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ELECTRIC DISCHARGE IN HIGH VACUA 3

the wall opposite to the negative electrode; this
patch corresponds in shape to the electrode itself, if
the electrode is flat. Thus a round disc electrode
‘will produce a round patch only a little larger than
itself. A faint streak of blue luminosity appears in
the gas, stretching from the cathode to the phos-
phorescent spot. It is evident from these phenomena
that some kind of influence is propagated out at right
‘angles to the cathode surface and travels through the
tube till it reaches the wall. This influence goes by

Fia, 3.—Experiment showing that the cathode rays are always emitted at right angles
to the surface of the cathods, and do not necessarily follow the line of the discharge,
The rays from the flat eathode, a, strike the wall of the tube at b, eansing phosphores-
oenge. They penetrate the glow of the main discharge, which curves away to the anode,
¢, in a lateral tube joined on to the main one.

the name of the cathode rays. The cathode rays
always proceed at rigcht angles to the cathode,
whether that is the direction in which the anode lies
or not. The spark or glow discharge which, at these
low pressures, is quite inconspicuous, of course pro-
ceeds from anode to cathode, and will turn a corner
without difficulty. This the cathode rays will not do.
Their path is essentially rectilinear (fig. 3).

A thick, solid obstacle placed in the path of the
cathode rays casts a perfectly sharp and definite
shadow. The outline of the object is seen on the
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ELECTRIC DISCHARGE IN HIGH VACUA 7

If the rays are deflected by a magnet, so as to pre-
vent their entering the cylinder, no charge 1s
obtained. This experiment is due to M. Perrin
(fig. 6). , : =)

Since the rays are charged with negative electricity,
they will be repelled by a negatively charged body,
and attracted by a positively charged one. The tube
(ig. 5) which has been described for observing th_E-.
magnetic deflection is also arranged for this experi-
ment. The two metal plates between which the rays
pass, are connected, one to the positive and the other
to the negative pole of a battery of, say, 20 or 30
cells. The fluorescent patch is deflected by the
electrostatic force, just as it was by the magnetic
force. The rays are found to move away from the
negative plate towards the positive one.

We have now to consider an important, though
difficult, part of the subject. It is very desirable to
get some idea of it, in order to understand what
follows, when we come to discuss the properties of
radio-active substances. It cannot be treated satis-
factorily without making use of mathematical symbols,
which would be foreign to the plan of this work.
Those who can follow that kind of reasoning will
find the matter set out in the simplest way that
it admits of in Appendix B. For others, a verbal
explanation, necessarily imperfect, must be attempted.”

Let us consider, then, a particle charged with
electricity, and moving through a field of magnetic
force. As we have seen, the moving particle, since
it is equivalent to an electric current, must experience
a deflecting force, which will bend it to one side.

Now on what will the amount of the resulting de-

LTf the reader finds what follows too diffienlt, he must be content to take
it for granted that the cathode rays are negatively electrified particles of

about 55 part of the mass of a hydrogen atom, and moving with an
enormous velocity, and pass on to p. 17.






ELECTRIC DISCHARGE IN HIGH VACUA 9

It is the ratio between them that determines the
motion.

In considering the magnetic deflection, then, there
are two unknown quantities connected with each
particle that are concerned. These are its velocity
and the ratio of its electric charge to its mass.

The mechanical force on a charged particle moving
at right angles to a magnetic field, necessarily acts
in the same direction as the force which would act
on a wire carrying a current under the same circum-
stances; that is, at right angles to its own direction and
to the magnetic force. Since there is a pull on the
particle at right angles to the direction it is moving,
it is constrained in just the same way as is a stone
tied to the end of a string, and whirled round i a
circle. For the string pulls on the stone in a direc-
tion at right angles to its path, just as the force
on the particle pulls it in a direction at right angles
to its path. The particle will accordingly move in
a circle, just as the stone does. The pull on the
particle counteracts its centrifugal force, just as the
pull on the stone counteracts its centrifugal force.
We know, or at least we can easily calculate from
observation, the radius of the cirele into which the
rays are bent; and we can compare their mechanical
behaviour quantitatively with that of a stone whirled
round in a circle of the same radius. We can cal-
culate the pull which the string exerts on the stone,
not of course absolutely, but in terms of the speed
of the stone and its mass; and we can calculate in
Just the same way the radial pull on the cathode
particle in terms of its speed and mass. The radial
pull can also be expressed, however, in terms of the
charge which the particle carries, its speed, and
the strength of the magnetic field through which
1t moves. Now these two ways of computing the






ELECTRIC DISCHARGE IN HIGH VACUA 11

direction in which it is desired that the shot shall
travel : but in our case the particle is pulled down
by the electric force upon it, not by gravity. W.e
can measure the strength and length of the electric
field, and these, in combination with the deflection
of the rays, give us a second relation between the
velocity and the ratio of mass to charge.

We have now a pair of equations, and a pair of
unknown quantities. It is accordingly a simple piece
of algebra to determine what the two unknown
quantities are.

The results are very astonishing. It is found that
the cathode particles move with a speed not insigni-
ficant when compared with the speed of light. The
speed of the rays depends on circumstances. If the
pressure of gas in the vessel is not very low indeed,
then a comparatively moderate electro-motive force
suffices to produce discharge, and to set the cathode
rays going. In this case the rays are not shot out by
a very intense electric force, and consequently they
move comparatively slowly, perhaps with ; of the
speed of light. If, however, the exhaustion of the
vessel is carried to an extreme point, the electro-
motive force near the cathode becomes great, and
the rays travel faster ; speeds amounting to one-third
that of light have been so obtained. The velocity
of light is nearly two hundred thousand miles per
second. So that the cathode particles sometimes
travel at sixty thousand miles per second.

It is difficult to fully realise the meaning of such
speeds as this. A shot from a modern gun leaves
the muzzle at perhaps 3000 feet per second, so the
cathode particle goes twenty miles while the cannon
ball is going one foot! In one second the particle
could go more than twice round the globe !

It is not found that the velocity of the rays is always






ELECTRIC DISCHARGE IN HIGH VACUA 13

long time. The amount of hydrogen set free at the
electrode by a given quantity of electricity 1s always
fixed and invariable, unless, indeed, it is absorbed at
the electrode before it can get away by some chemical
agency. Now the electricity is carried through the
liquid by the oxygen and hydrogen atoms. Kach
atom concerned in the process conveys a charge of
electricity. The hydrogen carries a positive charge
in this case, the oxygen a negative one. The positive
electrode attracts the negatively charged oxygen
atom, while the negative electrode attracts the
positively charged hydrogen atom.

If we find experimentally how much electricity has
to pass through the liquid for one gram of hydrogen
to be set free, it is evident that we have the charge
carried by a gramme of hydrogen. A gramme of
hydrogen no doubt contains an almost ineonceivable
number of atoms. But the ratio of charge to mass
is the same for many atoms as for one. Thus we
have learned the ratio of the charge to the mass
of a hydrogen atom. It is found that the charge,
measured in electro-magnetic units, is very nearly
ten thousand times the mass, the mass being, of
course, expressed as a fraction of a gramme.

If the cathode particles were atoms of matter, as
was long believed to be the case, we should expect
their mass to be at all events not smaller than this in
comparison with the electric charge. For no other
atom 18 known which has so small a mass in pro-
portion to its charge. But, when we come to
determine, in the way that has been described, the
ratio of charge to mass for the cathode particles, it is
found that the ratio, instead of being ten thousand
to one, is about ten million to one. It cannot be
doubted, therefore, that the cathode particles are
something very different from atoms.






ELECTRIC DISCHARGE IN HIGH VACUA 15

to liquid water, in the form of a fog. It cannot,
however, do this unless some kind of nuclei are
present for the raindrops to condense on. If there
is dust in the air, the dust particles are available
to act as nuclei of condensation, and there is nothing
to hinder that process from freely taking place. If
there is no dust, no condensation will, in an ordinary
way, occur, unless indeed the air is so heavily over-
charged with water vapour that condensation can
occur on the molecules of air themselves.

We shall not consider such great degrees of super-
saturation any further, but only those moderate
degrees of super-saturation which give no condensa-
tion in the absence of dust. It is found that in
this case the charged cathode particles, from metals
illuminated with ultra-violet light, are able to act
as centres of condensation, and to produce a fog.’
Each particle gathers a drop of water about it, and
thus there are as many drops as there are particles.
We have got now, in exchange for the infinitesimal
cathode particles, an equal number of drops, quite
visible to the naked eye, or at all events under a very
moderate magnifying power. The number of drops
produced under given conditions can be estimated in
various ways. The simplest way would be to let
them fall on a glass plate and count them under the
microscope. This was not, however, the plan adopted
by Professor Thomson. He estimated the number of
drops by knowing, from the conditions of the ex-
periment, what quantity of water vapour had been
condensed, and by finding the average size of each
drop. This, of course, enables the number of drops
to be found.

The way in which the size of the drops was found

! The particles require more super-saturation than dust does, to enable
them to produce condensation.






ELECTRIC DISCHARGE IN HIGH VACUA 17

aggregate charge on the particles. As we know how
many particles there are, we can find the charge
on each. It is found, in this way, that each
particle carries a charge equal to that carried by the
hydrogen atom, as nearly as the somewhat rough
estimates of the latter that we have will allow us to
judge.’

We have come, then, to the conclusion that the
charge of the particle is the same as the charge of
the hydrogen atom. The charge is actually the same.
Relatively to the mass, however, it is very much
larger. The mass of the particle is, therefore, very
much smaller than the mass of an atom of hydrogen
—about a thousand times smaller.

This is a momentous conclusion, for it shows that
the doctrine of the indivisibility of a chemical atom,
prevalent throughout the nineteenth century, must
be reconsidered. The cathode particles, or corpuscles,
as they are more conveniently named, are derived
from the atoms of gas in the vacuum tube, or from
the electrodes, and as these corpuscles are smaller
than atoms, the inference is inevitable that the atom
has been split up, and that one or more corpuscles,
which formed part of its original structure, have been
detached from it. This consideration opens up one
of the most promising lines of investigation in the
entire range of physical science. We shall defer
further consideration of it to a later chapter.

An important property of the cathode rays is their
power of penetrating thin solid obstacles. The first
observations of this kind were due to Hertz, the

! We have explained how the charge carried by say, 1 gramme of hydro-
gen atoms is deduced. In order to find the charge carried by each, it is
necessary to know how many atoms there are in a gramme of hydrogen, or,
what comes to the same thing, how many in a cubic centimetre. This can
be caleulated in various wiys; but they are all rather indirect, and the

vesults are not as concordant as might be wished. Still, the number is
certain within a few times.

B






ELECTRIC DISCHARGE IN HIGH VACUA 19

difficulty, as we shall see when we come to discuss
modern ideas of the constitution of matter.

The cathode rays are not able to go any considerable
distance through air at atmospheric pressure. They
are diffused and spread out in a fan shape from the
window. If the air pressure in the space outside the
tube is reduced, the rays are able to go further, but
ab atmospheric pressure they behave like a beam of
light in a smoky atmosphere. This is due to the
collision of the corpuscles with the molecules of the
air.  This, if it does not altogether stop them, sends
them glancing off in a sideways direction.

Lenard made a series of very valuable determina-
tions of the comparative absorption of the cathode
rays by different solids and gases. The result was
to show that the densest substances are the most
absorbent for the cathode rays ; the lightest sub-
stances are the most transparent. This rule seems to
be applicable to all substances, from the densest, such
as gold, to the lightest, such as hydrogen, at a high
degree of rarefaction. The absorption of the rays is
proportional to the density. Gold is about fifteen
thousand times as dense as air ; thus if the rays were
partially absorbed by a piece of gold leaf it would
require a layer of air fifteen thousand times as thiclk
to absorb them as much.

Probably the law of density is only approximately
true.

The transparency of different substances for the
cathode rays, since it depends on density, has no
connection whatever with their transparency for light.
f]_‘hus, for instance, mica, which is not very different
n density from aluminium, transmits the cathode
rays about equally well, whereas mica is transparent
to light and aluminium perfectly opaque.

The cathode rays, which have penetrated outside
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The form of tube which experience has shown to
be the best for producing Rontgen rays is that
known as the focus tube (fig. 8). A saucer-shaped

Fro. 8.—Fotus bulb, o, for production of Romigen rays. The cathode, b, is cup-
shaped, and the cathode rays from it (represented by dotted lines), converge on the
plate-shaped anode, ¢, inclined at 45 degrees, The Rontgen rays issue from the front of
this anode.

cathode 1s used; since the cathode rays are shot
out at right angles to the surface of the cathode,
they all converge to the centre of curvature of the
sphere of which the cathode forms a part. At that
point a slanting platinum target is placed to receive
them. Intense Rontgen rays issue from the point
at which the cathode rays strike. These rays, since
they issue from a single spot, are able to cast very
sharp shadows.

The Rontgen rays are able to pass to some extent
through all solid materials, but the facility with
which they are transmitted varies very much with
the material in question. The heavy metals are
the most opaque, and their opacity is greater than
that of light substances, such as wood or water,
quite out of proportion to their extra weight. In
this respect the Rontgen rays differ from the cathode
rays, for, as we have seen, the absorption of the
latter vs nearly in proportion to the density. This
difference of transparency for different substances
18 the property which enables the bones of a living
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DISCOVERY OF RADIO-ACTIVITY 29

it at the Royal Institution with the bulb producing
the rays up in the gallery of the theatre, while the
electroscope, projected on a screen by means of the
optical lantern, was near the table.

In the early days of the discovery of the uranium rays
Becquerel obtained similar effects from them. With
uranium, the collapse of the leaves is not nearly so
quick as with Rontgen rays, if these are of the
intensity commonly used for obtaining photographs
of the bones.

Still there is no difficulty in verifying Becquerel's
result. Some crystals of uranium metal may be
spread on the flat disc communicating with the gold
leaves with which most electroscopes are provided.
It will be found that the leaves do not go down
appreciably in the course of a few minutes® if the
uranium is withdrawn to a distance. But when it
is placed on the dise, the leaves lose their charge
altogether in that time.

The discovery of the activity of uranium raiged the
question of whether any other of the seventy or more
known elements possessed similar properties. It was
certain that none of the materials, such as brass,
copper, tin, glass, or iron, which are used in the con-
struction of electrical instruments, could possess the
power to any extent. For if they did, the leakage
of electricity through the air due to their presence
could not have failed to make itself apparent. It
remained to make a systematic search among the
less-known elements. The result was to show that
one, and one only, of the elements up to that time
known possessed the same power as uranium. That
element was thorium. The element is rare indeed,
but not so scarce as to be difficult to obtain, It is

r’:iThin, of course, supposes that the electroscope is in good working
OIAer.
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DISCOVERY OF RADIO-ACTIVITY 33

the meantime we may note that if the air was the
source of energy, it might be expected that the
radio-activity would be reduced by placing the sub-
stance in an exhausted vessel. Such, however, is not
found to be the case.

We are, then, reduced to assume, either that the
uranium 1s acquiring its energy from some external
source by a process of which we can form no con-
ception, or that it is giving off potential energy of its
own which it had possessed all along, undergoing, of
course, some change in the process.

It may be asked, if this latter assumption is to be
considered, How is it that the change of other qualities
which must accompany this loss of energy does not
become visible ? How, in fact, can uranium remain
uranium ? The answer must be that it does not—
that if we could only wateh it for a sufficient time,
the change in its qualities, when it had given off its
energy, would become apparent. The rate of emission
of energy is so small when compared with the total
stock that the uranium possesses, that, during the
hundred years or so that the metal has been known,
the changes proceeding in it have not visibly altered
its properties. This is the view now generally held,
and we shall see in later chapters that there is very
strong evidence in support of it.

It has been explained how the wonderful radiating
properties of uranium were discovered. We now
come to the more sensational developments which
have attracted so much attention of late.

It is found that all the compounds of uranium emit
Becquerel rays. They are all able to affect a photo-
graphic plate which has been wrapped in black paper,
and they can all discharge a gold-leaf electroscope.
It was a natural and obvious experiment to compare
the various compounds of uranium amongst them-

¢






THE DISCOVERY OF RADIUM 35

for instance, known as uranium oxide, discharged the
electricity about as fast as the compound with nitrie
acid, uranium nitrate. There were slight differences,
attributable to the fact that some of the compounds
contain a larger percentage of the metal than others.
But these differences were comparatively unimportant.
The essential thing was, apparently, the presence of
uranium. What other element it might be combined
with did not matter much. Indeed, an ingot of the
metal itself gave a result not very different from the
compounds.

THE DISCOVERY OF RADIUM

Uranium, like most other metals, is obtained
from an ore which is quarried, or mined, out of the
earth. This ore is called pitchblende. It is not a
very common mineral. When it does occur, it is
usually found among igneous rocks, like granite or
felspar (Plate II). It is very valuable, as it consists
mainly of uranium oxide, which is in demand for
making canary glass.

Madame Curie turned her attention to this sub-
stance, to see whether it behaved like the artificial
compounds of uranium. To her surprise she found
that it was very much more powerful than any of
them. One specimen of pitchblende, for instance,
which had come from Joachimsthal in Bohemia, was
three or four times more active than uranium.

What could be the explanation of this? Why
should the native compound of uranium be so much
more energetic than the artificial purified product ?
Madame Curie’s answer was that pitchblende con-
tained, besides uranium, some new substance which
was far more radio-active.

It has been mentioned that pitchblende consists
mainly of uranium oxide. But in addition to this it
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THE DISCOVERY OF RADIUM 39

been made. The material still in solution when re-
covered was, of course, less active. It was evident,
therefore, that associated with the barium chloride
there was a radio-active metal, allied to barium, which
formed a chloride less soluble than barium chloride.
It had been partially separated from the barium
chloride, just as, in the example we gave, barium
chloride was separated from caleium chloride. This
new element was named Radium, in allusion to its
radio-active properties.

By working on large quantities of material, and
by repeated fractional crystallisations, M. and Mme.
Curie obtained products more and more active. At
every crystallisation the activity became greater, and
at first it seemed as if there was no limit. It will
be understood that, starting with a small guantity
of the mixture, the amount becomes less at every
operation, until, after a certain number of crystallisa-
tions, the amount remaining becomes too small for
further treatment. The only escape from this diffi-
culty is to take very large quantities of the mineral
to begin with. Pitchblende is a valuable mineral, as
we have seen, because of the uranium contained in
it. But the residues left after the uranium had been
extracted were worth little or nothing, and could be
had for the asking, though that is no longer the case.
These residues contained all, or nearly all, the barium
and radium, and several tons of this material were
worked up by M. and Mme. Curie. Now that the
properties of the material sought for were known, it
was no longer necessary to separate every constituent
in the mineral. It was merely necessary to obtain the
barium with itsaccompanying radium. Forthispurpose
a process which was simpler and more direct than that
which we have followed was devised (see Appendix C).
It will be unnecessary to follow this in detail ; suffice
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Man}r kinds of soil and rock also contain traces of
radium. But these traces are very slight indeed,
and can only be detected by special methods. The
element, rare as it is, is none the less distributed
in recognisable traces almost everywhere.

The question is often asked, Is there any pro-
bability that radium will ever be found in large
quantities ? .

It would be rash to make any confident assertion
on the subject. It must be admitted that several
elements, which at the time of their discovery were
very rare, have turned out to be in reality relatively
abundant. Thorium and vanadium are examples of
this. Thorium, for instance, was originally found in
the rare Norwegian mineral thorite. Berzelius, who
was the first to investigate the properties of the
element, was only able to obtain enough material to
furnish him with a few grammes of it. But now it
has been found in large quantities in the mineral
monazite in Brazil, and is worked up commercially
by the ton for use in preparing the mantles of incan-
descent gas lamps.

We cannot feel sure, therefore, that because the
supplies of a new element are scanty at first, they
necessarily remain permanently so. But in the case
of radium the prospects of obtaining large quantities
do not seem to be very encouraging. The presence
of radium in a mineral, even one part in one hundred
million, can be detected in one or tivo minutes by the
electrical test. So that it is far more easily searched
for than other elements, which require the applica-
tion of tedious chemical processes to determine their
presence or absence. Accordingly the search for
radium has been carried out very thoroughly. And
the result has been to make it certain that it is
indeed very much rarer than any other known
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THE «-RAYS 75

The B-rays were easily shown to be deflected by a
magnetic force. For a long time it was thought that
the a-rays were not at all affected by magnetic force.
We now know that they too are bent, but to a much
less extent, and in the opposite direction to the
[B-rays.

This result is due to the skill and perseverance of
Professor Rutherford, and it is of far-reaching im-
portance. We shall now describe the method used
by him for detecting the deflection. The observation
is difficult because of the extreme smallness of the
curvature which can be produced even by a very
strong magnetic force.

The experiment is in principle exactly the same as
M. Curie’s experiment to show the deflection of the
B-rays (fig. 12). But refinements are necessary
in this case which were not called for in that.

The method, it will be remembered, is to place the
radium at the bottom of a narrow vessel, and to place
the vessel between the poles of an electro-magnet.
When the magnet is not excited, the rays follow a
straight course, and are able to issue from the mouth
of the vessel, whence they penetrate into an electro-
scope, and cause the gold leaf to collapse. But when
the magnet is in action, the rays are bent into a
curve, and fall on the sides of the vessel, which stop
them. Thus they cannot get out of the vessel, and
the electroscope is not discharged.

In the case of the a-rays, it is only possible to
produce a very slight curvature of the rays. Thus
the vessel at the bottom of which the radium is
placed must be made very narrow. It must con-
sist of a mere slit between two parallel metal
plates; for if the plates were not very close,

the rays could get out in spite of their slight
curvature.
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PLATE 1.

PHOTOGRAPH OF A

WELSBACH [NCANDESCENT GAs MANTLE,
TAKEN HY MRr. RicHarD KeErRn

THE MAXTLE WAS OFENED OUT AND LAID FLAT
LASTED FOR EIGHT DAvs.

IT RADIO-ACTIVE, AND ENAULES IT TO ACT ON THE

0N & PLATE. THE EX/FOSURE
THE THORIUM CONTAINED I THE MANTLE AlAKES
i 'LATE,












PLATE [T,

RapioGrarn orF a Pugrse CONTAINING COINS, TAKEN BY [

ADILAL,
THE METAL FRAME OF 7 HE MIESE AND THE

ENCLOSED COINS STO THE BAYS MUCH
MORE . 'THAN THE LE VITHER, SINCE THEY ARE DENSER, THUS IN THE MNSITIVE

PICTURE THEY SHOW BLACK O A LIGHT GROUNT,
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