity to give a spectrum reaction
or any other evidence of their presence, except their radio-
activity, the peculiar nature of the latter in each case leaves
no doubt that each is a specific new form of matter, whose
ultimate separation may be confidently expected. In the frac-
tionation of pitchblende by M. and Mme. Curie, the polonium
appeared with the bismuth in the second group of metals
precipitated from acid solution by hydrogen sulphide. It
resembles bismuth in analytical properties, but it can be
concentrated by special methods even from the bismuth, which
shows that it is chemically distinet. Mme. Curie describes
three methods : (1) By subliming the active sulphide in vacno,
the active part, being the more volatile, tends to deposit on
the cooler parts of the tube. (2) By fractional precipitation
of the solution of the nitrates with water it is found that the
basic nitrate precipitated is more active than the fraction which
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remains dissolved. (3) By precipitation of the chlorides in
strong hydrochloric acid solution with hydrogen sulphide the
fraction precipitated as sulphide is again the more active.

So far Mme. Curie has not succeeded in obtaining her
preparations free from bismuth. Its radio-activity is peculiar
in two respects : (1) It comprises only « or non-penetrating
rays, the penetrating B-rays being completely absent. In this
respect it is sharply distinguished from the other radio-active
substances, uranium, thorium, radium and actinium. (2) Its
radio-activity is not permanent, but decays slowly with the
lapse of time, falling to half its original value at the expiration
of about one year. The discussion of this important point,
which throws a great light on the nature of polonium, and why
it has so far been impossible to separate it as a distinet element,
must be reserved until the numerous other cases of temporary
activity which are now known have been considered.

Recently Marckwald (Berichie der Deutschen Chemischen Gesell-
schaft, 1902, p. 2,285) has shown that polonium may be easily
separated from the bismuth extracted from pitchblende residues
by immersing a polished plate of bismuth in the solution. The
whole of the active substance is deposited in highly concen-
trated form on the plate, while the solution is left inactive. The
deposit, which is metallic, can be easily detached, and weighs but
a few milligrammes, which, however, when dissolved still shows
the presence of bismuth. In a later communication (zbhid.,
p. 4,239) the same investigator has shown that the metallic
deposit more nearly resembles tellurium than bismuth in its
chemical nature, and he has proposed the name radio-tellurium
for his preparation, believing it to be distinct from Mme.
Curie’s polonium. He finds that it is precipitated out of its
solutions by stannous chloride as a black precipitate, and
recommends this method as giving far purer preparations than
that first employed. The activity of these is far higher than
the earlier products, but the weight obtained is correspond-
ingly smaller. In a still later communication (ibid.,, 1903,
p. 2,662) Marclkwald gives some very interesting details of the
actual amount of the new substance present in pitchblende.
2,000kg. of the latter yielded 6kg. of bismuth oxychloride,
which gave 1'5 grammes of the tellurium-like precipitate with
stannous chloride. He now finds that this is almost entirely
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ordinary inactive tellurium, which he separates from the active
product by precipitating the chloride with hydrazin hydro-
chloride in not too acid solution. The active substance remains
in the filtrate, and after precipitating with stannous chloride
was found to weigh 4 milligrammes ! Even so, the author does
not consider it proved to be a homogeneous substance. He
states that from };th milligramme of this preparation he has
obtained sufficient light, by means of the phosphorescence pro-
duced by the rays in a preparation of zinc sulphide, to be
plainly visible to an andience of several hundred people.

There seems to be no justification for supposing that the
active constituent of Marckwald’s preparation is different from
that of Mme. Curie. Both preparations are identical in their
radio-active properties and are obtained from the same mineral.
In this book it will be assumed that “radio-tellurinm ™ is
identical with polonium. For a full discussion of this point
compare Nafure, March 17, 1904, p. 461.

On the view that poloninm is a new element, this work of
Marckwald establishes a record in the achievements of chemical
analysis. Before it, the separation of xenon from the atmo-
sphere, one part of the former in between 10 and 100 millions
of the latter, by Sir William Ramsay and Dr. Travers, was
probably the best example of the possibilities of modern
methods in the detection and separation of minute quantities
of new elements as they exist in Nature. But in Marckwald’s
separations the proportion of the new substance in pitchblende
is certainly less than this, and may be estimated at less than
one five hundred millionth part of the whole. e shall see as
we proceed that the minute quantity of polonium in pitchblende
is intimately connected with its relatively short-lived activity
after separation.

Actiniwm.—Little has been published about this substance,
and the only investigator who has examined if. is Debierne,
who discovered it in the ammonium hydrate group in the
analysis of pitchblende (Comples Rendus, 1899, 129, p. 593;
1900, 130, p. 906 ; 1903, 136, pp. 446 and 767). The element
most nearly allied to actinium in its analytical behaviour was
first stated to be titanium and subsequently thorium. In fact,
the preparations were shown by a spectroscopic examination
by M. Demarcay to consist chiefly of thorium, Like radium,
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it gives penetrating rays deviable in a magnetic field, and also
a characteristic emanation capable of 1mparting temporary
activity to objects in the neighbourhood, but distinguished from
the emanations of radium and thorium by a more rapid rate of
decay of its activity. On these latterly discovered facts its
chief claim to be considered a new radio-active element rests.
Giesel (Ber., 1902, p. 3,608 ; or Chemical News, 1903,
p. 97) has also described a substance which appears to
be identical with Debierne’s actinium. He ecalls his body
““The Emanation Substance from Pitchblende,” because it
is characterised by great power of giving a radio-active
emanation. Both Debierne and Giesel have suggested that
the new body is the cause of the radio-activity of thorium,
but this seems impossible, on account of the totally distinet
character of its emanation. It resembles thorium and the
rare earths in its analytical reactions, being precipitated
from its solutions by hydrogen peroxide and by oxalic acid.
But Giesel has obtained it free from thorium and nearly
free from cerium and didymium, and finds the main bulk
of the substance consists of lanthanum. Lanthanum 1s,
however, inactive, and stands to actinium in just the same
relation as barium to radium, or bismuth to polonium, as the
analytically similar element. Giesel’s preparation was about
one-thousandth as active as pure radinum salts. The close
resemblance between certain very curious and unique properties
of the emanation from both Debierne’s actinium and Giesels
emanation-substance (these properties being discovered in-
dependently by the two observers for their respective pre-
parations) show that the source of the radio-activity is almost
certainly the same substance in the two cases. These special
properties of the actinium emanation will be considered later,
after the other emanations have been studied more in detail.

The Five Radio-clements.—Five radio-active substances, pos-
sessing characteristic radio-activity are thus known—uranium,
thorium, radium, polonium and actinium. The activity of the
last two probably only persists over a short term of years,
while that of the first three is sensibly permanent at least for
many centuries. These bodies present many peculiarities
among themselves in the kind of radio-activity they exhibit
(compare Rutherford and Miss Brooks, Phil. Mag., VL 4, p. 1,



S RADIO-ACTIVITY.

1902), so that it is impossible that the radio-activity of any
two or more of them can be caused by the presence, possibly
in minute quantity, of the same substance.

These peculiarities can be grouped mainly under two heads.
The first is the character of the rays and their penetration-
power. Three types of rays, known as the e, 8 and y rays,
arranged in the ascending order of their power to penetrate
matter, are recognised, and, although the rays of any one kind
differ slightly among themselves in penetrating power for
different radio-active substances, this is always of the same
order for the same type of ray and of a completely different
order for different types of rays.

| : . Imparts activit
Substance. | a-rays. | pB-rays. | y-rays. I;ﬁion';ﬁzlnv? to EEEEEEHDEF
Uranium.... ' Yes. | Yes. Yes. | No. Nﬂ
Thorium .... | Yes. | Yes. Yes. | Nen: il Yes;
Radium .... | Yes. | Yes. Yes. Yes. | Yes.
Polonium .. | Yes. No. | No. i _Nu. | ‘ No.
Actininm . o Yes. | Yes. | 2 Yes. ‘ Yes.

The second distinctive feature which serves to differentiate
radio-active substances is their power to produce, besides rays,
radio-active gases, not necessarily in visible quantities, but
possessing sufficient radio-activity to be easily detectable. This
property was discovered for thorium by Prof. Rutherford,
who gave the name “Emanation” to the radio-active gas pro-
duced from thorium. Uranium and polonium do not, while
/thorium, radium and actinium do, possess this property. The
respective emanations of the last three are distinguished
from one another by the time their activity lasts, the activity
of the radium emanation lasting several weeks, that of the
thorium emanation only a few minutes, and that of the
actinium emanation a few seconds. With the power of
a radio-active element to produce a radio-active emanation
is bound up its power to impart radio-activity to objects
in the neighbourhood. Rutherford discovered this property
for the thorium emanation, and designated it the excifed
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activity. M. and Mme. Curie discovered it simultaneously for
the element radium (the emanation of radium was not then
known), and called it the induced activity. As both terms are
misleading in light of present knowledge, the term * Imparted
radio-activity ” will generally be applied in this book to this
phenomenon, In the preceding table a list is given of the radio-
active substances and the characteristics of their radio-active
properties with respect to the features just enumerated.

Although radium is the only one of the three new radio-
elements that has been obtained in quantity sufficient for its
ordinary material properties to be investigated, the strongest
evidence in favour of considering it a new element is the
unique and specific character of its radio-active properties.
The emanation of radium in the rate of decay of its activity
and its power of imparting a peculiar sort of temporary activity
to bodies in contact with it is a far finer test for the presence
of radium than the spectrum of the latter element. On
this account it is certain that the activity of the other four
radio-elements is not, for example, due to the presence of
radinm. Conversely, it appears likely that certain supposed
new radio-elements, as, for example, the so-called radio-lead,
consisted merely of inactive matter admixed with a trace
of radium. The radio-active gas that has been described from
metallic mercury, from soils and water, &c., has the character-
istics of the radium emanation, and owes its origin, in all
probability, to the same canse. On the other hand, a new type
of emanation, for example, indicates the presence of a new
radio-element, and many such will, no doubt, be discovered by
this test in the future.

Source of fadio-aclive Enerqy.—The fundamental problem
presented by the property of radio-activity is the same for all the
radio-elements, whether they exhibit it to a feeble degree, like
uraninm and thorium, or to an intense degree, like radium. In
the latter case the magnitude of the effects render the nature of
the problem more obvious, but the difficulty in the way of an
explanation i3 no greater on that account. To cause substances
to fluoresce, to ionise a gas, or even to fog a photographic plate
requires energy. In the case of the production of cathode-rays
and X-rays from a Crookes tube, the source of the energy is, of
course, to be found in the electrical forces employed. DBut in

Iy
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the case of the radio-elements the source of the energy is not
apparent. The emission of energy from radinm, for example,
is at once spontaneous and persistent. If in one hour
sufficient heat is given out by this element to raise its own
weight of water from the freezing to the hoiling point, it is easy
to see that the quantities of energy liberated in a year, or in a
thousand years, must make an enormous total. In only two
days radium gives out more energy, weight for weight, than the
most powerful explosive known liberates during its explosion.
If the energy liberated in a thousand years conld be released
instantaneonsly, a single milligramme of radium would equal in
its effect o fon of any known explosive. There are only two
general explanations of the source of this energy possible.
Lither radium must possess the power of responding to some:
hitherto unknown and unsuspected source of exfernal energy
in such a way as to convert the latter into forms which come
within our powers of recognition, or, the energy must be
derived from some hitherto untapped infernal store hound up
and latent in the structure of the atom. The arguments at
the present time are overwhelmingly in favour of the latter
view. Both views necessitate very substantial additions to
our accepted ideas. But whereas the extension required by
the latter view of the existence of forces within the atom—
large compared with ordinary chemical or molecular forces—
is in accordance with recent advances that have been made in
our knowledge of atomic structure, the extension required by
the first view of unknown forms of energy in external space
is wholly new, and much more sweeping in its consequences.
For, to explain the energy emitted in one place by radium,
all space, it would seem, must, equally with the place where
the phenomenon is manifested, contain a similar store of
potential energy, and the total amount of existing energy in
the universe postulated by the latter view is far greater than
in the former case. Moreover, it only explains the source of
the energy, and leaves unanswered how it is that it is mani-
fested in those particular ways—the emission of rays, the
production of emanations, &e.—which comprise all the complex
manifestations of radio-activity. On this view also, an element
once radio-active should continue so indefinitely without change
of activity or loss of substance. On the alternative view the
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opposite holds true. The element must be undergoing change,
and in the exhaustion of its large, but still not infinitely large,
store of energy the element must itself change into other
forms which possess a smaller energy-content. It is the main
object of the present hook to show that the radio-elements
are undergoing such changes, and that these changes are new,
in that they involve the disappearance of the atom of the
element and its transformation into other atoms. In this
way it will be shown that not only is the energy-emission
explained, but also that all the complex and varied phenomena
exhibited by the radio-elements are simple and necessary con-
sequences of the one fundamental conception.

D2






CHAPTER III.

THE ELECTRICAL PROPERTIES OF GASES.

The Ionz of Goseous Conduction.—Distinction between the Ions and the
Radio-active Emanations,—1T'he Saturation Current.—Eguation of
Current jflowing throuph a Gas.—Ionic Velocities.—Coefficients of
Dijffusion.—Determination of the Charge carried by an Ion.—The
 dtomic Charge,”—0C, T, K. Wilson’s Condensation Kxperiments. —
Determination of the Number of Molecules in a Cubic Centimetre of
Hydrogen.—Radiant Tons.—Their power of Ionizing Gases.—Strie.—
Determination of the Velocity and of the Ratio of the Charge to the
Mass of the Radiant Ion.—Direct Determination of Velocity.—The
Negative Tons produced by Metals under the action of Ultra-vielel
Laght.—T'lhe Mass of the Negative Ton or Corpuscle.— Positive-Rays.—
Electrical Inertin or Mass.— Variation of Electrical Masz with the
Velocity of the Corpuscle up to the Speeds of Light.—The Electronic
Constitution of Matter,

The measurement of radio-activity in an accurate and quan-
titative manner depends upon the property possessed by the
rays emitted of ionising the gas through which they pass—i.e.,
of rendering it capable of carrying limited quantities of both
positive and negative electricity. This was shown for the
uranium rays very early by Beequerel. The use of this pro-
perty as a means of quantimtive measurement dates, however,
from the work of Rutherford (Phil. Mag., 1899, V., 50, p. 109),
who showed that the ionisation produced by the uranium radia-
tion is of the same character as that produced by the X-rays,
and equally with the latter can be simply and directly explained
by the theory put forward by Prof. J. J. Thomson that the
conduction is brought about by the transport of negatively and
positively charged carriers to the positive and negative elec-
trodes respectively. The function of the rays, both the X-rays
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and the rays from radio-active substances, is to produce these
ions throughout the volume of the gas. The energy of the
rays absorbed by the gas is utilised in the production of ions,
so that the number produced in unit time is a measure of the
intensity of the radiation absorbed. The current flowing
through a gas under certain special conditions will be shown
later to be a measure of the number of ions produced per
second. Hence it becomes possible to measure radio-activity
by electrical means. The actual methods employed will he
dealt with in the next chapter. It is first necessary to obtain an
idea of the nature of the ions and their behaviour under given
conditions,

It will be convenient to consider first the ions of normal
gaseous conduction which are produced in a gas whenever it
is acted on by certain types of radiation of which the X-rays,
the cathode or Lenard rays, and Becquerel rays are the most
important, but which we now know are produced also by
ultra-violet licht of excessively short wave-length.  Ordinary
air screened from extraneous influences is in all probability
an absolute non-conductor of electricity. Experimentally,
it always exhibits an excessively minute conductivity, which
is, however, caused by ioms, and generally spoken of as
the natural or, less correctly, the spontaneous ionisation
of the air. But since this continuously decreases as greater
precautions are taken to screen it from the action of infini-
tesimal quantities of radio-active matter, it is a fair inference
to regard the air as a perfect insulator when in its normal
condition. If it is got into a conducting state by the action of
X-rays, for example, it is found that its conductivity persists
for a short time after the rays are cut off, so that the con-
ducting air can be blown away from the neighbourhood of the
X-ray tube, and will discharge an electrified body, as, for
example, an electroscope, at some distance out of the direct line
of fire of the rays. Fig. 5 represents an arrangement for
showing this. The air under the influence of the X-oays is
drawn by a pump from B throngh wide tubes into the electro-
scope A and discharges it. If, however, the air is passed
through a filter, like cotton or glass wool, or bubbled through
liquids, or exposed in its passage to the action of an electric
field, it ceases to conduct. Thus if (Fig. 5) an electric field
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1s made to operate on the gas in its passage by connecting the
outside of the metal tube C with one pole of a battery, the
other pole being connected with a central wire insulated and
stretched along the tube, the air passing into the electroscope
no longer discharges it. Something is removed out of the air
by these means which is different from the main bulk of the air,
and this something consists of the charged ions which carry
the electricity. Since the gas as a whole shows no charge,
it follows that an equal number of positive and negative
ions exist in the gas, for it has been shown that the charge
carried by the negative ion is equal to that carried by the
positive.

It is necessary here to call attention to the distinetion
between the ions and the radio-active emanations produced
by radinm and thorium. The latter also possess the power

o

Hig. 5.

of being blown through tubes and discharging an electroscope
at some distance from the radio-active substance. The
emanatfons, unlike the ions, pass unchanged through filters
and liguids which destroy the ions, and they survive the action
of the electric field. The reason why the electroscope is dis-
charged in the latter case is that the emanation is an ionising
agency, and continnally produces fresh ions ont of the gas after
its passage through the plug. The emanation passes through
the latter like an ordinary gas, and immediately produces
fresh ions out of the gas on the further side.

The most characteristic feature of the conductivity of an
ionised gas, by which it is easily distingnished from all other
types of electrical condnction, is the existence of a maximum
or ‘“saturation ” current, which limits the quantity of electricity
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the gas is able to convey. In electrolytic and metallic
conduction the current obeys Ohm’s law, and increases pro-
portionally to the voltage between the electrodes. This is
true also of ionised gases under very small voltages. As the
latter is increased, the current soon begins to increase less
rapidly than the voltage, until, finally, a stage is reached at
which a further very great increase of voltage scarcely increases
the current that passes. This is the sufwrafion current, and it
serves experimentally as a very valuable criterion of a true
ionisation ewrrent. Fig. 6 shows the variation of the lonisa-
tion eurrent with voltage.

In the electrical measurements of radio-activity, it is always
necessary to make sure either (1) that the current measured is
the saturation current, or (2) less commonly, and with very
active substances, that the eurrent is proportional to the E.MLF.,

Current.

Voltage,
Fia. 6.

in order that the results should possess a definite meaning,
and be comparable among themselves. The ions move to the
electrodes through the gas under the influence of the electric
field. They obey in this respect the ordinary law of a body
moving through a visecous medium, and their velocity over
the ordinary experimental range may be taken as being
directly proportional to the force acting on them—i.c., to the
strength of the electric field. The number arriving at the
electrodes, and, therefore, the strength of the current flowing,
will depend (1) on the total number present in the gas and
(2) on their velocity. With a definite rate of reproduction of
ions by the ionising agency the current should, if there were
no disturbing factor to be considered, be independent of the
strength of the electric field—i.c., of the voltage. The product
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of the number present and their velocity would be constant,
for as the latter decreases the number accumulating in the gas
under the steady rate of reproduction will correspondingly
increase. The disturbing factor is that oppositely charged
ions attract each other and tend to recombine to form the
neutral molecule. With high voltages acting this influence
will be reduced to a minimum and the saturation current will
be obtained. This represents the condition in which the ions
in the gas are removed by passage to the electrodes, as fast as
they are produced by the ionising agency, and before any
appreciable proportion recombine. When this condition is
substantially realised the current will be independent of
further increase of voltage. Let ¢ positive and ¢ negative
ions be produced per second, and let ¢ be the charge carried
by the individual ion. If ¢ is the current passing through the
zas, i represents thevalue of the chargereceived by each electrode
per second. i/e, therefore, is the number of 1ons which give up
their charge to either electrode per second, so that i/e positive
and i/e negative ions are withdrawn from the gas per second.
The number withdrawn by the saturation current represents
the number produced. Therefore, i/c=¢ and i=ge when
eurrent is the maximum. [If, as is usually assumed to be the
case, the ions are produced uniformly throughout the volume of
the gas, and ¢, represents the number of ions produced in each
cubic centimetre per second, and if A is the area of the elec-
trodes and [ the distance between them, g¢=q¢,Al, and the
saturation current through the gas I =g4,Ale.

With currents less than the saturation current, some of the
ions are destroyed in other ways than by passage to the elec-
trodes. Some will re-combine, one positive and one negative
ion reproducing the neutral molecule, while others will give up
their charge by diffusion to the walls of the containing vessel
and so cease to exist as such. The number that re-combine
will be proportional to the number of collisions between ions
of opposite sign and, therefore to w,n, where n, and n,
represent the number of positive and negative ions respec-
tively present in 1 cubic em. of gas. Since, in the cases
generally considered, #, =n,, the number that re-combine will
be proportional to %% and may be expressed by an? where «
is a quantity independent of n. The number that give up
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their charge to the walls of the containing vessel is propor-
tional to » and not to »?% and may be expressed by xn, where
x 15 a coeflicient depending on the size and shape of the
vessel.

If i is made to represent the current flowing through unit
area of the gas, i/le represents the number of ions of each
kind withdrawn by the current for unit volume of gas. So
that, when the gas is in a steady state, the number of ions
withdrawn being equal to the number produced,

i
le

If the number of ions present in the gas has not reached
a steady state,

(o = ol* 4 ki +

J.r_i =(Jy — an® — ki — 2
i : le

This is the simplest general equation representing the current
flowing through a gas ionised by Becquerel or X-rays. The
meaning of the saturation current is, thus, the current that is
able to flow through the gas when the ions are withdrawn
as quickly as produced by the action of a strong E.MLF.
before any appreciable number have time to be dissipated by
recombination or by diffusion to the walls of the containing
vessel.

With no current flowing, g, = an® + kn. Except for narrow
tubes, the number lost by diffusion to the walls is small
compared to the number lost by recombination, and, con-
sequently, it is often unnecessary to take the quantity wn
into account. With regard to the quantity an? Langevin
has recently shown (* Recherches sur les gaz ionisés,” Univer-
sity of Paris, 1902) that recombination is brought about by the
mutual attraction of the positive and negative ions, for if it
were not for this attraction the rate of recombination would be
much smaller than it actually is. For further details Prof..J. J.
Thomson’s “ Conduction of Electricity through Gases,” p. 545,
should be consulted. The simple statement of the ionisation
theory here given, and the account that follows, 1s taken from
that work.

The rate at which the ions move in an electric field was first
measured by Rutherford (Phil. Mag., 1897, V., 46, p. 422), and
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was found to be comparatively slow. Zeleny subsequently
showed that the negative ions move appreciably faster than the
positive ions, and the ratio of the two velocities varies very much
“with different gases and with their state of dryness. Water
vapour tends to equalise the veloeities by diminishing that of the
negative ion. The following table of ionic velocities, taken
from Prof. Thomson’s book, expresses the results obtained by
Zeleny (Phil. Trans., A. 195, p. 193, 1900). The ionisation
was produced by X-rays :—
Imm Velocities.

—_— — — — — — - _

|V elucltles in ¢m. per sec. Ratio of
- | under a potential gradient | velocities of Temperature.
Gas. | of 1 volt per em. mnegative and Degrees
— -|  positive Centigrade.
Positive iﬂns_'ﬂegatiminns. ions.

Aamdeys i . 1-36 | 1-87 1-375 13-5
Air moist...... Ry =51 | 110 14-0
Ozygen dry.... 1-36 1-80 | 1-32 17-0
Oxygen moist. . 1-29 1-52 : 1-18 160
L0z dey --..:. 076 0-81 ‘ 107 - 17-5
COz moist .... 0-82 ' 075 0915 | 17-0
Hydrogen dry.. 6:70 795 ‘ 1-19 ' 20-0

. 105 20:0

Hydrogen moist | 530 ' 560

—_— ———

Townsend has also measured the coefficients of diffusion of
the ions produced by various agencies, and his results are
given in the following tables. The X-rays were the lonising

agent used :—
{wri'umnts o.l"Drﬁ'usmu in Dy Gases.

e Nt o Mean value I’-a,tm of I for

Gas D for + ions. D for — ions g AR S
Fiva o e | 0028 0043 0:0347 | 154
Ozygen ...... . 0-025 0-0396 0-0323 1458
Carbon dioxide | 0-023 0-026 00245 1-13
Hydrogen .... | 0-123 (0-190 0-156 1-54

ﬂ-:l(*ﬂ?rh‘f‘ilh of Thmr:u_m; i-H_-ﬂHSt r;a_ﬂf;, 3

R e e 0-032 0-035 00335 1-09
Ozygen ...... ' 0-0288 0-0358 0-0323 1-24
Carbon dioxide | 0-0245 | 0-0255 0025 1-04
Hydrogen ....|  (-128 0-142 0-135 1-11

These coefficients of diffusion are remarkably slow compared
with the values obtained for the coefficients of diffusion of the
uncharged gas molecules. For example, the value for the
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positive ion in air (0°028) is less than the value of a heavy
vapour like ether orisobutylamine diffusing into carbon dioxide
(0-055 and 0-03 respectively).

But the ions show the same coeflicient of diffusion and the
same velocity under unit electric force whatever the agency
employed to produce them. The negative ion diffuses about
half again as fast as the positive in dry gases like oxygen
or hydrogen, but this difference is much diminished by
moisture. The diffusion coefficient 1) is connected simply
with the velocity # of the ions under unit eleetric force,

by the equation
u Ne

D= 11

where N is the number of molecules in 1 cubic em. of a gas, e
the charge on the ion and II the pressure of the gas in dynes per
square centimetre, It is thus possible to determine Ne, and,
since N is known from the kinetic theory of gases within
certain limits, to obtain an estimate of ¢, the charge carried
by the individual ion. But the quantity NE, where E is the
charge carried by the hydrogen ion in electrolysis, is aceu-
rately known, for 2NE (since one molecule of hydrogen con-
tains two atoms) represents the number of electrostatic units
of electricity which must pass through acidulated water to
liberate 1 cubic cm. of hydrogen as gas. Now NE=1-22
x 101, whereas the mean of the values of Ne obtained by the
aid of the above equation is 124 x 10'°., Hence it may be
inferred that the charge carried by the positive or negative ion
in gases is independent of the nature of the gas, of the ionising
agency used to produce it, and is equal to the charge carried
by the hydrogen atom in electrolysis. This charge will, in
future, be referred to as the “atomic charge.”

One of the most beautiful and striking developments of the
ionisation theory arises out of a discovery by C. T. R. Wilson
that, if dust-free air, free from ions and saturated with
water vapour, is suddenly expanded, so as to chill it and
cause supersaturation, no deposition of moisture occurs pro-
vided the expansion is not too great. If, however, positive or
negative ions are present, these serve as nuclei for the conden-
sation, and a cloud is produced, provided the expansion is
above a certain limiting value. If the ratio of the volumes,
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after and before expansion, is below 1:25, no deposition of
moisture occurs. For the ratic 1:25 up to 1'3 only the nega-
tive ions serve as nuclei, while for ratios above 1-3 both positive
and negative ions are canght and carried down by the cloud.
The drops are so small that the cloud takes a measurable time
to settle down under the action of gravity, so that the rate of
fall can be used to determine the size of the water drops. If
the quantity of water present in the cloud is known, the
number of drops can be determined, and, therefore, the
number of ions which served as the nuelei for the formation of
these drops can actually be counted. The total charge carried
by the ions can be simply determined by electrical means, and
thus a direct measure can be obtained of the charge carried by
the ion. Prof. Thomson has accomplished this result for the
ions produced by X-rays, by the radium rays, and for the
negative ions which are emitted from metals under the influence
of ultra-violet light, and he has proved that the value of ¢ is
the same for all ions, positive or negative, and is equal to
34 x 1010 electrostatic units ((gr.)}(em.)i(sec.)"!). From
NE=122x 109 and the identity of E and ¢, N can be
directly calenlated for the first time in an accurate manner.
The value thus obtained for the number of molecules in
1 cubic em. of hydrogen gas at normal temperature and
pressure is 3-9 x 10!, a value which is in good agreement with
the estimates based on the kinetic theory of gases. For fuller
particulars and for the experimental methods employed to
obtain these results the reader is again referred to Prof.
Thomson’s book. (Compare also Sir Oliver Lodge: ¢ On
Electrons,” The Electrician, Vols. L. and LI.)

No direct measurements of the masses of the ions produced
from gases have yet been accomplished. From considerations
connected with the slow rate of diffusion and of movement in
an electric field it seems probable that they consist of aggre-
gates of several molecules of the gas, perhaps held together
by the attraction of the field due to the charge carried by
the ion. This cluster of molecules seems to be smaller for the
negative ion than for the positive in dry gases, whereas when
moisture or vapours like alecohol or ether are present they tend
to condense on the negative ion more than on the positive,
and so diminish its freedom of movement.
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Prof. Thomson's ionisation theory of gaseous conduection
possesses, however, another guite independent and more funda-
mental bearing upon radio-activity.

The terms “ion” and ““ionisation” appear in so many different
connections in science that they are apt to be somewhat con-
fusing. We have, for example, the ionisation of gases, the
ionic theory of electrolytic conduction, and the ionie dissocia-
tion theory of solution. The fundamental meaning of the
word ion should be carefully kept in view. The term in all
these cases is used strictly in the original sense of Faraday—to
express a moving particle carrying an electric charge. Thus
Prof. Thomson speaks in his book of the positive and negative
ions expelled by radium and the other radio-elements, alluding
to the e and S-rays. The e and f-rays consist of moving
particles carrying an electric charge, and, strictly speaking
therefore, are ions.

The a-rays are positive ions and the B-rays negative ions.
There is, however, this distinction between the two classes.—
The ions produced in gases by the passage of the X-rays and
similar agents from radio-active substances are characterised
solely by their charge. Their movement in an electric field is
the result of the charge carried, and the charge is the only
means we possess of detecting and investigating them. With
the projected charged particles shot out by radium, the
kinetic energy of the moving body and not its charge is its
main experimental characteristic. In consequence, this class of
ions has a great many properties not possessed by the ions of the
first class, and it might be convenient to designate it by the
name of “ radiant ion.” The means of investigation are quite
distinct for the two classes. Yet it is possible to start with
an ion of the first class and impart to it so much energy that
it passes into the second class and resembles in properties the
radiant ions of radium and uranium. The problems of
radio-activity are thus intimately bound up with the electrical
properties of gases,

We have seen that under ordinary circumstance the ions
of gaseous conduction travel slowly in an electric field, as if
hampered by a cluster of molecules attached to it. A remark-
able change, however, comes over the property of theion when
the pressure of the gas is sufficiently reduced. Its movement
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then appears to be no longer hampered by the condensation of
an aggregate of molecules around it, and it travels free. Under
theaction of a sufficiently powerful electric force it then acquires
enormous velocity, and the increase in its kinetic energy ahove
a certain critical value causes a change to come over its pro-
perties ; that is, the ion passes from the first class, where its
charge is its characteristic, to the second class, wheve its energy
begins to dominate its experimental properties. It is true in
the case just considered the energy is the result of the action
of an electric force on the charge carried, but in the case of
radio-active substances projected charged particles are shot out
spontaneously which do not owe their velocity or energy to the
action of any external force upon the charge they carry. The
velocity of these particles is far higher than any that have
been obtained by the action of the electric field.
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The most characteristic property of the radiant ions above
their critical velocity is their power to ionise the gas through
which they pass. This has been particularly studied by Town-
send (Phil. Mag., 1901, VL, 1, pp. 198 and 630). If the voltage
is increased far beyond that required to produce the satura-
tion current in a gas at low pressure, it is found that above
a certain point the eurrent again commences to increase, and
does so with great rapidity as the voltage increases, until finally
the point is reached at which a spark or laminous discharge
passes through the gas. This is shown in Fig. 7, which would
represent the relation between current and voltage for plates
10em, apart at about 3mm. pressure. A potential gradient of
40 volts per centimetre distance between the electrodes is
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sufficient for the ions to acquire sufficient veloeity at a pressure
of 1mm to start ionising the gas. It can be shown that at first
it is only the negative ion which acquires this power, and the
number of ions produced, although largely increased, still
remains finite. For the negative ions all travel in the one direc-
tion, and of the ions they produce by collision with the gas mole-
cules, it is only the negative ions which acquire sufficient velocity
to ionise fresh molecules. Hence, as soon as these ions reach
the electrode, the action is at an end. But when the positive
ion, which at these low pressures is far more massive than the
negative ion, reaches the critical velocity and begins to pro-
duce fresh ions, the ions travelling in both directions produce
ions in their path. This action must go on cumulatively, for
it no longer ceases when the ions reach the electrode, as the
ions of opposite sign are always travelling anew back to the
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other electrode and ionising the gas in their path. A httle
consideration will show that the number of ions increases
rapidly to an almost infinite extent, provided the electrical
force driving the ions is maintained unaltered in value. At
this point a spark passes through the gas. Under some
circumstances, however, the sudden increase of the number
of the ions and their electrical convection tends to so
diminish the force of the effective electric field that this is
lowered below the point at which ions are produced by
collision. It is probable that the striated discharge in vacuum
tubes is produced by this action, as the distribution of electric
force through the tube shows a rapid alternation in intensity
corresponding with the position of the strize. This is shown
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in Fig. 8, which represents the electric force per centimetre
on the vertical axis for different parts of a tube showing
strize plotted on the horizontal axis (compare H. A. Wilson,
Phil. Mag., 1900, V., 49, p. 505). The discharge thus con-
sists of a succession of periods in which the electric force
alternately rises above and sinks below the critical value
necessary for the ions present to produce other ions out of the
gas. The well known experiment of Hittorf, who showed that
a discharge refused to pass between electrodes lmm. apart in a
gas at low pressure, but preferred a cirenitous route 375cm.
long (Fig. 9), is to be explained by similar considerations.
In the space of Ilmm. the ions moving under the electric field
cannot acquire the critical velocity required to ionise the gas.
An independent way of regarding the phenomena of
discharge at low pressure is arrived at from the consideration

Fia. 9.

that the viscosity of the gas is much diminished. In conse-
quence, the ions do not obey the law followed at atmospheric
pressure that their veloeity is proportional to the force acting.
The force nceelerales the unhampered ion, and its veloeity is,
therefore, greater, the greater the distance traversed under the
action of a constant force

The most instructive property of a charged particle moving
with great velocity is its power of being deviated out of a
straight line by the action of electric and of magnetic forces,
since, by a study of these deviations, we can arrive at the
determination of the velocity of the particle and of the ratio
efm of the charge of the particle to its mass. These considera-
tions are of great importance in radio-activity, for by aid of
them knowledge has been obtained of the mass and velocity of
the projected particles from radio-active substances.
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If the charged particle is projected with uniform velocity at
right angles to the lines of magnetic force, no electrical forces
acting, its path is changed to that of a circle whose radius of
curvature, p, 1s given by

hiey

b=

where m is the mass of the ion, ¢ its charge, » its velocity, and
H the magnetic force. This enables us to determine the value
of ¢fmr. 1If an electrostatic force is made to act simultaneously
on the moving ion, so that the lines of electric force are at
right angles to the lines of magnetic force, and at right angles
also to the direction of motion of the ion, the electric force
can be made either to neutralise or assist the deviation
produced by the magnetic force according as the sign of the
P.D. is in the one direction or the other. If it is adjusted
s0 as to oppose the magnetic deviation, a point can be reached,

rD
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by the suitable variation of one of the forces, the other
remaining constant, at which the projected particle is not
deviated. At this point it can be shown that the force Fe,
where F is the electric force and ¢ the charge on the ion, is
balanced by the force Her. Fe=Her. Therefore, » = F/H, and
the velocity of the ion can be determined. When # is known
the ratio ¢/m can also be determined from the ratio ¢ mu.

In this way Prof. Thomson, in 1897, succeeded in determining
the value of ¢/in and of » for the negatively charged particle
which constitutes the cathode ray of the Crookes tube. The
apparatus used is shown in Fig. 10. Cathode rays starting
from C are projected through the diaphragms AB, which
consist of fine horizontal slits in metal discs; they then
pass between the two horizontal plates ED, maintained
at a constant P.D., and fall npon the phosphorescent screen
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at the end of the tube. The vacuum in the tube must
be of the highest, or otherwise the ionised gas, being a con-
ductor, screens the rays from the action of the electrostatic
field ED. The value ¢fme was determined by measuring
the deviation of the spot of light on the screen pp' under
the action of a known magnetic field. An electric field of
known intensity is then applied at ED, so as to bring
back the spot of light to its original position, and the
value of » and of e¢/m thus found. Prof. Thomson obtained
=28 x 10 em. per second and e¢/imn="T7'T x 10° as the mean
result of his determinations. The velocity of light is about
3 x 101° em. per second, so that the cathode rays consist of
streams of charged particles travelling with one-tenth of the
velocity of light. From the direction of the deviation it follows
that the particles must be negatively charged. The value ¢/m
for the hydrogen ion in electrolysis is only 104 so that the
value for the cathode ray particle is 770 times greater than
for the hydrogen ion. This value was found to be inde-
pendent of the nature of the gas in the tube, although a wide
range of gases, represented by the extremes of hydroger
and methyl iodide, was experimented on, and it has been
proved to be the same whatever the nature of the metal of
which the cathode is made. Lenard investigated the values
of v and ¢/in for the cathode rays from an exhausted tube that
escaped through a window of very thin aluminium foil, and
found that while ¢/m was in good agreement with Thomson’s
value the value of » was much higher—viz., 7 x 109, indicating
that the alumininm foil had sorted ont the more rapidly
moving particles, but that the value ¢/m was independent of
the velocity.

The theoretical reasoning on which these determinations are
based has been confirmed in the most brilliant manner by the
direct determination of » by Wiechert (Wied. Ann. 1899, p.
739). The principle of the method was to send a Leyden-jar
discharge through two cirenits at different positions along the
tube through which the cathode rays passed. The Leyden-
jar discharce consists of very rapidly alternating currents
whose frequency can be accurately determined. If the distance
between the two ecircuits is so arranged that the cathode

ray takes the time of a complete oscillation to traverse it
E2
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the deflection produced by the first circunit will be angmented
by the second cirenit.  If, however, the distance is so arranged
that by the time the cathode ray leaves the first circuit to
the time it reaches the second circuit only half a period of
oscillation has elapsed, then the deflections produced will
nentralise one another, and the path of the ray will appear
straight. The value of » found by Wiechert in this way was,
for one experiment, 5 x 10°. From the magnetic deviation
of the same rays the value mefe was determined, and combin-
ing this with the direct experimental value of » the value
efm =from 1'5 to 10 x 107 was obtained. Considering the
difficulty of the experiments, this value is in good agreement
with the others, and supports the general argument in the
strongest possible manner.

The connection between the negative ion produced by
Xerays, &c., and the negative radiant ion which constitutes the
cathode particle is shown by the following experiments :—-If
ordinary ultra-violet light (not of the extreme wave-lengths
before mentioned, which are able to ionise the air like X-rays
and to produce both 4+ and — ions) is allowed to fall on a
polished surface of zine, the latter expels negative ions only
into the gas. If the zinc is negatively charged it rapidly
loses its charge in ultra-violet light, but remains charged
indefinitely when its electrification is positive. If the experi-
ment is repeated in air at low pressure, the negative ions
produced by the zine acquire in an electric field the character-
istics of the cathode-ray particle, and are shot out normally
to its surface. The deviation produced by magnetic and
electric forces can be measured as in the case of the cathode
rays. The values of » and of ¢/m for these ions have been
determined by Prof. Thomson (Phil. Mag., 1899, p. 547) and
by Lenard (Drudes Annalen, 1900, p. 359). The former found
for e/ the value 7'3 x 105 which is in very good agreement
with the value for the cathode-ray particle—viz., 7-7 x 1068,
These negative ions have been very carefully studied.
Produced in a gas at atmospheric pressure, they have
been shown to be identical with the negative ions produced
by other agencies (as, for example, the X-rays) in their
coeflicient of diffusion and their velocity under unit potential
gradient and, therefore, in the value of ¢, the charge carried.
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Moreover, a direct determination of the value of ¢ has
been accomplished by Prof. Thomson by the condensation
method, and found to be the same as that carried by the
hydrogen ion in electrolysis. Yet this same ion, when the
air 1s removed and it travels free from entanglement, then
resembles the cathode ray in all its properties, and is found to
possess a value of ¢/m 700 times greater than that possessed
by the hydrogen ion in electrolysis. If the charge on the
ion 1s assumed to be invariably the *atomic charge”
possessed in gases at ordinary pressure, the conclusion is
reached that the negative ion, when it travels free, possesses a
mass }th of the mass of the hydrogen atom. Since the value
of ¢/m agrees for all negative ions for which it has been deter-
mined, it follows that this ion possesses an invariable mass
about -1;th of that possessed by the lightest atom known,
and that negative electrification in high vacna, when but little
ordinary matter is present, consists of an assemblage of discrete
charged “corpuscles” of far smaller mass than anything hefore
ohserved.

The presence of positive ions in the electrie discharge in vacuo
1s manifested in a type of radiation discovered by (oldstein,
called by him “Canalstrahlen” (Canal Rays), but which may
be termed the positive rays. They are deflected by electric and
magnetic fields in the opposite sense to the deflection produced
in the path of the cathode rays, but only with very much
greater difficulty. Wein showed the value of ¢/m for these rays
to be 3 x 102, while » = 36 x 107e¢m. per second. The subject has
since been investigated by J. J. Thomson for the positive ions
emitted from heated wires in vacuo, and he found a similar
value, ¢/m=4x10% Thus this value is only about .1;5th
part of that shown by the negative ion, and is of the same
order as in the case of electrolysis for heavy ions like those
of oxygen or the metals. Since the value ¢/m of the posi-
tive ion has never heen observed to be greater than that
ohserved for the hydrogen ion in electrolysis, it follows that
the positive ion, unlike the negative, is never dissociated from
the atom which carries it. On this view Prof. Thomson has
developed the * corpuscular theory of electricity ” which sup-
poses that the mnegative charges are discrete particles or
corpuscles (called electrons by other investigators), and that the
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absence of one of these corpuscles from the atom of matter
produces the positive ion,

It has been shown mathematically by Thomson and Heavi-
side that an electric charge concentrated on a sphere of
sufficiently minute radius would possess inertia by virtue of
the electromagnetic field of force it creates in the surrounding
ether. That is to say, it will tend to resist change of motion,
and in general will behave as if possessing a certain mass.
Electricity will, therefore, under these conditions, resemble
matter in its most fundamental property. One of the con-
sequences deduced from this view is that the speed of the
ion cannot be increased beyond a certain limited value, repre-
sented by the veloeity of light, because at this value the inertia,
and therefore the mass, of the particle would be infinite. For
-alues of v below one-half the velocity of liglit the inertia due
to the moving charge, or as it is convenient to call it, the elec-
trical mass, is approximately constant, hut above that speed the
mass increases rapidly. Sir Oliver Lodge (Nafure, June 11,
1903, p. 129) has given some caleulations of the ratio of the
electrical mass m, for slow motions to the mass m when the
velocity of light is approached. At half the speed of light
m=112m,; at three-quarters m=1'37m,; at nine-tenths
i =18y ; when the speed is 99 per cent. of that of light
m=3-28mg, for 999 per cent. m = 5m,, whereas between this
last value and that of light the mass increases to infinity. It
is to be remarked how nearly the velocity of light must be
approached before the action becomes pronounced. One of
the most remarkable facts of radio-activity has been the dis-
covery that radium projects negative corpuseles, or S-rays, with
speeds varying within the limits between which an inerease
of mass is to be theoretically expected, if this mass iés electrical
i origin.  This increase has been looked for and found by
Kaufmanm and his work will be considered when the rays
from radium are studiad.

It will be seen that the tendency of these developments has
been to replace the attributes of matter by those of electricity,
and to look upn the atom as a very complex system made up
of much smaller units of electricity, or corpuscles. If one
excludes the minute and unexplained effect of gravitation,
which is only so prominent to us on account of the nearness of
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the overwhelming mass of tIIm earth, the main attribute of
matter is inertia. If the corpuscles possess inertia equal to
one-thousandth of the mass of the hydrogen atom, it follows
that an assembleage of a thousand corpuscles might represent
in inertia and other properties the hydrogen atom as we
know it. This point of view would seem to account for the
behaviour of matter towards X-rays, cathode rays, and the
rays from radio-active substances. For if the corpuscle rather
than the chemical atom were incidental in causing the absorp.
tion, the latter would depend on the number of the corpuscles
in the path of the ray, and would be independent of the nature
of the complexes—chemical atoms or molecules—into which
these corpuscles were grouped. This view of the constitution
of matter is, of course, far from established, and mainly
doubtful points require further elucidation. These cannot be
here considered, but the nature of positive as opposed to nega-
tive electrification may be mentioned as one of the most
fundamental. The above is to be regarded as merely a
superficial summary of some of the more important physical
aspects of the work on the conduction of electricity through
cases, and the nature of electrons or corpuscles. The
mathematical analysis upon which muck of the reasoning
depends is beyond the scope of the present work, and the
original authorities must be consulted.

It may at once be pointed out that the theory of atomiec
disintegration, to which, in the succeeding chapters, the study
of radio-activity will lead, is independent of the electrical or
electronic view of atomic constitution. It postulates no view
of atomie structure beyond the original coneeption of Dalton;
areatly limits the field of speenlation on the one hand,
and, on the other, it raises new problems of its own
which any satisfactory theory will have to account for.
The term “disintegration” is indeed little more than a
convenient and short means of expressing certain experimental
facts. It is not nntil we enquire as to the ultimate canse of
radio-activity, and seek a knowledge of the forces at work
which bring about the observed disintegration, that we enter
a region to which the term hypothesis in the ordinary sense of
a probable explanation would apply.






CHAPTER 1V.

METHODS OF MEASURING RADIO-ACTIVITY.

Electrical, Photographic and Fluorescence Methods of Measurement.—
Dijferent Fluorescers behave Differently to the Three Types of Rays.—
Electrical Method of Measurement.—Apparatus of Rutherford and of
Curie.—The Use of the Gold-leaf El:ctroscope.—Distinction between
Ionizsation Currents and Leaks due to Defective Insulation.

The means of investigating the rays from radio-active
substances are similar to those employed for the X-rays,
and may be divided into three classes: the electrical, photo-
graphic and fluorescence methods respectively. The first
only, the electrical method, is suitable for accurate quanti-
tative investigations of radio-activity, but the photographic
and fluorescence methods have frequently been employed for
rough comparisons and for experiments in which accurate
measurements of the intensity of the rays are not required.
Thus much of the work on the magnetic and electric deviation
of the 5-rays by Becquerel has been done by causing the latter to
trace their paths on a photographic plate. It must be pointed
out that the relative strengths of the different types of rays
are often very different with the three methods. Thus the
electrical method depends on the absorption of the rays
by the air, the energy of the rays going to produce ionisation,
and with this method the easily absorbed or arays give
by far the greater effect. These same rays, on the other
hand, give relatively very little effect on the photographie
plate. Thus the arays of uraninm do not perceptibly
affect a photographic plate, although they contribute over
99 per cent. of the total electrical effect when examined
~ under ordinary circumstances (Soddy, Jour. Chem. Soc., 1902,
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81, p. 860). This is probably due to the fact that the rays
are unable to penetrate the gelatin film sufficiently to affect
appreciably the sensitive silver salt.

Many fluorescent substances behave differently under the
action of the e and B-rays. Thus, zinc sulphide (Sidot’s
hexagonal blende) is extremely sensitive to the action of the
a-rays and much less to the action of the S-rays, while with
barium platinocyanide and willemite (zine silicate) the contrary
holds true. The diamond glows by the action of the a-rays.

Other fluorescers are kunzite, a transparent gem-like variety
of spodumene (lithium alumininm silicate) which fluoresces a
rose yellow ; spartcite, a form of calcite containing manganese,
which shows a remarkable deep orange-red fluorescence ; and
scheelite, a native calcinm tungstate, which gives a fine deep
blue colour. The first two hardly seem to respond to the
a-rays of radium, being excited solely by the f-rays. The
platinocyanides furnish at once the most beautiful and intense
fluorescent effects with the 8 and y-rays of radinm. Being
transparent, the whole body of the matter adds to the light
produced by a penetrating type of radiation. But it is
rather a curious fact that magnesium platinocyanide, which is
one of the best fluorescers under the X-rays, does not respond
to the radium rays. Of the other platinocyanides, barium and
caleinm fluoresce green, sodium lemon-yellow and lithium red,
the same as for the X-rays. If the salts are in the form of
large crystals most beautiful effects can be obtained, even with
only a few millicrammes of the pure radium compounds.

The electrical methods alone demand a more detailed con-
sideration. It has been shown in previous articles that, to
obtain definite results, the conditions must be such that
the * saturation ecurrent” is measured, as this current is
an expression of the number of ions produced per second,
and the latter is proportional to the intensity of the radia-
tions absorbed by the air. Rutherford, in the research
in t‘hich he showed that the ionisation from uraninm
was 'of the same character as that produced by X-rays
(Phil. Mug., 1899, V., 47, p. 109), showed also that the
ionisation was proportional to the pressure of the gas, while
the absorption of the rays was also proportional to the pressure.
For different gases, although for thin layers the ionisation
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increases as the density of the gas, for thicker layers the total
lonisation when all the rays are absorbed reaches a maximum,
and then is approximately the same for all gases. A very
careful series of measurements by Strutt (Phil. Trans., A. 196,
p. 507, 1901} has led to the conclusion that, with the exception
of hydrogen, all gases are ionised by the various rays from
radio-active substances to an extent sensibly proportional to
the density and independent of the nature of the gas. With
hydrogen the ionisation is greater than it should be if propor-
tional to the density, and this divergence is greater for the
a than for the S-rays. We may conclude, as a first approxi-
mation, that the energy required to produce an ion is the same
for the ions of all gases except hydrogen.

Earth
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Earth

Fie. 11,

Fig. 11 represents an apparatus constantly employed by
Rutherford for the electrical measurement of radic-activity.
The two piates are each of about 36 sq. em. area, and a
known weight of the radio-active substance in fine powder is
sifted uniformly over the lower plate, which is insulated and
connected with one pole of a battery of 300 volts, the other
pole being earthed. The upper plate is about 5em. from the
lower, ard is connected with one pair of quadrants of a Kelvin
electrometer of the White pattern, the other pair being con-
nected to earth. This upper plate is most carefully insulated,
and the whole apparatus is placed in a metal box, provided
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with a door at the side through which the lower plate can be
inserted or removed. The saturation current through the air,
between the upper and lower plates, furnishes a measure of
the radio-activity. To use the apparatus, both pairs of quad-
rants are at first connected to earth; the earth connection of
the pair connected to the upper plate is then broken, and the
rafe of deflection of the electrometer needle from zero is
measured by means of a stop-watch by noting the time taken
for it to pass over a given number of divisions of the scale.
The deflection of the electrometer needle is a measure of the
difference of potential between the two pairs of quadrants,
and, since the capacity of the system is constant, of the charge
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communicated to the one pair when the other is kept con-
nected to earth. The rate at which this charge is communi-
cated is a measure of the eurrent throngh the gas. 0-5 gramme
of uranium or thorium oxide in this apparatus produces a
current of approximately 10~ amperes. The measurements
are usually comparative, the radio-activity of some standard,
such as a known weight of uraninm oxide spread over a
given area, being compared with the activity of the substance
to be measured. In this way the sensitiveness of the electro-
meter, which varies from day to day according to the extent
to which the needle is charged, is eliminated. M. and Mme.
Curie use a similar apparatus, which is represented in Fig. 12,
in which the charge communicated to the one pair of quad-
rants by the current through the air under the action of the
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radiations being measured, is balanced by the communication
of a similar charge of opposite sign, so that the electrometer
needle shows no deflection. This is effected by means of a quartz
electric balance which consists of a quartz lamina, which can be
subjected to a known tension by means of weights, the two sides
of the lamina receiving opposite charges of electricity, the
amount of which is known for any known weight. The appli-
cation of the weight is so regulated by the hand that at each
instant the charges of opposite sign communicated to the electro-
meter are equal, and the time from the commencement to the
completion of the application of the tension furnishes a measure
in absolute units of the intensity of the current flowing through
the air under the action of the radio-active substance. Inthis
way the operation is performed by a null method, and is inde-
pendent of the sensitiveness of the electrometer.

For delicate work an electrometer designed by Dolezalek
and constructed by Herr Bartels of Gottingen has been much
used. It is very small, and the needle is of silvered paper
suspended by a quartz thread. If the latter is made very fine
the sensitiveness of the instrument is very high, and may be as
much as 20,000 divisions of the scale for one volt P.D. between
the quadrants. Great precautions against external disturb-
ances due to accidental electrification of the surroundings must
be taken in working with these very sensitive instruments.

The simplest means of measuring radio-activity electrically
is by means of a gold-leaf electroscope, and this instrument is
very useful in certain cases, although its application is some-
what limited. The results obtained with it need very careful
scrutiny if accidental errors are to be avoided. It can, however,
be arranged to detect far feebler ionisation than the most sensi-
tive electrometer, with the exception, perhaps, of the Dolezalek,
and has proved invaluable in many important researches.
Fig. 13 represents an electroscope suitable for the testing of
radio-active substances, It is modelled after one first employed
by C. T. R. Wilson. It consists of a tin can with a removable
lid, E, at the bottom for the insertion of the substance to be
tested. A paraffined rubber cork, H, is pierced in the centre by
the metal wire (&, which carries at its end a rod of fused quartaz,
A. A thin brass strip, B, to which a single gold-leaf, C, is
attached, is fastened to the lower end of the quartz rod. The
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charge is communicated through the rod D, whiech can be
turned by the ebonite handle F so as to make contact with B.
When the electroscope is charged this connection is broken,
and the rods C and G and the outside of the metal vessel are
connected to earth. The electroscope then represents a
perfectly isolated charged system, completely surrounded by
metal and free from all external disturbances. Unless the
electroscope is required to be made airtight, it is convenient to
insert a short paraffined glass tube into the cork to serve
as a bearing in which the charging-rod turns. If the
latter is pierced directly through the cork the rod is apt
to stick annoyingly to the rubber. The rate of collapse
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of the gold-leaf is observed by means of a reading micro-
scope provided with a micrometer scale, throngh windows
in the case of the instrument. For the measurement of radio-
activity the substances to be compared can either be placed
inside the electroscope by spreading known weights over suit-
able metal discs of similar area, or, in the case of more active
preparations, can be placed at a fixed distance outside the
electroscope so that the rays have to penetrate the metal walls,
If the deflections are only taken between certain limits, it
is found that they are very approximately proportional to the
potential of the leaves. ‘If the dimensions of the instrument
are not too large and the radio-activity is not too great, the



METHODS OF MEASURING RADIO-ACTIVITY. 63

saturation current through the gas is attained and the rate of
collapse is uniform between these limits. DBut all of these
considerations must be continually borne in mind in working
with an electroscope : The potential required to make the
leaf diverze to a convenient extent is usually about 200 to
400 volts. For accurate work the uniform rate of collapse of
the leaf over the part of the scale employed must be frequently
verified with some standard quantity of uranium oxide. A far
more serious source of error is the possibility of the insulation
of the leaves deteriorating during a series of measurements,
and so simulating the effect being looked for. For this reason
the natural leak of the instrument when no active substance is
present must be frequently redetermined, In working with
an clectrometer an ionisation leak is at once distinguished from
a conduction leak, due to defective insulation, by increasing the
voltage. The former, being the saturation current, is not appre-
ciably increased, whereas the latter is proportional to the voltage.

The erays are so easily absorbed that the radiation does
not much increase beyond a certain thickness of the layer of
the active substance. To make the measurements of different
substances as comparative as possible, the smallest possible
weight spread over a large area should be employed. But
even then the activities of different compounds of different
densities and states of division can only be approximately
compared. On the other hand, the change of the activity of
any given preparation with time can be very aceurately studied
by leaving it undisturbed on its original plate throughout the
course of the measurements.

For the measurement of more active preparations than
uranium and thorium the sensitiveness of the measuring
instraments must be decreased by connecting them in parallel
with suitable capacities. But it must be remembered that the
voltage required to produce the saturation enrrent increases as
the enrrent incereases. For work with preparations of uranium
a greater voltage than 300 is seldom required, and this can be
obtained by means of a battery of Planté cells charged in
parallel and discharged in series. DBut for work with radium
much higher voltages are necessary to produce the saturation
current, unless the intensity of the rays is cut down by
absorption in suitable screens,
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Theory of Electricity.

It has been stated that the rays from the radio-active sub-
stances, with the exception of polonium, are complex, and
three types, the a, 8 and y-rays, have been distinguished. The
earliest work on this subject was done by Rutherford (Phil.
Mag , 1899, V., 47, p. 109), who showed the complexity of the
rays from uranium by measuring the ionisation from a bare
layer of the compound, and comparing it with that produced
when the layer is covered with successive layers of metal foil
of uniform thickness. The apparatus employed was that
deseribed in the last chapter (Fig. 11). Fig. 14 represents the
curve obtained by plotting the intensity of the rays trans-
mitted on the vertical, and the number of layers of aluminium
foil of thickness 0:00012cm. on the horizontal axis. Tt will be
seen that the radiation is quickly diminished to a few per
cent. of the original value and after 15 layers of foil have
been traversed remains constant at a minimum value. This
shows that the radiation is complex and consists of an
easily-absorbed kind, which was called the « radiation, and

F
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a much more penetrating kind, which was called the p radia-
tion. The easily-absorbed or arays contribute over 95 per
cent. of the total ionisation, and are completely stopped
by 15 to 20 layers of the foil. The more penetrating or
3 radiation is able to pass through 50 layers with hardly
any absorption. The latter was found to be rather more than
100 times more penetrating in character than the former, the
a-rays being reduced to half wvalue by passage through
aluminium foil 0-0003cm. thick, the S-rays by passage through
0-05cm. of aluminium. In the case of the thorium radiation
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the a-rays are able to pass through -0005¢m. of alumininm
before being reduced to half-value. The S-rays from thorium
constitute a far smaller proportion of the total radiation than in
the case of uranium. The ratio of the 5 to the e-rays for
the latter is four times greater than for thorium (compare
:utherford and Grier, Phil May., 1902, VL, 4, p. 326). The
existence of these two types of rays has since been observed
for radium, and, in addition, a more penetrating type than
either, known as the y-rays was first noticed by Villard for
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this element (Compies Rendus, 1900, 130, p. 1,010). y-rays
have also been detected by Rutherford in the radiations of
thorium and uranium, but large quantities of these substances
must be used and the finest and most sensitive electrical
methods employed in order to detect them. The y-rays are,
roughly speaking, about 100 times more penetrating than the
B-rays, being cut down to half value by Gem. or 7em. of glass
or aluminium.

In addition to their varying powers of penetrating matter,
the three types of rays are characterised by different behaviour
under the influence of the magnetic and of the electrostatic field.
The B-rays are easily deflected into cirenlar paths, and in this
respect, amd in the direction of the deflection, they resemble

7

the cathode rays. The arays, at first thought to be un-
deflected, have now been shown by Rutherford (Phil. Mayg.,
VI, 5, p. 177, 1903) to be slightly deviated by intense
magnetic and electrostatic fields, and the deviation is in
the opposite sense to that of the B or cathode ray. The
yrays remain quite undeflected. These facts have been con-
veniently represented by Mme. Curie by a diangram (Fig. 15) in
which the rays are represented to be issuing from radium
placed in a deep cavity in a block of lead under the action of
an intense magnetice field at right angles to the direction of the
beam and the plane of the paper. The thin pencil of unde-
flected rays represents the reiatively feeble y-rays. The intense
pencil slightly deviated the a-rays, and the cireular paths of
F2
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varying radii the S-rays, deflected in the opposite direction to
the a. It must be noted that the scale of the deviation of the
a-rays, compared with that of the 8, is enormously exaggerated
in the diagram for the sake of clearness.

v-Roys,.—1It will be convenient to consider the three types
of rays in detal in the inverse order of their importance, and
to commence with the least known and, except in the case of
powerful radium compounds, least obvious type—the y-rays.
They are characterised by extraordinarily great penetrating
power, being able to pass through 7Tem. of lead, 19em. of
iron and 150cm. of water before they are reduced in inten-
sity to 1 per cent. of the original (Rutherford, Nature, 1902,
66, p. 318). No deviation of these rays has been detected in
the most powerful magnetic fields it i3 possible to obtain, and
in this respect they are more nearly allied to the X-rays than
to the a and B-rays; but in their absorption by different kinds
of matter they exhibit an almost complete parallelism to the
B-rays. The simple law enunciated in the first chapter—and
which for shortness will be called the Density Law—that the
absorption of the new types of radiation by matter is pro-
portional to its density, and independent of its nature, is
followed strictly by none of the known types. The exeeptions
are, however, different for the different types. Thus, for all
gases, with the exception of hydrogen, the absorption of the
rays in the gas, as measured by the amount of ionisation
produced, is in good agreement with the density law for all
three types of rays. In the case of hydrogen, the ionisation
1s about twice as great for the 8 and y-rays and about three
times as great for the arays as the density would lead us to
expect. But for ordinary X-1ays the ionisation in the case of
heavy gases and vapours—as, for example, chloroform, methyl
iodide and carbon tetrachloride—is from 7 to 15 times greater
than the density law requires (compare Strutt, Proc. Roy.
Soec., 1903, 72, p. 208).

At first sight this seems to point to the y-rays being more
nearly allied to the B-rays than to the X-rays. DBut it must
be remembered that the [-rays themselves differ irom the
ordinary cathode rays of the Crookes tube in possessing a
far higher velocity, and it is to be expected that the X-ray
from radium produced from the 3-ray at the moment of its
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sudden expulsion will also differ from the X-rays of the
Crookes tube. It has recently been found (A. S. Eve, Nafure,
March 10, 1904) that if the absorption of only the most
penetrating X-rays produced from a “hard ” tube in dense
gases is measured, the deviations from the density law
noticed for the easily-absorbed X rays to a large extent
disappear. That is, very highly penetrating X rays are
similar to the y-rays of radium in their absorption by
dense gases. Rutherford has pointed out (loc. cif.) that it
is to be expected that a narrow electromagnetic pulse—
i.., a penetrating type of X-ray—will be generated at the
sudden expulsion, with extreme velocity, of the f3-corpuscle
from radium, On the other hand, on account of the areat
penetrating power of the [-corpusele, it is impossible to
stop it suddenly, even by the densest matter, and the X-rays
produced by it on impact with matter will be broad pulses
of non-penetrating character, which experimentally would be
difficult to detect. There is thus very strong evidence for
supposing that the y-rays of radium are to the f-rays as
the X-rays of a Crookes tube are to the cathode rays, with
the difference that the »-rays accompany the expulsion of the
p-ray, whereas the X.rays accompany the stoppage of the
cathode rays. This point of view is borne out by the fact
observed by Rutheiford that the j-rays of radium are, under
all circumstances, proportional to the B-rays. There is always
a complete parallelism in the intensity of the 8 and y-rays;
and throughout the various processes of decay and recovery,
which will be considered later, the ratio between these types
remains unchanged.

It may be pointed out here that these new facts strongly
confirm the view that will be developed later as to the nature
of radio-activity. X-rays should result from ecathode rays
whenever the corpuscles constituting the Jatter are accelerated
either positively or negatively, and are the more penetrating
the greater the acceleration. Sir George Stokes pointed ount
that X-rays should accompany the production of the cathode
rays as well as their stoppage. But in the Crookes tube the
cathode ray corpuscle acquires its velocity gradually as it moves
under the influence of the electrie field. Its acceleration 1is,
therefore, relatively small, and the pulse which results has
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feeble penetrating power and is incapable of detection. When
the corpuscle strikes the anti-cathode the resulting acceleration
is very great, and a pulse of high penetrating power is emitted,
giving rise to the penetrating X-rays which escape from the
tube. In the radio-active substances the converse holds true.
The B-corpuscle is suddenly expelled as ‘the result of the
explosion of the atom, and the value of the acceleration is pro-
bably far higher than that of the cathode ray corpuseles at the
anti-cathode. In consequence, the y-rays are far more pene-
trating than the X-rays. DBut the acceleration suffered by the
3 corpuscles when they encounter obstacles is relatively small
because they are very penetrating and difficult to stop. Hence,
the X-rays resulting from the stoppage of the S-rays will be of
low penetrating power, and will not be capable of detection,
for the yrays can only be detected by virtue of their extreme
penetrating power and of the possibility of sorting them
out from all the other types. Their effects are insignificant
compared with that of the other two types.

B-rays.—On account of their relatively intense photographie
action, and of their power of penetrating opague screens of
considerable thickness, the 5 radiation was at first the most
studied. In much of the earlier photographic work, the
term radiation must be interpreted to mean 3 radiation,
and the work considered to refer only to this type. The
existence of rays easily deviable in the magnetic field in
the radiations from radinm was discovered simultaneously by
(riesel, Meyver and von Schweidler, and Becquerel. The latter
subsequently (Comples Rendus, 1900, 130, p. 1,684) showed the
same to be true of the radiations from uranium. Rutherford
and Grier (Phil. Mag,, 1902, VL, 4, p. 315) proved that thorium
also gave out deviable rays, although the proportion of B-rays
in the radiations of the latter is much less than in that of
uranium. This explains the fact that, although the radio-
activities of thorium and uranium are very similar when tested
by the electrical method, the former is much less active than
the latter to a photographic plate. In all cases it is the photo-
graphically active, penetrating S-ray which is deviated by a
magnetic field. Curie (Comples Bendus, 1900, 130, p. 73) using
the apparatus shown in Fig. 16 showed that the easily-absorbed
type of radiation from radium is not appreciably affected by
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a magnetic field, whereas the penetrating radiation was com-
pletely deviated. A is the radium preparation, BB are blocks
of lead of varying heights, PP’ plates connected to the electro-
meter and battery respectively between which the ionisation
due to the rays is measured. A powerful electromagnet
(not shown in the figure) is arranged so as to deviate the
B-rays into the lead blocks BB'. One pole of the magnet
would be placed beneath and the other above the plane of the
paper to secure this effect. If the distance AD is greater
than Tem., all the rays are deviated by a magnetic field, and
are absorbed by the lead blocks. For smaller distances only
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a fraction is deviated. This proves that the non-deviable or
a radiation of radinm is completely absorbed in 7em. of air.
Under the conditions of experiment the effect of the y-rays
was too small to be detected. Becquerel investigated the
magnetic deviation of the S-ray of radium by placing the
substance in a metal capsule upon the sensitive film of a
photographic plate wrapped in paper and placed in an
exhausted space. Under these circumstances the rays formed
a pencil proceeding normally away from the plate, and by
applying a magnetic field they could be curved into circles
cutting the plate at some distance from the point of origin.
The disposition of the experiment is the same as in the
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diagram, Fig, 15, where AC is the photographic plate. Fig. 17
represents a negative so obtained by first applying the field in
the one direction and then in the other. The central black
spot represents the position of the radio-active substance ;
the curved areas of darkening on either side the points where
the rays, travelling upwards initially, are curved round by the
field and cut the plane of the paper. Becquerel (Comples
Rendus, 1900, 130, p. 809) showed that the B radiation of
radium is complex, and different rays suffer different deviations
in a uniform magnetic field. From the equation Hp=mi/e
(compare p. 50), Becquerel found values for muw/e varying
from 350 (for rays capable of penetrating 0-01mm. aluminium)
to 2,600 (for rays penetrating 0-13mni. of lead). Becquerel
identified the B-rays with the cathode rays by proving that they
were deviated in the same sense as the latter by an electrostatic
field. He deduced »=1'6 x 10 em. per sec. for the average

Fia. 17.

velocity of the rays, and this is several times greater than the
value found by Prof. Thomson for the velocity of the eathode
ray. This fact explains the much greater penetrating power
of the B-rays. The great variation in penetrating power of
the [-rays of radium is due simply to the wide range of
velocities possessed by different rays. The value of ¢m was
found to be the same as for the cathode ray—wviz., 107,
and the [-rays must, therefore, be regarded as negatively
charged particles of mass one-thousandth of the hydrogen
atom moving at speeds comparable with that of light.
This conclusion has been confirmed by the direct deter-
mination of the negative charge carried by the Sray by
M. and Mme. Curie (Comptes Lendus, 1900, 130, p. 647),
using the apparatus shown in Fig. 18. The plate MM on
which the Brays from the radium R impinge is completely
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enclosed in paraffin and connected with an electrometer.
In these circumstances any charge communicated to the
plate will be retained, whereas if the plate were exposed
bare to the strongly ionised air in the neighbourhood of
radium it wonld tend to be discharged as fast as the
charge carried by the rays were communicated to it. It is
found that a negative charge is conveyed to the plate MM
troin the radium R through the screen of thin metal, pp, connected
to earth. The charge is extremely feeble, and can only be
determined for very active radium preparations. It is to be
noted that it is, probably, only about the {.5,5th of the
charge carried by the ions produced by the complete absorption
of the rays in air. This fact cannot be too strongly empha-
sised. The ions shot out by radium are of the second class,
and are detected by their kinetic energy. The part played by
the air or gas in the measurement of the ionisation produced

Fig. 15.

by radio-activity is a secondary feature, which serves as a
convenient means of measurement. In vaeuo, the ionisation
produced by a radio-active substance would be nil, but the
radio-activity would be the same as in air. In hydrogen the
ionisation would usually be feebler than in air or carbon-
dioxide, but the activity of the substance is not affected by
the atmosphere surrounding it. In the ease of the phenomenon
of imparted activity already mentioned we measure the dons
produced by the rays produced by the matter causing the
imparted radio-activity, which is produced by the emanation
which 1s produced by radium. The number of the steps
involved in the production of the phenomena observed is one
of the initial difficulties of the subject.

The existence of the negative charge carried away from
radium by the [-rays has recently been shown as a lecture
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experiment by Strutt (Phil. Mag., 1903, VI, 6, p. 588), with
only a small quantity of radium, by the apparatus represented
in Fig. 19. A tube, «, containing radium, is supported in a
perfectly exhausted vessel by a quartz rod, b, To the lower
end of the tube an electroscope, ce, is attached, and the surface
of the tube « 1= made conducting with phosphoric acid. The
positive charge left behind after the expulsion of the B-rays is
communicated to the leaves, which diverge until they touch
the sides of the vessel connected to earth. They then collapse
and again commence to diverge, this cycle of
operations being repeated indefinitely. Inan
apparatus constructed by the Author, about
2 milligrammes of pure radium bromide was
used, and the cycle of operations ocenpied
about four minutes.

It is to be noticed that the charge thus
measured is an ndwced positive charge on
the outside of the glass repelled to the leaves
by the accumulation of excess of positive
electricity within, The latter accumulates
continnously, and so inereases until the strain
becomes too great and the glass of the tube
is punctured, as in the case of an over-charged
Leyden jar. Several cases are on record in
which sealed tubes of active radinm prepara-
tions have shattered with the accompaniment
of a bright spark and explosion after having
been kept sealed up for some months.

Kaufmann (Nachrichten der K. Gesells.

Fic. 19. der Wiss. zn Gottingen, 1901, No. 2) has
measured both v and ¢/m for the more pene-

trating kinds of [-rays emitted by radium, and obtained for
v values between 2-36 and 2-85 = 10%—¢ e, between 80 and
95 per cent. of the velocity of light, Now, it has already been
pointed out (p. 54) that if the mass of the corpuscle is
electrical in origin and due to the inertia of the moving charge,
it should, theoretically, tend to increase as the velocity of light
is approached, and become infinite when that value is attained.
Now Kaufmann found that the ratio e¢/m decreased from
1°31 x 107 when # = 2-36 x 10" to 0:63 x 107 when v =2:83 x 10\,
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and these results are in good agreement with the theory that
the mass of the corpuscle or electron—i ¢., the negative atomic
charge, which constitutes the cathode ray and the B-rays
from radio-active substances—is, at least mainly, electrical in
origin.

a-rays,.—These are given out by all radio-active sub-
stances, with the possible exception of uranium X (p. 83),
and, although the least striking, are much the most 1mpor-
tant of the three types, representing, in each case, as
Rutherford has shown, by far the greater part of the total
energy radiated. In measurements by the electrical method,
unless special precautions are adopted, the effect of the S
and yrays is negligible compared with that of the a-rays.
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Throughout the book measurements of radio-activity must be
taken to mean measurements of the intensity of the a-rays,
unless otherwise stated. Their power of penetration is always
very small, but varies considerably for the different radio-active
substances. The diagrams (Figs. 20 and 21) were given by
Rutherford and Miss Brooks (Phil. Mag., 1902, VI. 4, p. 1), and
show the penetrating power of the a-rays of uraninm, polonium,
radium, thorium, together with that of the imparted radio-
activities produced by the radium and thorium emanation.
In each case the vertical axis represents the rays transmitted,
while the horizontal axis represents the thickness of matter
penetrated, this being, in Fig. 20, made up of successive layers of
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aluminium foil of thickness 0:00036¢m., and in Fig. 21 of the
thickness of air in millimetres. It will be seen that the order
is the same for the different rays in the case of aluminium
and air, those from uranium being the least and from the
imparted activities the most penetratinc. The density law,
that the absorption of the rays by various substances is
proportional to the density of the latter, holds fairly generally
for the arays. Tin furnishes an exception, its opacity being
about the same as for aluminium, although it is three times as
dense as the latter. Tin is also an exception in its power of
absorbing the S-rays, but in the opposite direction, being three
times more absorbing than its density would indicate. It
thus absorbs B-rays nine times more than the a-rays compared
with other metals. Lead also absorbs the f-rays abnormally,
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being twice as opaque as other metals in proportion to its
density. In this respect the y-rays resemble the B-rays
completely.

A very characteristic property of the « rays is that they are
absorbed the inore readily the greater the thickness of matter
traversed (compare Mme. Curie, * Thesis,” Chap. III. ; Ruther-
ford, Phil. Mag., 1903, VL, 5, p. 114). The apparatus employed
by Mme. Curie for the investigation of the a-rays of pelonium
is shown in Fig. 22. The object of the experiment is to
measure the ionisation current due to the rays between the
plates PP, P'P' from a polonium preparation at A when the
distance AT was varied. The hole T in the plate P'P’ is
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covered with the thinnest possible sheet of aluminium foil (not
shown) to prevent the ions formed in CCCC finding their way
into the space PPP'P'. When AT is over 4cm. no current passes,
indicating that the rays are all absorbed in this thickness of air.
The appearance of the rays between the plates is manifested
somewhat suddenly as the distance AT is reduced. If suc-
cessive layers of foil are placed over the polonium, the absorp-
tion caused by the second layer is greater than that produced
by the first.

These considerations and the existence of this peculiarity for
a-rays generally led Rutherford (Phil. Mag., 1903, VL., 5, p. 177)
to regard the a-rays as consisting of projectiles, and to examine
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them carefully in the most intense magnetic fields under con-
ditions where the slightest deviation could be detected. His
apparatus is represented in Fig. 23. The radinm rays pass
upwards throngh a series of very narrow slits placed between
the poles of a very powerful electromagnet and emerge inside
the gold-leaf electroscope placed above. A current of hydrogen
is kept flowing through the electroscope and the slits in a
downward direction, and this serves to prevent the diffusion
of any emanation from the radium into the electroscope. It

* The aluminium foil placed above the top of the slits serves the same
purpose as in Mme. Curie’s apparatus just deseribed. It is excessively
thin and, being porous, offers no obstruction to the passage of the
hydrogen.
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also greatly reduces the absorption of the a-rays in passing
through the slits, and so increases the effect to be measured in
the electroscope. The effect due to the 5 and y-rays is, on the
other hand, very much diminished by using hydrogen, owing to
the ionisation in the latter gas being much less for a penetrat-
ing radiation than itis inair. Theionisation due to the a-rays
is not reduced because there is a sufficient thickness of gas to
ensure their complete absorption inside the electroscope. The
plan of the experiment was to measure the rate of collapse of
the leaves when the radium salt was bare and when covered
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with a sheet of mica sufficient to absorb the a-rays, both with and
without the magnetic field. Under proper conditions the rate
of collapse is the same with the salt bare and the magnetic
field on as with the salt covered and the field off. But in
the latter condition the residual magnetism was always
sufficiently strong to eliminate the [-rays, so that these,
under no circumstances, enter the electroscope. In this way
tutherford showed that the a-rays were completely deviated
by passage through slits 4:-5c¢m. long and 0-55cm. wide placed
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in a uniform magnetic field of 8,400 C.G.S. units. Deviation
was also obtained by an electrostatic field; and the direction
of deviation in each case is opposite to that suffered by the
cathode ray or the S-ray of radioactive substances. The direc-
tion of deviation was determined by using the device shown
in Fig. 24, in which the openings of the slits are half covered
from the one side by metal plates, so that a greater deflec-
tion is necessary in the one direction than in the other if
no rays are to enter the electroscope. From a combination
of his results for both the electrostatic and electro-magnetic
deviation, Rutherford has deduced that the velocity of the
charged particle v=2'5 x 10%m. a second, while the ratio of
the charge to the mass ¢/m=06 x10% If ¢ is assumed to
he the “atomic charge,” and equal to the charge carried by

the hydrogen ion in electrolysis, the mass of the projected
partiele is thus about 16 times that of the hydrogen atom. The
value of Hp in these experiments was 390,000, and this result
may be expressed differently by the statement that the a-rays
would be coiled into cireles of 39em. radius under conditions
which would coil the eathode rays into circles of 0-0lcm.

The magnetic deviability of the a-ray of radium has since
been confirmed by a photographic method by Becquerel
(Comptes Rendus, 1903, 136, pp. 199, 431 and 1,517), and he also
shows that the a-ray of polonium is deviated to a similar extent.
Des Coudres also (Phys. Zeitschr., 1903, p. 483), working by a
photographic method in vacuo, has econfirmed both the electro-
static and electromagnetic deviation, and obtained a value of
e/m in close agreement with that given by Rutherford.
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Sinee the a-rays of all radio-active substances are very similar
in type, there is strong evidence for considering them all as
consisting of positive-charged particles of mass about twice
that of the hydrogen atom travelling with a speed one-tenth
of that of light. Their large size compared with that of the
B-ray accounts for their small penetrating power, and their great
kinetic energy for their very great ionising action, while their
projection character well accords with the property alveady
mentioned of being more easily stopped the greater the thick-
ness of matter penetrated.

This view of the discrete nature of the e-radiation has
recently been confirmed by an experiment of Sir William
Crookes’ ({_ffwm._ News, 1903, 87, p. 241), which was discovered
simultaneously in Germany by Elster and Geitel (Chem. News,
1903, 88, p. 37), that the phosphorescence of a zine sulphide
screen under the action of the e-rays consists, when viewed
through a lens, of a number of momentary flashing points of
light or scintillations, presenting the appearance of an inces-
sant bombardment of the screen by a rain of projectiles from
the radium, each impact being marked by a separate flash
of light. An instrument, known as the * Spinthariscope,” has
been designed to show this effect.

We thus see that the rays of radium have furnished most
striking and unexpected evidence of the correctness of the views
adopted by Prof. J. J. Thomson, as the result of his investiga-
tions into the relations between electricity and matter. The e-ray
has been shown to be a positively-charged particle of atomic
dimensions, the B-ray a negatively-charged particle of corpus-
cular dimensions, in accordance with the corpuscular theory
of electricity, which requires that positive electrification does
not exist apart from matter, whereas negative electrification is
composed of discrete charges of far smaller mass than the
lichtest atom of matter. In addition the S-ray of radium has
afforded a welcome means of putting to experimental test one of
the most fundamental consequences which follow from the view
that an electrie charge possesses inertia and, therefore, mass.



CHAPTER VI.

URANIUM X AND THORIUM X.

Radio-activity an Atomic Property.—The First Ifea Untenable.—Crookes’
Uranium X.— Decay of Activity of Uranium X. — Hypothesis of Radio-
active Induction.-—Uranium X gives only B-Rays.—a Radiation "a
Specific Property of Uranium,—Thorium X.—A Specific Type of
Matter.—Greater Part of a-Rays, all the 8-Rays, and the Emanating
Power due to Thorium X.—Decay and Recovery of Activity of
Thorium X and Thorium.—Continuous Eeproduction of Thorium X —
Radio-active Change.— Radio-active Equilibrium.— Radio-active Con-
stant N.—Independence of Radio-active Change towards all known
Ageneies.—Curves of Decay and Recovery of Activity of Uranium X
and Uranium.—Homogeneity of the Elements Thorium and Uranium.

It has been shown in the preceding chapters that the
phenomenon of radio-activity consists essentially in the incessant
and spontaneous expulsion of positively and negatively-
charged particles from the three heaviest chemical elements
that are recognised—viz., radium, thorium and uranium. The
velocity of both the positively and negatively-charged particles
shot out spontaneously from the radio-elements is greater
than is ever impressed by external agencies upon the posi-
tive and negative ions of the electric discharge, even when
the latter are caused to move in electric fields of very great
intensity. In consequence, the kinetic energy associated with
the a and [ particles is greater than in the case of the ions
artificially produced, and is, in fact, considered with reference
to their mass, of a far higher order of magnitude than is
associated with matter in any other form.

We have now to consider the radio-active matter from which
these particles are projected, and from which their energy
must in some way be derived. It must be first pointed out
that matter of this kind, from which energy is being con-
tinnously dissipated in a new and easily detected form, is

LE
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naturally far more easy to investigate and trace than non-
radio-active matter. New experimental methods of great
delicacy are available which are capable of detecting the
presence of such matter in quantity so minute that no other
indication of its presence exists. The first fruits of the
researches in this direetion were, of course, Mme. Curie’s dis-
coveries of radium and polonium, which have already been
discussed. It will be recalled that these discoveries resulted
from the view that radio-activity is an atomic property of the
element, in that it is exhibited by each radio-element in amount
sensibly proportional to the quantity present, and independent
of its state of chemical combination, of physical conditions, and
of previous history. On this view, a substance like pitch-
blende, more radio-active than any known element, owes its
radio-activity to the presence of new elements of proportionally
areat radio-activity, and not to any cause increasing the activity
of the known radio-elements contained therein beyond the
normal value. In spite of the successful separation of these
predicted new elements, a series of researches, which have now
to be considered, have shown that the view that radio-activity
is an atomic property of the element in question cannot be
accepted in its original form. Mme. Curie, in one of her
earlier papers, deseribes radio-activity as a property exhibited
by each atom of the radio-active element, which acts as a con-
tinual source of energy. This view is now known to be
untenable, for we shall see that the normal radio-activity of a
single element, like thorium, is due to several different types
of matter radiating simultaneously, and the thorium contributes
but a small part of the total radio-activity.

The diserepancy has been reconciled by Rutherford and Soddy
in their disintegration theory of radio-activity, and as this view
accounts in a simple manner for all the new facts at present
known with regard to the radio-elements, and greatly assists
the presentation of the subject as a connected whole, it is
used as the basis of arrangement in the remaining chapters.
Tt must be borne in mind that the order in which the researches
will be considered is frequently the inverse of the historical
order.

Uranium, of the three radio-elements, furnishes the simplest
example and will be considered first. Sir William Crookes
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(Proc. Roy. Soe., 1900, 66, p. 409), showed that it was possible
by various processes to free uranium completely from rays
which affect a photographic plate, and to concentrate the whole
of the photographic activity in a minute fraction of the total
matter which contained no uraninm. He gave several methods,
of which two may be considered. If crystallised uranium
nitrate is dissolved in ether, the solution separates into two
layers: (1j an ethereal solution containing the bulk of the
dissolved uranium salt; (2) an aqueous solution consisting
of the water of crystallisation of the original salt, in which
a relatively small amount of wranium is dissolved. He
found that the uranium salt obtained from (1) was com-
pletely inactive to the photographic plate, while that obtained
from (2) possessed all the activity of the original uranium salt
in concentrated form. Again, if a solution of a uranium
salt be precipitated by ammonium carbonate solution, and a
sufficiency of the latter is added in excess of that necessary to
cause precipitation, the precipitated uranium carbonate again
dissolves, and on filtering the solution a very minute precipitate
of insoluble matter is obtained. This consists mainly of iron
and aluminium present in the uranium as impurities, and by
the manner of its preparation is chemically free from uranium.
Yet this minute precipitate possessed all the photographic
activity of the original uranium, and the latter obtained from
the solution was completely inactive. In this way Crookes
obtained preparations many hundred times more active to the
photographic plate than the uranium salt itself. Thinking
that possibly he had separated a new radio-element of intense
activity, which cansed the radioactivity of wuranium, Sir
William Crookes proposed the name ©“ Uranium X 7 for the new
substance.

It must be noticed that the actual amount of uranium X
obtained is probably quite incapable of detection except by its
radio-activity, The bulk of the substance is iron, aluminium,
&e., present in the uranium as minute impurities which afford
the necf.:'-s:lr}? solid nuelei for the separation of the uraninm X
hy he relatively gross process of hItratmn No new lines

" The Author has noticed that this separation may fail |[ Llw uranium
preparation is too pure, until a trace of ferrie salt or similar impurity is
added to act as nuelei in the filtration.
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were detected by Crookes in the spectrum, and everything
points to the conclusion that the actual amount of matter
causing the radio-activity of uranium X is infinitesimal.

Becquerel ( Comptes Rendus, 1900, 131, p. 137), independently
of Crookes, obtained evidence of the enfeeblement of the radio-
activity of uranium by chemical treatment. Acting on a sug-
gestion of Debierne, he dissolved barium salts in solutions of
uranium, and precipitated the barium with sulphurie acid. He
found that the precipitated barium sulphate tended to * drag
down” the activity of the uranium, leaving it more or less
inactive. He so obtained specimens of barium sulphate more
radio-active, weight for weight, than the salts of uranium used
in their preparation.

The constaney of the radio-activity of uranium, independent
of its source, and previous history, which had been shown by
Mme. Curie, and was, indeed, the fundamental starting point
of her subsequent discoveries, caused Becquerel to consider as
improbable Crookes’hypothesis that the radio-activity of uranium
was due to a small intensely active impurity (uranium X). He
concluded (Comples Rendus, 1901, 133, p. 977) that, if uranium,
like radium, possessed the power of making admixed inactive
bodies temporarily radio-active by association with them,
the phenomena could be explained. This supposed commu-
nication of radio-activity to an inactive molecule had been
termed “radio-active induction.” Thus M. and Mme. Curie
found that objects in the neighbourhood of radium became
temporarily radio-active, and called this phenomenon ¢ the
indueed activity.” The theory of Rutherford, which we shall
deal with more fully in the sequel, that this radio-activity was
wmparted to the inactive matter as a deposit of active matter
from the radio-active emanation of radium, had not then been
accepted by the Continental investigators. This effect of radio-
active induction,Beequerel argued, would be produced equally
on the active and inactive matter present, so that by induction
on itself the activity of the mixture should increase spontane-
ously at first. In a similar way the activity of solid radium salts
was known to increase from the moment of their preparation. If
barium were rendered active by induetion when it was mixed
with uraninm, by precipitating the barium it would be possible
to remove some of the activity, and, then, after removal, the
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induced activity of the barium should gradually decay, in a
manner similar to the induced activity of radium, while that
of the uranium should gradually increase. Becquerel,
therefore, examined his preparations 18 months afterwards
and found that the activity of the barinm sulphate
had completely disappeared, while the uranium had fully
recovered its nmormal activity. Subsequently it was shown
(Soddy, Journal Chem. Soc., 1902, 81, p. 860) that the
processes of Crookes and Becquerel resulted only in the
separation of the [S-radiation of uranium, and that the rela-
tively far more intense a-radiation of uraninm was completely
unaffected. Thus, when the activity of the uncovered salt is
examined by the electrical method, it is found to be sensibly
the same after chemical treatment as it was before, although
the same preparation has been rendered completely inactive to
the photographic plate. On the other hand, the uranium X
obtained from it by Crookes’ ammonium carbonate process
was but feebly active by the electrical, but intensely active by
the photographie, method. But a very thin sheet of aluminium
(0-005em. thick) placed over the uranium completely absorbed
the radiation, whereas the rays from uranium X are not
appreciably absorbed by this thickness of metal. The view that
the B-radiation of ordinary uranium is caused by uranium X,
a non-uranium type of matter, which ean be chemically
separated, whereas the a-radiation is a specific property of the
uraninm and is not affected by this separation, was confirmed
by Rutherford and Grier (Phil. Mag., 1902., V1., 4, p. 315),
who examined the radiations from the two preparations in
a magnetic field. They found the radiation from the uranium X
to consist entirely of rays easily deviated, while that from the
uranium wholly consisted of non-deviable rays. The chemical
separation had analysed the radiation into its two components
(e and ) without affecting the nature or intensity of the rays
in any way. Uranium is the simplest example of the three
radio-elements, for its two main types of radiation result
from two different kinds of matter, the ome constituting
practically the entire mass of the substance, the other present
in proportion so minute that its radio-activity is at present
the sole evidence we have of its existence. The recovery of
the B-radiation of uwranium with time, and the decay of the
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f-radiation from the uranium X with time, thus appear to be
phenomena of momentous import.

Simultaneously with the above researches Rutherford and
Soddy (Zrans. Chem. Soc., 1902, 81, pp. 321 and 837) had
obtained results for the case of thorium similar in character
to those obtained by Becquerel for uranium. If thorium
nitrate in aqueous solution is precipitated by ammonia,® it is
found that a large part of the radio-activity of the thorium
remains in the solution, so that, by evaporating the filtrate
to dryness and igniting to remove ammonium salts, minute
residues are left possessing radio-activity relatively intense
compared to that of the original thorium. The thorinm
hydroxide, which is precipitated completely by this process, on
the other hand, is found to have lost the greater part of its radio-
activity, and by suitable repetitions may be obtained only one-
quarter as active, weight for weight, as the original salt. Now
this behaviour is by no means dune to the precipifation of
thorium from its solution. If reagents other than ammonia are
employed—for example, sodium or ammonium carbhonate,
ammonium oxalate and alkaline sodinm phosphate—the thorium
is completely precipitated in the normally active condition,
and the residues obtained from the several filtrates by evapora-
tion and ignition are in each ease quite inactive.

Rutherford and Soddy, therefore, concluded that the major
part of the radio-activity of thorium is due to the presence of
a non-thorium type of matter, not precipitated by ammonia,
and they gave the name “Thorium X ” to this body, in accord-
ance with the nomenclature adopted by Sir W. Crookes in the
case of uraninm. Ammonia is the only reagent at present
known which will separate thorium X from thorium.
Besides being responsible for the greater part of the radio-
activity of thorium, the power of thorium preparations ot
giving a radio-active emanation and of imparting radio-
activity to surrounding objects is wholly due to the presence
of thorinm X. For the power of a thorium solution to give
the emanation is retained umaltered by the solufivn after

* The ordinary chemical equation for this reaction is—
Th(NO;):+4(NH;)OH=Th({OH);+4(NH;)NO;,
Thorinm Ammoninm  Thorinm Ammaoninm
Nitrate Hydrate Hydroxide Nitrate
(soluble). (soluble). (insoluble).  (soluble).
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the thorium has been precipitated as hydroxide, and the latter
when re-dissolved, possesses at first, no emanating power at all.
As in the case of uranium X, the actual quantity of matter
causing these radio-active manifestations is, probably, infini-
tesimal. Thorium X has no definite analytical reactions which
would lead to its separation from the impurities always present,
but is drageed down by any precipitate formed in its solution
to a greater or less extent by “adsorption.” Barium sulphate,
pre-eminently, appears to possess the general power of removing
in .this way the infinitesimal traces of radio-active matter
(ThX, UrX, &ec.) present in solutions of the radio-elements.
In the language of the theory of radio-active induction this
result would be expressed by saying that barium is easily
induced into activity by contact with radio-active matter.
The character of the activity of barium, so “induced,” is, how-
ever, different according as it is precipitated in solutions of
uranium or thorium, and in each case i1s distinctive of the
original element. The character of induced activity is quite
independent of the nature of the matter “induced,” whether
barium sulphate or any other precipitate which shows the
same property.

If the preparations of thorium and thorium X so obtained
are allowed to remain untouched, it is found that the thorium
eradually regains the activity that it has lost until it is just
as active as at first, while the thorinm X loses its activity
eradually, until it becomes at length completely inactive.
These processes occur rapidly compared with the similar case
of uraninm and uranium X. In three weeks or a month the
thorinm X preparation has lost practically all its radio-activity,
while the thorium in the same interval has completely regained
its lost radio-activity. The same holds true equally of the
emanating power of the preparations. The thorium X at first
possesses all the emanating power of the original thorium
solution and loses it completely in one month, whereas the
precipitated thorium hydroxide, if re-dissolved in nitric acid
and kept in solution, at first possesses no emanating power at
all, but gradually recovers it, until, at the end of a month, it
again possssses its original power.

When a thorium preparation is precipitated in the above
manner several times successively at short intervals, its radio-



S8 RADIO-ACTIVITY.

activity is reduced to about one-fourth of the normal, and this
non-separable radio-activity, which is, as far as we know, a specific
property of the element itself, consists only of arays. The
B-radiation is wholly retained by the thorium X. These
results may be conveniently represented in tabular form.

Ordinary Uranium Ordinary Thoriwm
by addition of ammonium carbonate by addition of ammonia
in excess to the solution in excess to the solution
_f'- \ ..-"'f\
= X e X
{Insoluble.) | (Soluble.) (Soluble.) | (Insoluble.)
Uranium X | Uranium Thorium X | Thorivum
giving f giving giving giving
all the g-rays, | allthe a-rays, 5% a-rays, | 25% a-rays,
no a-rays. no B-rays. all the g-rays, no §-rays,
| ‘all the emanating noemanating
power. power,

Thus, of the three main phenomena which go to make up the
normal radio-activity of thorium compounds (1) e-radiation,
(2) B-radiation, (3) production of a radio-active emanation, only
25 per cent. of the a-radiation can be considered to be speei-
fically due to the thorium atoms, the remaining e-radiation,
together with the B-radiation and the emanating power, being
caused by the presence of a non-thorium type of matter—
thorium X—present in infinitesimal quantity. Whereas, how-
ever, the thorium X, on keeping, rapidly loses its radio-
activity, the thorium from which it was separated regains its
lost radio-activity, until at the end of a month it again
possesses its normal or maximum value. In the same time
the thorium X becomes completely inactive. If, now, the
thorium that has completely recovered its radio-activity is
again precipitated with ammonia, @ new amount of thorium X
is obtained from the filtrate of the same radio-activity as that
originally extracted, and the thorium is again freed from the
major part of its activity. This eycle of operations can be
repeated indefinitely. I, however, the precipitations are
carried out without lapse of time, the radio-activity of the
thorium is not further reduczd below a certain minimum value,
and when this is reached no more thorium X is obtained and
the residues from the filtrates are inactive. By waiting for
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any period less than one month between successive precipita-
tions a new quantity of thorium X is obtained, in amount (as
judged by its activity, which is the only criterion we have of
its presence) the greater the longer the time waited.

If it is admitted that thorium X is a specific kind of matter,
the only explanation of this hehaviour is that it is heing
continuwously produced by thorium. This is equivalent to saying
that thorinm is changing into thorium X, unless we suppose that
thorium has the power of creafing thorium X, which is hardly
conceivable in the present state of science. The view that
thorium X is a specific kind of matter therefore necessi-
tates the belief that an element is capable of undergoing a
slow spontaneous change, and it will be convenient to desig-
nate this by the special name of radio-active change. As this is
the point of departure from which springs the whole theory
of atomic disintegration as applied to explain radio-activity,
it is necessary to bear in mind the precise character of
the fundamental proposition. The alternative is to suppose
that thorium X is not a specific kind of matter, but is
ordinary inactive matter of some kind unknown, in which
strong radio-activity has been “induced” by association with
the thorium, and which loses again this property when it is
removed from the thorium. The evidence in favour of the
first and opposed to the second view is «drawn not only from
the behaviour of thorium X and uraninm X, but from the beha-
viour of at least six other similar types of temporarily radio-
active matter. The most conclusive evidence is drawn from the
study of the radio-active emanations of thorium and radium,
which have still to be considered. On the other hand, the
second view finds to-day no support, and no attempt has
been made, since the processes of radio-activity have become
better understood, to reconcile the idea of radio-active *induc-
tion ” with the overwhelming evidence that can now be brought
against it. The effects to which the term “induetion” was first
applied are now admitted to be capable of a direct explanation,
and the process, in the sense of the communication of radio-
activity to an inactive molecule, has never been shown to take
place. Even if it did, it would merely constitute an additional
fact to be explained without itself aiding in the explanation of
any of those already known,
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Once, however, the possibility of an element undergoing
change is admitted, the varied phenomena of radio-activity can
be explained from a consistent point of view without further
difficulty.

A quantitative study of the rate of recovery of the activity
of thorium and the rate of decay of the activity of
thorium X (Rutherford and Soddy, Phil. Mag, 1902, VL, 4,
P- 378) revealed a simple connection between the two pro-
cesses. Fig. 25 represents the curves obtained in which the
radio-activity is plotted on the vertical and the time in days
on the horizontal axis, Curve I represents the decay of

120

110

100

Activity.
=]
=

2 4 i -] 10 12 14 16 18 20 a9
Time in Days.

Fic. 25.

activity of thorium X, the initial activity being represented
as 100, and curve II. the recovery of activity of thorium
to a constant maximum value, represented also as 100.
For the first day the effects are abnormal, the activity
of the thorinm X increasing slightly before commencing
to diminish, while that of the thorium at first slightly
diminishes and then proceeds to increase in a regular manner.
These initial irregularities will be examined later. For the
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present they may be neglected, and the subsequent regular
changes be considered, without involving any serious error. It
will be noticed that the recovery curve, if produced backwards,
cuts the vertical axis at about 25 per cent., and this can be
shown to be due to the thorium possessing a constant non-
separable radio-activity specific to the element itself. In Fig. 26
the relation between the two curves is more clearly brought
out. Curve I. represents the percentage proportion of the
activity recovered by the thorium after the second day, the
activity recovered from the beginning to the end being taken
as 100. Curve IL. represents the activity of thorium X on the
same scale during the same period.

mulll ||IJ)

-

g B

e |
(=1

G0

Aetivty,

[EEEY

b {lall ) | .
2 4 G = M 12 14 16 18 20 2% 24 25 93
Tiwne tn Days.

Fia. 26.

It will be seen that the proportion of the radio-activity
recovered by the thorium during any interval throughout the
whole period is equal to the proportion of the radio-activity
lost by the thorinm X during the same interval. If I,
represents the original activity ot the thorium X, and I, the
activity after any time /, I', the activity recovered by the
thorium after time /£, and I'» the maximum activity recovered
by the thorium when the constant value is attained,

15 Ta=ilps el
el (1)

The activity of the thorium X decays very approximately

in a geometrical progression with the time, falling to half-value
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in four days. Thus, in eight days it is one-quarter of the
original, in 12 days one-eighth, and so on. This is expressed
by the equation

I, 7
= ='E_J L] L] - * " & Ll 2
lu. ¥ ( }

where A is a constant and ¢ the base of natural logarithms.

Since i‘ =4 when =4 days=2345,600 seconds, A=2x 10-5,
0

when ¢ 1s expressed in seconds.
From equations (1) and (2) we can write at once
F:l—ﬂ N s A T

o0

which represents the recovery of activity by the thorinm with
time. The law of the decay of activity of thorium X in a
G.P. with the time (equation 2) is a general law for tempo-
rarily radio-active substances. Many such substances are
known, decaying at characteristic rates, varying from a few
seconds to a few years, but always according to the same law.
Moreover, the rate of decay has been found to be independent
of the most powerful chemical and physical agencies. Extremes
of temperature and drastic chemical treatment do not at all
affect it. In consequence, A (equation 2) serves as a perfectly
definite constant for the identification and characterisation
of any of these new bodies, none of which have bheen
obtained in sufficient quantity for the ordinary methods
of investigation. A may be called the radio-aclive constant,
and we shall see later that it possesses a profound physical
meaning.,

The chemical separation of thorium X from thorium, there-
fore, cannot have any effect on the activity of the former
in causing it to decay. The activity of thorium X mmust
always be decaying at the same rate, whether it is present
in the thorium compound produeing it or whether it is
separated from it. The apparent constancy of activity of the
radio-elements results from the continuous production of
fresh matter possessing continuously diminishing radio-activity.
When the increase in radio-activity through the produetion of
new active matter balances the decrease through the decay
of the activity of that already formed, the activity remains
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constant. This point may be termed the radio-active equilibrium.
The mystery of the constancy and permanence of the emission
of rays from radio-active substances, which from the first
riveted attention on the new property, is, therefore, one step
nearer elucidation. The rays in question are always dying
down and are always beinzg renewed. The constancy is
apparent rather than real, and is due to the balance or
equilibrinm between opposed processes.

The next consideration that follows from equations (2) and
(3) is that a uniform quantity of thorinm X, as measured by
its radio activity, is produced in each unit of time. The
constancy of the activity after radio-active equilibrium is
attained shows that the production of new matter must proceed
at a constant rate. This holds true, not only for the condition
of radio-active equilibrium, but generally. Thus, equation (3),
which was obtained as the experimental relation holding for the
recovery of activity of thorium, is that theoretically required
for the rise of activity of a system in which (1) the rate of
supply of fresh radio-active matter proceeds at a uniform rate ;
(2) the radio-activity of the matter supplied decays with time,
according to equation (2) (compare Rutherford, Phil. Mag.,
1900, V., 49, p. 179).

The form of the recovery curve is not altered by the con-
ditions under which the change occurs. It was found that
different parts of the same specimen of thorium, which had
been freed from thorium X, kept under widely ditferent con-
ditions of temperature, state of chemical combination, &ec.,
recovered their radio-activity at the same rate. This absolute
independence, so far as we know at present, of the rates of
recovery and decay, towards all the agencies at our disposal,
is one of the most striking features of radio-active change.
In this respect the latter is sharply differentiated from all the
other kinds of material change, whether physical or chemical.
The process which proceeds spontaneously in Nature, and
gives rise to the phenomenon of radio-activity, is entirely
beyond the range of ordinary molecular forces. This of
itself furnishes strong presumptive evidence in favour of the
view that radio-active change involves an alteration in the
internal structure of the chemical atom and its transmutation
into other atoms. For, since molecular forces are quite incapable
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of transmuting one elementary form of matter into others,
it is not to be expected that such forces would produce any
effect on the course of a natural process of transmutation
which was proceeding spontaneously. For a similar reason it
is extremely improbable that any such effect as radio-active
induction, or the rendering of an inactive substance radio-
active, exists. If it did it would constitute a case of artificial
transmutation, which, at least, requires further proof before
being accepted.

On the new views, the source of the energy dissipated by
radio-active substances no longer presents any fundamental
difficulty. The explanation is similar in kind and differs only
in degree from the well-known cases of slow spontaneons
chemical changes in which energy is liberated, as, for example,
in the ordinary processes of living organisms, In each case
matter is ““ consumed,” that 1s, transformed into new kinds
which possess less energy. Direct experimental data, to be
considered in the sequel, show that the energy of radio-active
change is of the order of a million times greater than is ever
manifested in ordinary chemical change. Itisin the enormeus
stores of energy liberated during radio-active change that the
disintegration theory derives its most unanswerable argument.
A fuller consideration of this aspect of the question must wait
until the case of radium has been considered. It is probable
that the order of the energy liberated is, for equal weights of
matter changing, similar in all the radio-elements. But in the
case of radium the change proceeds a million times faster than
in the case of uranium or thorium, and this accounts for the
surprising nature of the properties of the firstnamed element.

An examination of the recovery and decay of the radio-
activity of uranium and uranium X (Rutherford and Soddy,
Phil. Mag., 1903, VI., 5, p. 422) showed that the considera-
tions just developed for thorium apply equally well for the
case of uranium. Nearly six months is required, however,
hefore the radio-active equilibrium is attained in this ease.
Since the uranium X gives all the 8 or penetrating rays of
uranium, the course of the production of uranium X ean be
followed by measuring the penetrating radiation from uranium
after the uranium X has been separated chemically. Fig, 27
shows the curves of recovery and decay of the penetrating
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radiation of uranium and uranium X with time. When
separated from the uranium producing it, the activity of
uranium X decays in a geometrical progression with the time,
as shown in Fig. 27, and falls to half-value in abont 22
days. The value of A (equation 2) for this case is, there-
fore, about 3°'6 x10-7, when ¢ is expressed in seconds.
When free from uraninm X, uraninm gives practically no
penetrating rays. The gradual recovery of the S-radiation by
the uranium is shown by the second curve of Fig. 27, The
proportionate loss of activity of uraninm X is for any time
approximately equal to the proportionate recovery of the
3 activity of the uranium, and equation (3), with the value of
A just given, applies to the recovery of the activity of uranium
equally to that of thorinm,
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Special interest attaches to the case of uranium on account
of its simplicity. The radiation can be analysed into its
two constituents and the uranium shown to be responsible
for the whole of the one type, the uranium X for the
whole of the other. Then, again, uranium, uniike thorium
and radium, does not produce radio-active emanations or
impart radio-activity to its surroundings. These secondary
effects cause the initial irregularities in the curves of decay
and recovery for thorinm which are absent in the case of
uranium. Un the other hand, the non-separable activity,
which in the case of thorium is a relatively small fraction of the
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whole, in the case of uraninm comprises the whole of the a-radia-
tion, and therefore the greater part of the total energy radiated.
The existence of this non-separable radio-activity is general for
all three radio-elements, and does not appear to be merely due
to the insufficiency of ounr chemical methods in analysing the
sources of the radio-activity. It is possible that further chemical
investigation will show that what is here termed non-separable
activity 1s in reality due in parf to new types of matter not
vet separated from the radio-elements. But it is unlikely that
the latter will ever be obtained by any chemical process entirely
free from radio-activity, and then recover it with the lapse
of time.* In fact, the non-separable activity has a wvery
important and fundamental bearing on the final view we adopt
of the canse and nature of radio-activity.

Two observers (Brauner, Trans. Chem. Soc., 1898, Vol.
LXXIIL, p. 951 ; Baskerville, Jowrn. Am. Chem. Soc., 1901,
XXIIIL., p. 761), have obtained evidence of a new element of
heavier atomic weight, associated with thorium in its com-
pounds, and the latter believes that pure thorium compounds
are not radio-active. Recently, Hoffman and Zerban ( Berichte
der Deutschen Chemischen Gesellschaft, 1903, p. 3,093) state that
the thorium prepared from gadolinite is not radio-active.
Before these results ean be accepted, more details as to the
method of testing and the time since preparation of the
specimens employed must be made known. For both
Becquerel (Comptes IRendus, 1902, 134, p. 208) and Sir
William Crookes (Proc. Roy. Soc., 1900, Vol. LXVI., p. 409)
considered that they had separated the radio-activity from
uranium, although we know now that this result was only
partially true (compare Irans. Chem. Soe., 190z, Vol
LXXXI, p. 860). The non-activity of thorium from gado-
linite has already been called into question (George F. Barker,
Am. Joun, Science, 1903 [4], 16, p. 161), and reaffirmed

* It is, of course, possible that what we call thorium and uranium
respectively may prove to be mixtures of more than one element, only
one of which is radio-active. Inthis case the proportion of the respective
active constituents must be the same in all preparations of these elements
that have been examined, for they all possess similar activity. Moreover,
on separating the active constituent the uranium and thorium will then
not recover their lost activity.
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(Zerban, Fer., 1903, p. 3,911). Even if it is ultimately
established it does not interfere with the above reasoning, for
when once the active constituent is separated from thorium
the latter will nof recover its activity with time. The con-
siderations deduced with regard to the non-separable activity
would then apply without modification to the active con-
stituent, and whether this is thorium or sv like thorium that
it has not yet been separated from it, is a matter of little
theoretical importance in the present connection.







CHAPTER VIL

THE RADIO-ACTIVE EMANATION OF THORIUM.

The Variability of the Radio-activity of Thorium.—E{fect of Air-currents.
— Uranium and Thorium Contrasted.—The Radio-active Emana-
tion of Thorium. — FEmanating Power Proportional to Weight,
Radiating Power to Surface.—The Radiation of the Emanation
consist of only a-Rays.—Rate of Decay of Activity.—The Emanation
Analogous to the Argon Family of Elements.—Decay of Aetivity
Unaffected by Temperature, d:c.—FEmanating Power Persists in Absence
of the Atmosphere.—Emanation Condensed by Liquid Air.—Produced
by Radio-active Change of Thorium X.—Imparted Radio-activity.—
Due to Matter Deposited from the Emanation.—Rate of Decay.—
Imparted Activity Concentrated by an FElectric Field.—Produced by
Radio-active Change of Emanation.

A detailed investigation of the radiation from thorium
(Owens, Phil. Mag., 1899, V., 48, p. 360) brought to light a
curions difference between the radio-activity of this element
and that of thorium. It was found that the ionisation
current through the air in a closed space under the influence
of the rays from the varions thorium compounds increased
with time up to a maximum value. If air was then drawn
continuously through the apparatus by means of a pump, the
current immediately decreased to a minimum value. This
effect was more marked for a thick layer of thorium com-
pound than for a thin layer. In the former case the
maximum current was three times as great as the minimum.
Rutherford (Phil. Mag., 1900, V., 49, p. 1) showed that this
effect was due to thorium compounds possessing the property
of continuously emitting into the air particles of some kind
which possessed temporary radio-activity. That is, the air in
the neighbourhood of a thorium compound possessed the power

H2Z
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of giving out radiations on its own account, and this power
persisted in the air for some time after the thorinum compound
was withdrawn. Rutherford named the radio-active substance
communicated to the air in this way the “thorium emanation,”
and although it is now known to be a distinet type of matter,
like thorium X or uranium X, the original name has been
retained. He found that the rays of thorium are completely
absorbed by covering the salt with a single thickness of foolscap
paper, whereas the emanation readily finds its way through 20
layers, so that the effect of the emanation alone can be well
studied by enclosing the thorium salt in paper. Under these
circumstances the ionisation eurrent observed when the package
is placed between the plates of the testing apparatus is reduced
to a very small fraction of its original value when the blast of
air is directed between the plates. The effect of B-rays of
thorium in experiments by the electrical method is exceedingly
small and would hardly be detected except by special arrange-
ments. The thinnest sheet of mica or glass is completely
impervious to the passage of the emanation. In this and all
other respects in which it has been examined the emanation
behaves like a gas distributed in infinitesimal amount through
the atmosphere which carries it, each particle emitting rays on
its own account and acting as a centre of ionisation in the
atmosphere.

The *“emanating power,” or ability to give the radio-
active emanation, is proportional to the quantity of the
thorium compound employed, whereas the radiating power is
proportional to the surface exposed. Thus, in very thin layers
the ionisation 1s caused chiefly by the radiation, and as the
layer is increased in thickness the additional ionisation due
to the emanation is increased. Hence, in the former case a
blast of air has little effect on the value of the radio activity.
Thin layers of thorium preparations are in this respect little
different from those of uraninm. With thicker layers the
difference is, however, very marked, and the value of the
adio-activity is greatly aflected by slight currents of air.
All these phenomena are quite independent of the nature of
the atmosphere employed.

The properties of the radio-active emanation itself will be
first considered, without reference to the manner in which it
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comes to be produced by the thorium. The experiments
quoted show that thorium transmits to the air an ionising
agent with the properties of a gas, but the question remains
open as to whether the ionisation is produced by rays of the
kind which constitute radio-activity. This is a difficult point
to establish experimentally in the case of the thorium emanation,
and was accomplished by Rutherford in the following manner.
A vessel was constructed through which the thorium emanation
conld be led by a current of air. In one side of the vessel was a
window of the thinnest mica sheet, which, althongh gas tight
and impervious to the passage of the emanation, was thin
enough to allow a sufficient fraction of a-radiation of ordinary
penetrating power to pass through unabsorbed. The effects
of the imparted activity (g.v.) were eliminated by keeping the
vessel positively charged with respect to an internal electrode
placed out of the direct line of fire to the mica window. In this
way any imparted activity, produced by the emanation, was
concentrated on the negative electrode, the radiations from
which were unable to penetrate to the outside of the vessel.
Under these circumstances the outside air in the line of fire
from the mica window was found to be ionised by rays which
could only come from the gaseous emanation inside the vessel.
Rutherford proved with this arrangement that the rays from
the thorium emanation consist entirely of the easily-absorbed
and difficultly-deviable a-rays, and no detectable amount of
B-rays are present. This experiment, difficult for the thorium
emanation, has been shown in the simplest manner for the
millionfold more powerful radium emanation (g.2.). The
emanation particles do not appear to move appreciably under
the action of an electric field, and Rutherford concluded that
they are uncharged. Our present knowledge shows that this
result proves, rather, that if the emanation particle is charged
it can give up its charge without losing either of its essential
characteristics—viz., its volatility or radio-activity. The point
will be again referred to when the actinium emanation is dealt
with.

LBate of Decay of the Thorium Ewmanation.—If the emanation is
blown away from the thorium by a blast of air into a metal
eylinder (which can be closed air-tight) provided with a central
insulated wire, the duration of its radio-activity can be inves-
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ticated by measuring the ionisation current between the central
wire and the ecylinder, after the air stream is stopped and
the cylinder closed. In this way Rutherford showed that the
radio-activity of the emanation, after separation from the
thorium compound, decays in a geometrical progression with
the time, and falls to half-value in about one minute. This
is expressed by the equation I,/I,=e¢», in which the radio-
active constant A has a value of 1/87, or 116 x1072 In
10 minutes after the removal of the emanation from the
thorium the radio-activity falls to one-thousandth of its original
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value, a quantity generally too small to be detected. In
20 minutes the activity is one-thousandth of the value at
10 minutes or one-millionth of the initial.

A convenient apparatus for the study of the thorium emana-
tion is shown in Fig. 28. A known weight of the thorium
compound to be tested is placed in C, and a steady current of
air from a gas bag passed over it. The cotton wool in D
removes from the air the ions caused by the action of the direct
radiation. The emanation passes through the plug and causes
the ionisation in the cylinder. With a uranium compound in
C no current would be observed with this apparatus, for all
the ions present in the gas would be removed on passing
through D.  With 10 grammes of ordinary thorium oxide in C,
and a fairly rapid stream of air, a current between 10-'° and
107" ampere passes between the cylinder and the electrodes.
The central electrode is divided into three separate parts, E, F, H,
for the purpose of determining the rate of decay of the emana-
tion. If the velocity of the gas stream is known, the ionisation



RADIO-ACTIVE EMANATION OF THORIUM. 105

currents respectively measured by connecting the three elec-
trodes suecessively with the electrometer will afford a measure
of the decay of activity suffered by the emanation in the time
taken for the gas stream to pass from E to F and from F to
H. " If the gas stream is kept constant, the rates of decay of
the activity of the emanations from different compounds of
thorium, and from the preparations of thorium X, can be com-
pared together. It is found that the rate of decay, and there-
fore the radio-active constant A, 1s the same 1n all cases. In
ordinary work when the rate of decay is not being investi-
gated the three electrodes E, F, H, are usually connected
together.

The thorium emanation was the first type of matter pos-
sessing temporary radio-activity to be recognised, and its
nature had been studied pretty completely before thorinm X
was discovered. In this work (Rutherford and Soddy, Phil.
Mug., 1902, VI, 4, p. 569) the conclusion was drawn that it
was a specific type of radio-active matter of a gaseous character
in infinitesimal quantity. The latter presents no drawback
to its accurate investigation, for its radio-activity affords
adequate and convenient methods for its experimental study.
Various experiments were performed on the action of tem-
perature and chemical reagents on the emanation. The
general result showed that it was completely unaffected by
any of the means empioyed. It 1s not altered by passage
through a tube of platinum raised to the temperature of
bright white heat. It may be bubbled unchanged through
any acid or reagent. It is not absorbed by passing through
red-hot lead chromate, magnesium powder, zine dust, &ec.,
and in this respect it shows the same chemical inertness as
the members of the argon family of gases. The latter, and
the emanations of thorium and radium, are the only known
gases which resist absorption by these reagents. The appa-
ratus employed in these experiments was that already deseribed
(Fig. 28), the tubes containing the reagents used being placed
in the gas stream between D and the testing eylinder. A steady
stream of gas was maintained and the ionisation current mea-
sured with the tubes hot and eold. Since the value of the
ionisation eurrent was not altered by this treatment, it not
only proves that the emanation is not absorbed, but also that
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the rate of decay of the activity of the emanation is the same
throughout, and is not affected either by temperature or by
chemical reagents.

Some experiments were performed by the Author with a
view to determine if the presence of the air were necessary for
the production of the emanation by thorium. An apparatus
for producing hydrogen and oxygen by the electrolysis of
dilute sulphuric acid was constructed, and the gas passed over
a thorium compound. All the joints were of sealed glass, so
that there was no possibility of air leaking into the apparatus.
Over a thousand litres of hydrogen were passed over the
thorium compound, without opening the apparatus to the air,
in an uninterrupted stream lasting for three months. At the
end of this period the amount of emanation carried over by
the gas stream was no less than at the beginning, Hence the
emanation is not, for example, one of the inert constituents
of the atmosphere rendered radio-active by contact with thorium,
and there is no escape from the conclusion that the emanation
is a specific type of matter of a new kind derived from the
element thorium. This conclusion was confirmed by an inves-
tigation of the behaviour of the emanations of thorium and
radium at the low temperatures attainable by the use of liquid
air (Rutherford and Soddy, Phil. Mag., 1903, V1., 5, p. 561). It
was found that the emanations of both thorium and radium
were completely condensed if passed through a tube cooled
with liquid air. The gas stream used to convey it passes
on completely freed from the emanation. If the tube is
allowed to warm up, the condensed emanation again volatilises
unchanged (compare Chapter X.).

Now, the experiments already recorded on thorium X
show that the emanation is not produced by thorium directly,
for when freed from thorium X the thorium possesses no
emanating power at all at first, but gradually recovers it. The
thorium X, on the other hand, possesses the full emanat-
ing power of the original substance from which it was
separated, and gradually loses its power as the thorium
recovers it.

Without, at the present stage, considering more fully the
nature of these phenomena, a simple explanation may be
developed on the lines laid down in the discussion of thorium X.
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It is elear that, just as thorium X must be considered as the
produet of the radio-active change of thorium, so the emanation
in turn must be regarded as the product of a second change of
a similar kind suffered by thorium X. Thorium is changing
into thorium X, and the latter, in turn, is changing into the
emanation. A chemical separation is necessary to effect the
removal of thorium X from thorium, because both types of
matter are non-volatile. But to remove the emanation no such
operation is needed, because in this case the matter is gaseous
in character, and separates itself from the matter producing it
by ordinary gaseous diffusion.

Tmparted  Radio-activity.—The wmost remarkable property
of the emanation is its power to impart temporary radio-
activity of a specific kind to solid bodies with which it
comes into contact (Rutherford, Phil. Mag., 1900, V., 49,
p. 161).

If a thorinm compound is kept in a closed vessel for several
hours, so that the emanation is retained and prevented from
diffusing away, it is found that the interior of the vessel, after
removal of the thorium, is itself strongly radio-active. The
character of the rays from this imparted radio-activity is
distinet from that of the thorium itself, being more penetrat-
ing (compare Fig. 20). The decay of this imparted radio-
activity follows the usual law, decreasing in a G. P with the
time, and reaches half-value after 11 hours. A, the radio-
active constant for this case, is, therefore, 1'7x10-% All
objects become radio active in this manner independent of
their nature, and the imparted radio-activity is of the same
character. Moreover, if the surface of the body made active
1s scrubbed with sand paper, the activity is to a large extent
removed and transferred to the sandpaper. Rutherford found
that certain acids were capable of dissolving off the matter
causing the radio-activity from a platinum wire rendered active
by the thorinm emanation. Hydrochloric acid and sulphuric
acid especially possessed this power, whereas nitric acid and
alkalies showed very little effect. The activity of the matter
removed is in no case destroyed. Thus, if the hydrochlorie
acid used be evaporated in a platinnm dish, the activity
removed from the wire is left behind on the dish after the
evaporation of the acid. By evaporating aliquot portions of
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the acid at definite intervals of time, Rutherford proved that
the activity of the matter cansing the phenomenon decayed at
the same rate when dissolved in the aecid as it does when kept
on the wire on which it was originally deposited. As in the
other cases, the matter causing these phenomena is in otherwise
undetectable quantity. The film produced is quite invisible
and unweighable.

An interesting feature experimentally distinguishing the
type of active matter causing the imparted radio-activity
of thorium is its behaviour in an electric field. If a central
electrode is kept negatively charged with respect to the
vessel, the imparted activity deposited inside the vessel from
the emanation is confined solely to the negative electrode.
The matter causing the imparted activity at the moment of its
production carries a positive charge and travels in a field to
the negative electrode. In this way it is possible to concen-
trate the whole of the imparted activity on a fine wire, so that
the latter is, weight for weight, many hundred times more
active than the original thorium compound. Under these
circumstances the slightest gain in weight of the wire could be
observed, but none has been detected. The action of the field
does not in any way affect the total amount of radio-activity
imparted by the emanation, but merely alters the distribution.
For a fuller consideration of this phenomenon, see Rutherford,
Phil. Mag., 1903, VL, 5, p. 95.

The interpretation of the foregoing facts follows without
difficulty on the explanation adopted in the other cases.
The deposition of a film of matter by the emanation on
solids, the imparted matter again possessing a specific kind of
temporary radio-activity, obviously points to a third radio-
active change, the gaseous emanation changing in turn into a
non-volatile type of matter which settles down out of the gas
upon whatever provides it a resting-place. Being positively
charged at the moment of production, it will move in a field
and be directed to the negative electrode exclusively. The
possession of this charge, no doubt, assists its deposition, even
when no field is acting, by causing it to be attracted to
uncharged objects. i

Analysis of the radio-activity of the element thorium has
thus shown that it is made up of at least four parts, due to
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four specifically distinet types of matter—the parent thorium
and three new types continuously being produced from it by
successive change :

Thorium

Thorium X
Emanation

Matter causing the
imparted radio-activity.

It must be admitted that a series of changes of this kind
would be extremely remarkable if they were considered to be
due to ordinary molecular or chemical change. The absolute
dissimilarity of the successive products in chemical and
physical nature, the matter in question passing from a non-
volatile state to the gaseous condition and again back into the
non-volatile form, is, however, what is to be expected of a
sub-atomic transformation. If radio-active change consisted
in the successive degradations of a heavy atom into lighter
ones, unless it happened that all the products were members
of the same family of elements in the periodic table, it is to
be expected that the successive elements resulting would
exhibit the widest variation in their nature. The fact that
some families of elements increase in volatility with inereasing
atomic mass (for example, the series lithium-caesium, mag-
nesium-mercury), while others (oxygen-tellurium, fluorine-
iodine) follow the opposite course, together with the existence
of very light elements which are extremely non-volatile—for
example, carbon and silicon—shows that nothing can be pre-
dicted of the physical nature of the products resulting from
the break up of a heavy atom unless they chance to belong to
the same family in the periodic table.






CHAPTER VIIL

THE THEORY OF ATOMIC DISINTEGRATION.

Radiations remain Unaltered in Character during Decay and Recovery.—
Relation between Radiation and Continwons Production of New
Matter.—Both Rays and New Matter Result from Parent Element by
the Same Change. — Radio-activity Measures the Number of Atoms
Changing.—Non-separable Activity. — Rate of Decay a Measure of
Rate of Change.——AN Atoms Change per Second when N ave Present.
— Mono-moleeular Types of Change.— Disintegration.—Conservation of
Radio-activity.— Ultimate Products of Radin-active Change. - Predic-
tion with regard to Helium —Cause of the Imitial Irregularities in
the Curves of Decay and Recovery of Thorium X and Thorium.-
De-emanation.— Due to Alteration of Rate of Escape of Emanation,
Rate of Produetion Constant as Theory requires. — Disturbing Ejfects
of Subsequent Changes.— (feneral Résumé of the Theory of Atomic
Disintegration. — Latent Energy of Atomic Structure.— Explosive
Character of the Individual Disintegrations.—Metabolons.—Injini-
tesimal Quantity of the Transilion-forms.— Unstable Elements.—
Criteria of Identification — Average Life.— Reason of the Stability of
the Elements,

In preceding chapters the products of radio-active change have
been studied by their radio-activity, which has been used as the
means by which infinitesimal quantities of matter have been
brought within range of experimental investigation. No enquiry
has, so far, been pursued as to the nature of radio-activity except
that it has been shown to be for the most part maintained by the
continnous production of fresh active matter. It remains to
frame a consistent physical explanation of the nature of radio-
activity itself (Rutherford and Seddy, Phil. May., 1903, VI.,
b, p. B76). The discussion in Chapter V. of the nature of
the « and [ radiations assists us materially in this task.
Evidence was then brought forward to show that the a-rays
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are caused by the radial expulsion from the active substance
of positively-charged particles of atomic dimensions (Ruther-
ford), while the [-rays are high-velocity cathode rays, or
negatively-charged particles of sub-atomic dimensions (J. J.
Thomson and Becquerel). Now, in the changes suffered by
radio-activity during the processes of decay and recovery that
have been considered the character of the radiation is not
sensibly affected. Hence we must regard these changes in
radio-activity as being caused by alterations in the number
of particles projected as rays in unit time. This considera-
tion is important, for it precludes the view that the decay
of the activity of thorium X, for example, is analogous to
the decay of the radiations from a hot hody cooling. The
character of the particles projected remains unaltered, and
the weakening of the activity is cansed by a diminution in the
number emitted in unit time. Similarly, the only distinction
between the radio-activity of a powerfully active element like
radium and a feebly active element like thorium is that a
greater number of radiant particles are expelled per unit-
weight in unit time. Considered from this point of view the
emanation of thorium, thorium X, &c., are far more power-
fully active substances than radium. We have seen that, in
the case of thorium, thorium X, the emanation, and the matter
cansing the imparted activity, each type of matter not only
expels rays, but prodnees the next new type of matter also. So
radio-activity will be completely defined as the simultaneous
occurrence of two processes: (1) The expulsion of charged
particles with enormonus velocity ; (2) the production of new
types of matter in minute amount, which can be investigated
when they also are radio-active. 'What is the precise connection
between thesetwo processes? Thorium X furnishes a convenient
example, for (1) the expulsion of rays can be determined by
measuring its radio-activity, (2) the production of new matter,
by measuring its emanating power. It was found (Rutherford
and Soddy, Plil. Mag., 1902, VL., 4, p. 579) that, when one part
of thorium X is kept in solution and its emanating power tested
from day to day, it decayed with time acecording to the same
law and at the same rate as the radiations from another part of
the same sample that had been evaporated to dryness in a plati-
num dish. This points to the conclusion that the two processes
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(1) and (2) are cansally connected. Another example, giving
the same result, is to be fonnd in the first paper of Rutherford
(Phil. Mag., 1900, V., 49, p. 170) on the imparted activity of
thorium. Here we have (1) the radiation from the radio-active
emanation, (2) the production of the new matter which causes
the imparted activity. A steady enrrent of air was blown over
a thorium compound into the tube shown in Fig. 29 in the
divection of the arrows for several honrs continnously. At the
commencement the ionisation current due to the rays from the
emanation was measured by connecting the four electrodes
A, B,C, D separately with the electrometer, the exterior of
the tube being connected with the 4 pole of a battery giving
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300 volts, the other pole of which was earthed. The decay of
activity suffered by the emanation in the time required for its
passage through the tube caused the current to the electrode
A to be greater than to B, and the ratio of the eurrents due to
the emanation at the four electrodes was determined.

With the above arrangement the whole of the imparted
activity produced by the thorinm emanation is deposited on the
electrodes, which are negatively charged with respeet to the
tube.  After the emanation had heen kept passing for several
hours the electrodes were removed from the apparatus and
the imparted radio-activity on each determined. It was
found that the four electrodes exhibited substantially the
same ratio in their imparted activities as in the determination
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of the current due to the emanation. That is to say, as the
radio-activity of the emanation decays with time, its power
to impart radio-activity to its surroundings correspondingly
diminishes, The number of particles projected as rays from
the emanation during its change into the new matter cansing
the imparted activity is proportional to the amount of the
latter (as measured by its radio-activity) produced.

It follows, therefore, that both the projected particles, or
rays, and the new matter are products of the parent type of
matter by the swme change. The rays constituting the radio-
activity of thorium are expelled at the moment the atom of
thorium changes into thorinm X, the rays constituting the radio-
activity of thorium X are expelled at the moment the
thorinm X atom changes into the emanation, and the rays
from the emanation atom are expelled from it at the moment
it changes into the again non-volatile type of matter causing
the imparted activity. The rays from the latter are derived
from still further changes. The atomic theory, put briefly, is
that the atoms of any one element are all alike, and different
from those of any other. Hence, we may assume that the same
kind of atom changing expels some fixed number of rays.
Whether one or more is expelled will be considered in Chapter
XL, but it is immaterial to the present argument. The nuuber
must always be the same for the same kind of atom undergoing
the same change. Thus the activity of any single type of
radio-:ctive matter, in the sense of the number of particles
expelled from it in unit time, furnishes a measure of the
number of atoms undergoing change.

Several important and definite conclusions follow from
this point of view, which have in many cases heen found
capable of direct experimental test. In the first place, since
the production of thorium X from thorium proceeds at a con-
stant rate in any given mass of thorinm compound without
reference to the physical and chemical conditions (see p. 93),
it follows that a definite fraction of the total number of thorinm
atoms are changing in each unit of time into thorium X, and
this change is accompanied by the projection into space of a
definite number of « particles. Hence, to whatever chemical
process thorium is subjected, it should prove impossible to
entirely free it from radio-activity—that is to say, there must
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exist a certain constant non-separable radio-activity,. Now
this has been shown to be true, so far as our experimental
knowledge goes, not only of thorium, but also of uranium and
radium, and in each case it is important to note that the
non-separable activity consists entirely of a-rays. The next
deduction from the position that the expulsion of the rays
accompanies the change of the atom is that radio-active
matter must be continuously diminishing in quantity. A radio-
active atom is a changing atom. For feeble examples, like
uranium and thorium, it is not necessary that the change
should be great enough to be appreciable. It is probable that
in these cases the quantity in existence remains practically con-
stant over very long epochs of time. But if this is true, it follows
equally that the actual quantity of uranium X and thorium X
produced from them must also be excessively small. In order
that this insignificant amount of matter should be able to give
sufficient rays to be appreciated it must be changing much
faster than the original element, and its quantity in conse-
quence must rapidly diminish. Hence its radio-activity
decays, and the rate of decay, together with the intensity of
the radio-activity of unit quantity, depend upon whether it is
changing slowly or rapidly.

The radio-activity of an intensely active substance must
quickly decay. On the general assumption that the order of the
total quantity of energy liberated in the form of rays may be
expected to be similar for each type of radio-active atom,
the argument may be inverted. The more rapidly the
activity decays the more intensely radio-active (considered
with reference to unit-weight) must the type of matter be.
Marckwald’s work on polonium (Chapter II.) is an example of
this principle. We have seen that the activities of uranium X,
thorium X, the emanation of thorium, and the matter imparted
by the latter to other objects, all decay in a G.P. with the
time at characteristic rates, represented by the equation
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of rays expelled in unit time for any time ¢ to the number ex-
pelled initially, and may be replaced by :2—1", where n, represents
)
the number of atoms of the substance changing in unit time,
for time 7, and n, the number initially, so that
T e,
[

To find the rate of change of the original system, let N, =the
total number of atoms originally present and N, the number
_eft unchanged at time £,
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The result is thus a very simple one. On the view that the
number of rays expelled is a measure of the number of atoms
of the system undergoing change, the geometrical decrease of
the radio-activity is due to the geometrical decrease of the
number of atoms of the changing system. The rate of change
of the atoms undergoing radio-active change is always propor-
tional to the amount remaining unchanged. If N atoms of
any type of radio-active matter are present, AN change per
second, where X is the radio-active constant. From the values
of A already given it follows that about ;th of the thorium
emanation,—.s5gth of thorium X, and ;45ls54th of uranium
X undergoes change per second.

Now, the law of radio-active change just developed is already
well known to us as the law followed by a particular kind of
chemical reaction—viz., that known as mono-molecular. In
reactions which are of the type of the decomposition of the
single molecule into simpler parts the quantity of the sub-
stance undergoing change under constant conditions decreases
in a geometrical progression with the time, owing to the
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amount changing in unit-time being a constant fraction of the
amount present. Both are simple consequences of the law
of probabilities, the number of changes occurring under
constant conditions increasing with the number of changing
systems. DBut the case is completely different when the
reaction is not of the type of a decomposition but of a com-
bination. For here, in order for the change to occur, the
combining molecules or atoms must first approach within each
other’s spheres of influence. The rate of change, in conse-
quence, depends upon the concentration, and this diminishes
with the progress of the change. The rate of change proceeds
in these cases according to some power of the number of
changing systems present. Hence, radio-active change cannot
be of the nature of a combination together, or, as a chemist
would say, the polymerisation, of the atoms of the active
element, but must be due to their decomposition or disin-
tegration. The term changing afom can now be logically
replaced by the more definite conception expressed by the
use of the term disinfeqrating atom, with considerable advan-
tage to the clearness of the mental picture conveyed.

The Conservation of Radio-activity.—The simple law of radio-
active change—that in N atoms of any type of radio-active
matter AN disintegrate per second, where A isa constant charae-
teristic for the type of matter considered and unalterable by
any known agency—Ileads to some general deductions of a far-
reaching character. Radio-activity is derived either (1) from
the slow disintegration of some ¢ permanent” radio-element—
i.e.,, an element changing excessively slowly, so that the amount
does not perceptibly alter from year to year; or (2) the more
rapid disintegration of transition-forms of matter which are
maintained in existence because they are continually being
reproduced by (1). The radio-activity due to (1) must be
constant over ordinary periods of time. With regard to (2), a
little consideration shows that the quantity of each transition-
form in existence is also constant, and must bear some fixed
relation to the quantity of the parent element, for it is that
quantity at which so much has accumulated that the quantity
breaking up per second exactly balances the constant quantity
produced persecond. Therefore, each transition-form contributes
a fixed proportion of the radio-activity, so that the sum total of

|
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radio-activity is a constant. All that is effected by the chemieal
separations that have been discussed is to remove one or more
of the transition forms. But the sum of the activities is
still the same as before separation. Hence, if the radio-activity
of a preparation increases with lapse of time, this of itself is
evidence that during its preparation a transition-form has
been separated from it, and if looked for it will be found that
the activity of the transition-form steadily decays concomit-
antly with the steady rise of activity of the preparation.
This is the principle of the conservation of radio-activity, and
holds true under all conditions that have yet been investi-
gated. If it were otherwise, the value of A would suffer
alteration, and this is contrary to experience, so far as our
present experimental knowledge is concerned. After very
long periods, probably comparable with the age of the earth,
the radio-activity of any given quantity of one of the parent
radio-elements, uranium or thorium for example, must diminish,
it is true, unless there is some upward process of evolution not
yet recognised which is re-forming the heavy elements out of
the lighter ones, and so maintaining their quantity. But the
principle of conservation applies rigidly only when some fixed
amount of radio-element is considered, and this is spontane-
ously growing less. The proportionate change in these cases is
so small that it may be neglected for ordinary periods of time.

Ultimate Products.—The question arises, since all radio-active
matter must be changing, What are the final produets result-
ing from the disintegration of the radio-elements when they
at length assume a stable—i.e.,, a non-radio-active—form ?
Obviously no evidence can be obtained in this direction by direct
experiment, at least for the feebly-active elements uranium
and thorium, except by operating with very large quantities
over long periods. This has, fortunately, been done for us by
Nature in the minerals containing these elements, for we must
suppose, having no evidence to the contrary, that the changes
have been proceeding continuously over geological epochs in
these elements as they occur in the crust of the earth, and
that, therefore, the ultimate products of the changes tend to
accumulate in the radio-active minerals in quantities sufficient
to be detected by ordinary chemical means. Under favour-
able circumstances they should appear in the minerals as
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invariable companions of the radio-elements. An examina-
tion of the minerals containing uranium and thorinm, many
of which, as we now know, contain radium also, shows
that there are usually present a very large number of
elements in larger or smaller quantities. The frequent
presence of one—viz., helium—is, however, very remark-
able. When Sir William Ramsay discovered this element for
the first time in terrestrial sources, he drew attention to the
curious faet that it only oceurs in those minerals which contain
uranium or thorium—i.e.,, as we know now, are radio-active.
On this account the case of helium is very suggestive. For
the element belongs to the family of inert gases which are
incapable of entering into chemical combination, and, once
separated from the mineral, by heat or solution, cannot be
made to re-combine with it again. If, however, helinm were
liberated by radio-active change, through the mass of
the substance, it is possible that it might be mechanically
prevented from escaping. Rutherford and Soddy discovered
(Phil. Mag., 1903, VI, 5, p. 453) that this is the case
with the gaseous emanations of thorium and radinm which,
under certain circumstances, remain stored up in the compound
producing them, and do not escape. They suggested that
helium might be a disintegration product of one of the radio-
elements. Thanks to the great advances made of recent years
in gas manipulation by Sir William Ramsay and his colleagues
in their work on the rare gases of the atmosphere, which
necessitated the handling of vanishingly small quantities of
gases, this prediction has been verified experimentally in the
case of radium (p. 157).

We are now in a position to study somewhat more exactly
than was before possible the nature of the radio-active changes
ocecurring in thorium. Owing to its complex nature, the
parent element producing in turn several products, each of
which is radio-active, the simple laws arrived at by consider-
ing each change by itself, without reference to the effect of
the subsequent changes, are not often strictly applicable
without modification. Thus, the experimental curves obtained
(Fig. 30, reproduced from Fig. 25) in the determinations
of the rate of decay of the activity of thorium X, and
the rate of recovery of the activity of thorium, exhibit
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for the first two days divergencies from the normal course
afterwards followed. These are at once capable of explana-
tion if the other products of the change hesides thorium X
—Viz., the emanation and the matter causing the imparted
activity—are taken into account. Before the separation
of thorium X, the activity of a thorium compound is due
to the several activities of (1) thorium, (2) thorium X,
(3) emanation, (4) matter causing imparted activity. By
the chemical operation (2) is separated, leaving (1), (3), (4).
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The emanation (3), being very short-lived, loses its activity
within a few minutes after the separation, and need not be
practically considered. But (4), the matter causing imparted
activity, requires 11 hours for the activity to fall to half value.
Hence the recovery of activity of the thorium, due to the
regeneration of thorinm X, will be offset by the simultaneous
decay of the activity of the matter causing the imparted
activity. Thus the activity of the thorium compound does
not commence to recover at once, but at first diminishes
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owing to the decay of the imparted activity present. The
truth of this conclusion was tested by separating thorium X
a great many times at short intervals from the thorium, so as
to give the imparted activity produced by the thorinm X,
originally present before the first separation, time to com-
pletely decay. Under these circumstances, it is found that
the recovery curve commences to rise immediately in the
normal manner from a 25 per cent. minimum, and the
initial irregularity is completely absent. The same considera-
tions hold good for the decay curve of thorium X. At
first the imparted activity produced in the further change of
thorium X causes the activity of the latter to increase, until
the point is reached in about two days at which the amount
of imparted activity produced balances its decay with time.
Then the angmentation of the activity stops, and the steady
decay of the activity of thorium X, to half-value in four
days, proceeds after the second day according to the simple
geometrical progression.

De-emanation.—Another point which will repay discussion
before leaving the element thorium, is the great variation in the
emanating powers of different compounds, and of the same com-
pound under different conditions. For the law that AN atoms
change when N atows are present necessitates equally, with a
definite and unalterable radio-activity, a correspondingly
definite rate of prouuction of the emanation. Now, although
the radio-activity of thorium compounds is proportional to the
(uantity present, and is not affected by chemical or physical
means, it is found that the emanating power of a compound
often bears little relation to the amount of thorium con-
tained in it. Certain solid ecompounds, like the oxide, but
more particularly the hydroxide and carbonate, give off a
large amount of emanation, while others, like the nitrate,
oxalate, &c., give off very little indeed. It was found however,
that, when dissolved in aqueous solutions, all compounds of
thorium are equally effective in this respect, and the emanat-
ing power may be taken to be at its maximum in solution.
Rutherford noticed, in his original observations of the emanat-
ing power of thorium, that if the oxide is intensely heated
the emanating power is permanently reduced to a few per
cent. of its original value, and preparations so treated are
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frequently referred to as ‘de-emanated.” But if the de-
emanated oxide is subjected to a series of chemical processes,
and again converted into a soluble compound, it is found that
the normal maximum emanating power is possessed by the
solution, showing that the phenomenon of de-emanation is to
be associated with a particular physical state. The emanating
power of a given thorium preparation is much affected by
temperature, being very small at temperatures of about—100°C.,
and being increased by rising temperature up to the point—
about a red-heat—at which the process of de-emanation sets
i The power of a thorium compound to impart activity to its
surroundings varies correspondingly with its emanating power.

All these variations are satisfactorily accounted for by the
view that the rafe of production of the emanation is, as theory
requires, constant and proportional to the quantity of thorium
(or more strictly of thorium X) present, but that the rafe
of escape of the gaseous emanation from the compound
produeing it is much affected by temperature, solution, and the
chemical and physical state of the compound. De-emanation,
for example, is brought ahout by an alteration in the physical
state of the oxide, which retards the escape into the surround-
ing atmosphere of the emanation, which is formed uniformly
through the mass of the compound. Owing to the rapid
decay of the activity of the thorium emanation, a relatively
slight decrease in its rate of escape will greatly affect the
value of the observed emanating power. In consequence,
the radio-activity of the emanation appears as a part of that
of the solid, and the imparted activity it produces is retained
in the compound instead of being dissipated among surround-
ing bodies. Hence the radio-activity of a highly emanat-
ing compound like thorium hydroxide should be increased
by strong ignition, and the increase should reach a
maximum about two days after the process, when the
imparted activity produced by the imprisoned emanation
obtains its equilibrium-value. This was found to be the case.
The activity of a sample of thorium hydroxide rises slowly
during the first two days after ignition to a maximum about
120 per cent. of the former value. The converse experiment
1s to take a non-emanating compound and suddenly convert it
into a highly-emanating one. This was accomplished by
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keeping the highly-emanating hydroxide in liquid air for
some days, so that the emanation is condensed and does not
escape, and its radio-activity and the imparted activity it pro-
duces is added on to the activity of the compound. On
removing it from the liquid air and allowing it to warm up the
activity slowly decays about 20 per cent. during the first few
days, owing to the emanation now being free to escape from
the system and to carry away the imparted activity to
surrounding objects.

No simple general treatment is here possible of the disturbing
effects of subsequent changes. The following cases may be
qualitatively recognised. If a body, A, changes into B, and
B changes into C more rapidly than A into B, the decay eurve
of A will show a preliminary increase in activity, and then a
decrease to zero at the rate of change of A into B. If, how-
ever, B changes into C at a slower rate than A into B, the
decay curve will exhibit a normal course down to a certain
point, and, if this point is calculated as zero, the rate of change
may be considered without error as the true rate of change of
Ainto B. From this point the activity decays to zero at a
rate slower than before—viz., that of B into C. These cases
are complicated experimentally when one of the stages consists
of a gaseous type of matter, like the emanation, but each case
can be worked out for itself from first principles. Further
very instructive illustrations will be considered in the case of
radium. It has been assumed in the above cases that a-rays
are expelled at each change.

In the above consideration of the nature of radio-active
change, for the sake of simplicity and to avoid confusion, the
case of thorium has been taken, this being the element for
which the theory was first worked out. But it applies equally
to every case, so far as is at present known, and the treatment
of the remaining cases is much simplified by the consistent
application of the theory.

It will be convenient to conclude the chapter by a summary
in general terms of the nature of the processes that the study
of the radio-elements has revealed.

Instead of regarding each atom as a constant source of energy,
in the form of rays, the disintegration theory regards the
property as due to a fixed proportion of the total number
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of atoms which are undergoing disintegration. During the
instant of their disruption they fling away fragments of
themselves into space in the form of radiant particles. Radio-
activity, being thus a property of a fired proportion of the
active matter in each instant, behaves in many ways as an
atomic property contributed equally by all the atoms. The
vast majority are for the time being ordinary inactive atoms
with a specific and characteristic material nature which is not
affected by, or does not exert any influence on, the character
of the additional set of properties contributed by the fraction
disintegrating. The dual character of the properties of the
radio-elements is thus simply explained.

The disruption of the individual atom is 2 sudden
and explosive process, but differs from that of ordinary
explosion in the fact that the explosion of an atom exerts
no influence on the rate of explosion of its mneighbours,
In an explosive substance—as, for example, fulminate of
mercury or acetylene—the disturbance occasioned by the
disintegration of a single molecule is the cause of the explosion
of the surrounding molecules, so that the whole mass deto-
nates in a very short interval of time. In the case of the
disintegrating atoms the cause of the disintegration is at
present unknown. It proceeds at a definite rate, a fixed
fraction of the total atoms disintegrating in the unit of
time, without hindrance or acceleration by any agency known.
Radio-activity and the processes that give rise to it appear
to lie totally outside the sphere of known molecular forces.
No change in the chemical and physical properties of the
atom appears to oceur as it approaches the termination of
its existence as a separate entity. Suddenly, and without
previous indication, it flies to pieces by some internal
cataclysm, the cause of which we can only conjecture. The
vast store of emergy bound up with its internal structure,
and which make it a stable system to all the relatively insig-
nificant forms of energy manifested in an ordinary chemical
and physical change, are revealed when the structure flies
to pieces. The internal energy of the chemical atom becomes
for the first time knowable when it disintegrates. DBecause
the atom has never in any other process been observed to
change, and because it does change in exhibiting radio-
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activity, we have the explanation of the fact that the energy
associated with matter in the rays of the radio-elements is
of a higher order of magnitude than has ever been dealt with
in seience before. Radio-activity thus draws its supply of
energy from a previously untapped reservoir—the latent
energy associated with the atomie structure.

Atomic disintegration would have heen a difficult process
to establish by direct experiment as the cause of radio-
activity had the phenomenon not been somewhat complex.
The complexity of radio-activity, especially in the case of
the element thorium, made it possible that so far-reaching
a conception as the one put forward should be subjected to
rigorous experimental verification. For if the disintegrating
atom passed from its initial to its final state in one change,
as in the analogous molecular cases of explosion, it would
have been difficult to have obtained much knowledge of the
process. Fortunately, this is not the case. The thorium atom
only passes to its final state after at least five separate and
successive disintegrations, each of which, considered by itself,
is suddenly and explosively consummated, so far as the indi-
vidual atom is concerned, by the radial expulsion of fragments
in the form of a particles. In consequence, there exist a
certain number of short-lived transition-forms of matter inter-
mediate between the initial and the final atoms which result
from the process. The term “ Metabolon ” has heen proposed
by Rutherford and Soddy to denote unstable atoms of this
character, and the name indicates change, the essential feature
which characterises them, and the reason why they come
within the range of our methods of investigation. A meta-
bolon is an atom with a limited life. While it exists it is
a normal atom, possessing the ordinary attributes of matter.
At the moment of its disruptive change it exhibits the
property of radio-activity.

Situated as we are, the observers for a short time only
of a process of evolution which has been going on for
indefinite ages, our knowledge of the unstable atoms is
necessarily limited by certain definite considerations. In
the first place, since the process is not affected by any
known agency, we must assume that it has proceeded con-
tinuously during past ages at the same rate, for any given
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type of matter, as it is proceeding at present. Hence it
follows that the initial process of disintegration must be
excessively slow, in order that some of the matter disin-
tegrating should survive to the present day. The initial
type of matter will be termed the parent-element. For any
ordinary quantity of parent-element, considered over any
ordinary period of time, the actual quantity of the transition-
forms of matter resulting from the disintegration must be
excessively minute. The quantity of the transition-form pro-
duced, moreover, cannot accumulate beyond a certain limiting
or equilibrium value, which is attained when the amount
changing per second equals the amount produced per second,
which is the condition of radio-active equilibrium. Sinece the
rate of production is slow, and the rate of change of the
transition-form is rapid, the equilibrium quantity must always
be practically infinitesimal, and quite below that needed for
detection by ordinary methods. But the rapid rate of change
of the transition-form, and the expulsion of « particles which
accompanies the change, afford the means whereby these
transition-forms can readily be detected and studied, although
only present in so small quantity that no other evidence of
their existence is manifested.

Radio-activity, as the manifestation of atomic disintegra-
tion, has thus introduced us to a whole series of new unstable
elements which at present find no place in the periodic table,
and of which, except in the single case of radium, we posses but
little chemical knowledge. After the initial stage is passed
the evolution proceeds rapidly, and passes from stage to stage
so quickly that almost all we know at present of the inter-
mediate forms is derived from the energy-phenomena which
mark their appearance and destruction. Yet these pheno-
mena—yviz., the expulsion of rays—are so characteristic and so
fitted for exact study that our knowledge is by no means
necessarily scanty, although it is of a kind not usually asso-
ciated with ordinary matter. This appears at once when the
means of identifying and distinguishing the different types of
metabolons from one another are compared with those em-
ployed in the case of the stable atoms. For the latter, atomie
weight, spectrum reaction, and general chemical and physical
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nature are the distinetive criteria employed. In the case of
the metabolons, physical and chemical nature can sometimes
be fairly completely studied. But the most valuable criterion,
which 1s universally applicable, is the rate of change as defined
by the radio-active constant A, the proportion of the total
changing per second.

A relation perhaps more generally useful than the radio-
active constant is its reciprocal 1/\, which has a very interest-
ing physical significance. It represents the average life of the
metabolon in seconds, and affords a more concrete mental
picture than the rate of change. Thus, for the thorium
emanation the average life of the metabolon is 87 seconds, for
the radium emanation 53 days (see Appendix, Chapter IX.)
The average life of a metabolon may be compared with the
atomic weight in the case of a stable atom as a constant well
suited for its experimental identification. It may be pointed
out that the actual life of the different atoms of the same
unstable element has all values between zero and infinity.
Some break up during the first second of existence, and, since
only a fraction of the total changes per second, the quuntity
is, theoretically, never reduced to zero, and some persist
indefinitely. This constitutes the first difference in properties.
between the individual atoms of the same element that has.
ever been discovered. It may be likened to the individual
differences of velocity that exist between the molecules of a
gas at constant temperature, according to the kinetic theory.
This is important, as it suggests the question whether all
atomic properties are not really average properties, the:
individual atoms continually passing with great rapidity
through phases varying widely among themselves in chemical
and physical nature.

Of all possible groupings of matter, the atoms of the
periodic law probably represent only a selected number—
viz,, the forms with longest life—which exist to-day because
they have survived a long process of evolution in which
those physically unfit have disappeared. The transition-
forms already spoken of represent, on the other hand, the
elementary forms of matter physically unfit to survive, but
which are brought within our powers of knowledge because
they constitute the temporary halting places through which
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matter is passing in a scheme of slow continuous evolution
from the heavier to the lighter forms. The original radio-
active elements may be described as the connecting links
between the two classes, partaking of the properties of each.
They are changing, but so excessively slowly that some still
survive. This gives us an insight into the reason of the stability
of the elements. Matter has passed to its present position of
apparent immutability by a long process of natural selection.
The elements known to the chemist are stable because they
exist and have survived. On the other hand, it is now possible
to examine some excessively unstable forms of matter. Radio-
activity might be defined as the science of the ephemeral
elements.




CHAPTER IX.

THE RADIO-ACTIVE PROPERTIES OF RADIUM.

Intensity and Permanence of the Activity of Radium.—Clemical dctions
of the Radium Rays.—Physiological Actions.—The Emanation of
Radium.—The Imparted Activity of Radium.—Rate of Decay of the
Emanation.—p3-Radiations Produced inthe Last Stages of the Disinte-
grations.—Swnmary of Radiv-uctive Changes of Radiun.—FEvidence
of the Complexity of the Changes giving rise to the Imparted Activity.—
“ Induced Activity of Radium with Slow Rate of Dissipation.”—The
Actinium Emanation,—Charge Carried by the Emanations,—Methods
of Radio-active Analysis of Minerals,

AFPPENDIX.—Table I., Course of Disintegration of Uranium, Thorium,
Radium, Actinium.—Table II., Radio-active Constants and the
Values of the Average Life of the Unstable Elements.

The main interest attaching to radium is on account of the
intensity and permanence of its radio-activity. We have seen
that, according to the disintegration theory, the product of the
intensity of the activity into the length of time it persists may
be expected to be similar in all cases, The more intensely
active any type of matter is the more rapidly will it tend to
exhaunstion, and therefore the intensely-active or rapidly-
changing forms can only exist at the present time if they are
being continuously reproduced in the slower change of a more
permanent element. Radium occupies a very interesting
position. Its rate of change is fast enough to cause its radio-
activity to be very remarkable. The energy emission is so
ereat that it is manifested in ways other than the direct
radiation. The preparations continuously generate heat and
produce marked chemical actions. On the other hand, the
change is so slow that the substance does not measurably
exhaust itself in a short term of years, and appears at first
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sicht to be not changing at all. In brief, the position of
radinm is intermediate between that of a slow-changing
parent element like uranium or thorium and a rapidly-
changing transition-form like uranium X or thorium X, Its
rate of change is just slow enough not to be obvious in a short
period and yet sufficiently rapid for the change to be detectable
by direct observation, as, for example, by the production of
helium, 1f methods of the utmost delicacy are employed and
a moderate lapse of time allowed. Or, to consider another
aspect of the question, the rate of change is so rapid that only
an infinitesimal quantity can accumulate in any mineral in
which it is being produced, and yet is sufficiently slow that
when, by the expenditure of infinite patience, as in Mme.
(C'urie’s research, tons of mineral are extracted, a sufficient
weight can be accumulated to come within the range of
ordinary chemical and spectroscopic methods of recognition.
For we shall see as we proceed that it is as certain, in the
present state of knowledge, that radium is being continuously
reproduced in minerals containing it as that the emanation is
being produced by radium, or helium by the emanation. The
element has thus been the means of opening out an entirely
fresh field of research, in which the requirements of the theory
of atomic disintegration have been subjected to direet verifica-
tion by ordinary physical and chemical methods.

Chemical Actions of the Radiwm Rays—The radiations from
radium are so much more powerful than those of uranium and
thorium that they produce many effects not strong enough to
be appreciable in the latter cases. They are able, for example,
to bring about many chemical changes. The most important
actions noticed are the conversion of oxygen into ozone
(Demarcay), the conversion of yellow phosphorus into the red
variety (Becquerel), the decomposition of water into hydrogen
and oxygen (Giesel), and the colouration of glass violet or
brown (Curie). In the conversion of oxygen to ozone and the
decomposition of water a large absorption of energy occurs,
and it was from evidence of this nature that the large amount
of energy continuously emitted by radium was first recognised.
A gramme of pure radium bromide in solution in water will
evolve about 10 cubic em. of mixed hydrogen and oxygen per
day, which corresponds to the production of 20 gramme-calories
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of heat per day. This evolution goes on steadily month after
month at constant rate. An unexplained point about this
reaction is that there is always a slight excess of hydrogen
over the composition required to re-form water. This has
been variously accounted for, but at first seemed to be due to
the oxygen being used up in effecting oxidations. In recent
experiments, however, in which the possibility of this effect
has been avoided, the excess of hydrogen still appeared.
Giesel has stated that solutions of radium bromide generate
bromine as well as hydrogen and oxygen, and this, if correct,
would possibly acecount for the excess of hydrogen. Butin
the experiments mentioned no trace of bromine was detected,
and the genesis of the excess hydrogen is still unelucidated.

There seems some doubt also about the actual production of
ozone from oxygen. Certainly, in many cases it is not formed
even where it might reasonably be expected. DBut there is no
doubt that oxygen under the action of the rays from radium,
or from the emanation, is extremely active and can eflect
many oxidations at ordinary temperatures which normally it
1s quite unable to do. Mercury is converted into the yellow
oxide and carbon dioxide is produced if carbonaceous matter is
present when the emanation is stored in an atmosphere of
oxygen (Ramsay and Soddy, Prec. Roy. Soe., 1903, 72, p. 204).
One may suppose that the oxygen molecule is dissociated by
the rays, and the single atoms of oxygen eflect these oxidations
in a manner analogous to “nascent oxygen.” If an atom and
a molecule combined, ozone, O, would be produced, but this
certainly does not always occur. The production of ozone, if
real, may, therefore, be considered as merely a special effect of
the general case—the formation of atomie oxygen. The effect
of the rays on the photographic plate is, of course, to be classed
under the chemical reactions of the rays. Various fluorescent
substances, as barium platinocyanide and zinc-blende, are
changed by prolonged action of the rays, and then become
more or less insensitive. Willemite is probably one of the
most lasting fluorescers we possess, and does not deteriorate
appreciably even after long exposure.

Physiological Efjects of the Radivm Eays.—Powerful prepara-
tions of radium, if allowed to act at close quarters on the skin
for a sufficiently prolonged period, produce uleerated wounds

K
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which are very diffienlt to heal. The effect has not yet been
exactly studied, but it would seem that the S-rays are mainly
operative in producing this effect as ordinarily observed. On
the other hand, the a-rays would probably be found to he
even more harmful than the [-rays if precautions were
taken against their being absorbed before reaching the
skin. This is a condition not easy to observe, although it is
possible that if the radium were enclosed in a celluloid ecapsule
some of the emanation would find its way through and produce
its a-rays in direct contact with the skin (see footnote below).

The most interesting physiological effect of the rays of
radium is on the retina of the eye. If, after the eye has been
rested in absolute darkness for some minutes, a quantity of a
radium compound is brought suddenly near to the upper part
of the forehead, a diffuse light seems to fill the back of the
head even if the eyelids are closed and the radium is cased in
lead or steel. This effect was discovered by Giesel, who
explains it as being due to the fluorescence of the centre of
the eye. Blind people with the retina uninjured experience
the effect, but if the retina 1s dizseased the effect i1s not
obtained. The test may prove of some use in obtaining
information as to the cause of blindness.

Radiwm Kmanation.—Radium resembles thorium very closely
in the character of its radio-active disintegration products.
[t gives a gaseous emanation possessing an almost completely
similar physical and chemical nature to the thorium emanation,
resisting absorption by all known reagents,* condensing and
becoming non-volatile at low temperatures, and exhibiting to an
even more marked degree than the thorinm emanation the
property of being retained by the dry solid compounds pro-
ducing it, and of being liberated therefrom by heat and
solution. It is distinguished by a much slower rate of change.
Dorn (Abk. der Naturforsch. Ges. fiir Halle, 1900) first recog-
nised the existence of the radium emanation by testing a
sample of radio-active barium prepared from pitchblende in a
manner similar to that already described by Rutherford for

_ e

* M. and Mme. Curie have described some experiments which, when
interpreted, seem to indicate that celluloid has the power of absorbing
the emanation and retaining it. It would be interesting if further
experiments could be carried out on this point.
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thorinm, and pointed out that its activity lasted a much longer
time than in the case of the thorium emanation. It can still
be detected several weeks after it has been separated from
the radium producing it.

Owing to the comparatively slow rate of disappearance, the
radium emanation, when it does not succeed in escaping,
accumulates in the compound producing it to a much more
marked extent than in the case of thorinmn. It has been shown
that the amount of any transition-form capable of accumulating
reaches an equilibrium value when the amount produced per
second equals the amount disintegrating per second. By
definition A is the fraction of the total amount disintegrating
per second. If N, represents the equilibrinm quantity of
emanation, and ¢, the quantity produced per second, ¢,= AN,
or Ny/go=1/A. A for the thorium emanation is 1/87, and for
the radium emanation 1/463,000, or 6,000 times smaller.
Hence, if compounds of radium and thorium are taken and
kept under conditions in which the radio-active emanation
does not escape (most conveniently in the form of solutions
in stoppered vessels) for a sufficient length of time for the
equilibrium point to be reached in each case, the maximum
amount of radium emanation accumulating in the bottle will
be 463,000 times the amount produced per second, while in
the case of the thorium emanation the maximum amount will
be only 87 times the amount produced per second. These
relations have been quantitatively verified by aectual experi-
ments (Rutherford and Soddy, Phil. Mag., 1903, VL, 5., p. 450).

Nearly all dry solid radium compounds give out very little
emanation until they are warmed or dissolved, when there
ocewrs a sudden evolution of the stored-up emanation several
thousand times greater than that ordinarily given by the cold
dry salt. If this is swept away by a current of gas or extracted
by a mercury pump and stored, it will be found that the gas
is spontaneously luminous in the dark and remains so for
several weeks, the luminosity continuously diminishing till
finally it completely disappears. Speaking more strictly, the
luminosity is not due to the gas itself but to the fluorescence
of the walls of the containing vessel. Once the emanation is
extracted in this manner from any given sample of radium,
no appreciable further quantity can be then obtained. As the

K2
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activity of the gas extracted diminishes with lapse of time, a
fresh crop of emanation is manufactured by the radium, the
total radio-activity due to emanation heing at all times con-
stant. The explanation is the same as in the case of thorium
and thorium X, and the rate of decay of the activity of the
radium emanation is similar to that of thorium X, being
reduced to half the initial value after the lapse of about 3-7
days. The radium emanation, although otherwise similar
in general properties to the thorium emanation, escapes into
the air with even less facility from solid compounds. In both
cases, so far as we know, the emanation escapes instan-
taneously from the compounds in aqueous solution. The
emanation 1s being continuously produced by radium at a
constant rate, in exactly the same manner as thorium X is
produced from thorium. It depends entirely on the physical
conditions whether the emanation escapes or is accumulated.
The amount produced is, however, always constant and inde-
pendent of the conditions.

The Imparted Aetivity of Radium.—M. and Mme. Curie
(Comples Lendus, 1899, 129, p. 823) discovered that radium
has the power of conferring radio-activity on its surroundings,
and this phenomenon was later studied by Curie and Debeirne
(Comptes Rendus, 1901, 132, p. 768; 1902, 133, pp. 276 and
931). For a long time these investigators held the view that
the radio-activity was ““induced” in the inactive matter by
the radiations of the radium. But it has now been admitted
that the “induced ” or imparted activity of radium is caused
by the emanation in a precisely analogous manner to that of
the allied phenomena in the case of thorium. The imparted
radio-activity from radium decays more rapidly than that from
thorium, falling to half value in 28 minutes, but possesses the
same property as the latter of travelling in the electrie field
and being concentrated entirely on the negative electrode.
The matter causing the radium-imparted activity possesses
interesting features, in that its radio-activity is derived from
three separate and successive disintegrations. In a first con-
sideration only the last of the three changes need be considered,
as this is the one usnally most important. The rate of decay
given above for the imparted activity of radinm—viz., to half-
value in 28 minutes (A=4'1X10"*)—applies to the last
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disintegration. The stored-up emanation and the imparted
activity it produces in the mass of the dry solid compounds of
radium cause the greater part of the radio-activity. When they
are removed, by keeping the radinm in solution in the open air
for some hours, the activity of the radinm compound after
evaporation to dryness is very much enfeebled, but slowly
recovers as the emanation and imparted activity is regene-
rated in the compound. A non-separable radio-activity of the
radium is retained after solution, or any other treatment,
and constitutes about 25 per cent. of the total activity. As
in the case of thorium and uranium, it comprises only
a-radiations.

This enfeeblement of the activity of radium preparations
through damp and the corresponding inerease of activity of dry,
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solid salts from the moment of their preparation from their solu-
tion was known many years before the changes were connected
with the escape and re-accnmulation respectively of the
radio-active emanation (Giesel, Wied. Ann., 1899, VIA,, p. 91 ;
M. and Mme. Curie, Comptes Rendus, 1902, 134, p. 85).

Fig. 31 shows the curves obtained (Rutherford and Soddy,
Phil. Mag., 1903, VL, 5, p. 455) for the recovery of the
activity of radium compounds and the decay of the activity
of the emanation. They are in every respect analogous to
those given for the case of thorium and thorium X (see Fig. 26).
In curve A the activity regained, between the minimum and
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maximum activities, 1s taken as 100. Curve B was obtained
by storing the emanation mixed with air in a gasholder over
mercury, and removing from day to day an aliquot portion,
which was introduced into a testing vessel provided with an
internal electrode, so that the ionisation current through
the gas due to the emanation could be determined. The
current 1s measured immediately after the introduction of
the emanation, for the activity rises rapidly at first owing
to the production of the matter causing the imparted activity
from the emanation. It will be seen that the activity of the
emanation falls to half value in about 3:7 days, and the value
of A is about 22 x 10°5 M. Curie (Comples Rendus, 1902,
135, p. 857) found that the penetrating rays from a sealed glass
tube containing the radium emanation decayed to half value
in four days, and this constitutes a separate determination of
the decay of the emanation. For although the rays in question
do not come from the emanation, which we know gives no
B-rays, but from the imparted activity, it can be shown by the
disintegration theory that the rate of decay after the first few
hours must be that of the radio-activity of the emanation in
the tube. For we have seen in the case of thorium (p. 111)
that the radiating power of the matter causing the imparted
activity deposited from the emanation is proportional to the
radio-activity of the emanation producing it, and as the latter
decays the imparted activity diminishes correspondingly. By
subjecting the sealed tubes during the experiments to tempera-
tures varying between 450°C. and — 180°C. it was shown that
the rate of decay, and therefore the radio-active constant A, is
completely unaffected by change of temperature.

The disturbing effects of the later products of the disin-
tegration, as, e.g., the production of the imparted activity,
upon the course of the earlier ones, which has already been
referred to for thorium, is much more marked in the case
of radium. Curve A (Fig. 29) was obtained by working
with radium that had been kept in solution some hours
before evaporating to dryness. If, however, the dry salt
containing its maximum charge of occluded or stored-up
emanation is dissolved in water and Zmmediately evaporated
to dryness, the emanation completely escapes, but the
imparted activity produced by it in the compound remains
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with the radium. The activity, instead of being reduced
by this treatment to the 25 per cent. constant minimum,
is only reduced to about 60 per cent. of the maximum
value. But a very rapid decay to nearly the 25 per cent.
value occurs in the course of the first three or four hours
after the evaporation. This is due to the imparted activity
produced in the compound by the stored-up emanation rapidly
decaying when the latter is removed. After a few hours
the activity again commences to increase, and the subsequent
progress of the recovery is the same as in curve A. The
converse of this phenomenon is to be found in the rapid
increase of activity for the first few hours when the emanation
is introduced into a fresh vessel. If the central electrode
1s made negative with respect to the vessel, the imparted
activity is concentrated solely upon it, as in the case of that
from thorium. After the introduction of the emanation the
activity steadily rises, very rapidly indeed for the first few
minutes, and then slowly for three or four hours until it attains
a maximum nearly twice as great as at first. If at any time
the central electrode is removed, the imparted activity upon it
will be found to account for the inerease of the value of the
activity above the original value. Or, the emanation may be
suddenly blown out at any stage, when the current through
the gas 1s reduced to the proportion of the total activity due
to the imparted matter on the negative electrode.
B-rays.—Radium furnishes valuable evidence of the stage of
the disintegration at which the S-ray is produced. It will be
recalled that in the case of uranium the eradiation is pro-
duced in the first change of uranium into uranium X and the
[B-radiation in the subsequent disintegration of uranium X.
The cases of thorium and radium are less simple.  With regard
to the former a complete separation of the matter causing the
imparted activity from thorium X has not yet been effected.
Now, the imparted activity gives B as well as a-rays, and it is
possible that the B-radiation of thorium X is due entirely to
this source. The emanation (compare p. 101) is known to
give only erays, and the same is true of the non-separable
activity of thorium. The lower the emanating power of a
thorium compound—that is, the more the emanation is retained
by the compound to produce the imparted activity within it—



136 RADIO-ACTIVITY.

the greater the proporton of [B-radiation from the ecompound.
Although it has not been definitely proved, the facts are in
agreement with the possibility that the S-radiation of thorium
oceurs only in the last stage of the disintegration, as in the
case of uranium,

In the case of radium the evidence is more definite. If the
radinm emanation is introduced into a vessel the walls of which
are thick enoughto completely absorb the e-rays and thin enough
to allow the S-rays to pass through, it is found that at first there
is no external radiation from the vessel—i.c., there are no
Brays produced (Curie, Comples Rendus, 1902, 135, p. 857 ;
witherford and Soddy, Phil. Mayg., 1903, V1., 5, p. 456). In a
short time after the introduction of the emanation, an external
or f-radiation is produced from the vessel, and this rapidly and
regularly increases, attaining a practical maximum in three or
four hours. If the emanation is then swept out of the vessel
by a blast of air, the value of the external radiation from
the vessel is not suddenly affected, but commences to decay
regularly, falling to half value in 30 minutes, and decreasing
practically to zero in three or four hours. Thus the radium
emanation gives only a-rays. The S-rays are produced after
it has changed into the matter causing the imparted aetivity:.
Since the decay of the [Bradiation of the latter is recular,
falling to half value in 30 minutes, it follows that the [-rays
are produced in the later changes of this matter, for it will be
shown later that the first change suffered by the matter causing
the imparted activity is very rapid, and the time-constant
characteristic of the change of the -radiation—to half value
in 30 minutes—is that of the last change that can be experi-
mentally traced. Hence, in both uranium and radium, and
probably also in thorium, the [S-rays only appear at the last
stage of the disintegration. Now the y-rays accompany the
B-rays, and are always produced with them (Rutherford).
Hence we must regard the a-ray as being the most charac-
teristic feature of radio-activity, and the 8 and vy-rays as less
important and, in point of time, secondary. Polonium, for
example, gives only e-rays, showing that the 8 and y-rays are
not essential to the phenomenon. Atomic disintegration, in
the majority of instances we know of, when the separate
stages are considered each by itself, proceeds with the expulsion
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of a-rays alone. The important issue raised as to how the
equivalence of electric charges is maintained, if positively
charged particles are being continually expelled alone, will be
considered in the last chapter.

The foregoing results may he briefly summarised. The
radio-activity of a compound of radium that has been kept for
some time in the dry solid state—a sufficient time to attain its
maximum activity—is made up as follows:—(1) A non-separable
activity, comprising 25 per cent. of the total a-radiation ; (2) a
part due to the occluded emanation, comprising about 40 per
cent. of the total a-radiation; (3) the imparted activity, com-
prising about 35 per cent. of the total wradiation and all the
B and y-radiation. If the compound is dissolved in water
and immediately evaporated to dryness, or if heated and
cooled, the activity of the radium is reduced and is now due
to (1) and (3), comprising about 60 per cent. of the a-rays and
all the 8 and y-rays. On keeping for five hours its activity
decays further and then comprises only (1), viz., 25 per cent.
of the a rays and no 5 or yrays. The emanation given off
on heat or solution at first comprises 40 per cent. of the total
a-radiation and gives no § or yrays. If kept for five hours
in a closed vessel it then comprises (3) as well as (2), and
represents 75 per cent. of the a and all the 8 and y-radiation,
If now the emanation is blown out of the old vessel into a new
vessel, the latter will again show the 40 per cent. a-radiation
due to the emanation alone, whereas the old vessel will retain
35 per cent. of the a-radiation and all the 8 and y-radiation. A
complete separation of the constituents (1), (2), (3) has thus
been simply effected. In five hours the activity of the old
vessel almost completely disappears, whereas the new vessel
in which the emanation has heen stored again shows an
inereased « and all the 8 and y-radiation. Now, consider the
radium preparation and the stored emanation over a further
period of ome month. During this interval the radium
gradually regains its radiating power, and the vessel in which
the emanation is stored correspondingly loses its radiating
power. In these changes the «, 8 and y rays now grow and
decay together. At the end of a month the radium is again
in its initial condition of maximum activity, and the activity
of the separated products is practically nil. The whole of
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this complicated series of changes, every step of which is
predicted by the disintegration theory, is followed in the
minutest detail when the simple experiment of heating a radium
compound is investigated in the laboratory. The above
example furnishes a good instance of the principle of the con-
servation of radio-activity.

Evidence of the Complexity of the Changes Cousing the Imparted
Activity of Radium and Thorium.—The eurve of decay of the
radium-imparted activity is very irregular (Rutherford and
Miss Brooks, Phil. Mag., 1902, VI., 4, p. 18). It consists
of (1) a very rapid decrease to possibly 20 per cent. of the
original value in the course of a few minutes ; (2) a period of
a few minutes of slow change, which is, under some circum-
stances, a slight increase, and, under others, a slight decrease ;
(3) a final geometrical decrease to zero, the activity falling to
half value in 30 minutes. Now, under certain circumstances, an
irregular curve can be obtained also for the decay of the thorinm-
imparted activity (Rutherford, Phys. Zeit., 1902.) If a wire
1s exposed for a short time only to the emanation of thorinm,
it 1s found on removal that the imparted activity increases at
first instead of decaying, and may rise in the course of the
first few hours to three or four times itsinitial value, from that
point decaying at the normal rate to half value in 11 hours.
So also in the case of radium, the initial rapid decrease of the
imparted activity is the more marked the shorter the time
of exposure to the action of the emanation. These effects
would be produced in each case if the disintegration causing
the activity of the imparted matter, instead of being single,
consisted of more than one successive change whose combined
effects give rise to the radio-activity.

It is necessary to assume two changes in the case of the
thorinm-imparted activity, the radio-active constant of the
first type being in the neighbourhood of 2 x 104, so that the
change is half complete in about an hour. For the last type
the value of A is 1-7 x 1073, as already mentioned.

For the case of radium it is necessary to suppose that three
types are successively produced. The rate of change of
the first is very rapid, being comparable with that of the thoriumr
emanation, and this accounts for the initial rapid increase
of activity when the emanation is transferred to a new vessel,
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as well as for the initial rapid decay of the imparted activity
after the emanation is removed.

Most recently the decay of the imparted activity of radium
has been subjected to more detailed examination by Ruther-
ford (Phil. Mag., 1904, VL., 7, p. 216) and Curie and Danne
(Comptes Kendus, 1904, 138, p. 683), and both of these inde-
pendent investications have led to identical conclusions. The
course of the decay 1s explained on the disintegration theory
if three successive disintegrations occur in the imparted
activity matter after its production from the emanation. The
respective radio-active constants are approximately as follows :
For the first type, A=4 x 10%; for the second, A =54 x 104 ;
and for the third, A=4:1x10"" The first change is half
completed in three minutes, and is accompanied by a radia-
tions alone; the second is half completed in 21 minutes, and s
not accompanied by any radiation ; the third and last change is
half eompleted in 28 minutes, and gives rise to a, 8 and y-rays
(Rutherford). It would seem also, from a cursory examination,
that the first type in the case of thorium changes into the
second without the expulsion of rays, although this case has
not yet been accurately studied from this point of view.

Thus, even in these most complex cases, the simple law
holds that a constant fraction of each type changes in the
unit of time, and the complexity is due solely to the number
of successive types produced. In addition, we are introduced
for the first time to a sub-atomic change, unaccompanied by
radio-activity, which is detected because 1t is intermediate
between two other changes which are. This should serve to
emphasise how dependent we are for our knowledge of natural
phenomena on the means of experimental investigation at our
disposal. Sub-atomic change has been established in the case
of the radio-elements on account of the accompanying expul-
sion of radiant particles. The example just considered shows
that this is not necessarily an essential accompaniment of the
process in all cases. Hence the absence of radio-activity in
the cases of the inactive elements does not imply that these
necessarily are not undergoing change, but rather that no
means are at present available of detecting such changes
unless they happen to be accompanied by the expulsion
of radiant particles. There seems little doubt that our
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knowledge of the scheme of material evolution is at present
only in its infancy, and that when fully elucidated it will
be found to embrace all the elements within its scope. To
arrive at this result it is not necessary to suppose that all the
elements are really radio-active, and that those we call inactive
are in reality so feebly active as to be beyond the range of the
present methods. It seems more reasonable to regard radio-
activity as a somewhat special and unusual accompaniment of
sub-atomic change. Such changes without such accompaniment
may be occurring even in the commonest materials at rates
relatively rapid when expressed in cosmical time-units, and
still have remained wholly unsuspected.

TheInduced Activityof Radiwmwith Slow Lateof Dissipution.”—
The statements made in the foregoing account of the imparted
activity of radium, that this decays to zero in the course of five
or six hours, are not strictly accurate. Mme. Curie deseribes
in her Thesis a phenomenon, under the above title, which, under
ordinary conditions, is only observed with very active specimens
of radium. If the imparted activity is left to itself it decays
regularly after the first half-hour in a geometrical progression
with the time (A=4-1x10"*) until it attains a value only
sovowth of the initial, and then remains sensibly constant over
many months. Hence, beyond the last type of matter causing
the imparted activity, there is a further very slowly-changing
transition-form produced. It has been suggested (Soddy, Wilde
Lecture, 1904, Manchester Literary and Philosophical Society)
that this type is Mme. Curie’s polonium, and the evidence in
favour of this view will be considered in the last chapter.

The Aetinium Emanation.—The rate of deeay of this emana-
tion and of the imparted activity it produces has recently been
determined by Debierne (Comples Fendus, 1904, 138, p. 411).
The activity of the emanation decays in a geometrical
progression with the time, falling to half-value in 3-9
seconds, and the imparted activity produced from it also
decays regularly, falling to half-value in 40 minutes. The
value of A in the first case is, therefore, 0-17 and in the
second 3x10-* The results obtained indicate, however,
that an intermediate product exists between these two
types, which appears to be gaseous and, therefore, of the
nature of an emanation, which changes even more rapidly than
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the first emanation, but apparently does not expel rays. The
evidence is as follows :—When the experiment described on
p. 111 (Fig. 29) is repeated for the actinium emanation, the
amount of activity imparted to the first electrode is less than
to the sncceeding, and the resnlts indicate that when first
produced the emanation imparts no activity to its surroundings,
but this power rapidly increases to a maximum and then decays
at the same rate as the activity of the emanation. The decay
of the activity of the emanation itself shows no initial irregu-
larity. More detailed investigations must be awaited hefore
any definite conclusions can be drawn.

Do the Emanations cavry an Electvic Charge 7 — Rutherford
showed that the thorium emanation is not affected by an
electric field, and concluded that it was not charged (p. 101).
He has also shown that the radium emanation survives
prolonged action of the electric field without being removed
from the atmosphere in which it is present. Recently
McClelland (Phil. Muag., May, 1904, p. 355) has shown that no
charge is communicated to a vessel by admitting rhe radinm
emanation through a plug of glass wool, and coneludes that it
is unchanged. All these results, however, merely show that
the emanation particle, if charged when produced, loses its
charge like an ion and, as is to be expected, presents the same
essential properties of radio-activity and volatility whether
charged or uncharged. Since, on the average, the radium
emanation atom exists 53 days before disintegrating, it would
be remarkable if it persisted charged so long under ordinary
conditions of storage. There are theoretical reasons for
expecting the atom to be charged at the moment of its pro-
duction, since it is derived from a neutral radium atom by the
expulsion of a positive ion.

The case of the actinium emanation, for which the average
period of existence is only 57 seconds, therefore presents
features of great interest. The expected difference exists.
When produced, the atom of the actinium emanation appears
to carry a positive charge, which endows it with certain
peculiarities which are not exhibited by the radinm and
thorium emanations. Debierne (Compfes Rendus, 1903, 136,
pp 446 and 767) showed that the actinium emanation moves
to the negative electrode in an electric field, and Giesel
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(Ber der D. Chem. Gesel., 1903, 36, p. 343) showed that the
emanation from his ‘“emanation substance,” which we have
seen is probably identical with Debierne’s actinium, shows the
same property. The experiments of Geisel may be described.
He placed the active substance in a metal cylinder, open at
one end, Sem. to 10em. from a zine-blende screen negatively
charged by means of an influence machine. Under these
circumstances the particles of emanation are attracted to the
sereen and travel to it in straight lines, so that a phosphorescent
image of the opening of the cylinder is formed on the screen,
From this image ‘““secondary emanation” streams away, lighting
up the screen surrounding. A hlast of air now does not affect
the phosphorescent image, but only the ‘“ secondary emanation.”
Thus the emanation in an electric field travels to the negative
electrode in straight lines like a “ray,” and Geisel proposes
the term * E-ray ” for this phenomenon. Having given up its
charge, it is no longer controlled by the electric field, but can
be blown away, so that it seems probable that what Geisel
calls “secondary emanation” consists of the emanation that
has given up its charge, but has not yet disintegrated. The
theoretical bearing of this result will be considered in
Chapter XII.

Methods of Experimentally Recognising Radivwm, Thorium and
Aectiniwm, and the Analysis of Radio-active Minerals.—The three
distinctive emanations and the three equally-distinctive types
of imparted activity they produce furnish sufficiently charac-
teristic analytical tests for the presence or absence of the
elements radium, thorium and actinium in the radio-active
minerals. To test for radium, these should be brought into
the state of solution and kept in closed bottles for a few days.
The gas above the solution should then be drawn off and
stored for 10 minutes. In this time the thorium and actinium
emanations will have completely disappeared, and if a sample
of the gas blown into an electroscope discharges it the presence
of the radium emanation may be inferred. The conclusion
may be confirmed in two ways. In the first place, if the
amount is adjusted to give a moderate rate of leak in the
electroscope, it will be found that the leak will increase
notably—usually 30 or 40 per cent.—in the first few minutes
after the gas is introduced. If then the emanation is blown
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out and the rate of leak again tested it will be found to rapidly
decrease to a very small value in the first few minutes. A
larger quantity of the emanation may then be introduced and
allowed to remain some 30 minutes before being blown out.
The aectivity remaining will again rapidly diminish, but will
now be quite noticeable after half an hour. If after this period
it is tested from time to time, it will be found to decay to half-
value after the lapse of 30 minutes, to one-quarter in an hour,
and so on. The second test for the radium emanation is to
store the gas in an air-tight gas-holder, and to remove equal
portions at intervals of four days. Its power of discharging
the electroscope will persist noticeably for many weeks,
diminishing to one-half during each interval of four days, or
correspondingly for longer or shorter intervals. If it fulfils
these tests, the presence of radium in the mineral may be con-
sidered proved and its quantity deduced by comparative tests,
using a known sample of Joachimsthal pitechblende as the
standard.

To test for thorium, the gas swept out of the bottle con-
taining the mineral is rejected, and the emanation, allowed to
re-accnmulate for five minutes, is removed to a gas-holder and
stored for one minute. In this time the actinium emanation
completely disappears, and if, when a portion is blown into an
electroscope, it discharges it the presence of the thorium emana-
tion may be inferred. This may be proved as follows: After
introduction of the gas the discharging power will rapidly decay
to half-value in one minute, to quarter-value in two minutes,
and so0 on, and in five minutes will have completely disappeared.
No appreciable amount of thorium-imparted activity is pro-
duced under these circumstances. To confirm, a continuous
stream of air may be passed through the solution into a metal
vessel containing an insulated negative electrode, the vessel
itself being connected with the positive pole of the battery.
The voltage is not important, but may be from 50 to 300 volts,
according to the size of the vessel. The rate of decay of the
imparted activity on the negative electrode may then be deter-
mined, commencing after the lapse of five or six hours from
the time it is removed from the vessel. In this time any
radium or actinium-imparted activity will have completely
decayed, whereas the thorium-imparted activity decays to half
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the initial value in 11 hours, and should still be noticeable
after two days.

To test for the presence of actinium, the air is blown out
from the solution as before, and then a rapid current is blown
directly into the electroscope for some two or three minutes.
While the air-stream is passing the electroscope should leak
rapidly. The rate of decay of the actinium emanation is so
rapid that it cannot be well measured by this rough means,
but its presence may be confirmed by continuing the air stream
for some time, when there should be left in the electroscope an
imparted activity very similar to that of radium in its rate of
decay, but slightly slower. If care is taken to completely
blow out all the accumulated radinm emanation from the
solution before the air-stream is sent into the electroscope,
the possibility of the radium-imparted activity is excluded,
and the presence of actinium may be inferred.

If in these tests an emanation is obtained which differs
essentially from those above desecribed, the existence of a new
radio-element may be inferred. The characteristies of its
radio-activity may be worked ont and the element sufficiently
defined before a single chemical separation of the mineral is
effected.

The principles underlying these methods of radio-active
analysis will be readily understood from previous chapters.
The most important is that the radio-activity measured is
the product of the radio-active constant A and the number
of atoms present of the type of matter in question. If A is
relatively small, as in the case of the radium emanation, AN
is small when N is considerable. Hence, although the number
of atoms of radium emanation present after the lapse of five
minutes’ accumulation may be as great as the number of
thorium emanation atoms, only the latter exhibits a detectable
radio-activity. The more slowly a transition-form loses its
activity the longer must it be allowed to re-accumulate in
order for it to be detected by its activity. Similarly, only the
first type of the radinm-imparted activity matter is experi-
mentally observed when the emanation is allowed to remain in
the electroscope only a minute or so, and this, after the latter
is blown out, decays practically to zero in five or six minutes.
If left in half an hour or more, the emanation produces sufficient
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of the slower-changing third type to be quite apparent
after the rapidly-changing first type has decayed. These
examples might be multiplied indefinitely. Extended to the
radio-active minerals themselves over a period of years or
centuries, they throw light on the fundamental problem, with
which this chapter opened, of the present existence of so
powerful a radio-active element as radium,
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APPENDIX.

Two tables are appended which summarise the present
knowledge of the course of atomic disintegration. In the first,
the complete series of disintegrations in the case of uranium,
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thorinm, radium and actinium have been tabulated. In the
second, the unstable elements have been arranged in the order
of their instability together with their radio-active constants,
A, or the fraction changing per second, and the period of their
average lives, as given by 1/A. The latter is the time required
for the quantity to be reduced to 1/¢ (0-368) of the initial,
which is 1+45 times longer than that required for the quantity
to be reduced to half. The values of A for the last three
examples are dednced in Chapter XL

Table II.
Element. A | 1/A

Actinium emanation . ool 17T % 107* | 57 seconds
Thorium emanation ... ] =G el D2 S RS T
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Radium emanation ... ... 2:2x10°° | 5days8hours
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Uranium X ... . S 6x1077 | 32days
Polonium ... about 2 x 10°% |about 16 months
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CHAPTER X.

THE MATERIAL PROPERTIES OF THE RADIUM
EMANATION AND ITS TRANSMUTATION INTO
HELIUM.

Material Properties of Radio-active Matter.—Condensation of ths Emana -
tions by Liquid div.—Differences of Behavieur between the Thorium
and K dium Emanations.—Volatility of Maiter causing Imparted
Aetivity.—Diffusion Coefficient of Radiwm Emanation.—Production
of Helium from Radium.—Production from the Emanation.— Phos-
phorescent Spectrum of Radium Compounds.— Voluine occupied by
Radiwm Emanation.—Diminution on Keeping.—Possibility that the
a-Particle is a Helium Atom.—Law of the Conservation of Mass need
not apply to Sub-afomic Changes,

Radio-activity is the property of but a few atoms only of
the total mass in any given instant. A certain fraction,
represented by A, contributes the activity in any given second,
while the vast preponderance, 1 — A, is, strictly speaking, not
radio-active at all. It is, for the time being, ordinary matter
which must possess a normal chemical and physical nature in
addition to and independent of the radio-active properties
contributed by the fraction undergoing disintegration.  Each
transition-form is a new element, although an unstable one,
and some information abouat its ordinary material properties
may be obtained. An example may make this clear. The
radium emanation passes through tubes coatainine various
reagents which would completely absorh all the known gases
except the members of the argon family. Like the latter, it
may be sparked over potash in an atmosphere of oxygen or
kept in contact with red-hot magnesium and calcium for
many hours without being appreciably absoirbed. The con-
clusion 1s indicated that the emanation is a chemically
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inert element of the argon family. In this and similar work
the chemical nature of the matter is the real object of study,
the radio-activity merely furnishing the means of detection
and measurement. The special interest about this work is
the smallness of the quantity of material employed. Con-
sider, for example, the case of the phenomenon exhibited by
the emanations of being condensed at low temperatures. If
the volatility or vapour pressure of an ordinary gas were
investigated by direct methods, the limit of detection would be
reached with pressures of };mm, of mercury. In the case
of the emanations we can study accurately the effect of
changing temperature on the volatility of quantities a million
million times less, and the results, therefore, are of great
general interest from a purely physical point of view, apart
altogether from the special means by which the result is
obtained.

Condensation of the Radio-active Emanations.—This property,in
the case of the radium emanation, may he made the subject of
a striking and beautiful lecture experiment. If the emanation,
obtained by heating or dissolving a few milligrammes of pure
radinm bromide, or by storing a solution of the latter in a
closed bottle for a week since the emanation was last removed,
is swept by a slow stream of dry air into a glass spiral tube
immersed in liquid air, practically the whole of the emanation
condenses at the point where the spiral enters the liquid
air, causing the glass to fluoresce brilliantly. The apparatus
usually employed by the Author is shown in Fig. 32. Some
hours before the lecture the emanation from the radium is
swept into A and the taps elosed. A is a glass tube in which
has been sealed a piece of willemite. It has been mentioned
that the [-rays of radium are mainly operative in causing this
mineral to fluoresce, so that the luminosity of the mineral
increases for some hours after the emanation is introduced into
the tube, and after five or six hours is mainly due to the imparted
activity, and not to the emanation. Kunzite would show this
effect even better, but is less brilliantly luminous. For
showing the condensation of the emanation the tube is attached
to the glass spiral B immersed in a vessel containing liquid
air . To the other end of the spiral a long glass tube D is
attached. In D is placed a long narrow strip of mica painted
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with phosphorescent zine sulphide. The easiest way to coat the
mica is to cover it with a hot film of zelatine solution, and sieve
on the zinc sulphide after the gelatine has partly set. With this
apparatus, provided that an extremely slow air-stream is used,
the whole of the emanation is condensed at a point in the
spiral. The tube A may then be removed and the air-stream
sent into B direct. On removing C the stage at which the
emanation volatilises may be clearly seen by the passage of
the glowing gas along the spiral into D. Then the gradual

—

Fic. 32.—Lecture Exzperiment for Showing the Condensation of the
Radium Emanation by Ligunid Air.

ascent of the emanation as a zone of intense luminosity may
be watched in D as the air-stream is continued. The lower
parts of the screen in D), the whole spiral, and also the
willemite in A, continue to glow, owing to the imparted
activity, after the emanation has passed onm, but this glow
completely disappears in the course of a few hours. To
illustrate the properties of the emanation a long narrow tube
may be inserted between A and B before the condensation
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is carried out. This tube might be made to pass round the
lecture table, and if small diamonds are introduced at different
points the arrival of the emanation at the various points could
be rendered visible.

The apparatus used in the detailed investigation of the con-
densation of the emanations (Rutherford and Soddy, Phil. Mag.,
1903, VI., 5, p. 561) is shown in Fig. 33. The emanation was
carried by means of a steady stream of some suitable gas
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throngh the doubly-wound copper spiral, which was immersed
in a bath of liquid, kept well stirred, at the temperature
required. The liquid employed was ethylene, which boils at
— 103°C. and freezes at — 169°C. The outside tube was cooled
with liguid air, and ethylene gas passed in through A until
the level of the liguefied ethylene was well above the top of
the spiral. The emanation was passed through the spiral after
the bath had been cooled by means of liquid air slightly below



PROPERTIES OF THE RADIUM EMANATION. 153

the temperature of condensation. The apparatus was wrapped
round with felt and allowed to warm up slowly, and the
temperature was noted at which the emanation volatilised and
was swept out of the spiral by the gas stream.

The general arrangement of the apparatus for the case of
the radium emanation is shown in Fig. 34. The emanation
was stored in the gas holder B, and small quantities could be
sent as required info the gas stream kept passing continually
into the spiral from A. The temperature of the bath was
known by the electrical resistance of the copper spiral, and
this was determined by keeping a constant current of about
an ampere flowing through it, and measuring the difference of
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potential between two points at the top and bottom of the
spiral by means of a milli-voltmeter. In Fig. 35 the resistance
of the copper spiral is plotted on the vertical axis, and the
temperatures in degrees Centigrade on the horizontal axis.
The fixed points chosen in the calibration of the spiral were
the boiling and freezing points of water, the boiling and
freezing points of ethylene, and the boiling point of liquid air
of known composition. The temperatures of the condensation
of the thorium emanation (—120°C.) and of the radium
emanation (— 150°C.) were found by interpolation. With the
radium emanation the point of volatilisation and condensation
is very sharp. In one experiment at — 154°C. no emanation
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was observed in the gas stream, although less than y;1;;th
part could have been detected, while at —150°C. the greater
part had volatilised. The decay of the activity of the thorium
emanation is so rapid that the emunating compound has to
be retained continuously in the gas stream. It is then found
that some emanation escapes condensation when the tempera-
ture is as low as —150°C., but the greater part is condensed
at much higher temperatures. The point given above,
—120°C., represents the temperature at which condensation
commences to take place. In the case of the radium emana-
tion, no great difference is observed hetween the temperature
of initial volatilisation and complete condensation, provided
sufficiently slow streams of gas are employed.
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This difference between the two emanations was further
investigated by means of the apparatus shown in Fig. 36,
which is arranged for the case of the thorium emanation The
gasholder B and T-piece of Fig. 34 replaces the thorium oxide
tube A for experiments with the radium emanation. Instead
of the emanation being carried by a steady current of gas it is
transferred to the spiral, and thence to the testing vessel, by
means of the mercury pump P. This was effected by raising
or lowering the mercury in the pump and by opening and
closing the various taps as required. In this way the experi-
ments could be performed in an atmosphere of any gas at any
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pressure below atmospherie, and the emanation allowed to
remain in the condensing spiral any definite time before being
removed. It was found that the temperature of condensation
in the case of the radium emanation was substantially the
same however the experiment was performed. But for the
thorium emanation the proportion of the total condensing
at any temperature varied (1) with the nature of the gas
used, a greater proportion condensing in an atmosphere of
hydrogen than of oxygen; (2) with the time allowed, a greater
proportion condensing the longer the emanation was allowed
to 1temain in the spiral. The proportion escaping condensa-
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tion was always greater when a current of air was kept passing
than when the experiments were performed by means of the
pump in a stationary atmosphere. The temperature of initial
condensation, — 120°C., was, however, always substantially the
same whatever the conditions,

The difference between the behaviour of the thorium and
the radium emanation is capable of a simple explanation on
the disintegration theory. Consider quantities of the two
emanations possessing similar radio-activity —i.c., giving a
similar number of awrays per second. The radio-activity is
proportional to the number of atoms disintegrating per
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second—i.c., to AN, where N is the total number present and
A the radio-active constant. Since A for the radium emanation
is 6,000 times smaller than for the thorinm emanation, it
follows that, when AN is equal for the two cases, the
number of atoms of emanation present must be 6,000 times
greater in the case of the radium emanation than in the
case of the thorium emanation. Condensation can only
take place by the approach of two or more of the
condensing molecules into each other’s sphere of influence,
and it is to be expected, when the quantities present are
extremely small, that the amount condensing will depend
on the concentration of the particles, the time allowed for the
process to take place, and the nature of the atmosphere in
which the experiments are performed. The concentration of
the particles would be less when the emanation was carried by
a steady stream of gas than in a stationary atmosphere. The
particles would diffuse more rapidly in hydrogen than in
oxygen, and the rate of condensation would be accelerated.
This effect of time on the progress of condensation would
rapidly diminish as the number of condensing particles were
increased. It would probably diminish as the square of the
number present. Hence, if a similar number of atoms
remained uncondensed in comparable experiments with the
radinm and thorium emanations, the radio-activity of the
former might be well below the limit of ordinary detection
when the radio-activity of the latter was large. To obtain
comparable results with the two emanations the measuring
instruments should be made 6,000 times more sensitive in the
case of that of radium than for that of thorium. The
ionisation enrrent in the experiments on the thorinm emanation
was probably about 107" amperes. An ionisation current of
10~ amperes 1s quite within the experimental range, and it
is, therefore, quite possible to subject this explanation to direct
experimental test. This has not yet been done.

From considerations to be deduced in the next chapter,
it is probable that the thorium emanation obtainable from
10 grammes of thorium oxide if confined in 1 eubic cm. volume
would only exert a pressure of between 10" and 10~ atmo-
sphere, so that the emanation obtainable from a million tons of
thorinm oxide, if concentrated in this volume, would only just
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produce a pressure that could be directly measured. It is,
therefore, matter for remark that the emanation can be made
to condense completely at any temperature, and the guestion
remains, perhaps, somewhat doubtful as to whether the pheno-
menon is really one of simple gaseous condensation at all. It
has been suggested that the gas used to carry the emanation
condenses on the walls of the spiral by the action of capillary
forces as a surface film, and carries with it the particles of
emanation by attraction, possibly of a chemical nature. Such
a surface condensation would presumably only oceur in a gas
below its critical temperature, and should, therefore, be absent
in perfectly pure hydrogen or helinm. It would be interest-
ing to repeat the experiments in a stream of hydrogen of the
highest possible purity. It is possible that condensation in
these circumstances might not occur.,

In this connection may be mentioned the work of Miss
Gates (Physical Review, 1903, 16, p. 300), who found that the
matter causing the imparted activity of thorium and radium
could be volatilised at temperatures above a red heat and be
deposited on neighbouring cold surfaces. This indicates that
phenomena similar to the condensation and volatilisation of
the emanations take place with the imparted activity matter
at high temperatures.

Another property of the emanation of radium which has
been investigated is its density, as shown by its coefficient
of diffusion into air. The first experiments were performed
by Rutherford and Miss Brooks. They determined the rate
at which the emanation confined in one half of a long cylinder
diffused into the other half when a partition between the
two halves was withdrawn. They found a value for the
coeflicient of diffusion of about 0-08, which is comparable with
that of ethyl ether, and indicates a density in the neigh-
bourhood of 80 (H=1). If the molecule of the emanation is
assumed to be monatomie, like argon, the atomic weight is,
therefore, in the neighbourhood of 150.

The great difficulty in the experiments is to eliminate the
effect of the imparted activity produced from the emanation
from that of the latter by itself, and the rate of diffusion tends
in consequence to appear lower than the true value. Owing
to the very rapid initial changes in the radio-activity of the
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matter causing the imparted activity it is diffieult to correct
accurately for this error. The value given above, 0:08,
is 20 per cent. greater than the uncorrected value. A deter-
mination of the coefficient has also been made by Curie and
Danne (Comptes Rendus, 1903, 136, p, 1,314), who obtained the
value 0°1, which indicates a density nearer to that of alcohol
(46) than of ether. Most recently Bumstead and Wheeler
(Am. Journ of Science, February, 1904, p. 97) obtained a value
indicating a density of 180, so that the evidence is conflicting,
probably for the reason already given. The latter have
definitely proved that the radio-active gas obtained from the
tap-water at New Haven, U.S.A., and from the soil in the same
neighbourhood, is the radium emanation, for the rate of decay
of its activity and its rate of diffusion are similar to the latter.
The existence of the radio-active gas in tap-water was first
shown by J. J. Thomson in the Cambridge water, and
experiments hy H. 8. Allen on the rate of decay of its activity
indicated that it was the same as the radium emanation. The
existence of this emanation in the soil was first noticed by
Elster and Geitel.

The Production of Helivin from Rodivm.—(Ramsay and
Soddy, Proc. Roy. Soc., Vol. LXXII., 1903, p. 204.) The
intense radio-activity of pure radium compounds, and the
relatively rapid rate, therefore, at which it must be supposed
to be disintergrating, made it appear likely that if helium were
one of the ultimate products formed, as has already heen
suggested (p. 117), it might be possible to detect it by direct
spectroscopic methods if a reasonable time were allowed for it
to accumulate. The apparatus used is shown in Fig, 37. In
two separate experiments 20 and 30 mgs. of pure radium
bromide, which had been kept for some months in the dry
solid state, were employed. From the general analogy of
helinm to the radium emanation, both in chemical nature and
the phenomenon they exhibit of being occluded and of being
liberated by heat and solution, it was assumed that the helium
if produced would not escape from the radium compound until
it was heated or dissolved. The radium bromide was intro-
duced into the bulb A which was then sealed at the dotted
line M to the bulb B, carrying two taps. This was then com-
pletely exhausted, the lower tap closed, and water, boiled free
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from air, allowed to flow into B. The seal at the dotted line
N was then made. C is a tube in which is a thin copper
spiral wire which can be heated by an electric current. D) is
a phosphorous pentoxide tube to absorh moisture. K is a
eapillary U tube which is cooled in liguid air during the
experiment. The emanation and any CO, present are con-
densed here and prevented from entering the spectrum tube.

To Pump

Fra. 37.

The tap L is connected to the mercury pump not shown. F
is the spectrum tube shown half fullsize at H. The copper
spiral is first partially oxidised by filling the tube with oxygen
from the burette G and keeping the spiral at dull redness by a
current. The whole apparatus is thoronghly exhausted and
all taps closed. Water is now ad:nitted from B into A, the
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radium bromide dissolves and gives np its occluded gases,
which are admitted into C. The red-hot spiral absorbs the
hydrogen and oxygen, and the water produeced is absorbed in
D. Mercury is now allowed to flow up from G, and the gases
forced into the spectrum tube through the cooled U tube.
The spectrum on examination proved to be practically the
complete spectrum of helium.

In the next experiments the emanation from 50 mgs.
of radium bromide (which had been kept in solution in a
closed vessel until practically the equilibrinm amount of
emanation had accumulated) was condensed in a spectrum
tube, and all volatile gases, including any helium, if present,
were removed by the pump. The tube was then sealed off.
The yellow line of helium appeared after it had been kept
three days, and in five days the complete helinm spectrum
was obtained. This proved conclusively that helinm is being
produced from the emanation. As the latter changes into
helium in the spectrum tube, a fresh crop of emanation is
being produced by the radium. The radium changes into
helium #ie the emanation. The amount of helinm obtained in
these experiments was estimated at between 10°* and 10°°
cubic cm.

Curie and Dewar (Chem. News, February 19, 1904) examined
the gas evolved from 400 mgs. of radium bromide on fusion
in a quartz bulb, but did not detect the helium. They
exhausted the bulb, sealed it and sent it to Deslandres for
spectroscopic examination, The latter photographed the
spectrum obtained by passing a discharge through the bulb
after it had been sealed some weeks, and found it to be that
of pure helium.

Sir William and Lady Huggins (Prec. Roy. Soc., 1903, 72,
pp- 196 and 409) have examined the light emitted by com-
pounds of radium, and have detected bands in the ultra-violet
corresponding to the negative glow spectrum of nitrogen.
Crookes and Dewar, according to a statement made by the
latter at the DBritish Association Meeting, 1903, have shown
that these bands are not produced unless nitrogen is present
in the atmosphere to which the radium is exposed. In vacuo,
and also in pure helinm, the spectrum of the luminosity is
continuous and no bands are present,
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Volume of the Radivim Emanation.—Continuing the research
on the production of helinm from radium, Ramsay and Soddy
have made a determination of the volume occupied by the
emanation produced from a known quantity of radium in a
known time. This is even less than the volume of the helium
produced, for two reasons. First, the emanation is much
denser, and, secondly, the quantity does not continnously
accumulate, but attains an equilibrium value when the rate of
production equals the rate of disintegration. Since (p. 131)

Fia. 38,

Jo=ANy, the equilibrium quantity N, is the quantity produced
per second, ¢, divided by the radio-active constant. Or, since
I/X represents the average life of the atom, the equilibrium
quantity 1s the amount produced in a period equal to the
average life, which for the radium emanation is 53 days.

The apparatus employed is shown in Fig. 38. The
hydrogen, oxygen and emanation that have accumulated a
known time in a previously exhausted bulb containing the

i |
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radium solution are introduced into E and exploded. A
small excess of hydrogen always remains. In E a lump of
solid caustic potash floats on the surface of the mercury and
absorbs carbon dioxide. C is a phosphorus pentoxide tube,
B is a small bulb that can be cooled externally by liquid air,
and A is a piece of fine thermometer tubing sealed at the
upper end. The whole is carefully exhausted, the pump
connection closed, and the hydrogen and emanation admitted
into the cooled bulb C. The hydrogen is then pumped out
completely and mercury allowed to flow up from E until it
cuts off the pump-connection. B now contains only the
condensed emanation freed from all other gases. The liguid
air is removed, the emanation allowed to volatilise, and mercury
allowed to fill the bulb and compress the emanation into A.
At atmospheric pressure the volume occupied was found to be
excessively small, and it was measured under considerably
reduced pressure. The equilibrium quantity of emanation from
60 mgs. of radium bromide was found to occupy between
003 and 0:04 cubic mm. at 0°C. and 760mm. The emanation
produced in 53 days by 1 gramme of radium (element) there-
fore occupies a volume of about 13 cubic mm.

The behaviour of the tiny bubble of gas was investigated
from day to day. In one experiment the volume steadily
diminished with time, roughly at the same rate and according
to the same law as the activity decays. In about three weeks
the volume had shrunk practically to zero, being less than
1 per cent. of that initially occupied.

The following table shows the decrease of volume measured
in this experiment :—

Volume, Cubie mm,
After 1st day ee RO2F
o Jrdday o Sa o ORVET
aerhviday 8 et .. 0°0063
Lo 9thidaye s ... 00041
Final volume ... 0:0004

This uniform decrease of volume is, however, not always
observed. In some experiments the volume increased, but
whether this is due to surface films of gas on the glass or
other disturbing cause or is a real effect has not been settled.
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Rutherford has suggested that the o particle is an atom of
helium. The mass of the particle, according to his prelimi-
nary determinations, is 1°6 times that of the hydrogen atom,
whereas the mass of the helium atom in terms of hydrogen is
4, It seems likely that this diserepancy may be accounted
for, and that the « particle will ultimately be shown to be a
helinm atom. It seems certain that the « particles of all the
radio-active bodies are likely to be of the same mass, and that
the comparatively narrow limits in which they differ in pene-
trating power, &c., result from their possessing different
velocities. As Strutt has pointed out in a recent Paper
(Proc. Roy. Soe. 1904, 73, p. 191), helium is very abundant
in minerals like monazite, which contain large quantities of
thorium, but wvery little radium. This hypothesis would,
therefore, lead to the belief that helium is a common product
in the disintegration of all the radio-elements.

The diminution of the volume of the emanation to zero is
well explained on this view, for, if the helium is produced
from the emanation in the form of projected o particles, it is
to be expected that the latter will bury themselves in the
glass, owing to their enormous velocity. The experiment was,
therefore, performed of  washing” out the thermometer tube
with oxygen after the emanation had spent itself, re-exhausting
and heating the glass. On passing a discharge through the
tube, by means of external tin-foil caps attached to the ends,
the helium spectrum was clearly seen, but the tube punctured
before it could be confirmed. The experiments are difficult,
and the results, in so far as they bear on the question as to
whether the « particle is an atom of helium, must be considered
only provisional at the present stage.

It may be well to define the limits of our present knowledge
with regard to the disintegration of the radium atom. At
each stage we recognise without difficulty (1) expelled radiant
particles, by means of their kinetic energy ; (2) unstable tran-
sition-forms, on account of their radio-activity. Independently,
helium has been recognised as a product, on account of its
excessively sensitive spectrum reaction, and it is possible this
may ultimately be identified with (1). It is important to note
that we should not be able to detect, even if it were being
simultaneously produced, any stable, and therefore (presumably)

M2
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known, element not expelled in the form of radiant particles,
unless it were as easily detected as the element helinm. The
interesting experiments of Sir William and Lady Huggins, in
which the nitrogen spectrum was detected in the radium glow,
may ultimately prove to have a bearing on this question.

A point of great theoretical importance is whether the mass
of the products of the disintegrating atom equals the original
mass, and this cannot be attacked on the assumption that the
recognised products are the sole produets. On the other hand,
it can be directly tested experimentally by looking for a
spontaneous change of weight in a quantity of radium kept
under conditions in which the products of disintegration
cannot escape. From the recent views, dealt with at the
end of Chapter III., on the nature of inertia and its possible
dependence on the internal energy of the atom, it is indicated
that the law of the conservation of mass will not apply to the
case of atomic transformation. Considerations such as these
serve to show how useless it is to attempt to find numerical
relations between the atomic weights of the elements of the
Periodic Table. It is notorious that all such efforts have been
fruitless, but it is only recently that the reasons for the failure
have been indicated.



CHAPTER XI.

THE ENERGY OF RADIO-ACTIVE CHANGE.

Energy Evolved by Uranium—by Radiwvin—Dby the Radivm Emanation.—
Erergy Evolved on Diszintegration a million-jold greater than during
Chemical Changes.—Average Life of the Radium Atom.-—Theoretical
Estimate.—Experimental Determination.—Internal Energy of Radium
Atvm,—Probability that all Atoms possess great Internal Atemic
Energy.

The first measurements in this connection are those of
Rutherford and McClung (7rans. Roy. Soc., 1901, 196, p. 55),
who deduced from a determination of the energy required to
produce an ion in air, and from the number of ions produced
by uranium, that 1 gramme of uranium oxide must radiate
every year energy equivalent to 0-03 calorie as a minimum
estimate. This amount would raise a weight of water equal to
that of the uranium compound 1°C. in 30 years. If the radio-
activity of radinm in terms of uranium is taken to be 10°%
the heat evolved by this element wounld raise its own weight
of water 1 deg. in 15 minutes. This has proved to be much
below the truth.

The energy emitted by radium compounds has recently
been experimentally determined by Curie and Laborde (Comiptes
Ltendus, 1903, 136, p. 673). Two methods were employed.
In one a known quantity of the radium compound was placed
in a Bunsen ice calorimeter, and the heat evolved in a defi-
nite time measured by determining the quantity of ice melted
in the usual way. In the second the radinm was placed in a
metal block, and the temperature of the block above that of
the sirrounding air-bath determined. The radium was then
replaced by a coil of wire that conld be electrically heated,
and the current measured which it was necessary to pass
throngh the coil to maintain it at the same temperature
above the surroundings as was maintained by the radium.
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The quantity of heat supplied in unit time could be
determined from the electrical measurements, and this was
equal to that supplied by the radium. Curie and Laborde
give, as the result of their measurements, that 1 gramme of
radium evolves about 100 gramme-calories of heat per hour,
or suflicient to raise its own weight of water 1 deg. in 36
seconds. In about 40 hours sufficient energy is evolved to
decompose its own weight of water completely into its con-
stituents, hydrogen and oxygen. Now, in this reaction the
change of hydrogen and oxygen into water, or vice versa,
more energy is involved, weight for weight of matter
employed, than in any other chemical reaction known. Hence,
in two days the radio-active change of radium evolves more
energy than is ever evolved by the same quantity of matter in
ordinary chemical change. The change of radium, however,
in two days 1s quite inappreciable by ordinary measurement.

On the disintegration theory, it is to be expected that the
heat-emission from a radio-active substance will be proportional
to the « radiation from it. For the latter is a measure of the
amount disintegrating. This conclusion has been directly
proved by Rutherford and Barnes (Phil. Mag., 1904, VL, 7,
p. 202). They measured the heat effect from a quantity of
solid radium bromide which had been kept for some weeks in
the solid state. They then removed the emanation by heating
it, and condensed the emanation by liquid air in a glass tube,
which was then sealed. They found that the heat evolution
from the radium was much reduced by this treatment, and
decreased further for the first few hours, as the imparted
activity in the radium compound decayed, until a minimum of
about 25 per cent. of the original was attained. From this
point the evolution of heat commenced to slowly increase. The
emanation sealed up in the glass tube gave, on the other hand,
a large heat evolution, so that the sum total of the heat given
out by the radium and the emanation together was at any
time equal to that given out by the radium originally. In
a few hours after separation the heat effect of the emanation,
and of the activity imparted by it to the walls of the tube,
equalled 75 per cent. of that originally given by the radium.
The heat effect from this point slowly decreased at the same
rate as the activity of the emanation decayed. Therefore, the



THE ENERGY OF RADIO-ACTIVE CHANGE. 167

heat effect is at all times proportional to the a-radiation, and
follows the same changes as the latter when the emanation is
removed. The actnal quantity of emanation obtainable from
radium is almost infinitesimally small, being for any available
quantity of radium compound a practically invisible bubble of
gas. It was deduced on p. 162 that the volume of emana-
tion present in 1 gramme of radinum, when equilibrium is
attained, is about 13 eubic mm. It, together with the imparted
activity produced by it, evolves 75 calories per hour, and
the total evolution of heat is given by multiplying the
emission per hour by the average life 1/A, expressed in hours,
and is, therefore, about 10+ calories. 1 cubie em. would, there-
fore, evolve 7 x 10° calories during its complete life. This is a
purely experimental result, and is independent of all hypo-
thesis. The energy liberated on explosion by 1 cubic cm. of
hydrogen and oxygen, in the proportion required to form
water, is about 2 calories. The energy of the disintegration
of the radium emanation is thus several million times greater
than the energy of explosion of an equal volume of hydrogen
and oxygen. This, it would seem, is an unanswerable argu-
ment in favour of the view that the energy emitted by radium
comes from the internal energy of the atom when it disinte-
grates, and is not derived from a hypothetical external source,
which radium alone has power to respond to.

The argument may be pushed one staze further. It is
probable that by far the greater part of the energy liberated
in disintegration appears as the kinetic energy of the
a-particle expelled. For, if one atom of radium disintegrates
into one a-particle and one atom of emanation, by a well-
known mechanical principle, after disintegration the momentum
of the a-ray particle will be equal and opposite to that of the
emanation particle. The velocities will, therefore, be inversely
proportional to the masses. From evidence of the rate of
diffusion of the emanation, which has been discussed (p. 157),it is
probable that the atom of emanation is at least 50 times heavier
than that of the o-particle, and the velocity of the latter will,
therefore, be 50 times greater. The kinetic energy is, however,
proportional to the square of the velocity, so that the kinetie
energy of the a-particle must be at least 50 times greater than
that of the rest of the atom. If more than one a-particle is
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produced by the disintegration, the probable resnlt would be
that an even less proportion of the energy is received by the
heavier particle, for the expulsion of two « particles in opposite
directions would neutralise each other’s effect, leaving the heavy
nucleus at rest. Hence, on the disintegration theory, all but
a few per cent. of the heat effect should be due to the bombard-
ment of the matter of the radium and the walls of the contain-
ing vessel by the a particles expelled.

The energy emitted by one gramme of radium per hour is
100 calories=4-2 x 10% ergs. This equals the kinetic energy,
Lmv?, of the a-particies expelled, where m is the mass of the
a particles expelled per hour and » their velocity. Since, from
the measurements of Rutherford (p. 79), v=2'510% cm. per
second, we can find m.—4'2 x 10° = 3m(2'5 x 10")%. The mass
of the a particles expelled from a gramme of radium per hour is,
therefore, 1:34 x 10~ gramme, and per second is 3-73 x 107%.

Average Life of the Radium .Atom.—To find the mass of
radium breaking up per second it is necessary to know how
many « particles are expelled from cach atom. Now, in the
case of radium there is known to be at least four stages in
the disintegration, each of which occurs with the expulsion
of at least one « particle. Hence four is the minimum possible
number of a particles produced from each atom in this case.
The mass of the a particle is 16 (H=1), and at least four,
representing a total mass of 64, are expelled from each
radium atom of mass 225, Hence the mass of the radium
breaking up per gramme per second is given by (225--64)
x373x107%=1'3 x 10~ gramme. This is a maximum
estimate of the proportion of the radium breaking up per
second, which by definition is A, the radio-active constant of
radinm. The average life is 1/A, and is, therefore, about
2,450 years, as a minimum estimate.

A completely independent determination, which is free from
any important assumption, follows from the volume of the
emanation. The assumptions made are: (1) That the
molecule of the emanation is monatomie, like argon, which
seems likely, since it shows no power of chemical combination ;
(2) That only one atom of emanation results from one atom
of radium, which follows from the high density, as shown by
the co-efficient of diffusion, and from (1). If the density is
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taken as 80 (H=1), the atomic weight must be 160, and not
more than one atom of emanation could be produced from one
atom of radium (225). These assumptions, even if untrue,
can havdly affect the oider of the result obtained.

One gramme of hydrogen occupies the volume of 11-2
litres, and, if its molecule were monatomic, would occupy
22+4 litres, One gramme of radium, if it could be obtained
in the form of a monatomic gas, would, therefore, occupy a
volume of 224 = 225 = (-1 litre = 10® cubic mm. One gramme of
radium produces 13 cubic mm. of emanation in 5-3 days, and, by
Avogadro’s law, therefore, the ratio of the number of atoms of
emanation to the number of atoms of radium i1s 1-3 : 100,000,
which gives the proportion of the radium undergoing
disintegration in 5'3 days. The value of A is, therefore,
about 2-8x 10-!! and the averace life of the atom is 1,150
years. Although this value is not likely to be very exact,
and must be regarded as a preliminary estimate, it is pro-
bable that, at least, it approximates to the truth. This is
in fair agreement with the theoretical estimate obtained
indirectly above, and the result indicates that probably the
assumption that only one e-particle is expelled at each disinte-
gration is correct. For, if more than one were expelled, the
theoretical estimate would be still further removed from the
experimental vaine. The same would hold if the emanation
were considered to possess a polyatomic molecule. On the
other hand, if the single atom of radium were assumed to
produce two atoms of the emanation, the value found for the
average life of the radium atom must be doubled, and this
would agree almost exactly with the theoretical estimate. But
the data are not sufficiently aceurate to render this deduction
legitimate, for, from the nature of the experiment, the volume
found for the emanation was the mazimuin volume, and any
trace of other gas present as impurity would tend to make the
valune greater than it should be. If the nature of the data are
considered, the agreement between the two values must be
considered to be as close as could reasonably be expected.

Internal Energy of the Badium Atom.—Since 2-8 x 107" is the
fraction of the radium disintesrating per second, and 1 gramme
of radium evolves 100 calories per hour, it follows that
100 calories result from the disintegration of 3,600 x 2:8 x 10~
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grammes of radium. The total energy evolved in the complete
disintegration of 1 gramme of radium is, therefore, about 10°
calories. The energy produced in the formation of 1 gramme
of water from ifs elements is approximately 4 x 10°. We thus
see that, in the atomic disintegration of radium, abont 250,000
times as much energy is produced as is produced in any known
chemical change. The question naturally arises whether this
energy is only possessed by radium, or is not common to heavy
elements in general. The normal character of radium as a
chemical element, and its close resemblance to the other elements
of the same family which are not radio-active—viz., barium,
strontium, &c.—points to the conclusion that the internal
atomic energy of the inactive heavy elements is probably of
the same order of magnitude as in radium, but the absence of
change in these cases prevents our obtaining any information
concerning it. In the ease of uranium and thorium, the
internal energy must be regarded as of a similar order of
magnitude to that of radium, and their relatively feeble radio-
activity is to be ascribed solely to their slow rate of disintegra-
tion. These considerations force us to the conclusion that
there is associated with the internal structure of the atom an
enormous store of energy which, in the majority of cases,
remains latent and unknowable. For the heaviest elements
the property of spontaneous atomic disintegration reveals its
existence and enables its amount to be calculated.




CHAPTER XII

ANTICIPATIONS.

Five Main Lines of Enquiry at Present Indicated—(1) The Maintenance or
Radium and Polonium in the Radio-active Minerals.—The View that
these Elements are Transition-forms.—Evidence with regard to
Polonium.—The Present Stage of the Enquiry with regard to Radium.
—(2) The Nature of the Atom.—The Meaning of the Law of Radio-
active Change.—The requirements of Chemistry.—Differences between
Individual Atoms of the same Element.—Deduction that the Component
Parts of the Atoms must be in Violent, Irregular Motion.— (3) T'he Law
of the Equivalence of Electric Charges.—Its Applicability to Sub-
atomic Change.—Fvidence of the Simultaneous Production of two
Positive Charges.—The Problem of Chemical Valency.—(4) The Age
of the BEarth.—The Controversy between Physics and Biology.—
Lord Kelvin's Estimate.—Consideration of the three Arguments in light
of Recent Knowledge.—A Great Extension of the Older Estimates
allowable, — Estimate of Maximum dge of the Earth based on
Radio-active Considerations.—10'"year Limit.—(5) The possibility of
the Reconstruction of the Heavier Elements.—The Difficulty of the
Source of Available Energy.—The Applicability of the Second Law of
Thermodynamics to Sub-atomic Changes.—Clerk-Maxwell's ** Sorting
Denmon.”—The Two Alternative Views.—The possibility of Cyeclic
Hrolution in Cozmical Processes.

The theory of atomie disintegration, at first put forward on
radio-active evidence alone, has received such a full measure of
direct experimental confirmation that it will be well to devote
this final chapter to the consideration of some features of
the theory which are clearly indicated at the present time, but
which have not yet received experimental verification. The
most important of these have to do (1) with the means by
which the quantity of radium (and polonium) is maintained in
the earth, (2) with the nature of the chemical atom and
closely bound up with it, (3) the question as to whether
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the equivalence of electric charges is maintained during atomie
disintegration, (4) the error in the older physical estimates of
the possible age of the earth, and (5) the possibility of a
continuous cyele of cosmical evolution to which the second law
of thermo-dynamics does not apply.

The determination of the average life of the radium atom
(p. 169) shows clearly that in the course of only a few
thousand years the quantity of radium existing in a mineral
would be reduced to practically nothing unless a concomitant
process of reproduction were taking place within the mineral.
In the case of polonium the same would oceur in the course of
only a few years. The readiest explanation is to suppose that
the radium and polonium atoms are themselves really meta-
bolons (in the sense of having been themselves produced
by sub-atomic change), but with a somewhat more extended
period of life than in the other cases. From this point of
view radium and polonium are merely slow-changing transition-
forms in the disintegration of a heavier and much more
slowly changing parent radio-element, as, for example, uranium
or thorium.

Consider the case of a disintegration series in which there is
a parent element, A, disintegrating at an excessively slow rate
through successive more rapidly changing transition-forms,
B, C, D, E, the respective rates of change being A,, A;, &e.
If N,, N,,, &c., represent the number of atoms of each type
present when the condition of radio-active equilibrium is
attained, the total radio-activity is the sum of A,N,, AgNy,
&e. A little consideration will show that A N, =AN;
= AcNg, &c., since at equilibrium the amount of each type
changing equals the amount produced. In this reasoning it is
assumed that one atom of A produces one atom of B, &ec.
Hence the amount of each transition-form accumulating is
inversely proportional to its rate of change or directly pro-
portional to its average life. 1f the parent element A exists
in a natural mineral the quantities of B, C, D), &e., present in
the mineral will be proportional to their average lives,

Suppose now that B, C, D are rapidily changing types, and
that E is a very slowly changing type. It follows that when
the mineral is separated into its various constituents by
chemical analysis, E will not appear as a transition-form like
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B, C, D, but as a new radio-element whose activity is sensibly
permanent. Whether E is detected by its ordinary chemical
reactions depends simply on its quantity, and this we have
seen is the greater the longer its average life. It thus appears
that the existence of a slow-changing transition-form at the
end of a series would probably be overlooked in work with
only small quantities of material, for both its radio-activity
and actual guantity will be relatively small. But when tons
of a mineral containing the parent element are worked up
these forms may be separated, and will appear as new power-
fully radio-elements possessing sensibly permanent activity.

The application of these considerations leads to the view
that polonium and radium may both be transition-forms in the
disintegration series of uranium. The rate of change of
uraniun, judging by the radio-activity of unit weight compared
to that of radium, is about one million times less than the rate
of change of radium, Hence in a mineral in radio-active
equilibrinm the quantity of uranium should be about one
million times the quantity of radium. The rate of change of
polonium is about one thousand times that of radium, and the
quantity of polonium should be about one-thousandth of the
quantity of radium, or 10~° of the quantity of uranmium. The
work of Mme. Curie, Giesel and Marckwald on the proportion
of radium and poloninm in pitchblende (Chapter IL) sup-
ports the view that radium and polonium are produced from
uranium.

Consider, first, the case of polonium, and what would oceur
if it were being produced as a transition-form in a disintegra-
tion series. Owing to its comparatively slow rate of change,
the activity of the polonium for short periods of production
would be very feeble compared with the activity of the earlier-
produced and more rapidly changing transition-forms in the
same series. Dut if the process of production were extended
for some years, the activity of the polonium would increase
to an equilibrium value eomparable with that of the other
types. This suggests that possibly Mme. Curie’s discovery
of the “induced activity of radium with slow rate of dissipation™
(p. 140) is caused by polonium, and that this type results as
the product of the change of the matter causing the ordinary
imparted activity of radium. Consider some definite quantity
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of the latter changing into polonium. After the change is
complete the relative activities of the polonium and the
matter producing it may be expected to be of the same order
as the relative rates of change of the two types. Since for
polonium A=2x 107" and for the last stage of the imparted
activity matter A=4x 10", the activity of the polonium
should be about 5x 107, or 543s4th of that of the imparted
activity matter producing it. Now Mme. Curie found that
the residual activity left after the ordinary imparted activity
of radium had completely decayed was about 54!;5th of the
original activity., The agreement is certainly striking, but it
must be borne in mind that sufficient data are not available
as to how the above experimental value was obtained to make
it clear whether these considerations hold. The ratio of the
two activities must be determined for only a short period of
production of the imparted activity. If a negatively-charged
wire were left in a vessel containing the emanation for
several weeks until the latter had completely changed, the
residual activity left on the wire will represent the result of
the change of the total emanation, and the ratio of the initial
activity of the emanafion to that of the residual activity will
then be the ratio of the rate of change of the emanation (not
the imparted activity) to the rate of change of polonium, and
would be far higher than ;1,,th. If, on the other hand, the
wire had been exposed to the emanation for only an hour or
two, then Mme. Curie’s result is to be expected.

The view that polonium is a disintegration product of
radium is at first sight strongly confirmed by some experiments
of Giesel (Ber. d. Deutsch. Chem. Ges., 1903, p. 2,368).
Giesel repeated the method applied by Marckwald for the
separation of polonium from pitchblende, and kept pieces of
bismuth, palladium and platinum respectively in solutions of
powerful radinm preparations. He obtained a sensibly
permanent activity, consisting only of e rays, from the metals
after they had been freed from every trace of radium and were
left to themselves for a few days. He further found that the
radio-active deposit was formed on a wire held in the air
above the solution, which is in accordance with the above
conclusion that polonium is produced from the matter causing
the .induced activity, which itself is prodnced from the
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emanation, which would diffuse into the air above a radium
solution.

Now the characteristic of the polonium radiation is that it
consists only of e-rays. In some experiments performed by
the Author on the character of the radiation from the residual
activity left by the radinm emanation, it was found that both
3 and a-rays were present, although the former were not very
obvious and the ratio of the two types was much less than in
the ease of uranium. It is possible that these S-rays result
from intermediate products, and that they will be found to
have decayed when the radiations are re-examined after a
sufficient interval. Or, possibly, we have here a case of the
simultaneous production of two different types of active
matter in the same disintegration. But on this account the
question as to whether polonium is the last type produced in
the disintegration of radium still remains open. A conclusive
proof could only be obtained by comparing the rate of decay
of the activity of the two types, and this must of necessity
take several years.

With regard to the case of radium, the Author has recently
found that the quantity of radium produced by uranium in
the first year of accumulation is not | 5oyth part of the
quantity that would be expected to result, assuming a direct
change of uranium into radium. The method was to com-
pletely free 1kg. of uranium nitrate from radium by precipi-
tating barium in its solution by means of sulphuric acid.
It was found that the barium sulphate drags down even the
last traces of radium present. The test for the latter was the
emanation, which was allowed to accumulate about four
days in a closed vessel before being sent into an electroscope.
As uranium does not give an emanation, the presence of radium
could thus be very simply detected. After the lapse of about
a year the quantity of radium present, using the same test,
was found to be less than 107! gramme, If the average life
of uranium atom is assumed to be 10° years, in lkg. of the
nitrate about 5 x 10-7 gramme would change per year, and
if this had turned into radium it would have been 100,000
times as much as could have been detected under the condi-
tions of measurement. Hence, the source of radium in
minerals still remains a completely open question. It is



176 RADIO-ACTIVITY.

possible that if an intermediate form (other than uraninm X,
which changes too quickly to affect the result) exists between
uraninm and radinm—as, for example, actinium—with a very
slow rate of change, that it would account for the above
result. The same explanation might also account for the
known fact that some minerals containing uranium appear to
contain but little radium, for if the matter passed through a
gaseous stage (or an emanation) before the radium was pro-
duced, the amount of the latter present in a mineral would
depend upon whether the emanation was able to escape or was
accumulated by the mineral. But it seems more probable from
the available evidence that uranium is not the parent element
of radium, and the question remains at present unsettled.

The Nature of the Atom.—It has been pointed out that the
law followed by radio-active change, that a constant proportion
of the total number of atoms changes in unit time, is that
followed by a monomolecular chemical reaction. It is difficult
to find a true case of monomolecular reaction analogous to
radio-active change. Many so-called monomolecular reactions
are polymolecular, in which one molecule is present in over-
whelming preponderance, as in the historic case for which the
law was discovered by Wilhelmy—the hydrolysis of cane
sugar in agueous solution.

The true monomolecular reactions which have been studied
accurately are nearly all endothermic, i.e., proceed with absorp-
tion of heat, instead of with evolution as in radio-active change.
An example is the dissociation of the diatomic iodine mole-
cule into single atoms. The course of a monomolecular
reaction proceeding with heat evolution cannot be aceurately
studied, because the heat produced itself increases the rate of
change, which often proceeds to explosion, as in the case of
the decomposition of any high explosive. Chemistry, there-
fore, does not offer much assistance in the inquiry as to the
physical meaning of the law of radio-active change. Since
external conditions do not affect the rate of change, and the
change proceeds with evolution of energy, the question
naturally arises as to the controlling influence which regulates
the speed of the reaction and ensures that only a certain
fraction of the total number of systems shall change in unit
time. In short, why do not all atoms of a radio-active
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substance break up together, since all ultimately break up, and
in so doing evolve vast quantities of energy ? Obviously there
must exist individual differences between the atoms, and, since
temperature and other influences are without effect, these
differences cannot be merely due to external differences, such
as varying speed of translation, &e. They must be sought for
within the atom structure.

This is an absolutely fundamental conclusion in its bearing
on chemistry. The atomic hypothesis of Dalton, although
frequently associated vaguely with other quite alien considera-
tions as to the stability of atoms, differed in one essential
particular from earlier atomistic notions, prevalent as far back
as recorded history. The atoms of one type of matter, or
element, according to the Daltonian theory, are all alile, and
different in essential and recognisable properties from the
atoms of any other type. Until the discovery of radio-
activity this held true without exception, although in the case
of the rare-earth elements the differences are so slight—the
different types seeming to merge almost continuously into one
another—that the validity of the law might be questioned. In
the case of the radio-active elements, although for ordinary
properties they may be considered to he among the best defined
and most sharply distinguished of the Daltonian atoms, their
additional property of disintegration reveals an undoubted
difference between the individual atoms. An example will
serve to emphasise the point. It was shown on p. 125 that
the average life of each typical unstable atom is a constant
well suited for its experimental identification. Yet, if a
quantity of a homogeneous radio-active element is considered
from any instant, some of the atoms break up in the first
second, and their life is therefore something less than a second,
whereas, even after infinite time, some atoms will, theoretically, -
survive. The actual life of an atom of radium has all values
between zero and infinity. This precludes the idea that the
atom structure is similar to an isolated solar system in which
the parts go throngh cycles of motion unperturbed by external
agencies. If disintegration occurred at a certain orientation of
the planets, then, although in a collection of a large number of
such systems all possible orientations might be imagined to exist
at the same instant, and some would therefore disintegrate

N
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immediately, the maximum life of any system could not exceed a
certain value, represented in an elementary ease by one complete
cycle. The proportion of the total changing wonld increase with
lapse of time, for a definite number rather than a definite
fraction would come into the unstable position every second.
The average life of the systems would depend on the extent of
their previous history, whereas the most fundamentally
remarkable feature of radio-active systems is that the average
life is a constant, independent of the length of time the
systems have survived. Hence, the idea of such solar systems
is excluded. It is, also, quite untenable on purely chemical
grounds. For, if cycles of motion existed—the orientation of
the atom passing through a defined course and returning again
to its initial position after a finite time—chemical differences
should exist between the individual atoms, and it should be
easy by chemical analysis to separate the homogeneous elements
into groups of similar phase, the difference of the groups dis-
appearing slowly with lapse of time. DPossibly such an idea,
or a development, might apply to the case of the rare-earth
alements already alluded to.

The question remains, Is it possible to frame a first view
of atomic structure which shall be consistent with the law of
radio-active change and the well-known demands of chemistry ?
It is simpler to consider the latter first. We have seen that
no slow-recurring cycle of internal motion can be entertained.
Nevertheless, individual differences must be admitted. There
would seem no escape from the conclusion that the internal
parts of an atom must be in extremely rapid motion, so that,
even although chemical differences exist between atoms of
different phase, and these are capable of separation by suitable
processes, the reversion of the opposed phases to the general
average must take place so quickly that no difference of pro-
perties between the two parts after separation is detectable
Hence the conclusion that the internal structure of an atom is
in violent motion, which is, of course, one of the first principles
of the electronic view of the constitution of matter, can he
deduced from quite independent considerations.

The bearing of the 1dea on chemical theory cannot be discussed
here. It will be seen at once that chemical properties must be
regarded as average properties, the individual atoms varying
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continuously in nature between certain limits, which need not
necessarily be narrow. Whether this will assist the elucidation
of any of the problems of chemistry remains for the future.
The position is reached that rapidly recurring motions within
the atom, giving rise to orientations exhibiting individual
differences, but reverting to a general average in extremely
short intervals of time after separation, can, at least, be enter-
tained. The problem remains as to how the slow periods of
radio-active changes are brought about. The mutual action
of the systems on one another would seem to be excluded,
otherwise radio-active chanve should vary with conecentration.
Hence the case may be considered as hetween the single atom
and its action on the universal ether. It would appear, from
the nature of the case, that the cause of the disintegration can-
not be due to any regular or continuous action between the
matter and the ether, which produces a permanent effect on
the internal nature of the atom. If, for example, one supposes,
with Sir Oliver Lodge, that the reaction between the revolving
parts of the atom and the ether gives rise to an electromag-
netic wave radiation, which diminishes the total internal
energy to a point below which disintegration is possible, it is
difficult to see how the average life of the systems surviving
at each instant is constant and independent of the extent of
their previous existence. It seems certain that no permanent
alteration of a gradual character can occur in the structure of
an atom with lapse of time. An atom that has just failed at
one instant to disintegrate may in the next instant be as far
removed as any from the unstable condition. In other words,
the action appears to be due to ““chance "— i.¢., the orientation
assumed at one instant has no determining influence on the
orientation about to be assuimed at the next instant. The
conclusion is thus arrived at that the internal movements of
the atom must be highly irregular and cannot follow a definite
sequence 1f the law of radio-active change is to hold good.
The unstable position appears to be rather the result of a
chanece collocation of the parts than to he due to the operation
of any simple law. An analogy might be drawn from the
kinetic theory of gases, in which certain of the molecules are
regarded as possessing momentarily much higher and others
much lower temperature than the average, and the acting
N2
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causes are so complex that, although the proportion of the
whole at any temperature may possibly be calculated when
the total number of systems is exceedingly great, the indi-
vidual history of any one molecule is quite indefinite. In a
radio-active substance a definite fraction of the total assumes a
peculiar orientation and disintegrates in each second, but the
life of any single atom is quite indefinite. The canses at work
appear to be so complex that the results can only at present
be described as ““ chance ” or * accidental ” happenings, in the
sense of being impossible to predict. The conclusion is reached
that the structure of the atom must be in excessively rapid
and erveqular mofion. This is a step further than purely
electrical considerations at present indicate.

Atomic disintegration is of such a completely novel character,
and is so far removed from all ordinary atomic and molecular
phenomena, that none of the fundamental laws which regulate
the latter necessarily apply, by analogy, to the former. It
was pointed out on p. 164 that it is not to be expected that
the law of the conservation of mass will hold true for radio-
active phenomena. The work of Kaufimmann may be taken as an
experimental proof of the increase of apparent mass of the
electron when its speed approaches that of light. Since during
disintegration electrons are expelled at speeds very near that
of light, which, after expulsion, experience resistance and
suffer diminution of velocity, the total mass must be less after
disintegration than before. On this view atomic mass must
be regarded as a function of the internal energy, and the dissi-
pation of the latter in radio-activity occurs at the expense, to
some extent at least, of the mass of the system.

The Lew of the Equivalence of Eleetric Charges.—Of other
generalities which have found universal acceptance in the
domain of molecular physics, the fundamental law of elee-
tricity, that in an originally electrically neutral system
positive and negative electricity always result together in
equal quantities, remains to be considered with reference to
radio-activity. It must be understood that the evidence at
present available is little more than sufficient to justify the
question being raised. Although apparently pointing in one
direction, so many possibilities arise, which have not yet been
critically examined, that the bearing of the evidence must
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be accepted with reserve. The main phenomenon of radio-
activity has been shown to consist in the successive expulsion
of positively charged particles from an originally neutral
atom. The deduction, therefore, is that the atomic residue
after each expulsion should be left negatively charged. In
the cases which have been most completely examined it is
found to be left posifively charged, so that it would appear
that there is the simultaneous production of two positive
charges during many cases of atomic disintegration. The bhest
established cases are those, worked out by Rutherford, of the
change of the emanations of thorium and radium into the
matter causing the imparted activity. It was pointed out
(p. 141) that the emanation atom, whether charged or not at
the moment of formation, rapidly becomes uncharged, and at
the moment of disintegration must be considered neutral. In
the case of radinm the positive charge carried hy the a particle
expelled has been proved by Rutherford by the direction of
the deviation of the particle in a magnetic field. All the o
particles from radium are deviated as though positively charged,
and since about 40 per cent of the total a radiation is, under
ordinary circumstances, derived from the emanation, the a
radiation of the emanation must carry a positive charge. The
matter produced from the atom after the expulsion of the
positive ray is also positively charged, and moves in an electric
field to the negative electrode. The same holds true for the
thorium emanation and imparted activity. In other cases
there is evidence that the residual system is left positively
charged at the moment of the expulsion of the ray.

Prof. J. J. Thomson* recently performed the following
experiment :—

A quantity of radium was completely enclosed in a block of
lead to which two gold leaves were externally attached. The
system was suspended by a quartz fibre in a highly exhausted
space. It was found that if the lead was of sufficient thickness
to completely absorb the f radiation the leaves did not charge.
With smaller thickness of lead the leaves diverged with a posi-
tive charge as in Strutt’s apparatus (Fig. 19). This would seem
to prove that the positive and negative electricity produced
during the disintegration are equal and neutralise one another.

# Private communication.
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It must be pointed out that no direct evidence has yet been
obtained of the positive charge carried by the a particle. Wien,
in some recent experiments, songht to perform a similar experi-
ment to that of M. and Mme. Curie for the S-rays of radium
(p. 73) for the a-rays, but failed to obtain a positive result.

The reason why these considerations are here introduced
is to draw attention to the bearing of the evidence on the
problem of chemical valency. Assume, for the sake of
example, that the a particle is an atom of helium. The dis-
ruption of the divalent radium atom produces two non-valent
atoms—helinm and the emanation. This is such a novel
change that the question may reasonably be asked whether it
is right to assume that the electrical neutrality of the system
1s preserved under these conditions. We have at present no
certain knowledge of the meaning either of electrical neutrality
or valency. Is it necessarily to be assumed that the older
ideas of the nature of the electric charge will apply without
modification to the profound changes within the atom that
oceur in radio active processes !

The Aqge of the Earth.—The discovery of the enormous store
of available energy latent in certain atomic structures, and the
probable existence of this energy—although not yet shown te
be available—in all atoms, which was discussed in the last
chapter, have an intimate connection with the problems of
cosmical evolution, and the requirements of biology and
geology. Throughout the latter part of the last century a
controversy, as to the possible age of the earth as a planet
fitted for habitation, existed between two schools, represented
by the physicists on the one side and the biologists on the
other. Some of the arguments advanced by the former make
strange reading at the present time. The case for the physi-
cists was presented by the late Prof. Tait in some “ Lectures
on Recent Advances in Physical Science,”* and the following
extracts may be quoted : —

“Thus we can say at once to the geologists, that, granting
this premiss—that physical laws have remained as they are
now and fhal we know of all the physical laws that have been
aperating during thaf lime—we cannot give more scope for
their speculations than about 10 or (say at most) 15 million

3 g ~ * Macmillan é‘:.ﬂu-., 1895. g
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years. But I dare say many of you are aequainted with
the speculation of Lyell and others, especially of Darwin,
who tell us that for even a comparatively brief portion of
recent geological history three hundred millions of years will
not suffice ! We say—so much the worse for geology as at
present understood by its chief authorities, for, as you will
presently see, physical considerations from various independent
points of view render it utterly impossible that more than 10
or 15 million years can be granted.” The sentence here
italicised needs no further comment, in light of present-day
knowledge, to decide the question in favour of the geolo-
gists. The demands of the latter, at first considered extrava-
gant, are well within the range of even the present limited
knowledge of the energy associated with matter.

Lord Kelvin arrived at the 10 million year estimate of the
past age of the earth as a habitable world from three indepen-
dent considerations. The first was based on the internal heat
of the earth and the rise in temperature beneath the surface.
From the temperature gradient—about 1°C. for every 100ft.
of descent—the loss of heat from the centre ontward and the
temperature of the surface at any time previous could be
caleulated. This leads to the conclusion that not more than
about 10 million years ago the surface of the earth must have
been still molten. This argument rests on the assumption
that the earth was a self-cooling planet, whereas we now know
that it is self-heating also. If only a small fraction of the
matter of the earth possessed the property of heat-evolution
to only the same extent as the element uranium (which prob-
ably evolves about 1 calorie per gramme per year and lasts
for thousands of millions of years), it will readily be seen that
the rise of temperature from the surface of the earth inwards
might have been attained by supposing it to have originally
been a cold body spontaneously self-heating, rather than a hot
body spontancously self-cooling.

The second argument rested ‘on what is known as tidal
retardation. The earth rotates faster than the moon revolves.
The moveable parts of the earth’s surface—the oceans—are at-
tracted towards the moon and tend to rotate slower than the rest
of the earth. The consequences are twofold. In attracting the
water the moon is itself attracted to an equal and opposite extent,



154 RADIO-ACTIVITY.

and its period of revolution—the lunar month—is decreasing.
The period of the earth’s rotation—the terrestrial day—is bheing
correspondingly increased by the frietion’ with which it opposes
the tidal movements of the oceans. At some distant date the
earth will rotate in the same period as the moon revolves, and
the lunar month and terrestrial day will be identical. The
rate of increase of the earth’s period of rotation being known,
its value for any past time can be calculated. The problem
was to find the time at which the earth was rotating at such a
rate that it took the particular shape it possesses at present.
It was assumed that the polar flattening now existing was that
prevalent at the time the crust of the earth solidified, and that
after this event this shape has been retained unaltered. The
result went to show that the diurnal period must have been
almost what it is now to have produced the existing flattening,
and hence it was argued that the earth must have been fluid
less than 10 million years ago. The recent work of Prof. F. G.
Adams, the geologist, on the flow of erystalline rocks under
pressure, would seem to indicate that the earth counld not be
regarded as a rigid body even if it were solid to the centre. It
would seem more reasonable to suppose that the earth's shape
would conform to its existing period of rotation, like a viscous
fluid, exhibiting, possibly, a certain amount of lag.

Even more important is the possibility that the energy of
planetary rotation is being maintained, possibly by the radiant
pressure of light.* This most recently discovered factor in the
processes of cosmical evolution has not yet been reckoned with.
Like sub-atomic change, it is one of those infinitely small
agencies which, acting over infinite time, may profoundly
modify the conditions of the problem to be solved.

The third argument was based upon the length of past time
that the sun could have maintained its radiation. Prof.
Tait, in the lectures referred to, said, “Take (in mass equal to
the sun’s mass) the most energetic chemicals known to us and
the proper proportion for giving the greatest amount of heat

* For some mechanical experiments dLulgncd on ths idea, see . W. D
Kestel, * Radiant Energy, a Working Power in the Mechanism of the
Univerze” (Port Adelaide, 1898). No mathematical analysis of the effects
of light pressure on planetary motion seems as yet to have been under-
taken. The problem is of extreme interest.
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by actual chemical combination, and, so far as we yet know
their properties, we cannot see the means of supplying the
sun’s present waste for even 5,000 years. . . . It is quite
obvious that the heat of the sun cannot possibly be supplied
by any chemical process of which we have the slightest con-
ception. . . . This question is totally unanswerable, unless
there be chemical agencies at work in the sun of a far more
powerful order than anything we meet with on the earth’s
surface.” Failing any such agency Tait proceeded to fall back
on gravitational energy as the source of the sun’s heat.
Adopting the nebular hypothesis of Laplace, that the various
planets and suns are formed by the falling together of small
masses originally attracted to one another from great distances,
it was pointed out that the heat evolved on the impact of such
masses must be of a far higher order than the same masses
could produce by chemical combination, and that there was
no diffienlty in accounting for very long periods of solar
radiation on this hypothesis. “But, on the very highest
computation that can be permitted, it cannot have supplied
the earth [during the past], even at the present rate, for more
than about 15 or 20 million years.”

The almost prophetie qualification with regard to “ chemical
agencies of a far more powerful order than anything we meet
with * will be appreciated at the present time. It remains to
be seen whether the meteoric or any similar more recent
hypothesis, such as that of shrinkage, 1s not rendered unneces-
gary, or at least of subsidiary importance, by the existence of
the available energy of atomic structures undergoing degrada-
tion. Undoubtedly radio-activity is but one manifestation of
such energy. If all matter, on the average, were disinte-
grating at the same rate as uranium without exhibiting radio-
activity the effects would have escaped observation in the
laboratory but would still be great enough to be the ultimate
controlling factor of cosmical evolution. It is to be hoped
that the whole question will be gone into exhaustively in its
various bearings by those able to speak with authority in their
respective sciences.

With regard to radio-activity, an independent limit of the
past age of the earth is zet by our present ignorance of any
concomitant process of atomic reconstruction. If it be assumed
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that no such process has been going on, at least for the last
thousand or ten thousand million years, the past age of the
radio-active minerals is fixed simply by the period of the
average life of the elements uranium and thorium. We have
seen that it is probable that all the other cases of radio-active
elements will ultimately come to be regarded as products of
more slow-changing elements, such as uraninm and thorium.
From this point of view the minerals containing a large pro-
portion of uranium must have been formed within the period
of the average life of the atom of this element. The value
given for the latter—10? years—is somewhat uncertain, and a
margin as between 10° and 10” years should be allowed. We
thus see that the pitchblendes and uraninites must have heen
formed within, say, the last thousand million years, and possibly
within the last hundred million years, With regard to the
age of the earth, some further information is obtained by
finding the proportion of uranium remaining at various
intervals, assuming 10° years as the period of average life. In

: iz 4
10® years the quantity would be reduced to Rl 2% 10° years

to j and so on; so that in 10° years the total quantity would
be reduced to 0-004 per cent. of the original. In 10" years it
would be reduced to 4x10-%, So that, even if the whole
earth were originally uranium, and no reproduction has taken
place, it cannot have survived more than 10° or 10" years.
The Possibility of the Eeconstruction of Matfer.—The question,
therefore, naturally arises as to whether this really sets
the limits of the earth’s history—or, indeed, of that of
any body in which uraninm is present; or whether it is not
more philosophical to suppose that even the parent radio-
elements are being reconstructed. In this supposition we are
met at once with what appears to be an almost insurmountable
difficulty. We know, from the energy emitted by a disinte-
grating atom, the absorption that must take place if that atom
is to be reconstructed out of its constituents, and this is so
great that it is difficult to imagine how it can be furnished
from its surroundings unless a considerable area is taxed for
the supply. At first sight it seems that the atomic theory,
which bears out and is borne out so strikingly by atomic dis-
integration, opposes a barrier to any conception of atomie
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up-building. A gradual and continuous accretion of atomie
mass, in which the energy was supplied in very small steps as
available from the surroundings, seems the only process readily
conceivable. But the atomic theory appears to demand equally
with a per soltwm degradation a per salfum aceretion. This
difficulty is, however, not real. 'We have only to account for
the step-by-step increase in the complexity of atoms as known
fo us. It is not necessary to assume that it is impossible for
intermediate forms (representing a practically continuous
increase of atomic mass from the lightest to the heaviest known
atom) to be altogether incapable of existence. All that is
required is that the rate of accretion of mass should be more
rapid between the points of stability as represented by the
atoms of the Periodic Table. This would ensure that the
intermediate forms in the up-building process, like the transi-
tion—forms in that of disintegration, would never aceumulate in
sufficient quantity to have heen yet detected by direct methods.

The only question, therefore, is as to the source of the
necessary energy. We have seen that, with the advent of the
possibility of atomic changes, the applicability of the long-
aceepted generalisations of science—the conservation of mass,
the equivalence of electric charges, &c.—to the new conditions
are legitimate objects of inquiry. The principle that is now
called into question is the second law of thermo-dynamics,
This undoubtedly, with the others, must be put upon its trial,
and its claim to universal application be tested anew. Fortu-
nately, owing to the genius of Clerk-Maxwell, the limitations
of this law have long been clearly recognised. From the
kinetic theory of cases it follows that in a gas of uniform
temperature the individual molecules must be moving at
varying velocities, and therefore possess different kinetic
energies. The temperature of the gas represents the average
temperature, as measured by the kinetie energy, of the mole-
cules. Clerk-Maxwell imagined some supernatural agency to
sort the molecules into two parts, the one possessing kinetic
energy higher than, and the other lower than, the average.
Such a process can be imagined to be effected without the
performance of work, and the gas can therefore be obtained in
two portions at different temperatures. The second law of
thermodynamics states that such a proeess as this is impossible
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without the performance of work. One part of a body of
uniform temperature cannot grow hotter at the expense of
the heat of the remainder unless work is performed upon it.
Yet, according to the kinetic theory of gases, a gas in which
all the molecules were originally at the same temperature,
would, after a short time, consist of molecules at different tem-
peratures, the average temperature only remaining unchanged.

The question therefore arises, C'an the second law of thermo-
dynamies be applied to sub-atomic change ? Or, has the law,
like that of the immutability of the elements, only a limited
range ! All processes of evolution at present revealed proceed
in the one direction, the energy being “ degraded ” into heat
of uniform temperature, whick is no longer available for any
useful purpose. A limit is thus fixed when all change must cease
unless there is an upward process going on in Nature, whereby
the energy passes back again into available forms. This is the
real question underlying the possibility of a reconstruction of
the elements with the absorption of energy. The latter is so
enormous that it is difficult to imagine any other source than
heat of uniform temperature, to be sufficient for the purpose.

The position reached is at least definite. If the doctrine of
the transformation of energy proceeding spontaneously in only
one direction is universally true, the limits of the possible age
of the earth would seem to be fixed at a maximum of 10" or
10" years. The end of evolution is definitely fixed as oceurring
when all the available energy shall have run its course to
exhaustion.  Correspondingly, a sudden beginning of the
universe—the time when present laws began to operate—is also
fixed. It is necessary to suppose that the universe, as a thing
in being, had its origin in some initial creative act, in which a
certain amount of energy was conferred upon it sufficient to-
keep it in being for some period of years. It is possible, it is
true, to avoid the end indefinitely, since the rate of change will
diminish as the end is approached, and theoretically the end
will require an infinite time to be attained. But the difliculty
connected with the beginning cannot be so avoided.

The alternative view, which is only beginning to appear
even possible, is that the second law with regard to the
availability of energy does not universally apply, and that, in
the infinitely varied processes of Nature a cyclic scheme of
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evolution is possible. The heavy elements, on one side of the
cycle, may yield a continuous supply of available energy,
while the lighter elements are continuously growing, by the
gradual accretion of masses, possibly of electronic dimensions,
and at the same time storing up the * waste ” energy produced
in the opposite process. The essential law of the universe may
be that the total quantity of energy is constant, and that what
we call low-grade and high-grade energy is the expression of
the limited means at our disposal for utilising it. If we lived
in a sub-atomic instead of a molecular world possibly the
significance of the terms might be reversed. The universe
would then appear as a conservative system, limited with
reference neither to the future nor the past, and demanding
neither an initial creative act to start it nor a final state of
exhaustion as its necessary termination. This point of view
is, in every way, such a much more complete and satisfactory
one that it is perhaps necessary again to emphasise that it is
only at present a mere speculation, or perhaps one of those
coming events which cast their shadows before! The really
essential advance that the results dealt with in this book lead
to, is that the limitations with respect to the past and future
history of the universe have been enormously extended.
Exactly how much time can be given to the biologist in which
to work out his processes is a matter which will require some
considerable discussion to adjudge. The unconscious appli-
cation of generalisations which have only a limited scope to
the universal problems of evolution has served in the past to
restrain the legitimate aspirations of science. Out of the revolu-
tion, which the new knowledge must effect in every branch
of philosophy, one thought, long nascent, at length begins to
take definite shape. Each new advance increases the period of
time over which the laws of Nature can be regarded as having
been in continuous operation without external interference.

The limitations, with respect to a beginning and an end,
which one era imposes, disappear in the next. So that it is
not unreasonable to anticipate that ultimately these laws will
be recognised to operate, not only universally with regard to
space, which has long been admitted, but also consistently
with reference to time.
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'Ra.dmm and Radio- Active Substances.
- RADIUM -~

ON SALE AND LET ON HIRE.—Write for Terms.

The following can be had by return of post. i _
PITCHBLENDE, direct from Joachimsthal, very
radio-active, from 1/- to 30/- per piece. W s it
)l ITACOLOMITE, or flexible sandstone, 10/- to 25/- W
per piece (very rare),
KUNZITE, 1/- per gramme. Selected, clear, 2/-.
SPARTEITE (see © Naruse " 31/3/04, fol. 523), 2/- and upwards.
CHLOROPHANE, 2/- and upwards. BARIUM PLATINO CYANIDE IN
LARGE CRYSTALS in course of manufacture. (Ouwpers Booken,
ZINC SULPHIDE. Phosphorescing a beautiful Green, 2/6 per tube.
1 " s " Yellow, 2/6
CALCIUM SULPHIDE ,, 5 Violet, 1f- .,
RADIO-ACTIVE RESIDUE from which Radium is made ; very scarce, 2/ per tube.
POLONIUM SULPHIDE, in tubes of one gramme, 21/-
- on Bismuth Rod or Dise .. e 25/-
- on Copper - 25/-
RADIO-ACTIVE SCREENS {"M!lcnutn} 6d. per sq. inch. Plat. Bar. Cyan Screen,

9d. per sq. inch.
(Zine. Sulph.), 10 x 10 cm. 7/6,

#¥ ¥
SAMARSKITE, THORITE, | BLACK and YELLOW
CARNOTITE, ARRBRENITE, Z WUCKITT,
EUXENITE, ORANGITE, | URANITE,
URACONITE, AUTUNITE, '\ FERGUSSONIT,
BROGGERITE, ALVITE, FORBERITE,
SIPILITE, URAN GLIMMER, CHALCOLITE, &c.

RADIOMETERS, ELECTROSCOPES, SPINTHARISCOPES,
VACUUM TUBES.

All may be had at reasonable prices.
Professional Men, Universities, Schools, &e,, allowed special terms.

OUR MNEWLY INVENTED THORIUM INHALERS MAY BE HAD ON HIRE.

ARMBRECHT, NELSON & CO.,

/1 & 73, DUKE ST GRUS‘H’ENUR 5Q., LONDON, W.

1-=Lep1-un= » GE mulm 40472,

N B.—We have received a mn.m[_,nmeut of the New Zealand Vegetable Caterpillar ;
it is from 2 to 3 inches long, with a stem slmwmg fructification growing out of its head.
Secientific name of the insect is Hepialus vivescens ; the name of the fungus is Spheria
Lobertsiana. Specimens may be had from 10/6 to 21/-, aceording to quality and size.

TERMS, CASH WITH ORDER.
Goods may be returned if not approved nf when money will be refunded.

TWO SPACIOUS DARK ROOMS TO SHOW RADIUM ACTIVITY.




REYNOLDS & BRANSON.

LIMITED,
Philosopbical Instrument Makers, =

< Opticians § Danutacturing Chemists.

—

CHEMICALS and APPARATUS

FOR THE

STUDY OF RADIO-AGTIVITY

(See SPECIAL CIRCULAR, paaf free).

APPARATUS [aa f:gurtd and made in Q

our own workshops) to
demonstrate the ionisation of air in the presence

of aqueous vapour by radio-active substances. A
very striking experiment for the lecture room.

[T

The apparatus is similar to that described by Prof.
J. J. TuomsoxN in Phil, Mag., March, 1903, 5 5
Price, 12/6 each. Height, 30 inches over all. s
=

Glass Water Pumps, selected, 3/~ each extra. mﬂ‘__ L))
e i

o 1

Sl ECUEE

To show Comparative Radio-Activities.

Simple form, as illustrated (two angles
marked) ... ... 5/b each.

Model, with Graduated Are {10Q/- ,,
The above Electroscopes. are well suited

for projection in the Seience Lantern and
are very efficient.

GLASSBLOWING, also METAL and
WOOD WORKSHOPS

14, Commercial Street, LEEDS.




W. WATSON & SONS

SUPPLY

$ ;__t'. ® Radio-Active Substances and Apparatus for Demonstration.
| | CROOKES' SPINTHARISCOPE.

To show the Scintillations of Radiurm.
THE MOST EFFECTIVE. THE BEST DESIGN.
For the Pocket £1 1 o0 | For the Microscope £o 10 6

RADIUM BROMIDE.

High Activity. Five Milligramme Tubes each £7 10 o©
Medium Activity. Two Centigramme Tubes each £0 10 ©

WATSON & SONS' RADIUM ROD contains a small quantity of
high-activity Radium with which an Jteatl‘cscnpe can be discharged

and many interesting Experiments made .. each £3 5 o0
WATSON & S0NS' ELECTROSCOPE can be ﬂlscharged with
Radinum Rod = - complete £1 5 ©

RADIUM SCREENS FOR PHOTDGRAPHY

} plate, 3/6 each ; } plate, 6/6 each; 1f1 plate, 10/6 each.

With these, Negatives of Coins and other subjects enclosed in light tight bags may be produced
and Shadow Pictures obtained.

RADIUM FOR THERAPEUTIC PURFPOSES.
X-RAY AND HIGH-FREQUENCY APPARATUS.

Send for Tllustrated Price Licts gnd full partieelars pogt free on applicafion.

W. WATSON & SONS, =755 ... 313, High Holborn, LONDON, W.C.

Andat 16, Forrest Road, EDINBURGH .
Depot : —8. Swanston Street, MELBOURNE, AUSTR&LI&

S i B

RBDIO- HCTI‘U’ITY

And allied Phenomena are most conveniently and accu-
rately studied by means of our new

MICRO-ELECTROSCOPE,

as designed and used by Mr. C. T. R. Wnsox, F.R.S.

This Instroment combines very low capacity, high
sensitiveness and consistency of readings with very
perfect insulation and freedom from dlaturhauce by
external fields.

Price of Electroscope alone .. £210 0
s Microscope and Support £4 13 0
o  Stand ancl Accessories.. £ 12 0

Also ELEGTHGHETEHS

made in accordance with the published
specifications of Dr. F. DoLezaLEx.

Price i o .. £710 0

Full Particulars on application.

THE

CAMBRIDGE SCIENTIFIC INSTRUMENT
COMPANY, LIMITED.
HEAD OFFICE AND WORKS :—
CAMBRIDGE, ENGLAND.

London Office and Showroom :—02, HATTON GARDEN, E.C.
4]



RADI U M IN ITS EMPLOYMENT IN THERAPEUTICS AND
FOR sciEmFm RESEARCH.  Prices o

application.
APPLICATORS (MacLeod) .. ":111 face each 7/6. Throat £1 1/-
BARIUM PLATINOCYANIDE SCREENS s .. per sq. inch, -9
CALCIUM SULPHIDE, Luminous .. - - S .. perlb., 8/-
KUNZITE . - o per gramme, 1/-
POLDNIUM BISMUTI—I and CDFPER DISCS o ..  each 25/-
PITCHBELENDE SPECIMENS. Price according 1’;:: 1r:=t.iﬂ.'it.y.
URANIUM NITRATE A o i o A .. per oz., 1f-
THORIUM HYDROXIDE .. o - .. Der oz., 4/-; per lb., 48/-
o PADS .. o - - A E.aLh 10/6
WILLEMITE Natural Specimens o - - - - B
Artificial Specimens .. NE o o o T ek
ZINC SULPHIDE Active e . per gramme, 1/6
o - SCREENS, 10x l'I:II centimetres e e each 7/6

Special Quotafions for Quaniity.

CHEMICALS AND APPARATUS FOR SCIENTIFIC RESEARCH.—Write for List.
SPI NTHARISCOPES_

Showing the Scintillations of Radium,
24/=

W. MARTINDALE, "
10, NEW CAVENDISH ST., W.

Telegraphic Address : ** MARTINDALE CHEMIST LONDON.” Telephone : 1707 PADDIRGTON,

HELIUM

o ARGON.

Prepared under the direction of

SIR Wh. RAMSAY I{CB LL.D., D.Sc.,
THOMAS ‘l'YRER & GO., Is‘l'D

STRATFORD, LONDON, E.,
MANUFACTURING CHEMISTS,
And sold by them IN TUBES, 100 c.c., 25s. U.K. 6 Dols. U.S.A.

THOMAS TYRER & ﬂl] undar‘taka Tauhnu:al [Iparatluns for Inventors

RS

and Patentees by arrangement.




= SPINTHARISCOPES

q"""@ ; As devised by Sir Wm. Crookes.
: SHOWING THE SCINTILLATIONS OF RADIUM.
In Leather Case.. .. £1 1 | Cheaper forms 14/- and 10/6

STRUTT’S RADIUM ELECTROSCOPE,
RADIO-ACTIVE MINERALS AND SALTS.

Specimens, mounted in Crookes Vacunm Tubes, showing filnorescence
under Cathede stream, 15/- each,

EXPERIMENTAL WORK IN GLASS OR METAL.

B T A o T A T
-

A. C. COSSOR, 54, Farringdon Road, LONDON, E.C.

FOvR

PUBLISHER'S ANNOUNCEMENTS

SEE (OVER.







PARTICULARS OF = -

“THE ELECTRICIAN " SERIES
OF STANDARD BOOKS.

L] - }: " -
“The Electrician "—Every Friday, price 6d., post free 61d.

“Tug EcectRIcIAn ™ iz the oldest electrical josswad published, First series, 1860 : second
series, 1878. It has always borne the same title, been the same size, and been published weekly.
Conzequently the Volumes form a unique set of uniform appearance. In the volumes of * Thne
Erecrrician™ will be found the most valuable collection of original Papers and articles hy
nearly every leading writer on every branch of electrical engineering, science and industry
besides all Papers read before the principal Electrical Institutions throughout the wnrlq_i
by men eminent in the Electrical Profession, and authenticated reports of the discussions
tl}lrercupun. Criginal articles appearing in * Tue Errcrriciax” are written by gentlemen havin
no interest whatever in particular electrical systems, and with but one object —the advancement o
electrical knowledge and electro-technology generally. Aany of these original series of articles
have since been revised and amplified, and published in book form, These form the nucleus of
the well-known *f ELECTRICIAN Y SERIES.

Much space iz devoted in every weekly issue to fully illustrated, technical descriptions of
the Electricity Supply Works and Electric Tramways owned by Local Authorities and Com=

anies, and in the very full record of Municipal MNotes, the progress and development of
unicipal Electrical Enterprise, including detailed analyses of the Accounts of Electric Lighting
and Tramway Undertakings, is given. The Municipal Notes of * The EcscTrician ™ are more
nunﬂf:nus.lénnre complete, and more up-to-date than those of any other technical or trade journal
in the waorld,

In addition to the above, * Toe ErrcTrRicIAN ' contains a complete record of all the legal
causes which have occupied tﬁ)e attention of the Courts of Justice ftor the past 26 years. Itis
customary for ** Tug ELECTRICIAN ' toO o:cu?y a _prvc-mino.rt position_in the Courts as an
authority upon all legal questions affecting the Electrical Profession®*and Industry.

A regular feature in © THe ELcTRICIAN ™ has always been the verbatim reports of mectings
of Electrical Companies and Corporations.

Finally, * THe Ececrrician® has been of incalculable service to technical education, and
has done much to make the general study of electricity the reality it has undoubtedly become,
No aspirant to honour and renown in the electrical profession can hope to keep abreast of the
never-ceasing stream of discoveries of new applications of electrical science to every-day com-
mercial pursuits who does not diligently ]l:rr_'rusu the colums of “THE ELEcTRICTAN," which is
pre-eminently the leading electrical journal.

TerMS OF SUBSCRIPTION (fosf free) ! YEAR, HALr-YEAR. gumtnm
T ) g | iy ey i R e G T v O e S 1% R o 7 O
Countries in the Postal Union.. L5 T O Dl v 0 e O G e e B

Bound Volumes (April and October) 175, 6d. each, post free 18z, 6d., abroad extra,

“THE ELECTRICIAN ” ELECTRICAL TRADES' DIRECTORY
AND HANDEOOEK. Established :88:. The cheapest, largezt and only reliable
Directory published for the Electrical and Kindred Trades. (THE BIG ELUE BOOK.)
Published first week in  February in each year. Royal Bvo., about 1,700 pages.
SUBSCRIPTION PRICE g7s. 0d. nett, post free 8s. 3d.; British Colonies, gs. od. ;
abroad, 1os. After date of publication, 135, nett, post free 155, gd. (British Colonies, 17s.,

st free; U1.5.A., 18s, 6d., post free’; other countries, r8s.)

This Directory and Handbook iz well known throughont the Electrical, Enginecring and
Allied Trades in all parts of the World, and no expense is spared to make the work really reliable,
New Wames and corrections to existing entries in the Direcroriar portion of the book are
received up to the end of cf];u'l.ll:l:lr_','. Extra insertions are made in the Classiied Trades?
Section at low rates. In addition to more than 6oo pages of purely Directorial matter, the
HANDROOK portion contains a mass (about 650 pages) of interesting information, the great part
of which cannot be obtained clsewhere, and in the Biographical Division n?pmr about 300
sketches of the lives of well known men in the Electrical World, with many excellent portraits.

Ayrton—THE ELECTRIC ARC. By Mrs. Ayrton, M.LE.E.
Now Ready. Very fully Illustrated. Price ras. od.

Abstract from Awthor’s Preface—This book owes its origin to a series of articles
published in e £lectricianin 1803-0.  In experimenting on the arc my aim was not so much to add

“ THE ELECTRICIAN ” PRINTING & PUBLISHING CO., LTD,
1, 2 and 3, Salisbury Court, Fleet Street, London, E.C.
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to the large number of isolated facts that had already been discovered, as to form some idea of the
bearing of these upon one another, and thus to arrive at a clear conception of what takes place in
each part of the arc and carbons at every moment. The attempt to correlate all the known
phenomena and to bind them into one consistent whole led to the deduction of new facts,
and opened up fresh questions, to be answered in their turn by new experiments. Thus the subject
grew and developed into what may almost be termed a natural 'I-"-'a{.. The experiments of other
observers have been employed in two ways : ?} In confirmation of theory developed from my own
experiments, and (2) as the basis of theory for which further tests were devised. M. Blondel's
interesting and systematic researches, the admirable work of Mr, A, P, Trotter, and Prof.
Ayrton's Chicago Paper were all laid under ¢ ontribution, and the deductions drawn from them
tested by new experiments. The excellent work done by men whose names are quite unfamiliar to
us in England, including Nebel, Feussner, Luggin, Granquist and Herzfeld, has been utilised, and
in Chapter II. I have given short abstracts of most of the important Papers on the direct-current
are that appeared up to the end of the nineteenth century.

Baines—BEGINNER’S MANUAL OF SUBMARINE CABLE
TESTING AND WORKING. By G. M. Baines. Second Edition. Cloth Bound,
75, 6d. nett ; post free, 8s.

This book has been written to meet the requirements of those about to commence the study
of Submarine Telegraphy. All subjects demanding attention have been brought within the scope
of the volume and kave been dealt wlth at sufficient length to enable an intelligible idea to be
obtained of them. With regard to the algebraical portion of the study, all the formula: have baen
worked out step by step, and, where convenient, have been supplemented by arithmetical
equivalents. The book is divided into 18 chapters, and deals with: Batteries, Ohm’s Law, Joint
Resistance, Wheatstone Bridpe, Bridge Measurements, Insulation Test by Direct Deflection,
Inductive E:Tnl:it}'. Internal Resistance of a Battery, &c., E.M.F. of a Hattery, &e., Current

Strength in Wheatstone Bridge, &c,, Tests of Broken or Faulty Cables, and Description of
Apparatus, &c,

Beaumont—THE STEAM-ENGINE INDICATOR AND INDI-
CATOK DIAGRAMS. Edited by W. W. Beaumont, M.I.C.E,, M.IM.E,, &e. 100
pages, 116 illustrations. Price 3s. 0d., post free. >

The ohject of this book is to place in the hands of students and practical men a concise

vide to the objects, construction and use of the indicator,and to the interpretation of indicator
ﬁiﬂ.grnmﬂ. Lengthy discussion of theorctical or hypothetical matters has been avoided. The
behaviour of steam and its expansion under different conditions have been treated in a simple

manner so far as these questions are important to the consideration of indicator diagrams in
their most usual practical applications.

Bond—RATING OF ELECTRIC LIGHTING, ELECTRIC
TRAMWAY AND SIMILAR UNDERTAEKINGS. By W. G. Bond, A.LEE. Now
ready, cloth, 8vo, price 2s. 6d. net.

This little book 15 intended for the use of Ihrectors, Secretaries, Engineers and other
Officialz connected with Electric Traction, Lighting and Power Distribution Companies. The
chief object of the Author has been to enable those who are not familiar with the ErinciplEE and
practice of rating to ascertdin for themselves whoether the Rateable Value of their property is
reazonable or execessive, and thus avoid unnecessary expense at the outset.

Carter—MOTIVE POWER AND GEARING FOR ELECTRICAL

MACHINERY: A Treatizse on the Theory and Practice of the Mechanical Equipment
of Power Stations for Electric Supply, and for Electric Traction, By E, Tremlstt Carter,
C.E., M.LE.E., F.R.A.5., F.F.5,(Lond.), &c. o650 pages, zoo Illustrations, Scale
Dirawings and Folding Plates, and over 80 Tablez of Engineering Data. In one volume.
Price 125, 6d., post free ; abroad, 135. New ediifion, roog.
Part I.—Introductory. Part II.—-The Steam Engine. Part I11.—Gas and il Engines.
Part IV.—Water Power Plant. Part V.—Gearing. Part VI.—Types of Power Stations.

Thizs work presents to consulting engineers, contractors, central-station engineers and
enginecring students the latest and most approved practice in the equipment and working of
mm-hanim.?phnt in electric power generating stations.  Every part of the work has been brought
completely up to date ; and especially in the matter of the costs of equipment and working the
latest available informatfon has been given. The treatise deals with Steam, Gas, 0il and
Hydraulic Plant and Gearing; and it deals with these severally from the three standpoints of
(1] Theory, (2) Practice and (3) Costs.

“Morive Power axp Gearing For Erectricat MacHizery " is a handbook of medern
electrical engineering practice in all parts of the world. It offers to the reader a means of
comparing the central station practice of the United Kingdom with that of America, the Colonics
or other places abroad ; and it enables him to study the scientific, economic and financial principles
upon which the relative suitability of various irms of practice is based, and to apply these
principles to the design or working of plant for any given kind of work, whether for electrical
supply or for electric traction. It 15 a treatise which should be in the hands of every electrical

engineer throughout the world, as it constitutes the only existing treatise on the Economics of
Motive Power and Gearing for Electrical Machinery.
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Cooper—PRIMARY BATTERIES: THEIR CONSTRUCTION

AND USE. By W. E. Cooper, M.A, Fully Illustrated. Price 1os. 6d. nett.

Andhor's Preface—Exfract.—Frimary Batteries form a subjeet from which much has boen
hoped, and but little realised. But even so, it cannot be said that the advance has been small :
and consequently no apulog{] is offered for the present volume, in which the somewhat scattered
literature of the subject has been brought together. Kecent years have seen important additions
to the theory of the voltaic cell, and therefore a considerable number of pages have been devoted
to this part of the subject, although it is impossible to do more than give a superficial sketch of
the jtheory in a volume like the present. With regard to the practical part of the subject, this
volume is not intended to be encyclopmedic in character; the object has been rather to describe
those batterics which are in general use, or of particular theoretical interest. As far as possible,
the Author bas drawn on his personal experience, in giving practical results, which, it is hoped,
will add to the uzefulness of the hook. Owing to the importance of the subject, Standard Cells
bhave been dealt with at some length. Those cells, however, which are no onger in genural use
are not deseribed ; but recent work is summarized in some detail so as to give a fair idea of our
knqw]cdgc up to the present time. It has also been thought well to devote a chapter to Carbon-
Consuming Cells. Very little has been written upon this subject, but it is of great interest, and
possibly of great importance in the future.

Curtis-Hayward—A DIGEST OF THE LAW OF ELECTRIC
LIGHTING, ELECTRIC TRACTION AND OTHEE SUBJECTS. By A. C.
Curtis-Hayward, H.A., A.LLE.E. Price 35. 6d,, post free, Published annuoally in March.

Heing a full critical abstract of the Electric Lighting Acts, 1882 and 188q, of the Tramways

Act, 1870, and of the documents issued from time to time by the Hoard of L'rade dealing with

Electric Lighting, Electric Traction, &c., including the Rules as to the procedure in connection

with applications to the Light Railway Commissioners for Orders under the Light Railways Act,

1806, and forms of accounts for Hoard of Trade returns for Electricity Supply Undertakings. The

Diigest treats first of the manner in which persons desirous of supplying electricity must zet to

work, and then of their rights and obligations after obtaining Parliamentary powers ; and gives in

a succinct form information of great value to Local Authonties, Electric Light Contractors, &c.,

Ep to date. The Board of Trade Eegulations as to the Supply of Electrical Energy, the London

ounty Council Eegulations as to Overhead Wires, Theatre Lighting, &c., together with the Bye-
lavws enforced in persuance of Part 11. of the Public Health Acts Amendment Act, 1890, by the
various Urban Sanitary Authorities are also given,

Ewing—MAGNETIC INDUCTION IN IRON AND OTHER

METALS. By FProf. J. A, Ewing, ALA., B.5c., F.K.5., Professor of Mechanism and
Applied Mechanics in the University of Cambridge. 382 pages, 173 Illustrations. Price
105, 6d., nett. Third Edition.

Symepris of Confends.—After an introductory chapter, which attempts to explain the
fundamental ideas and the terminology, an account is given of the methods which are usvally
employed to measure the magnetic quality of metals. Examples are then quoted, showing the
results of such measurements for various specimens of iron, steel, nickel and cobalt. A chapter
on Magnetic Hysteresis follows, and then the distinctive features of induction by very weak and
by very strong magnetic forces are separately described, with further description of experimental
methods, and with additional numerical results. The influence of Temperature and the influence
of Stress are next discussed. The conception of the Magnetic Circuit iz then EIPI.I.inEd, and
some account is given of experiments which are best elucidated by making use of this essentially
modern method of treatment.

Fisher—THE POTENTIOMETER AND ITS ADJUNCTS. (A

Univerl:i::t.l System of Electrical Measurement.) By W. Clark Fisher. Price 6s., post
i Aalroad,

The extended use of the Potentiometer System of Electrical Measurement will, it is hoped,
be sufficient excuse for the publication of this work, which, while dealing with the main instru-=
ment, its construction, use and capabilitics, would necessarily be incomplete without similar
treatment of the various apparatus which, as adjuncts, extend the range and usefulness of the
whole system.

'I}hc engineer or practical man demands that he shall be shown results quickly, plainly and
accurately with a minimum of trouble, understanding, and consequently ** Time,” and on that
account prefers—like all pood mechanicg—to have one pood instrument, which, once understood
and casily manipulated, can be used in a variety of ways to suit his needs. It is to this fact,
undoubtedly, that the ** Potentiometer " method of measurement owes its popularity. Its accuracy
is rarely, if ever, impugned. Bleasurements made by it are universally accepted amongst engi=
neers, and it might be well termed a * universal * instruoment in *‘ universal ® use.

Fisher and Darby—STUDENTS GUIDE TO SUBMARINE
CABLE TESTING. By H. K. C. Fisher and J. C. H. Darby. New and Enlarged
Edition. Fully Illustrated. Price ys. 6d. nett, post free; abroad 3s.

The Authors of this book have, for some years past, been engaged in the practical work of
of Submarine Cable Testing in the Eastern Extension Telegraph Company’s service, and
have embodied their experience in a Guide for the use of those in the Telegraph Service
who desire to qualify themselves for the examinations which the Cable Companies have recentl
instituted. To those desirous of entering the Cable Service, BMessrs. Fisher and Darby's book is
indispensable, as it is now necessary for probationers to pass these examinations as part of the
qualification for service. oy

A valuable set of Questions and Answers is added to the New and Enlarged Edition.
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Fleming—A HANDBOOK FOR THE ELECTRICAL LAB-

ORATORY AND TESTING ROOM. By Dr. ]. A. Fleming, M.A., F.R.5., M.R.L.,
&c. Vol I, price 125. 6d. nett, post free 135. Vol. I1. 14s. nett.

This Handbook has becn written especially to meet the requirements of Electrical
Engineers in Supply Stations, Electrical Factories and Testing Rooms. The Book consists of a
series of Chapters each descnibing the most approved and practical methods of conducting some
one class of Electrical Measurements, such as those of Resistance, Electromotive Force, Current,
Power, &c., &c. 1t does not contain merely an indizscriminate collection ot Physical Laboratory,
processes without regard to supitability for Engineering Work. The Author has brought to
its compilation a long practical experience of the methods deseribed, and it will be found to be a
digest of the best experience in Electrical Testing. The Volumes contain a Chapter on the
Equipment of Electrical Laboratories and numerous Tables of Electrical Data, which will render
it an essential addition to the library of every practical Electrician, Teacher or Student.

Syxorsis oF CONTENTS.

Vor. L. Vor. II,
Chapter I.—Equipment of an Electrical Test- Chapter I,—The Measurement of Electric
ing Hoom. Cuantity aud Encrgy.

|

w 1L.—The Measurement of Electrical | s 1I.—The Measurement of Capaeity
Resistance. and Inductance.

g JII.—The Aeasurement of Electric »  1II.—Photometry.
Current. 2 IV.=Magnetic and Iron Testing.

i IV.—The Measurement of Electromo- »  ¥V.=Dynamo, Motor and Transformer
tive Force. | 'i:us.tin £

w  V.=TheMeasurement of ElectricPower. |

Fleming—ELECTRICAL LABORATORY NOTES AND FORMS,

Arranged and prepared by Dr. J. A. Fleming, M.A., F.E.5., Professor of Electrical
Engineering in University Collere, London,

These ** Laboratory Notes and Forms ™ have been prepared to assist Teachers, Demonstra-
tors, and Students in Electrical Laboratories, and to enable the Teacher to economise time. They
congist of a series of (about) Twenty Elementary and (about] Twenty Advanced Exercises in
Practical Electrical Measurements and Testing. For each of these Exercises a four-page Report
Sheet has been prepared, two pages of which are oecopied with a condensed account of the theory
and practical instructions for performing the particular Experiment, the two other pages being
ruled up in lettered columns, to be filled in by the Student with the observed anﬂaln:ulatnd

uantities. When simple diagrams will assist the Student, these have been supplied. These

xercises are for the most part based on the methods in vwse in the Electrical Engineering
Laboratories of University College, London ; but they are perfectly general, and can be put into
practice in any Electrical Laboratory.

Each Form is supplied either singly at 4d. nett, or at js. 6d. per dozen nett (assorted or
otherwise as required); in sets of any three at 15, nett ; or the set of (about) Twenty Eiemcnurg
(or Advanced) Exercises can be obtained, price 5s. 6d. nett. The complete set of Elementary an
Advanced Exercises are price 1os. 6d. nett, or in & handy Portfolio, 125. nett, or bound in strong
cloth case, price 12s. 6d. nett.

Spare Tabulated Sheets for Observations, price 1d. each nett.

Strong Pmt[uli::s.{rlne 15, Gd. each,

The very best quality foolscap sectional paper (16in. by 13in.) can be supplied, price 1s. per
dozen sheets nett,

NOW READY.—Cheaper edition of ** Electrical Laboratory Notes and Forms.!” These
cheaper Forms have been prepared for the use of students and teachers at the Polytechnic and
other science classes throughout the country. These new Forms, which differ only from the higher
priced set in being printed on smaller and cheaper paper and with less space for tabulated records,
are issued at half the price of the above set. Hound in strong case, 7s. 6d.

Fleming.—ELECTRIC LAMPS AND ELECTRIC LIGHTING.
By Prof. J. A. Fleming, ALA., D.5c, F.R.5., M.K.L., Professor of Electrical Engineer,
ing in University College, London. New and Cheaper Edition. Very fully illustrated-
handsomely bound, on good paper, price 6s. nett.

The original aim of a course ot four lectures by Prof. J. A. Fleming on * Electric Illumina-
tion " was to offer to a general audience such non-technical explanations of the physical efiects
and problems concerned in the modern applications of electrieity for illumination purposes as
might serve to further an intelligent interest in the subject. In this, the second edition of the
book, the author has brought the original edition into line with recent practice without departing
from the elementary character of the work.

Fleming—THE ALTERNATE CURRENT TRANSFORMER
IN THEORY AND PRACTICE. By J. A. Fleming, M.A., D.Sc., F.R.5., M.R.1,,
&c., Professor of Electrical E::;:ineeri:::,;in University College, London, New Edition—

&

Almost entirely Rewritten, and brought up to date. DMore than Goo pages and 213
illustrations, 125. 6d. post free ; abroad 13s.

Since the first edition of this Treatizse was published, the study of the properties and appli-
cations of alternating electric currents has made enormous progress. « « The Author has;
accordingly, rewritten the greater part of the chapters, Eanﬂ\'ili.JEd himself of various criticisms,
with the desire of removing mistakes and remedying defects of treatment. In the hope that this
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will be found to render the book still useful to the increasing numbers of those who are Prnctinnl'lj,r
enﬁag;cd in alternating-current work, he has sought, as far as possible, to aveid academic methods
and keep in touch with the necessities of the student who has to deal with the subject not as a
basis for mathematical pymnastics but with the object of acquiring practicaly usefull knowledge.

Ir. Fleming's manual on the Alternate_ Current Transformer in Theory and Practice is
recognised as the text book on the subject. Vol. [. which deals with * The Induction of Electric
Currents,”” has passed through three editions, each edition having, in its turn, passed through
several issues.  This volume consisis of 613 pages, and has 213 illustrations.

Fleming—THE ALTERNATE CURRENT TRANSFORMER

IN THEURY AND PRACTICE. By J- A. Fleming, M.A., I).5c., F.E.5,, M.R.T.,
&c., Professor of Electrical Engineering in University College, London. Third Izsue.
More than 6on pages and over joo illustrations. Price 12s. 6d., post free; abroad, 13s.
Vol, II. treats ofp" The Utilization of Induced Currents.” This volume has also passed
throczgh numerous issues, consists of about 600 pages, and bhas 3r3 illustrations.

Fleming—THE CENTENARY OF THE ELECTRIC CURRENT.

17o0—18g0. By Prof. J. A. Fleming, F.R.5. With Illustrations of early apparatus and
interesting Chronological Notes. In neat paper covers 1s. nett, post free 15. 3d.  Bound
cloth zs. nett, post free.

Fleming—THE ELECTRONIC THEORY OF ELECTRICITY.

By Prof. J. A. Fleming, M. A., ID.5c., F.E.5. Price 15. &d. post free.

Exfract from fhe Author.—In this sketch of the Electronic Theory the author has made
no attempt to present o detailed account of discoveries in their bistorical order, or to con-
nect them especially with their authors. ‘The object has been to show the evolution of the idea
that electricity is atomic in structure, and that thus these atoms of electricity called electrons
attach themselves to material atoms and are separable from them. Lorentz, Helmholtz, Thomson
and others have shown that such a conception jof atemic structure enables us to explain many
electro-optic phenomena which are inexplicable on any other theory. The Electronic Theory of
Electricity, which iz an expansion of an idea originally due to Weber, docs not invalidate the
ideas which lie at the base of Maxwell’s theory that electric and magnetic effects are due to the
strains and stresses in the mether, but supplements them h_}r a new conception—that ot the electron
or electric particle as the thing which is moved by electric force, and which, in turn, gives rise to
magnetic force as it moves, All the facts of electricity and magnetism are capable of being
restated in the terms of the idea.

P - - =5
Geipel and Kilgour—A POCKET-BOOK OF ELECTRICAL
ENGINEERING FOREMUL/E, &c. By W. Geipel and H. Kilgour. 8copages. 7= 6d.
nett, post free, at home or abroad, 75. gd.

With the extension of all branches of Electrical Engineering (and partin:u'lar!i'.' the heavier
branches), the need of a publication of the Pocket-Book style dealing practically therewith
increases ; for while there are many such books referring to Mechanical Engineering, and several
dealing almost exclusively with the lighter branches of electrical work, none of these suffice for the
EI-_II‘ oses of the numerous body of Electrical Engineers engaged in the application of electricity to

ighting, Traction, Transmission of Power, Metallurgy, and Chemical Manufacturing. It is to
supply this real want that this most comprehensive book has been prepared.

Compiled to some extent on thelines of other pocket-books, the rules and formulia in general
use among Electricians and Electrical Engineers all over the world have been supplemented by
brief and, it is hoped, clear descriptions of the various subjects treated, as well as by concise
articles and hints on the construction and management of various plant and machinery.

No pains have been spared in compiling the various sections.to bring the book thoroughly
up to date ; and while much original matter is given, that which is not original has been caretully
selected, and, whers necessary, corrected, Where authorities differ, as far as practicable 2 mean
has been taken, the different formule being quoted for guidance.

Gore—ELECTRO-CHEMISTRY. By George Gore, LL.D., F.R.S,

Second Edition.  Price 2s., post free,

. Atthe time when this book first appeared (1885) no separate treatise on Electro-Chemistry
existed in the English language, and Dr. Gore. whose books on electrometallurgy, electro-
deposition and [other important branches of electro-technical work are known throughout the
world, has collected together a mass of useful information and has arranged this in consecutive
order, E“‘lusI' brief descriptions of the known laws and general principles which underlie the
subject of Electro-Chemistry. A very copious index is provided.

Gore—THE ART OF ELECTROLYTIC SEPARATION OF
METALS (Theoretical and Practical), By George Gore, LL.ID,, F.E.5. The only
book on this important subject in any language. Over 300 pages, 106 illustrations. Price
105, 6d,, post free,

No other book entirely devoted -to the Electrolytic Separation of Metals exists in any
language, those dealing with electro-metallurgy being all more or less devoted to clectro-plating.
Dir. Guore's work is, therefore, of the utmost service in connection with all elasses of eleetrolytic
work connected with the refining of metals. The book containg both the science and the art of
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the subject (both the theoretical principles upon which the art is based and the practical rules and
details of technical application on a commercial scale), so that it is suited to tﬁ; requirements of
both students and manufacturers.

Heavisidle —ELECTROMAGNETIC THEORY. By Oliver Heavi-

side. Vol. I. Second issue. 466 pages. Price 125. 6d., post frec, 135. Vol.II. 568 pages.
Price 128. 6d., post free ; abroad, r3s. Vol IIL in preparation.

Extract from Preface fo Vol £.—This work iz something approaching a connected treatise
on electrical theory, though without the strict formality usually aszociated with a treatise. The
following are some of the leading points in this volume. The first chapter is introductory. The
second consists of an outline scheme of the fundamentals of electromagnetic theory from the
Faraday-Maxwell point of view, with some small modifications and extensions upon Maxwell’s
equations. The third chapter is devoted to vector algebra and analysis, in the form used by me
in former papers. The fourth chapter is devoted to the theory of plane electromagmetic waves,
and, being mainly descriptive, may perbaps be read with profit by many who are unable to tackle
the mathematical theory comprehensively. I have included in the present volume the application
of the theory (in duplex form) te straight wires, and also an account of the effects of self-
induction and leakage, which are of some significance in present practice as well as in possible
future developments.

Extract from Preface fo Vol, I/.—From one point of view this volume consists essentially
of a detailed development of the mathematical theory of the propagation of plane electro-
magnetic waves in conducting dielectries, according to Maxwell's theory, somewhat extended.
From another point of view, it is the development of the theory of the propagation of waves alon
wires. But on account of the important applications, ranging from Atlantic telegraphy, thmu%ﬁ
ordinary telegraphy and telephony, to Hertzian waves along wires, the Author has usually
preferred to express results In terms of the concrete voltage and current, rather than the specific
electric and magnetic forces belonging to a single tube of flux of energy. . . . The theory of
the latest l:.indg of so-called wireless teiegra'ph (Lodge, Marconi, &c.) has been somewhat
anticipated, since the waves sent up the vertical wire are hemispherical, with their equatorial
bases on the ground or sea, which they run along in expanding. (See? 60, Vol. 1. ; also i 303 in
this volume.) The author’s old predictions relating to skin conduction, and to the possibilities of
Innj:;-rllstanu:-. telephony have %EE‘.R abundantly verified in advancing practice; and his old
predictions relating to the behaviour of approximately distortionless circuits bave also received
fair support in the guantitative observation of Hertzizn waves along wires.

Jehl—CARBON MAKING FOR ALL ELECTRICAL PUR-

POSES. By Francis Jehl. Fully illustrated. Price ros, 6d. Fostage free. This work
rives & concise account of the process of making High Grade and other Carbon for
tlectric Lighting, Electrolytic, and all other electrical purposes.

CONTENTS.
Chapter I.—Physical Properties of Carbon. Chapter X.—(Gas Analysis. -

»»  1l.—Historical Notes. " XI.—0On the Capital necessary for

w IIl.—Facts concerning Carbon. starting a Carbon Works and

55 IV.—The Modern Process of Manu- the Profits in Carbon Manu-
fm:turing Carbons. facturing.

2  ¥V.—Hints to Carbon Aanufacturers .y XIIL.—The Manufacture of Electrodes
and Electric Light Engineers. on & Small Scale.

n  VI.—A “New™ Raw Material. 3 AIII.—Building 2 Carbon Factory.

» ¥II.—(Gas Generators. s V. —Soot or Lamp Black.

» VIII.—The Furnace. s XV.=—Loot Factories.

32 IX.—The Estimation of High Tem-

peratures.

Kennelly and Wilkinson—PRACTICAL NOTES FOR ELEC-
TRICAL STUDENTS, Laws, Units and Simple Measuring Instruments. By A. K.
Kennelly and H, I, Wilkinson, M.I.LE.E. 3zo pages, 155 illustrations, Price 6s. 6d.,

post free,
CONTENTS.
Chapter I.—Introductory. Chapter V1.—Current Indicators.
IT.—Batteries. VIIL.—Simple Tests with Indicators.
III.—I.‘:IEI:.‘]“EI:I'IJUHUE Force and Poten- VIII.—Calibration of Current Indica-
tial. tors.

IV.—FResistance. IX.—Magnetic Fields and their

V.—Current. Measurement.

These instructive Practical Note s for Electrical Students were started by Mr. A. E.
Kennelly prior to his departure from England to join the staff of Mr. Edison in the United
States, ans were continued and completed by Mr, H. ). Wilkinson, who has prepared a work
which is of great service to students. The volume contains 155 illustrations, and deals mainly
with Laws, Units and Simple Measuring Apparatus.

Lemstrom—ELECTRICITY IN AGRICULTURE AND HORTI-

CULTUEE. By Prof. 5. Lemstrom. With illustrations. Price 3=. 6d. nett. B 2k
Fxfract from Anthor's fnfrodusfory Kemarks.—It is well known that the guestion which is
the subject of this book has been a favourite field of investigation for a century past.  As the sub-
ject is connected with no less than three sciences—viz,, physics, botany and agricultural physics—
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it is in itself not particnlarly attractive. The causes which induced me to begin the investigation
af thiz matter ware manifold, and I venture to hope that an exposition of them will not be with-
out general interest.

Lodge—WIRELESS TELEGRAPHY.—SIGNALLING ACROSS
SPACE WITHOUT WIRES. B_!r Sir Oliver J. Lodge, IM.Se., F.R.5. New and
Enlarged Edition. Second Issue. Very fully illustrated. Price 55, nett., post free 55, 3d.

The new edition forms a complete Illustrated Treatizse on Hertzian Wave Work, The Full

Notes of the interesting Lecture delivered by the Author before the Royal Institution in June,

1804, form the first chapter of the book. TEI: second chapter is devoted to the Application of

Hertz: Waves and Coherer Signalling to Telegraphy, w ile Chapter I11. gives Details of other

Telegraphic Developments. In Chapter IV, a history of the Coberer Principle is given, including

Professor Hughes' Early Observations before Hertz or Branly, and the work of M. Branly.

Chapters are aﬁ.sn devoted to ** Communications with respect to Coherer Phenomena on a Lar

Scale,” the “ Photo-Electric Researches of Drs. Elster and Geitel,”” and the Photo-Electric
Researches of Prof. Righi.

Phillips—THE BIBLIOGRAPHY OF X-RAY LITERATURE

AND RESEARCH. PBEeing a carefully and accurately compiled Ready Reference Index
to the Literature on Rintgen or X-Rays. Edited by Charles E. 5. Phillips. With an
Historical Retrospect and a Chapter, ** Practical Hints,” on X-Ray work by the Editor.
Frice 5., post free,

Ram—THE INCANDESCENT LAMP AND ITS MANU-

FACTUERE. By Gilbert 5. Fam. Fully Illustrated. Price 73. 6d. post free. MNemw
edifton, roog.

Raphael—THE LOCALISATION OF FAULTS IN ELECTRIC
: LIGHT MAINS. By F. Charles Kaphael. New Edition. Price 7s. 6d. nett,

Although the localisation of faults in telegraph cables has been dealt with fully in several
hand-books and pocket-books, the treatment of faulty electric light and power cables has never
been discossed in an egually comprehensive manner.  The conditions of the problems are,
however, very different in the two cases; faults in telegraph cables are seldom localised before
their resistance has become low compared with the resistance of the cable itself, while in electric
light work the contrary almost always obtains. This fact alone entirely changes the method of
treatment required in the latter caze, and it has been the Author's endeavour, by dealing with the
matter systematically, and as a separate subject, to adequately fill a gap which has hitherto
existed in technical literature,

The various methods of insulation testing during working have been collected and discussed,
as these tests may be considered to belong to the subject.

Raphael —WIREMAN’S POCKET-BOOK. A Manual for the

Wiring Contractor, the Mainz Superintendent and the Wireman. Edited by F. Charles
Raphael. Price ss. nett., post free 55, 3d.

Epitor's Nore.—When the preparation of this Pocket-Book was commenced, the original
intention of its Editor was to collect in a handy and wseful form such Tables, Instructions and
Memoranda as would be useful to the Electric Lizght Wireman in his work., This has been carried
out in Section A of the Pocket Book in its present form. During the past few years, however,
many enguiries have been received for a good book of reference with regard to the laying of
underground mains, and with matters connected with insulated conductors generally. It was
decided, therefore, to extend greatly the area covered by the book, and to treat the whole subject
of erecting and laying electrical and conducting systems in such a manner that the tables,
diagrams and let'erpress might be useful to engineers in charge of such work, as well as to the
wireman, jointer, and foreman. In fact, the section on Underground work has been compiled
largely with a view to mecting the requirements of Mains Superintendents, Central Station
Engineers and those occupied in designing networks.

In addition to the tables, instructions and other detailed information as to cables, ducts,
junction boxes, &c., contained in the section on Underground Mains, it has been deemed advisable
to add a chapter briefly describing the various systems employed for public distributing networks,
In this, the essential practical information is alone given; two and three-phase systems are dealt
with, as well as continuous current and single pbase, and the method n? calculating the size of
the conductors and the fall of pressure from the number of lamps or horse-power of motors is
made clear without the elaboration of clock-face diagrams or algehraical exercises,

Diagrams for the connections of telephores are given in Section D, including those for
subscribers’ instruments on the new Post Office exchange system in London j and it is believed
that neither these diagrams nor these for bell connections have hitherto been publizhed together
in convenient pocket-book form. The various conversion factors in the Miscellaneous Section

and the arrangement of the wages table are those with which the Editor has himself found the
most useful in practice.

Snell —-ELECTRIC MOTIVE POWER. By Albion T. Snell,

Aszzoc M.Inst.C.E.,, M.ILE.E. Over joo pages, nearly 250 illustrations. Price 1os. Gd.,
post free ; abroad, 115, Vew edifion, roog.
The rapid spread of electrical work in collicries, mines and clsewhere has created a demand
for a practical book on the subject of transmission of power. Though much had been written,

——
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there was no single work dealing with the question in a sufficiently comprehensive and yet practical
manner to be of real use to the mechanical or mining engineer; either the treatment was adapted
for specialists, or it was I'rngmnnt&r}l:l, and power work was regarded as subservient to the question
of 1ighti.n . The Author has felt the want of such a book in dealing with his clients and others,
and in ** Erecreic Motive Fower ** has endeavoured to supply it.

In the introduction the limiting conditions and essentials of a power plant are analysed, and
in the subsequent chapters the power plant is treated synthetically. The dynamo, motor, line and
details are discussed both as to function and design. The various systems of transmittin
and distributing power by continuous and alternate currents are fully enlarged upon, and muc
practical information, gathered from actual experience, is distributed under the various divisions.
I'he last two chapters deal exhaustively with the applications of electricity to mining work in
Gireat Hritain, the Continent and America, particularly with reference to collieries and coal=
getting, and the rezults of the extensive experience gained in this field are embodied.

%n geneml, the Author's aim bas been to give a sound digest of the theory and practice of
the electrical transmission of power, which will be of real use to the practical engineer, and to
avoid controversial points which lie in the province of the specialist, and elementary pmni's which
properly belong to text-books on electricity and magnetism.

Soddy—RADIO-ACTIVITY : An FElementary Treatise from the

tandpoint of the Disintegration Theory. By Fredk. Soddy, M.A. Fully Illustrated, and
with a full Table of Contents and extended Index. s, 6d. nett.

Exfrac! from Author's Preface.—In this book the Author has attempted to give a con-
nected account of the remarkable series of investigations which have followed M. Becguerel’z
discovery in 1866 of a new property of the element Uranium. The discovery of this new pro-
perty of self-radiance, or " radio-activity,” has proved to be the beginning of a new seience, in
the development of which physics and chemistry bave played equal parts, but which, in the
course of only eight years, has achieved an indepandent position. . . . Hadio-activity has
passed from the position of a descriptive to that of a philosophical science, and in its main
generalisations must exert a profound influence on almost every other branch ef knowledge,
1t has been recognised that there is a vast and hitherto almost unsuspected store of energy hound
in, and in some way associated with, the unit of elementary matter represented by the atom of
Dalton. . . . Since the relations between energy and matter constitute the ultimate sround-
work of every philosophical science, the influence of these generalisations on allied branches of
knowledge is a matter of extreme interest at the present time. It would seem that they munst
effect sooner or later important changes in astronomy and cosmology, which have Leen long
awaited by the biologist and geologist.

The object of the book has been to give to Students and those interested in all departments
of science a connected account of the main arguments and chief experimental data by which the
results so far attained have been achieved.

Wade—SECONDARY BATTERIES: THEIR MANUFACTURE

AND USE. By E.}J. Wade. Nowready. soopages. =205 Illustrations, Price 1os. 6d. nett,

In thizs work the Author deals briefly with the Theory and very fully with the Chemistry,
Design, Construction and Manufacture of Secondary Batteries or Accumulators. Prospectuses,
post free, on application.

The scope of Mr. Wade's important work covers the whole class of apparatus embraced in
the theory, construction and use of the secondary battery. The major portion of the book treats
the accumulator purely from the point of view of an appliance which fulfils an important and
definite purpose in electrical engineering practice, and whose manufacture, uze and properties
must be urll-r!lursmml just as fully as those of a generator or a transformer, The concluding
chapter [X.) ;iif.'es- a complete description of all modern electrical accumulators, The book
contains 65 illustrations and a very copious index:

Weymouth—DRUI‘uI ARMATURES AND COMMUTATORS
:'L’Hﬂ%ﬂplg‘u: !Agn PRACTICE). By F. Marten Weymouth. Fully Ilustrated. Price
75. Od. post free,

Wilkinson—SUBMARINE CABLE-LAYING AND REPAIRING.

By H. D, Wilkinson, M.I.E.E,, &c. Over joo pages and zoo specially drawn illustrations.
Price 125. 0d. post free.  New edifion, Seplenber, ooy,

This work describes the procedure on board ship when réemoving a fault or break ina
submerged cable and the mechanical gear used in different vessels for this purpose ; and considers
the best and most recent practice as regards the electrical tests in use for the detection and
localisation of faults, and the various difficulties that occur to the beginner. It gives a detailed
technical summary of modern practice in Manufacturing, Laying, Testing and Repairing a Sub-
marine Telegraph Cable. The testing section and details of boardship practice have been prepared
with the object and hope of helping men in the cable services who are looking further into these
branches. !T]]E description of the equipment of cable ships and the mechanical and electrical
work carried on during the laying and repairing of a submarine cable will also prove to some
not directly engaged in the profession, but nevertheless interested in the enterprise, a means of
informing themselves as to the work which bas to be done from the moment a new cahble is
projected until it is successfully laid and worked.
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Young—ELECTRICAL TESTING FOR TELEGRAPH ENGI-

NEEERS. H::-dl Elton Young. Very fully illustrated. Price 1os. 6d. Post free 11s.
This book embodies up-to-date theory and practice in all that concerns everyday work of

the Telegraph Engincer.
CoONTENTS.

Chapter I.—Femarks on Testing Apparatus, Chapter VII.—Measurement of Inductive Capa-

v Ll.—Measarements of Current, Poten- city.
tial, and Battery Hesis- »» WIIT.—Laocalisation of Disconnections.
tance, sy IX.—Localisation of Earth and Con-

y»  III.—Natural and Fault Current. tacts.

3 IV.—Measurement of Conductor Fe- o X —Corrections of Localisation Tests.
sistance, 4 XI—Submarine Cable Testing during

sy V.—Measurement of Insulation Re- Manufacture, Laying and
sistance. Working.

» VILIL=—Corrections for Conduction and w  SIL—Submarine Cable Testing during
Insulation Tests. Localisation and Eepairs.

In the Appendices numerous tables and curves of interest to Telegraph Engineers are given,

THE MANUFACTURE OF ELECTRIC LIGHT CARBONS.
A Practical Guide to the Establishment of a Carbon Manufactory., Fully illustrated,
Price 15, 6d., post frec 15, gd. 3
The object of Mr. O. G. Pritchard in preparing this work for publication was to enable
British manufacturers to compete with those of Frauce, Austria, Germany and Hohemia in the
production of electric are carbon candles. The beok iz fully illustrated and gives technical
datails for the establishment and working of a complete carbon factory.

ELECTRICITY SUPPLY, ELECTRIC POWER AND TRAC-

TION. Complete Group of Statistics, &c., for Local Authorities, Supply Station
Engineers, Consulting and Contracting Engineers, Manufacturing and Supply Houses, &c.
Local Authorities will find these documents of great value for reference in discussions upon
questions relating to Electricity Supply for Lighting, Tramways, Power Transmission, &c.
Full printed particulars post free on application.

ELECTRICITY IN MINES.—Under the new Rules and Regula-
tions concerning the Use of Electricity in Mining Operations, it is compulsory that
directions for the effective Treatment of Cases of Apparent Death from Electric Shock be
conspicuously placed in certain prescribed positions in the AMines.

A set of these BPRECT[DNS, with illustrations showing the method of their app]ication,
accompanied t;i.' PRECAUTIONS to he adopted to prevent danger from the electric current,
can be supplied.

FPrICES :—On paper, _ 15in. by 12}in. .. .. 3d.each; 2s. 6d. per dozen.
On thin card, ditto ‘o o ] =
Cn thick card, ditto with hanger od. ,, 75 Gd. il
Fost free or carriage paid in each case.

“« THE ELECTRICIAN” PRIMERS. (Fully Illustrated.) A Series
of Helpful Primers on Electrical Subjects for the Use of those seeking a Knowledge of
Electricity—Theoretical and Practical. Newand Greatly Enlarged Edition in Preparation.

“* The Electrician'® Primers were originally published in 18gr and had a larga sale. They
were published with the object of meeting the demand for a correctly-written series of scientific
leaflets on the Theory and Practice of Electricity to replace the mnaccurate and misleading
pamphlets and newspaper articles which were then being issued broadcast, and which it was
telt were calculated to -i].:rnuch harm to students and others who consulted them for information

cancemiﬂg'melectrmechuical subjects. -
In this way “*The Electrician" Primers met a real want. The great advances made in

Electrical Science and Fractice have now demanded the complete revision of the * Primers,™
and their extension to embrace the numerous additional subjects which come within the range
of the studies of the student and others seeking a knowledge of Electricity—Theoretical and

Practical. e ; L :
The New Edition will, therefore, be entirely rewritten to bring the ::-ri%inal Pa.ipers up to

date, and the number of Primers will be greatly extended, embracing all additional subjects
which have come to the front since the first edition was published. This will necessitate three
Wolumes. Vol. I, will, as before, be devoted to ** Theory,”” and will congist of about 23 Primers;
Vol. IT. will treat of *° Practice,’” in relation to Engineering (about 2o Primers); and Vel. II1. to
the lighter branches, Telegraphy, Telephony, Electro-Chemistry, Electro-Metallurgy, Electro-
Therapy, and Miscellaneous.

MINUTES OF THE PROCEEDINGS AT THE HULL

TELEPHONE IN(;_IUIH‘H". Price 15. nett, post free 35. 6.
The full Text of the important Proceedings in the Telsphone Inguiry held at Hull in

August, 1003, in Blue-HBook form.
MINUTES OF THE PROCEEDINGS AT THE PORTSMOUTH

TELEPHONE INQUIRY. Price 1s. 6d. nett, post free 1s, gd.
The full Text of the important Proceedings in the Telephone Inguiry held at Portsmouth

in September, 1903, in Blue-Book form.
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THE POST OFFICE TELEPHONE SERVICE. An illustrated

dezcription of the Exchanges of the Post Office Metropolitan Telephone Service, giving
much interesting information cencerning these Exchanges. Now ready, 8vo, very fully
illustrated. Price 25, net.

; In this work an illustrated description is given of the Trunk, Central and other Exchanges
of the British Post Office Telephone Service in the London Metropolitan area. The descriptions
of the various exchanges are complete, and the illustrations show the dispaosition of the plant and
the types of all the apparatus used. In view of the early acquisition by the Post Office of the
undertaking of the National Telephone Company this work is of considerable interest.

STEEL-PLATE PORTRAITS. Price 1s. each ; post free on Roller,

13. 2d. Indiz mounts 15, extra,. Or framed in neat Black Pillar or Brown Ornamental
Frames, price 45. 6d. ; carriage paid (U.K.) 55. If with mounts 1s. extra.

MIcHAEL FARADAY (15, exfra). | Pror J. J. THouMsoN, F.R.S. R. E. B. CROMPTOHN.

WILLIAM STURGEOHN. Hemwricn HERTE. Sik Jons Pesper, G.C.M.G.

Lorp KeLvin, F.R.=. Pror. W. E. AvrToN. Sir James ANDERSOHN, J.B.

Sir WiLLiam CrookEs, F.R.5. | Dr. Joux Horxinson, M.A., Cyrus W. Fierp,

Sir OLiver J. Lopce, D.5c., F.R.5. | Sir W, H. Prezcg, K.C.E.,
F.R.5. osEpH WiLsox Swan. F.R.5,

HerMann vou HELMBOLTZ. ERMER VoM SIEMENS, Sin Heury C. Mance, C.LE.

Lorp RavLEIGH, F.E.5. ALEXANDER SIEMEXRS. C. H. B, PateY, C.B.

NEW VOLUMES AND EDITIONS IN PREPARATION.

Anderson—BOILER FEED WATER: ITS IMPURITIES,

?T}].—'&L‘tﬁjl& AND PURIFICATION, By Fred. A. Anderson, B.Sc. (Lond),
7. 1.C., F.C.5,

Lemstrom—ELECTRICITY IN HORTICULTURE. By Prof.

5. Lemstrom. 3s. 6d.

SELECTED LIST OF STANDARD WORKS

FOR STUDENTS.,
Abney—INSTRUCTION IN PHOTOGRAPHY. By Capt. Sir W.

de W. Abney, F.R.5. Tenth edition. 6s.

Abney—PHOTOGRAPHY WITH EMULSIONS. By Capt. Sir
W. de W. Abney, F.R.5. 3s

Allsop—INDUCTION COILS AND COIL MAKING. ByF. C.

Allzop. 3s. Gd.

Arrhenius—TEXT BOOK OF ELECTRO-CHEMISTRY. By

Svante Arrhenios. Translated by J. McCrae, Ph.T). gs. 6d. net.

Barlow—BARLOW'S TABLES OF SQUARES, CUBES,
ﬁ;t{Q'EEq:ﬁ?FJEJ CUBE ROOTS. Reciprocals of all Integer Numbers up to 10,000.
Bigelow—INTERNATIONAL SYSTEM OF ELECTRO-THERA-
ﬂ!f.UITE“CS. S-]:"cur Students, General Practitioners and Specialists. Edited by H., E.
igelow. 34
Blount and Bloxam—CHEMISTRY FOR ENGINEERS AND

MANUFACTURERS., By Bertram Blount, F.I.C., F.C.5., and A. G. Bloxam. In
two vols. Vol. I.—Chemistry of Engineering, Building and Metallurgy. 108 6d.
Vol. 1l.—Chemistry of Manufacturing Processes, 16s.

Castell-Evans—PHYSICO-CHEMICAL TABLES. By ]J. Castell-

Evans, Vol. I. 24s.
Classen and Lob—QUANTITATIVE CHEMICAL ANALYSIS

BY ELECTROLY=I5, Translated from the German of Dr. A. Classen and Dir. W,
Lib by W, H. Herrick and B. B. Boltwood, 125 6d. net.

Clowes and Coleman—ELEMENTARY PRACTICAL CHE-

MISTRY AND QUALITATIVE ANALYSIS FOR ORGANISED SCIENCE
SCHOOLS. By Prof. F. Clowes, D.5c., and J. Bernard Coleman. 8vo, 3s. 6d.
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Deschanel -NATURAL PHILOSPHY : An Elementary Treatise.

By Prof. A. Privat Deschanel. Translated and added to by Prof. J. D. Everett, D.C.L.,
F.K.5 Twelfth Edition. Cloth, 185, Also in four parts.—I. Mecwaxics, Hypro-
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