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EDITOE'S PREFACE
In

the

following

pages,

Le

Gustave

Dr.

Bon

develops further the strikingly novel and original
theories put forward

As

Matiirc}

by him in

in the last-named work,

the doctrine, which he was the

matter

all

is

and decay,

he enunciated

first to

deduce, that

continually in a state of dissociation

so in this

corollary, there
is

L' Involution de la

he goes in

detail

the

into

only briefly stated, that the atom

a great reservoir of energy, and itself the source

of

most of the

forces of the universe.

of this position,

he

calls

In support

in the aid of his earlier

researches into the nature of

radiations,

invisible

phosphorescence, and the Hertzian waves,

all

which,

with several related phenomena, he declares to be
explicable

by the hypothesis that the atom, on

dissociating,

the

sets

free,

either

energy stored up within

Yet he

is

suggested

careful

than

to

declare

wholly or
it

on

its

in

formation.

that this

demonstrated by

his

part,

is

rather

researches,

'
Paris, 1905.
An English translation, under the
Evolution of Matter," was published in 1907.

title

"

The
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and that the conclusive proof of the vahdity of
his

must be delayed for the result of
by himself or others.

assertion

further experiments

In the meantime,

approval

received

Every new

scientific

reaching,

received

is

an

from

brought up on the ideas

it

corollary have

its

unexpected

theory,

with

both

to notice that

is :well

it

Dr. Le Bon's original thesis and

quarter.
far-

sufiBciently

if

by those
would supplant, and

disapproval

Dr. Le Bon's assertion of the universal dissociation"
of

formed no exception

matter

he

France, as

reminds us

to this rule.

in

L'involution

he classed together under the odd

name

of " Black

Light," aroused a perfect storm of obloquy

his theories

la

phenomena which

Matidre, his first discovery of the

has long since died away.

cle

In

which

In England, whither

penetrated only after they had been

by the

in great part accepted

was not the case

scientific world, this

but two members of the Cavendish Laboratory at Cambridge took upon themselves,
;

upon the appearance of
to

assail

teaching

its

L'J^volution
as

with more virulence than

well

force.^

la Matiere,

cle

as
It

novelty

its

therefore

is

pleasing to find Mr. P. D. Innes, himself a
of

the

Cavendish

Laboratory,

apparent approval of
1

its

writing,

member

with

the

Director, in the Proceed-

See the Athemeum of February 17 and 24, and of March 3, 10,
and the Jahrbuch fur EleUronik, ii. (1895), p.
24, 1906

17,

and

459

et seq.

;
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of the Royal Society, with regard to radio-active

^

phenomena, that
"

theory which

only

the

can

satisfactorily

account for the phenomena observed
of

atomic

disintegration,

a

process

apparently going on in several,
of the elements "

and further
"

(p.

is

that

not in

if

is
all,

;

443),

that there

is

a great store of energy in the

atom seems now beyond question, and
become available,

if

this

all

our

might be completely

re-

reservoir could only

present

that

conditions

volutionised."

—

This

is

exactly

—

the position taken

as

any one can see

up by Dr. Le Bon

for himself

in L' Evolution

and further defined and emphasized
There seems theregood reason to suppose that Dr. Le Bon's later

de la Mature,

by him
fore

in the present work.

theories, as well as his earlier ones, are

accepted by

men

acceptance will be extended to

this

now widely

and that before long

of science,

all

points of

his doctrine.
It

should be added that the present work was

written

expressly

for

the

International

Scientific

and was intended to appear simultaneously
Difficulties connected
England and France.

Series,

in
'

Proceedings of the Royal Society, A,

1907), p. 442.

vol. Ixxix.,

No.

4,

532 (Sept.

PREFACE

viii

witli

the

reproduction

of

the

illustrations

have

caused the appearance of this version to lag some

months behind the French, of which eight editions
of 1000 copies apiece have been rapidly exhausted.
The delay has not been useless, as it has enabled
me to add a few corrections and notes, together
with indexes, which are wanting in the French
editions.
F.

Royal Institution of Gekat Bbitain,
February, 1908.
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PART

I

THE NEW PRINCIPLES

THE EVOLUTION OF FORCES
BOOK

I

THE NEW BASES OF THE PHYSICS OF
THE UNIVERSE
CHAPTER

I

THE PRESENT ANARCHY OF SCIENCE

Every philosopher devoted to the study of subjects
with rather vague outhnes and uncertain conclusions,
such as Psychology, Politics, or History, who had a
few years ago to peruse a work on Physical Science,
must have been struck by the clearness of the dethe exactness of the demonstrations, and
the precision of the experiments. Everything was
By the side
strictly linked together and interpreted.
finitions,

of the

figured

most complicated phenomenon there always
its

explanation.

same philosopher had the curiosity to look
for the general principles on which these precise
sciences were founded, he could not but be compelled
to admire their marvellous simplicity and their imposing grandeur. Chemistry and mechanics had the
indestructible atom for their foundation, physics the
If the

indestructible energy.

Learned equations, produced

THE EVOLUTION OF FOEOES
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by experiment or by pure reasoning, united by
formulas the four fundamental elements of
things i.e. time, space, matter, and force. All the
either
rigid

bodies in the universe, from the gigantic star describing its eternal revolutions in space down to the
infinitesimal grain of dust which the wind seems to

blow about at will, were subject to their laws.
We were right to be proud of such a science,
the fruit of centuries of effort.
To it was due the
unity and simplicity which everywhere reigned. A
few minds enamoured of formulas thought it possible to simplify them further by taking into account
only the mathematical relations between phenomena.
These last appeared to them solely as manifestations
of one great entity, viz.
energy. A few differential
:

equations sufficed to explain

by observation.

The

all

the facts discovered

principal researches of science

new formulas that from that
universal laws which nature was

consisted in discovering

moment became
forced to obey.

Before such important results, the philosopher bent
and acknowledged that if but little certainty
existed in the surroundings in which he lived, at
low,

be found in the domain of pure
could he doubt it?
Did he not
notice that the majority of learned men were so sure
of their demonstrations that not even the shadow of
a doubt ever crossed their minds ?
Placed above the changing flux of things, above
the chaos of unstable and contradictory opinions,
they dwelt in that serene region of the absolute
where all uncertainty vanishes and where shines
the dazzling light of pure truth.
least

it

science.

Our

could

How

great

scientific

theories

A"

are

not

all

very

THE PRESENT ANARCHY OF SCIENCE
ancient,

science

5

since the cycle of precise experimental
hardly covers more than three centuries.

This period, relatively so short, reveals two very distinct phases of evolution in the minds of scholars.
The first is the period of confidence and certainty to which I have just referred.
In face of the
daily increase of discoveries, especially during the first
half of last century, the philosophical and religious
dogmas on which our conception of the universe had
for so long been based, faded and vanished completely.
No complaint was raised. Were not absolute truths to replace the former uncertainties of
ancient beliefs ? The founders of each new science
imagined that they had once for all built up for
that science a framework which only needed tilling
This scientific edifice once built up, it would
in.
alone remain standing on the ruins of the vain imaginings and illusions of the past.
The scientific
creed was complete. No doubt it presented nature as
regardless of mankind and the heavens as tenantless; but it was hoped to repeople the latter at an
early date and to set up for our adoration new idols,
somewhat wooden perhaps, but which at least would
never play us false.
This happy confidence in the great dogmas of
modern science remained unaltered until the quite
recent day when unforeseen discoveries condemned
scientific thought to suffer doubts from which it
imasrined itself for ever free. The edifice of which
the fissures were only visible to a few superior intelligences has been suddenly and violently shaken.
Contradictions and impossibilities, hardly perceptible
at

first,

have become

striking.

The

disillusion

was

so rapid that, in a short space of time, the question

6

THE EVOLUTION OF FORCES

arose whether the principles which seemingly consti-

tuted the most certain foundations of our knowledge

which
wrapped profound ignorance in a delusive veil.
Then that befell scientific dogmas which formerly
happened to religious dogmas so soon as any one
dared discuss them.
The hour of criticism was
quickly followed by the hour of decadence, and then
by that of disappearance and oblivion.
No doubt those great principles of which science
was so proud have not yet perished entirely. For
in physics were not simply fragile hypotheses

a long while they will continue to be positive truths
to the multitude

and

will

be propagated in elemen-

tary text-books, but they have already lost their
prestige in the eyes of real scholars.
The discoveries
just alluded to have simply accentuated the uncertainties

which the

menced

to reveal

latest

and

works had already com-

thus that science herself
has entered into a phase of anarchy from which she
might have been thought for ever safe. Principles
which appeared to have a sure mathematical foundation are now contested by those whose profession it
is to teach and defend them.
Such profound books
;

it is

as La Science et I'Hypothese of M. Henri Poincare
give proofs of this on nearly every page. Even in
the domain of mathematics, this illustrious scholar

has shown that we only subsist on hypotheses and
conventions.

One of M. Poincare's most eminent colleagues in
the Institut, the mathematician lilmile Picard, has
shown

in one of his publications how " incoherent
the
are
present principles of another almost funda-

mental

science,

—mechanics.

He

says

:

"

of the eighteenth century, the principles of

At the end
mechanics

THE PRESENT ANARCHY OF SCIENCE
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seemed to defy all criticism, and the work of the
founders of the science of motion formed a block
which seemed for ever safe against the lapse of time.
Since that epoch, searching analysis has examined
the foundations of the edifice with a magnifying
glass.
As a matter of fact, where learned men like
Lagrange and Laplace deemed everything quite
simple, we to-day meet with the most serious
difficulties.
Every one who has had to teach the
first steps of mechanics, and who has troubled to
think for himself, has experienced how incoherent
are the more or less traditional explanations of its
principles."

The principles of mechanics, which are apparently
most simple, writes Professor Mach in his History of
Mechanics, " are of a very complicated nature. They
are based on unrealized, and even on unrealizable,
experiments. In no way can they be considered in
themselves as demonstrated mathematical truths."
At the present time we possess three systems of
mechanics, each of which declares the other two to
be absurd. Even if none of them, perhaps, deserves
this qualification, they may af least be considered
very incoherent, and as furnishing no acceptable
explanation of phenomena.
"There hardly now exist," writes M. Lucien
Poincare, " any of those great theories once universally admitted, to which, by common consent,
A certain anarchy reigns
all searchers subscribed.

in

the

domain

of

the natural

sciences,

all

pre-

sumptions are allowed, and no law appears rigidly

We

are witnessing at this moment,
rather a demolition than a definite work of conThe ideas which to our predecessors
struction.

necessary.

.

.

.

.

.

.

THE EVOLUTION OF FORCES
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seemed strongly established are now controverted.
To-day the idea that all phenomena are capable
of mechanical explanations is generally abandoned.
The very principles of mechanics are contested,
and recent facts unsettle our belief in the absolute
.

.

.

.

.

.

value of laws hitherto considered fundamental."
Assuredly the great theories which dominated the
science of each epoch, and gave direction to its studies,
did not remain for ever undisputed. After an existence generally pretty long, they slowly vanished, but
did not give place to new doctrines, until these last
were strongly founded. To-day the old principles are
dead or dying, and those destined to replace them are
only in course of formation. Modern man destroys
faster than he builds.
The legacies of the past are
merely shadows.
Gods, ideas, dogmas, and creeds
vanish one after the other.
Before new edifices
capable of sheltering our thoughts can be built,

many
still

We

are

therefore

of

ruins will have crumbled into dust.
in

an

age

of

destruction,

and

anarchy.
Nothing, fortunately, is more favourable to progress than this anarchy.
The world is full of things
we do not see, and it is of the erroneous or insufficient
ideas imposed by the traditions of classic teachings
that the bandage is woven which covers our sight.
History shows to what degree scientific theories
retard progress so soon as they have acquired a
certain fixity.

A

fresh step forward only

becomes

possible after a sufficient dissociation of the earlier
ideas.
To point out error and to follow up its

consequences is at times as useful as discovering new
Perhaps the most dangerous thing to the pro-

facts.

gress of the

human mind

is

to place before readers

THE PRESENT ANARCHY OP SCIENCE
as

is

9

invariably the case with all educational works

uncertainties as indisputable truths, and to presume

impose limits to science, or, as Auguste Comte
wished to do, to the knowable. The celebrated philosopher even proposed the creation of an Areopagus
of scholars with the mission of fixing limits to the
researches which should be permitted. Such tribunals are, unfortunately, already too numerous, and
no one can be unaware how baneful has been their
to

influence.

There should therefore be no hesitation to examine
fundamental dogmas of science for the
sole reason that they are venerated and at first sight
appear indestructible. The great merit of Descartes
lay in his viewing as doubtful what down to his
time had been considered uncontested truth. Too
often do we forget that the scientific idols of the
present day have no more right to invulnerability
than those of the past.
The two dogmas of modern science formerly most
respected were those of the indestructibility of matter
and energy. The first was already two thousand
years old, and all discoveries had only tended to
closely the

confirm it. By a marvellous exception, the strangeness of which struck no one, while all things in the
universe were condemned to perish, matter remained
The beings formed by the combinaindestructible.
tion of atoms had but an ephemeral existence but
they were composed of immortal elements. Created
at the beginning of the ages, these elements defied
the action of centuries and, like the gods of ancient
;

legends, enjoyed eternal j'outh.
Matter was not, however, alone in possessing this
The Forces which are
privilege of immortality.

—

THE EVOLUTION OF FORCES
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now termed, Energy

—

were equally indestructible.
This last might incessantly change its form, but
the quantity of it in the world remained invariable.
A form of energy could not disappear without being
replaced by another equivalent one.
I have devoted nearly ten years of the experimental
researches summarized in

my

book, L' Evolution de

la Matiere, to proving that the first of the above-

mentioned dogmas can no longer be maintained, and
that matter also must enter into the cycle of things
condemned to grow old and die. But if matter be

we suppose that energy alone enjoys
the privilege of immortality ?
The dogma of the
conservation of energy still retains so much prestige
that no criticism seems to shake it. In this work

perishable, can

we

shall

have

to discuss its value,

and

this study

many others. My own experimental
researches have led me to explore somewhat different
chapters of physics without much heeding what was
will necessitate

taught regarding them. Notwithstanding the necessarily
fragmentary character of these researches,
they will perhaps interest those readers whose
scientific beliefs are not yet settled.
What has finally given very great force to certain principles of physics and mechanics has been
the very complicated mathematical apparatus in
which they have been wrapped. Everything presented in an algebraical form at once acquires
for certain minds the character of indisputable
truth.

The most

perfect

sceptic

willingly

attri-

butes a mysterious virtue to equations and bows
to their supposed power.
They tend more and

more
ments.

to

replace,

in

and experiwhich now surround

teaching, reason

These delusive

veils

THE NEW DOCTEINES
the most simple principles only too often serve to
mask uncertainties. It is by lifting them that I
have succeeded more than once in showing the
frailty of scientific beliefs

which

for

many

scholars

possess the authority of revealed dogmas.

CHAPTER

II

THE NEW DOCTRINES

Newton, wrote Lagrange, was the greatest and, at
the same time, the most fortunate of geniuses,
for one does not more than once in a way find a
universe in want of a system.
In saying this, the illustrious mathematician was
evidently persuaded that the system of the universe must be considered as established once for all.
This simple belief has no longer many adherents.
It now appears pretty clearly that we know very
We
little of the general laws of our universe.
can only dimly see in the far-off future the epoch
when these laws will be established. It is, however, already felt that the actual mechanism of the
world differs greatly from that constructed by the
science

of the

past.

We

now

feel

ourselves sur-

rounded by gigantic forces of which we can only
get a glimpse, and which obey laws unknown to us.
Ideas necessarily follow one another in a chain. A

new theory cannot be started without bringing with
After I had
it a series of equally new consequences.
proved that the dissociation of atoms was a universal
phenomenon, and that matter is an immense reser-
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an energy hitherto unsuspected in spite of
its colossal grandeur, I was naturally led to ask
myself whether all the forces of the universe
notably solar heat and electricity did not proceed
solely from this reservoir of energy, and therefore
from the dissociation of matter.
As regards solar heat, the source of most terrestrial
energies, dissociation appeared sufficient to explain
the maintenance of the sun's temperature on the
hypothesis that the atoms of incandescent stars
must have contained more intra-atomic energy than
they possess when once grown cool. As regards
electricity, I recall the result of my experiments
that the particles emitted by an electrified point
are identical with those which come forth from a
This fact proves
radio-active body such as radium.
that electricity also is a product of the demavoir of

—

:

terialization of matter.

The phenomenon

of the

dissociation

of

atoms

presented therefore consequences of considerable
importance, since it was possible to regard it as the
Matter became
origin of the forces of the universe.
a simple reservoir of forces, and could itself be considered as a relatively stable form of energy.
This
conception caused the disappearance of the classic
dichotomy between matter and energy, and between
matter and the ether. It allowed us to connect the
two worlds of the Ponderable and the Imponderable,

very distinct, which science beBerthelot even
asserted at the recent inauguration of the Lavoisier
monument, that " the distinction between ponderable matter and imponderable agencies is one of the
greatest discoveries ever made."

once considered
lieved she

had

definitely separated.
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It now seems, however, that physicists should have
seen a long time ago that is, long before the
recent discoTeries that matter and the ether are intimately connected, that they are unceasingly inter-

—

—

changing energies, and are in no way two separate
worlds.
Matter continuously emits luminous or
calorific radiations, and can absorb them.
Down to

—

the absolute zero it radiates continuously that is
to say, it emits ethereal vibrations.
The agitations
of matter propagate themselves in the ether, and
those of the ether in matter, and without this propagation there would be neither light nor heat. The
ether and matter are one thing under different forms,
and we cannot put them asunder. If we had not

taken as a starting point the narrow view that light
and heat are imponderable agents because they
appear to add nothing to the weight of bodies, the
distinction between the ponderable and the imponderable, to which scholars attach so much importance, would long ago have vanished.
The ether is doubtless a mysterious agent which
we have not yet learnt to isolate, bvit its reality is
manifest, since no phenomenon can be explained
Its existence now seems to several
without it.
physicists more certain than even that of matter.
It cannot be isolated, but it is impossible to say
It is, on the contrary,
it cannot be seen or touched.
the substance we most often see and touch. When
a body radiates the heat which warms or burns us,
what constitutes this heat, if it be not the vibrations
When we see a green landscape on
of the ether ?
the ground glass of a camera obscura, what constitutes this image, if not the ether ?
The theory of the dissociation of matter has not

14
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only served to clear away the two great dichotomies,
and matter, ponderable and imponderable,

force

The doctrine
transformation
into energy carries with it important consequences
in regard to current ideas of energy.
According to the most fundamental principles
of mechanics, when we communicate to a material
body a determined quantity of energy, this energy
may be transformed, but the body will never give
back a quantity in excess of that received by it.
This principle was considered too self-evident ever
which seemed established

for ever.

of the vanishing of matter

by

its

In fact it was indisputhave been disputed.
it was admitted that matter could
only give up the energy transmitted to it and
was unable to create any. By showing that
matter is an immense reservoir of energy, I at
the same time proved that the quantity of
energy it emits, under the influence of an outside
force acting on it as a kind of excitant, may
far exceed that which it has received.
With such a very slight excitement as that of a
to

able so long as

—

thin pencil of invisible ultra-violet radiations, or
even with no excitement at all, as we observe in
the emission of spontaneously dissociating bodies,
such as radium, we can obtain considerable quanNo doubt, we do not create this
tities of energy.
liberated energy, since it already exists in matter, but
we obtain it under conditions which the old laws
of mechanics could never have imagined.
The
idea that matter could be transformed into energy
would have seemed absolutely absurd only a very
few years ago.
It will be the part of the science of the future

—
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to discover the means of freeing, in a practical
form, the considerable forces which matter contains.
" Intra-atomic energy, scientifically brought into

play,"

recently

wrote

new

M.

Ferrand,

"will

create

modern Energetics
it wUl give us the formula of the thermodynamic
potential of energy freed from matter.
Turned
the

totally

science

of

commercially to account, it is capable of turning
upside down the productive activity of our old
world."

The researches
numerous papers

which

I

have

set

forth

in

the last ten years have
rapidly spread through the laboratories, and have
been largely utilized, especially by those physicists
who have not quoted them. Some of my propositions, considered very revolutionary when first
formulated, are now beginning to be almost commonplaces, although they are far from having yet produced all their consequences. When these last are
unfolded, they will lead to the renewal of a great
part of a scientific edifice the stability of which

seemed

for

eternal.

prove that this edifice, so stable in
appearance, is far from being so, and that things
may be viewed from very different points from those
to which our regular education has accustomed us.
It is to the demonstration of this that a portion of
this work will be devoted.
The fundamental principles which will guide us
are these enunciated in my preceding work, which
It is useful to

I repeat

:

Matter, hitherto deemed indestructible, slowly
vanishes by the continuous dissociation of its
component atoms.
1.
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2.

The

products

constitute

Tnatter

of the dematerialization of
their
placed
by
substances

between ponderable bodies and the
imponderable ether that is to say, between two
worlds hitherto considered as widely separate.
3. Matter, formerly regarded as inert and only
able to give back the energy originally supplied
to it, is, on the other hand, a colossal reservoir of
energy intra-atomic energy which it can expend
without borrowing anything from without.
4. It is from the intra-atomic energy liberated
during the dissociation of matter that most of the
forces in the universe are derived, and notably
properties

—

—

—

electricity

and solar heat.
and matter are two

different forms of
one and the same thing. Matter represents a stable
form of intra-atomic energy : heat, light, electricity,
5.

tfec,

6.

Force

represent unstable

By

forms of it.
atoms that

—

the dissociation of

is to say,

by the materialization of matter, the stable form
of energy termed matter is simply changed into
those unstable forms known by the names of
electricity,
light,
heat,
&c.
Matter therefore is
continuously transformed into energy.
7. The
law of evolution applicable to living
beings is also applicable to simple bodies; chemical
species are no more invariable than are living
.

species.
8.

Energy

is

no more

matter from which

it

indestructible

emanates.

than

the

BOOK

II

THE IRREDUCIBLE MAGNITUDES OF
THE UNIVERSE
CHAPTER
TIME, SPACE, MATTER,

I

AND FORCE

The Conception of

the Irreducible Magnitudes
of the Universe

§ 1.

Time, space, matter, and force form the elements
of things, and the fundamental basis of all our
knowledge.
Time and space are the two magnitudes in which
we confine the universe.
Force is the cause of
phenomena, matter their web.
Three of these elements time, space, and force
are quite irreducible.
Matter may be reconverted
into force, not only because it is, as I have proved,
a particular form of energy, but also because it
is only defined, in equations of mechanics, by the

—

symbols of

force.^

In the C. G. S. system now generally adopted for the evaluation
of the magnitudes of physical quantities, we take into consideration
(1) the fundamental quantity, length, mass, and time; and
These last, which are very numerous,
(2) the derived quantities.
comprise notably the derived quantities of geometry surface,
those of mechanics speed, acceleration,
volume, and angle
and those of electricity and
force, energy, work, power, &c.
'

:

—

;

magnetism

— resistance, intensity,
i^

—

;

potential difference, &c.

B

1

THE EVOLUTION OF POECBS

Time, space, and force being irreducible, cannot
be compared with anything and are indefinable.
We only know of them that which our common
sense tells us. So soon as, in order to define these
great entities, we endeavour to go beyond what is
revealed by ordinary observation, we meet with
inextricable difficulties and end by acknowledging, as
do the philosophers, that they are simply creations
of the mind, and cover completely unknown realities.
These realities are not knowable to us, because our
senses ever remain interposed between them and
What we perceive of the universe are only

us.

the impressions produced on our senses. The form
to things is conditioned by the nature of our
Time and space are, then, subjective
intelligence.
notions imposed by our senses on the representation
of things, and this is why Kant considered time and
space as forms of sensibility. To a superior intelligence, capable of grasping at the same time the order
of succession and that of the co-existence of phenomena, our notions of space and time would have no

we give

meaning.
It is, moreover, not space and time only, but all
phenomena, from matter which we think we know
up to the divinities created by our dreams, which
have to be considered as forms necessary for our
understanding.
The world constructed with the
impressions of our senses is a summary translation,
and necessarily a far from faithful one of the
real world which we know not.
Time is, for man,
nothing but a relation between events. He measures
it by the changes in position of a mobUe body,
such as a star or a clock. It is only by a change,
that is to say, by movement, that the notion of time
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"

In a world void of all kind of
" there would not be seen
the slightest sequence in the internal state of substances.
Hence, the abolition of the relation of substances to one another carries with it the annihilation
of sequence and of time." If there are no events there
is evidently no sequence, and- consequently no time.
To immobilize the world and the beings which inhabit it would be to immobilize time that is to say,
to cause it to vanish.
If this fixedness were absolute, life would be impossible, since life implies
change but neither could anything grow old. The
immortal gods who, according to the legends, never
undergo change, cannot know time. For them the
clock of heaven marks always the same hour.

is

accessible to us.

movement," says Kant,

—

;

Change

is

therefore the true generator of time.

It

only conceivable, like forces and all phenomena,
under the form of movement. This fundamental concept of movement will be found at the base of all
phenomena. It serves to define the magnitudes of
the universe, and can only be defined by them. It
is not an irreducible concept, for it is formed by the

is

combination of the notions of
space,

and

of time.

force, of

matter, of

we

require the

It is evident that

intervention of all these in order to define the displacement of a body.
In physics most variations of quantities are expressed by reference to the variations of time. When
the curve expressing the relations of a phenomenon
with time is known, science can go back from the
present to the past and can know the future.
The notion of space is as little clear as that of
time. Leibnitz defined it as the order of co-existence
of phenomena, time being the order of their succes-
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sion.

same

Space and time are perhaps two forms of the
thing.

Space does not appear conceivable without the
existence of bodies. A world entirely void could
not give birth to the idea of space, and this is the
reason philosophers refuse to space an objective
reality.
In their view, space being, like time, a
quality, where there is neither phenomenon nor
substance, there is neither space nor time.

The above brief exposi suffices to show how
inexact and limited are the ideas man can form
as to the fundamental elements of the universe.
Our knowledge being only relative, we only define
unknown phenomena by connecting them with a
known one.
All knowledge therefore implies a
but to what can we compare the
elements of things ?
They condition
phenomena, and remain hidden behind them.
If the irreducible magnitudes of the universe are
not known in their essence, they at least produce
measurable effects. We are situated with regard to
them like the railway porter who can weigh with exactness parcels of the contents of which he is ignorant.

comparison,
irreducible

It is of these

measurements alone that science

is

composed. By means of them are established the
numerical relations which form the one web of our
knowledge, since the realities which uphold them
escape us. The properties of things are only properly
definable by measurement.
The qualitative represents a subjective appreciation which may vary from
one individual to another. The quantitative represents a fixed magnitude which can be preserved, and
which gives precision to our sensations. The substitution of the quantitative for the qualitative is the
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principal task of the scholar. "I often say," writes
Lord Kelvin, " that if you can measure that of which
you speak, and can express it by a number, you know

something of your subject but if you cannot measure
it, your knowledge is meagre and unsatisfactory."
;

§ 2.

The Measurement of the Irreducible
Magnitudes of the Universe

By measuring and placing one on the other the
heterogeneous elements which form the web of
things, science has managed to create certain concepts, such as those of mass, kinetic energy, &c., which
we have to consider realities by reason of our incapacity to imagine others.
These concepts vary with the way in which we
bring together the irreducible elements of things.
Associate force with space, and we create the science
Associate space and time, and we create
the science of velocities— that is to say, kinematics.
Associate force, space, and time, and we create the
It is evident that, by
science of mechanical power.
thus acting, we must associate very heterogeneous
of energy.

elements.

Force (F = M7) is a coefficient of resistance mulWork (T = E x E) is a
tiplied by an acceleration.
force multiplied

by a length.

a space divided by a time.

Velocity '^V

Mass (M = - j

is

= 5,)

is

a weight

divided by a velocity, &c. It is only by the combination of these very different magnitudes, that it
has been possible to state precisely the concepts of
mechanics on which the interpretation of the pheno-

mena

of the universe

is still

based.
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To define completely a phenomenon there have to
be associated the three great co-ordinates of things
If one or two of these only are
time, space, and force.
measured, the phenomenon is only partially known.
The formation of the modern notions of energy and
of power furnishes excellent examples of this.

They

were not precisely stated until to the vague idea of
force considered as the

synonym

of effort

was added

the notion of space, and then that of time.
In mechanics, force is defined as a cause of move-

ment

;

the unit of force

is

represented by the accele-

ration produced on the unit of mass.
displaces its point of application

This last
cause of

is

it

AVhen

a force

generates work.

the product of the force considered as a

movement by the displacement due to that
movement. The kilogrammetre has been chosen as
the unit of work.

It is the

work

necessarj'' to dis-

place a kilogramme for the length of a metre.
This
unit of mechanical energy is now used to measure all

forms of energy.
Thus, by the sole fact that we have associated
space with force, we can measure this last and comprise it in a formula.
This enables us to understand
how with an invariable quantity of energy we can
produce forces of variable magnitude.
If, in fact,
we call the force F, the space E, and the work T,
we obtain according to the preceding definitions
T = F X E. In this formula, which defines the unit
of work, the force F and the space E can evidently
be inversely varied without changing their product
that is to say, the work. We can therefore largely
increase the force on condition that we proportionately reduce the space covered.
It is this operation
which is effected by certain machines, such as the
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which multiplies the force but not the work.
the expenditure of one kilogrammetre, hundreds
of kilogrammes can be raised, but what is gained
in force will be lost in the space covered, and the
product F X E will never exceed a kilogrammetre.
Force therefore can be multiplied, but not energy, of
which the magnitude remains invariable.
Into the unit of work there enter only the
elements force and space, but not the element
time.
One kilogrammetre may be expended in one
second or in a thousand years, and the results will
necessarily be very different in the two cases.
This
is very well illustrated in the case of radium, of
which one gramme contains thousands of millions
Such a force appears immense,
of kilogrammetres.
but its production is in each instant so slight that it
would require about a thousand years to liberate it
entirely.
It is the case of a reservoir containing an
immense quantity of water which can escape by a
drop at a time. Hence, by confining ourselves to the
association force and space, we have already created
a unit which permits us to evaluate in kilogramlever,

By

.

metres the power of any machine moved by any
motor; but it does not tell us if these kilogrammetres are produced in one minute or in a year.
We know therefore very little of the power of the
machine.
To ascertain this, it suffices to superpose on the
two elements force and space, which give us the
unit of work, the element time. We shall then have
what is called the unit of power, which is the quotient
It shows us the work proof the work by the time.
duced in a given time. If we are told that a machine
produces a kilogrammetre, we know nothing as to its
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If it be added that this kilogranimetre is
produced in one second, we are fully informed.
The kilogrammetre per second being too small
a unit from the commercial point of view, one
This
seventy-five times larger has been adopted.

power.

the horse-power, which represents seventy-five
kilogrammes raised one metre in one second.^
In this last unit are found collected, as will be

is

—

seen, the three irreducible elements of things -time,
Matter likewise figures in it inspace, and force.
for that which is measured is the force
employed to combat its inertia and to give it certain
movements.
We have just seen how, by enclosing in space and

directly

•

;

time that mysterious Proteus called force, it is possible
to grasp it and know it under its deceiving forms.
On penetrating further into the inmost nature of
phenomena, we shall see that space and time not
only serve to measure force, but that they also condition its form and its magnitude.

CHAPTER

II

THE GREAT CONSTANTS OF THE UNIVERSE
RESISTANCE AND MOVEMENT
§

Forces

1.

are

Inertia or Resistance

to

Change

known

they generate.

to us solely by the movements
Mechanics, which claims to be the

In physios other units are often made use of, but do not alter
said.
If, instead of being evaluated in kilogrammes,
the force is evaluated in dynes, and if the space, instead of being
evaluated in metres, is measured in centimetres, the work, instead
of being expressed in kilogrammetres, is expressed in ergs.
1

what has been
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foundation of the other sciences and to explain the
universe, is devoted to the study of these movements.
The notion of movement implies that of things
to move.
Observation shows that these things to
move present a certain resistance. The resistance
of matter to
is

what

that

is

is

movement

termed

or to a change of

its inertia.

It is

from

movement

this property

derived the notion of mass.

We thus find ourselves in presence of two elements,
not irreducible like those just studied, but fundamental.
These are movement and resistance to
movement, or, in other words, change and resistance
to change.
Inertia
that is to say, the aptitude of
matter to resist movement or a change in movement
is the most important of its properties, and even
the only one which allows us to follow it through
all its modifications.
While its other character-

—

—

istics, solidity, colour, &c.,

depend on several variable

may change, inertia deunchangeable.
Whether
it be liquid, solid, or gaseous, whether it be isolated
or in combination, the same body possesses an unvarying quantity of inertia. Measured indirectlj' by
the balance, this allows us to follow it through all
its changes.
On this notion of the invariability of inertia, or,
in other words, of the mass, are based the edifices of
chemistry and mechanics. The preponderant part
played by inertia in phenomena js a matter of daily
observation.
It is by virtue of inertia that the worlds
continue to circulate in space, that a ball hurled
from a cannon by the explosion of gunpowder travels
several thousand metres. Inertia being opposed to
a change of movement, bodies would even continue
causes and

consequently

pends on no factor and

is
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course

their

indefinitely

if

different

antagonistic

such as the resistance of the air, did not
finally arrest them.
A railway train would thus
continue to advance with the same velocity without
the help of any motor if its inertia did not unceasingly tend to be annulled by various resistances,
friction, &c., which the locomotive only serves to
overcome. The same inertia of matter forbids the
To effect this, very powertrain stopping abruptly.
ful brakes must be employed even if the engine has
ceased working. Inertia being opposed to movement
as well as to change of movement, it requires a very
great force to start the train from its repose, and one
equally great to stop it when once in motion.
It results therefore from the principle of inertia
that, when a moving body tends to slacken speed from
any cause whatever, inertia tends to maintain that
speed, since, by its definition, it is opposed to change
Conversely, when the speed of the
of movement.
forces,

moving body

increases, inertia

this acceleration for
is

comes

the same reason,

in to retard
viz.

that

it

opposed to change of movement.
Electricity,

which

possess, inertia,

possesses, or at least appears to
behaves like matter in motion. Its

inertia acts in the
as has

phenomena

of induction exactly,

been said above, by opposing

movement

—that

is

itself to

change of

to say, in the converse direction

which tends

to produce its slackening
This is expressed by the law of Lenz,
It
which governs the phenomena of induction.
would perhaps be possible to explain them on the
principle of the equality of action and reaction
To measure the
without invoking inertia at all.
inertia of matter is easy, to note its properties is
to the cause

or acceleration.
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impossible.
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nature

is

as
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yet

Newton, who was the

first to study inertia scientificonsidered it to be a force. " The force which
dwells in matter," he says, " is its power of resistance,
and it is by this force that every body perseveres of
itself in its actual state of repose or of movement in
a straight line."
At the present day, the tendency is to admit that

cally,

matter

connected with the ether by lines of force,
inertia of matter should
be that of the ether gripped by the lines of force.
But whether inertia be attributed to matter or to
the medium in which it is plunged, this does not
bring us any nearer to an explanation.
Perhaps the least improbable thing that may be
said regarding inertia is that matter, being, as I
have shown, an immense aggregate of forces, possesses
certain relations of equilibrium with the ether surrounding it. The movement of a body must break
up this equilibrium and create others, from which
is

and that the whole of the

would

result the continuation of the

movement and

In the internal
equilibria of a body in motion something is probably
changed.
To the notion of inertia there should, doubtless, be
attached the principle of the equality of action and
Although this is a fundamental principle
reaction.
It has
in mechanics, it, too, is very little explicable.
its

resistance to change of speed.

been formulated by Newton as follows
"A body exercising on another a pressure or
a traction, receives from the latter an equal and
This would signify
opposite traction or pressure."
that if you exercise a traction of 100 kilogrammes
:
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on an

infinitely rigid wall it will exercise the

The

same

thus

becomes, as
M.
points out, a metaphysical
At
person entering into antagonism with you.
bottom, mechanics, which seems to be the most
precise of sciences, the one most foreign to metaphysics, is the one which contains most evident or
hidden metaphysical notions. They evidently cover
profound but entirely unknown causes. Perhaps we
should explain the principle of equal reaction in the
direction contrary to action by considering certain

on you.
Wickersheimer

traction

wall

—

that is to say, as acting like a
spring stretched between two points.
It is evidently impossible then to act on one without the

forces as couples

other reacting immediately.

would come under

Gravity and electricity

this head.

§

The mass which

2.— Mass

serves to characterize matter is

only the measure of

its inertia

movement.
seeking the magnitude of the

its

resistance to

—that
It

is

to say, of

measured by
which must be

is

force

opposed to inertia in order to annul it. Gravity has
been chosen because it is easy to handle. We can
by means of weights, each of which represent a
certain quantity of attraction, measure the inertia of
a certain portion of matter placed on one of the
scales of a balance.

The notion of mass was slow in establishing itself.
Mach, in his History of Mechanics, points out that
Descartes, Newton, and Leibnitz had only a very
vague comprehension of it. Galileo confused mass
with weight, which many people do even at the
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present time, although by reason of the units adopted,
weight is represented by a iigure about ten times
greater than that expressed by mass.^

The term mass is, moreover, employed at the
present day in two different senses.
For physicists
mass is a coefficient of inertia, and for astronomers
If the attraction due to
over the globe, the mass
of a body
that is to say, the quantity of inertia
it possesses
would be measured according to the
force of attraction necessary to annul it.
Chemists,
who have only to compare the masses of bodies,
proceed in no other way. For the calculations of
mechanics it was necessary to find another element,
because gravity alters with the latitude and the height

a coefficient of attraction.

gravity were the

same

from the earth.

This last variation even shows

—
—

all

itself

at the different storeys of a house.^

The weight

of a

body

varies

from one place

another, but the acceleration which this body

to

may

take undergoes the same variation.
The ratio of
these two magnitudes is therefore constant at all
points of the globe.

It

is

this

relation

— which

always figures in the calculations of mechanics.
Given the value of the number g, it follows that in
' The distinction between weight and mass, formerly considered
synonymous, only became manifest when the observation of the
pendulum revealed that the same body may receive a different
acceleration of gravity in diilerent parts of the globe. It was in
1671 that it was noted for the first time in astronomical observations that a clock giving the exact time at Paris no longer did so in
Guiana. To render its pace regular, it is necessary to shorten the
length of the regulating pendulum.

A very slight difference evidently, but still appreciable. In
Poynting's Text-Booh of Physics will be found a summary of his
delicate researches showing the variations of weight in a body on
the different floors of a building.
'^
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numerical expressions the mass of a body hardly represents the tenth part of its weight. The equation

M= ^

which defines mass,

refers to the

gravity

but as the weight may be replaced by any force F,
which produces an acceleration 7, we obtain as a
general expression of mass

M = F-.

This

is

the funda-

mental equation of mechanics. One must not look
too closely into its meaning.
Mass has been considered as an invariable magnitude down to the recent researches mentioned in my
last book. These last have shown that not only does
the mass vary by the dissociation of atoms, but,
further, that the products of this dissociation have
a mass varying with their velocity.
This mass
can even increase to the. point of becoming infinite
that is to say, of opposing itself to any change
of movement, when the velocity approaches that of
light.
Nothing proves, moreover, that it would not
be the same with ordinary matter animated by a

—

like velocity.

Not only does the mass vary with the velocity,
but it has lately become a question whether it does
not also vary with the temperature. The question
has not yet been elucidated. However that may be,
mass is not at all that invariable magnitude which
chemistry and mechanics formerly supposed it to
be.
The element which science considered as the
immovable pivot of phenomena, the starting-point
to which it endeavoured to refer all things, has
become a variable magnitude of which the apparent
fixity was only due to the imperfection of our means
of observation.

THE GREAT CONSTANTS OE THE UNIVERSE

31

The inertia of matter is still, however, the most stable
thing in the changing ocean of phenomena. This
stability is not absolute, but as regards our ordinary
requirements the inertia of matter can be considered
as one of the great constants of the universe.
§ 3.

Movement and Force

For half a century science thought she had discovered a second constant element in the universe.
This element is energy, of which forces would be
simple manifestations.
We will now examine only the fundamental
elements of forces. They are only knowable to us
by the movements they produce, and that is why,
in the classic mechanics, force is simply defined as a
cause of movement.

By virtue of their inertia alone, bodies would
only assume a uniform and rectilinear movement.
Directly this movement is accelerated, we recognize
that a force has intervened.
It is solely this acceleration

which mechanics measures and which

figures

in its equations.

Force
through

is

therefore

movement.

known
Movement is

only

ducible magnitude, since

to

mechanics

not an

irre-

derived from the four
great elements of the universe time, space, matter,
and force which alone enable it to be defined.
We have seen previously how by associating force
and space the unit of mechanical energy and of work
has been constituted we shall see in a later chapter
the transformations which the modern notion of the
conservation of energy has introduced into the conception of force.
What precedes shows us how notions of movement
it is

—

—

;
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and of resistance are derived from those of force and
mass, on which the principles of mechanics were
built up.
The equation F = my defines force by the
acceleration imparted to a body endowed with resistance to movement.
To sum up, movement that is to say, change
and inertia that is to say, resistance to change
constitute the fundamental elements accessible to
mechanics. We will now see how, by associating
them, this science has sought to interpret the pheno-

—

—

mena

of the universe.

CHAPTER

III

THE BUILDING UP OF FOECES AND THE MECHANICAL
EXPLANATIONS OF THE UNIVERSE
§ 1.

We

The Cycle of Forces

have just seen that

on

reducing

to

their

essential elements the forces of the universe there

remain resistance and movement.
Resistance
represented by the inertia of matter or of the
ether, and movement by the displacement of these
substances in space and time.
still
is

The magnitude of forces is determined by the
movements that they produce, their
form by the nature of these movements. The movements of matter are only apparent to us when it
velocity of the

comes into contact with an antagonistic factor which
annuls or diminishes its velocity. The earth, for
instance, by reason of its movements of rotation and
of translation in space, possesses an

energy

;

but

it is

immense

kinetic

not noticed, because our globe meets
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no obstacles in its path. Yet its kinetic energy
would be sufficient, perhaps, to reduce to vapour any
planet it chanced to strike. All things living on the
surface of our globe are carried along with

movement, and possess

it

in its

in consequence a consider-

This would appear if they were
suddenly transported from one point on the globe's
surface to another endowed with different velocity;
On
for instance, from the pole to the equator.
arriving at the equator they would be hurled into
space with a speed more than six times that of a
able kinetic energy.

railway train.

Independently

of,

the

movements

of translation

cannon ball, or of
rotation like that of the stars, matter and the ether
may show very different forms of movement. There
We
result from this forces very different in aspect.
in a straight line like that of a

observe notably vibratory

movements

like those of a

and circular undulations such as those
produced by casting a stone into the water, &c.
Light and heat show exactly these last forms of
movement. It is not only the kind of movements,
but also the variations in velocity which condiThe recent theories on
tion the nature of forces.
point
They
last
well in evidence.
put
this
electricity
show, in fact, that forces differing from each other so
widely as magnetism, the electric current, and light
are generated by simple variations in the movements
tuning-fork,

of electric particles.

An

body in repose produces effects of atand repulsion only, and possesses no magnetic
property.
Set it in motion, and it is immediately
surrounded by magnetic lines of force, and produces
all the effects of a current like that which traverses
electrified

traction

C
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telegraph wires. Let us vary by a sudden acceleration the speed of the particles, and they immediately
radiate through the ether Hertzian waves, calorific
These forms of energy,
waves, and lastly light.
although so different in kind, only appear therefore
as the consequence of simple changes of movement.
The forces of nature probably contain other elements than movement. These elements do not affect
our reagents, and we are therefore not cognizant of
them. In the ocean of phenomena, science can only
pick out what is accessible to it.

The Mechanical Explanations of the Universe

§ 2.

That which precedes makes us feel in advance how
fragmentary, and consequently how insufficient, must
be the final explanation of phenomena which the
science of mechanics proposes.

Naturally this conclusion is not the one arrived
by the defenders of the doctrine which claims
to explain everything by means of the equations
In no way stopped by the exof movement.
cessive simplicity of their concepts, persuaded that
all phenomena were wrapped up in their formulas,
they have known neither mistrust nor uncertainty,
and have imagined that they had for all eternity
built up an edifice of imposing grandeur.
For the majority of scholars, this sublime confidence still endures. One of the most eminent among
them, Cornu, the Academician, at the Congres de
Physique in 1900, delivered himself as follows
" The spirit
of Descartes soars over modern
physics.
What am I saying ? He is its shining
light
The more we penetrate into the knowledge
at

:

!
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phenomena, the more developed and pre-

audacious Cartesian conception of the
There is in the physical
world only matter and movement."
At the very moment these words were uttered,
the classic edifice was furrowed by deep chasms.
While the mathematicians were drawing up formulas, the physicists were making experiments, and
these experiments fitted in less and less with the
These discrepancies, however, did not
formulas.
So soon as the
greatly trouble the mathematicians.
equations no longer agreed with the experiments,
they rectified the equations by imagining the intervention of "hidden movements," which completely
cise is the

mechanism

of the universe.

The process was evidently

baffled observation.

in-

genious, but evidently also a little childish. " Since,"
says M. Duhem, " no condition, no restriction, is im-

posed on these hidden movements, on what should
we found the proof that a given difference may not
find in them its raison d'etre ?
Notwithstanding such subterfuges, the insufficiency of the classical mechanics has every day become more manifest with the progress of physics.
" There exists," writes the author I have just quoted,
" a radical incompatibility between the mechanics of
Lagrange," that is to say, the classical mechanics, "and
the laws of physics this incompatibility attacks not
only the laws of those phenomena in which the
;

reduction to movement is the object of hypothesis,
but also the laws which govern perceptible move-

ments."
It is not wholly in the great questions relating to
the synthesis of the universe that the classical
mechanics has shown itself very insuflScient, but
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also in apparently

much more modest problems

the theory of gases.
tion of probabilities,

that

it

like

by invoking the calculaby imagining a kind of statistics,
It is

arrives at establishing extraordinarily compli-

cated and also extraordinarily uncertain equations,

which elude

all verification.

who continue to teach the formulas of
mechanics renounce more and more their beliefs
in them.
This fictitious universe, reduced to points
to which forces are applied, seems to them very
" There is not a single one of the princhimerical.
ciples of rational mechanics which is applicable to
realities," recently wrote to me one of the scholars
who have most deeply sounded the problems of
mechanics, the eminent Professor Dwelshauwers Dery.
In fact, mechanics has fallen into a state of anarchy
from which it does not seem likely to emerge, notwithstanding the numerous attempts made to transform it. At the present time there exist three very
different systems of mechanics
1. The classical mechanics, built up on the concepts of mass, force, space, and time.
2. The mechanics of Hertz, which discards the
notion of force and replaces it by hidden links,
supposed to exist between bodies.
3. The energetic mechanics, founded on the principle of the conservation of energy, which we shall
study later on. In this, matter and force disappear.
There is not in the universe any other fundamental
element but energy. This element is indestructible,
while unceasingly changing its aspect. The various
phenomena only represent mutations of energy.
We might, however, vary mechanical systems to
infinity by replacing the concepts of time, space.
Professors

:
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arbitrary magnitudes and expressing

as functions of these

new magnitudes.

sometimes done by introducing into the

equations, instead of the co-ordinates of the classical

mechanics, the physical magnitudes such as

pressure, volume, temperature, electric charge, &c.,

which determine the state of a body.
principles derived from the study of the

From

the

dissociation

of matter cited in a previous chapter, there might
be deduced a new mechanics in which matter would
of the
should write in the equations that
such and such a force is simply matter minus something, that inertia is a consequence of the relations
of equilibrium between intra-atomic energy and the
We should thus link force to matter,
ether, &c.
and we should express the former as a function of
the latter comformably with the teachings of experiment.
But the moment has not arrived to translate into
equations magnitudes of which the relations are not
It is not very probable that this new
yet fixed.
mechanics would explain much better than the old
one the mysteries of the universe.
The fact that we only perceive in the universe
matter and movement does not authorize us to mainWe
tain that it is not composed of anything else.
can only say that by reason of the insufficiency of
our senses and of our instruments we only perceive
that which presents itself in the form of matter and
Twenty years ago we might strictly
movement.
have said that there was nothing else. But the very
unforeseen phenomena revealed by the study of the
dissociation of matter have proved that the universe

figure as the source of the various forces

universe.

We
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of formidable powers hitherto unexpected, and
has shown the existence of immense territories completely unexplored.
The edifice built by science
which has so long sheltered our uncertainty now
appears like a fragile shelter, of which the entire
foundations have to be set up anew.
is full

BOOK

III

THE DOGMA OF THE INDESTRUCTIBILITY
OF ENERGY

CHAPTER

I

THE MONISTIC CONCEPTION OF FORCES AND THE
THEOEY OF THE CONSERVATION OF ENERGY
§ 1.

The Conservation of Energy

The various forces of the universe were considered
by the old physicists as different from, and as exhibiting no connection with each other.
Heat,
electricity, light, &c., seemed unrelated phenomena.
The ideas which sprang up during the second half
After
of the last century differ much from this.
having settled that the disappearance of one force
was always followed by the appearance of another, it
was soon recognised that they all depended on the
transformation of one indestructible entity, energy.
Like matter it might change its form, but the quanThe
tity of it in the universe remained invariable.
different
light,
heat,
&c.,
were
only
forces,
various
manifestations of energy.
The idea that forces might be indestructible is of
The dogma of the conservation
fairly recent origin.
of energy only boasts, in fact, about half a century of
Up to the date of its discovery, science

existence.
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—

possessed one permanent element, matter.
last sixty years it has possessed, or has
it possessed, a second,
energy.
The principle of the conservation of energy pre-

only

For the
thought

—

sents itself in a

form

so

imposing and so simple, and

answers so completely to certain tendencies of the
mind, that one would suppose that it must have
attracted keen attention the very day it was promulgated. Quite other was its fate. For ten years
not a single scholar in the world could be found who
would even consent to discuss it. In vain did its
immortal author, Dr. Mayer of Heilbronn, multiply
Mayer died of
his memoirKsi and his experiments.
despair and

so

unknown

that

when Helmholtz

repeated the same discovery a few years later, taking
as a basis only mathematical considerations, he did
not even suspect the existence of his predecessor.
The critical mind is so rare a gift that the most
profound ideas and the most convincing experiments
exercise no influence so long as they are not adopted
by scholars enjoying the prestige of official authority.
it always happens in the long run
idea finds a champion in some scholar
possessing this prestige, and it then rapidly makes
As soon as the grandeur of the idea of the
its way.

Nevertheless,

that a

new

conservation of energy was understood by one such,

had an immense success.
It was especially the discussions of W. Thomson
(later Lord Kelvin) and the experiments of Joule,
confirming the results of Mayer on the equivalence

it

^ The first paper
of Mayer, Bemerhungen ilber die Krafte der
unhdebten Natur ("Remarks on the Forces of Inanimate Nature "),
was published in 1842. His last, Bemerhungen uber das meehanische
Aquivalent der Wdrme (" Remarks on the Mechanical Equivalent
of Heat"), was published in 1851.
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and work, which attracted the attention of
The whole army of labourers of science
then pounced upon this subject, and in a few years
the unity and the equivalence of physical forces
came to be proclaimed, though on rather narrow

of heat

specialists.

grounds.
This generalization proceeded from experiments
which in reality did not include it. It was, in fact,
deduced from the researches made to determine the
rise in temperature produced by the fall of a weight
from a given height into a liquid. It was noted that
in order to raise by 1° the temperature of a kilogramme of water and to produce what to-day is called
a great calorie, it was necessary to let drop from a
height of 1 metre a weight of 425 kilogrammes.
This number 425 was called the mechanical equivalent of heat.

In this experiment and other similar ones we
simply establish that the different forms of energy
can be transformed into mechanical work; but nothing
indicates any relationship between them. We can,
by making a machine to turn by human arms, steam,
the wind, electricity, &c., produce the same amount
of work, although its causes are perceptibly different.
To speak of the mechanical equivalent of heat only
signifies that with 425 kilogrammes falling from a
height of 1 metre we raise the temperature of water
by 1°. In reality, heat or any form of energy is
equivalent to work rather as a piece of twenty sous
is equivalent to the pound of beef which one can buy
with it.
Since the part of science is much more to measure
things than to define them, the acquisition of a unit
of measure always realizes for it an immense pro-
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Thanks to the creation of a unit of energy or
work, we have succeeded in stating exactly notions
which were formerly very vague. When, by means
of any form of energy, it is possible to produce a
determined number of calories or of kilogrammetres,
our minds are made up as to its magnitude. Practically it is always by means of the heat they produce,
measured by the elevation of the temperature of the
water of a calorimeter, that most chemical, electrical,
and other forces are calculated.
To the principle of the conservation of energy
gress.

others have been successively added which have
allowed the laws of its distribution to be clearly

—

Applied at first solely to heat that is
branch of physics called thermodynamics they were soon extended to all forms of
energy.
Thus was founded a particular science,
Energetic Mechanics, which we will briefly examine
established.
to

say, to that

—

later on.

The Principles of Thermodynamics

§ 2.

is

Thermodynamics and energetic mechanics, which
only the extension of the first named, rest on the

three principles (1) of the conservation of energy,
(2) of its distribution, or the principle of Carnot,
(3) of the

The
follows

and

law of least action.

already indicated above, is formulated as
The quantity of energy contained in the

first,
:

universe is invariable.
Generalizing a little less confidently at the present
time, we limit ourselves to saying that, in an isolated
system, the sum of the visible energy and of the
potential energy is constant.
In this form the principle evidently remains unassailable, because the

THE MONISTIC CONCEPTION OE FORCES

43

potential energy not being always measurable, we
can always attribute to it the value necessary to
satisfy the required ratio.

The second

principle of thermodynamics, or prin-

although it has become very complicated from the introduction iato it of very different
things in a purely mathematical form, is nevertheless
completely contained in the following enunciation
given by Clausius: Heat cannot pass from, a cold
ciple of Carnot,

body to a hot without work. This is now generalized
thus The transport of energy can only be effected
by a fall in tension. This signifies that energy
always goes from the point where the tension is
highest to that where it is lowest. The importance
of the principle of Carnot dwells in this generalization.
It is applicable not only to heat but to all
known modes of energy calorific, thermal, electrical,
:

—

or otherwise.

This passage of energy from the point where its
is highest to that where it is lowest is perfectly comparable to the flowing of a liquid contained
in a vessel communicating by a tube with another
It may equally be
vessel placed at a lower level.
compared to the flowing of the water of a river into
tension

the sea.

Heat goes from a heated to a cold body, and never
from a cold to a heated body, by a law analogous
to that which compels rivers to flow down to the sea
and prevents them from flowing back to their source.
To say that rivers flow down to the sea and do not
retrace their course

is

a simple translation of the

principle of Carnot.

Expressed in this way, it appears as a self-evident
Carnot put it into almost as simple a form,

fact.
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and yet physicists took nearly twenty-five years to
grasp its full bearing. His genius-inspired idea was
just to compare a fall of heat to a fall of water, and
all subsequent progress has consisted in recognizing
that the various forms of energy, electricity in particular, obey, in their distribution, the laws which reguLet us see, however, exactly
late the flow of liquids.

what Carnot wrote
" The production of motive power is due, in steam
engines, not to an actual consumption of caloric, but
to its transport from a heated body to a cool body
:

to the restoration of its equilibrium
supposed to be broken by one cause or
another, by a chemical reaction such as combustion
or by some other.
The motive power of heat
may be compared to that of a fall of water. Both
have a maximum that cannot be passed, and this
irrespective of the machine employed to receive
the action of the water and the substance used to
The motive power
receive the action of the heat.
of a fall of water depends on the height and the
quantity of the liquid
the motive power of heat
depends likewise on the quantity of caloric used,
which we will call the height of its fall that is to
say, the difference of temperature of the bodies between which is effected the exchange of caloric." ^
Carnot was not an experimenter.
His brief
memoir is based on simple arguments, and can, in
its essence, be brought down to the short passage I
And yet, by the sole fact of his
have quoted.
principle being understood, the theoretical and practical science of the last century was entirely overturned. No physicist or chemist now enunciates a

that

is to say,

which

is

.

.

.

;

—

1

Sadi Carnot, Rijlexions sur la Puissance motrice du i^«t, 1824, pp.

6,

15.
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new

proposition without first verifying whether it
in contradiction to the principle of Carnot.
It
might be said that never did so simple an idea have
is

such profound consequences. It will for ever serve
to show the preponderant role of directing ideas in
scientific evolution, and also how slow is the acquisi-

most simple generalizations.
The second principle of thermodynamics

tion of the
reality,

has, in

much

greater importance than the first, of
which, moreover, it is almost independent.
Even
if energy were not preserved, its distribution would
always take place, at least in the immense majority
of cases, in accordance with the principle of Carnot.

The

generality of this principle permits it to be
all the phenomena in the universe.
It
regulates their march, and forbids them to be

extended to

— that

condemns them always
and consequently not
to go backwards up the course of time.
If some
magic power greater than that of the demons of
the mathematician Maxwell were to compel the
reversible

to take the

is to say, it

same

direction,

molecular edifices to pass again into their former
condition, it would slowly lead the world backward,

and oblige it to retreat up the course of ages, and
would thus force its inhabitants to assume successively the earlier forms in which they appeared
during the chain of geological periods.
The principle of Carnot was completed by that
called the principle of least action, or principle of
Hamilton, which shows us the road which is followed
by molecules constrained by superior force to transport
themselves from one point to another. He tells us
that these molecules can only take one direction,
viz. the one which requires the least effort.
This
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is one of tliose principles of very great simpliand yet immensely far-reaching. Reverting to
the form given above to the principle of Carnot, that
rivers descend to the sea and do not go back along
their course, we may add that, by reason of the
principle of least effort, rivers flow to the sea by
the way which demands the least effort for the flow
of water
that is to say, by the greatest slope.

again
city

—

CHAPTER

II

THE ENERGETICAL EXPLANATION OF PHENOMENA
§ 1.

It

The Principles of Energetic Mechanics

on the principles of thermodynamics, just

is

set forth, that the science of energetic
mechanics, which claims to replace the classical
mechanics, has been founded.
Energetic mechanics occupies itself solely with
the measurement of phenomena, and never with

briefly

their interpretation.

Nothing inaccessible

to calcula-

Eliminating matter and force, it studies
nothing but the transformations of energy, and only
tion exists.

knows phenomena from
It

measures quantities

their

of

energetic

heat,

actions.

magnetic

fields,

and confines itself to
mathematical relations between

differences of potential, &o.,

establishing

the

these magnitudes.

A few brief indications

will suffice to

show how,

in

this theory, the forces of the universe are conceived.

The

theory is rather a method than a
has introduced into science certain
important conceptions which I will briefly state.
In energetic mechanics, energy is considered
energetic

doctrine.

Still it
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the kinetic and the potential.
represents energy in movement, the second
energy at rest, but capable of acting when the repose

under two forms,

The

first

ceases.

Such, for instance,

spring, of the weight of a

The

potential

is

the force of a coiled

wound-up

and kinetic energy

clock, &c.

of a system

may

vary inversely, but their sum remains constant within
the system. Kinetic energy depends on the position
of the molecules and their velocities, and is proportioned to the square of these velocities. Potential
energy depends solely on the position of the mole-

The principle of least action, explained above,
permits the equations of movement to be established
when the kinetic and potential energies are known.

cules.

Quantity of Energy and. its Tension
Bringing precision into certain notions which are
rather confused in the old mechanics, the energetic
theory has shown that the energy of a body, whatever be the natural force to which it is related, is the
product of two factors, the one tension or intensity,
Tension regulates the direction
the other quantity.
According to the forms
of the transport of energy.
of energy, it is represented by a velocitj^, a pressure,
a temperature, a height, an electromotive force, &c.
By returning to the comparison of a force with the
flow of a liquid which served Carnot to explain his
principle, it is easy to understand the part played
by these two factors, quantity and tension. In a
reservoir, quantity is represented by the mass of the
liquid, tension by its height above the orifice through
§ 2.

Tlie

—

which

it escapes.
All forms of energy being known only by the work
they produce, and there being nothing to differentiate
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—

the work of the various forces electrical, mechanical,
thermal, &c. it follows that they can all be expressed
by the same unit of work, viz. the kilogrammetre.
For the sake of convenience others are sometimes
used, but they can always be reduced to kilogrammetres. It is thus, for instance, that the joule used
in electricity as the unit of work represents about
one-tenth of the kilogrammetre. In the language of
modern physicists, energy has become synonymous
with work reckoned in kilogrammetres.
The two factors quantity and tension are magnitudes to which we can give no other definitions than
In gravity, the quantity is retheir measurement.
presented by kilogrammes, the tension by the number
Their product
of metres in the height of the drop.
In electricity, the
represents the gravific energy.
quantity is represented by the output of the source
in coulombs, the tension by the electric pressure in
volts.
In kinetic energy the quantity is represented
by the mass and the tension by the velocity, &c.
In a general way, therefore, if we designate by E the
energy expressed in units of work, by Q the quantity,
and by T the tension, we have E = Q x T. It follows

—

that

Q=

=;.

The quantity

is

by the energy divided by the
'

In thermal energy the

name

therefore represented
tension.^

of entropy is generally given to the

quotient ^, in which Q represents the thermal energy and T the
absolute temperature. This is expressed in a more general way by

the integral \-^'

When

a certain quantity of thermal energy

passes from a heated to a cold body, its entropy diminishes, and
that of the cold body increases. The entropy can be varied without
changing the temperature. It is therefore a variable which under
certain conditions may change in an independent manner.
Out of this notion of entropy certain physicists seem desirous of
mailing a special physical magnitude which can be generalized in
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One finds indeed things which seem analogous in
the different forms of energy, but these analogies are
often very superficial. In electricity the resistance
almost corresponds to mass in kinetic energy, but to
what does it correspond in thermal energy ? Is it to
the heat necessary to change the state of a body
without modifying its temperature, and to simply
conquer the resistance of the molecules to the change ?
On these important points the text-books are silent.
However that may be, in all forms of energy these
two elements, quantity and tension, of which the prothe different forms of energy. We have seen that by the artifice
of expressing the most varied forms of energy in work measured
by kilogrammetres all energies are made equivalent, which allows
them to be added up arithmetically. But there is no basis of
equivalence for the factors of which they are composed. It is
therefore not possible to add up the entropies of the different enerIt is easy to see
gies of a body to obtain one single total entropy.
that the factors of the different energies express things very different in reality. In thermal energy, for example, the factor tension
in kinetic energy by a velocity
is represented by a temperature
in gravitic energy by a height, &c.
One can be sure that a notion is obscure when it is understood
Poincar^
in very different ways by the scholars who make use of it.
regards entropy as " a prodigiously abstract concept," and it must be
singularly so for the most celebrated physicists to comprehend it in
such different fashions. This can be gathered from a long discussion published in the English journals, iVa<«rc, TJie Electrical Review,
and The Klrctrician, for 1903 and 1904. Eminent physicists published
therein the most contradictory opinions, and seemed, moreover,
astonished at their reciprocal ignorance of each other's ideas. To
engineers, the concept of entropy is a very simple matter calculable in
figures, because they haveonly applied it to the case of steam engines.
To them the entropy of a body simply represents the variation (estimable in calories) of its thermal energy available for external work
by degree of temperature and by kilogramme of matter when heat
The difficulties relative
is neither added to nor taken away from it.
to entropy are derived from the impossibility of defining in what
the different forms of energy consist. So far as electricity and
heat, for instance, are concerned, one may remark with M. Lucien
Poincaru, " that it is impossible to establish a connection translatable into exact numerical ratios between a quantity of heat which
is equivalent to a quantity of energy and a quantity of electricity
which must be multiplied by a certain potential to express a certain
quantity of work."
;

;

D
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duct represents the work, are always found. Without
tension there could be no transmission of energy.
It is especially in electricity that the difference between the two factors quantity and tension is clearly
The static machines in our laboratories yield
seen.
electricity under a very high tension, since it may
reach as high as 50,000 volts but their output is
insignificant, since it never amounts to more than a
few thousandths of an ampere. A galvanic battery,
on the contrary, has a high yield in amperes, while
the electricity issues from it at a very feeble tension
hardly exceeding two volts.
The old electricians, who knew not these distinctions, thought very erroneously that the static
machines in our laboratories were, by reason of the
loud sparks they produced, powerful generators of
electricity.
The tension is enormous, but the quantity infinitesimal, so that the product of these two
magnitudes represents an insignificant amount of
work. It is for this reason that the sparks from
these noisy machines produce insignificant results,
while with industrial machines where the tension
hardly exceeds a hundred volts or so, but which give
a high output, the physiological, calorific, and luminescent effects are considerable.
In the study of heat, the difference between the
two magnitudes tension and quantity can likewise be
clearly shown.
Tension is represented by the temperature of a body, quantity by the number of
calories it can produce.
A very simple example will
show the difference between the two factors.
Let us burn a match of fir-wood or a whole forest
;

of the same tree, and the thermometer thrust into
the flame of the match or into that of the forest will
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howtwo
cases will be far different.
With the heat produced
by the combustion of the match we can only bring a
indicate the

It is evident,

ever, that the quantity of heat generated in the

few drops of water to boiling-point, while with the
quantity of heat resulting from the combustion of
the forest, we could boil several tons of the same
liquid.

Transformation of Quantity into Tension,

§ 3.

and
is

conversely

—

The product of the quantity by the tension that
work is a constant magnitude but it

to say, the

—

;

without altering that product, to increase
one of the factors and to diminish the other.
These
are operations to which commerce has recourse daily.
The hydraulic analogies given above and to which
we should always turn if we wish to thoroughly
understand the distribution of energy enable us to
conceive how quantity can be transformed into
tension, or conversely, without varying their total
is possible,

—
—

As regards a reservoir of liquid, for
example, we can see that without varying the
weight of the liquid and by simply modifying the
height and width of the receptacle, we can obtain
at will a very great output with very feeble pressure,
or, on the other hand, a very small output with a
very great pressure.
The transformation of quantity into tension, and
conversely, is in constant use in electricity. With
a battery having a tension of only a few volts, but
an output in amperes fairly great, it is possible, by
passing the current through an induction coil, to
bring the electricity to a tension of more than 20,000
product.
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volts, while greatly

may

reducing

its

output.

The con-

In certain
industrial installations we succeed in producing
electricity under a tension of 100,000 volts, and then
this tension, much too great to be of practical use, is
transformed so as to obtain a great output at a feeble
voltage.
In all these operations, the product of
the quantity by the tension that is to say, of the
coulombs by the volts remains invariable.
verse operation

likewise be effected.

—

—

Judging by their effects, we might believe that
quantity and tension constitute two very different elements.
They are in reality but two forms
of the same thing.
The transformation of quantity
into tension results simply from the mode of distribution of the same energy.
realize the transformation by concentrating the energy within a very
small space, which amounts to raising its level above
that of the zero of energy. The converse operation
will transform, on the contrary, tension into quantity.
A coulomb spread over a sphere of 10,000 kilometres
radius will give only a pressure of one volt. Let us
spread the same quantity of electricity over a sphere
of a diameter 100,000 times less
that is to say, of
100 metres, and this same quantity of electricity will

We

—

produce a potential a hundred thousand times higher

—that to a pressure of 100,000
would be the same for any other form of energy
—for instance,
If we possess a pencil of
is

say,

volts.

It

light.

light,

lighting feebly a surface of given extent, and wish
to increase the hght of a part of this surface, we

have only to concentrate the pencil on a small space
by means of a lens. The intensity of the part
lighted will be considerably increased, but the illuminated surface will be notably reduced. By the
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same

operation, we might increase the temperature
produced by a pencil of radiant heat to the melting-

point of a metal.
say,

or diverging lens
or

By a

converse operation

— that

is

to

by dispersing a pencil of radiations by a prism

—we

increase the surface lighted

warmed, but reduce the intensity by the unit of

None of the above operations has varied
the quantity of energy expended. Its distribution
has alone altered.
surface.

§ 4.

The Part of Matter in Energetic Mechanics

In the above summary, we have had resource to
the principles of energetic mechanics especially.
As

method

they are above criticism,
from them an attempt
at the explanation of phenomena.
Moreover, the
energetic theory utterly rejects such explanations.
Confining its role to the measurement of magnitudes
subsequently connected together by equations, it
denies the existence of force, ignores matter, and
energy, the
replaces them both by a single entity,
varieties of which it limits itself to measuring.
a

of calculation

but we must not try

to get

—

" But then, it will be said," writes one of the defenders
the doctrine (Professor Ostwald), " if we have to give
up atoms and mechanics, what image of reality will
remain to us ? But we need no image and no symbol.
The task of science is to establish the relations between
that is to say, tangible and measurable magnirealities
in such fashion that, some being given, the others
tudes
Hereafter there is no need to
are deduced from them.
trouble ourselves about forces of which we cannot demonstrate the existence, acting between atoms of which we
are not cognizant, but only to concern ourselves with the
quantities of energy brought into play in the phenomena
All the equaunder study. These we can measure.
tions which link together two or more phenomena of
of

—

—

.

.

.

.

.

.
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different species are necessarily equations between quanThere cannot be any other, for, besides
tities of energy.

time and space, energy

common

to all orders of

Nor did the

is

the only magnitude which

is

phenomena."

meehanics bring matter into
only dealt with its effects, but
Energetic meehanics,
it did not deny its existence.
which finds it simpler to ignore it than to seek to
explain it, will never lead to any very high philosophical conception. Science would hardly have proits

classical

equations, since

gressed
at first

it

had declined to try to understand what
seemed above its reach. Tendencies of the

if it

same nature formerly existed in zoology, at the time
it was purely descriptive, and refused to deal
with the origin of beings and their transformation.

when

So long as such ideas prevailed, that science made but
but if this narrow conception had
trifling progress
not reigned for a long enough period, philosophical
minds like Lamarck's and Darwin's would not have
found the materials for their syntheses. It would be
impossible to multiply too extensively the number
of specialists whose lives are spent in weighing or
measuring something. From time to time an architect appears who raises an edifice with materials
which have been patiently brought together by
;

sleepless

workmen.

The

disciples

of

energetic

mechanics are to-day accumulating documents of
this kind against the day when superior minds will
appear who will make good use of them.
In treating matter as a negligible qviantity, energetic mechanics has only taken on its shoulders a
metaphysical mheritance centuries old. For a long
time it was one of the regular recreations of philosophers to prove that matter and even the universe
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did not exist, and to expatiate at length on these
negations.

These inoffensive speculations lose

interest so soon as one enters a laboratory.

We

all

are

then indeed compelled to act as if matter were a
very real thing with which the universe was built,
and which is in consequence the substratum of phenomena. We there have to distinguish very clearly also
the matter which can be weighed, and the different
forms of energy light, heat, &c. which cannot be
weighed, and are consequently added to bodies without increasing their weight.
Notwithstanding therefore all the equations of energetics, the great duality between matter and energy
continued to exist. Matter might be eliminated from
calculations, but this elimination did not make it
vanish from reality.
The readers of my last work know how I endeavoured to make this classical dichotomy vanish by
showing that matter was nothing else than energy in
a form which had acquired fixity. We have taken
from it none of the special properties which allow us
to affirm its existence as matter, but have simply
shown that it constitutes a form of energy capable of

—

—

transforming

through

itself into

other forms, and that it is,
the origin of most of the

its dissociation,

forces of the universe, notably solar heat

we

and

elec-

Far, then, from deciding on its non-existence,
have been led to consider it as "the principal

tricity.

element of things.
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CHAPTER

III

THE DEGRADATION OF ENERGY AND POTENTIAL
ENERGY
l.^-The Theory of the Degradation of Energy

I

The dogma of the indestructibility of energy no longer
on very safe arguments, but it is supported by
some very strong beliefs which put it above discussion.
Very scarce are the scholars who, following
the example of the illustrious mathematician Henri
Poincare, have discovered its weakness and pointed

rests

out

its

uncertainties.

From

the time of the earliest researches into the
and work, it was recognized that if
it were possible to transform a given quantity of work
into heat, we possess no means of effecting the converse operation without loss.
The best steam engines
do not transform into work much more than one
Observation indeed
tenth of the heat expended.
shows that the disappearance of any form of energy
is always followed by the apparition of a different
energy but this evolution is accompanied by a degradation of the original energy, which becomes less
relations of heat

;

utilizable.

The

sole exception to this

is

perhaps

gravific energy.

The

energy did not, then,
There would have to be
several qualities of energy, of which heat would be
the lowest. The different energies having an invincible tendency to transform themselves into this low

imply

indestructibility

its

invariability.

of
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form

of energy, it followed that all those in the
universe would finally undergo this transformation.

As differences
diffusion, and

of temperature equalize

themselves by

only utilizable as energy on
being able to act on bodies of lower

as heat

is

condition of its
temperature, it follows that when all particles of
matter contain energy at the same degree of tension,
no exchange could take place between them. This
would be the end of our universe. From a highly
differentiated state, it would have passed gradually
Its energy would not
to a non-differentiated state.

be destroyed, since by definition it is supposed to
be immortal. It would become simply unutilizable,

and would remain unutilized until the day when
our world would meet with another at a lower level
of energy, with which it could in consequence exchange something. In the theory which we shall
now deduce from our researches, things would happen
a little differently.
§ 2.

The concept

Potential

Energy

of potential energy is only the exelementary observation. I have

tension of facts of

already said that in the theory of the conservation
of energy this latter presents itself in two forms,
kinetic energy or energy of movement and potential
In an isolated system these two forms of
energy.

energy may vary in opposite directions, but their
sum remains constant. If therefore we call the
kinetic

energy of a system C, and the potential

energy P, we obtain C + P = constant.
Evidently nothing is simpler, and the classic example of the weight of the wound-up clock well
So long as the
illustrates this apparent simplicity.
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weight does not act, the kinetic energy employed in
winding it up remains stored up in the potential state.
So soon as the weight commences to descend, this
potential energy passes into the kinetic state, and at
any moment of its course the sum of the kinetic
energy expended and that of the potential energy
not yet used is equal to the total energy primarily
employed to raise the weight.
In such elementary cases as this, there is no difficulty in distinguishing the kinetic from the potential
energy; but once we go beyond these very simple
examples, it becomes impossible, as M. Henri Poincare
has shown, to separate the two forms of energy, and,
consequently, to" ascertain the total energy (chemical,
electrical, &p.) of a system.
The formulas end by
including such heterogeneous things, that energy can
no longer be defined.
" If we wish," he says, " to enunciate the principle
of the conservation of energy in all its generality, and
to apply

it

to the universe,

we

see

vanish, and there remains but this

it,

so to speak,

—there

is

some-

thing which remains constant. But is there even
any sense in this ? " i
Very fortunately for the progress of science, when
the consequences of the principle of the conservation
of energy were developed, its champions did not look
Disdaining objections,
so closely into the matter.
they established a principle which has rendered
immense services by the researches of which it was
the origin. What it has especially shown is that the

—

work expended to produce a certain effect a new
chemical equilibrium, for instance is not lost, but
is recovered when the body returns to its primitive

—

^

La

Science

et

I'HypotMse, p. 158.
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moreover, that the prin-

now regarded.
brings us back, then, to saying that the work
yielded by a spring when released is equal to the
power absorbed in compressing it. And we thus
ciple of the conservation of energy is
It

stumble once more on one of those truths of commonplace obviousness which often form the web of the
greatest scientific principles.

However this may be, the faculty which physicists
have arrogated to themselves of considering the
energy which appears to be lost as having passed into
the potential state, will always remove the principle
of the conservation of energy from experimental
criticism.

Latent potential energy plays the part of

hidden forces " by the intervention of which
the early mechanics succeeded in fitting into its
equations the experiments which escaped them.
The moment conservation of energy is admitted as a
postulate, we must suppose that that which appears
lost is to be found somewhere else, and the abyss
of potential energy provides it with an inviolable
shelter.
But if we start from the contrary postulate,
that energy can be used and lost, we are compelled
to acknowledge that the second postulate would have
those

"

in its favour at least as

many

facts as the

first.

These are, moreover, barren discussions, since experiment is incapable of throwing light on this
question.

We

had, therefore, to retain the principle

conservation of energy until, after having
penetrated further into the intra-atomic universe, it
had been clearly set forth in what way energy
becomes lost. This is a point of which the solution
of the

can be dimly seen, and I will presently examine it.
It would be equally useless to dwell on facts which

6o
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agree very badly or not at all with the principle
of the permanence of energy, since it is enough to

imagine any hypothesis whatever to make them fit
in with this principle. Thus a way of explaining how
the mass of a body can immensely increase with
its velocity, as has been proved by experiments
with radio-active particles, will certainly be found.
It has indeed been explained how a permanent
magnet may be for an indefinite space of time
traversed by currents without its becoming heated
friction, which would lead to the loss of its
magnetism. It was eijough to suppose that ether
had no resistance that is to say, to confer on it a
property that the non-instantaneous nature of the
propagation of Hght proves not to exist.
These unverifiable hypotheses have always allowed
a theory to be saved so long as it is a fertile one.
Many hypotheses in physics, such as that of the
kinetic theory of gases, would probably quickly
vanish if experiment could throw light on them.
These molecules unceasingly hustling against each
other with the velocity of a cannon ball, without
becoming heated, thanks to an elasticity supposed to
be infinite, have perhaps but a very remote resem-

by the

—

The theory is rightly retained
blance to the reality.
because it is a fruitful one, and because no possible
experiment enables us to prove its inaccuracy.
We have seen how the theory of the degradation
of energy and its transformation into inaccessible
potential energy allows us to withdraw the principle
of the conservation of energy from the criticism of
experiment. This theory has satisfied the immense
majority of physicists, but not
M. Henri Poincare thinks of it.

all.

He

We
is

know what

not the only
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one to have stated doubts.
Quite recently, M.
Sabatier, Dean of the Faculty of Sciences at Montpellier, propounded in an interesting inaugural lecture
with the title, " Is the Material Universe Eternal ? ",
the question whether it was quite certain that there
was not a real and progressive loss of energy in the
world and more recently still, in a memoir on the
degradation of energy, one of our most far-seeing
physicists, M. Bernard Brunhes, expressed himself as
:

follows
"

:

What

our warrant for the statement that the
a limited system ? If it be not so, what
signify these expressions
the total energy of the
universe' or the utilizable energy of the universe
universe

is

is

'

:

To say that the total energy is preserved but that
the utilizable energy diminishes, is this not formulating meaningless propositions ? "
.

.

.

" It

would not be absurd to imagine a universe
where, after the example of our solar system, the
total internal energy might go on diminishing
while the fraction remaining would constantly pass
into an unutilizable form, where energy would be lost
and at the same time degraded.
"

The law

of the conservation of energy

definition: the

proof of this

phenomenon comes

is

is

only a

that Avhen a

to establish a discord

new

in the

equation of energy, there is set up for it a new form
of energy defined by the condition of re-establishing
the compromised inequality."
And in answer to a letter in which I set forth my
ideas on this point, the same physicist wrote to me
" The nothing is lost should be deleted from the
exposition of the laws of physics, for the science of
to-day teaches us that something is lost. It is cer:

'

'
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tainly in the direction of the leakage, of the wearing-

away

of the worlds,

and not

in the direction of their

greater stability, that the science of to-morrow will

modify the reigning ideas."
I have faithfully set forth, in this and the preceding chapters, the theories which rule science at
present.
My criticisms have not interfered with the
Their object was
faithfulness of my exposition.
simply to show that the current theories contain some
very weak points, and that consequently it is permissible to replace them, or at least to prepare for
their replacement.
No longer fettered by the weight
of early principles now sufficiently shaken, we can
proceed to examine whether, in place of being indestructible, energy does not vanish without return,
like that matter of which it is only the transformation.

BOOK

IV

THE NEW CONCEPTION OF FORCES
CHAPTER

I

THE INDIVIDUALIZATION OF FOECES AND THE
SUPPOSED TRANSFORMATIONS OF ENERGY
The Transformations of Energy

§ 1.

—

No

one at the present day is unaware and the first
savages who succeeded in obtaining fire by rubbing
together two bits of wood might have suspected the
fact
that with a given form of energy other forms
may be produced. Yet the theory of the equivalence
of forces and their transformations was only clearly
formulated at the date of the discoveries relating to

—

the conservation of energy.
The most elementary text-books now teach that all
the forces of nature are interchangeably transformable, and are only transformations of a single entity,
viz.

:

energy.

In his work on The Evolution of Physics} M. Lucien
Poincare has summed up the existing ideas as
follows

:

physicists of the end of the nineteenth century were brought to consider that in all physical
phenomena there occur apparitions and disappear"

The

'

See

vol. xc. of this series, p. 65.
63

Ed.
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ances whicli are balanced by various energies. It is
natural, however, to suppose that these equivalent
apparitions and disappearances correspond to transformations, and not to simultaneous creations and de-

We thus represent energy to ourselves as
taking different forms mechanical, electric, calorific,
and chemical capable of changing one into the
other, but in such a way that the quantitative value
always remains the same."
It is easy to comprehend the origin of this theory,
but when we go deeper into it we discover neither
the necessity nor the exactness of it. All that can
be said in its favour is, that it escapes the test of
experiment. It is certain that the various forms of
energy appear to transform themselves, or, better, that
from any form of energy others can be produced.
But these are merely apparent transformations like
For a livethe turning of money into goods.
structions.

—

—

we obtain a metre of silk; but nobody
thinks that the silver of which the coin is made
transforms itself into silk. Yet a like transformation
is admitted when we are assured that the friction of
franc piece

a rod of resin with a strip of flannel has been turned
into heat

and

electricity.

The modern theory

of the

equivalence and the transformation of energies seems
indeed to be only an illusion arising from the fact
that, in order to measure them, we have chosen the
same unit, viz. that of work estimated in kilogram-

metres or in

Under

its

calories.

most dissimilar forms, energy

is

simply

defined as equivalent to a certain amount of mechanical work, and to the modern physicist energy and

work have always been synonymous, although they
are in reality very distinct things.
We should have

THE INDIVIDUALIZATION OF FORCES

65

a very poor idea of the comparative value of a horse,
a negro, and a white man, if we confined ourselves to

measuring the number of kilogrammetres that each
could produce. Little can be known of things from
simply measuring one of their quantitative elements.
We must indeed be satisfied with such indications
when others cannot be obtained but in that case we
must resign ourselves to acknowledging the insufficiency of our knowledge.
Movement, electricity, heat, &c., being evidently
very different things, it seems natural to say that the
different forms of energy are too dissimilar to be
transformed one into the other, but that the same
effect may come from different causes.
A motor is
set in movement by various agents such as steam,
electricity, manual labour, and the force of the wind,
which are not akin to each other, although they produce identical effects. When movement or any kind
of force produces heat, does this signify anything
else than that with dissimilar means we obtain the
variations of molecular equilibrium from which heat
results ?
A transmutation such as that of movement
into electricity or light would assuredly be more
marvellous than that of simple bodies of, for in;

—

stance, lead into gold.

not dwell further on this theory, which is
conformity with the teachings of the present
I should even have judged it useless to formuday.
late it if chance had not brought before my eyes a
memoir by Professor Ostwald, who arrives by other
roads at the same conclusion as myself. These are
I will

little in

his words
" As is well
:

known, we distinguish since Hamilton's
scalars and
£

time two kinds of physical magnitudes
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These two kinds of magnitudes are essenand the one can never
be represented by the other. I am persuaded that
there exist a greater number of magnitudes of
different kinds, and I believe I am justified in admitting that the different forms of energy are all
characterized by magnitudes possessing such an individuality.
Let this be confirmed, and the fact
that up to the present mechanics has been unable to
give a complete image of nature will appear as a
necessity.
Such a notion would be as precious for
vectors.

tially different in their nature,

science as was, in

its time, the notion of the individuality of chemical elements; and the modern adepts

mechanical theories, by claiming to reduce all forms
would no more have
done useful work than did the alchemists who sought
to turn lead into gold.
That, in the course of such
labour, all kinds of discoveries, as interesting as they
were unexpected were made, is only one likeness the
more to the often fertile activity of these obstinate
of

of energy to mechanical energy,

gold-seekers."
§ 2.

— Under what Forms Energy can

exist

in

Matter
I have already examined this question in my last
work, and I arrived at the conclusion that the energies
manifested by matter are the consequences of the

movements

of its elements.
It must be thanks to
their rapidity that matter contains a very great quan-

tity of

energy in a very small volume.

that the liberation of 1

gramme

of

It is

known

hydrogen in the

decomposition of water corresponds to a production
coulombs— say, an output of nearly 27 amperes an hour.
of electricity equal to 96,000
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It does not appear that chemists consider in this

light the manifestations of energy of

may be
is

in

the seat.

While

which matter

careful to affirm that energy

no way anything material, they

treat it exactly

were a kind of fluid absorbed and restored
by bodies as a sponge imbibes a liquid and gives
it out when squeezed.
They constantly speak, in
fact, of heat being absorbed or given out by a combination, and all thermochemistry is founded on the
measurement of these absorptions and liberations.
In reality, bodies in their transformation absorb
nothing at all.
When we are told that a body
absorbs heat to transform itself, this simply signifies
that in order to compel its elements to modify their
equilibria they have had to expend energy.
This
energy will be restored on their return to their
primary equilibria, just as a spring produces when
released an amount of work equal to that expended
as

if it

in its compression.

This image of a spring, rude as it may be, makes
us clearly understand that the absorptions or liberations of heat by chemical compounds during their
transformation are only displacements of energy
following on changes of equilibrium.
It will be
easily recognized that a spring on its release produces a power equal to that expended to set it. It
is to this elementary fact 'that the whole science
of thermochemistry and also the principle of the
conservation of energy may be referred.
Carbon,
the combustion of which that is to say, its
combination with oxygen generates a quantity of
heat, offers us the type of those bodies supposed
to be capable of absorbing energy and then of
retaining it. Chemists tells us with regard to coal

—

—
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that "the heat of combustion represents stored-up
It would thus seem that the coal has
solar energy."

stored heat as a reservoir stores water.
In reality, it has stored nothing during its formation but, being a body with a strong affinity for the
;

oxygen of the
tion with

it,

air,

and producing, when in combinawhich are accompanied by a

equilibria

great liberation of heat,

we

utilize this last to pro-

duce water- vapour, the elastic force of which sets in
motion the pistons of our steam engines. If the air,

had contained only nitrogen, coal
would never have been considered as a storehouse of
energy. It does not, in reality, contain it any more
than a crowd of other bodies more abundant in
nature, such as aluminium and magnesium. These
metals, if not already engaged in certain combinations, would produce, by uniting with oxygen, heat
as utilizable as that generated by the oxidation of

instead of oxygen,

carbon.

The reader who bears

in

mind

my

atomic energy, according to which

theory of intra-

atoms are a
no doubt object
that, apart from any combination, any body whatever
is thus a reservoir of forces.
But these forces have
not been utilized up to the present. Only molecular
and not intra-atomic reactions are recognized by
chemistry and commerce. They were thus the only
ones we had to deal with in the preceding remarks.
colossal

reservoir

of energy, will

all
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II

THE CHANGES OF EQUILIBRIA OF MATTER AND OF
THE ETHER AS THE ORIGIN OF FORCES
§ 1.

Alterations of Level

as.

Generators of Energy

Physicists measure forces and energy, but do not
For them force is simply the cause of
a movement, and they evaluate its magnitude by
the acceleration it produces. When a force displaces
its point of application over a certain length, it gives
a determined amount of work.
This mechanical
work being the unit with which all forms of energy
are measured, the effect has finally become confused
with the cause, and for many physicists work and
energy have become, as has been said, synonymous.
Forces form part of the irreducible elements of the
universe. Not being, like time and space, comparable to anything, we cannot define them. We shall
here only attempt to put in evidence a general condefine them.

dition of their manifestation.

All the forces of nature are generated by disturbances of equilibrium in either the ether or matter,
and disappear when the disturbed equilibria are reLight, for instance, which is born with the
stored.
vibrations of the ether, ceases with them.
Two bodies charged with heat, electricity, movement, &c., cannot, whatever be the difference of
magnitude of these bodies, act on each other and
produce energy, save when the elements with which

they are charged are out of equilibrium.

From

this

^o
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defect of equilibrium results

what

is

called tension,

In heat, tension is represented
by the difference of temperature; in electricity, by
the electro-motive force in energy of movement, by
the velocity in gravity, by the drop, &c.
This break of equilibrium excites a sort of flow of
energy. It takes place from the point where the
tension is highest towards that where it is lowest,
and continues till the equilibrium is re-established
that is to say, until there is an equality of level
between the bodies in question. We may therefore
consider as generators of energy a liquid passing
from a higher to a lower level heat passing from a
hot to a cold body electricity flowing from a body
with a high potential to one with a low potential
movement transmitted from a body animated by velocity to another with less velocity, &c.
Thus energy
depends on the state of the bodies in presence. There
is only an exchange between them if they are out of
equilibrium that is to say, if they possess different
tensions.
One of the bodies present then loses someor,

again, potential.

;

;

—

;

;

—

thing which

it

yields to the other until their tensions

In order that they may then generate
a new quantity of energy, they must be put in
presence of a third body, which is out of equilibrium
are equalized.

with them.
Generally speaking, that which substances yield
up to each other during these exchanges are forms
of movement.
All the modes of energy are known
and measured by these movements.
According to the media
which the disturbances
of equilibrium manifest themselves, and according to
their form, they are termed heat, electricity, light, &c.
The disturbances of equilibrium which generate

m
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forces are themselves the consequence of other dis-

They follo-w, by substituting themselves
one another, which is why a force only appears
at the expense of another force, which is at the same
time annulled.
turbances.

for,

Taking these facts as starting-point, we could formulate in the following way the principle of the
conservation of energy. In a closed system an equilibrium cannot be destroyed without being replaced
by another equivalent form of equilibrium. These
things happen as if all the elements of the universe
were related to each other in such a way as to constitute a sort of articulate system.
indicates that the universe

is

Nothing, however,

a closed system, and

the fact that energy is always degraded when transformed that is to say, becomes less and less utilizable
seems to show that the springs of our supposed
articulate system cannot work without losing some-

—

—

thing.

This essential notion of the disturbance of equili-

brium as the origin of energy may be put in evidence
by a few examples. Let us place on the same, level
two receptacles full of water and connected by a
tube. Being in equilibrium thoy cannot produce
any energy. Raise one of the receptacles above
the other, and the equilibrium of their contents
is at once disturbed, and part of the liquid flows
from the higher to the lower receptacle until the
equilibrium is again established. During this interruption, and only while it lasts, will the water
be able to do work to lift a piston, for example.
It is exactly the same with heat, electricity, or any
other energy. Two bodies heated to the same temperature represent two reservoirs on the same level.

—
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on the scale-pans of a balance,
this no manifestation of energy.
and there results
If, on the contrary, the temperature of one of the
bodies is lower than that of the other, there will be a
disturbance of equilibrium and a production of energy
until the two bodies arrive at the same calorific level.
There can be no
It is the same with electricity.
production of electrical energy without an interruption
or two equal weights

from

Whatever the quantity of electricity
with which we charge a body, it will produce no
energy if it be in relation with another at the same
potential that is to say, at the same electrical level.
Our instruments of measurement thermometers,
galvanometers, manometers, &c., simply indicate energetic differences of level, to which we give the names
of equilibrium.

—

—

of temperature, pressure, voltage, &o., existing between

some source

of energy

and an arbitrary zero taken

as

the bulb of a thermometer were
at the temperature of the source to be measured^-that
it is evident that the
is to say, in equilibrium with it
column of mercury would remain motionless. What
point of reference.

If

—

a voltmeter measures is likewise the difference of level
between a source of electricity and itself. Our mstruments, like our senses, are only sensitive to differences.

Thus, then, without an alteration of level of the
ether or of matter there can be no possible manifestation of energy.
If the sun possesses throughout
its

mass a uniform temperature

there could exist in
that heat,

Having no
produce no

it

it

of 6000 degrees,

and

beings capable of supporting

would represent

to

them no

energy.

cold bodies at their disposal, they could

fall of heat, a condition indispensable for
the production of thermal energy.
Let us suppose now that, instead of finding them-
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degrees,

these imaginary beings live in a world of ice at the

uniform temperature of zero, but possess in a corner
of their world still colder an unlimited provision of
liquid air.
Contrary to those plunged in a medium
at 6000 degrees, they would find in the blocks of ice
around them a considerable source of energy. By
plunging these latter, in fact, into the liquid air at
— 180°, they would obtain a considerable alteration of
temperature.
At the contact of the ice, which is to
liquid air a very hot body, this latter would immediately boil, and its vapour could be employed to put
motors in operation.
The inhabitants of that world
would therefore replace the coal of our steam engines
by blocks of ice, which they would consider, certainly with more reason than we do coal, reservoirs
of energy.

With this ice and this liquid air, it would be very
easy for them to produce the highest temperatures.
The tension of the vapour obtained could be employed, in fact, to drive dynamos, by means of which
can be obtained electric currents capable of producing temperatures
all

sufficient to fuse

and

volatilize

metals.

That which has just been said concerning interruptions of equilibrium as the condition of the production of energy, applies to all its forms, including
It can only be
that possessed by bodies in motion.
born from the encounter of bodies not having the

—

—

same tension that is to say, the same velocity and
which cannot therefore be put in equilibrium. If
the hunter's bullet kills the animal flying before him,
it is because the velocities of the two are difierent.
If these were equal, the bullet would evidently have
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no

eifect.

Equalities of velocity render manifesta-

tions of kinetic energy impossible.

mass, can do
it at the
same rate of speed. The eifects of masses, endowed
with kinetic energy, on the bodies they meet, result
solely from the inertia of matter, which prevents its
instantaneously adopting the velocity of the elements
which act upon it. If bodies were not possessed of

The locomotive, notwithstanding

nothing to the

inertia

—that

fly

is

its

which hovers in front of

to say, of resistance to

movement

they would simply take the velocity of the masses
striking them, and would not be destroyed by them.
Kinetic energy therefore, on final analysis, represents movement which passes or tends to pass from
one body to another. It is the same, moreover, with
It manifests itself by molecular
thermal energy.
movements from a heated body to the elements of a
cold body, the movements of which have less velocity.
It is always movement which is transmitted in order
to make itself equal with another movement, and to
be in equilibrium with it.
Into the disturbances of equilibrium which I have
invoked in order to explain the origin of energy, the
notion of quantity has not entered
The quantity of
heat, electricity, movement, or gravity possessed by
the bodies put in presence matters little. They will
only act on each other if the movement, the electricity, or the heat, with which they are charged,
have different tensions.
Whether one or one
hundred kilogrammes are placed in the two pans of
a balance, it will remain motionless so long as there
is no difference between the two weights.
All the
manifestations of energy are subject to the same law.
Bodies in the presence of each other can, I repeat,
.

•
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they are

at different tensions.

— that

to say, of equilibrium
productions of energy,
but the magnitude of this energy results evidently
from the masses brought into play by the differences
of tension.
It is evident that a weight of 100 kilogrammes falling a distance of 100 metres will produce more energy than 1 kilogramme falling from
the same height. The magnitude of the energy is
therefore necessarily represented by the product of
two factors, quantity and tension. Tension repreWhether applied to very
sents a difference of level.
great or very small masses, it is the fundamental
condition of the production of energy.
We see, finally, that all the forms of energy are
resulting
from the interruptransitory effects
tion of equilibrium between several magnitudes

Differences of tension

—are the

first

condition of

is

all

—

weight, heat, electricity, or velocity.

It is therefore

erroneous to speak of energy as a kind of
entity having a real existence analogous to that of
The considerations just set forth allow us
matter.
to imagine a world the physicists of which would
accept the second principle of thermodynamics, but
would reject the first that is to say, that of the conservation of energy. Let us suppose a universe with
an invariable temperature where the sole source of
quite

—

energy known is that of the ^vaterfalls coming from
immense lakes situate on mountain-tops, such as one

sometimes meets with in different regions of the
The learned men of such a world would no
earth.
doubt have discovered pretty quickly the possibility
of converting into heat, light, and electricity the
energy of these waterfalls, but they would also have
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established by experiment that they could not without enormous leakage restore the water to its original

produced by its own flow. They
would thus be led to believe that energy is a thing
which is used up and lost, and that the energy of
their world would be exhausted when all the water
of the lakes should have descended to the plains.

level with the forces

§ 2.

Of what Elements the Entity
are Composed

called

Energy

may be objected to the preceding remarks, that
not because a thing does not produce any effect
that it does not exist.
A weight held up by a thread
is still a weight.
Heat not in action is still heat;
a force annulled by the action of another force
does not on that account lose its existence. But
when we reflect on the phenomena called heat,
gravity, electricity, &c., we recognise that they are
only known and measured as disturbances of equilibrium, and have, outside these disturbances, no existence verifiable by our senses or instruments. Heat
produces calorific energy when it falls from a certain
height, j ust as a tile from the roof of a house generates kinetic energy by its fall but heat which does
not change its level is no more energy than the tile
fixed on a roof.
No doubt the sun warms us, and
there we see an energy which seems to be quite independent and to have an existence of its own. And
yet all the energy produced results solely from a
difference of temperature
that is to say, of equilibrium between the calorific effects of ' the rays
emitted by the star which warms us and the bodies
which receive them. Let any body at the same
It

it is

;

—

—
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heat as itself be brought as near as you please to
the sun, and there will be no possible exchange of

what we

call calorific energy.

argue, moreover, exactly as if they
admitted all this. They are fully aware that there
must be alterations of level to effect work, and that
no work can be manifested when the alteration of
But as it would be possible to
level has ceased.
produce a flow of energy with a fresh alteration of
level, they assert that this energy which is not maniPhysicists

fested exists in a potential state.

All these concepts of potential energy, unutilizable

energy, degraded energy, &c., are the consequences
of a confusion of ideas, according to which energy is

a sort of substance of which the existence is as real
This invisible entity, the secret
as that of matter.
mover of things, is supposed to circulate unceasingly
through the universe by constantly transforming

This hypothesis was, moreover, necessary
believed to be an aggregate of
inert elements only able to restore the energy it reSomething
ceived, and incapable of creating any.
it,
necessary
to
animate
and
it
was that
indeed
was
something which constituted energy.
If this mysterious entity was necessary for the epoch
when a superior cause had to be imagined for the
animation of inert matter, its existence has no object
Instead of imagining an unexat the present day.
plained power perpetually circulating through the
world without ever being exhausted, I say
At the origin of things there was condensed in
matter, under the form of movement of its elements,
an enormous but yet limited quantity of energy.
This phase of concentration was followed by a period

itself.

when matter was

:
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of expenditure of the

accumulated energies, on whicli

the sun and analogous stars have
disintegration of their atoms

now

is

entered.

the

The

origin of all

now utilized. These atoms form
an immense reservoir, but one which must inevitably
exhaust itself. Then that which we call energy will,
like matter, have disappeared for ever.
By thus reasoning we only appeal to conceivable
phenomena. Our explanation brings us to the brief
the natural forces

enunciation of a limited provision of forces stored up
its formation, which produce,
when this last disaggregates, different energies having
This is very simple,
only a momentary existence.
whereas the entity, supposed to be immortal, termed
energy is completely incomprehensible. Science has
not driven forth the gods from their ancient empire
to replace them by metaphysical processes still more
in matter at the time of

unintelligible than they.

CHAPTER

III

—

THE EVOLUTION OF THE COSMOS ORIGIN OF MATTER
AND OF THE FORCES OF THE UNIVERSE
§ 1.

The Origin of Matter

The origin of things and their end are the two
great mysteries of the universe which have cost religions, philosophies, and science the most meditation
and thought.

As

these mysteries appear unfathom-

many thinkers turn away from them. But the
human mind has never resigned itself to ignorance.
It invents chimeras when it is refused explanations,
able,

and these chimeras soon become

its

masters.
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Science has not yet lighted torches capable of
illuminating the darkness which envelops our past
and veils the future. It is able, however, to project

some beams

into this deep night.
everything proceeds from the ether and afterwards returns to it, we are forced to inquire first of
all how a substance so immaterial can transform itself
into heavy and rigid bodies, such as a rock or a
block of metal.
The ideas I have set forth on the structure of
matter allow us in some degree to understand this
and to deduce from them the following theory
Bodies are constituted by a collection of atoms,
each composed of an aggregate of rotating particles,
By reason
probably formed by vortices of ether.
of their velocity these particles possess an enormous
According to the way in which their
kinetic energy.
equilibria are disturbed they generate different forces
If

:

— light, heat, electricity, &c.
matter owes its rigidity only
motion of its elements,
of
the
rotary
rapidity
the
to
and that if this movement stopped it would instantaneously vanish into ether without leaving a trace
It is probable that

behind. Gaseous vortices, animated by a rapidity
of rotation of the order of that of the cathode rays,
would in all probability become as hard as steel. This

experiment is not realizable, but we can imagine its
results by noting the considerable rigidity which is
acquired by a fluid animated by great velocity.
Experiments made in hydro-electric factories have

shown that

a liquid

column only

2

centimetres in

diameter, falling through a tube of the height of 600
metres, cannot be broken into by a violent blow from
The arm is stopped as if by a wall when it
a sabre.
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Professor Bernard
Brunhes, who witnessed this experiment, is persuaded
that if the velocity of the liquid column were sufficient a cannon ball would not go through it.
A
layer of water a few centimetres thick, animated by
a sufficient velocity, would be as impenetrable to
shells as the steel plates of an ironclad.
Let us give to the above column of water the form
of a vortex -ring, and we shall get an image of the
particles of matter and the explanation of its rigidity.
This enables us to understand how the immaterial ether, when transformed into small vortex-rings
animated by sufficient velocity, may become very
material.
It will be also understood that, if these
whirling movements were stopped, matter would instantaneously vanish by return to the ether.
Matter, which seems to give us the image of stability and repose, only exists, then, by reason of the
rapidity of the rotary movement of its particles.
Matter is velocity, and, as a substance animated by
velocity is also energy, matter may be considered a
arrives at the surface of the liquid.

particular form of energy.

Velocity being the fundamental condition of the
existence of matter, we may say that this last is

born so soon as the vortex-rings of the ether have
acquired, by reason of their increasing condensation,
a rapidity sufficient to give them rigidity.
Matter
grows old when the speed of its elements slackens.
It will cease to exist so soon as its particles lose
their

movement.

We
notion

are therefore
:

brought

to this first essential

Particles of a substance,

however minute we

may imagine them to be, may, by the
velocity, acquire

sole fact of their

a very great rigidity and become
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transformed into matter. Let us now examine how,
with these two elements, particles of ether and velocity, it is possible to understand the genesis of a
universe.
§ 2.

The Formation of a Solar System,

The first scientific theory on the origin of the
world was, a,s we know, formulated by Kant and
developed by Laplace.
According to this last, our
solar system with its retinue of planets must be
derived from a primal nebula similar to those
observed in space.
Agglomerated under the influence of gravitation, which would thus be the
primitive force, it formed a central globe animated
with a movement of rotation, whose particles by
constant attraction have drawn closer and closer
together.

By

reason of the increasing rapidity of its rotation,
its condensation, this first nucleus of

following on

the sun became flattened, and at a certain moment
there were detached from it by centrifugal force
rings similar to those existing round Saturn.
Continuing their movement of rotation, these rings
finally, still under the influence of centrifugal force,
broke into fragments. From these fragments, projected into space, were born the planets which revolve
round the sun. Incandescent at first like this last,
but cooling relatively quickly by reason of their
small volume, they at length became habitable by
living beings.

Laplace stopped his investigations at the cooled
planet, and did not busy himself either with the
elements which formed it nor with those which might
enter into the constitution of other solar systems.
F
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It is now possible to go further, and to apply to
atoms the laws which seem to have presided at the
birth and formation of our universe.
It is now admitted that atoms are formed of
numerous particles revolving round one or several
central masses with a velocity of the order of
The atom may therefore be compared to a
light.
surrounded
by its retinue of planets. Its small
sun
In an imsize does not prevent such a comparison.
mensity without limits extreme littleness does not
Beings suffisensibly differ from extreme greatness.
ciently small would consider the planetary system
formed by the elements of an atom as important as
are to us the gigantic stars of which astronomy
observes the march.
In the study of the evolution of worlds it is to-day
easy to go, as has been said above, far beyond Laplace.
No one could suspect in his time that spectrum
analysis would make known the composition of the
sun, and would reveal therein elements identical
with those of our globe an evident proof that the
terrestrial elements are derived from those of the

—

sun.

Spectrum analysis

has, moreover, enabled us to

follow the genesis of the elements

various worlds.

which compose the

The

variation of the spectra of the
stars in the red and the ultra-violet regions indicates

and consequently their relative
age while the other spectral rays make known their
composition. We have thus determined the bodies
appearing in the stars with the variations of temperature corresponding to different phases of evolution.
In the youngest stars that is to say, the hottest
there hardly exists anything but a few gases, princitheir temperature,
;

—
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hydrogen then, as these stars become cooler,
there successively appear the simple bodies we know,
beginning with those of the lowest atomic weight.
Since astronomy has learnt to fix by photography

pally

;

the image of the stars,

it

has established that their

number is much larger than it once thought. It now
estimates at more than four hundred millions the
number of luminous stars, planets, and nebulae
existing in the firmament, without speaking, naturally, of

those that are invisible and consequently
Spectrum analysis shows that they are at

unknown.

very different stages of evolution. Their past must
be of fearful length, since geologists estimate the existence of our planet at several hundred million years.
During these accumulations of ages unknown to
history, the millions of stars with which space is
peopled must have begun or ended cycles of evolution analogous to that now pursued by our globe.
Worlds peopled like ours, covered with flourishing cities filled with the marvels of science and
the arts, must have emerged from eternal night
and returned thereto without leaving a trace behind
them. The pale nebulse with shadowy forms represent perhaps the last vestiges of worlds about to
vanish into nothing or to become the nuclei of a new
universe.

How can the worlds undergo the phase of descending evolution succeeding that of ascending evolution
This we shall
briefly pointed out in this chapter ?
soon study.

We will especially bear in mind from what has
said that the transformations revealed

of the stars point out the

evolution of worlds.

It

is

been

by observation

general march of the
always enclosed in that
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cycle of things

fatal

—

and

birth, growth, decline,

death.

Whether it is the transformation of worlds or that of
the beings living on their surface that is in question,
slowness is always the law of evolution. In order to
succeed in forming beings gifted with the small
amount of intelligence possessed by man, nature has
caused to evolve through thousands of centuries the
animal forms which preceded him. Her transformations are only realized at the cost of very slow efforts.
She cannot create a world in seven days like the

gods of the early legends.

If

mighty divinities reign

they are not sovereign
divinities, for Time dominates them, and they can
do nothing without him.
in

some

§ 3.

distant

region,

Molecular and Intra-Atomic Energies

In order to avoid
follow,

we must

first

intra-atomic energies.
tions

confusion in what

is

There are probably close

to

from
rela-

between them.

Molecular energies

known
and

all

clearly separate molecular

are

the only ones hitherto

They generate cohesion, afifinity,
chemical combinations and decompositions.
to science.

The manifestations of intra-atomic energy sometimes
accompany them, as in the phenomena of incandescence, but they formerly escaped all investigation.

molecular energies that the laws of
of thermochemistry have been
They always come back to this A material
applied.
body can emit no other energy but that which it has
It is solely to

thermodynamics and

:

first

received.

The

forces

manifested in

all

chemical and in-

dustrial operations represent simply restitutions or
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displacements of energy; and it is conceived that,
under such conditions, the quantity of this last
remains invariable. These operations are identical
with those effected by the introduction into reservoirs
of various shapes of a certain quantity of water contained in another reservoir.
This substitution
naturally does not change the weight of the liquid.

Science, then, has only examined those intra-molecular energies with which bodies can be charged.
This study has led to matter being considered as
entirely distinct from energy, and simply serving as
its support.
Mattel', when heated or electrified, Could
indeed absorb energy but it restored this borrowed
energy afterwards, as a sponge does the water it has
absorbed; without ever increasing its quantity.
Matter being only the support of energy, we seemed
;

perfectly justified in establishing a d_ifi;erence pro-

found and, as it was thought, irreducible between
matter and energy.

§ 4.

Intra-Atomic Energy as

the

Source of the

Forces of the Universe

The readers of my last work know how I sought to
cause this great dichotomy to disappear by showing
that matter, far from only being able to restore the
energy borrowed by it from without, is, on the contrary, a colossal reservoir of forces.
It is itself only
a particular form of energy characterized by its relative fixity and its concentration in immense quantity
but in small volume. The energy accumulated in
1 gramme of any matter represents as much as about
3,000,000,000 kilogrammes of coal of the market value
of nearly 70,000 francs.
I showed finally that this
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intra-atomic energy was the source of solar heat,
of electricity, and of most of the forces of the
universe.

Intra-atomic
or the world

energy

is,

moreover, very

would long ago have vanished.

stable
It is

even so stable that chemists considered the aggregation of energy called matter to be absolutely
indestructible.
We have now learnt to dissociate
matter, but only in extremely feeble quantities. It
may, however, be hoped that the science of the future
will find
It will

means

to disaggregate

then have at

its

more thoroughly.
immense source
former work that by
it

disposal an

I have shown in my
means very stable bodies can be rendered
surface for surface
forty times more radio-active

of forces.
artificial

—

—

than substances spontaneously dissociable, such as
uranium.
The study of intra-atomic energy, which is now
only beginning, has enabled us to penetrate into
an entirely new world where the ancient laws of
chemistry and of physics are no longer applicable.
One of the most important of these differences is the
following

:

In handling intra-molecular energies we can only
draw from an isolated material system a quantity
of energy at the most equal and never superior to
the amount primarily supplied to it. In the manifestations of intra-atomic energy, we observe just the
contrary.
Matter is able to liberate spontaneously
large quantities of energy either without any aid
from without, as is seen in highly radio-active bodies
such as 'uranium and radium, or under such feeble
influences as a ray of light.
With a very minute
quantity of energy we can therefore produce a very
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is contrary to principles
formerly considered indestructible.
When seeking, in my previous work, for the
causes of solar heat and of the incandescence of the
nocturnal stars, I showed that intra-atomic energy
greater than that which exists on the cooled globes
ought to suffice for the maintenance of these stars'
temperature. Studying subsequently the properties
of the emissions from the insulated poles of an
electrical machine, I showed-their identity with the
products of dissociation of radio-active bodies. Electricity might, then, be considered as one of the manifestations of intra-atomic energy.
And it is thus
that its part in natural phenomena, so unsuspected a
few years ago, appeared to me entirely preponderant.
Our sun, in the phase of the world into which it
has entered, only expends the energies accumulated
by its atoms during an earlier phase of concentration.
This dissociation of the provision of intra-atomic
energy accumulated in matter at the commencement
of things explains the origin of the forces of the
universe. At those far-off epochs of the chaos of our
solar system of which the nebulas show a confused
image, the ether slowly condensed. The localized
vortices of ether, forming probably the primitive
elements of matter, accumulated by the increasing velocity of their rotation the intra-atomic energy
To the phase of
of which we note the existence.
concentration succeeded, later on, a phase of dissoOur universe has entered upon a new cycle
ciation.
and the energy slowly accumulated in the atom has
commenced to liberate itself by reason of' its disThe solar heat, whence is derived the
sociation.
greater part of the energies of which we make use,
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represents

the most important

manifestations

of

this dissociation.

Although this provision of intra-atomic energy is
immense, it is not infinite, and its emission, conseThe planets surroundquently, cannot last for ever.
ing the incandescent stars have cooled because this
energy is reduced. The sun itself must be subject
When its intra-atomic energy has
to the same law.
been dissipated, it will cease to light the planets
around it, and the earth will become uninhabitable,
unless science discovers the

means

of easily liberating

the immense quantity of intra-atomic energy still
contained in matter. But even should it succeed in
this, it will but retard the repose, since the provision of intra-atomic energy is limited.
Thus, then, the sun, the generator of most of the
terrestrial energies, only expends the forces slowly
accumulated in matter at the epoch when within
the primordial clouds of the ether the atoms stored
up the energies they were one day to restore.
How can this intra-atomic energy, the source of
solar heat, electricity,

and most of the forces of the
and lost ? We will now exa-

universe, be dissociated

mine

this point.

THE VANISHING OF ENERGY

CHAPTER IV
THE VANISHING OF ENERGY AND THE END OF OUR
UNIVERSE
§ 1.

The Old Age of Energy and

the

Vanishing

of Forces

We

have just seen that intra-atomic energy is a
limited magnitude, which is reduced day by day.

How

Having already treated this
work, I will only summarize
what I have already there explained.
To say how matter finally vanishes is to explain
how forces vanish, since matter is a special form of
energy, only differing from others by its relative
fixity and its very great concentration in very feeble
volume.
I have shown that one of the most constant products of the dissociation of matter was the so-called
particle of electricity, deprived, according to the
last researches, of all material support, and considered as constituted solely by a vortex-ring of
can

it

question in

be lost?

my

last

ether.

The experiments previously described have shown
that these particles emit lines of forces, and are
always accompanied in their various manifestations

by those vibrations of the ether

called Hertzian

waves, radiant heat, visible light, invisible ultra-violet
These vibrations represent for us the
light, &o.

vanishing phase of the elements of the atom and
the energies of which they are the seat.
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How can the vortex-rings of ether and the energies
generated by them lose their individuality and vanish
into the ether ?
The question reduces itself to this
How can a vortex formed in a fluid disappear into
this fluid by causing vibrations in it ?
Stated in this form the solution of the problem is
fairly simple.
It can be easily seen, in fact, how a
vortex generated at the expense of a liquid can, when
its equilibrium is disturbed, vanish in spite of its
theoretical rigidity by radiating away the energy it
contains under the form of vibrations of the medium
in which it is plunged.
It is in this way, for instance,
that a waterspout formed by a whirl of liquid loses
its existence and disappears in the ocean.
In the same manner, doubtless, the whirls of ether
constituting the elements of atoms can transform
themselves into vibrations of the ether. These last
represent the final stage of the dematerialization of
matter and of its transformation into energy before
its final

disappearance.

Thus, then, when the atoms have radiated all their
energy in the form of luminous, calorific, or other
vibrations, they return, by the very fact of these
radiations following on their dissociation, to the
primitive ether whence they came.
Matter and
energy have returned to the nothingness of things,
like the wave into the ocean.
The defenders of the postulate of the conservation
of energy will evidently answer to the above, that
energy being, by the hypothesis, supposed to be indestructible, by vanishing into the ether is not lost,
and remains in the potential state, drowned in its
immensity. Thus regarded, the theory of the conservation of energy evidently represents nothing but
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an unverifiable conception, especially created by our
desire to believe that there exists in the universe

something immortal.

Not wishing to consent to be
only a flash in the infinite, we dream of a movement
that shall last for ever.
But even if, in accordance with the preceding hypothesis, energy should continue to circulate in some
form or other in space,yet,cast forth from the sphere of
our universe, it would no longer form part of it, and in
one way or another the energy of the universe would
have vanished. It is to this point, which is moreover fundamental, that we limit our demonstration.
It does not seem at first sight very comprehensible
that worlds which appear more and more stable as
they cool could become so unstable as to afterwards
dissociate entirely.
To explain this phenomenon
we will inquire whether astronomical observations
do not allow us to witness this dissociation.
We know that the stability of a body in motion,
such as a top or a bicycle, ceases to be possible when
its velocity of rotation descends below a certain
limit.
Once this limit is reached it loses its stability
and falls to the ground. Prof. J. J. Thomson even
interprets radio-activity in this manner,

and points

when

the speed of rotation of the elements
composing the atoms descends below a certain limit
they become unstable and tend to lose their equiThere would result from this a commencelibria.
ment of dissociation with diminution of their
potential energy, and a corresponding increase of
their kinetic energy sufficient to launch into space
out that

the products of intra-atomic disintegration.
It must not be forgotten that the atom being an

enormous reservoir

of energy

is

by

this very fact
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comparable with explosive bodies.

main

These

last re-

long as their internal equilibria are
undisturbed.
So soon as some cause or other
modifies these, they explode and smash everything
around them after being themselves broken to pieces.
Atoms therefore which grow old in consequence of
the diminution of a part of their intra-atomic energy
gradually lose their stability.
A moment then
arrives when this stability is so weak that the matter
disappears by a sort of explosion more or less rapid.
The bodies of the radium group offer an image of
this phenomenon
a rather faint image, however,
because the atoms of this body have only reached a
period of instability when the dissociation is rather
slow.
It probably precedes another and more rapid
period of dissociation capable of producing their
final explosion.
Bodies such as radium, thorium,
&c., represent no doubt a state of old age at which
all bodies must some day arrive, and which they
already begin to manifest in our universe, since all
matter is slightly radio-active. It would suffice for
the dissociation to be fairly general and fairly rapid
for an explosion to occur in the world where it was
inert so

—

manifested.

These theoretical considerations find a solid support in the sudden appearances and disappearances
of stars. The explosions of a world which produces

them reveal to us, perhaps, how the universes perish
when they become old.
As astronomical observations show the relative
frequency of these rapid destructions, we may ask
ourselves whether the end of a universe by a sudden

explosion after a long period of old age does not
represent its most general ending.
These abrupt
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sudden

apparition in the heavens of an incandescent star,

which pales and vanishes sometimes in a few days,
leaving generally no trace behind it, or at most a
faint nebula.

When

the new star first appears, its spectrum, at
analogous to that of the sun, proves that it
contains metals similar to those of our solar system.
Then, in a short time, the spectrum is transformed,
and becomes finally that of the planetary nebulae
that is, it only contains rays of a few simple
elements, some of which are iinknown. It is therefore evident that the atoms of the temporary star
have been rapidly and profoundly transformed. This
downward evolution is the converse of that indicated in the upward evolution of stars. These contain, when very hot, simple elements which become
more and more complicated and numerous as they

first

—

continue to

cool.

These transitory stars, resulting no doubt from the
sudden explosion of a world accompanied by the disintegration of its atoms, are not rare. Hardly a year
passes without some being observed either directly
One of the
or by the study of photographic plates.
most remarkable was the one recently observed in
In a few days it
the constellation of Perseus.
attained a brilliancy which made it the most brilliant
star in the sky but twenty-four hours later it began
to pale, its spectrum was slowly transformed, and
;

became, as before

— an evident

said, that of

the planetary nebulte

proof, I repeat, of

atomic dissociation.

At the very moment when this transformation was
taking place, photographs of long exposure showed
nebulous masses round the star, produced no doubt
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by atomic dissociation, which rapidly left it behind
that is to say,
a speed of the order of light
analogous to that of the Beta particles emitted by

—

at

radio-active bodies

when

nomers were, then, enabled

The

dissociating.

astro-

to be present at the rapid

destruction of a world.

§

SumTnary of the Doctrine of the Vanishing
of Forces and Discussion of Objections

2.

The account
which

this

of the general evolution of worlds to

and the preceding chapter have been

devoted, includes facts of experiment or of observa-

connect by
account by a
recapitulation showing the different phases of evolution of a system analogous to ours and to those
which continue to be born and transformed in the
firmament.

which

tion

hypotheses.

§ 3.
1.

have

I

I

will

endeavoured

sum up

to

this

The Periods of Evolution of a World

—

Phase of Chaos or of the Birth of Energy.
by the action of gravitation or of

Formation,

unknown

Under

causes, of clouds of ether.

influence inequalities are established

whence

their
result,

The ether condenses into
which assume the form of vortexAnimated at first by rather slow movements,

differences of potential.

scattered particles
rings.

they contain but very little energy.
2. Phase of Nebulce or of Concentration of Energy.

—The

Thence

whirls of ether accelerate their movements.
attractions result which agglomerate them

into nuclei, the future

germs of matter.

concentration of the mass

is

established.

A general
A nebula
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formed, vague at

becoming

spherical,

of a solar system.

first in shape, which ends by
and will eventually be the origin
In proportion as the particles of

mass condense, the ether- whirls precipitate their
movements, agglomerate and form the nuclei of
atoms which, by reason of the increasing rapidity of
their rotation, become more and more saturated with
this

energy.
3. Phase of Stellar Incandescence or of Expenditure of Energy.
This phase is that of the formation
of a sun and analogous stars.
By continuous
condensation, the atoms have finally acquired a

—

quantity of intra-atomic energy, which they can no
longer contain and therefore radiate in the form of
heat, light, or various forms of electricity, of which
heat is perhaps only a secondary manifestation.
The temperature of the orb is excessive. .The
future atoms are not yet individualized.
4.

Phase of the Commencement of Stellar Refrigera-

—

and of the Individualization of Matter. By
reason of the continuity of its radiation, the temperature of the orb becomes lower, although it still
remains incandescent. The elements of the atoms
form new equilibria, and give birth to the various
simple bodies which differentiate and multiply in
proportion as the cooling of the star increases.
5. Phase of Planets, or of Refrigeration and of the
tion

—

Equilibrium of Intru-Atomic Energy. The planets,
detached by the centrifugal force of the central sun
round which they continue to revolve, become cooler
by reason of the relative smallness of their volume,
and finally reach a temperature low enough for
The energies
life to be possible on their surface.
accumulated in the form of matter have attained a
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phase

of

stable

equilibrium.

The worlds

mobility.

are about to

Fixity succeeds to
become inhabitable

for long series of ages.
6. Phase of final Dissociation of Intra-Atomic
Energy and Return of the World to the Ether. While

—

themselves

maintaining

in

equilibrium for long
not ceased to radiate

the atoms have
and in consequence of

centuries,
slightly,

of the reduction

of the speed

this

elements which ensues, they lose

Then commences a period

stability.

radiation

and

of rotation of their

some

of

their

of disaggrega-

which increases very quickly in proportion as
the stability of the intra-atomic elements decreases.
Progressive at first, it afterwards becomes instantaneous at a certain period of old age, the elements
return to the ether whence they came.
To this period of final destruction succeeds, perhaps, in the course of ages, a new cycle of birth and
of evolution, without its being possible to assign a
term to these destructions and recommencements,
probably eternal.i
The above account, deduced from researches related in my preceding volume, may be summarized
in a few lines.
I borrow these from one of the
scholars who have had the kindness to analyze
my doctrine
"We imagine the world to be formed at first of
diffuse atoms of ether which, under the action of

tion,

;

:

unknown

forces, have stored up energy. This energy,
one of the forms of which is matter, dissociates and
1 The above rather reminds one
of the " Retour 6ternel " of
Nietzsche it is an hypothesis, moreover, void of importance, Vhich
I formulated long before tliat author, as Professor
Liohtenberger recalls in a book devoted to the doctrines of the philo;

sopher.
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—

appears in various forms electricity, heat, &c., so as
to bring matter back to ether.
Nothing is created
'

we cannot create matter.
Everything
means that matter disappears entirely, as
does matter by its return to the ether. The cycle
signifies that

'

is lost'

therefore complete.
There are two phases in
the history of the world 1, Condensation of energy
under the form of matter 2, Expenditure of this
energy."
This conception of the concentration of energy at
the origin of a world and of its expenditure in a subsequent phase of its existence has been disputed by
a distinguished physicist, M. Bernard Brunhes, in a
recent memoir.^ The following is the objection he
is

:

;

makes to it
"The concentration
:

dissociation

of

cosmic

matter and the

phenomena which

of matter are two

appeared opposed to each other, but which possess
common characteristic. Both liberate heat and
correspond to a degradation of energy. Be therefore assured that if any radio-active body whatever
has been produced which has stored up an enormous
provision of reserve energy, it is by favour of a still
greater degradation of energy.
Matter which
dissociates at the end of transformations which seem
to bring it back to the starting-point will have undergone a definite loss of utilizable energy."
The above objection is supported by the principle
of Carnot but a principle applicable to the downward
phase of evolution of the world is not necessarily
a

.

.

.

;

its earlier upward phase.
The illustrious mathematician Maxwell had already
shown by a much bolder hypothesis than mine since

applicable to

—

'

La Portde du Principe de

la

Degradation de

I'i^nergie, 1906.

G
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—

implies the existence of very subtle demons how
the principle of Carnot might be violated and the
course of things retraced. We must wait till we are
better acquainted with the laws of nature before
supposing that she has not found the means of bringing out of the gloomy void of the ether the forces
condensed in the atom. If hypotheses analogous to
mine are rejected, we must return to that of a creator
drawing forth worlds from his will that is to say,
from a nothing much more mysterious still than the

it

—

substratum from which I have endeavoured to raise
them. The gods having been eliminated from
nature, where our ignorance alone had placed
them, we must try to explain things without them.
Evidently since the dawn of geological times, phenomena seem to have always evolved in accordance
with the second law of thermodynamics but this
law is, I repeat, one of the period of the wearing out
of a universe and not of the ages during which the
energies now expended were condensed,
since we
must admit that our solar system has had a beginning like all the analogous systems of which
astronomy has noted the evolution. It is hkewise
necessary to admit that a concentration of energy
was first formed.
M. Bernard Brunhes, moreover, himself recognizes this in a passage of his
memoir, which constitutes the best answer I can
make to him:
" There is no inconsequence in imagining that the
present period of degradation has been preceded and
may be followed by periods in which the energy
;

—

utilizable

may

increase instead of diminishing."

moreover, as the same author points out, at
a similar conclusion that Boltzmann arrived in his
It

is,
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work on tlie theory of gases. The march of
the world in the direction opposed to the present
evolution no longer appears to him as an absolute
impossibility, but simply as a very faint probability
which may nevertheless have been realized during
the succession of ages.
It is to these brief and uncertain notions that all
we can say regarding the evolution of the worlds in
the infinite duration of time is reduced. We will
now leave these mysterious regions to return to those
in which experiments can serve as a guide.
The
study of the actions of light on a fragment of metal,
which was the origin of my researches, led me into
very different fields of physics. I will now conduct
the reader into these, and examine a few new
problems.
As the general conclusion of this first part of my
work, I shall formulate the following proposition
Energy is not indestructible. It is unceasingly
consumed, and tends to vanish like the matter

great

:

which represents one of

its

forms.

PART

II

THE PROBLEMS OF PHYSICS

BOOK

I

THE DEMATERIALIZATION OF MATTER AND
THE PROBLEMS OF ELECTRICITY
CHAPTER

I

GENESIS OF THE CURRENT IDEAS ON THE RELATIONS
OF ELECTRICITY WITH MATTER

The first part of this work was devoted to the development of the theories deduced from my earlier
experiments. This second part will be especially
experimental. My observations on the dissociation
Notof matter led me into very varied researches.
withstanding their fragmentary nature, they may, I
think, interest the reader and the account of them
will be given in such a way as not to interfere with
the general plan of this work.
;

I

1.

The Part Played by Electricity in the Transformation of Chemical Compounds

The laws of physical phenomena may be determined, but, as we are ignorant of their underlying
causes, their interpretation necessarily varies.
facts

do not change, the explanation

of

them

If the
is fre-

quently modified. A great theory once accepted is
immediately applied to the interpretation of known

THE EVOLUTION OP FORCES

I04

of the conservation of energy
years seemed able to furnish the key to
It is now the theory of electrons for
all phenomena.
which this role appears to be reserved. By reason
facts.

The doctrine

has for

fifty

of the importance now given
on the atomic structure of

to the prevailing ideas
electricity,

it

may

be

interesting to point out their genesis.

New dogmas
Those who

are spontaneous only in appearance.
by a new belief especially

are attracted

novelty, Avhile it is in reality very
generally forgotten by the textbooks, shows how certain ideas grow up and the
slow progress of their evolution.

appreciate
old.

its

Its history,

It is to the illustrious

Davy, about the beginning

of the last century, that the origin of the present
ideas on electrical dissociation, now termed ionization,

Having passed a current through a
and having noticed that the
potassium went to one of the poles and the oxygen
to the other, he concluded, rightly but much in
advance of his time, that the two elements of a compound are charged with different electricities, which
The affinity which
are neutralized by combination.
draws together and associates the elements of bodies
must have its origin in the attraction of contrary
goes back.

solution

of

electricities.

potash,

We

do not state the matter other-

wise at the present day.
It was on the hypothesis of
lius

founded the

dualistic

chemistry for thirty years.

Davy that Berzetheory which governed
The compounds

called

and oxides, were formed from
an electro-negative united to an electro-positive element by the attraction of their contrary electricities.
The compounds called tertiary that is to say, salts

binary, such as acids

—
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—came from the combination of an electro-positive
base and an electro-negative acid.
The dualistic theory vanished when Dumas,
Laurent, and Gerhard discovered the phenomenon

and showed that in a compound an
electro-negative element could be replaced by an electro-positive without sensibly changing its properties.
of substitutions,

Trichloracetic acid, for example, is acetic acid in which
three atoms of chlorine (an electro-negative element)

have replaced three atoms

of

hydrogen (an

electro-

The conceptions of Davy and Berzelius,
they were, were abandoned for a long

positive one).

correct

as

period.

Their re-adoption was the consequence of the researches of the illustrious Faraday. Towards 1830,

he discovered the laws of

electrolysis,

and measured

the electric charge given up by bodies at the poles
of the battery when they are decomposed by the
He noted that when an electric
electric current.
current is passed through the solution of a salt, the
latter is decomposed into two elements charged with
contrary electricities, which are found at the two
This operation, the result of which is to repoles.
solve compound bodies into their elements, is called,
The bodies capable of
as we know, electrolysis.
undergoing such an operation are called electrolytes.
The products of the decomposition constitute ions.
Simple bodies, considered as such to be indecomposable, evidently could not be electrolytes and
consequently produce ions. This last was a funda-

mental

point.

After having verified the enormous charge of electricity
96,000 coulombs for a gramme of hydrogen
-which is borne by the elements separated by

—

—
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electrolysis, and the equality of this charge for all
bodies of equal atomic weight, Faraday recognized,
thus confirming the idea of Davy and of Berzelius,
that chemical phenomena are only electrical pheno-

mena
"

—that

is

to say,

displacements of electricity.

The numbers representing the equivalent weights

of bodies," he says, " represent simply the quantities

which contain equal quantities of
The electricity determines the equivalent number because it determines the forces of
combination.
By adopting the atomic theory, we
of these bodies
electricity.

say that the atoms of bodies equivalent to one
another in their chemical combination bear the
same charges of electricity.
It is the quantity
.

of electricity associated with

.

the different atoms

which constitutes electrical affinity." ^
The most recent ideas simply represent
adoption and extension of Faraday's views.

the

At

the present day, the theory of ionization reigns
without a rival.
It has given birth to a new
chemical nomenclature in which the properties of
bodies are expressed as a function of their electric
charges, and no longer, as Berthelot wished, as a
function of their thermal properties.

Thermochemistry
as

a

doctrine

in

is

now looked upon almost

We

course

of disappearance.
consider the study of the electrical reactions
of bodies as far more important than that of their
thermal relations.
Charges of electricity and the

now

manner in which they are distributed generate all
the properties of bodies and the reactions which
their combinations exhibit.
The actual theory of ionization may be summed
'

Cf. Sir

W. Crookes

(Proc. Roy. Soc,

March

1902).
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which does but repeat
Bodies are composed
of elements or ions charged, some with positive,
others with negative electricity, and united at first
in the following statement,

exactly the ideas of Faraday

:

Under the influence of the
battery current, the neutral molecule dissociates
into positive and negative elements, which go to the
in the neutral state.

poles of contrary names.
The decomposition of a
neutral salt may be represented by such an equation

NO=K = no^ + kan ion leaves a solution in order to precipitate itself at an electrode charged with electricity
as the following:

When

of contrary sign

—by

reason of the attraction exer-

cised between two opposite electric charges

—

it

then

becomes neutralized, which means that it receives
from the electrode a charge exactly equal but of
contrary sign to that which it before possessed. To
ascertain this quantity to know, for example, the
electric charge of the atoms of 1 gramme of hydrogen
we need only measure with suitable instruments

—

—

the expenditure of electricity necessary to neutralize
the ions set at liberty.
At the period of the history of ionization just
briefly sketched, it was admitted that the dissociation of the elements of bodies into ions charged
with electricity could only be effected under the
influence of an electric current, but soon we had
to go

much

further.

Adopting the theoretical ideas put forward by
Clausius, Arrhenius recognized that an electric
current was in no way necessary to produce the
In dilute
dissociation of compounds into ions.
solutions, the bodies dissolved must be separated
When the
into ions by the mere fact of solution.
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electrodes of a battery are plunged into such a solu-

—

tion, tlie ions must simply be attracted by them
the positive ions by the negative pole, and the negative ions by the positive pole.
According to this theory, which is evidently very
hypothetical, but which has been admitted because it

much

facilitates explanations, the dilute solution of
a metallic salt would contain something quite other
than the salt itself.
dilute solution of sea salt, for
example, would in no way contain the chloride of

A

sodium we are acquainted with. It would contain
chlorine ions and sodium ions in a free state.
This chlorine and this sodium in the state of ions
must differ much from the substances generally
known by those names, since the sodium of our
laboratories cannot be introduced into water without

decomposing

it.

The

electricities

known by

must be due to the
and the ion sodium the

difference

fact that in the ion chlorine

are separated, while in the substances

the

same names they

All these theories and the

are neutralized.

experiments whence

they are derived show us that electricity is every day
more and more considered as the essential factor in
the properties of bodies.
It must be solely from
their electrical charge that these properties are
derived.
The chemical activity of an acid and of a
base must be the simple consequence of the proportion of ions they contain. A strong acid such as
sulphuric acid must contain a great

number

of free

and a feeble one like acetic acid very few.
Chemical reactions are now more and more regarded
as simple reactions of ions.
Atomicity or valency
that is to say, the aptitude of atoms to unite with a
greater or less number of other atoms of various
ions,
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their capacity for satura-

It is thus, for

example, that

in a salt like chloride of zinc

(ZnCP) the atom

by reason of the greatness of

its

zinc,

positive charge, can

hold in equilibrium two negative ions of chlorine.
Such is the current theory. It is very probable
that things happen in a less simple, perhaps even in
a very different manner; but when an explanation
fits in fairly well with known, facts, it is wise to be
satisfied with it.
The theory of electrons, according to which the
electric fluid is composed of an aggregate of particles
of definite magnitude, is a direct consequence of the
preceding views, and could only give them further
precision.
This theory, which goes back to Helmholtz, and has been developed by Lorentz, also
explains chemical compounds and decompositions
by the aptitude of atoms for acquiring and losing
Their degree of valency would thus
electrons.
depend on the number of electrons they might lose
Those which, like the atoms of helium
or capture.
or of argon, must be too stable to acquire or lose
any, would be unable to form any combination. All
chemical forces would have an electrical origin.

would recognize no other cause. This, again,
exactly what Faraday said and Davy maintained.

Affinity
is

§ 2.

The Part Played by Electricity in
sociation of Simple Bodies

The idea that we might

the Dis-

separate particles of elec-

from their material support was not imaginable
before the recent discoveries. It was even so contrary to the early experiments, which seem to show
tricity
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that electricity could not be transported without
material support, that for a long time the cathode
rays were considered to be formed by the projection
of material particles.

This separation of a charge of electricity from its
support seemed impossible. Still more impossible did
it appear that a simple body could be subjected to
that is to say, to a separation of elements
ionization
such as has just been described above. A simple
body, being by definition incapable of decomposiTo separate
tion, evidently could not be dissociated.
the chlorine from the potassium in chloride of
potassium was easy; but how could we suppose it

—

from chlorine something which
was not chlorine and from potassium anything other
than potassium ?
In less than ten years, however, that which was
considered impossible has ceased to be so. The

possible to extract

study of the cathode rays, of the conductivity of
gases, of radio-active emissions, and, finally,

my

de-

monstration of the universality of the dissociation of
matter, have proved that from simple bodies something quite different from them can be extracted.
This something, identical in the most various subjects, being endowed with electrical properties, we
will consider as constituted of those particles to

the

name

which

of electrons has been given.

be worth, it was cerbe dissociated
but as this was an idea directly contrary to the
doctrines then ruling, and as it was nevertheless
necessary to find some theory to explain the observed
It
facts, the old doctrine of ionization was adopted.
was therefore admitted that the electrified particles

Whatever

this interpretation

tain that simple bodies could also
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observed in gases or in dissociated simple bodies were
the result of their ionization. The expression, haying
been accepted long since, could shock no one, while
the idea of the dissociation of a simple body would
have seemed disquieting. Yet the two words signifyexactly the same thing. When we look only at the
facts, it is evident that when from the atoms of a
simple body something quite different from it has
been taken, the atoms of which it is composed have
necessarily been dissociated.

moreover, this conclusion which, after many
been finally reached. It was the
study of radium which carried conviction with it.
This body presents in an eminent degree properties
which all bodies possess in a very slight degree. It
emits in abundant quantity the products of the disBy studying these products
sociation of its atoms.
I recognized their analogy, first with the emissions
of particles in Crookes' tubes, and then with the
efHuves emitted by all bodies under the action of
Finally, it had to be
light or of various influences.
acknowledged that the dissociation of matter is, as
I long ago proved, a universal phenomenon.
All these experiments, many of which showed us
particles of electricity freed from their material support, have naturally given great force to the theory
of atomic electricity, otherwise called the electronic
Having sufficiently set out this in my
theory.
former work, it would be useless to go back to it
No objection can be taken to it when it is
here.
confined to regarding electricity as composed of
discontinuous particles but there does not seem to
be any necessity whatever for considering matter as
composed of electrons. Electricity is, like heat and
It

is,

hesitations, has

;
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the other forces, one of the forms of intra-atomic
energy. From all matter we can extract electricity
and heat; but there is no more reason to say that

composed of particles of electricity than to
it is composed of particles of heat.
It would be as useless, however, to combat the
electronic theory at the present day, as it was in

matter

is

assert that

Newton's time to contest the emission hypothesis
in optics.
Those who attempted it were not even
listened to, although the future has shown how
right they were. I shall therefore not try to dispute
This task is the less necessary, that it
worth.
very easy to express the phenomena in current
language. I shall therefore continue to use it for
clearness of demonstration.
" The electron," M. Lucien Poincare says rightly,
" has conquered physics, and many adore the new
The idol, in reality of long
idol rather blindly." ^
standing, has only changed its name.
To attempt
to reduce matter to a single element is indeed an
its
is

old idea.

It translates into fact a

mental aspiration

with which nature is
One ought not to speak
doubtless not acquainted.
evil of such cravings, for they are the begetters of

and a craving

effort.

for simplicity

Thus provisional doctrines and beneficent

chimeras stimulate our labours. We unceasingly
pursue the Sisyphus task of explanation, but always
with the hope that it is for the last time.
'

Vol. xc. of this series, p. 324.

Ed.
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II

THE TRANSFORMATION OF MATTER INTO ELECTRICITY
§ 1.

Transformation of Matter into Energy

of my last work were devoted to
showing how matter can, by dissociation, return to
the ether by a series of successive stages. Among
the most constant products of this dissociation
electricity is found.
It is one of the important

Several chapters

manifestations of that liberation of intra-atomic
energy which always accompanies the dematerialization of matter.

Since electricity in motion represents energy, it
be said that the transformation of a body into
electricity realizes a change of matter into energy.
Such a phenomenon being absolutely contrary to

may

the fundamental principles of modern science, my
theory will not be acceptable until after a radical
conversion of current ideas. It will not therefore be
useless to return to so important a subject, and to
add new experimental proofs in support of those
already set forth. It is equally necessary to show
that this doctrine gives the key to phenomena for
which either the most insufficient explanations or no
explanations at
§ 2.

all

have hitherto been furnished.

Electrification by Influence

by influence, by virtue of which a
which has been rubbed attracts
light bodies such as a suspended ball of pith, is the
Electrification

stick of sealing-wax
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electrical phenomena, and the earliest
The usual explanation given of it is too

most simple of
observed.

known

for it to be necessary to reproduce it
moreover, the same as that of the phenomena of the same order which we shall shortly have
to deal with, when showing how unacceptable is the

well

here.

It

is,

classic theory.

This experiment of the attraction of light bodies
in reality one of the most remarkable in physics,
and it would have only been necessary to observe it
attentively in order to discover the proof of the dissociation of matter and of the existence of intraatomic energy that is to say, of two important
is

—

principles of

modern

science.

In the old theories, the various experiments in
electricity by influence implied this very singular
consequence, that with the limited quantity of
electricity existing on a body, we could extract from
another body an unlimited quantity of electricity.
Let me recall, to put this essential point clearly in
evidence, the classic experiment demonstrating electrification

by

influence.

A

metallic sphere (Fig. 1) placed on an insulated
support is electrified in one way or another, and
thus receives a definite quantity of electricity, the

magnitude of which

is easily measurable.
Let us
sphere at a little distance a
conductor for example, a long cylinder of metal
B, C, placed on an insulator D.
We immediately
recognize by the ordinary means that the cylinder
is charged with electricity.
If the ball has in the
first instance received positive electricity, it will be
observed that the part of the cylinder next to it is
charged with negative and its other extremity with

bring near to this

—
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If, then, this latter is touched so
with the earth, the whole cylinder
remains charged with negative electricity. This
may now be transferred to some other body by
moving the cylinder by its insulated support.
After having discharged the cylinder we have
only, in order to recharge it, to bring it again near
the ball and to act as before. As these successive
operations,
charge and discharge of the cylinder,

positive electricity.
as to connect

it

—

Fig.

—

1.
Classic experiment of electrification by influence (apparently indefinite production of electricity by a body charged
with a limited quantity of electricity).

can be repeated an unlimited number of times, it
follows that, with the limited charge
of electricity on an electrified ball, there can be
generated on another body an unlimited quantity
necessarily

of electricity.
Physicists, moreover, recognize this clearly.

says in his

Cours de Physique de

(4th ed. vol.

i.

p.

137)

:

Jamin

Poly technique

" Influence enables

us

by means of a limited quantity of posielectricity, an indefinite quantity of negative

to obtain,
tive

iv. fasc.

I'iJcole
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We explain this
apparent creation of energy by
saying that, to charge a body
several times by influence it
must be displaced that is to
electricity."

A

—

say,

an amount of work must
expended representing the

be
equivalent of the electricity generated at each new operation.
Feeble as is this explanation
of the transfornjation into electricity of the simple movement
of translation of a body, it seemed
useful to take away every appearance of probability from it by
producing an indefinitely extended electrification without any
trace of displacement of the body
electrified.
This is realized in
the following experiment, which
shows a body isolated in space
becoming, by influence, a continuous source of electricity.
A (Fig. 2) is the influencing
electrified
is
kept
body.
It
charged with positive electricity

by any means we

we

B
Fig.

Below
aluminium or

please.i

see a piece of

gold leaf half a centimetre wide
and two centimetres hicfh. B is

—

2.
Constant emission of electricity by

a metal arrow kept by
electrical

motionless

equUibna

m

space,

1 If the ball is charged with negative
instead of positive electricity, the aluminium leaf will attach itself to it and
j^qi remain motionless in space.

^m
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a metal rod placed on a table or held in the hand.
After a few trials a position is easily found in which

the strip of metal remains wholly and indefinitely
motionless in space. In spite of its slight consistence
it remains fixed and rigid as if held by springs, and
its point throws out little sparks visible in the dark.
Its various parts take charges, the direction of which
is shown in the figure.
This experiment has always impressed those
physicists to whom I have shown it, because the
equilibrium observed is difficult of explanation. It
must not be supposed that the metal arrow is simply
immobilized by the electric attractions exercised in
contrary directions on its extremities. It would be
impossible to maintain in space a block of iron between the poles of magnets acting on it in opposite
It is only in oriental legends that we see
directions.
Mahomet's iron coffin immobilized in space by the
action of magnets placed in its neighbourhood.
The aluminium arrow in the above experiment
only remains motionless because it is the seat of a
constant emission of particles. It is, moreover, not
a question of equilibrium we have to examine here,
but the continuous emission of electricity by the
metal under the influence of the electrified ball.
This emission is made plain by the little sparks,
easily seen in the dark, which issue from the point of
the metal.
In the experiment thus arranged, the electricity
produced can only issue from the elements composing the strip of aluminium. How can we explain

the fact that from an isolated fragment of metal
we can extract an apparently infinite quantity of
electricity

?
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Readers conversant with my previous researches
have guessed the explanation. It is
wholly contained in the enunciation of the three
following principles: (1) Matter contains an enormous reservoir of energy (2) it can be dissociated
(3) in dissociation it liberates, in various forms, but
will certainly

;

especially as electricity, a part of the intra-atomic

energy accumulated within

it

at the

moment

of its

formation.

The metal arrow in the preceding experiment is
way comparable to a fragment of radium.
The only difference is that, instead of dissociating

in every
itself

spontaneously like the radium, the fragment of
is only dematerialized under the influence

alumirdum

of electric action.

When we

rub a body, when we place

influence of an electrified source, or

it

under the

when we

subject

any sort of disturbance of the ether, such as a
luminous ray, we are doing quite a different thing to
it

to

transforming (as the text-books teach) movement or
do not thus
any other energy into electricity.
effect a transformation, but a liberation of forces.
We simply dissociate matter by bringing suitable
reagents to bear upon it. Electricity is one of the
manifestations of this dissociation.
The magnitude of intrar-atomic energy being, as
I have shown, immense, it will be understood that
from a very infinitesimal portion of matter there may
issue a very large quantity of electricity.
This
emission is considerable, but is not infinite and it is
probable that if the above experiment were con-

We

;

tinued for several centuries, we should see the alumiless by its conversion into

nium become gradually
electricity,

and

finally disappear.

We

should then
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have witnessed the complete transformation of matter
into energy.

The experiment on

electrification

described in this chapter
facts

by influence

this

evolution

We

might have read it in the elementary
which have been before the eyes of physicists

exactly.

centuries without their understanding

several

for

realizes

their import.

further

It

electricity,

from this experiment that
one of the products of the dissoat the same time one of the most

results

which

is

ciation of matter, is
active agents of this dissociation.

It constitutes

by

special attractions for the elements of matter one

its

which the importance
has been shown in a chapter of my earlier work.
It is one of those against which matter is defenceless,
while it is able to strive against very energetic but
not appropriate reactions.
of those appropriate reagents of

The

irresistible

power of attraction

minute
which the

of a

particle of electricity dissociates matter

impact of a shell might pulverize and even
lize, but could not dematerialize.

I

3.

In

volati-

The Different Forms of Electric Influence
the

last

experiment, that

aluminium immobilized

in

space,

of

the strip

of

we have seen

influence manifest itself by the projection of lumiparticles, while in the classical experiment

nous

previously related this projection

is

not visibly pro-

duced.

was thus led to suspect that the phenomenon of
by influence might take place through
Researches made to verify
different mechanisms.
I

electrification
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this

hypothesis have enabled

me

to recognize its

correctness.

by the theory of elecby influence would obtain a very
simple explanation, since it would be enough to admit
that, from bodies subjected to influence there pass
visible or invisible electrons, which are immediately
transformed into ions by their passage in the air,
according to the well-known mechanism.
M. de Heen has opposed to this interpretation a
very grave objection: If electrification by influence
were due to projections of particles proceeding from
the influencing body, it would be arrested by the
interposition of a thick sheet of glass, which is not
Let us

first

of all note that

trons, electrification

at all the case.

This

is

plainly seen in the expcTi-

ments given later on, which show the action of
influence upon a body entirely protected by three
concentric metallic enclosures. The theory of electrons is therefore quite powerless to explain electri-

by influence. It may result from somewhat
mechanisms, as shown in the following
experiments, which prove that bodies subjected to the
same electric influence may, according to circum-

fication

different

stances, acquire charges of contrary sign.

—
—
substance — a stick of ebonite or

No one is unaware for this, again, is one of the
most elementary experiments in physics that if an
electrified

—excited by

glass, for

brought close to the
ball of an electroscope, the leaves are charged by
influence and immediately diverge.
They fall as
soon as the electrified body is withdrawn, because
the charges of contrary sign produced on the ball
and on the leaves re-combine as soon as the in-

instance

fluence ceases.

friction is

THE TRANSFORMATION OF MATTER

121

Generations of physicists and their pupils have
repeated this experiment.
Had they thought of
prolonging the presence of the rod above the ball
of the electroscope for a few minutes instead of a
few seconds, they would have observed not without
some astonishment perhaps that the gold leaves
remain separated after the rod has been withdrawn,
and that the sign of the charge of the ball has
changed that is to say, that it has become negative

—

—

—

from positive, as it was at first. The efEects produced depend, moreover, on the form given to the
body influenced, as shown in the subjoined figures
(Figs. 3 to 5).
Here we see modes of influence
but not superposed on, each other.
impossible to confuse them, for to each
of them there corresponds a different charge of

succeeding,
It

is

electricity.

In the case of Fig. 5 the plate-like form of the
influenced body is the cause that the sign of the
charge does not change, and that the leaves fall

when the

electrified rod is withdrawn.
In the case of Figs. 4 and 3 it is quite otherwise
the leaves remain charged when we take away the
With the electroscope of Fig. 4 the experirod.
ment is effected in a few seconds, while it is necessary to continue the presence of the ebonite rod
for some twelve minutes for it to succeed with the

ball electroscope of Fig.

The explanation

3.

of the

maintenance of the charge

or of its reversal after the rod of ebonite has been

withdrawn

is very simple.
Take, for example, the case of Fig. 3. The charge
of the ball under the influence of the action of the
negatively electrified ebonite rod is, as we know, at
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first

positive,

and that

of

the

leaves

negative.

the

If

ball

is

touched with
the finger, as

when we charge
an electroscope
by influence, the
negative charge
passes into the
earth, while the
positive charge,
kept back by the
negative electricity of the rod,

remains on the
ball

and flows

into the leaves as

soon as the finger

and the

electric

rod are withdrawn. Finally,
the leaves are
charged positively.

If the ebonite

rod

be

left

sufficient

a

time

ball, we
on the con-

near the
note,

trary, that
it

is

when

withdrawn

without touching the ball of
the electroscope
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with the

finger, the leaves remain negatively charged
instead of positively.
?

Why

As soon

as the ebonite rod

is brought close to the
becomes positively charged
by influence as in the experiment with the cylinder
related in another paragraph
and the negative
electricity is drawn into the leaves.
If, instead of
withdrawing the ebonite rod, its presence is pro-

ball of the electroscope

it

—

longed,

—

strongly attracts the particles of positive
from the ball, and when it is withdrawn
the gold leaves keep the negative electricity they
it

electricity

took at first, which is then spread over the ball.
Therefore this latter, which was first charged positively, now becomes charged negatively.
Finally,
the whole instrument possesses a charge of negative
electricity.

In Fig. 4 this transformation of the positive charge
of the ball into a negative charge takes place

more quickly than
form given

to

much

by reason of the pointed
the rod of the electroscope. In Fig. 5
in Fig. 3

the transformation of the sign of the charge does not
take place at all in consequence of the plate-like form
of the apparatus, which gives the electricity far too
slight a density per unit of surface for it to escape.
The theory of the charge of an electroscope by
influence is exactly the same as that of the electrification by means of an electrified sphere placed close
to a cylinder, which we discussed in a previous
paragraph.
The electrified sphere represents the
ebonite rod, the cylinder the gold leaves and the
ball of the electroscope to which they are fixed.
But if these two instruments are the same, the
•

theory of the origin of the electricity given for the
one is valid for the other. We have seen that an
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electrified sphere placed in

the vicinity of an insu-

lated metallic cylinder dissociates the matter of this
last

and transforms

it

When

into electricity.

an

rod is brought close to the ball of an
electroscope, the metal of this ball is likewise dissociated, and the electricity manifested therein is the
product of this dissociation.
electrified

Mechanism of the Leak of Electrical Charges
from Insulating Bodies

§ 4.

Electricity

is

able to diffuse itself

m

conducting

bodies by conduction, convection, and influence.

How

does its diffusion take place in non-conducting bodies ?
Maxwell's theory is well known. According to him,
electricity does not circulate in dielectrics because it

would have to overcome an elastic resistance which
goes on increasing, and soon opposes its propagation.
It

is

true that a dielectric

time retain a part of

its

may

charge.

I

for a

very long

have

electrified

blocks of paraffin which at the end of eighteen months
retained a weak residual electrification. But it is
evident also that dielectrics very quickly lose a great
part of their electricity, because a rod of ebonite excited by friction, of .which the potential may exceed
1500 volts, loses the greater part of its charge in a
few minutes. It is even astonishing that it should

we admit that the quantity
body is kept on its surface
the insulating gas and of the

not disappear quicker,

if

of electricity retained by a

by the pressure

of

equally insulating ether which surround it. When
there is no longer equilibrium between these antagonistic actions, the electricity partly escapes.
My researches prove that this loss of electricity by
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ways (1) by
by the emission of particles; and (2) by conduction
that is to say, by
propagation along an electrified body to one of its
convection

—that

is

is

effected in t-wo

:

to say,

—

extremities, as in the case of conductors.

This last

mode

of propagation, evidently contrary

put in evidence by
the following experiment:
Procure some rods of ebonite or of paraffin about
1 metre long.
After having electrified them at one
of their extremities by rubbing them for a length of
only 2 centimetres, the unelectrified end is placed in
contact with a conducting body connected with the
ball of an electroscope.
No displacement of the gold
leaves is noticed at first, but by prolonging the contact for a few minutes the instrument becomes slowly
charged. The electricity is therefore propagated along
the unelectrified part.
This experiment shows that, in reality, electricity
is able to propagate itself in insulators as well as in
conductors, but much more slowly in the first-named
case than in the second.
When we speak of the
velocity of electricity, therefore, it must be said that,
according to the body employed, it circulates with
a rapidity varying from a few centimetres to 300,000
kilometres per second.
to the reigning theories, can be

§ 5.

Causes of the Differences of Tension observed
in Electricity proceeding from Chemical Decompositions and from those produced by Influence
or Friction

We know that the electricity obtained by the
chemical reactions which take place in a battery of
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emitted in quantities varying witli the
but at a tension independent of
Whether the battery be the size of
its dimensions.
a thimble or of a house, the tension is always the
same and always very weak, since it hardly exceeds
two volts per cell.
It is quite different with electricity drawn from
matter without the intervention of any chemical reagent that is to say, by friction or influence. The
quantity of electricity then produced is extremely
weak, but its tension extremely great. It may exceed
1500 volts from the friction of a simple rod of ebonite,
and may easily attain 50,000 volts from the very
smallest static machine used in a laboratory. In
order to obtain the same voltage with batteries, it
would be necessary- the tensions being added together to collect about 25,000 cells.
These differences between the electricity from bat-

any kind

is

size of tlie battery,

—

—

—

and those from friction machines show themby very striking effects. With the last named
we observe loud sparks which are not produced by
teries

selves

the first.
This phenomenon greatly impressed the old physicists, and was the origin of the division set up

—

between static and dynamic electricity so-called
which weighed down science for over fifty years.
Notwithstanding the apparent dissimilarities resulting from differences of tension, the electricity generated by a battery is identical with that produced
by a static machine. The battery and the static
machine both produce, when their poles are connected
by a wire, an electric current surrounded by a magnetic field and able to deviate the needle of a

—

galvanometer.
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A battery of which the poles are separated is in
every way comparable to a static machine just
charged, the poles of which are far apart.
Alike
between the poles of the machine and those of the
battery, a certain difference of potential exists.
When they are connected by a wire, the electricity
flows from one pole to the other, and it is this flow
Since the
which constitutes the electric current.
electricity generated by chemical decomposition as
in batteries, and that produced by simple friction in
machines, do not differ, why has the electricity of
a battery produced by chemical decompositions only
a tension of one or two volts, while that obtained by
simple friction attains a tension twenty or thirty
thousand times as much ? The text-books are silent
on this question.
As none of the chemical decompositions known to
us intervene in the friction or influence machine, the

production of electricity in these latter has probably
another origin than that of molecular reactions. It
proceeds, as previously shown, from the dissociation
When electricity is drawn from a
of the atoms.
simple body, whether by influence or by friction,
it is simply intra-atomic energy which is liberated.
Now, as this latter exists in matter in a state of
extreme condensation, it is not astonishing that elecIt
tricity should go forth from it at high tension.
has, on the contrary, a very low potential when it
results not from the dissociation of the atom, but
from changes of molecular equilibria. Compared with
intra-atomic energies, intra-molecular energies are

extremely weak.
I have noted in several experiments, the most
important of which has already been mentioned
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above, the ease with which intra-atomic energy transforms itself into electricity at a high potential.
Electrification

by

friction has always

been obtained

—

hitherto by rubbing insulating bodies rosin, glass,
&c.
It is preferable, in order to justify the preced-

ing thesis, to use conducting bodies. By employing
simple bodies, such as pure metals, we avoid all foreign
factors capable of coming in when such complex substances as glass or rosin are used.

To easily effect the following experiments strips of
copper, aluminium, &c., in the form of
various metals
a rectangle about 10 centimetres square must be firmly
If, holding the ebonite handle
iixed in ebonite handles.
in one hand, the strip of metal be slightly rubbed with a
catskin held in the other, it will be seen, on bringing the
metal close to the electroscope, that it is charged with
The
electricity of a potential of from 1000 to 1500 volts.
gold leaves sometimes stand out horizontally, and may

—

—

even be torn.
The experiment only succeeds when the atmosphere is
very dry. If, to dry the metal, it is heated to about 100°
or more, it can no longer, after cooling, be electriiied by
It then regains the
friction otherwise than very slightly.
property of being electrified at a high potential only after
a certain lapse of time, which varies with the metal.
Temperature exercises little influence on certain metals,
such as copper but a great deal on others, such as aluminium. This latter does not regain the property of
being strongly electrified for a quarter of an hour after
having been heated.
When the metal is in conditions in which it can be
easily electrified, it suffices to pass a catskin once lightly
over it for it to be electrified to a potential of a few hundred volts. It is therefore quite correct, as I have said
elsewhere, that matter need only be touched in order to
draw electricity from it. So rapid a transformation by so
simple a means always appears extraordinary when one
;

reflects

upon

it.

It

is all

the

more

striking that, in elec-
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by the simple contact of two heterogeneous
metals, the potential obtained is only a few volts that is
to say, so feeble that it cannot be observed with an ordinary electroscope.
Volta, who discovered electrification by
contact, only succeeded in demonstrating

trification

this

—

by means

of his

condensing electro-

scope.

the

If

of metals by
by influence did not depend

electrification

friction or

so many very variable atmospheric
conditions, there might be an advantage
in replacing the insulating glass or
ebonite plates of static machines by
metal plates properly insulated.

on

Very often in the course of this
long study we have recorded the ease
with which matter can be dissociated notwithstanding its apparent
stabiUty, as soon as one brings into
action reagents to which it is sensitive.
The most powerful forces seem
to have no hold upon it
we may
;

pulverize,

without

and

volatilize

it

weight being in any way
yet it suffices to touch
to let fall oh its surface a

its

altered.
it

calcine,

lightly,

And

feeble ray of solar light, for instability

to take the place of stability
its

disaggregation

from

to

begin.

and

for

It

6— Metal plate
held by an insulating handle

Fig.

of

ebonite.

It

can be brought
to a potential of

1000 volts by
rubbing it very
slightly.

is

this instability that forces are derived.

tricity, heat,

and

all

Electhe energies of the universe

represent unstable forms of matter.

What further strikes us in this study are the colossal
energies contained in the smallest particle of matter.

These energies play perhaps a preponderant part

in
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biological

phenomena.

We

already obtain a glimpse

of this from the importance of the r61e of substances

such as toxins, diastases, and colloidal bodies, containing only imponderable traces of matter, which
is, however, doubtless in a form where its energies can
be liberated. We evidently find ourselves here in
presence of a new world, the thorough study of
which will modify all our present conceptions of the
universe.

CHAPTER

III

THE PROBLEMS OP MAGNETISM, MAGNETIC INDUCTION,
AND LINES OF FORCE
§ 1.

— The Problem of Magnetism

The problem which

offers itself to

us in the case of

by influence likewise presents itself
regards the phenomena of magnetism and of

electrification

as

magiletic induction.

We know that a permanent magnet can magnetize
an indefinite number of iron bars. A limited quantity of magnetism would therefore seem to produce
an unlimited quantity.
To say that the magnetism of a magnet only serves
to orient the molecules of iron subjected to its action

no explanation at all, for, if it were so, this orientawould necessitate an expenditure of power which
would exhaust the magnetism of the magnetizing

is

tion

body.

The

interpretation of

magnetism being evidently
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difficult,

we

still
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keep to the old hypothesis of the

Ampere notwithstanding all
the objections aroused by it. That of Lorentz on
which, however, he does not greatly insist is not
much more satisfactory. " It may be supposed," he
says, " that there exists in a magnet electrons which
turn or whirl."
Observation teaches us that there issues from a
loadstone lines of force of which the existence and
the direction are rendered plain by the classic experiment of the magnetic spectrum. Collectively they
constitute what is termed the magnetic field.
Let us keep, then, to this experimental fact, that
magnetism is accompanied by the emission of things
of unknown structure called lines or tubes of force.
Taken together, they form a pencil of which the size
depends on certain conditions, such as the section of
the magnet. It would suffice, in order to explain the
phenomena of the magnetizing of all the bars of iron
successively introduced into the field of a magnet, if

particular currents of

—

—

we admitted

that its lines of force are immediately
appropriated by the bars of iron they meet, and as
immediately replaced by others issuing from the
magnet and equal in number.
But we thus only put the difficulty a stage further
How can a magnet indefinitely replace the
back.
lines of force it loses by magnetizing another body ?
can only explain this apparently infinite production by recurring to my theory of the dissociation

We

of matter

and

of the liberation in

immense

quantities

The maniof the intra-atomic energy it contains.
festations of intra-atomic energy are numerous. Heat
and electricity are two of them, to which must, no
doubt, be added magnetism.
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A

loadstone can generate an almost unlimited

number

of lines of force, exactly as a fragment of
radium can generate an almost unlimited quantity
These radiations,
of heat and of certain radiations.
'again, are capable of being seized upon by neighbouring bodies, and of giving to them the properties
This is the phenomenon which is
of radium itself.
termed induced radio-activity, and presents great
analogies with the magnetism induced by the neighbourhood of a magnetized body.
I shall not dwell on the preceding interpretation,
because it is impossible to verify its validity by

experiment.
Physicists, moreover, have almost renounced the
attempt to explain the phenomena relating to magnetization.
M. Lucien Poincare has very well shown
in the following passage how wretched is the explanation generally admitted
:

"

A magnet attracts a current

nical

;

here, then,

work produced, but whence does

is

mecha-

it

come

?

There still remains to us, in order not to avow our
embarrassment, the resource of a merely verbal explanation, and of saying that the work reaped comes
from a diminution of the potential energy of the
system. It is indeed in this fashion that the manner
in which two permanent magnets act on one another
it cannot be said explained.
is interpreted
" But when we see a current displacing itself under

—

the action of electro-magnetic forces, and we ascerwe can thus obtain continuous rotations, it
seems very improbable that the work obtained can
tain that

come

in this case

from a corresponding

potential energy of the system.

loss in the

One must,

in fact,

suppose that this energy has, so to speak, an infinite
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and

common

this supposition is rather
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repugnant to

sense."

I

2.

The Prphlein of Induction

The same problem is equally preseut in the case of
magnetic induction. How, with a definite quantity of
magnetism, can we produce an apparently unlimited
quantity of induced electricity ?
By cutting the lines of force of a magnet by a
metallic wire forming a loop, of which the extremities are connected with the terminals of a galvanometer, we verify during the passage of the wire
through the lines of force the appearance of a so-

The operation may be
called induction current.
repeated indefinitely.
It suffices to continuously
displace the metallic wire in the magnetic field,
to obtain induction currents, so long as the displacements are repeated.
On this fundamental fact of the production of a
current by a conductor cutting the lines of force
are based our magneto-electric machines, froro which
dynamos only differ because here an electro-magnet
takes the place of the fixed magnet. We will only
consider here the first-named, which will enable me

make our demonstrations clearer.
In these magneto-electric machines, the single
wire referred to above is wound on a drum revolving
between the poles of a fixed magnet, so as to cut
again and again its lines of force. So long as the
to

continues its movement, the magnetism of the
With
will be transformed into electricity.
a finite quantity of magnetism, we therefore produce
an unlimited quantity of electricity.
coil

magnet
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By

the current theories, this indefinite generation

of electricity at the expense of a limited quantity of

magnetism

explained by saying that it is the
of the coil which is transformed
with electricity, or, if you will, that the power expended against the electro-motive forces is again
met with under the form of electrical energy. Such
a metamorphosis would be as mar\rellous, in reality,
as the transmutation of lead into gold by simply
shaking it in a bottle. It is very unlikely that
kinetic energy should undergo such a transformation, and another interpretation must be sought for
the phenomenon.
The explanation propounded, which is the one
given above for phenomena of the same order, rests
rotational

on

is

movement

no

transmutation. Matter being easily disand constituting an immense reservoir of
intra-atomic energy, it is enough to admit that the
sociated

upon by the conducting body
which cuts them and causes them to flow in the
form of an electric current, are constantly replaced
lines of force seized

the expense of the intra-atomic energy. This
being relatively almost inexhaustible, a single
magnet can furnish an almost infinite number of
at

last

lines of force.

The displacement of the conducting body in the
magnetic field serves solely to put it in the condition
necessary for absorbing the lines of force and giving
them the form of an electric current.
determinate

A

quantity of movement and consequently of work
is, then, required to generate a certain quantity of

but we are in no way justified in deducing from this the transformation into electricity
of the simple movement of a body.
electricity

;
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Therefore,

when we

dynamos whence

see

at

13;

work these gigantic

torrents of electric fluid flow,

we

should not say that they represent movement transformed into electricity. It is simply the intra-atomic
energy of dissociated matter which appears under
the form of electricity.
Here, again, we perceive the fertility of the
principles I have propounded on the dissociation of
matter and the magnitude of intra-atomic energy.
The immense reservoir of forces contained in matter
allows us to explain the majority of phenomena,
from the electricity which lights our street to the
solar heat whence life is derived.

§ 3.

The Prohlem of

the

Origin of the Lines of Force

Into most of the phenomena we have just examined
the lines of force enter. They seem to be the fundamental elements of electricity.
Faraday, starting from the idea, which contravened, however, that of most physicists of his
that
time, that matter cannot act at a distance
deduced therefrom the
is to say, where it is not
existence of an intermediary connecting electrified
He was thus led to recognize that these last
bodies.
are surrounded by lines of force throughout the whole

—

—

space or so-called electric
is produced.

The

field in

which

their action

illustrious physicist attributed to these lines

and by no means considered
mathematical expression. He
regarded them as a kind of elastic springs, repelling
each other mutually, and connecting bodies charged
with electricities of contrary sign. Their extremities.
a very real existence,

them

as

a

simple
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affixed

to

these

bodies,

constituted

the

electric

charge.

Faraday put in evidence the lines of force which
surround magnets by the classic experiment of
iron filings powdered on a card under which are
placed the two poles of a magnet. These filings
spread them'selves over the card in the direction of
the lines of force.
It was by an extension of this theory that Faraday supposed electrified bodies to be surrounded by
lines of force analogous to those round the poles of
a magnet. At the present day we possess several
means of rendering their existence plain.^ They
may even be photographed, by using the luminous
ions which, during electric discharges, follow their
Fig. 7 shows the lines of force radiating
round an insulated electrified body. Fig. 8 shows
the repulsion of the lines of force between two bodies

direction.

bearing electric charges of the same sign.
Of what are the lines of force composed ? Maxwell
considered them to be formed of ether cells, whirling
round lines serving as axes. Between them would
exist the particles which constitute electricity.
No

experiment allows us to verify this theory. We
must confine ourselves to noting the action of lines
of force without being able to say anything regarding
their structure.
They possess properties showing
that they are produced in the ether rather than in
the matter whence they appear to issue.
1 That lines of force also appear between conductors carrying
an electrostatic charge can be shown by interposing between them
a glass vessel filled with oil of turpentine and crystals of quinine

See Kolbe's Introduction
English edition, 1908, pp. 125 et. seq.
sulphate.

to

the

— Ed.

Science of Electricity^

Fig. 7.

Photograph of

lines of force

surrounding an insulated

electrified body.

To/aeepar/e

136.

Fig.

8.

Photograph of mutual repulsions of

lines

of force between two
same sign.

bodies charged with electricity of the

To face page
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most fundamental

of these properties,
hardly mentioned in the text-books,
is that of passing through, or behaving as if they
passed through, all material substances, whether
conductors or insulators. This the X-rays and the

although

it is

particles emitted

by radium do

to only a slight
because this property had
been almost unperceived by physicists that they
were so impressed at the time by the discovery of
radiations passing through matter. Bodies can,
however, be transpierced by lines of force much more
easily than by the X-rays.
If the lines of force had
been capable of acting on the photographic plate,
the X-rays would never have caused the excitement
we all remember. The imperfect passage of these
last through bodies, alone permitted the celebrated
photography of the bones of the hand which has
been so much talked about.
The experiment of Faraday's cage, showing that
bodies surrounded by a metallic screen connected
with the earth cannot receive an electric charge,
makes us forget the ease with which metals allow
themselves to be traiispierced by lines of force. By
doing away with the earth-wire, a metal opposes no

extent.

It is precisely

obstacle to their passage.

The apparatus shown

in Fig.

9,

which

I

have con-

structed in order to render evident this passage of
the lines of force through both metals and insulators,
proves that an electroscope protected by three concentric cylinders, whether of metal or of ebonite, can
be instantaneously charged. Naturally the metallic
cylinders are placed on an insulating support.
The transparency of bodies to magnetic lines of
force

is

as complete as to electric lines of force, but

is
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too well

known

knows that

a

Every one
compass through

to require demonstration.

magnet can

act on a

a door or a non-magnetic metallic body.

Fig.

A

—

9.
Passage of lines of force through three concentric metallic
screens of varying thickness surrounding the ball of an electroUnder the influence of a glass or resin rod rubbed and
scope.
brought close to the instrument, the gold leaves immediately
diverge.

Nothing, moreoTer, is easier than to verify this.
compass is placed at a short distance from a
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magnet.
The deviation of the needle is noticed,
then a thick plate of non-magnetic metal is interposed between the compass and the magnet. The
needle of the compass is not displaced. Therefore
the lines of force have passed through the metal
without undergoing any trace of absorption, and act
on the compass. But if the interposed body were
capable of magnetization, it would seize upon the
lines of force of the magnet, and would then conIt is just,
stitute what is called a magnetic screen.
as before said, this capture of the lines of force which
produces magnetization and also magnetic induction
when we displace a conductor in a magnetic field.
These lines of force, the properties of which have
just been demonstrated, have no analogy with material substances, and yet it is evident they come
from matter. The neighbourhood of an electrified
rod of glass or resin draws them forth from it, and
it suffices to withdraw the latter for them to return
to

it.

Without even bringing an electrified body near to
It is
matter, we can draw from it lines of force.
enough to put in contact two heterogeneous sub-

We then observe that, if the surfaces of the
two bodies are drawn apart, they are connected by
lines of force which lengthen or shorten as the surstances.

faces

are

farther apart

or

nearer.

They

are real

Faraday recognized, but of what
If they are composed solely
are they formed ?
elastic threads, as

of ether, their property of lengthening indefinitely

and of shortening down

to

molecular dimensions

is

not easy to interpret.
It is hardly possible at the present day to dispute
the very real existence of lines of force. A magnetic
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field

formed by them

is

a sort of viscous

medium,

dragging with it the bodies plunged therein when we
put it in motion. Masses of metal introduced into a
Industrial
magnetic field follow it in its rotation.

day utilizes these " rotating
motion without any material

electricity at the present

fields" to put bodies in

mechanism.
These facts,

as yet little capable of explanation,

especially tend to

put in eyidence the close relations
which I have so much insisted, and which the science of to-day makes into two
widely distinct domains. When their extreme form
for instance, a sun ray and a block of metal
are alone
studied, they seem, in fact, very different.
But by
the examination of the intermediate elements linking
up these forms so dissimilar in appearance, we demonstrate that the ether and matter are not two separate
worlds, but one and the same world.
of matter with the ether, on

—

CHAPTER IV
THE ELECTRIC WAVES
§ 1.

Properties of the Electric Waves

In 1888 the physicist Hertz discovered that
lating

electric discharges generate

in

oscil-

the ether a

undulations analogous to those produced by
body into water. He demonstrated that
these waves are propagated, refracted, and polarized
like light, and circulate with the same velocity, only
series of

the

fall

of a

differing

from light waves by their dimensions.

The
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smallest electric waves are 5 millimetres long, while
the largest light waves are 50 microns. The latter
are therefore 100 times smaller than the former.
Electric waves produce induction currents in the

conductors they meet with.
It was by noticing
the sparks generated by these currents that Hertz
revealed the existence of the waves which to-day
bear his name and it is on the propagation of these
Waves in space that wireless telegraphy is based. To
reveal their presence at a distance we had only to
find a reagent analogous to the ear for sound, or to
the photographic plate for light.
The only characteristics common to electric waves
and light are their speed of propagation, and their
;

capability for reflection, refraction, and polarization.
it must be remarked that any periodical disturbance of the ether, whatever be its cause, must

But

necessarily possess similar properties.

It is therefore

perhaps going too far to deduce from this the identity
This could
of the Hertzian and the light waves.
only be properly admitted if these last also possessed electro-magnetic properties, and consequently
were able to produce induction currents in conducNow, we have never been able to obtain with
tors.
light waves any electric or magnetic phenomenon, nor
to verify their propagation along a wire, as in the case
of electric waves.
There could be no interest in dwelling on these
differences, as the electro-magnetic theory of light
corresponds to that
now generally admitted
.

—

—

yearning for simplification and unification so general
in physics at the present time. Time alone can stem
such currents of opinion.
Abandoning, then, the idea of disputing the value

142
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of analogies

now

universally accepted,

we

will confine

remark in passing that Hertzian waves
are to electricity what radiant heat is to that circuA heated body radiates into the
lating in matter.
ether what are called waves of radiant heat, which
raise the temperature of the substances on which
they fall. An electrified body suddenly discharged
radiates so-called electric waves which charge with
There is in
electricity the bodies that they meet.
this a parallel which, however, in no way leads to
The causes which determine the proidentification.
duction of waves of radiant heat seem to possess only
ourselves to the

distant analogies with those of electric waves.

§ 2.

Sensitiveness of Matter to the Electric

Waves

The more we study matter, the more we are struck
by its extraordinary sensitiveness. Under its apparent
rigidity it possesses a very complicated structure and
an intense life. Fragments of metal can be so acted
upon at a distance of several hundred kilometres by
simple vibrations of the ether, that they become conductors of electric currents, the passage of which
This capacity for impression
they at first prevent.
is another hint of the relations which connect the
ether with matter.
The reagent for electric waves employed by Hertz
was not very sensitive. It simply consisted of a Avire
bent into a circle, terminating at its extremities in two
balls brought very close together. Moving this receiver
about in space, he saw break forth between the balls,
on the passage of the waves, small induction sparks
produced by their action. Receiving these waves in a
large cylindro-parabolic metal mirror, he recognized

Fig. 10.

Apparatus employtd
(Branly's filings tube

and

to discover

Hertzian waves.

bell in circuit

with single

cell).

To /ace page
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was in its focus that the greatest production
was manifested.
Compelling them to
pass through a prism of bitumen, he observed that
they were deviated. Thus their reflection and their
refraction were demonstrated.
Hertz' receiver was not very sensitive, since it did
not reveal the existence of electric waves at more
than a few metres from their point of emission.
This was fortunate for if Hertz had made use of the
receivers now employed for wireless telegraphy, the
phenomena of reflection, refraction, and polarization
could only have been discovered with great difficulty.
I have often noted, in fact, that sensitive receivers
placed in the focus of the Hertz mirror, or by the
side of or even behind it, give identical indications,
and I shall have occasion to explain why. As has
often been the case in the history of science, the
rude instrument has rendered more service than a

that

it

of sparks

;

delicate one.

With the receivers of slight sensitiveness employed
by Hertz, the apparatus producing the waves had
to be very powerful and consequently very bulky.
Thanks to the receiver discovered by Branly, the
most insignificant sparks suffice, on the contrary,
to make an impression (c/. Fig. 10).
In spite of its marvellous sensitiveness, the receiver
is so simple
that any one can easily make it. It consists merely of
a small glass tube containing two rods of metal two
or three millimetres apart, between which is interposed a small quantity of metal filings. Thus conbut on being struck
stituted, the tube insulates
by electric waves sent by a radiator, which may be
placed hundreds of kilometres away, it becomes a
called the radio-conductor or filings-tube

;
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conductor and allows the current of the battery to
pass into the circuit, which also contains an electromagnet designed to operate an ordinary Morse telegraph.
A slight blow on the tube, automatically
given by another electro-magnet thrown into circuit
by a relay, serves to bring it back to its original state
and allows a fresh signal to be given.
As has just been said, these receivers are so sensitive that the very weakest source of electricity is
sufficient to act on them.
The difficulty is not to
be able to produce electric waves, but rather to
manage not to do so when it is desirable to avoid it.
Any sudden discharge of an electrified body, however small the spark may be, produces electric
waves. They can be obtained by rubbing a rod of
resin, by sounding an electric bell, by opening or
I have caused a
closing the circuit of a battery, &c.
receiver to act at a distance of fifty centimetres away
by the spark from a simple ebonite rod rubbed with a
catskin and afterwards touched by a metallic object
of fairly large capacity, such as a key or a coin.

The discovery by M. Branly of the variation in
conductivity of metal filings under the influence
of the Hertzian rays, although it passed unnoticed
when first published, certainly constitutes one of
the most remarkable discoveries of
especially because

on phenomena

modern

physics,

opens up unforeseen horizons
very mysterious, and on which

it

still

the sagacity of physicists will no doubt have to
exercise itself for a long time.

We

have here a very general

way limited

fact

which

to the case of metal filings.

is

in

no

This is that
fragments of metal in contact with one another and
presenting considerable resistance 30,000 ohms, for

—
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—

to the passage of electricity, become conductors under the influence of very weak electric
waves, and lose this conductivity by a simple shock.
These variations indicate a great variability in the
aggregation of atoms under the influence of infinitely
weak but appropriate forces.
Most discontinuous conductors can exhibit these

example

Now we hardly handle any other than
discontinuous conductors. A continuous conductor,
such as a metal wire, becomes discontinuous
immediately we connect it to the terminals of a
battery.
And as we have just seen that in a discontinuous conductor the resistance is not at all
at least for a great number of metals
a constant
magnitude depending on the section and the length
of the wire according to Ohm's law, it follows
that the conductivity of certain metallic bodies may
vary in immense proportions according to the
pressure of the wires by the binding-screws and the
circumstances in which they are used. Even with
a constant pressure this resistance may still vary
considerably, since it suffices to cause an electric
spark in their neighbourhood in order to modify the
Now the simple fact of
resistance of the contact.
opening or closing a current produces such sparks.
A tilings-tube with a variable resistance is only an

variations.

—

•

exaggeration of these effects.
It is easy to illustrate what has just been said by
A column
a curious experiment due to M. Branly.
of metal of thirty to forty centimetres in height

is

formed by placing one upon the other a series of
polished discs of bismuth, aluminium, &c., of the
dimensions of a five franc piece. The column may
even be made merely of polished steel balls placed

K
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The

in a test tube.

resistance

the passage of an electric
If we make a small
able.
resistance becomes almost
appear, it suffices to give

of this

current
electric
nil.

column

is still

spark near

To cause

to

consider-

it

it,

the

to re-

a tap to the upper part

of the column.

These variations are still more exaggerated if the
column, instead of being formed of discs of the

same metal, is composed of discs
With a column of alternate discs

of different metals.

of lead and aluminium, a few taps will suffice to raise the resistance to
about 30,000 ohms, and very slight electric waves
sent from a distance reduce this enormous resistance
to 3 ohms.

This variability of resistance
metals .in contact, for copper

all

tion,

F

I

=^

and

it

is

fortunate

it is

so.

is

not observed in

is

a notable excep-

The law

naturally implies the knowledge of R.

Ohm

of

Now,

if

the physicists who established it had used wires of
different metals other than copper, it could not have,

been discovered. They would have noted, in
by using any measuring apparatus whatever

—

Wheatstone bridge,

fact,

—the

for instance
that the resistance constantly varies in large proportions for a
given length of wire, and that the variations of
pressure in the binding-screws did not explain this
phenomenon. Even had they noticed the influence
of a spark emitted close by and the opening or
the closure of the battery current employed always
produces one they could not have deduced any
measurement from it, since the effects of these sparks
vary greatly from experiment to experiment. The
final conclusion would no doubt have been that

—

—
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in apparently-

identical circumstances allow very different quantities of electricity to pass,

to

Ohm's

law.

which

This law, which

is

is

directly contrary

the basis of

all

our

knowledge of electricity, would no doubt
have been discovered, but much later and by very
roundabout ways.
practical

The property

peculiar to a small

of remaining uninfluenced
able to

communicate

itself to

by

number

electric

of metals

waves seems

neighbouring bodies, as if

these metals possessed a kind of metallic atmosphere.

Let us take a column of copper discs, which metal
has an invariable conductivity. The resistance of
this column will be a constant magnitude depending
on the height and diameter of the discs, and will consequently obey Ohm's law. Take a second column
of aluminium discs, a metal of variable conductivity,
and their resistance will vary in considerable proportions according to the conditions, such as shock,
conveyance of electric waves, &c., enumerated above.
Let us now mix the discs of the two columns in such
a way that a disc of copper follows one of aluminium.
The 'copper communicates its properties to the aluminium, and the column behaves as if it were composed solely of copper. Its resistance has become
invariable it now obeys Ohm's law.
;

I

3.

The Propagation of Electric Waves at a
Distance

and

their future utilization.

We have seen that Hertzian waves propagate
themselves in space to a distance of hundreds of
kilometres, and produce on the metallic bodies
they meet electrical induction currents capable of
manifesting themselves in the form of sparks.
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This production of electricity at a distance is verybecause the electric waves disperse'their energy
But it would be
to all directions of the horizon.^
quite otherwise if we could concentrate them on one
point by means of mirrors or reflectors, as we do with

slight,

light.

Such

reflectors (cylindro-parabolic

mirrors)

were indeed used by Hertz in his experiments, since
it was owing to them that he demonstrated the reflection of the electric waves but unfortunately, by
reason of the size of these waves, and the consequent
;

phenomena

of diffraction, the greater part of the
energy is lost. To concentrate it, mirrors of gigantic
dimensions would be necessary.
However, I do not believe the solution of the problem is impossible, and if I have not carried out the
plan of the researches on this subject which I intended
to effect, it is solely on account of the expense they
would have necessitated. I intended to place side
by side, and in contact with each other, a large
number of cylindro-parabolic mirrors. These need
not have been very high, for we can easily induce
the waves to form in a plane of slight thickness.
I should then have tried to produce extremely
intense electric fields, such as we can obtain with
divers instruments
the Oudin resonator notably.
When this apparatus works with a coil having
a 60 centimetre spark, all the metallic objects in
a room 10 metres long are charged by induction
to such a high degree that they spontaneously

—

Dr. Marconi's experiments have shown
not equally.
Horlziau waves emitted from the antenna of a Marconi
ap^mrutuis, for instance, are projected farther in one direction than
)U\ol.l\or, till! curve of their activity taking the form of a pear,
of wliioli tlio fintonna represents the stalk. Of. Proo. Roy. Soo.
(.V) Vol. xxvii. lUOe, pp. 413-421.— Ed.
'

thnt

Tint

tlio
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They once produced

presence, at a distance of several metres,
circuits

in

a

switch-board, containing volt-

metres and amperemetres, &c., connected by metal
wires with a double coating of insulating material.
In the result, these short circuits caused the wires
to melt, and the experiment had to be immediately
stopped for fear of fire.
The problem of sending a pencil of parallel
Hertzian waves to a distance possesses more than a
theoretical interest.

It is allowable to say that its

solution would change the course of our civilization
by rendering war impossible. The first physicist who
realizes this discovery will be able to avail himself

of the presence of an

enemy's ironclads gathered
together in a harbour to blow them up in a few
minutes, from a distance of several kilometres, simply
by directing on them a sheaf of electric radiations.
On reaching the metal wires with which these vessels
are nowadays honeycombed, this will excite an atmosphere of sparks which will at once explode the shells

and torpedoes stored in their holds.
With the same reflector, giving a pencil of parallel
radiations, it would not be much more difiicult to
cause the explosion of the stores of powder and shells
contained in a fortress, or in the artillery parks of
an army corps, and finally the metal cartridges of
the soldiers. Science, which at first rendered wars
so deadly, would then at length have rendered them
impossible, and the relations between nations would

have
It

to be established on new bases.
must not be supposed that by any means what-

ever a ship or a fortress could be protected from the
No doubt our experiaction of the Hertzian waves.
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ments have proved, as we shall fee in a later chapter,
that a sheet of metal xJott^ of ^ millimetre thick
completely stops the electric waves, but the same
experiments have also proved that this theoretical
protection

is

entirely illusory.

The

slightest crack

between the joints of an enclosure permits the
Hertzian waves to pass without difficulty.
There would be no interest in dwelling further
on this subject.
I have more than once in my
researches come across problems the solutions of
which would modify the march of civilization more
profoundly than all the changes of constitutions
and reforms. It is only in the progress of science
that great social transformations can be looked for.

CHAPTER V
TRANSPAEENCY OF MATTER TO ELECTRIC WAVES
§ 1.

History of the Ideas relating to the Transparency of Bodies to the Hertzian Waves

The ideas current on the transparency of bodies to
the Hertzian waves were very erroneous when I published my researches in 1899. Experiment seemed
to indicate that all metals of slight thickness and
insulating bodies of any thickness could be transpierced by them; but both these views were inexact.
At the beginning of his researches. Hertz
recognized that metals reflected the electric waves
and consequently presented a certain opacity but
was this opacity total or partial ? This was the point
left unascertained.
;
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In the minds of naost authors transparency appeared probable in the case of slight thicknesses.
" M. Joubert discovered that a wall of zinc 2-5 mm.
thick, 4 metres high, and 8 metres long, weakened
the «parks without completely destroying them, and
that they could still be observed on the other side of
this wall."

1

Sir Oliver Lodge, who has made numerous experiments on Hertzian waves, likewise thought he had

noticed the transparency of metals, but supposes that
at a " reasonable
thickness they must be opaque.
are ignorant as to the value to be attached to what
this author understands by " reasonable thickness."
Professor Bose, to whom we owe a very complete
memoir on the Hertzian w^aves, and who has invented
some very ingenious apparatus to measure their
length, has likewise arrived, by precise and apparently
demonstrative experiments, at the conclusion that
metals are transparent to Hertzian waves. I here
give the translation of the passage of the memoir in
which he narrates how he was led to this conclusion.
After explaining all the precautions taken to enclose
his instruments in a perfectly closed metal box, the
learned physicist adds
" Notwithstanding all these precautions, I was
'"

We

:

baffled for

more than

six

months by an unknown

cause of error which I could not discover for a long
It was only recently, when almost convinced
time.
of the uselessness of continuing my researches, that
Quoted by H. PoinoariS, Electricity et Optique, 1st edition, vol. ii.
M. Poincare, referring to this experiment, points out that
might perhaps be explained by diffraction, which is indeed the
'

p.
it

256.

correct explanation, as we shall see later.
' Lodge, The WorJc of Hertz and some of his Successors, p. 32.

Loudon, 1894.
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was mistaken in supposing that
the tinplate sides of the case were perfectly opaque
The metal box containing the
to electric radiations.

I discovered that I

radiator seems to transmit a few radiations through its
walls,

and

if

the receiver

is

sensitive

it

indicates this

then had a second metal
envelope made, and found this precaution to be
efficacious so long as the receiver was not placed
too close to the radiator.
Notwithstanding these two
metallic envelopes, the receiver is still affected ifplaced
immediately above the radiator." ^
More recently still, M. Henri Veillon made some
analogous experiments in the Physical Laboratory of
the University of Bale. They had as object the discovery of " the part played by conducting bodies
placed between the receiver and the transmitter from
which come the oscillations." After acknowledging
the difficulty of the subject the author declares that
he only ascribes to his experiments " the character
of a simple contribution to a study offering great
difficulties."
The most important of his experiments
The receiver was placed in a zinc
is the following
slight transmission.

:

I

—

case 1 millimetre thick closed

by a

lid sliding in a

Under these conexperiment demonstrated to him that the

groove, with the radiator outside.
ditions the

by the radiator
passed through the metal envelope, but only when
the sparks did not pass at too great a distance (about
1-50 m.)." ^ This conclusion, we see, is the same as
action of the waves transmitted

"

that of Professor Bose.
1 Chunder Bose, " On the Determination of the Wave-Length of
Electric Radiations by a Diffraction Grating " (Proceedings of the
Roycd Society, Oct. 16, 1896).
^ Archives des Sciences Physiques et Naturelles de Geneve (May 189S).
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It results clearly from the above extracts that the
most exact researches seemed to prove the transparency of metals to Hertzian waves. They appeared
very conclusive. They were not so, as we shall pre-

sently see.

As regards the transparency

of conducting bodies

was considered as absolute. At the outset of his
researches, Hertz noticed the transparency of dielectrics
sulphur, wood, glass, &c. It is even by their
means that he succeeded in demonstrating the phenomenon of the refraction of electric waves by large
it

—

prisms of bitumen.
Since then, dielectrics have always been considered
very transparent to electric waves, and it has even
been inquired whether they might not give a trace
Righi, in his researches, arrived at

of absorption.
this conclusion

:

"

That

it

can be considered demon-

strated that the diminution of intensity to which the
radiations passing through plates of certain dielectrics

are subject, are really due to absorption."

Wireless telegraphy experiments seemed to confirm
this hypothesis absolutely. The majority of observers
have noted, in fact, that walls, and even hills, were
traversed by electric waves, and this observation is
still

reproduced in several works which have become

classic.

I therefore

blems

found myself in presence of two pro-

:

Can metals

of slight thickness be traversed by
?
waves
Hertzian
(2) Are non-conducting bodies of
transparent
to them ?
thickness
any
These problems had for me a very great theoretical
importance. Their solution was very delicate, and
(1)

as they necessitated a laboratory of larger dimensions
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than I possessed,

enough

1

asked Professor Branly to be kind

to participate in these researches.

We

to-

gether published the results obtained in the Oomptes
Rendus de VAcadimie des Sciences}
The difficulties of all kinds we had to overcome
before reaching a definite result thoroughly explain
the erroneous conclusions to which very skilful physicists had been previously led.
.

I

Opaqueness of Metals

2.

to the Electric

Waves

In order to ascertain whether metals in thin or
thick plates allowed the electric waves to pass
through them, M. Branly and I had some cubical
boxes about 50 centimetres square constructed of

and between 0'02 mm. and 2 mm.
which the receiving apparatus was placed.
The apertures of these cases were closed by a most
different metals,

thick, in

The radiator producing the
door.
waves was placed a few inches away from the appara^
tus, and the receiver was of course put inside the box.
It revealed the passage of the electric waves through
the walls by causing a bell to ring (Figs. 11 and 12).
The first experiments seemed to confirm absolutely
the researches above quoted. Like Mr. Bose and
carefully-fittiag

other experimenters, we noticed that the electric
seemed to pass through the metal. The
moment the radiator began to act, the bell inside the
metal box could be heard.
Although these experiments agreed with those of
the authors quoted, we would not be satisfied with
had the metal doors readjusted by fitting
them.

waves

We

to each of
^

them half-a-dozen screws

Comptes Bendus de la Siance, April

1,

in such a

way

1899, pp. 879 et sqq.

Fig. 11.

fig. 12.

Apparatus for study of opacity of metallic bodies

to

Hertzian waves.
To face page

154.
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we could close them hermetically. When these
precautions were taken, we noticed that as soon as
the screws were tightened, the bell remained silent.
that

The

radiations therefore did not pass through the
metal they simply passed through the very narrow
gaps loft by the metal doors.
The transparency
observed by former observers was due solely to the
imperfect closing of the metal boxes in which they
enclosed their apparatus. The precautions taken by
photographers to protect their laboratory and their
plate-carriers from the entry of light would be quite
insufficient to protect them from the entry of the
;

electric waves.

These experiments were repeated many hundreds
of times with the

same

results

—tightening

of the

screws, silence of the bell; loosening of the screws,

ringing of the

bell.

We

then tried with several metals, the effect produced by the thickness of the envelope, and it
proved absolutely nil. A case of thin wood, lined
with tin and only iiroth of a millimetre thick, proved
to be as opaque as boxes of metal of 2 millimetres.
The protection exercised by a metal envelope is
quite remarkable.
In the metal door which closes
the case let us solder, perpendicularly to its centre,
a brass rod projecting 30 centimetres inside the box,
and protruding as much outside.^ Let us connect
the circuit of the filings-tube to the inside portion
of this rod; and place its outside part in contact with

the radiator. It would seem that under these conthe receiver ought to act. Now, it does
nothing of the kind. Though the electric waves are
ditions

^

11

This rod

and

12.

is

shown

in the door of the case represented in Eigs.
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propagated, as we know, along wires, that part of the
rod which is inside the metal box entirely ceases to
conduct. As the walls of the case form a screen, the
electric waves take the shortest road, which is,
evidently, the outer surface of the metal cage.
By touching the latter with the finger during
the experiment we can draw from it numerous
sparks.

The above experiments, and notably that which
consists in causing or arresting the passage of the
electric

waves by tightening or loosening the screws

closing the door of the metal case, prove that the
tiniest slits allow

the passage of the electric waves.

Being thus led to examine the influence of these
slits, we noted that if we replaced a slit intentionally
made in the metal door by a series of holes the total
area of which greatly exceeded that of the slit, the
passage of the electric waves took place through
these holes much less easily than through the slit.
The radiator only needed to be placed a few metres
farther off, and the bell remained silent. Thus one
hundred round holes of 1 cm. diameter do not give
passage to the electric waves so long as the radiator is more than 50 centimetres distant, while
with a crack 1 millimetre wide by 20 centimetres
long, the receiver in the box was affected at all the
distances at our disposal, and even when the radiator
was placed in an adjacent room. With a slit made
by simply passing the edge of a razor across the
metal, the outer box was still transpierced by the
waves, but at one-sixth of the distance employed
with the slit of 1 millimetre.
If the slit is perpendicular to the axis of the four
balls of the radiator, the box is transpierced from
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when

the

parallel to that axis.

These experiments led to the presumption that
wire gauze of fine mesh would act exactly
like a solid sheet, and this was easily verified
by observation. An envelope of wire gauze, with
meshes 1 millimetre square, is opaque, save when
a

only a few centimetres away.
precedes, it results that metal envelopes act with regard to the electric waves much
as Faraday's cage does with regard to electrostatic
induction.
It will be remarked, however, in the
case of electric waves, that the slits exercise an
influence which is not produced in the case of
There must be likewise observed
static electricity.
in electric waves the facility with which they pass
through very narrow slits while square openings
large enough for the insertion of a finger will not
allow them to pass. Electric waves appear to behave
as if they were rigid and similar to a metal disc
which passes without difficulty through a sufficiently
large slit, but is stopped by an orifice smaller than
its diameter.
We often indeed had occasion, in the course of
our experiments, to observe the facility with which
This is
the electric waves travel round obstacles.
evidently a diffraction phenomenon depending on the
size of the waves produced by the radiator employed.
Whether, in the preceding experiments, the radiator
be placed before, behind, or at the side of the face of
the box containing the receiver, with an imperfectly
It
fitting metal door the bell will act equally well.
is precisely for this reason that, with apparatus as
sensitive as ours, it would have been very difficult,
the radiator

is

From what
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as has been said, for Hertz to effect his researches
on the refraction, reflection, and polarization of the
If
waves of which he discovered the existence.
Lodge was able to repeat them with filings-tubes it
is because, from the very nature of their construction, they possessed no greater sensitiveness than the

receivers of Hertz.

round obstacles through the effects
which has above all contributed to deceive observers as to the transparency of voluminous
It is the passing

of diffraction

bodies to electric waves. Whether it be a liquid,
an electric, or an acoustic wave which is in question, an obstacle is all the more effectively passed
round the greater the wave length relatively to the

dimensions of the obstacle. The sound of a flute
played behind a house is less perceptible than that of
a trombone, precisely because the sound waves produced by the trombone are longer than those produced
by the flute, and consequently pass more easily round
the house. Electric waves, being very large, easily
pass round large obstacles while light rays, being
very small, can only pass round obstacles of the
dimension of a hair. It is for this reason that the
phenomenon of diffraction, so easy of observation in
sound and electric waves, has been so difficult to
establish in the case of light.
It is solely because
he could not observe it, that Newton contested
the wave theory of undulations.
If light, said
he, were constituted of waves, bodies would have
no shadows, because the waves would turn round
their edges as sound turns a corner and liquid
;

waves a rock.
From what has been

said,

we may conclude

rigidly closed metallic screens,

however

that

slight the
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thickness of the metal, offer an absolute obstacle to

the passage of electric waves.
It will not be without its use to point out that
in practice the protection afforded by metallic
envelopes will always be illusory, because it is

extremely

difficult

to

make

hermetically

closed

envelopes.

Our

researches prove that metals are opaque to

but their transparency, which seemed,
moreover, demonstrated by all the early experiments,
This transparency, no
offered nothing improbable.
doubt, did not agree with Maxwell's equatiofis, but
as one can never get anything out of an equation
which has not been previously put into it, it would
have sufficed to put in something else to have drawn
Metals are very
out quite different conclusions.
transparent, as we saw in another chapter, to electric
and magnetic lines of force, and nothing proved
absolutely that they were not so to electric waves.
It was, therefore, experiment alone that allowed
the question to be decided.
electric waves,

§ 3.

Transparency of Non-Conducting Bodies
Electric Waves

to

The transparency of non-conducting bodies to the
Hertzian waves, which has been known since the
first researches of Hertz, is confirmed by all the
But is this
experiments of wireless telegraphy.
transparency complete ? Do the Hertzian waves
really pass through hills and houses, as we have
been taught ?
One may ask (1) If the transparency of nonmetallic bodies does not vary with the bodies and

—
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also with their thickness

?

(2) If the transparency

voluminous bodies like hills is not merely
an appearance resulting from the fact that the
electric waves, resembling in this sound waves, pass
round obstacles ?
of very

To resolve these questions definitely, the following experiments were effected in conjunction with
M. Branly:—

We first had constructed a box of Portland cement
with sides 10 centimetres thick, of which the side
left open could be closed by a metal door carefully
adjusted and capable of being hermetically closed
by screws. The instruments designed to reveal the
passage of the waves that is to say, a needle galvanometer, a battery, an electric bell, and the filingstube which becomes a conductor as soon as it is
struck by the electric waves -were placed in this box

—

—

before

it

was

closed.

After hermetically closing the case, and placing^x
close to

it

From

the

by a 15 centithe apparatus was put in operation.
spark we knew by the ringing that the

a radiator with balls operated

metre spark

coil,

first

sides of the

box were perfectly transpierced.

The experiment was repeated by moving the
radiator gradually farther and farther off, and we
verified, by the silence of the bell, that from more
than 7 metres away no electric wave passed through
the case. It then sufiaced to loosen the screws of the
door to hear the bell ring, which showed clearly
that the walls of the case constituted the sole
obstacle to the passage of the electric waves.
After

drying for several days, the case became a little
more transparent, but still the radiator ceased to
act at a greater distance than 12 metres.
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These first experiments proved that if an enclosure
surrounded by a wall of mortar 12 centimetres thick
allows the electric waves to pass, it still exercises
a notable absorption, and becomes quite opaque at a
little

distance.

To confirm

this apparent influence of the thickness

we caused to be constructed
a second box of cement, similar to the first, and only
differing in that its walls were 30 centimetres thick.

of the surrounding wall,

was finished, and while it was
showed itself absolutely opaque
to the Hertzian waves, even when we placed the
radiator a few centimetres from its sides.
As it
dried, it allowed a few waves to pass through, but
only when the radiator was not farther off than
about 1 metre. Beyond that distance, it remained

Twelve hours

after it

yet quite damp,

it

opaque.

These experiments confirmed the

first,

and showed

that the absorption increased, as might have been
supposed, with the thickness. They seemed to indicate also that water possessed noticeably absorbent
properties.

To verify this last fact, we had a wooden box
constructed with walls 30 centimetres thick and
In the middle was left a
filled with dry sand.
door, arranged to receive
by
a
metal
closed
cavity
the apparatus revealing the waves.
Everything being thus ready, the radiator was put
in operation, and we found that the sand behaved
like

an absolutely transparent body, exercising no

absorption, perceptibly at least, at the distance of 40

metres, which was

all that was at our disposal.
poured into the case as much water as the
sand would absorb, and, on repeating the experiment,
L

We then

1
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a considerable diminution in the transparency was

observed.

The ease with which the dry sand allowed itself to
be traversed, led us to suppose that coarse-grained
bodies, such as stone, might be much more easily
traversed than cement.
To verify this we had cut a block of building
stone of 1 metre cube, in the interior of which, as
before, was left the little cavity to contaLn the
This cavity was closed by a
receiver of the waves.
metal door carefully adjusted.
The thickness of stone which the electric waves
had to cross to reach the receiver was 40 centiThis thickness was, however, traversed
metres.
without difficulty, even when we placed the radiator
at the extreme limit of the garden where we were
working that is to say, about 40 metres from the
Stone was therefore much more transreceiver.
parent than cement.
The stone was then wetted for several days, and at
once its transparency diminished. It was no longer
traversed except when the radiator was placed within
25 metres distance.
In the preceding experiments, the dry sand and
the dry stone seemed quite transparent, but this was
only in appearance, and resulted from the fact that
we had not space enough at our disposal to put the
radiator far enough off to verify the absorption.
To convince oneself of this, it is sufficient to reduce
the intensity of the waves emitted by the radiator
by using a smaller induction coil which comes to
exactly the same thing as if the distance were increased with a higher source of radiation. It is then
easily verified that the sand and the stone exercise an

—

—
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important power of absorption, and are by no means
completely transparent. With a radiator operated

by

a coil giving sparks of 2 centimetres only, the
block of dry sand of 30 centimetres thick is no
longer traversed at a greater distance than 16
metres, nor the block of dry stone beyond 13
metres.
The above figures have, evidently, nothing absolute about them.
They simply prove that the transparency of bodies to electric waves is by no means
complete, as has been, supposed. It is evident that
according to the intensity of the source, differences
of absorption will be noticed.
Waves of 100 metres
in length pass through bodies better than waves of
20 centimetres, but it is equally certain that there
must always be some absorption, and that, consequently, mountains and houses are not traversed
as was formerly supposed.
I will sum up all that concerns the transparency
of dielectrics to the Hertzian waves in the following

propositions
(1)

:

The transparency

of non-metallic

bodies to

Hertzian waves depends on their nature, and varies
considerably from one body to another; (2) this
transparency is always much greater than that of
these

same bodies

to light

;

(3)

absorption increases

body in queshumidity
greatly
increases the
(4)
when the electric waves meet great

in proportion as the thickness of the

tion increases

absorption

;

;

(5)

obstacles, such as hills, these obstacles are passed
round and not transpierced.
Though the practical deductions which may be
drawn from our researches do not here concern us, it

may

not be without interest to point out that the

1
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preceding observations

may

find applications in the

The
establishing of wireless telegraphy stations.
electric waves being in part absorbed and consequently weakened by the small obstacles they meet,
and obliged to pass round the large obstacles, which
likewise weakens them, it will always be useful to
place the emitting and receiving stations on elevated
The crossing of arms of the sea and the
points.
communication of continents with islands, constitute
for the above reasons the best conditions of transmission.

CHAPTER VI
THE DIFFERENT FORMS OF ELEOTEICITT AND THEIR
ORIGIN
I

1.

Does the Electricity Derived from Matter
Exist in Matter 1

According to a theory which in the last few years has
become a dogma for many physicists, matter is composed entirely of electric particles called electrons,
and its most fundamental property, inertia, is of
electro-magnetic origin.

My work on L' Evolution de la Matiere has already
shown how little foundation there is for this hypoBut in order not to complicate an already
thesis.
statement of novel things, I have kept to
the almost classic terms derived from this theory.
It can, moreover, in no way interfere with my
statement, since things happen in appearance as if

difificult

electricity

existed

completely formed in matter.
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instead of being, as I maintain, a secondary trans-

formation of intra-atomic energy.
The theory of electrons is now popular. The proof
of this will be found in the following passage of a
speech made by Mr. Balfour, then Prime Minister of
England, at one of the recent meetings of the British
Association for the Advancement of Science. The
speaker defends in it the new ideas with all the
ardour of a neophyte
" Learned men," he said, " have come to look on
brute matter as a simple appearance, of which electricity is, physically, the real basis, and to think that
the elementary atom of the chemist is nothing more
than a systematic grouping of electric monads or
electrons which are not electrified matter, but elec:

—

tricity itself"

This theory, which everywhere confounds cause
and effect, is not derived from mathematical arguments alone. It is also based on the interpretation
of certain observations, such as the composition of
the emissions of radio-active bodies, the phenomenon
But the fact which unconsciously
of Zeeman, &c.
has perhaps most influenced the ideas of
at least

—

—

the learned
tricity is

is

certainly the facility with

drawn from matter.

It

which

elec-

may be said, without

much exaggeration, that it is impossible to touch
matter without causing electricity to come forth
from it. It might also be said, and this time without any exaggeration at all, that a body cannot be
touched without heat coming forth from it. No
one, however, dreams of asserting that matter is
too

composed

of calorific particles.

If the fluid called electricity existed

matter,

it

would be

complete in

in an utterly inexplicable state of
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We

condensation.

know, in

fact,

that

it is

easy to

a small particle of matter a quantity of

extract from
electricity out of all proportion to that which we can
small part
retain upon bodies of great Tolume.
of the 96,000 coulombs drawn from the decomposition

A

of 9

grammes

of water

would charge with

electricity

to a potential of 7000 volts a globe as large as the
earth.
It must therefore be admitted that if electricity
it is found there in a form which we
cannot conceive. It is impossible to imagine a kind
of condensation by the drawing together of the
electrons supposed to compose the electric fluid, for
they would exercise with regard to one another such
immense repulsions that matter could not exist for a
In my last book we saw that, if a
single instant.
charge of 1 coulomb could be concentrated on a
small sphere and brought within 1 centimetre of
another sphere bearing a similar charge, the work
produced by its displacement at a velocity of 10
centimetres per second would be equal to eightytwo thousand million kilogrammetres, or over one
thousand million horse-power in the same space of

exists in matter,

time.

But

electricity does not exist in matter,

if

how

be explained that it is so easy to draw the
first-named from the second ? When matter was considered as an inert thing only restoring the energy
with which it had been at first supplied, no answer
could be given to this question. Smce I have shown
that, contrary to the old belief, matter constitutes a
colossal reservoir of a special energy intra-atomic

can

it

energy

—

sible, at

it has become easy to explain how it is posthe expense of this energy, to obtain heat.
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any other force. Without invoking
any unknown phenomenon, I have shown how a
tiny atom contains an immense quantity of energy.
By calculations needless to reproduce, I have shown
electricity, or

that

on

a sphere the size

its

own

of a

pin's head, revolving

axis with the speed of projection of the

cathode particles, represents an amount of kinetic
energy equal to that produced in an hour by fifteen
hundred steam-engines of 500 horse-power each.

The rotary movements attributed
ments of matter alone explain how the

to

the ele-

particles of

radio-active bodies are projected into space with a
velocity of the same order as that of light.

These velocities of rotation are necessary not only
to explain the projections just mentioned, but also

the equilibrium of the elements of which the atoms
are formed.
In the same way as the top falls to the
ground the moment it ceases to turn, the elements of
matter only keep themselves in equilibrium by their
movements. If these last were stopped for a single
instant, all bodies would be reduced to an invisible
dust of ether, and would no longer be anything.
This is why it has been possible to compare the
atom to a small solar system composed of particles
gravitating round one or several centres at an immense velocity. So soon as, from some cause or
another, the centrifugal force resulting from the rotation of these elements exceeds the force of attraction
which keeps them in their orbits, the particles of the
periphery escape into space by following the tangent
of the curve they pursue, like a stone hurled from a
sling.

In my last book we considered electricity as an intermediary substance between matter and the ether,
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resulting from certain disturbances of equilibrium
of the ether following upon the partial disaggregation
of the atoms. According to the nature of these dis-

turbances, light, heat, electricity, &c., result; but the
elements which produce these effects have in themselves nothing electrical nor calorific.
If, therefore, matter can, by dissociating

—

itself,

pro-

duce various energies light, heat, electricity, &c.
this does not in any way say that it is composed of

—

light, heat, or electricity.

The conception

of electrons,

a near relative to the old phlogiston, is, as has been
well shown by Professor de Heen, one of the most

unfortunate metaphysical ideas recently formulated.
I

2.'

The Various Forms of Electricity.

The notion

of a disturbance of equilibrium as the

force, is fundamental, and must
in
the
mind in order to understand
present
be
always
the various forms of energy. Particles at rest are no
more electricity than the ether at rest is light. When

origin of

any kind of

the equilibrium of this ether is disturbed, it experiences certain vibrations which we call light. As soon
as these vibrations cease, the ether regains its equilibrium, and the light disappears. It is the same \yith
As soon as the particles constituting the
electricity.
electric are no longer in equilibrium,
termed
fluid
then, and only then, appear the phenomena called
They disappear when these particles
electricity.

One ought no more to
regain their equilibrium.
speak of neutral electricity than of neutral movement, neutral heat, or neutral light.
All forms of energy being produced by disturbances
of equilibrium, it results from this that by varying
these disturbances we generate different forces. To
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new means of modifying the equilibria of matter
and of the ether, is to discover new energies. So

find

long as the equilibrium of the ether could only be
modified in one single fashion, we only observed light.
When we learned how to create new forms of equilibrium, we obtained the action of induction, Hertzian
waves, the X-rays, &c.
It is entirely because the means of modifying the
equilibria of the ether

and

of matter are

now becom-

ing multiplied that we witness the discovery of new
manifestations of energy.
Science classifies them
with much difficulty, not being able to connect
them with things already known. The confusion
results from this will be easily made plain by
examination
of the various phenomena which are
the
still classed at present under the name of electricity.
The following enumeration comprises forms of

which

energy, very dissimilar, but possessing the common
characteristic of being able, directly or indirectly, to

produce what

is

called an electric charge.

This

is

the only reason which permits things so different
If we
to be classed under the head of electricity.
adopted in a general way this very summary process
of classification, we should have to call heat all the
causes which always produce it for example, friction

—

and movement.

—

The Electric Fluid. We suppose it to be conby the union of the electric particles to
which reference will be made later on. After having
admitted the existence of two fluids— the one positive,
the other negative the tendency now is to recognize
only one, formed of negative elements. The positive
1.

stituted

—

would thus be composed of material particles
deprived of some of their negative corpuscles.
fluid
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Static Electricity.— Yormed

by the accumulaIs characterized
body.
on
a
fluid
electric
the
tion of
by the power of producing attractions and repulsions
but exercises no action on a magnet.
When a body charged
3. Dynamic Electricity.
with static electricity is connected by a conducting
wire to an unelectrified body, it flows into this wire
2.

—

with a velocity which may reach that of light, and
produces an electric current by the sole fact that the
electric fluid is in motion the wire which conducts it
is itself surrounded by a field called magnetic, because
it enjoys all the properties of a magnet.
Particular forms of electricity
4. Magnetism.
;

—

characterized by equilibria of unknown nature. Magnetism can in certain conditions generate an electric
current, in the

same way that the

electric current

can generate magnetism.
5.

The Electric Atoms or Electrons.

— Particles

called electric, of definite magnitude, supposed to be

constituted by vortices of the ether. May exist without material support in Crookes' tubes, and in the
emissions of radio-active bodies. Can pass through
metal plates when their velocity is sufficient.
Formed by the projection of
6. Cathode Rays.
electric particles in a tube through which a current
passes after a vacuum has been created in it.
Constituted by disturbances in the
7. X-Rays.
ether of a form still unknown, and taking birth when
the cathode rays strike an obstacle. Pass through

—

—

thick plates of metal.
property.
8.

Possess no magnetic or electric

—

Negative Ions. Supposed to be formed of
particles surrounded by attraction with

electric

material elements.
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—

9. Positive Ions.
Must be constituted by material
atoms having lost their negative particles.
Have
never been isolated.^
10.
The Ionic Fluid.
Formed of positive or
negative ions mixed with gaseous particles.
Can
circulate through a metal worm before the elements
of which it is formed rc-combine.
11. Neutral Electricity.
Form of electricity totally
unknown of which no reagent can reveal the presence,
and supposed to be constituted by the union of the
It is more and more
positive and negative fluids.
generally admitted that it can have no existence.
12. Electricity Condensed in
Chemical Compounds. Form of electricity which is believed to
exist in the neutral state in chemical compounds.
Only appears in the state of positive or negative
Must exist in bodies in a state of extreme
fluid.
condensation, since there can be taken from one

—

—

—

of water a quantity of electricity much
exceeding that which it would be possible to keep

gramme

on a globe the
13. Electric

size of the earth.

Waves.

—Disturbances

of

the

ether

which accompany electric discharges and are propagated by vibrations in the ether with a velocity
which can attain that of light. They are to ordinary electricity Avhat radiant heat is to the calorific
phenomena of which matter may be the seat. By
induction, the electric waves may generate at a dis1
It seems to me that the author here loses sight of the significance of his own experiment described in I'^volution de la
Matiire (p. 385 and Fig. 62). The "elements coming from the
dematerialization of matter " which he there shows as passing
through sheets of dielectric substances can be nothing but "positive
ions," that is to say, sub-atomic particles of matter associated with
a positive charge. It is difficult to see any distinction between
these and the " Ionic Fluid" next mentioned.— Ed.
.
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tance on the bodies they strike currents of electricity
capable of manifesting themselves in the form of
sparks.

Thus, then, by the sole fact of producing in
the ether or in matter dissimilar disturbances of
equilibrium, we create very different forces. It is
only our need of simplification which leads us to
put them together.
might evidently even
further simplify them by saying that these energies

We

only represent transformations of movement, but a
kind would apply to all phenomena,
including those of life. Such generalizations only
translate our ignorance into other words.
definition of this

BOOK

II

THE PROBLEMS OF HEAT AND OF LIGHT

CHAPTER

I

THE PROBLEMS OF HEAT
Old and

§ 1.

New

Ideas on the Causes of Heat

Hardly any scientific subject has called forth so
many researches as heat. Thanks to them, thermodynamics and the energetic theory, which are defrom it, have become precise and fertile

rived

sciences.

But if -we simply ask ourselves what these researches have revealed as to the causes of heat, we
are bound to acknowledge that we are hardly more
advanced than we were a century ago.
cannot
find much to add to the following lines written by

We

the illustrious

Humphry

Davy, a hundred years

ago:—
"

Since

all

matter

may

be

made

to

fill

a smaller

volume by cooling, it is evident that the particles of
matter must have space between them and since
every body can communicate the power of expansion
to a body of a lower temperature, that is, can give
;

an expansive motion to
inference

motion

;

that

its

own

but as there

is

its particles, it is

particles

are

a probable

possessed of
no change in the position of
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parts as long as its temperature is uniform, the
motion, if it exist, must be a vibratory or undulating
motion, or a motion of the particles round their axes,
or a motion of particles round each other.
" It seems possible to account for all the pheno-

its

mena

of heat,

if it

be supposed that in solids the

particles are in a constant state of vibratory motion,

the particles of the hottest bodies moving with the
greatest velocity, and through the greatest space;
that in fluids and elastic fluids, besides the vibratory

motion, which must be conceived greatest in the
last,

the particles have a motion round their

own

axes, with different velocities, the particles of elastic

moving with the

fluids

greatest quickness

in etherial substances the particles

own

;

and that

move round

their

and separate from each other, penetrating
in right lines through space.
Temperature may be
conceived to depend upon the velocities of the vibrations increase of capacity on the motion being performed in greater space; and the diminution of
axes,

;

temperature during the conversion of solids into
may be explained on the idea of the
loss of vibratory motion, in consequence of the
fluids or gases,

revolution

of

moment when

particles

round their axes,

at

the

the body becomes fluid or aeriform,

or from the losS

of rapidity of vibration, in con-

sequence of the motion of the particles through
greater space."
At the present day, as in the time of Davy, we
suppose that heat must be the consequence of the
movements, vibratory, rotatory, &c., of the particles

of

of matter.

atoms have

All researches on the structure

justified the existence of these

move-
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Every atom

is now compared to a solar
Naturally we never observe these movements, and mechanical considerations alone lead us
to suppose them identical with those of the planets
round the sun.

ments.

system.

Every component

particle of these

atoms must

be animated by two movements (1) Rotation of the
particle on itself; (2) Revolution round a centre.
These movements may vary, as may the speed of translation, and also the diameter of the orbit traversed.
By compelling the molecules to move nearer t.o or
farther from each other, they explain the dilatation
of bodies by heat and their contraction by cold.
The variations of equilibrium of these elements in
motion should produce magnetism, electricity, and
heat, but we are entirely ignorant of the way these
:

forces are generated.

We are able to measure heat without knowing
anything of its essence. The expression " a quantity
of heat " constitutes an arbitrary notion representing
the measurement of an effect the cause of which is
unknown. " It is nothing else," writes M. Duhem,
" than the measurement given by the calorimeter,
and is not otherwise defined. The quantity of heat
which is disengaged in a modification is, by definition, a quantity proportional to the weight of
water which this modification would raise from the
temperature of zero to that of one degree." The
insufficiency of such a conception is evident.
Physicists have at length, however, laid aside this
pi-oblem of the causes of heat, and, without inquiring how movements can be transformed into heat,
they have confined themselves to endeavouring to
determine their nature. Although the problem has
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been taken in hand by such physicists as Clausius
and Helmholtz, no success has crowned their efforts.
Assimilating, to simplify matters, the elements of
bodies to material points in motion, they have
admitted that the average force of this movement was proportional to the temperature, and
have endeavoured to deduce from it the laws of
thermodynamics, and, notably, the principle of
Carnot, by means of the theorems of mechanics.
It is pretty generally admitted nowadays that this
It has furnished,
attempt has completely failed.
moreover, no sort of hint either as to the variations
of trajectory described by the particles of bodies,
according to their solid, liquid, or gaseous state, nor

on the results of their reciprocal

The

actions.

early physicists regarded the problem in a

much

simpler way. For them it was a fluid impregnating all bodies and disengaging itself by comThis theory, called the phlogistic, was
bustion.
much shaken when Lavoisier proved that, far from
losing weight by combustion, bodies on the contrary
gained it. Yet at the time of Carnot, heat was still
considered to be a fluid that bodies could part with
or absorb, and only differing from the old phlogiston

by its imponderability.
In the long run physicists gave up the idea
calorific fluid

;

but after taking

of a

infinite trouble, for

more than

fifty years, to substitute the mechanical
theory of heat produced by movement for that of
the conception of a fluid, they seem now in a rather
roundabout way, however about to return to the
latter. As Professor de Heen has very justly remarked,
" The old idea of mixing the phlogistic fluid with

—

matter

is

—

identical with the one currently accepted.
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which

consists

in

There

corpuscles."

atoms of heat

mixing
is

as
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with matter electric
reason for imagining
for imagining atoms of

much

as there is

electricity.

The ancient idea that heat was a kind of iiuid has
been very fertile.
Without it Sadi Carnot would,
perhaps, never have thought of comparing the flow
of heat to that of a liquid, and, no doubt, would never
have discovered the principle which bears his name
and has so deeply modified the direction of the
sciences of physics and chemistry.
It must be fully recognized, moreover, that if
physicists and chemists reject the idea of assimilating heat to a iiuid, they nearly always treat it as if it
really were one.
Chemists constantly speak of heat
as absorbed or liberated by a body.
According to
them, when a combination is formed it should keep
this heat indefinitely until it is destroyed.
It then
gives

it

up

in quantity exactly equal to that absorbed.

Physicists, for their part, tell us that

when

a

body

is

heated it absorbs heat and restores it as it cools.
We should express ourselves no otherwise if heat
were really a fluid.
The mathematicians themselves often employ
All their formulas have been
similar language.
framed as if heat were constituted by a fluid. Laplace, Poisson, Lame, &c., assimilated caloric to an
expansive fluid, and the temperature of the particles
The variations
to the tension of the fluid in them.
of heat were explained by changes between these
particles of caloric proportional to the difference of

At the present day,
considered to be a vibratory movement
of the particles of matter, we often still continue to
their respective temperatures.

when heat

is

M
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argue as
fact,

if it

many

were a

fluid, of

which

it

possesses, in

of the properties.

The analogy existing between the propagation of
heat in athermanous bodies and the filtration of fluids
through porous masses is so close," writes M. Boussinesq in his Thiorie analytique de la Chaleur, " that
we might seek to obtain from it a mechanical theory
of conductivity if there were such a thing as a caloric
"

fluid."

We are not certain, moreover, that this fluid does
not exist.
Electrons are beginning to be made
to play a great part in calorific phenomena.
After
having brought us back to the old electric fluid, they
are perhaps going to revive the caloric fluid.
For
the moment our ignorance on this point is complete.
§ 2.

Changes of State of Bodies under the Influence
of Heat and Variations of Energy resulting
therefrom

The

effects of

heat on matter are of daily observa-

The simple examination of the movements of
the thermometer column shows that bodies dilate with
heat and contract with cold. The sensitiveness of
tion.

is such, that a variation in temperature of the
millionth of a degree suffices to modify its electric
resistance in a fashion appreciable by experiment.
The slightest oscillation in the ether causes it to

matter

There is thus a continuous
exchange of energy between matter and the ether.
It is no longer possible at the present day to consider matter independently of its surroundings.
The
variations of the latter regulate its equilibria and
vibrate and radiate.

also its form,

rendering

it

solid, liquid, or gaseous.

THE PROBLEMS OF HEAT

179

Matter corresponds to a state of equilibrium between its internal energies and tbe external ones
which surround it.

The movements of rotation and of revolution of
the elements of the atoms unceasingly vary under
the action of heat.
It modifies not only their
speed of rotation, but also the diameters of the
orbits

When

traversed.

ticles of

bodies

move

these increase, the

farther

and farther

par-

apart, the

molecular attractions which constitute cohesion are
overcome, and matter passes first into the liquid,
and then into the gaseous state. During these
changes, bodies absorb determinate proportions of
heat which they restore in absolutely equal quantity
when they return to their primary state. The energy
absorbed by matter being then exactly given back,
we should be justified in believing that matter has
never either created or destroyed it.
Heat may, from the physical point of view, be
defined as a mode of energy producing the change
of

volume

of bodies,

and therefore

their dilatation.

This dilatation represents an excellent means of
measuring it, but the thermometer, which is based
on this property, can only indicate a small part of
the heat supplied to a body. When, for example,
we heat matter to make it change its state that is,
we produce three diiferent effects, of
to liquefy it
which only one is revealed by the thermometer: (1)
we increase its temperature (2) we change the
that is to say,
internal disposition of its molecules
we effect an internal Avork which is not revealed by
the thermometer (3) we change its volume that is
to say, we effect an external work against external
pressure, which, again, is not revealed by the ther-

—

—

;

;

—

—
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mometer. It is therefore only a part of the heat
produced which has served to change the temperature of the body.

We

can, on the other hand, cause the temperature
body to vary without supplying or abstracting
heat from it. This is observed in the operations
called adiabatic, for instance, when a gas is compressed in a receptacle impermeable to hoat. The
temperature is increased by the transformation into
heat of the work effected.
The calorific energy necessary to compel bodies to
change their state is considerable. To transform ice
at 0° C. into water at the same temperature, as much
heat must be given it as would raise by one degree

of a

80 times its weight of water, or 80 calories.
If
the water again freezes, it restores the heat absorbed.
To transform water at 100° C. into steam of the
same temperature, the necessary work is more constill, since this transformation requires 537
times as much heat as would raise the same quantity
of water one degree.i As before, these 537 calories are

siderable,

^ Here are, in kilogrammetres, the different quantities of energy
which it is possible to concentrate in 1 kilogramme of water. It
would take too much space to give the details of the calculation
:

Kilogrammetres
Energy liberated by decomposition under the influence
of the electric current, of 1 kilogramme of water
1,095,000
Of 1 kilogramme of water vapour at 100° C. condensed
0°
and frozen at
C.
270,725
Of 1 kilogramme of iron cooled from 1500° C. to 0°
72,675
Kinetic energy liberated by the impact of a mass of
iron weighing 1 kilogramme, and animated by a
velocity of 1000 metres per second
.
51,000
Energy liberated by the discharge of 1 kilogramme of
accumulators in lead, with storage capacity of 10
.

.

.

.

.

.

.

.

ampfere-hours

Maximum

.

.....

7,300

of electric energy which can be accumulated in a Leyden jar of about 1 cubic decimetre

capacity

.

.

.

.

.

.
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exactly restored when the molecules draw together
to pass again into the liquid state
that is to say,
when the steam at 100° C. condenses into water
likewise at 100° C.

—

To show the magnitude

of the energies thus dis-

placed, Tyndall gives the following

examples

:

— The

heat resulting from the combination of 1 kilogramme
of hydrogen with 8 kilogrammes of oxygen would
raise by 1°'C. the temperature of 34,000 kilogrammes
of water which corresponds to more than 14 million
kilogrammetres. The condensation in water of the
9 kilogrammes of steam formed by this combination, represents a work of more than 2 million kilogrammetres. If, by continuing to run down this scale,
we bring the water to the solid state by lowering
its temperature, it would still produce more than
700,000 kilogrammetres.
The figures representing the forces necessary to

modify the molecular states are evidently considerable when judged by our usual units of energy, but
they are immensely feeble compared with the intraatomic forces of which we have elsewhere studied
the magnitude.
We must bear in mind from what precedes the
constancy of the figures representing the calorific
energy displaced in the different variations of the
That which it absorbs in order to
state of matter.
pass from one state to another is always rigorously
given back when it returns to its first state. There
are, then, simple displacements of energy without
destruction or creation.
This fact, so constantly observed, seemed a very
solid argument in favour not only of the conservation of energy, but also of the important notion

1
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that matter and energy are two very distinct things,
the first coming as a support to the second, but

never creating

My

it.

how

readers Icnow

overthrown.

these principles have been

Practically, however, the ancient notions

retain all their value.

For,

and

matter

if

is

an enormous

disappear by
transforming itself into energy, we do not yet know
how to extract from it any but insignificant quan-

reservoir

of energy,

able to

is

tities of this last.

§ 3.

Can Heat

serve as the

Measure of

of Energy

all

Forms

?

In all the changes of state of bodies, we have
spoken solely of the heat absorbed or liberated, without
troubling ourselves about the other forms of energy.
Formerly these were ignored, but the deeper study of
the laws of electrolysis having shown that the majority of chemical changes are accompanied by the production of a rigidly constant quantity of electricity
each reaction, it follows that these reactions can

for

be expressed in units of electricity quite as well as in
The tendency of the present day is
to measure reactions by the quantity of electricity
displaced rather than by the quantity of heat brought
The generation of heat and electricity
into play.
units of heat.

proceeds by nearly parallel steps
ourselves whether these forces

;

so that

we may ask

may

not be secondary
energies of which we only

manifestations of unknown
perceive the transformations.

Chemical energy,

for

perhaps as different from the electricity
and the heat it generates as these last are from
friction, which can also generate them.
example,

is
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Heat being very early known, and all forces appearing able to transform themselves into heat, it was
natural to take it as the unit of measurement. When
radiations are allowed to fall on an absorbent surface,
we consider those equivalent which produce the same

amount of heating. In this way the division of energy
in the luminous spectrum has been studied.
But

now appears that some very active energies can be
manifested under other conditions than heat, and cannot, in consequence, be measured by it. The temperait

ture becomes less and less as we advance towards the
extreme ultra-violet in the solar spectrum, and ends
by being so minute that it is only perceptible to

instruments of excessive sensitiveness.
ourselves to calorific measurements

it

If we confined
might be said

is almost nil at this end of the spectrum.
on the contrary, extraordinarily active,
dissociates the most resisting bodies, and trans-

that energy

Now,
for it

it

is,

forms them into a torrent of particles of the family
of the cathode rays.
There are therefore forms of energy which cannot
be reduced to heat, and which in consequence heat
This very important
cannot help us to measure.
point will certainly some day attract the attention
of physicists.

§ 4.

The Conception of the Absolute Zero

The movements
communicated

of the particles of heated bodies

to substances in contact with
them, and cause their volume to change. It is on this
Plunged into
fact that the thermometer is based.
medium,
it
indicates
heated
the
less
or
a more
difference of temperature between this medium and

are

1
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that of the melting of ice taken as zero during the
graduation of the instrument.
This zero is evidently a very arbitrary one, since

we might have taken as the startiag-point of the
graduation the point of fusion of any body "whatever.
AH our zeros such as, for instance, that of electric
tension are equally conventional starting-points.

—

—

have for a long time been led
which does indeed deserve
the name of absolute which is given to it, since the
bodies brought to this temperature would no longer
retain any calorific energy.
This conception was
formed at the time when heat was considered a fluid.
The temperature at which bodies would expel all their
Physicists, however,

to conceive for heat a zero

provision of this fluid constituted the absolute zero.
The theoretic discussions enabling it to be fixed

have been numerous. Laplace and Lavoisier placed
the absolute zero between 1500° C. and 3000° C. below
melting ice. Dalton fixed it at 1500° C. The reasons
for these different conclusions were, however, very

unconvincing.

Although it has been abandoned, the theory of
the materiality of heat has continued to weigh on
the minds of physicists. Considerations drawn from
the study of thermodynamics have led Lord Kelvin
to adopt for the absolute zero the figure of

already deduced

from the consideration

— 273°

C,

that,

as

gases contract by ^-y^rd of their volume per degree,
at 273° below the ordinary zero they could contract

no

further.

According to the conception of the absolute zero,
bodies would at —273° C. contain no more heat.
If heat be only the consequence of the movements
of the particles of matter, as

is

generally admitted,
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movements would cease

With

this cessation
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at the absolute zero.

would also disappear, no doubt,
the other forces, such as cohesion. One does not,
then, Tery well see what would become of matter.
Several physicists, however, at the present day
consider the absolute zero as a theoretical and
unattainable limit which is merely a datum for
calculations.

This theory is much earlier than the date of the
discovery of the existence of intra-atomic energy.
We may suppose, in strictness, that relatively weak

may disappear at a certain
temperature, but it is impossible to imagine the
vanishing of intra-atomic energies. They are so considerable, in fact, that to annul them would require
force immeasurably superior to any we have at our
disposal.
If by any means whatever, such as lowering of the temperature, we succeeded in profoundly
disturbing the internal equilibria of the elements
always in vibration and rotation, of the atoms of
a fragment of matter, they would be disaggregated
and would return to the ether.
In this chapter, devoted to the study of heat, we
have not had to trouble ourselves with the sensation
designated by this term. " That which to our sensations is heat," says Locke, "is objectively only movement." The physicists study these movements, but
without having yet succeeded in explaining them.

intra-rnolecular energies

Heat is a chapter of physics
ments are precise, but which
uncertainties.

increase

ments

We

of
is

which a few fragcomposed of

chiefly

number of these
the relations of the moveproduced by heat with those
shall see the

when studying

of matter

ethereal ones which these

movements

generate.

1

THE EVOLUTION OF FORCES

86

CHAPTER

II

TEANSFOEMATION OF MOVEMENTS OF MATTER INTO
VIBRATIONS OF THE ETHER RADIANT HEAT
§ 1.

—
Heat — Absorption

Nature of Badiant
and
Transforination by Matter of the Vibrations of
the Ether

The

classic term of radiant heat is one of the most
erroneous in physics, notwithstanding its apparent
accuracy. If we draw near to a fire, it warms us
therefore radiates something.
it
What can this
something be, if not heat ?
It took a very long time to discover that a heated
body does not radiate anything resembling heat. It
is now known that it produces vibrations of the
ether, which, in themselves, have no temperature,

and that

it

warms us

at

a distance

vibrations of the ether generated by

it

because the
being affected

by the molecules of the

air or the bodies placed
generate heat.
These vibrations are not
heat, but simply a cause of heat, as is any movement
whatever.
This confusion of radiant heat with the heat of

before

it,

bodies, which the text-books still perpetuate, for a
long time prevented us from recognising the identity
of radiant heat and light, formerly considered to

be two different things.

That which we

call

radiant heat has for

the ether.

by the very improper name of

its sole

origin the vibrations of

These can produce heat when their move-

TRANSFORMATION OF MATERIAL MOVEMENTS

187

ment is destroyed, as does a stone by its impact, but
they do not possess, I repeat, any temperature of
their own.
This is easily proved by interposing a
lens of ice in the path of a pencil of radiant heat.
However intense the pencil may be, the lens is not
melted, while a piece of metal placed in its focus will
become incandescent. The ether having no temperature, and the ice being very transparent to its
vibrations, they have passed through the ice without
melting it. As the metal, on the other hand, stops
these vibrations, it becomes incandescent by absorbing and immediately restoring them under the form
of other vibrations, becoming in its turn a source
of that radiant heat without temperature, the effects
which have just been pointed out.
Since the vibrations of the ether, called by the
name of radiant heat, can only produce heat after
their absorption by a body, it is evident that in the

of

celestial spaces, where an atmosphere like that surrounding the earth does not exist, an absolute cold
must reign in the neighbourhood of incandescent
stars, such as the sun.
The thermometer dipped
into these spaces Avould, however, mark there a
very high temperature, because it would intercept
The temperature rethe vibrations of the ether.
not
be
that
of the ambient
corded by it would
medium, but its own temperature. Ice would not
melt, because it allows the vibrations of the ether
Metal would
to
pass without stopping them.
become incandescent, because it absorbs the same

vibrations.
Life is only possible on our globe by reason of the
absorption of the vibrations of the ether by the
atmosphere and the earth if these last were trans;

1
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parent to them, a very intense cold would reign on
the surface of our planet.
All the chemical reactions which take place in
the interior of vegetables, notably the transformation
of carbonic acid into carbon,

have their origin in

this

absorption.^

The

vibrations of the ether

when absorbed by

a

1 It was Eobert Mayer, the immortal author of the theory of
conservation of energy, who first had the idea of this correlation
of natural forces.
This obscure little doctor, so ignored by his contemporaries, so
contested after his death, was, writes Tyndall, " a man of genius,
animated solely by love for the subject adopted by him, who
arrived at the most important results long in advance of those whose
life is wholly devoted to the study of the physical sciences." If the
importance of a scholar is measured by the consequences of his
works, it might be said that Mayer was one of the five or six
By the simple application of his
greatest men of his century.
principle of the conservation of energy, all the physico-chemical
transformed.
Darwin and Pasteur alone
been
deeply
sciences have
have exercised so profound an influence. Notwithstanding his independence, Tyndall did not dare to reproduce in the last edition
of his work on Heat, the passage I have quoted above. The official
professors, who saw the principle of Mayer daily growing in importance, could not accept the fact that so considerable a discovery had not issued from their own laboratories, and united
their efforts to try and efface from the annals of science the great
name of Mayer. We learn a curious example of this frame of mind
by reading the string of abuse which Dr. 'J'ait, Professor of Physics
at Edinburgh, levels at Mayer in his book Recent Advance of
" Mayer," he
Physical Sciences, published some thirty years ago.
says, " by a lucky chance, came across a method which has
turned out a good one." It was a lucky chance, indeed, which
allowed a discovery to be made which no one had suspected, and
the numerical value of the mechanical equivalent of heat to be
found out, the simple verification of which cost Joule ten years
This
of researches with all the resources of a great laboratory.
epithet of " lucky chance " is, however, freely applied to those who
In a long polemic published in a great English
discover anything.
journal, between a member of the Royal Institution who upheld my
researches and a Cambridge physicist who attacked them, the
latter recognised that the universal dissociation of matter which
I had made known was " the most important theory of modern
physios," but, he added, I had only discovered it by a " lucky
guess." All the merit was due to the specialists who had taken
steps to check its accuracy.
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and Ijecome the

chemical transformations. They
are thus fixed until the time when, by decomposing
the body that is to say, by bringing it back to its
former state we make them reappear under the form
of heat.
We have here one proof the more of the
intimate relations of the ether with matter, and of
the exchanges of energy of which it is the seat.
If the vibrations of the ether absorbed by matter
are not used in chemical transformations, they only
raise the temperature of bodies, and disappear by
radiation with a rapidity dependent on the structure
of these bodies or of the substances with which they
A vessel of polished metal loses its
are covered.
origin

of various

—

—

heat by slow degrees, and this

is

why we employ

it

high tempej'ature. The same
metal, if covered with lacquer, on the other hand,
These are facts long
rapidly parts with its heat.
known, which Lister in other days put in evidence
by his cube full of boiling water, the faces of which
were composed of different metals. Each face radiated
to

keep liquids

at a

different quantities of heat.

All these facts find a

the

phenomenon -of

rudimentary explanation in

acoustic resonance.

fork insensible to the most violent noise
if

A
Avill

struck by sound waves of suitable periods.

tuningvibrate
It will

even be able to pick out these sound waves from a
mixture of very dissimilar sounds. It is therefore
sensitive to

some and

insensitive to others.

It is

the same with bodies struck by radiant heat. They
only absorb certain vibrations and let others pass by

them.

I shall

return to this point in the next chapter.
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§ 2.

Permanence of the Radiation of Matter

Until the absolute zero is reached, matter unceasingly sends vibrations into the ether.
block of ice
may therefore be considered as much a source of heat,

A

same reasons, as a fragment of glowing
The only difference between them is in
the quantity radiated. The frozen plains of the Pole
and

for the

charcoal.

are a source of radiant heat like the burning plains

and if the sensitiveness of the photographic plate were not so limited, it would be possible
in the very darkest night to reproduce the images of
bodies by their own radiations, when refracted by the
of the Equator,

camera obscura.
Naturally, these radiations,

lenses of a

which all bodies conon the thermometer when
plunged into a medium colder than itself.

stantly emit, only act
it

is

If the instrument

is first placed in a refrigerating
mixture, capable of lowering the column of liquid to
a level corresponding to — .50° C, and then placed in

front of a block of ice at 0° C, the heat radiated by
this block will raise by 50°
that is to say, will bring

back

But

to

zero

— the

—

temperature of the instrument.

—

if this last already marks zero
that is to say,
already at the temperature of the ice evidently
no movement of the column of liquid can reveal the
radiation.
The ice would continue radiating on to
the thermometer and the latter on to the ice, but
they would only be exchanging their radiations.
is

The

—

radiation would therefore none the less go on,
though marked by this exchange. When we say
that a body becomes cool by radiation, we necessarily
imply that it is plunged into a medium with a lower
temperature than its own. Eeceiving from the latter
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heat than it imparts to it, its temperature is
lowered until that of the two bodies is equal.
When we are obliged to keep at a low temperature
a body which is to be placed in a medium of higher
temperature, we surround it with substances impermeable to radiation, and thence called atherWool and furs possess this property.
manous.
Pictet has shown that for temperatures below — 70° C.
less

the majority of athermanous bodies lose their pro-

and become diathermanous.
We can only
liquid by enclosing it in double-walled
vessels, between the walls of which a vacuum is
made, and the inner surface of which is silvered.
These vessels can also be used to keep liquids very
perties

keep

air

hot, since

they prevent the absorption as well as the

emission of radiations.

§ 3.

The Electric Emissions which accompany Heat

We

have just seen that matter is always absorbThe exchange between it and
the ether never ceases. The vibrations of the ether
intercepted by matter are subjected by it to various
ing and radiating.

transformations of a

mechanism unknown

to

us,

and of which we only perceive the extreme terms.
I have never ceased to insist in this and my preceding work on the relations of the ether with matter.

They again appear when we examine the electric
phenomena accompanying the calorific variations of
bodies.

Physicists have had for a long time an inkling of
the kinship between heat and electricity, and recognize
»

more and more that the production of the one is
accompanied by the simultaneous manifestation of
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the other.
A body which is subjected to friction
generates both heat and electricity. The heat which
is propagated throughout a wire by the simple twistsubstance
ing of it on itself, generates electricity.
which liberates heat when combining with another,

A

liberates electricity at the
It is

known

same

also that the

time.
electric

conductivities are sensibly in the
metals.
are the

same

and

calorific

ratios for all

Those which are good conductors of heat
for electricity, and conversely. The chief

same

difference lies in the speed of propagation.

in the case of electricity, this

is,

Immense

on the contrary, very

slow in that of heat.
If heat easily transforms itself into electricity, the
It
latter no less easily transforms itself into heat.
suffices to pass a current through a metal wire to see
the latter become more or less red-hot according to its
resistance.
If a current be sent through a conducting wire half platinum and the other half silver, the
platinum becomes white-hot, while the silver wire,
a tenfold better conductor that is to say, offering less
resistance to the passage of the electricity remains

—

—

dark.

The recent researches mentioned in my last book
make it possible to follow much further the course
of this analysis.
We now know that when, by one
means or the other, a body is made incandescent, it

—

emits not only radiant heat and light which are,
moreover, exactly the same thing but, in addition,

—

We have even reached
the point of admitting^an hypothesis which the
experiments of Zeeman seem to confirm that a
flame consists only of electric particles in vibratorrents of electric particles.

—

tion.

The movements

of these electrons, propagated

TRANSFORMATION OF MATERIAL MOVEMENTS

193

would generate radiant heat and light.
however, very possible that the liberation of
electric particles which accompany incandescence
and many other chemical reactions, is only in many
cases a secondary phenomenon, a kind of unutilized
excess of the energies employed in modifying the
in the ether,
It

is,

equilibria of matter.

A constant relation ought to exist between the
intra-molecular and intra-atomic energies. Atoms represent the stones of which the molecular edifices are
built. In all the operations of ordinary chemistry, we
simply displace those stones, and this is, no doubt, why
the quantities of heat or electricity then brought into
play are always met with again. When by various
means, very inadequate as yet, we touch the structure
of the stones of the edifice
that is, of the atoms we
liberate, in the form of heat, or electricity, quantities
of intra-atomic forces of which the magnitude will
vary according to the disturbances of equilibrium
produced, and may bear no relation to the causes of
such changes.
The whole of this and the preceding chapter
are, if looked upon as explanations, evidently insufficient.
Notwithstanding all the formulas with
which it bristles, this region of physics is extremely
obscure.
The problem of heat is one of the most
difficult, because its solution demands the knowledge

—

of things

which are

—

as yet very difficult of access.
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CHAPTER

III

TRANSFORMATION OF MATTER INTO LIGHT
§ 1.

The Emission of Light by Matter

by vibrations of matter prois produced
pagated under the form of waves in the ether.
When these waves possess a length suitable for
impressing the eye, we give them the name of visible
light. We call them invisible when the retina, which
is only impressed by a small part of the whole extent
of the solar spectrum, remains insensitive to their
Light

action.

the vibrations producing the sensawhich are without action
on the eye, such as the infra-red or the ultra-violet,
that are in question, they are all of the same species,
only differ by their frequency, and all deserve the
name of light. From this general definition there
springs a first consequence.
ought to give the
name of light to the visible or invisible radiations
emitted by matter at all temperatures down to the
absolute zero, as we have seen when studying radiant

Whether

it is

tion of blue or red, or those

We

heat.

Matter, then, is incessantly transformed into light
ai all temperatures.

An

eye with a retina sensitive

enough would see in the dark all objects as if surrounded by a luminous halo, and darkness would be
unknown to it. Such an eye perhaps does not exist,
but different instruments allow us to
tute for

it.

make

a substi-
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Let us now examine some of the conditions of the
transformation of matter into hght.
When we heat a body, the vibrations of its
particles

become more

and its emission of
These waves, at first too

rapid,

ethereal waves increases.

long to be perceived, as they get near 500° C. are
short enough to become visible and to give the sensation of red.
From 800° to 1000° C. still shorter

waves appear, and the radiations emitted comprise
the whole length of the spectrum.
Their slight
amplitude alone prevents us from perceiving them.
Temperature acts especially by increasing the amplitude of the waves emitted, which renders them
visible.

At each temperature, the heated body emits
waves different in length according to its nature.
The brilliancy of flames depending at equal temperatures on the ratio between the long and short
waves emitted by the incandescent body, those
sources of light which emit many more of the
second than of the first will be the more luminous. The brilliancy of the Auer mantle is due
to the weakness of its emissive power in the red
and the infra-red compared with its power of
emission in the visible spectrum. The temperature
(about 1650° to 1700° C.) does not in this case differ
notably from that of a simple gas burner.
As regards the brilliancy of the light, there would
be no advantage in raising too much the temperature
of a body, because we should then produce, as is the
case with the electric arc, invisible ultra-violet rays.
The more, in fact, the temperature of a source of
light is raised, the more the radiations
are displaced towards the ultra-violet

it

emits

THE EVOLUTION OF FORCES

196

'J-

OJ

W
0)

6

a
Ui

TRANSFORMATION OF MATTER INTO LIGHT
The

radiation of bodies generated by heating

produced by

all
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actions capable of increasing their

vibrations, especially those chemical reactions

which

furnished the early modes of lighting. As a type, we
may quote the combustion of ordinary gas. Formed
by a mixture of hydrogen and of carbides of hydro-

combines violently with the oxygen of the air
The particles of carbon from the
carbide, being liberated and brought to incandescence,
give the flame a brilliancy which pure hydrogen does
not possess. Gas therefore only owes its brilliancy
gen,

it

when

lighted.

to these incandescent particles held in suspension.

—

Any

—

solid body whatever
platinum, for example
might replace the particles of carbon.
In reality, the phenomena which take place in
any kind of flame that of a simple candle, for
example are quite otherwise complicated. So much
is this the case that we might consider a body in
combustion, such as a lighted candle, as one of the
phenomena in physics most difficult of explanation,
and involving the solution, of which we have yet
hardly a glimpse, of the problems relating to the
All incandescence is accomdissociation of matter.
panied, in fact, by the liberation of a torrent of electric
particles comparable to the cathode rays or the emis-

—

sions of radium.

commencement

—

This liberation necessarily implies

atom
which was formerly ignored, because the provision of
a

of that disaggregation of the

energy contained in matter is so immense that the
loss of it during combustion then passed unperceived.
This dissociation of the atom in a flame has been
made apparent not only by the production of electric
particles proceeding from this dissociation, but likewise by the deviation of the electrons of flames by a
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magnetic

field

;

it

has as

its

consequence the doubling
on by the

of the spectral rays of the flame acted

magnetic

§ 2.

A

field.

TJie

Influence of Wave-length and Amplitvde
on the Action of Light

body thrown into the water produces on

its

surface a series of concentric circular waves compar-

able to small parallel hills separated by valleys. The
distance from the top of one hill to another is what is
called the wave-length the height of each hill from
the bottom of the valley represents the amplitude of
the wave. It is the same with light, the sole difference
being that the undulations take place in the ether
instead of being produced in a liquid.
The length of the wave and its height constitute
two very different things which we must keep dis;

tinct

if

we wish

to

understand certain actions of

light.

Whether it is a question of sound or of light, or of
any periodical disturbance of any fluid whatever, the
wave-length is an element of invariable magnitude
during the whole period of a vibration, while its amplitude may vary within wide limits. Waves lose
their amplitude by propagation, but their length,
and consequently the number of vibrations per
second, remain the same.
The analogy with the
oscillations

of a

pendulum much
the distance

may

it

pendulum
or little

is

complete.

from the

travels in

its

Move

vertical line,

oscillating

a

and

trajectory

be very short or very long, but the time taken
to effect it will be invariable, and will depend solely on
the length of the pendulum.
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What is tlie part played by these two elements,
wave-length and amplitude ?
In the case of the
pendulum, the vis viva [kinetic energy] of its waves
increases with the amplitude of its vibrations. As
regards sound, it is the wave-length that determines the pitch of a given note, while the amplitude
determines the intensity of this note.
With light the undulations of the ether give,
according to their length, notes which we call blue,
red, green, &c.
Their length is strictly invariable for
each note but their intensity may vary enormously
with the amplitude of the waves emitted from 1 to
1,000,000 between 600° and 1800° C, for instance, in
the case of the red radiations according to the measurements of M. Lechatelier. The intensity of a radiation
will make it oscillate between darkness and a blinding flash, without the wave-length undergoing any
change.
Besides the temperature, there are different means
of increasing or decreasing the amplitude of the
ethereal waves, and consequently the intensity of a
pencil of light. To do so, it is enough to concentrate
or, on the contrary, to disperse it, by lenses of suitable
form.
The intensity of a note or of a colour is then
very variable, but the length of the waves which produce this note or colour remains absolutely the same
during the whole period of the vibrations.
The eye and the ear are not organized so as to
accumulate impressions. A colour or a note of given
intensity will always produce the same effect, what;

—

ever the duration of their action. It is otherwise for
the photographic plate, for instance
certain reagents
capable of accumulating impressions. We can thus,
with a very slight but prolonged intensity, produce

—

—
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with those obtained with a very great
a very short time. It is the
possibiUty of this accumulation which enables us to
photograph bodies having a phosphorescence invisible
to the eye, simply because the amplitude of the vibrations of light emitted was too slight to impress the
effects identical

intensity, acting for

retina.

The

plate sees the radiations emitted
can accumulate them, and photographs
stars which the eye does not see by reason of their
too slight amplitude, although the sensitiveness of the
retina is enormously superior to that of the plate.
The eye is for light what the ear is for sound. There
exist dark light and silent sound, which the eye and
ear do not perceive, but which suitable reagents may
sensitive

because

it

reveal.

From the

which are on the edge
an hour's exposure to photograph,
Deslandres remarks that " the relation between the
sensitiveness of the eye and that of the photographic
plate should be the ratio between t's of a second and
fact that those stars

of visibility take

1 hour, or (say) uirouo."

—
—

Whatever be the reagent employed
retina,
photographic plate, or chemical compound
there
is always a minimum of amplitude variable in each,
below which light has no action. Berthelot pointed
out, for example, that the oxidation of bisulphide of
carbon, which in the sunlight can be effected in a
few hours, is never effected in diffused light, even
in a year's time.
For other reactions, such as the
combinations of chlorine and hydrogen, the intensity
of the light may, on the other hand, be extremely
slight.
These are phenomena which are not always
taken into account, but which must be known in
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order to understand the effects of light. It is because
they have been misunderstood that the variations of
certain vegetable functions in the different regions of

the spectrum have given rise, as we shall see, to so
many contradictory interpretations.
§ 3.

The Invisible Spectrum

The researches effected during recent years have
proved that the invisible solar spectrum is much
more extended than the visible. While this last
only reaches from 0-40
to 0-80 /x, the invisible
spectrum goes a little beyond 5 /a according to
Langleyi that is to say, it is about twelve times as
long as the other. The invisible spectrum of artificial sources of light is more extended still, since,
according to Rubens, it stretches as far as 60
The plates of the solar spectrum published in
fj,,

—

/u..

text-books of physics give a very false idea of it.
Not only do they reproduce nothing but the visible
region, but the distribution of the colour in it is very

inasmuch as the prismatic spectra used as
models reduce to a fourth or a fifth of its real size

inexact,

the extent of the red, and much exaggerate that of
the violet rays.
The distribution of the colours is only exact with
the diffraction spectra obtained by means of gratings.

The distance between the rays being

then pro-

portionate to the wave-length, the red occupies a
^ The
instrument employed by Lnngley was the bolometer,
which allows the xsTiTr^Tiinn)'!' "f ^ degree to be measured. It is
based on the fact that by heating a conducting body we increase

If rays of different intensities are allowed
to fall upon the microscopic wire which constitutes the essential
This is
part of the instrument, its electrical resistance varies.
measured by well-known methods \i.e. by a galvanometer. Ed.].
irs electrical resistance.
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much more

considerable extent tlian in the spectra
obtained with a prism.
It was in fact the employment of prisms for the
production of the spectra which led us to interpret
inaccurately the position of the maximum of calorific
energy. It was formerly placed in the infra-red. We
now know that it is found in the luminous part of
the spectrum. But as, in comparison with the total
length of this last, the visible region is of very small
extent, it follows that the total calorific energy is
much greater in the invisible infra-red. According

Fig. 14. Proportion of visible and invisible radiations in a. normal
Solar Spectrum. The great dark band on the left represents
the invisible infra-red region. It extends, according to the
The little
latest measurements, up to rather more than 5 /j..
white band represents the visible portion of the spectrum.
The still smaller dark band
It is about -jJii-tli of. the foregoing.
to the right represents the invisible ultra-violet region.

to the last measurements of Langley, the visible solar
spectrum only contains one-fifth part of the calorific
energy of the infra-red region. The invisible region
of the spectrum constitutes, then, the most important

It is only the sensitiveness of the
eye which creates the division between the
visible and the invisible parts of the spectrum. It is
not, doubtless, the same with all animals.
This immense invisible region of the spectrum,
wherein is found the greatest part of its energy,
ought to play a very important, though hardly
suspected, part in the phenomena of vegetable life

portion of light.

human
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in meteorology.

We

as yet

know none

properties except the calorific action.
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of its

Its variations

probably have considerable effect in the changes of
the seasons. Langley has recognised that the solar
spectrum changes at the different periods of the
year, and that the distribution of its energy is not

same at different seasons.
The one-fifth of the solar radiation which appears

the

under the form of

visible light seems at first a very
small proportion of the whole. It is in reality very
great if we compare it with that of artificial hght.

Distribution of visible and invisible energy in the light of the
All tlie part coloured black represents the energy
which, according to Langley, is unused. The part A B is
alone used in lighting.
The scale here stops at 3 fi.
To
make it quite exact, it should be prolonged much farther to the
right.

Fig. 15.

electric arc.

According to Wedding's
artificial

latest researches (1905) all
sources of light, including the electric arc,

hardly 1 per cent, of the radiations produced.
Ninety-nine per cent, of the radiations emitted are,
utilize

then, invisible.^

Although these figures vary with the observers,
none of them have found a less loss than 90 per cent.
1 These
figures vary notably according to different observers.
Chwolson gives 10 per cent, for the utilizable part of the electric
per
cent, for gas.
Professor Sylvanus Thompson {The
arc and 4
Manufacture of Light, 1906) adopts Wedding's latest figure of 1

per cent.
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If, then, we estimate at £3,000,000 or £4,000,000, as
has been done, the annual expenditure on artificial
lighting of a great country like England, we shall
see that the discovery of a means of transforming
the invisible calorific energy into visible light would
effect a saving of nearly £3,000,000 a year for one
country alone.
The problem does not appear at all insoluble, since
nature has already found the solution of it. The light
of phosphorescent animals is almost exclusively composed of rays belonging to the visible region of the
spectrum. All phosphorescent bodies also produce
light without previous heating.
It is probable that
in this case, then, it is the energies of the atoms and
not the disturbances of the molecules as in the case
which come into play. We Avill
of incandescence
return to this point when studying, in a future
chapter, the phosphorescence of gases.

—

—

I

4.

The Distribution of Energy throughout the

Spectrum

The

distribution of energy in the various regions

spectrum has been the object of numerous
They have not led, however, to any very
useful results, for the simple reason that, at a uniform
of the

researches.

temperature, the intensity of the various radiations
varies greatly according to the source of light.
We
have seen, for example, that the distribution in the
spectrum of a gas burner and in that of an Auer
mantle was very different, although their temperature was almost identical.
Nor is there any profit to be drawn from the
published researches on the distribution of energy
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by reason of the very great
which takes place in the infra-red according to the days, the hours, the attitude, and the
absorption exercised by the greater or less quantity
of water vapour in the atmosphere, &c.
All the early measurements of the energy of the
spectrum were, moreover, affected by errors due to
the employment of the prism to separate the various
radiations.
As the prism heaps together the radiations in the infra-red, and spreads them out conin the solar spectrum,

variation

siderably at the other extremity of the' spectrum,

was natural that the heat should be very great in
the part where the radiations were most condensed.
therefore supposed that in the infra-red was to

it

We

be found the hottest part of the solar spectrum.
This error and the curve which represents it still
figure in most elementary treatises on physics.
As soon as we succeeded, by means of gratings, in
producing spectra in which the deviation of the
radiations is proportional to the wave-length, it
became evident that it was not in the invisible infrared, but in the most luminous part of the spectrum,
that is from A to D, that the maximufti of calorific
action in the light of the sun is to be found.
No part of the spectrum is really devoid of calorific
It
action, as physicists for a long time believed.

would

suffice

to

intensity to cause
one could desire.

any radiation suflScient
produce any calorific action

give to
it

to

Independently of the causes of error just enumeis one much more serious still, which
connected with the very principle of the materials

rated, there
is

used.
Physicists were led to measure the energy of the
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spectrum solely by the evaluation of the calorific
M. Jamin shows in the
action of its different parts.
following passage the mental process involved in that
conception
"It was formerly supposed that three distinct
agents emanated from the sun heat, light, and
the chemical rays and that each of these gave rise
to a spectrum partially superposed upon the two
others, but as distinct in its nature as in its properties.
But we have been led by the force of
events to reject this complicated hypothesis, because
all experiments proved powerless to realize in practice
the separation supposed to be possible in theory.
Everybody now admits that the sun sends us vibrations, which are all of the same nature, and which
are only distinguished from each other by their
wave-lengths.
These different actions (luminous,
chemical, and calorific) are all executed at the
expense of the energy of the vibrations, but the
calorific action supplies the only rational measurement of them." 1
This mode of measurement was applied not only
to light, but" to all forms of energy.
It is deduced
from the idea that all the modes of energy, being
capable of transformation into heat, are measurable
:

—

—

by their calorific effects evaluated in calories or kilogrammetres, which are consequently their equivalents.
By considering in the spectrum nothing but heat,
we were naturally led to attribute to it all the actions
what the last-quoted author
expense of the calorific energy of
which the radiations can dispose," he says, " that the
impression of light on the eye and that on the photoobserved.
did.

''

Thisiis exactly

It is at the

'

Physique, 4th edition,

t. iii.

p.

100.
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graphic plate are alike produced." If it were really
so, the rays which can produce the maximum of
heat ought to be those which can best act on the
photographic plate and on the eye. Now, it is just
the contrary which is the case. It is not only in
the photographic action that we notice this want of
parallelism between the calorific intensity and the
effects observed. It is really striking to see produced
in very energetic
calorific action of

fashion, in the

which

is

almost

ultra-violet, the

nil,

certain effects,

such as the dissociation of matter, while they are
insignificant in the hotter parts of the spectrum.
ought to conclude from this, that the various

We

of the spectrum possess actions having
no common measure. Accordinor to the reaarent
employed the eye, the photographic plate, the
thermometer, the electrometer
the distribution
of energy will be very different.
The reagents
strongly impressed by a certain radiation are silent

regions

—

—

to another.

In

reality, a

curve

is

required for each of them,

and it must not be claimed that the energy of the
spectrum can be determined by a single one, as
has hitherto been done.

§

5.

The Absorption of Light by Matter

To its property of emitting luminous rays, matter
adds that of being able to absorb them or to allow
them to pass through it. There is thus a permanent
interchange between matter and the ether, as I have
already pointed out.

When

a

body allows

without subjecting

it

through itself
any sensible modification.

light to pass

to
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it is

called transparent.

In the contrary

case, it is

called opaque.

Our

ideas as to transparency

much modified during the
known at the present day
entirely transparent to all

and opacity have been

last

few years. It is
is no body

that there
radiations.

A

strip of

glass one-tenth of a millimetre thick, completely
transparent to the eye, is yet absolutely opaque for
the whole ultra-violet extremity of the spectrum and
for a notable part of the infra-red.
Transparency is always selective and, consequently,
never complete. If there existed a body entirely
it could be exposed to the most intense
source of heat without becoming warm, since it
would not absorb any radiation. The rise in temperature of a body exposed to a radiation is only
due, in fact, to the absorption by it of those radia-

transparent,

tions

it

which have no temperature of their own.

The greater the opaqueness of a body the more
absorbs and the more it becomes heated, except,

through the polish of its
sends back into space the vibrations of the
ether which reach it.
We now attempt, as before said, to explain the
transparency and opacity of bodies by a phenomenon
resembling that of acoustic resonance.
A slight
modification of the current theory will suffice to
show that these phenomena are the consequences of
the same law. Matter may be considered to be composed of small molecular tuning-forks capable, like
ordinary ones, of vibrating to certain notes, but not
to others.
When struck by the vibrations of the
ether, they vibrate according to their structure, in
unison with certain vibrations and receive no impresnaturally, in cases where,
surface,

it

a
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from others.
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radiation which causes
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them

to vibrate remains, in issuing from the transparent

body, exactly the same as when it entered it, having
undergone, in the case of other modifications, only a
slackening of speed, in consequence, no doubt, of the
time necessary to increase the vibrations of the atoms.
Opaque bodies must, on the contrary, be formed
of elements unable to vibrate in unison with the
vibrations

which strike them.

They

can,

then,

only emit irregular vibrations which vanish at once
by transmitting themselves to the neighbouring
molecules.
From these movements must result
the heating of bodies struck by light. Absorption
would be, then, an absolute transfer of the movement of the ether to the bodies which are plunged
therein.

When

transparent to one radiation
is the general case
the molecules vibrate in unison with the vibrations
which pass through them and absorb others. A
red or blue glass possesses its colour because it
a substance

and opaque

to

is

another

—which

can only allow the radiations of the spectrum
corresponding to the blue or red to pass and can
keep back the others.
This theory of resonance is only maintainable if
we suppose the molecules of bodies to be already
animated by rapid movements to which the vibrations of the ether do but impart direction. It would
be, otherwise, quite impossible to suppose that the
vibrations of the ether could give to the atoms the
enormous total of energy necessary to cause them to
with the rapidity of light.
According to this theory, the only difference between a transparent and an opaque body rests on
o

oscillate
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the nature of the vibrations they each emit. The
upon them pass through the transparent body, and cause in their passage the atoms

vibrations falling

of matter to vibrate in unison with the incident

They would equally cause the atoms of the
opaque body to vibrate, but would diffuse themselves
throughout its mass.
In both cases the luminous
energy, having struck the face of an opaque or a
transparent plate, necessarily reappears on the other
side.
In the ease of transparency, the ray on issuing
in the case of opacity,
is the same as on entering
the plate is heated, and then emits in all directions
and no longer in one single direction— radiations
with a wave-length greatly differing from that which
struck the other side. While the light does not
modify the temperature of a transparent" body, it
raises, on the contrary, that of an opaque one.
If the amplitude of the luminous waves striking an opaque body be great enough, the' molecules
of this body may be driven sufficiently apart to cause

raj'.

;

.

—

it

to pass into the liquid or gaseous state.

The absorption of light by matter is closely connected with the structure of this last. The modifications produced by its changes enable the composition
of bodies to be ascertained.
They are easily
noticed by interposing the substance it is desired
to

examine between a luminous source and the

a. spectroscope.
Many liquids very transparent to the eye present bands of absorption which
vary with the slightest changes in their composition.

prism of

Traces of impurity are thus easily discerned. It is
possible, for instance, to detect the presence of OTJ^coth
part of pyridine in ammonia.
Gases are very absorbent for certain radiations,
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and very little so for others. The gases of the
atmosphere totally absorb all the ultra-violet starting from 0-295 /^, and all the infra-red beyond 5
The ozone of the atmosphere also shows itself very
absorbent for the ultra-violet, and the accidental disappearance of this region from the line M onwards,
observed in my experiments, is perhaps due to the
i^-.

momentary excess of this substance.
It is somewhat difficult in the theory

of trans-

parency by resonance, given above, to understand
how the same body can be transparent or opaque to
regions situated at the extremities of the spectrum.

Window

glass

is

quite opaque, not only to the ultra-

all the infra-red region beyond
and
consequently to the calorific
/^,
radiations emitted by bodies heated to 100° C. or less.
This partial transparency of matter to the luminous
vibrations of the ether should be compared with its

violet,

but likewise to

from

2 to

3

complete transparency

to

the electric or magnetic

which are also
composed of ether, but in a form unknown to us.
They are the only elements of which matter is unable

lines of force pointed out previously,

Why does it allow the ether
I can
one form and not in another ?
give no answer to this question.
to stay the progress.
to pass in

§ G.

The Chemical and Photograpldc Action
of Light

When the vibrations of the ether produced by
the heating of matter meet a body, they produce
varied effects, which we may divide into three classes.
This is the pressure exer1. Mechanical Action.
Being very slight, it can
cised by radiant energy.
only be made evident by very sensitive instruments.
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It

may, however, be

grcavity in the case of

mation of comets

is

sufficiently intense to

The

very light bodies.

attributed to

its

annul
defor-

influence.

Dissociating Action on the Atoms of Matter.
is put in evidence by the researches set forth
in my former work, to which I shall return in a later
2.

This

chapter.

Chemical Actions. Comprise very different reactions (oxidation, reduction, &c.) made use of in
photography.

Of these

different actions, I shall

now

only study

certain particular effects with regard to photography
which have been observed in the course of

my

researches.
It being conceded that the electric particles of
the cathode rays and of radio-active bodies impress
photographic plates, we might be tempted to ascribe
the formation of the latent image to a kind of ioniza1 formerly
tion of the gelatino-bromide of silver.
thought of maintaining this hypothesis, but there
are the two following facts against it
(1) It is
:

impossible to observe any radio-activity during the
exposure of the photographic plate to the light;
(2) the blue rays which chiefly act on the photographic plate are by no means the most active agents
in the dissociation of matter.
The elucidation of this last point led me to inquire
which were the radiations with the greatest action
on the photographic impression.
In order to make these evident I exposed a photographic plate behind a spectroscope, and watched in
which region the impression commenced. It always

began in the
ultra-violet.

blue,

and never in the

violet or the
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Although the Jena-glass prisms of my spectroscopes
allow nearly all the solar ultra-violet to pass, they,
however, absorb a portion, and it might be objected
to the above experiments that the feeble action of
the violet and the ultra-violet was the result of this
absorption.

I therefore

asked M. de Watteville,

who

owns a large spectroscope with a quartz prism, very
transparent to ultra-violet rays, to repeat

[

M

L

my

experi-
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It

would be much more interesting to increase the

sensitiveness

of the plates for

all

regions of the

The part utilized in photography hardly
represents more than about the twentieth part of the
solar spectrum, which goes from 5 /i to 0*295 fi,
including the yisible and invisible rays. The visible
part only extends from 0'4 /a to 0"8 /a. Even if we
spectrum.

only take note of the visible spectrum, it will be
seen that the photographic plate utilizes but a very
small part of it.
No doubt, by various means, we can render the
plates fairly sensitive as far as the red but this sensi.

;

very illusory, for enormous differences of
exposure are always required to obtain images with
The only real advantage
blue, green, and red light.
of the plates termed or tho chromatic is that they
are less sensitive to the blue than ordinary plates.
The same result is obtained by simplj' placing a
yellow glass before the objective. With any plate
whatever we obtain an impression as intense as can
be desired by sufficiently prolonging the exposure.
A landscape may very well be photographed through
a red glass.
tiveness

It

is

is

this difference of rapidity of action in the

luminous radiations which chansres all the
values in the photographic reproduction of landscapes.
We obviate these differences somewhat by
prolonging the exposure so as to allow the feebly
different

actinic rays

the

time to

phenomenon

act,

but then soon comes in

of irradiation, consisting in the fact

that every part impressed acts as a luminous centre

on the neighbouring region, not only directly, but
by its reflection on the posterior face of the glass.
I have made not a few experiments on this subject,

''/

^^^^^^^R

Figs. 17 to 20.
Variations of images obtained by irradiation
with a metallic cross.

and

inversion

A tin

cross is glued on a glass plate and a sensitized plate put in a
dark slide under this screen and in contact with the tin. The
whole is then exposed to the light of a lamp. By merely
varying the exposure between one second and five minutes

we

obtain (1) White image of the cross (black in positive).
Propagation of the impression under the cross. (3) Almost
complete disappearance of the image. (4) Black image of the
(2)

cross.

To face page
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and have observed that with sufficiently long exposures the impression can be propagated to within
half a centimetre of the region reached by the
light.
It is for this reason that the photography of
very fine lines is very difficult. Vain attempts have
been made to thus reproduce by photography the
diamond-cut gratings employed in certain processes.
I will sum up for my photographer readers the
experiments that I have carried out with the
spectroscope described in another chapter for the
examination of those regions of the spectrum which
impress photographic plates according to the length
of exposure, the nature of the plates employed, and

—

—

the coloured glasses placed before the objective.
Parts of the Solar Spectrum utilized in photography according to the length of exposure with ordinary and with
ortho chromatic plates. {Gf. Fig. 16.)
(1)

Ordinary rapid

plates.

— The impression extends from F to
the middle of the interval between H and G.
Two seconds exposure, — The image extends up to K on one
side, and nearly to E on the other.
prolonged beyond
Fifteen seconds erposure. — The impression

Instantaneous exposure.

is

L on

the side of the ultra-violet, and extends nearly up
to D on the side of the red.
It is, then, sufficient to expose an ordinary plate long enough
for it to be impressed by the least actinic rays. In proportion
as the exposure is lengthened, the intensity of the impression
and E, and much less rapidly from E to
increases between
A.
We then have a plate over-exposed for the blue, and
hardly enough so for the other colours.

H

—A

blue glass reduces but very
feebly the image during instantaneous exposures even

Injhienir of a coloured glass.

with the ultra-violet region.
A yellow glass does not reduce the intensity of the
image on the side of the red, but does so on the side of
to the ultra-violet. If instead of
the blue, i.e. from
one second's exposure we give it thirty seconds, all the

H

2i6
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colours impress the plate, and, moreover, as the action
of the blue is much extended, the unevenness of the
impression is diminished. In photography therefore, as
soon as one has to prolong the expbsure, a dark yellow
glass should be put in front of the objective. The best
orthoohromatic plate is an ordinary one with a yellow
glass.
A green glass would further reduce the impression on the side of the blue, but its use would only
be of advantage with a too prolonged exposure.
(2) So-called ortJiochromatic plates.

The substances with which these plates are covered render
them much less sensitive to the blue rays than ordinary
Their sensitiveness extends from a little on the side
plates.
of the red to beyond D, but without in any way attaining the
These plates
ray A save with an exaggerated exposure.
behave in reality like an ordinary plate before which one has
placed a yellow glass, but are very inferior to it.
They are very little sensitive in the green (between E
and F), i.e. exactly in that region where sensitiveness is most
necessary. Moreover, if their sensitiveness is greater than
that of ordinary plates on the side of the red, it is much less
so on the side of the violet. If one uses them with a yellow
glass, as has been proposed, the effects are disastrous. The impression between B and F, i.e. in the region of the green, from
being insufficient is arrested altogether. Orthoohromatic plates
at least those made in France, which I have alone studied
possess beside the above defects that of being foggy. Even
when one develops them in complete darkness they give grey
and flat images.

—

CHAPTER IV
THE DEMATERIALIZATION OF MATTER UNDER THE
ACTION OF LIGHT
§ 1.

The Dissociation of Matter under the influence
Radiations of the Solar Spectrum

of the different

I HAVE studied at length, in revolution de la
Matiere, the dissociation which all bodies undergo
under the influence of luminous radiations, and have
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shown that a body struck by

light emits effluves of
the family of the cathode rays, of which the quantity
varies considerably with the nature of the radiations.
If I return to this question, it is because I have been
led to^ study in this work the principal actions of
light.
My experiments on this subject were recently
verified by one of the most illustrious scholars of
the day, Sir William Ramsay. ^
He has published, with regard to the dissociation
of matter under the influence of light, a memoir
extremely remarkable, not only on account of the precision of the experiments, but also of the theoretical
considerations which it contains. The results obtained
by him were identical with my own, and he entirely
admits the theory of the dissociation of matter. His
conclusions are even bolder than mine.
" If it turns out to be true," he says, " as Soddy
claims to have shown
that a disintegrating
element which parts with /8 rays or electrons, leaves
behind it matter not associated with a positive charge;
and if it be also true that such 'disintegration' implies
transmutation into some other form of elementary
matter,' then it may be that the phenomena of which
a description is given in the following pages refer to
cases of transmutation.
When zinc, for example,
illuminated by ultra-violet light parts with corpuscles,
the zinc minus
it may be that the residual matter
electrons
is no longer zinc, but some other form or
.

.

.

'

—

—

' "The
work," writes Sir William Ramsay, "was undertaken
with the object of repeating some experiments of Le Bon, described
in several papers published in the Comptes liendus, and afterwards

in greater detail in his treatise, VEvolution de la Mutiere,
It will be remembered that Le Bon, by allowing ultra-violet to fall
upon clean metallic surfaces raised to a high potential, caused them
to give up their charges " {Philosophical Magazine, October 1906,
.

p.

401).

.

.
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forms of elementary matter." Ramsay considers the
action of ultra-violet light, moreover, as a kind of
detonator which produces the disintegration of the
elements of matter.
I was very pleased to see so eminent a scholar
confirm the correctness of my experiments, and arrive
at the conclusions which I have so long upheld. It
will not be without interest to state briefly the origin
of these last.

The experiments by which I demonstrated that
the action of light on bodies produced effluves similar
to those of uranium
the only radio-active body then
known are not new, since they were published for
the first time about ten years ago. They were the

—

starting-point of
ciation of matter,

—

my

theory of the universal dissoI have recurred to them in

and

several memoirs.

After having shown that solar light exercised in
different degrees a dissociating action

on

all bodies, I

commenced

the examination of ultra-violet radiations,
the study of which had given rise to many works.

My

remarks demonstrated
That the so-called negative discharge was likewise positive, contrary to what was then taught.
2. That the discharge of electrified bodies is very
different according to the bodies employed, a point
likewise verified by Ramsay, and contrary to what
was then taught.
3. That it was not at all by the pulverization of the
metal struck by light that the discharge was effected,
as was formerly the opinion of Lenard, but by the
dissociation of its atoms. This most important point,
but little disputed at the present time, and likewise
admitted by Ramsay, was very now and unforeseen at
1.

:
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when no one dreamed of establishing a kinship
any kind between the effluves produced by the
action of light and the cathode and uranium rays.
All these experiments, which appear so simple
when one reads them set forth in a book, bristle
with enormous difficulties, and, above all, with causes
of error, which explain the erroneous opinions formulated by observers. They studied, moreover, the
action of light on bodies without having ever suspected
that from this study would one day issue the theory

a date
of

of the dissociation of matter.

Other persons will carry on these researches, for
the subject is far from being exhausted.
I shall
render them service by pointing out the causes of
error which delayed me for a long time, and finally led
me to establish the spontaneous radio-activity of all
the metals. Nothing would be more instructive for
the history of the evolution of ideas than the recital
of the uncertainties through which those engaged in
research have passed, and of which their final works
naturally contain no trace.
In my first experiment I had indeed verified that
the effluves emitted by bodies subjected to the action
of light passed, as has been likewise recognized by
Ramsay, through thin metallic screens. But as they
sometimes seemed to transpierce somewhat thick
The
ones, I had to seek the reason of this anomaly.
cathode rays, to which I assimilated these effluves,
can, in fact, only pass through extremely thin plates.
observed that these effluves went round
most curious way, as if they rolled
on their surface. The remedy seemed very simple,
since it was only a question of giving to the supposed
screens the form of a closed cylinder surrounding the
I

first

obstacles in the
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But instead of simplifying
the question I had created new problems, to interpret
which took me several months.
The electroscope, surrounded by its protecting
ball of the electroscope.

cylinder,

on exposure to the sun discharged

to the extent of several degrees in a

itself

few minutes,

and then it gave no further discharge, even when
the metal was cleaned. If the cylinder was replaced
by another of the same substance the discharge re-

commenced, and then after a certain lapse of time
stopped again. For what reasons did a body having
certain properties lose them a few minutes later ?
I will not enumerate here all the researches made
to separate the factors which might be at work and

From one elimination
remained only the influence of
heat.
This was indeed the active cause,, for by replacing the sun by a body heated but not incandescent,
and placed in the dark near the cylinder surrounding
to stildy the action of each.
after another, there

the electroscope, the dischai'ge took place but, as
with the sun, it soon stopped. What part did heat
play in this phenomenon ?
Evidently it was improbable that an amount of
heat only capable of raising by a few degrees the
surface of a metal should render the air contained in
Heat, moreits interior a conductor of electricity.
over, could not be the only element which inter;

vened, since the metal cylinders exposed to its action
No
soon lost their influence on the electroscope.

amount of cleaning restored their properties. The
majority of them, however, regained them spontaneously in the course of a few days.
Again I had to proceed by successive eliminations,
and I at last succeeded in verifying that the metals
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under the influence of heat something which
they could afterwards regain by repose. This something was simply a small pi-ovision of radio-active particles formed spontaneously in all bodies. As the final
result of these researches I reached the two followlost

—

ing conclusions
(1) Light, especially the ultra-violet
rays, which only exercise, as is known, an insignificant
calorific action, dissociates matter and transforms it
into products analogous to those emitted by radium
or uranium (2) outside the action of light, and independently of it, luminous or dark heat provokes
in bodies the loss of an infinitesimal quantity of the
radio-activity they contain, which may be spontaneously regenerated.
All bodies are therefore
slightly radio-active, and the dissociation of matter
is indeed a universal phenomenon.
Ramsay has very thoroughly observed in his skilful
:

;

experiments this
their properties

He

attributes

of the

it

"

fatigue " of metals,

more

lose

to a modification of the equilibrium

atoms on their

surface, a theory which,

ever, does not sensibly differ
§ 2.

which

or less after a certain time.

Origin of the Phenomena attrihtUed
Presence of

how-

from mine.
to the

Radium

Since I am on the subject of radio-activity, it will
not be without interest to say a few words on a great
discussion which has been eagerly followed by the
English public, and in which the most eminent
Lord Kelvin, Sir Oliver Lodge, Sir William
scholars
Crookes, &c. have taken part. From the scientific
journals it has passed into political papers like the
Times. Though the engagement was sharp, the conclusions have remained very uncertain.

—

—
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was the extension of this theory,
very erroneous, as may be seen
general
but
still very
by the above statements, that all radio-activity is
due to the presence of radium or some body of that
Its starting-point

family.

Radio-activity being
sicists

who do not

now found everywhere, phy-

yet admit the theory of the

universal dissociation of matter are indeed compelled
After
to suppose that there is radium everywhere.

having been the most rare body in nature, it should
now be the most abundant.
Starting with this idea, a physicist mamtained
before the British Association that the internal heat
of the globe might well be due to the action of the
radium of which the earth should be full.
Persons who have not made a deep study of this
body may think that it is a well-defined substance like
sodium or gold, and that consequently it is easy to
ascertain its presence by certain reagents now, it is
nothing of the kind. Let us put aside certain rays
in the spectrum of a rather disputable interpretation,
and which, moreover, are only observed in very con;

and let us
based the assertion that this body

centrated solutions of salts of radium

examine on what

is

;

very common.
simply this fundamental characteristic the
emission of particles which bear a certain quantity of
electricity, and are therefore capable of discharging
an electrometer. There exists no other means of
practical investigation, and it was by taking this
exclusively as a guide that radium was finally isolated from the various substances with which it was
is

—

It is

mixed

up.

This characteristic would, moreover, be an excellent
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touchstone if radium or the substances of the same
family were alone in presenting it. But all bodies
in nature possess it, as I have shown, either spontaneously or under the influence of very varied
causes, such as light, heat, chemical reactions, &c.
and it follows that properties are attributed to radium
which may belong to very different bodies. If we
are bent on admitting that radio-activity is the cause
of the internal temperature of the globe, there is no
need to invoke the supposed presence of radium. All
bodies at a high temperature, such as are apparently
those which exist in the interior of our planet,
liberate torrents of electric particles analogous to
those produced by radium. I do not know whether
they serve to maintain the earth's heat, but it seems
more reasonable to believe that they play a part in
the production of earthquakes.
That which concerns the actions of light on matter
may be summed up in the statement that the light
absorbed by a body transforms itself, according to
that body and to the rays which act on it, into very
light, heat, chemical equilibria, disdifferent effects
In the case of dissociation,
sociation of matter, &c.
the energy emitted by the dissociated body in the
form of different particles may be far superior to the

—

energy which provoked its dissociation. Light, then,
It may
acts like a spark on a mass of gunpowder.
therefore be said in a general way that all the physical
or chemical properties of a body which has absorbed
light are more or less modified by the fact of this
absorption alone.

BOOK

III

THE PROBLEMS OF PHOSPHORESCENCE

CHAPTER

I

PHOSPHORESCENCE PEODUCED BY LIGHT
§ 1.

The Different Forvis of Phosphorescence

The name

of phosphorescence is given to the proseveral bodies possess of becoming

perty which

luminous

after

having been exposed to various

in-

fluences, that of the solar radiations especially.

Phosphorescence, one of the most difiicult problems in physics, and one of those of -which the
interpretation is the most complicated, realizes the
apparent paradox of generating cold light that is to
say, light without any rise in temperature.
In all
our ordinary sources of lighting, light is only manifested after the bodies producing it have been first
brought to a high temperature.
For a long time, phosphorescence was thought
a phenomenon as rare in the mineral as in the
animal world.
Recent researches on deep-sea
animals prove that, for an immense number of
beings, phosphorescence is a normal means of lighting which enables them to guide themselves in those
dark abysses of the sea where the sun never penetrates.
It may be asked at the present day whether

—
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the animals knowing no other light but phosphorescence are not more numerous than those
whose light is the sun. The phenomena of phosphorescence which formerly struck us by their
exceptional character, now do so by their frequency.
We have often come across the action of phosphorescence in the course of our researches. The
documents already published, which were confined
almost entirely to the researches of Edmond
Becquerel fifty years ago, not enabling me to explain
the phenomena observed, I was led to take up this
study anew. The new facts which I recognised are
soon stated.
The customary divisions of phosphorescence being
very artificial, it would be useless to reproduce them.
I shall confine myself to dividing the phenomena
into four classes. The three first have long been
known. The fourth is due to my researches.
1. Phosphorescence generated by light.
2. Phosphorescence independent of light and determined by
different physical excitants, such as heat, friction,
electricity, and the X-rays.
3. Phosphorescence by
In this class are placed the
chemical reaction.
luminous phenomena exhibited by certain living
4. Invisible phosphorescence.
This combeings.
prises the production of light incapable of impressing the eye, but able to impress the photographic
plate and to be rendered visible by different

—

—

—

means.

We will only study, in this chapter, the phosphorescence produced by light.
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I

2.

Action of the different Regions of the Spectrum
on Bodies capable of Phosphorescence

Many

bodies, either natural, like

apatite, fluorite,

and leucophane,

the diamond,

or artificial,

like

the sulphides of the alkaline earths, have the property of shining in the dark after having been

exposed for a moment to daylight.
With the exception of the diamond, of which
the luminosity is, at times, very vivid, the phosphorescence acquired by minerals is always much
inferior

to

that

of artificially

manufactured sub-

A

very large number of bodies are capable,
as E. Becquerel showed with his phosphoroscope, of
acquiring the property of shining for a small fraction
of a second after being exposed to light.
In this last class of bodies of brief phosphorescence

stances.

are placed the compounds called fluorescent. It was
formerly wished to make of these a special class, on
the pretext that they had the property of trans-

forming invisible ultra-violet light into visible light.
This property is really common to the various phosphorescent bodies. Nearly all, in fact, are capable
of being illuminated by the ultra-violet end of the
spectrum.
The action of the various regions of the spectrum
is best observed with the phosphorescent sulphides.
These sulphides are only four in number those of
calcium, barium, strontium, and zinc. Exposed to
the light for a few seconds, they acquire a phosphorescence which lasts several hours after the insolation,^ but constantly decreases during this period.
:

'

Insolation, or exposure to the sun,

marked, to be distinguished from
Ed.
electricity.

is,

it

insulation,

need hardly be rethe term used in
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great sensitiveness of these bodies to light

comes very near

to that of the

gelatino-bromide

photographic plates.

The sulphides of calcium, of strontium, and of
barium have very similar properties they hardly
differ from each other, except by the colour of their
phosphorescence and the rapidity with -which they
The sulphide of calcium
are impressed by light.
is the most rapidly impressed, that of strontium the
;

This last requires several seconds of mreach its maximum of illumination,
while the sulphide of calcium can be impressed in
one-thirtieth of a second in the sun.
The sulphide of zinc with green phosphorescence
and not those with the yellow or orange possesses,
for the study of the radiations from green to very far
in the infra-red, a special sensitiveness lacking in
Thanks to this, I was able
the other sulphides.
to demonstrate the great transparency to light of
bodies formerly deemed very opaque. A screen of
sulphide of zinc exposed to daylight when exposed
least so.

solation

to

—

—

I

to

yellow,

green, red, and especially to infra-red

immediately extinguished. By precise
measurements effected by diaphragms, of which I
had measured the speed with a registering chronograph, I was able to note that, in less than one-tenth
of a second, insolated sulphide of zinc began to be
radiations,

is

extinguished in the infra-red. I made use of this
property to obtain instantaneous photographs in
complete darkness, as will be seen in another
chapter.

The extreme sensitiveness of sulphide of zinc
renders its illumination very variable, according to
the proportion of infra-red rays contained in the
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various sources of light. While the other sulphides
become illuminated by the simple light of a paraffin

lamp, sulphide of zinc not only does not do so, but
if it has been
previously exposed to daylight.
The sulphides of calcium and strontium being
little sensitive to the infra-red rays, light up very
well, on the contrary, with the light of a lamp or
even of a candle. We thus obtain at once the means
of distinguishing the sulphide of strontium if it be
fraudulently substituted for sulphide of zinc, although
its phosphorescence possesses the same green tint.
A screen of sulphide of strontium becomes illuminated by the light of a candle a screen of sulphide
of zinc previously exposed to sunlight, on the contrary, becomes extinguished.
I must add that the
sulphide of zinc with green phosphorescence, the
only one serviceable for these experiments, is rarely
met with in commerce.
If sulphide of zinc is a valuable reagent for the
infra-red rays, sulphide of calcium is as valuable
for the radiations of the other extremity of the
spectrum that is to say, for the blue and violet rays.
One-tenth of a second's exposure to hght suffices
for its impression to commence.
To study the action of the various rays of the
spectrum on phosphorescence, we have only to place
in the focus of a spectroscope adapted for projection
and mounted on a camera obscura, a plate covered
with a phosphorescent sulphide, and after exposure
to light to open the carrier in the dark.
I used a three-prism spectroscope in front of
which was a condensing lens, which is necessary in
many experiments in order to increase the intensity

becomes immediately extinguished

;

—
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of the luminous rays falling on the plate. In studying the action of light on phosphorescent bodies,
these latter ought to be spread on glass or cardboard screens. The process of making phosphorescent
screens,

which I

finally

adopted

after trying several,

—

the following
The sulphide is ground in an agate
mortar and passed through a sieve of the very finest
silk.
It is then thoroughly mixed in the same mortar
with a varnish known to colour merchants as bronzing
varnish ; the proportion of the powder added to the
varnish may vary according to the quality of the
When
latter, but must not be less than 30 per cent.
the mixture is perfectly homogeneous, it is poured,
without being allowed to settle and in the same
manner as collodion, on to a piece of cardboard laid
flat.
Care must be previously taken to gum on the

is

:

edges of the card a small mount half a millimetre
and two or three millimetres wide.

thick,

If the

mixture

we obtain

is

poured on to a

strip of glass,

a transparent screen having exactly the

appearance of fine ground glass.
If the liquid is
poured on cardboard, the screen is naturally opaque,
but as the coating can be made thicker, it is more
luminous. When too much varnish has not been
put into the mixture, the screen is dry and ready for
use in a quarter of an hour.
If we wish to preserve the image of the sulphide
impressed by the various rays, all that is needed
is to lay the screen for a few minutes on a photographic plate, which is afterwards developed in the
ordinary way.
When operating with screens as above described
and placed in the focus of the spectroscope, nothing
is more simple than to observe the action of the
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We

then remark
various parts of the spectrum.
that the only part of the solar spectrum able to
impress phosphorescent bodies starts from the blue
The rest of
to end very far on in the ultra-violet.
the spectrum that. is to say, all the rays from the
green to far on in the infra-red are not only without action on the production of phosphorescence, but
destroy it when directed on a phosphorescent body
made luminous by the ultra-violet rays.
These facts had been summarily observed long
ago, but the interpretation of them was very incomplete, for the extinction of light was attributed to
a calorific excitement which obliged the sulphide to
emit its phosphorescence in a short space of time.
As far as concerns sulphide of zinc especially, comparative experiments made on screens placed one
beside the other have shown me that no period of
excitement ever precedes the period of extinction.
It is only in the case of sulphide of calcium that a
very slight excitement of phosphorescence is seen to
precede its extinction.

—

From

the

pomt

—

of view of its action

on phospho-

rescent bodies, the solar spectrum thus comprises two

regions very different, since their properties are quite
opposed to each other (1) a region of illumination

—

corresponding to about half the visible spectrum,
ranging from the blue into the ultra-violet; (2) a
region of extinction corresponding to the other part
of the spectrum and going far into the infra-red.
In the part intermediate between these two regions,
varying slightly according to the sulphide used, but

round the line F, there is a zone at once
extinguishing and illuminating according to circumWith a screen of unexposed sulphide, it
stances.

oscillating
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excites a certain degree of phospliorescence, whicli

always very slight. With a screen rendered very
by previous insolation, it also restores the
phosphorescence in a slight degree.
These last experiments, easy to observe in a camera
obscura furnished with a spectroscope, are more conveniently, though less exactly effected, with a simple
yellow glass. If, in a photographic slide closed by a
light yellow glass, a screen of unexposed sulphide of
calcium is placed, and beside it another screen previously insolated, and the frame is opened in the dark
after the exposure of the two screens to sunlight
through the yellow glass, it is observed that they are
both very slightly luminous. On the non-insolated
one, the rays which are both extinguishers and illuminators have acted as the latter, and have produced
On the screen previously
a slight phosphorescence.
insolated of which the phosphorescence was at first
very bright, they have acted as extinguishers and
have reduced it considerably. There therefore exist
rays possessing the property of both producing a certain degree of phosphorescence and extinguishing it
when it exceeds that degree.
The above results are of great importance. They
Avill permit us, in another chapter, to resolve by very
simple experiments the question of the existence of
the antagonistic action of the two extremities of the
spectrum. This point had been discussed for more
than fifty years, and photographic experiments have

is

brilliant

not hitherto thrown
§ 3.

much

light

upon

Phosphorescence of the

it.

Diamond

Although by its phosphorescent actions the
diamond resembles the bodies we have just studied,
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yet possesses special and highly interesting prothe study of which delayed me some time.
It is for this reason that I devote a section to it.
The diamond differs from the other natural minerals capable of phosphorescence, because while in

it

perties,

these last the aptitude for becoming luminous under
the influence of light is in part destroyed by heat,
in the diamond it is not so.
Although the property possessed by the diamond
of becoming luminous in the dark after having been
exposed to the light was known throughout antiquity,
its phosphorescence has not been the object of any
Mineralogists had not even taken
special study.
the trouble to seek for the origin of phosphorescent
diamonds, and to note that while certain mines furnish diamonds which are always phosphorescent, the
contrary is the case with others.

The diamonds

of

commerce come

either

from

Brazil or from

the Cape. Nearly all the Indian
mines have been long since exhausted. Those still

worked yield

inferior products,

which are no longer

sent to Europe.

All diamonds, including the very whitest, are to a

Not one of the speconsulted admits the existence of absolutely

practised eye slightly tinted.
cialists

colourless diamonds.

The

—

diamonds that is to say, the most
from the Bahia mines in Brazil.
They become every day more rare. The immense
finest

sparkling

—come

majority of those at present sold as Brazilian are
simply Cape diamonds.^
^ Very small diamonds, those under one carat, fetch about the
same price, whether they come from the Cape or Brazil. Considerable differences of price only occur in diamonds above one carat
(205 milligr.). Bahia diamonds are in that case worth about 40 per
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Cape diamonds, often as colourless as those of
and sometimes larger, are always very inferior
to the Brazilian, not only by their hardness but also
by their brightness.
Placed by the side of the

Brazil,

Brazilian, they appear dull.

In order not to confuse the particular with the

hundred diamonds of
some Cape and some Brazilian. The latter
mostly came from the Bahia mine, and presented all

general, I studied about two
all sizes,

known

varieties of colour.^

In order to study the visible phosphorescence, the
diamonds were subjected to an illumination produced by a ribbon of magnesium 15 centimetres
This operation
long, set on fire by a spirit lamp.
must always be effected by an assistant, while the
observer remains in the dark so as not to be dazzled
by the strong light of the burning magnesium,
which prevents him afterwards from seeing the
phosphorescence.
The first trials made on a parcel of about a

hundred diamonds of all tints, half of them Brazilian
and the other half Cape, immediately showed me one
curious fact. Nearly all the Brazilian and all those of
the Bahia mine were, during the operation, brightly
phosphorescent, as

much

of sulphide of zinc.

so as an insolated fragment

Not one

of the

Cape diamonds

was phosphorescent.
more than those of the Cape. I will indicate further on means
within the reach of every one of distinguishing between these two
qualities of diamonds, which jewellers often do not hesitate to substitute one for the other.
1 All these diamonds, exclusive of those which I bought for the
purpose of pounding up, were lent to me bj two of our great
diamond importers, M. Pelletier and M. Oohs. All my thanks are
due to them for the trouble they took in procuring for me, from
various mines, the diamonds I desired.
cent,

THE EVOLUTION OF FORCES

234

The non-phospliorescence of the Cape .diamond is,
however, not absolute, for after one has remained in
the dark for at least twenty minutes, in order to rest
the eyes, during which time the diamonds should
be exposed to the sun by an assistant, a very
slight phosphorescence on nearly half of them is
detected. This phosphorescence is on the border of

—

—

the perceptible

minimum

comparable
diamonds.

the brilliant light of the Brazilian

to

of light,

and

is

in

no way

The same experiments repeated many times with
other diamonds of

known origin have always

afforded

the same results.
As a first conclusion,

we see that it is not to the
diamond, but to its geological
Whitish or
origin, that its phosphorescence is due.
yellowish diamonds from Bahia are phosphorescent,
while those from the Cape are not, whatever be their
coloration

of the

colour.

As with the various phosphorescent

bodies, pul-

verization notably reduces the phosphorescence

of

the diamond, but does not destroy it.
All diamonds which phosphoresce by the action of
light also do so when a pencil of X-rays is directed

upon them.
Subjected to the electric induction spark in the
This means of distinguishing Brazilian from Cape diamonds
very exact, and has more than once enabled me to enlighten
purchasers on the real value of their diamonds, indications which
have always been found correct by appraisers.
I was able to
discover immediately, out of a parcel of sixty Cape diamonds, a,
Brazilian one placed there in error.
This diagnosis is available to
every one, and will enable many persons to observe that they sometimes pay nearly double their value for diamonds. A diamond
sold for 10,000 francs on the strength of its being Brazilian is in
reality only worth 6000 francs if it is from the Cape.
^

is
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method described in another chapter, all diamonds
become phosphorescent. They likewise become so

when exposed

to

through a thin

leaf of

We

the influence

of radium,

shall see in another chapter that

likewise exhibit the

even

aluminium.

phenomenon

diamonds

of invisible phos-

phorescence.
The aptitude of diamonds for becoming phosphorescent by the action of light is not destroyed
by heat, as in the case with many mineral substances.
While, after being calcined for fifteen
hours, it was destroyed in the case of many bodies,

such as fluor-spar, apatite, &c., yet I have been able
to heat diamonds to 1000° C. for sixty hours without
altering their aptitude for phosphorescence.

They

have then been reduced to impalpable powder in an
agate mortar, and then calcined over again.i This
has not prevented them from again shining after
insolation.

This persistence of the aptitude for phosphorescence, notwithstanding so prolonged a calcination, shows that, if the phosphorescence of

diamonds

is

due

to the presence of foreign bodies,

these bodies are not altered by heat, or at

by a heat below that

at

all

events

which the diamond

is

destroyed.

We

are generally taught in the text-books that
the rough diamond is not phosphorescent, and only
'
This operation was necessary in order to discover if the
phosphorescence were not due, as in the case o£ the amethyst, to
foreign bodies destructible by heat. It is not a very economical
one, for the mercantile value of cut diamonds of small dimensions
This cost would be much
is about 1300 francs per gramme.
reduced by employing rough diamonds, but Brazilian rough
diamonds are almost undiscoverable in Paris, merchants finding
greater profit in importing them cut.
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acquires that property after being polished.

Landrin,

him-

in his Bictionnaire de Mineralogie, expresses

—

A

not
The contrary
phosphorescent when polished
is the case with the diamond, which only gives light
after having been subjected to polishing, and does
not manifest this faculty when in its natural
as

self

follows

:

"

of

crystal

.

.

fluorite

is

.

crystalline state."
I

was almost convinced of the inexactitude of

this assertion, since, according to

my

observations,

the pulverized diamond does not lose its aptitude
for phosphorescence.
I was anxious, however, to
verify by experiments this belief of mineralogists;
for the scientific consequences of the property they
attributed to the polished diamond would have been
very great.
As I expected, it was one of those
classic errors repeated without verification to which
repetition at length gives indisputable authority.
Having succeeded in procuring some rough dia-

monds from Brazil, yellow, blue, and transparent
some crystallized, others rounded I was enabled
to note their phosphorescence by the action of

—

light.

The phosphorescence

of

diamonds seems

to

be

connected, as in the case with other bodies, especially
the sulphides before mentioned, with the presence of
traces of foreign substances.
The most transparent

diamonds, when incinerated, leave a small quantity
of ash hardly less than 2 per cent., containing various
bodies magnesia, lime, and especially iron.

—
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Relation between the Intensity of the Phosphorescence and the Temperature of Insolated
Substances

degree of phosphorescence which an inbody may reach, closely related to the temperature of this body during insolation ? Experiment
Is the

solated

alone can decide this question.

At a temperature markedly below 0° C, and
varying according to the substance, bodies exposed
to the light do not acquire visible phosphorescence.
Above this temperature the intensity of phosphorescence obtained by a body exposed to the light
increases when heated up to 100° C. Above 100° C,
the phosphorescence it may acquire diminishes, and
towards 500° C. falls to nothing. The influence of
this high temperature may be explained by admitting
that the precipitation of the light by heat is then as
rapid as the absorption. The expulsion taking place
at the same time as the absorption, the phosphorescence does not appear.
The above facts can be verified by means of screens
of sulphide of calcium placed on cards divided into
The two halves, placed side by side in the
halves.
dark, on recipients brought to different temperatures,
are examined as soon as they have been lighted up
Towards about —190° C,
by a magnesium ribbon.
obtained
Avhich temperature is
by plunging the
screen of sulphide into liquid air, no phosphorescence
under the action of light is observed, as was first
recognised by Dewar but on withdrawing the screen,
and leaving it for a moment in the dark at the
ambient temperature, it becomes luminous. The
passage from — 190° C. to the ambient temperature
;
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represents to the sulphide a considerable increase
of heat, which causes it to rapidly expel the invisible
phosphorescence acquired at —190° C.
But it is between 0° and 100° C. that the experi-

ment

is

most

easily effected.

One

half of the screen

having been placed on a block of ice, the other on
a sand bath heated to different temperatures, we
observe after exposure to magnesium light that the
sulphide exposed when heated to 100° C. is much
more brilliant than that exposed at 0° C. In the
case of sulphide of calcium the difference is considerable, but much less so in the case of sulphide
of zinc.

one of the two screens is placed on a plate heated
C, and the other kept at the temperature of
the ambient air, i.e. about 15° C, we recognize, after
illumination by magnesium, that the screen heated
to 200° C. is much less brilliant than the other.
Repeating the same experiment with a screen heated
to 500° C, we only obtain on it an extremely slight
phosphorescence.
I have given above the probable
If

to 200°

reason for these differences.

§ 5.

Loss of Phosphorescence by the Action
of Time

What

has been said of the action of various rays
spectrum and of the temperature during
exposure has already proved that the intensity of
phosphorescence depends on several factors.
There remains to us one more to study, viz. time.
All authors have regarded it as having a preponderof the

ating influence.

Time

has,

on the

loss

of phosphorescence,

an
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influence evident but inferior to that of temperature.
As the visible phosphorescence which follows insolation hardly exceeds for the most sensitive bodies the
duration of a few hours, time has hitherto been
considered as the principal element destructive of
phosphorescence. This element has in reality no

fundamental influence, since, by means of a suitable
temperature, we can entirely eliminate its action.
Curves of the loss of phosphorescence as a function
of the time have several times been published, and
their equations calculated. These curves would only
mean something if they expressed the loss at a given
temperature, for this loss varies with the temperature.
The number of curves would then have to be very
considerable, since a special one would be required
for each temperature.
Curves thus constructed would have, moreover,
no characteristic in common. At a very low temperature varying with each body, the curve of loss
as a function of the time would be represented by
a line nearly horizontal, which would signify that at
that low temperature the phosphorescence diminished
very slowly. At a high temperature the curve would
be almost vertical, signifying that the loss of phosphorescence is, on the contrary, very rapid. At an
intermediate temperature the curve would be represented by a line at first and during the first few
seconds after insolation almost vertical, and then
after a fairly short time almost horizontal.
If the influence of the temperature had been more
it would have been seen long ago that
these curves of the loss of phosphorescence as a function of the time, since they set aside a much more important factor than time, could possess no correctness.

carefully studied,

240
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Not only is time a secondary factor in the phenomenon, but a moment arrives when it has no effect
We shall see, in
on the loss of phosphorescence.
fact, that after a certain emission of light at a
given temperature, the body retains indefinitely a
residual phosphorescence so long as its temperature
is not again raised.
This law is very general. The loss of phosphorescence after insolation, which appears to be spontaneous
in certain bodies, such as the sulphides, is the result
of their not being able to retain at the ordinary temperature an excess of phosphorescence, against which
an antagonistic force, to which I shall refer later on,
contends. By cooling them sufficiently, we suppress
all emission.
They are then analogous to bodies
such as fluorite or apatite, which are only phosphorescent above 50° C, and on which time has

absolutely no effect.

The action of the temperature is therefore much
more important than that of time. It is this, and not
time, which regulates the emission of phosphorescence.
There can, however, be deduced some useful information from the study of the loss of light under
the influence of time if the temperature be kept constant for the whole duration of the phosphorescent
emission.

Let us take a screen of insolated sulphide of calcium,
keep it at 15° C, and examine the curve of the loss of
its light.
It will fully justify what has been said
regarding the part played by temperature;
If this last remains constant, the fall of the curve,
representing the loss of phosphorescence as a function
of the time, is for the first minute after the insolation
almost vertical. It then bends slowly, becomes less
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less oblique,

this

moment
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and finally quite horizontal.
At
the body no longer radiates, time no

longer influences it, and it keeps intact an invisible
provision of luminous energy which it will part with
only by various means, or, more particularly, by a rise
in temperature.
We will return at length to this last
point in another chapter.
The general appearance of the above curve shows,
indeed, that things happen as if the reaction exciting the phosphorescence placed itself in equilibrium with an opposing force acting in a converse
direction. Immediately after its insolation the screen
contains an excess of phosphorescence. Under the
influence of the opposing force, this excess is dissipated, rapidly at first, then slowly when the moment
approaches when the equilibrium is established between the phosphorescence and the opposing force.
When this equilibrium is attained, the reactions which
produce the phosphorescence stop entirely.
The
opposing force being unable to act further on the
reaction which generated the phosphorescence, the
body will retain its residue of phosphorescence until
a rise in temperature again destroys the equilibrium.
I do not know of what this opposing force consists.
I can only say that things take place exactly as
existed.
This interpretation has also led me to
the discovery of the phenomena of invisible phosphorescence studied in a future chapter.
if it
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CHAPTER

II

PHOSPHORESCENCE PRODUCED BY HEAT
§ 1.

Method of Observation

Many minerals in nature possess the property of
acquiring a bright phosphoresoence when brought to
a low temperature without having first been exposed
to light.

If the heating

is

sufficiently prolonged, they

lose all their provision of phosphorescence,

longer shine

when heated

and no

after being allowed to cool.

They regain, but in a slight degree, the property of
shining by a rise in temperature, when we expose
them to the light after having exhausted their phosphorescence by heating.
which have been known for a long
is to be found in textbooks on physics regarding phosphorescence produced
by heat.
These

facts,

time, represent about all that

It is astonishing that so surprising a

as the phosphorescence caused

by

phenomenon

slight heat should

not long ago have engaged the attention of physicists,
With the theories current it is not apparent in what
form a body could have preserved since its geological
formation a provision of luminous energy which we
can force it to expend by bringing it to a temperature
which may often be less than 100° C.

The experiments now to be mentioned prove that
phenomenon is much simpler

the explanation of the
than that last given.

It is not in the form of
luminous energy that bodies preserve for ages their
aptitude for phosphorescence on a slight rise in
temperature.
They have simply preserved com-
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at

an ordinary temperature, but able to do so when it
is raised, which is the case with many chemical reactions.
Phosphorescence simply arises from these
combinations. Bodies in presence of each other which
will not combine under a certain temperature, can
evidently retain for an indefinite period the aptitude
for phosphorescence produced by their combination,
just as chlorine and hydrogen remain inactive for
an indefinite period in darkness, and combine only
when we introduce some exciting agent such as
light.

had not deemed

modify accepted
the paragraph devoted
to phosphorescence by chemical reaction that I
should have inserted that which concerns phosphorescence produced by heat.
The methodical study of the action of heat on
If I

it

useless to

classifications, it is really in

phosphorescence demands a little apparatus easy to
It will serve us not only for study of the
construct.
action of heat, but likewise for that of the infra-red
and of invisible phosphorescence, which we shall

examine in other chapters.
The method of observation plays an important

phenomena of phosThe processes of observation

part in the research into the

phorescence by heat.

employed by mineralogists, which consist
the bodies to be examined on metal

in placing
plates

crucibles at a red heat, are quite primitive,

because their processes are rude
phenomena have escaped them.
The moment the source of the
visible, whether it be produced by
lamp, or a gas burner with a blue
is

that so

and

or
it

many

heat becomes
a simple spirit
flame, the .eye
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is

dazzled,
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all

feeble phosphorescence escapes

observation.

For the purpose of studying the phosphorescence
produced near the regions of the red rays, I simply
make use of a large metal box, "without a cover,
Its sides should
inverted over a small spirit lamp.
be serrated at the bottom to allow the passage of
air, and, in the part over the lamp, an orifice made
in which to place a small copper cup one-tenth of
a millimetre thick, which receives the body to be
By reason of the thinness of its walls this

heated.

cup can be heated and cooled almost instantaneously.
It can be made red-hot with the greatest ease, whenever necessary.
To obtain the temperatures between 60° and
225° C, which are those most often required, the
following apparatus is used.
It permits a dark heat
to be obtained without the sensitiveness of the eye
being weakened by any ray of light.
We procure for ten francs or thereabouts, from
some dealer in photographic apparatus, one of
those triple burner lamps with a metal chimney,
which are used for lighting magic-lanterns. On the
upper extremity of the chimney, which is pierced
with lateral holes for the passage of air, we place
horizontally, in order to stop the light entirely and
to have a plane surface to receive the bodies
required to be heated, the lid of a biscuit-box.
The
glass or mica plate through which the light of the lamp
issues, and which slides in grooves, is replaced by
a metal plate which thus masks all the visible rays.
As a little light still issues from the lower part of
the apparatus, the latter is surrounded by cardboard,
which entirely envelopes it.

!

J-:^^*^Wfe>^

'•

Figs. 22

and

23.

Front and side view of dark lantern used in these experiments.
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constituted,

needed

for researches

that

may

apparatus

is

all

that
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where heat alone comes into
play.
But in many experiments on invisible phosphorescence, we need an abundant source of infrared variations of determinate wave-length. In order
to obtain these, it suffices to replace the metal plate
in front of the lamp by a strip of ebonite about
0'6 mm. thick, fixed between two strips of glass to
prevent its shape being altered by the heat. The
ebonite may be replaced with advantage by black
glass, but this must be of good quality, so that the
disc of the sun cannot be seen through it, and yet
it

being

be transparent to the infra-red. This
do not dwell on its use.
these conditions, the lamp gives the follow-

difficult to procure, I

Under

ing temperatures
Teviperature of the side of the cover placed on the
top of the rnMallic chiTriney of the lamp :
1. With all three burners aUght, about 225° C.
2. With two burners, about 130° C.
3. With one burner, about 65° C.
:

4.

Temperature of

the vertical side of the metallic
C.

chimney of the lamp, about 105°

Tem,perature at 1 cm. from the vertical side of
chimney, about 50° C.
In front of the strip of ebonite or black glass, the
temperature at 2 mm. of their surface is only 30° C,
but through these bodies there passes a great quantity of invisible infra-red radiations, of which a great
part is comprised in the region of the spectrum from
0-8 IX to about 3 /x.
It is these which act on phos5.

the

phorescent substances, and possess the property of
passing through opaque bodies, as we shall see in
another chapter.
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All the metal sides of the lamp also, of course,
emit infra-red rays, as do all heated bodies, but these
to 10 /i, do
radiations, having a wave-length of 5
not act on phosphorescent bodies.
In this manner is constituted the source of heat
and of dark radiations which I have designated by
the name of dark lamp.
The instrument should be placed in an absolutely
dark room. It is preferable to make the experiments
in the evening, for then the eye is much more sensiIf the operations are effected in
tive to dim light.
daylight, one should remain a quarter of an hour in
the dark and let the illumination, whether by magnesium or by the sun, be carried out by an assistant,
This last
while the observer remains in the dark.
precaution is quite indispensable. Many phenomena
escaped me at the commencement of my experiments
yu,

.

for

want

of this precaution.

§ 2.

The Properties of Bodies Phosphorescent
hy Heat

The
long,

list

of bodies phosphorescent

though in

number

treatises

are given

:

by heat is very
on mineralogy but a small

fluorite, fluor-spar, topaz, several

phosphate of lime, leucophane, diamond,
are noticeable among them.
A large number of
others must now be added to these different bodies.
Among those I have examined I will mention
especially the Siberian and Bogotan emeralds, the
Auvergne amethyst (but not that of Madagascar), the

varieties of

chlorospinel, the opal, cryolite, scheelite, wagnerite,
phenacite, petalite, castor, poUux, colemanite, talc,
baryta, &c.
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Most of these compounds are of aqueous origin.
Bodies very phosphorescent by light that is, the
sulphides of the alkaline earths only acquire, on the
contrary, the property of becoming phosphorescent
after having been subjected, during their manufacture, to a high temperature.
Many of the bodies phosphorescent by heat, and
especially the Australian opal, leucophane, and the
apatite of Estremadura, together with nearly all the
different varieties of fluorite, likewise become phosphorescent by exposure to light but their phosphorescence, being in that case very slight, is only

—

—

;

perceived by the observer after a stay of a quarter of
an hour in the dark.
As the above bodies possess identical properties,
and only differ from one another by the intensity
of their phosphorescence, its duration, and the
temperature at which it manifests itself, I shall
here confine myself to the examination of some of
those which offer the brightest phosphorescence
such as the apatite of Estremadura and the green
fluorite especially.

The

apatite of Estremadura, a

in large quantities,

rescence

is

commences

body

easily procured

the one of which the phosphoat the lowest temperature.
Re-

powder, and put in a tube placed in a sand
bath or in water slowly heated in the dark, it begins
Heated to
to shine with a feeble light at 51° C.
200° C. it acquires a bright phosphorescence, which
lasts for about an hour, on condition, be it understood, that that temperature is not exceeded.
If
brought to a red heat its brilliancy will be greater
still, but will pass off in less than a minute.
The different varieties of fluorite noticed by me

duced

to
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—

behave much like
but are always less luminous.
The temperature at which the fluorites become
phosphorescent varies greatly with the different
samples. I have examined some thirty of different
origins, and have noted that the majority shine at
temperatures below 200° C. The varieties which
become illuminated at the lowest temperature are
those from Morgen (Saone et Loire), from the
Pyrenees, and from Schwarzenbergen in Saxony.
They commence to shine at about 62°
It has been said that the transparent fluorites do
not exhibit phosphorescence by heat. This erroneous
assertion can only be due to an imperfect method

and they are very numerous
apatite,

C

of observation.

All the fluorites that I

have ex-

amined, including some which were colourless and
transparent as glass, and which are used in the
manufacture of prisms and lenses, are very phosphorescent by heat. I have, moreover, found but
one sample of fluorite which was not phosphorescent
by heat, i.e. the yellowish cubic variety in little
crystals which comes from Herblay.
All fluorites are slightly phosphorescent by light,
save the yellow variety above-mentioned and a green
crystallized fluorite

When,

coming from Durham.

the expulsion by heat of all their
phosphorescence, the bodies examined above are exposed to the sun and heated anew, they again shine,
but much less brightly than the first time.
The property appertaining to several bodies like
fluorite, of becoming phosphorescent at one and the
after

same time by heat and by light, has been the origin
of an error which for a century runs through all
treatises on mineralogy, and has been religiously
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repeated by various authors, including Edmond
Becquerel, without their ever having taken the
trouble to verify the grounds of it.
According to
them, certain varieties of the green fluorite called
chlorophane shine indefinitely in the dark at a temthat is to say, they are luminous
perature of 30° C.
in darkness nearly all the summer in our climate and
the whole year round in hot countries. This is how
Beudant expresses himself with regard to this matter
" There are varieties designated under the name of
Chlorophane, of which some are phosphorescent at
the average temperature of our climate, so that they
shine constantly in the dark, while others simply
require the temperature of the hand." ^
The most recent and important German treatise
on mineralogy, that of Naumann and Zirkel, expresses the same idea " Many topazes, diamonds,
and fluorites become phosphorescent at the temperature of the hand.
The green fluorite (chlorophane) often remains brilliant for weeks after being

—

:

.

.

.

insolated."

Although this fact enunciated by mineralogists
seemed theoretically very improbable, I desired, by
reason of

its

consequences, to verify

it.

I therefore

examined innumerable samples of the variety of
fluorites called chlorophane from the most important
Not one shone
firms of mineralogists in Europe.
at 30° C, nor at the temperature of the hand.
Evidently this was bound to be so. Suppose, in
fact, they could have shone at from 30° to 37° C.
Having been many times exposed to this temperature
since their geological formation, they must have lost
long ago their provision of phosphorescence, unless
1

Mineralogie,

2nd

edition, vol.

i.

203.
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we class them in the category of radio-active bodies
spontaneously and perpetually phosphorescent.
After having discovered that the fact set forth
by physicists like E. Becquerel and mineralogists like
Beudant was incorrect, the cause of the error had to
be established. Its explanation is very simple.
The fluorites in question acquire, by insolation,
a very feeble phosphorescence, which the eye, unless
previously rested, does not perceive in the dark. If
heated subsequently by holding them in the hand, it
happens, as is also the case with all phosphorescent
bodies, that their luminosity becomes more vivid.
It
is then easily seen, and the observer concludes that
it is the heat of the hand which has produced this
phosphorescence. To be convinced that it is nothing
of the kind, we need only leave the same sample
in the dark for forty-eight hours.
Then, placing it
in the hollow of the hand, it is noticed that it no
longer shines at all. If it be exposed to the light
and then placed in the hand, it will shine at once.
Consequently light is plainly the origin of the
phenomenon.

The cause

of the error, so faithfully reproduced

was therefore that
specimens of fluorite exposed
to the light before putting it in their hand. Far from
shining all the summer, fluorite actually does not
keep this property after insolation longer than ordinary phosphorescent bodies that is to say, for a
few hours.
What is the origin of the phosphorescence
manifested by certain bodies under the influence of
heat?
Phosphorescent sulphides can retain indefinitely a part of the energy stored up by exposure
in

all

treatises

operators

had

of mineralogy,

left their

—
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to light.
Might it not then be supposed that the
phosphorescence emitted under the influence of
heat is due to the fact that the bodies manifesting
it have been often manipulated in the light before
reaching the hands of the observer? Their phosphorescence would consequently be of recent origin,
and analogous to that preserved for years by the sulphides after insolation, which can be made to appear
by heating.
In order to solve this question, it was necessary
to examine bodies which had not been brought to
light since their geological formation.

For this purpose, it sufiSced to break up, in
absolute darkness, large blocks of substances easily
procurable in gross, such as apatite and fluorite, to
extract fragments from the centre of these blocks,
to subject them to the influence of heat.
These

and

fragments shone as vividly as those taken from the
surface of the blocks.
It was therefore not to a

residuum derived from the recent action of light
that their phosphorescence by heat was due.

When

studying the causes of phosphorescence, we

shall see that the light manifested

by bodies under

the influence of temperature is the result of chemical
reaction provoked by heat. In bodies phosphorescent
by light, in the ordinary temperature, these combinations are easily re-formed after being torn apart,
and that is why all their phosphorescence is restored
to them by exposing them anew to the light when
they have become dark. For bodies which only
become phosphorescent at a more or less elevated
temperature, and only regain very feebly the aptitude
for a new phosphorescence by heat after insolation,
it is probable that the combinations destroyed by
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the temperature are only very incompletely re-formed
shall see, however, that they may be
by light.
completely regenerated under the influence of electricity, and that there can be restored to bodies which
have lost it, the property of shining anew under the

We

influence of heat as vividly as the

first

time they

were heated.

The aptitude of bodies to again become phosphorescent in the light after having been heated is,
moreover, only lost with great difficulty. All those
on

which

I

have experimented

—

—

fluorite,

leuco-

phane, apatite, &c. must be calcined at a red
heat for fifteen hours before losing it entirely. Ten
hours of calcination were quite insufficient.
How does a protracted rise in temperature act ?
Why does it take from a body its aptitude for giving
phosphorescence ?
The first idea which strikes one is that the calcination destroys certain foreign bodies necessary to
phosphorescence.
This hypothesis seems at first sight justified by the
change in appearance undergone by a small number
of bodies subjected to this calcination.
The violet
amethyst, when calcined, loses its colour entirely,
and becomes as transparent as glass. It has therefore
evidently lost something which produced the phosphorescence, since this can no longer be restored to
it afterwards by the action of light or of heat.
But that which is true as regards amethysts and,
perhaps, also other bodies, ceases entirely to be so
for the great majority of phosphorescent substances.
By calcining them for fifteen hours, I have caused
them to lose entirely their property of becoming
again phosphorescent by heat after insolation. But
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this operation I eliminated no foreign element.
simply destroyed the aptitude of the bodies present for chemical combination.
Proof of this is
furnished by the fact that by suitable treatment the
aptitude to become as phosphorescent by heat as they
were before calcination can be restored to calcined

by

•

I

bodies.

To

restore

to

phosphorescence,

a calcined body its aptitude for
it suffices to pass electric sparks

through

it for a certain length of time.
This property of the electric spark was summarily observed
As, howas early as the first years of last century.
ever, the induction coil was not then known, I
thought it might be useful to take up again the

study of the phenomenon.

The bodies subjected to the influence of the
induction spark were placed in a glass tube closed
at its two extremities by corks, through which passed
copper rods connected to a strong coil. By approaching and withdrawing these two rods sparks of from
1 to 15 centimetres could be obtained at will.
The length of the spark has a manifest action. If,
for example, carbonate of lime is electrified by a
spark of 2 cm., it shines very feebly at 200° C. It
shines, on the contrary, very vividly if the spark
is

15 cm. long.

The duration
notable

of the

influence.

If

electrification

powdered

glass

has
is

also

a

electrified

for five seconds only, it shines but feebly at 200° C.

on the contrary, vividly at that temperature if the action of the spark is prolonged for
five minutes.
In a general way, electricity simply vivifies the
phosphorescence of bodies which, without its inIt shines,
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would have been very weak but it has never,
knowledge, communicated it to bodies without
any traces of it. In addition, it lowers the degree
at which they begin to shine by the action of
Cape diamonds, hardly phosphorescent at
heat.
200° C, shine brilliantly at this temperature after
the passage of the electricity through them. Bologna
spar, which only shines at 500° C. without electrification, is brilliant at 200° C, so soon as it has been
fluence,
to

;

my

electrified.

There exists indeed a very small number of bodies
which present no trace of phosphorescence at 500° C,
and give a very slight one at that temperature after
example, the case with
it may be supposed
that before electrification they manifested a phosphorescence too slight to be visible. I found this
electrification.

This

bromide of barium.

is,

for

But then

—

conclusion on this general fact, that electrification
only renders more vivid a slight phosphorescence.
Even with bodies which possess a bright phosphores-

cence

when they

are impure, such as the sulphides

and of zinc, the
spark confers on them no trace of aptitude
for phosphorescence when they are pure.
The only bodies to which no phosphorescence can
be restored by electricity are those to which calcinaSuch is the case with the
tion really causes a loss.
amethyst, which loses its colouring matter when
To all other bodies phosphorescent by heat,
calcined.
electrification restores the phosphorescence lost by
I have noted it especially in fluorite,
calcination.
leucophane, and apatite, which, after having been calcined for fifteen hours, lost the property of regaining
phosphorescence by heat after insolation.
of calcium, of barium, of strontium,

electric
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It seems therefore abundantly proved that, when
we destroy in a body its aptitude for phosphorescence
by a sufficiently long calcination, this last most often
acts, not by eliminating foreign bodies, but by modi-

fying certain chemical equilibria which the electric

spark

§ 3.

is

alone able to re-establish.

Analogies between the Phosphorescence of
Bodies caused by Light and hy Heat

Taken together, the preceding facts should have
already begotten in the reader's mind the idea that
there must be a near kinship between phosphorescence by heat and that by light. The following
experiments prove definitely that they are pheno-

mena

of the same order.
Let us take bodies phosphorescent by heat, such as
fluorite and apatite, or bodies phosphorescent by light,
such as sulphide of calcium which has remained a few

days in the dark after insolation.
Let us place them on a plate heated to 100° C.
They will immediately become luminous, will shine
for a certain time, and then be completely extinguished. Without going out of the dark, let us place
the same bodies on a second plate heated to 200° CAgain they will shine, and then go out. We may
continue the same experiment at all temperatures up
to 500° or 600° C, and we see with every increase of
heat the body shine and then be extinguished. It is
only after being heated to a red heat for a sufficient
time that it loses all its phosphorescence.
These experiments show that to a given temperature there corresponds a certain emission of phosphorescence which can never be exceeded at that
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A phospliorescent body heated for
temperature.
months at 200° C. will only lose what it can lose
at 200° or less, and in no case the provision of
phosphorescence which would be emitted at a higher
temperature.
From these first experiments it was possible to
deduce that a phosphorescent body can indefinitely
preserve a certain provision of phosphorescence
which it will only lose till heated to a suitable
temperature. This I was able to verify with different sulphides of alkaline earths, especially sulphide of calcium kept for ten years in the dark;
some sulphide of strontium, belonging to M. Mourelo,

which had remained five years in a closed box, and
diamonds kept in the dark for one year, &c.
Canton, who was one of the first observers of
phosphorescence, seems to have had a presentiment
of the above law. Having heated a sulphide in boiling
water some time after its insolation, and not having
seen it shine, he rendered it luminous by heating it
to 500° C, but neither he nor his successors tried to
define the conditions of the phenomenon and did not
suspect its duration.
In the experiments related above, we progressively
raised the temperature of the bodies examined, and

thus proved that to each degree of heat there corresponds a certain emission of phosphorescence which
cannot be exceeded.
Instead of raising the temperature progressively,
let us proceed conversely
that is to say, let us heat
a body at once to 500° C. without prolonging the heat
sufficiently to obtain the complete extinction of the
phosphorescence. Then let it cool, and heat the
body to only 200° C. What happens?

—
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In this last case the body heated to 500° C.
emit all it can lose at all lower temperatures, and consequently will no longer be able to
shine at less than 500° C.
To give it back its
phosphorescence, it will have to be heated again to

"will first

500° C. or more.
This general law of the emission of phosphorescence as a function of the temperature, already pointed
out in the last chapter, enables us to unite in one
class certain bodies phosphorescent by light and heat,
till
now separated. We can very easily, in fact,
transform bodies phosphorescent by light into bodies
phosphorescent by heat. The sulphides of calcium,
of zinc, and of strontium, kept in the dark for days
or years after their insolation, are identical with
bodies phosphorescent by heat, such as the amethyst,
fluorite, leucophane, and apatite.
It will suflace also
to heat them up to about 70° C. to enable us to see

them shine.
The analogy may be, however, carried much
further.
The substances we call phosphorescent
by heat only shine at determinate temperatures,
varying from +50° to +300° C, according to the
The luminous sulphides, which
bodies observed.
shine when insolated at the normal temperature
differ from the preceding bodies solely because
the temperature at which they cease shining is
much lower. Dewar, as has been said, has shown
that, in liquid air, insolated bodies acquire no
phosphorescence, but that they manifest it so soon
as they are allowed to return to the ambient temperature.
To bring bodies refrigerated to about
— 190° C. back to the temperature of the ambient
air, simply signifies that we heat them to more than

E
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200° G}
Sulphides which are dark at -190° C.
and shine at 0° C. are analogous to bodies which
become phosphorescent by heat at a temperature
Both kinds are only phosphoresof +200° C.
cent when they have been sufficiently heated.

A

phosphorescent sulphide kept for an indefinite
time at —190° C. would always remain dark, as
would apatite kept indefinitely at a temperature
The two bodies only differ,
lower than +50° C.
I repeat, by the temperature at which the combinations accompanying their phosphorescence take
place.

When bodies phosphorescent by heat have been
brought to the temperature at which their phosphorescence becomes extinguished, they cannot, as
has been said, recover by exposure to the light
more than a very small part of it. This is probably
due to the fact that the chemical reaction which
produces the phosphorescence can only be partially
regenerated in certain bodies by light, while in
others it is totally so, as especially with the phosphorescent sulphides and diamonds.
These are
shades rather than fundamental differences. There

no

real barrier between bodies phosphorescent
and those phosphorescent by heat.
From the above considerations may be deduced
the following laws, applicable to all bodies phosphorescent by light or by heat
1. There are no bodies phosphorescent without
heat. A body capable of being rendered phosphores-

exists

by

light

:

1 These are, however, changes
much too great. The divers
phosphorescent sulphides cease to shine long before -190°, and
return to phosphorescence long before 0° C. is reached.
The
temperature varies, moreover, with the various sulphides.
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phosphorescence

at a certain temperature.

For

each phosphorescent body there is a
temperature below which exposure to
the light cannot produce visible phosphorescence.
3. To
each temperature corresponds a certain
emission of phosphorescence which cannot be
2.

minimum

exceeded.

Bodies which heat renders phosphorescent also
so by light, but only slightly.
They differ
from those vividly phosphorescent by light only
in that in these last the luminous rays entirely
regenerate the whole of the destroyed phosphorescence instead of regenerating only a part of it.
4.

become

CHAPTER

III

PHOSPHOEESCENCE PROCEEDING FROM CAUSES OTHER
THAN LIGHT AND HEAT
§ 1.

and by

Phosphorescence through iTnpact
Friction

A

LARGE number of bodies become phosphorescent
In the case of some
friction or by impact.
apatite, leucophane, diamonds, sugar, and uranium
the impacts or movements may be slight for others
such as fluorite and silex the friction or impact
must be somewhat energetic.
Whether violent or slight, they only generate a
very weak rise in temperature, quite insufiScient to
by

;

—

—

bring

them

to incandescence.

It

cannot therefore
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be heat which produces the phosphorescence observed in the substances mentioned.
Neither does the shock nor the friction seem to
determine the preliminary operations necessary to
produce a reaction propagated from point to point,
as in the decomposition of iodide of nitrogen, for
Phosphorescence by shock or friction
instance.
does not, in fact, survive the disappearance of its
cause, as in the case with that

due to

light.

The oxygen of the air plays no part in phosphorescence by shock, which is favoured, on the
contrary, by the total absence of oxygen that is to
An exhausted tube containing a
say, by a vacuum.
little mercury becomes luminous as soon as the
metal is displaced by a slight movement.
Several bodies which friction renders phosphorescent also become so by the action of light and of
There exist, however, a small number, such
heat.

—

as metallic uranium, which are rendered phosphorescent exclusively by friction.
If, by a very prolonged calcination, we destroy
the property possessed by many bodies fluorite,
of phosphorescing under
apatite, and leucophane
the influence of heat, these substances retain the

—

—

becoming luminous by friction. We
on the other hand, that bodies hardly
at all phosphorescent by heat, like Cape diamonds,
become vividly so by friction.
The result of these experiments seems to be that
the reactions which give to bodies an aptitude for
luminous and calorific phosphorescence differ from
those which cause them to shine after friction or a
facility

of

shall notice,

shock.

It is probable,

however, that

of different causes producing the

it is

a question

same 'effect.
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Phosphorescence by X-Rays, Cathode Rays,
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and

High-Frequency Ejfluves

The phenomena of phosphorescence from the
above causes are very well known, and I shall have
very little to add to them.
We know that a large number of bodies, and
among them compounds not phosphorescent by
other processes, such as rubies, become extremely
luminous when exposed to the bombardment of
the rarefied gases in a Crookes tube. The phosphorescence of those which become brilliant in a
strong light, such as diamonds and certain sulphides,
It is sufficient to place them
tube subjected to induction sparks.
With some sulphide of calcium in such a tube,
I was able to obtain a phosphorescence of which the
brilliancy, surface for surface, reached iV of a candle
power.
The" X-rays from a Crookes tube provoke only
a very weak phosphorescence, and only in a small
number of bodies, contrary to what is generally
thought. Even with those phosphorescent in ordinary
or in ultra-violet light, the illumination is slight.
The X-rays make the sulphide of calcium luminous to
an extremely slight extent, much less than would
a simple candle. They also illumine moderately
that is to say, much less than ordinary daylight
sulphide of zinc, and herein differ entirely from
the ultra-violet radiations to which it was for a long
time sought to assimilate them.
On the fluorescent substances that is to say,
those of which the phosphorescence does not survive
the cause producing it the X-rays act, on the conis

greatly increased.

in a Geissler

—

—

—
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very vividly, therein behaving like ultrabut more energetically. It "was even, as
is known, this property which caused their discovery,
and rendered them utilizable.
Platinocyanide of
barium, of which radiographic screens are formed,
is not the only salt which becomes strongly luminous
under their action. Apatite, leucophane, fluorite,
and, above all, Brazilian diamonds are also illumined,
trary,

violet rays,

though more

Many

feebly.

bodies,

diamonds,

sulphide of zinc, &c.,

which are luminous under the influence of the
X-rays, also "become so under the action of the salts
of radium.
Cape diamonds, not phosphorescent by
light, become so in presence of bromide of radium,
even when this salt is enclosed in a thin metal
tube.

W. Crookes

has remarked that diamonds placed
in contact with radium, acquire
such a radio-activity that it does not disappear when
they are heated to a dark red.
Taken altogether, the preceding phenomena show
us that certain bodies become phosphorescent from
very different causes light, shock, cathode rays, Xrays, &c.
these causes perhaps act, as has been said,
by producing reactions, which, if not identical, are
at least of the same order.
Sir

for several

months

—

;

§ 3.

Phosphorescence by Chemical Reaction

For a long time, the only chemical reaction known
produce phosphorescence was the slow oxidation
of phosphorus.
It is known, by recent investigations, that phosphorescence accompanies a considerto

able

number

of reactions.
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Most of these, however, are badly defined and
from somewhat complex mixtures. Thus, for
instance, those produced by mixing certain organic
bodies, Hke esculine or various essences with an
result

alcoholic solution of potash, or, again, that obtained

by pouring sulphate of aluminum or chloride of gold
into an alkaline solution of pyrogallol.i

To

arrive at a precise

knowledge of the causes of

phosphorescence by chemical reaction, it must be
produced by reactions far more simple than those
preceding the oxidation or hydration of well-defined
compounds, for instance. This is what I have endeavoured to realize.
Phosphorescence by oxidation is exceptional. That
of phosphorus is very probably not due to a simple
oxidation only, as I have shown elsewhere.
I have obtained other phosphorescences by oxidation, but they border on incandescence as much as on
phosphorescence, and constitute perhaps a transition
between the two. Such is notably the case with
uranium.
Let us take a strip of this metal about one millimetre thick, and place it on a plate heated to
about 600° C. It becomes vividly brilliant. With-

—

draw it with pincers, and it continues to shine for
two or three minutes, which would not happen
if it were a simple phenomenon of incandescence
that was in question. The same operation may be
'
For producing a rather lively phosphorescence there has been
recently mentioned a mixture of
10 o.c. of a 10 per cent, solution of pyrogallic acid,
20 c.c. of a 40 per cent, solution of carbonate of potash,
10 c.c. of a 30 per cent, solution of formol.
:

The above mixture should become phosphorescent by adding
30 per cent, of concentrated oxygenated water.

to it
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repeated several times, but the duration of the
luminosity of the metal becomes shorter each time,
and finally -no doubt when it is entirely oxidized

—

heat no longer produces any effect upon it.
The only clearly defined reaction which allowed me
to obtain phosphorescence is hydration. 'The bestdefined cases are those of sulphate of quinine and
cinchonine. Heated to 150° C, these salts lose part
of their water, and after shining for an instant again
become completely dark. When they have thus lost
all their phosphorescence, they are allowed to cool
they become at once hydrated by contact with the
air, again become phosphorescent, and at the same
time radio-active. I shall not dwell upon this experiment, the details of which I have given in
V Evolution db la Matiere.
By reason of its considerable theoretical importance from the point of
view of the causes of radio-activity, it has been the
object of important papers abroad.
The exactness
of my observations has thus been clearly confirmed.
It is possible, in the preceding experiment, to
render the employment of heat completely useless.
It is sufficient to mix the sulphate of quinine in a
bottle with a little anhydrous phosphoric acid which
at once dehydrates it.
It is hydrated anew by
simply breathing on its surface.
Persons not previously informed of the theory of the operation are
always much surprised when shown a body which
becomes phosphorescent when breathed upon.
Sulphate of quinine is, of course, not the only

compound which

possesses the property of bephosphorescent by hydration.
I
have
found a whole series of bodies offering the same
phenomenon. Such, especially, are ordinary mag-

coming
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the sulphate of lime of commerce, and
hydrated alumina.^
These only differ from sulphate of quinine by
becoming phosphorescent by dehydration alone,
instead of phosphorescing, like the first, both by
hydration and by dehydration.
Further, as these
bodies become dehydrated slowly and with difficulty,
they have to be heated to nearly 500° C. for the
phenomenon to be well marked.
Phosphorescence is very easy to observe with sulphate of lime and especially with ordinary magnesia,
which becomes very luminous when dehydrating.
This is less apparent with alumina.
If, after heating these compounds for some minutes
until the phosphorescence is extinct, they are allowed
to cool in the dark and then heated again, they
nesia,

again shine.

But the luminosity

their hydration has been rendered

is

much

greater

if

more complete by

moistening them with a little water before heating
them. As soon as the heat is sufficient to produce
dehydration, they become very phosphorescent.
The phosphorescence thus obtained can be repeated
indefinitely on the same body by simply moistening
it the moment it is dried by the heat.
This is not
at all the case, as we have seen, with bodies made phosphorescent by a simple rise in temperature. Cooled
and then heated again, these last no longer become
phosphorescent unless in the meantime they have
been exposed to the light.
Salts of

radium

lose, as I

have shown in

my earlier

' I
only mention the easiest bodies to procure, in which the
phosphorescence is most vivid. There are many others oxide of
thorium, for instance, which exhibits phosphorescence by hydration, but it is very slight.

—
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work, their phosphorescence when hydrated.
The
very actiYC ones regain it at once after having been
dehydrated by heat, those slightly active, only some
days after their desiccation.

§ 4.

Phosphorescence of Living Beings

The phosphorescence of living beings has for a
long time been considered as a rather rare phenomenon manifested by a very small number of
animals and vegetables.
It has been observed, however, from remote antiquity.
Besides the " sea of fire " necessarily known
to all navigators, and the luminosity of which is
produced by the presence of infusoria, the ancient
authors have mentioned the phosphorescence of
Pliny pointed out that the
certain marine animals.
liquid from the pholads renders luminous in the dark
the lips and hands of those who eat this mollusc.
Fisher relates, in his Manuel de Gonchyliologie, that
Reaumur " has noted that fragments of these beings
remain luminous after their separation from the
body, and that when dried, they are able to emit
light anew when moistened."
Until recent years the number of phosphorescent
animals known was somewhat restricted.
No one
could have suspected that the depths, so long inaccessible, of the vast oceans, where reigned, it was
thought, eternal night, were inhabited by innumerable luminous beings.
Since suitable instruments
have permitted the study of the inhabitants of seas
at depths of several thousand metres, a complete
new world has been revealed.
It then became known that the bottom of the
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sea was covered with veritable forests of phosphores-

cent polyps that the smallest as well as the most
bulky of the beings inhabiting these dark depths
often possessed organs enabling them to light themselves through the abysses in which they live.
The phosphorescent organs of the marine animals
;

Some are placed
the body; others in the eye
itself, or above it, and it is quite correctly that these
latter have been compared to bicycle lamps.
Dr.
Richard, curator of the collections of the Prince of
Monaco, showed me a whole series of phosphorescent
marine animals, and notably large fishes, possessing
on each side of the body veritable lamps which they
can mask at will. All these beings have been the
subject of numerous studies, almost exclusively of
reveal very different dispositions.
in different parts of

an anatomical nature.
In addition to the phosphorescent beings which
people the depths of the sea, there should be quoted
the luminous bacteria which appear on the bodies
of fishes after their death and before their decomThese bacteria can be cultivated very
position.
An excellent culture
easily by the classic processes.
can be made with ordinary water containing about
3 per cent, of sea-salt and 1 per cent, of asparagine.
It is with analogous products that were obtained
the bottles sold by the name of " Living Light " at
the Paris Exhibition of 1900. I have prepared some
similar ones by simply scraping with a knife blade
the scales of a herring and introducing the scrapings
At the end of twentyfour hours they possess a luminosity which lasts for
into bottles of the above liquid.

three or four days.

Notwithstanding various researches we have not
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succeeded in determining the chemical bodies which
produce this phosphorescence. We only know- that
it is a phenomenon which can survive the death
of the animal.
Carus had already seen that the
luminous organs of the Italian lamprey, when dried
and powdered, regained their lost phosphorescence

on being simply moistened.
These phenomena of the phosphor esence of living
beings are certainly due to chemical actions requiring
When these two
the presence of air and water.
elements are suppressed it disappears. It has been
shown above that for certain well-defined bodies
hydration is always accompanied by phosphorescence.

The spectrum of the phosphorescence of living
beings seems to present a few variations differing
It impresses the photographic
with the animals.
plate very rapidly.

I

have been able

to

reproduce

negatives with two minutes of exposure by taking,
the source of light, fish which have become
phosphorescent after death by the development of

as

luminous bacteria.
The phosphorescence of living beings presents, in
its effects, close analogies to the phosphorescence
produced by the various bodies we have already
studied. It diff'ers from them, in its causes, by being
generated neither by light nor by heat. By its effects
as well as by its causes, it is near akin to the phosphorescence by chemical reaction examined above.

§ 5.

The study

The Phosphorescence of Gases
of electric discharges in gases

strates the part played

by

electricity in

demon-

the pro-
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duction of phosphorescence.
The various causes
studied above regarding this phenomenon, such as
Hght and heat, act perhaps by indirectly exciting
electric manifestations capable of producing phosphorescence.
In the phosphorescence of gases the action of electricity is perfectly clear, since it alone can render them
luminous. The highest temperature, even when a
whole metre of gas is heated, only gives them a hardly
perceptible luminosity
whereas, if they are introduced in a rarefied state into a tube through which
an electric current is passed, they become greatly
luminous.
It is even sufficient to place the tube
containing the rarefied gas in the neighbourhood of a
high-frequency resonator, or, again, to subject it to
the action of electric waves. With tubes of helium,
the luminosity is brilliant enough for it to be used to
;

detect these

last.^

The phosphorescence obtained by
of gases

is

relatively bright, but

there seemed no hope of rendering

the electrification

up
it

to late years

intense enough

for lighting purposes.

The remarkable discovery of the mercury lamp
has shown that lighting by phosphorescence was
practicable, and proves once more to what a degree
incandescence is independent of phosphorescence.
It will be remembered that this lamp consists of a
long glass tube furnished with electrodes one of
If, after having made
iron, the other of mercury.
two electrodes are
tube,
these
this
in
a vacuum
connected to a source of electricity, the traces of

—

1 Tubes of neon rather than of helium are now used as detectors of Hertzian waves. Dr. Fleming's well-known cymometer is a
good example of their use. Ed.
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gas and mercury vapour that it contains become
brightly phosphorescent. In this luminosity there
is evidently no phenomenon of incandescence, seeing
that the temperature inside the tube is only about
125° C.
that is to say, about much less than that
necessary to render a body incandescent. The flame

—

of a simple candle, as

about 1700° C.
The spectrum of
as is given by the
red and infra-red
much higher than

we know, has a temperature

of

the phosphorescence of gases, such
mercury tube, contains very few
rays, although it has an output
that of the ordinary incandescent
light. To obtain this last there must first be produced
an enormous quantity of invisible, and therefore useOur present process of artificial
less, calorific rays.
lighting is barbarous, as has been recognised for some
time.
While the ideal method would be to produce
only the visible and not the invisible part of the
spectrum, a gas flame or the electric arc contains
only 1 per cent, of useful rays, 99 per cent, of the
energy produced manifesting itself in the form of dark
heat.
This amounts to saying that when we burn
100 fcs. worth of gas, 99 fcs. are entirely lost, and
only one franc's worth made use of. With the phosphorescence of the mercury lamp, of the 100 fcs.
expended 40 fcs. seems to serve for lighting. The
output of the phosphorescent animals, such as the
glowworm, is higher still, since nearly the whole of
the energy expended is transformed into visible light.
Phosphorescence will probably be the artificial light
of the future.
It is not for this reason alone necessary to pursue
the study of the phosphorescence of gases. I have
always regretted that it was too costly for my modest
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am persuaded that its thorough
knowledge will open up new vistas on the greatest
problems of physics and astronomy.
Phosphorescence by electrical action gives, then,
to atoms the same radiating properties as does heat.
Intra-atomic energy ought to play some part in the
production of this phenomenon, for the gases in the

researches, because I

—

tubes described are strongly ionized that is to say,
dissociated by the passage of the current.
It is probably to the influence of electric actions
analogous to those of which the effects have just been
shown that certain stars, composed, as their spectrum
shows, of gas, owe their luminous brilliancy. Since
gaseous bodies cannot shine by incandescence, as we
have seen, other causes than heat must be sought for
the light of many stars.

some

luminous simply by electric
it would follow that
the stars to which one attributes an enormous heat,
may be on the contrary at a temperature relatively
low.
It is perhaps only at a certain phase of their
existence that they shine by incandescence.

But

if

stars are

actions similar to those studied,

CHAPTER IV
THE CAUSES OF PHOSPHORESCENCE
§ 1.

Phosphorescence as a Manifestation of
Intra-AtoTnic Energy

Phosphorescence represents the transformation into
of various energies of which only a few are
known.
In the case of gases we have seen that

light
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electric energy is the sole possible cause of their
phosphorescence. In that due to the action of light,
of heat, and of chemical reactions, other energies
intervene, the mode of action of which is still un-

determined.
Since very different causes light, shock or impact,
and X-rays may produce phosphorescence in the

—

—

same substance, there

is

ground

for believing that

these very different excitants act by provoking the
manifestation of reactions, which, if not identical, are

same order. The old theory which
considered phosphorescent bodies as simply restoring
at least of the

the light absorbed, as a sponge restores the water it
has imbibed, is no longer tenable at the present
day.

The phenomenon of phosphorescence seems linked
with that of the dissociation of matter, and with the
liberation of energies

The

which accompany

this disso-

evident as regards the phosphorescence of gases, since the latter only become
phosphorescent under the influence of electrical
actions, which are always accompanied by ionization
that is to say, by the disintegration of their atoms.
As regards other forms of phosphorescence, the
connection with dissociation is far less evident. It,
however, appears at least probable in the case of
phosphorescence by light, when we remember that
light energetically dissociates matter, and that it is
just the radiations producing this dissociation which
are the most apt to produce phosphorescence.
The tendency to consider phosphorescence as one
of the consequences of the dissociation of atoms is
beginning to take shape among physicists. De Heen
and, after him, Lenard, have recently arrived at the
ciation.

—

link

is
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conclusion that light acts by provoking the emission
of negative ions issuing from the atom, and capable
of returning to it by oscillation.

To these movements of the elements of the disatom should be due the radiation in the

sociated

ether producing phosphorescence.
Its light, of the
same nature as that of incandescent bodies, differs
from it by the absence of any elevation of temperature, which amply justifies the name of cold light
sometimes given to it. It is possible that the rays
of light, electricity, and the different causes of phos-

phorescence bring the intra-atomic energy immediately in play without its having to first pass through
molecular movements, as in the case of heat.
It is not strictly proved, moreover, that cold light
is not in reality quite as hot as that generated by incandescence. If phosphorescence is a very superficial
atomic phenomenon, it may be that the elevated
temperature accompanying it is not appreciable.
Crookes has observed that by exposing diamonds
to the cathode bombardment, their surface is trans-

formed into graphite

—

which implies, according to
Moissan, a temperature of 3600° C. and yet the
deeper strata of the diamond experience no notable
elevation of temperature.
The tube in which it is
enclosed is very little heated. The same author has
likewise observed that the surface of silver plates
can be thus brought to a red heat, while the

—

temperature of the whole mass of metal is hardly
high conductivity of silver
for heat. I must remark, however, that after rendering phosphorescent large masses of certain sulphides,
spread out so as to have only a thickness of some
hundredths of a millimetre, and afterwards collect-

raised, notwithstanding the

s
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ing the mass in a flask, its temperature was not
appreciably raised.
The abo¥e considerations on the intra-atomic
origins of phosphorescence only constitute the suggestion of an explanation the complete solution of the
;

problem

is still far off.

It is of importance to first thoroughly determine
the reactions producing phosphorescence. They are
of a special order, for which the laws of the early
chemistry are of no service. How, in fact, could we
have conceived that reactions bringing in play insignificant quantities of energy, as, for example, the
very slight hydration of a salt of quinine, could
act on so stable a structure as an atom, and at the
same time generate both radio-activity and phosphorescence ?
Without being able to entirely elucidate such phenomena, one can at least grasp its possibility by bearing
in mind the notion, repeatedly referred to in the
book, that the atom, notwithstanding its stability,
may become unstable when we bring to bear upon
it

It then behaves somewhat like
which the most intense noise is powershake, while a slight sound of suitable period

a suitable reagent.

a tuning-fork,
less to

will cause

it

to

vibrate.

A

thin pencil of ultra-

violet light will thus dissociate without difEculty the

atoms of a block of steel capable of withstanding the
most violent shocks. When a salt of quinine becomes
very phosphorescent and radio-active solely by the
addition of a thousandth part of its weight in
water-vapour, we have simply without, however,
excited reactions giving to
clearly knowing how
the atoms of this body the instabihty which precedes

—

dissociation.

—

THE CAUSES OP PHOSPHORESCENCE
§

2.

275

Special Character of the Chemical Reactions
to Bodies the Aptitude for Phosphorescence

giving

What has been said will enable us to catch a
glimpse of the reason why bodies, never phosphorescent under the influence of light when pure,
acquire this property when we add to them a few
hundred-thousandth parts of their weight that is
to say, almost imponderable traces
of foreign bodies.
The sulphides of the alkaline earths and natural
minerals are never phosphorescent in a state of
purity.
Certain bodies considered as very pure,
such as the fluorite used to make lenses, crystallized apatite, &c., are, however, phosphorescent, but
their pure state is only apparent.
They always contain traces of foreign bodies.
So does the diamond,
.as chemical analysis of it shows.
It is the special combinations due to the presence
of these foreign bodies which give to certain chemical
compounds the aptitude for phosphorescence. Once
formed, these combinations present some curious
characteristics.
Very movable, as is proved by the
rapidity with which the different rays of light cause
phosphorescence to appear or disappear, they nevertheless withstand energetic causes of destruction,
since it takes fifteen hours of calcination at a red heat

—

—

to deprive certain substances of their aptitude for

phosphorescence. This calcination in no wise acts
by eliminating anything, since the regeneration of
the combination and the aptitude for phosphorescence
which ensues are obtained by passing induction
sparks through the calcined bodies. Heat has not
therefore eliminated any foreign body, but has simply
destroyed the chemical combinations capable of being

276

THE EVOLUTION OP FORCES

accompanied by phosphorescence, which re-form under
the influence of the electric spark.
The foreign bodies capable of causing phosphorescence must always be present in infinitesimal
Different substances may be substiproportions.
tuted for one another to produce effects, if not
identical, at all events analogous.

M. Mourelo has

sulphide of strontium the
property of becoming phosphorescent by heat, it
has only to be calcined with a ten-thousandth part
Similar
of a salt of manganese or of bismuth.
observations have been made with regard to the

shown

that, to give

a

other sulphides.
The early experiments of Edmond Becquerel prove
that the slightest variation in the composition of
the bodies in the mixture have an influence on
Marble, chalk, Iceland spar,
their phosphorescence.
bodies chemically identical, since they are composed
of carbonate of lime, when dissolved in nitric acid
and precipitated by carbonate of ammonia, give

carbonates of lime which we might suppose to
be identical. They are not so, however; since, by
calcining with sulphur the carbonates of lime from
various sources we obtain sulphides of calcium of
which the phosphorescence may be yellow, green,
The carbonates of lime employed have
or violet.
thus retained infinitesimal traces of foreign bodies
varying with their origin.
One of the most singular characteristics of the
chemical combinations capable of giving to bodies
the aptitude for phosphorescence by light is, as is said
above, an extreme mobility that is to say, the
faculty of being formed, and of being destroyed indeCertain
finitely, in an almost simultaneous fashion.

—

THE CAUSES OF PHOSPHORESCENCE

277

radiations produce phosphorescence in sulphide of

zinc in one-tenth of a second,

and others destroy

it

in the

same space

as the

glow-worm, likewise possess this property of

Different animals, such

of time.

causing their phosphorescence to appear and disappear instantaneously.
This notion of chemical reactions capable of being

produced in the heart of perfectly solid bodies, such
as diamonds, fluorite, and the sulphides of alkalLae
earths, is evidently

still

outside the range of classic

ideas.

These last hardly admit, according to the adage of
the early chemists, that bodies can act on one another
save in a state of solution nor do they admit combinations in proportions neither simple nor definite.
Chemical science, moreover, has no knowledge of
combinations which can almost instantaneously be
;

made, unmade, and remade indefinitely under such
slight influences as a ray of light.

Of what do these combinations consist where one
of the elements is in an infinitely small proportion
relatively to the other

We know by

all

?

that has been said that the

com-

binations which render phosphorescence possible
realize the following conditions
(1) The bodies, the
:

—

addition of which produces combination accompanied
by phosphorescence when excited by light or by heat,
ought to be added in very small proportions (2) the
;

combinations formed are mobile and capable of being
regenerated, since they are destroyed and remade in
a small fraction of a second (3) these combinations,
so rapidly destroyed and so rapidly regenerated, are
intimately connected with the action of the temperature, which, when it is raised, destroys them very
;
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and very slowly when it is sufficiently low.
The phosphorescent body emits for months invisible
radiations.
The return of the combination to its
quickly,

primitive state is completely stopped at a still lower
temperature, and the body preserves its phosphorescence indefinitely until its temperature is raised.
Apart from phosphorescent bodies we do not know
any chemical combinations able to realize these
various conditions, and simple mixtures certainly
We are therefore obliged to admit
do not do so.
that we have to do with an utterly unknown order
They will probably remain
of chemical reactions.
unknown for a long time, because their extreme instability and the ease with which they are destroyed
and regenerated protect them against all processes
of chernical analysis in present use.
To determine
the bodies present is of no use, since it is the combinations formed by them which we want to grasp.
The problem is further complicated, because the
foreign bodies, the combination whereof induces the

aptitude for phosphorescence, seem only to act by
giving instability to the atom so as to allow it to
liberate the energies it contains.

We

are hardly in reality beginning to suspect the
causes of phosphorescence but that which we catch
a glimpse of enables us to feel by anticipation that
it will constitute one of the most important chapters
;

of chemistry,

and

will

surely be linked with the

history, as yet hardly outlined, of the dissociation of

matter.

BOOK

IV

BLACK LIGHT
CHAPTER

I

INVISIBLE PHOSPHOEESCENCE
§ 1.

The Divisions of Black Light

The appearance

in 1896 of tTie work of Rontgen on
the X-rays determined me to publish immediately,
in order to settle the order of dates, a note on some
particular radiations capable of passing through
bodies, which I had been studying for two years
and which were attached to no known phenomena.
I called them by the name of Black Light by
reason of their sometimes acting like light while

remaining invisible.
These radiations, which I had not had time to
separate, at that period, were composed of three very
distinct elements (1) Radio-active particles of the
family of cathode rays (2) radiations of great wavelength (3) radiations due to invisible phosphoresI have already set forth in l' Evolution de la
cence.
Matihre ^ how I managed to distinguish these different elements in their order.
The first of the three categories of radiations enumerated being identical with the cathode rays and
:

;

;

'

Page

22, 12th edition.
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it would be useless now to give
them a special name. I shall therefore only designate
by the name of Black Light ( ) the invisible radiations, totally unknown before my researches, emitted

radio-active emissions,

:

1

by certain phosphorescent bodies

and

;

(2) the radia-

tions of great wave-length, belonging to the infra-

red part of the spectrum. This region has been
known for a long time, but the majority of its properties have Ifeen ignored.
It was not suspected
before my researches that these radiations passed
through a great number of bodies, allowed instantaneous photography in the dark, and possessed very
special physiological actions.

The first category of radiations enumerated above
have the same composition as ordinary light, and only
differ from it by their invisibility.
Designating
them, together with those of the infra-red, under the
term Black Light, completes the continuous scale of
invisible radiations.^

Black Light, then, comprises (1) the invisible
by certain phosphorescent bodies (2)
the invisible infra-red light which in the solar spectrum goes up to 5
and possesses consequently an
extent ten times superior to that of the visible
spectrum.
:

light emitted

;

fji,

I will now study the division of the Black Light
constituted by invisible phosphorescence.
§ 2.

When
ments

A

History of Invisible Phosphorescence
I published in

1899 and 1900 the experiwhich this chapter is

to the description of

'
complete scale of all the ether waves known, including the
visible spectrum, has been drawn up by Prof. Lebedeflf, and
is given
in KoYae's Electricity (Eng. ed.), p. 383.
Ed.
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devoted, they seemed so astonishing to physicists
that they preferred not to believe them. Yet the
of the most fundamental of them
extremely easy, and demanded no other
expense than 50 centimes in money and a few
minutes in time. I now know, however, that several
repeated them, but, astonished at their success, preferred not to speak of results which were evidently

verification

was

of

no account, since

had not consewith great timidity

science

official

Even to-day

crated them.

it is

that they are noticed in a few treatises on physics.
Thus, for example, a distinguished scholar, M. Gariel,
Professor of Physics at the Faculte de Medecine de
Paris, after having given a summary of them, says
" These facts are almost extraordinary.
There is no
occasion, however, to put them on one side, for the
phenomena relating to radiations are certainly not
yet all known." ^ This quotation at least shows that
if

the discovery of

is still

The
is

more

new

facts is

difficult to get

sometimes

difEcult,

it

them admitted.

invisible phosphorescence

which

characterised by the following

I discovered

phenomena

A

:

(1)

phosphorescent body exposed to the light preserves for a period of about eighteen months the
property of emitting invisible radiations capable of
refraction and polarization, and of impressing photographic plates. The spectrum of these radiations,
which is analogous to that of light, only differs
from it by its invisibility. (2) At the end of these
eighteen months, the body has no longer any
appreciable radiation, but preserves indefinitely a
residuum which can be made visible by projecting
on its surface dark infra-red radiations.
'

Physique Biologique,

vol.

ii.

p. 261.
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These phenomena were completely unknown, and
nothing warranted their being foreseen. No doubt
it was known from all time that many bodies are
phosphorescent by heat, and, consequently, have preserved since their geological formation an aptitude
for phosphorescence which appears so soon as they

But as these bodies radiate absolutely
the dark before being heated, they
That
give birth to no invisible phosphorescence.
which they manifest by heat is a very visible
phosphorescence.
Notwithstanding their long researches on phosare heated.

nothing

in

phorescence, E. Becquerel and H. Becquerel were
ignorant of the phenomenon of invisible phosphorescence. Never did they suspect that bodies on which
light had fallen for a minute could spontaneously
emit in the dark invisible radiations during many
long months.
While knowing, as Canton had
observed, that a phosphorescent sulphide, heated

some time after insolation and extinction, again
became slightly luminous for an instant, E. Becquerel
supposed that the spontaneous emission of radiations
quickly ceased, and that heat was necessary to expel
the slight phosphorescent residue preserved indeed,
but, according to him, never for long.
This is, moreover, what he says in his book on Light (vol. i. pp. 52
and 59): "When these substances [phosphorescent
sulphides] are exposed to the light and placed in profound darkness for a short time say, for three or four
days they almost entirely lose the faculty of shining
immediately by a rise in temperature
Thus, the
modification acquired by the action of radiation is
only preserved in part and for a certain time in phos."
phorescent bodies, and then finally disappears

—

—

.

.

.

.

.
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The spontaneous invisible radiation produced
without any intervention of temperature had thus
escaped the notice of this eminent physicist. It is
not at all true that " the modification acquired by
the action of radiation is only preserved for a certain
time, and then finally disappears."
We shall see
that a part of the modifications impressed by light
on phosphorescent bodies is preserved itidefinitely,
and even after they have ceased to emit any invisible
phosphorescence, which, however, only happens at
the end of about eighteen months.
There exist two forms of invisible phosphorescence
(1) the one following visible phosphorescence;
They can both be easily
(2) the one preceding it.
transformed into visible light.

—

§ 3.

The

Properties of Invisible Phosphorescence

which follows the
one of the least known and most
curious forms of light. It would have been difficult,
invisible phosphorescence

visible constitutes

my experiments, to foresee that a body exposed for a minute to the sun and then kept in
darkness would for eighteen months preserve the
property of emitting, without cessation, radiations
identical with light and only differing from it by
before

an absolute

invisibility.

The majority
sometimes

for

of bodies struck by light preserve
a very long time the property of

emitting dark radiations capable of impressing
photographic plates. But it is with those capable
of first acquiring phosphorescence that the phenomenon can be best studied.
First, here are the experiments by which I determined the properties of the Ught thus emitted.

THE EVOLUTION OF FORCES

284

the eTnission and variation in the
rays
emitted as a function of the
intensity of the
Sulphide of calcium in powder placed betime.
tween two strips of glass is exposed to the light for
a few seconds, and then transferred to the drawer of
a cupboard placed in a dark room in which no
light has penetrated during the course of the experi1;

Duration of

—

—

ments that is to say, for several years. At the
end of twenty-four hours the screen has become
entirely dark.
Without taking it from the dark
room, it is placed on a photographic negative, under
which is placed a gelatino-bromide plate. Still keeping in darkness the system thus constituted, the
following

is

observed

Three days after the insolation, a very vigorous
image of the negative is obtained in two hours.
At the end of fifteen days the exposure has to be
for twelve hours
after twenty-tive days, thirty
hours after six months, forty days. At the end of
eighteen months traces of the image can still be
obtained after an exposure of sixty days.
The above proves that the residual charge given
by two seconds' exposure to the sun has taken
;

;

eighteen months to gradually disappear.
2.

Propagation in a straight

The propagation

line,

and refraction.

—

and the refraction
of the dark light which remains are shown by the
following experiment

A statue

in a straight line

coated with sulphide of calcium dissolved
is exposed for a few seconds to the
light.
Three or four days after it has become
entirely dark, it is placed in a photographic dark
room placed in a cellar into which the daylight
has never entered. The focussing has been arranged
in copal varnish

Figs. 24 and 25.

Photographic reproduction in the dark of statuettes hy the invisible rays
emitted by them eighteen months after having been struck by light.

(The black patches show parts which have not been coated with
the substance producing the invisible luminescence, and show
that no artificial light has reached them during exposure.

To face page
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By

using a portrait camera with large
by exposures varying from eight
to fifteen days, images as perfect as those taken in
daylight.
The shadows vary at the will of the

beforehand.
aperture,

we

operator,

pend

obtain,

since they

solely

de-

on the position

given to the statue during
insolation (Figs. 24 and
25).

Polarization.

3.

— The

double refraction and, consequently, polarization of
this dark light are shown
by the following experi-

ment
spar

:

—A strip of Iceland

is

introduced into the

optic system of the

camera

previously used, and the
statuette is replaced by

two glass tubes in form

of

with sulphide
and fixed in a place settled
beforehand so as to obtain

a cross,

filled

good

focus.

a

By working

as before, a few days after

the sulphide has ceased to

emit light, we see, on one
of the axes of the cross,
two partially superposed
images, of which the intensity is one half less

Fig. 26. Polarization hy double
refraction of the darh rays
emitted by bodies endowed
with invisible phosphores-

Duplication of one

cence.

arms of the cross.
images are super-

of the

The

posed at the central part,
and allow us to compare
the intensity of the duplicated parts (on the negative the central part is, of
course, the darker).

than that of the part not
duplicated which is in conformity with the theory

—

(Fig. 26).
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This experiment proves, at the same time, the
emission of invisible radiations, their propagation
in a straight line, their refraction, and their aptitude
for polarization.

—

The perfect
4. Composition of the rays emitted.
sharpness of the images obtained in the preceding
experiments already proves that the index of
refraction of the lenses for dark rays is the same
as for visible light.
Had it been otherwise, the
preliminary focussing by ordinary light would not
for rays of different wave-length,
especially with the portrait camera employed, of
which the focal depth is almost nil.
But that is
only an indication. To ascertain the composition of
the active rays, it would have been necessary to disperse them by a prism and to photograph them.
This experiment was not realizable on account of the
necessity of employing, in order to obtain fairly clear
photographs of the prismatic spectra, a very fine slit
which absorbs nearly the whole of the light. The
difficulty has been obviated by employing an artificial
spectrum, composed of bands of coloured glass fixed

have been exact

on a strip of colourless crown glass. This spectrum
was first exposed to ordinary light over a sensitive
plate, and the image thus obtained, after development, was compared with successive images obtained
by interposing the artificial spectrum between the
dark screen of sulphide and the sensitive plate.
The images were identical in the two cases that
is to say, nil from the red to the green, and very
intense under the blue glass.
From these experiments we may conclude
(1) That there is identity of composition between
the visible solar light and the dark light emitted

—

:
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by bodies exposed to luminous radiations for a
moment. The second only differs from the first by
its invisibility, which results from the small amplitude of the waves emitted.

and

§ 4.

(2)

That

this residual

invisible light lasts for a long time.

Persistence of the Aptitude for Phosphorescence
after Cessation of the Spontaneous Radiation

— Transformation

of Invisible Phosphorescence

into Visible

We

have just seen that certain phosphorescent
can for eighteen months emit invisible
radiations, but that a time arrives when the emisbodies

We

sion ceases entirely.

dark bodies, which
long seem to have
indefinitely

phorescence.

a

provision

shall

render

— after a ten years'
example — by letting certain
moment

now

see that those
of radiation

so

lost all their energy, preserve

certain

We

shall

after a period

of residual
it

visible

phosat

any

stay in the dark, for
invisible radiations fall

on the surface of these bodies. They then become
brightly phosphorescent enough to be photographed
in a few minutes in the dark room.
i noted this fact for the first time with the
sulphide of calcium screens which had been used
for my former experiments, and which no longer gave
photographic impressions at the end of eighteen
months, even after six weeks' exposure. They were
then left in the dark, where they still are after more
than ten years.
Let us put one of those screens in the dark into a
plate-carrier, and cover over the glass with a sheet
of black paper or a plate of ebonite, bodies opaque
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to ordinary liglit, but very transparent, as lias been
shown, to dark radiations of great wave-length. Let
us expose this plate-carrier for twenty or thirty
seconds to a paraffin lamp, and then take it
into the dark -to open and examine it.
We shall
find that, under the influence of the invisible
radiations, the screen, which has been dark for so
many years, has become luminous.
Its phosphorescence is sufficient to give a photographic
impression by contact in two or three minutes,
while before it did not give one after six weeks'

exposure.

The phosphorescence thus produced disappears
rapidly, but the

experiment can be repeated with

the same screen more than

— that

fifty

times at certain

an indefinite number of
There naturally arrives a moment when, the
years.
phosphorescent residue being exhausted by these
successive experiments, the dark rays will produce
no effect unless the screen is subjected to a fresh
intervals

is

to say, for

It is
therefore really a case of a
limited residual charge, which does not renew itself
spontaneously, but which we can keep indefinitely

insolation.

before expending

A

it.

number

of bodies possess in this way the
property of acquiring a provision of residual light, a
part of which disappears spontaneously, while the
other part is preserved indefinitely. With some of
them, such as sulphides of calcium and of strontium,
the invisible residual light may become visible simply
under the influence of dark radiations of great wavelarge

when the screen exposed to these radiamaintained at a very low temperature for
example, between i^two glass troughs a centimetre

length, even
tions

is

—
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Heat therefore cannot be given as
the cause of the phenomenon. It is important to
note this, for heat by itself can produce the same
effect if we raise the temperature to 80° C.
The
action produced by heat is, moreover, very different
from that generated by the dark radiations, as will
presently be shown.
The above experiments succeed very well with
several phosphorescent sulphides, especially that of
calcium, but not, at all with sulphide of zinc. The
reason of this, to which I shall return elsewhere, is
that the radiations of great wave-length, capable of
destroying the phosphorescence of this sulphide, are
totally incapable of exciting it.
Sulphide of zinc
will, like other sulphides, retain a residual charge
indefinitely, but this residual charge can only be
expelled by a temperature approaching 100° C, and
thick, full of ice.

by the dark infra-red rays.
other bodies— the diamond, for instance
exist which can indefinitely retain a residual phosphorescence, which may be rendered visible by
heat, and not by the infra-red rays.
A Brazilian
diamond exposed to the sun acquires a visible
phosphorescence which vanishes rapidly;, but it
not at

all

Many

which can be
rendered visible after a few years by heating it to
about 200° C.
retains an invisible phosphorescence

Instead of effecting the preceding experiments
with phosphorescent screens requiring some little
preparation, they can be realised more simply by
placing the sulphide of calcium in a tube placed,

box closed by a sheet of ebonite,
by a sheet of glass coated with the socalled Japanese varnish, in a layer thick enough for
after insolation, in a

or,

better

still,

T
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the sun to be invisible through it.^ At the end of
twenty-four hours, the sulphide will no longer shine,
but when kept in the dark it will retain indefinitely
the faculty of becoming luminous when the invisible
fall on its surface.
we have only to expose for one

radiations above referred to

To prove

this,

minute the box containing the sulphide of calcium
tube to a paraffin lamp. On afterwards opening it in
the dark, it will be seen that the tube has become
luminous. It is to this very easy experiment that I
alluded at the beginning of this chapter.
To render the preceding experiments still more
demonstrative, I place at the bottom of a large cardboard box, closed as indicated above, some bas-reliefs
coated with a layer of sulphide of calcium, dissolved
This box is left in the dark.
in bronzing varnish.
If, at some later period, it is exposed, still closed, to
a lamp for two minutes, and then opened in a dark
room, the statues will be luminous. The operation
may be carried out several weeks after insolation.
Up till now we have always used, to excite the
extinguished phosphorescence, visible radiations passing through an opaque screen, which renders them
invisible.
But the experiment in this form allows it
to be supposed that visible light has been able to
pass through a chink in the box and to illumine the
sulphide. We will now suppress all visible sources
of light, place the observer in complete darkness, and
•
To get the layer of the required thickness, put a little raised
border of cardboard round the glass. The layer may be of any thickness. I have observed that a thickness of one centimetre is easily
traversed by the infra-red radiations. The only inconvenience of
over-thick layers is that they take more than a week to drjr. However, a layer of one millimetre is sufficient to give an absolute
opacity to the eye, which can be tested by holding it up between
the latter and the sun's disc.

Fig. 27.

Apparatus for maleing

statuette

luminous in the darh hy the
dark lantern.

invisible rays emitted hy

The observer must be in complete darkness.

To face page
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in this darkness cause gradually to appear before his

eyes a luminous statue which no ray of visible light

has touched.
Though very striking, this experiment is most
simple, and easily deduced from what is said above.
The reader who has thoroughly understood my explanations sees at once that, if we shut up the lamp
in an opaque box instead of the statue, the result
will be the same.
The operation is as follows
In a dark room, or, if you have not one, at night,
the dark lamp above described, which allows no
streak of visible light to pass, is placed on a table.
In front of it is a statuette coated with sulphide of
calcium which has been left for several days in the
dark, and, consequently, presents no trace of phosphorescence. All being thus prepared, the observer
sees, at the end of one or two minutes, the statue
light up and come forth from the darkness.
The experiment is a very curious one, and has
It is, in
always, vividly impressed the spectator.
fact, very strange to see the dark radiations of the
lump, added to the dark radiations of the sulphide,
produce visible light. It is almost the converse of
the celebrated interference experiment of Fresnel,
in which light added to light produced darkness.
In my experiment, it is darkness added to darkness
:

which gives birth

The

to light.

light thus obtained

is not very vivid.
It is
however, to enable a photograph of the
statue to be taken with an exposure of forty minutes,
with a portrait camera suitably placed beforehand.
The dark lamp, of course, is kept near the statue
for, were it taken
all the time the operation lasts
away, the phosphorescence would extinguish itself in

enough

so,

;
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less

than a minute.

of statuettes obtained

Fig. 28 gives the reproduction

by these means.

The above proves that the residual luminosity
stored up by certain bodies is formed of a transitory
element and a permanent one, both being capable of
But while the
transformation into visible light.
element disappears spontaneously by
transitory
radiation in a greater or less space of time, the
permanent element does not radiate spontaneously,
iDut

persists

indefinitely until

artificially

expelled,

without any rise in the
either by calcination
body to dark radiations
exposing
the
by
temperature,
or,

of a certain wave-length.

§-5.

Invisible Phosphorescence preceding the
Visible

The

invisible phosphorescence which, as

may

we have

precede it. This
is proved by the following experiments.
Let us take a screen made of a phosphorescent
body which is slowly impressed by light, such as
sulphide of strontium, and deprive it, by heat, of all
Let us then place it in
residual phosphorescence.
the plate-carrier of a camera having a diaphragm
timed to ith of a second, point the apparatus towards
the sky, and uncover the diaphragm so that the plate
is exposed to light for that period.
On opening
the frame afterwards in the dark, we note that the
sulphide is not luminous, but it will suffice to place
it on a plate heated to 200° C for illumination to
Its short exposure to the light had thus
occur.
given it an invisible phosphorescence.
The experiment may be effected more simply

just seen, follows the visible,

Fig. 28.

Photographic reproduction in the darh of statuettes by dark rays
of great wave-length.

They make the

objects luminous

by combining with other dark

rays emitted by the statuettes themselves.

To face page WH.
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This

acquires a very slight visible phospho-

rescence

by heat and none by light, but if inand then heated to 200° C, it shines with
brilliance for some minutes, which proves that the
light communicates to it a certain quantity of in-

solated,

phosphorescence.
This series of operations
can be repeated indefinitely— that is to say, we can
restore to the spar the same luminosity by heat after
having insolated it.
visible

§ G.

Comparative

Effects

on

PhospJiorcsci'iice of the

Infra-red Radiations and of Heat

The first observers, having studied the action of
the various parts of the spectrum on bodies capable
of phosphorescence, very soon noted that the radiations going from the blue to the ultra-violet produced
phosphorescence, and that those from the green to
far on in the infra-red extinguished it.
H. Becquerel believed that he had found the explanation of this destructive action of the infra-red,
by saying that it acted simply as a source of heat, and
consequently obliged the body to expend very quickly
This explanation
its provision of phosphorescence.
from that time, been repeated in all standard
works on physics.
Yet it only required very simple experiments to
show that it was founded on a mere appearance,
has,

which, moreover, does not exist with all phosphorescent bodies. The following experiments enable the
parts played by the infra-red rays and heat to be
clearly differentiated.

Fasten on the same cardboard two small screens.
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the one of sulphide of calcium, the other of sulphide
and expose them, after insolation, to the

of zinc,

The sulphide
become more brilliant, but the sulbecomes extinguished directly without

infra-red radiations of our dark lamp.
of calcium will

phide of zinc

any increase in light.
But this is only a first indication. I shall show
that heat and infra-red exercise on phosphorescence
two very different actions. They may be added
together, whence the error of interpretation pointed
out above, but one of them may also act in the
contrary

We

way

to

the other.

examine the case in which these two
effects, the specific action of certain radiations and of
heat, seem identical.
Let us take a screen of sulphide of calcium, which
has been insolated for a quarter of an hour, and expose
will first

the action of our dark lamp, either in front of
the metallic chimney, or of the part closed by ebonite
which allows the infra-red to pass. In both cases
it to

the phosphorescence will

first

be

made more

active

and then extinguished. Only the action of the heat
is slower than that of the infra-red, because it only
acts when the surface of the screen has had time to
get heated.

The same results occur if we employ a screen which
has been insolated for a few days, and is consequently
dark.
It will shine in front of all parts of the black
lamp that is to say, by the action of heat as well as
by that of the infra-red.
By confining ourselves to these experiments wo
should arrive at the conclusion, as did the earlier
observers, that the infra-red rays acted by heating
the phosphorescent screen.

—
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of this interpretation,

we

will repeat the preceding

experiment, but interpose
between .the screen of sulphide and the lamp a strip
of glass to prevent the heating of the phosphorescent
matter. The effects will then be very different.
In front of the ebonite, a region low in temperature,
but which allows many of the infra-red rays to pass,
there will still be illumination.
In front of the
chimney of the lamp, a region fairly warm and
acting as a heated body, there is no longer any
illumination.

The

strip of glass interposed,

which

prevents the action of heat, prevents likewise the
phosphorescence. It is therefore evident that the
action of heat and of radiations of great wave-length
are very different.
It evidently might be objected to the above that
if the infra-red possesses the specific action I ascribe
to it apart from calorific power, the chimney of the
lamp of which the action is prevented by the interposition of a glass should have an effect, since it
produces infra-red rays to the same extent as heated
bodies.
But as the heat of the walls of this chimney
hardly exceeds 100° C, the waves emitted have a
length not less than 5 to 6 yu., and these have no specific
They act solely by the
effect on phosphorescence.
heat they are able to produce after a certain lapse
of time, which is why the interposition of a strip
of glass suppresses all such action. Through ebonite,
blackened glass, &c., there are emitted radiations of
up to 3 fi, which possess a specific action
about 0'8
independent of the calorific effect which they must
produce in course of time, and that is the reasoii
they instantaneously act on phosphorescence.
To render the above theory still more convincing.
fjL
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I will how show "that the infra-red can produce on
the two halves of the same screen contrary effects,
the one by its specific, the other by its calorific
.

action.

For the sulphide of calcium screen, let us subone of sulphide of zinc with green phosphorescence. Let us insolate it by daylight, place one half

stitute

chimney of the lamp (that is
and the other
the ebonite which masks the flame

in front of the metallic

to say, in front of a source of heat),

half in front of

and allows the infra-red radiations to pass. On the
two halves of the screen, the effects will be diametrically opposite.
In front of the ebonite, the screen
will become at once extinguished, without any preliminary increase of the phosphorescence. In front
of the metal chimney, its phosphorescence will be,
on the contrary, markedly increased.
If, instead of having been insolated before exposure
to the lamp, the sulphide of zinc screen has remained
for some time in a dark room, so that it no longer
manifests any visible phosphorescence, the difference
of action between heat and the infra-red radiations

show itself. The screen will
again become phosphorescent before the heated metal
wall, and will remain dark before the ebonite, since
the rays cannot destroy its visible phosphorescence
will still continue to

owing to its being already extinguished.^
These experiments put in evidence the fundamental differences existing between the effect of
heat and the specific action of certain radiations.
In

these experiments in which luminous fields of unequal
it is well to put on the screens (on the side
facing the lamp) a narrow sheet of tin, which preserves the intensity which they would have had without having been exposed
^

all

intensity are compared,

to

any

radiation.
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The above demonstration may be completed by
enclosing the phosphorescent screen between two
troughs of frozen water 1 cm. thick, before placing
it in front of the infra-red radiation of the lamp.

Though
become

its surface cannot, under these conditions,
heated, there will be observed in front of
the ebonite effects of illumination in the case of the
sulphide of calcium, and extinction in the case of

the sulphide of zinc, as already described.
It

is

therefore evident that infra-red radiations

may have

specific actions quite independent of those
produced by raising the temperature of the bodies
absorbing them.
Our experiments having proved that heat and

infra-red radiations are able in

duce similar

some

cases to pro-

on certain phosphorescent sulphides especially that of calcium it became of
interest to inquire to what temperature these bodies
should be brought in order to obtain by heating
them effects identical with those obtained at a low
temperature with infra-red radiations. Nothing can
be easier, since it suffices to determine the temperature at which sulphide of calcium, after being
insolated for a few days, and thereby darkened, can
regain its luminosity. This is effected by placing
it in tubes introduced into a receptacle full of water
containing a thermometer, and heating it gradually
in darkness.
We thus become aware that sulphide
of calcium which has been insolated for eight days
only commences to shine at 60° C, and not before
The
55 seconds, the time necessary to heat it.
same tube of sulphide becomes, on the contraiy,
instantaneously luminous when exposed at a \ovf
temperature to the action of infra-red radiations.

—

effects

—
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wish to discover how much phosinfra-red is capable of taking
away from luminous sulphides, and thus fix its
This is effected by introducing
calorific equivalent.
into a photographic plate-carrier, with a thin shutter
of ebonite, a screen of sulphide of calcium, and
exposing it in the sun for several hours. It is then
observed that, to restore its phosphorescence, it
must be raised to a temperature slightly above
100° C.
The great radiations acting at the ordinary temperature have therefore taken from a phos-

One may

phorescence

also

the

phorescent body all the residual light
by heating it to about 100° C.

§

7.

it

might

lose

Radiations of the Metals and of Different
Non-Phosphorescent Bodies

With invisible phosphorescence there are apparently

—

—but

only apparently connected certain impresby bodies placed in contact, and in
the dark, with a sensitive photographic plate. A
gelatino-bromide plate is placed in a dark slide
sions obtained

under

a

strip

of

metal

—-zinc,

aluminium,

or

platinum.
By interposing between the strip and
the metal a cross made of various substances, we
generally obtain, after a few hours' exposure to the

sun or to a strong paraffin lamp, an image of the
object interposed, even when it is separated from the
metal by a thin plate of mica.
This experiment, and others of the same order
which in former years caused me to waste much
time, succeed very irregularly, and ut the end of a
few days the metal no longer gives any image.
These effects are in no way connected with phos-
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phorescence, but witli the radio-activity of the metal,
and this is the reason that they can be increased by
slight heat.
The absence of action of the metal
its fatigue, if we may call it so
is likewise observed,

—

as I

Fi'j;.

have shown, in the discharge

of the electroscope.

Thick metal plutr pierced with holes over whirli plates of
It is with this plate inserted
have been soldered.
in a photographic plate-carrier that my first researches on the
radio-active properties of different metals were made in 1890.
The photographic method was soon abandoned, became the
impressions were very irregular, as the metals, for the reasons
explained, soon lose their peculiar properties.
29.

different metals

owing to the fact of the metal having exunder the influence of slight heat, a provision
of radio-active substance, which cannot be regenerated without a long rest, that it becomes inactive.
These radio-active actions, which I confused at
the beginning of ray experiments with those of the
It is

pelled,
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infra-red

and

invisible

phosphorescence, were the

many researches before I could distinguish
From time to time different observers come

cause of

them.
across

my

early experiments, and, as Dr. Russell,

Kahlbaum, and Professor Melander have done,
The causes of
observe afresh such impressions.

Dr.

these being determined, these experiments no longer
present any great interest, and that is why I do

not dwell on them.
It is not metals alone, as I have already said,
which may give such impressions, but wood and

animal tissues also produce them. They are made
active by slight heat; but it is evident that
with these different substances certain chemical re-

more

actions

may

also

come

into play.

CHAPTER

II

THE INFRA-RED RAYS AND PHOTOGRAPHY THROUGH
OPAQUE BODIES
§ 1.

— Visibility through Opaque Bodies

We have seen that the greater part of the solar
spectrum is formed of invisible rays situated in
the region of the infra-red, and extending for
up to 5 /a, according to the researches of
The spectrum of flames is much longer
and extends up to 60 /a.

sunlight

Langley.
still,

This very important region has hardly been studied
from the point of view of its calorific
properties.
Having discovered that the sulphide
of zinc with green phosphorescence was nearly as

hitherto, except
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was gelatinowas able to study

sensitive to a part of these radiations as

bromide of

silver to visible light, I

their properties, especially the one of passing through

number

of opaque bodies.
They allow us to
photograph through these last. These
phenomena will be dealt with here, and the other
actions of the infra-red will be examined in a future

a great
see

and

to

chapter.

For the eye to discern an object placed behind a
body supposed to be opaque a wooden plank or piece
it is evidently necessary
of black paper, for example
that the rays should first pass through it. It is afterwards necessary that the eye should be rendered

—
—

sensitive to these rays.

The first of these conditions having always been
considered as impossible, no one could dream of
realizing the second.
The discovery of the X-rays proved that opaque
bodies can, indeed, be traversed by certain radiations
but the properties of these radiations, created artificially by our instruments, could not modify the old
ideas as to the opacity of bodies for light.
The
ancient fable of the lynx, whose sparkling eyes could
;

through walls, seemed destined
most unrealizable of chimeras.
see

to

remain the

By pursuing my
This, however, is not the case.
researches on the whole of the radiations designated
by the name of Black Light, I was led to establish
:

That the luminous rays, or at all events certain
of them, passed without difiSculty through a large
number of opaque bodies (2) that the invisible rays
which pass through them can be easily rendered
(1)

;

visible.
If,

then, our eye does not see through opaque
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not because luminous rays do not pass
to
through, but because our retina is insensitive
really
not
does
these °rays. If the eye of the lynx
old
possess the property conferred on it in the
should
it
why
reason
legends, there is no scientific
eye;but
It would be very easy to imagine an
bodies,

it is

^

not.

from ours, and, moreover, possibly posanimals, which should have the
nocturnal
sessed by
property of seeing through opaque bodies.

little different

\
A
Fig. 30.

I

D

B

— Diagram of the apparatus employed to determine

the radia-

which pass through opaque bodies. A, mirror of the heliostat
which renders motionless the rays of the sun. B, lens condensing the rays on the slit C of the collimator (its use is
indispensable in these experiments); D, direct vision prism
E, screen coated with sulphide of zinc and kept in the dark.

tions

;

It is this artificial eye, sensitive to radiations invisible to the

human

retina,

which

is

realised \>y the

following experiments.

By means

of a heliostat and a lens a pencil of
conducted on to the collimator of a direct
vision prism, and the spectrum is received, in the
dark, on a screen of sulphide of zinc graduated in
wave-lengths according to the formula of the prism
This screen is previotisly rendered sensitive
used.
by a short exposure to light.
After this exposure and before causing the spec-

light is
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trum to act on the screen, a portion of the part on
which it is to fall is covered by a layer of the opaque
body of which it is desired to study the transparency

—say

a sheet of black paper.

By

cutting

off

the

spectrum after a moment and displacing the opaque
strip, we immediately see, by the partial blackening of
the phosphorescent screen under it, the region of the
spectrum which has passed through it. It extends
from 0-8 /i to 3 ya.

&

>
Fig.

31.
Arrangement of apparatus for seeing and photographing
opaque bodies by means of radiations of great wave-lengths. A,
sheet- iron lantern entirely closed, into the face (B) of which is
inserted a sheet of black paper.
L, paraffin lamp.
H, opaque
box, in black paper or ebonite, containing the object it is desired to render visible.
I, transparent screen formed of a thin
layer of sulphide of zinc dissolved in varnish and spread on a

strip of glass.

The whole of the above arrangements being in complete darkness,
the screen I is rendered sensitive by exposing it to tlie light of day,
and then placed behind the box H. In a few seconds there will
appear on its surface the image of the object enclosed in the box.
This image can be fixed by placing the screen I for fiom thirty to
sixty seconds on a photographic plate, which is subsequently
developed.
If it is desired to take a photograph in the dark chamber the screen
in the frame of an ordinary camera, furI should be placed at
nished with a portrait diaphragm. 1'he focussing should be done

M

previously.

Now
ties of

case

let

us examine how, by utilising the proper-

these radiations, a body enclosed in an opaque

may

be rendered

visible.

We

have simply

to

follow the explanations given below the above figure.
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In a few seconds the object enclosed in a box is
seen outlined on the screen which covers it.
The luminous source of which the rays pass
through the opaque body is a paraffin lamp covered
The operator is therefore in
with black paper.
complete darkness, in the midst of which there

Fig. 32. Pliolograph in a dark room of an object (e.g. a
decoration) shut up in an opaque box.
The expcriinent is
arranged as in Fig 31. The index of refraction of lenses
for radiations of great wave-length being unknown, I
have had to put up with an approximate focussing

which has made the image not very clear. This photograph of an object shut, up in an opaque box is the first
to be made with a camera.
As the X-rays are not
refrangible, one cannot photograph with them in a
dark room.

appears on the screen the objects contained in the

opaque box.
Of the various experiments realizable by the above
process, the most striking is that of the visibility of
an object, key, decoration, &c., enclosed in a box.
This being placed in front of the invisible lamp, we
see gradually appearing out of tKfe total darkness in
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which the operator is the image of the enclosed
object.
When working with transparent screens of
large size the effect

is

surprising.

luminous rays are much less penetrating than the X-rays, and can in no way claim to

The

invisible

take their place.
At the time of

my first experiments in photography

through opaque bodies,

I

was not aware

of the sensi-

tiveness of sulphide of zinc to the infra-red rays, and
I made use of photographic plates rendered sensitive
to radiations of great wave-length

previously

made

cloudy.

by having them

The exposures then

lasted

hours instead of seconds. I reproduce later (Fig. 40)
one of the images thus obtained.

The above experiments needing a little attention and
some care, I have sought to supplement them by others
which only demand an infinitesimal amount of attention
and no apparatus. The following one enables a body
enclosed in an opaque receptacle to be seen 1
A sheet of black paper is fixed on a glass plate, and on
:

surface is fastened a cross cut out of a thin strip of tin.
This cross is covered with a second sheet of black paper, so
that it is imprisoned between two sheets of this opaque

its

We

paper.
now have to make it visible.
screen of sulphate of zinc on cardboard is illumined
by daylight and its surface applied against the strip of
The face next the phosglass covered with black paper.
phorescent screen is exposed for ten seconds at a distance
The whole affair
of 20 centimetres from a paraffin lamp.
is then carried into the dark room.
On lifting up the
phosphorescent screen there will be seen on its surface
the image of the metallic cross which was enclosed between the two sheets of black paper.
The above experiment is, moreover, the one I have
recourse to in order to verify at once the transparency

A

'

See note on next page.
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of the bodies, black paper, ebonite, &c., employed in my
experiments, some samples of which turn out to be opaque
by reason of the foreign bodies they contain.
The sulphide of zinc with green phosphorescence being
rarely met with in commerce, one can at a pinch replace
it, in the case of the last described experiment only, by a
screen of sulphide of calcium but it is indispensable that
there should be an interval of at least twenty-four hours
between the exposure of the screen to daylight and the
time when the experiment is effected. If a screen recently insolated, and consequently very luminous, is used,
no image is obtained on its surface.^
;

§ 2.

Photography through Opaque Bodies

It has been explained above (Fig. 31) how objects
enclosed in opaque boxes may be photographed.

We will now vary these experiments by photographing external objects, such as a house, through
an opaque body.
For the realization of the experiments which now
follow, various

opaque bodies can be used. The
is Japan varnish, which is poured,
to the thickness of two
or three millimetres, on the
movable diaphragm of the focussing tube, for the
back of which is substituted a
thin plate of mica
hxed to the sides by strong glue.
When the varnish

most convenient

litL'l^Ter'areraX'^rtS'^roTe'r' r?'^"^"^ ' gave away the
"^^ '''^ ^''^'""'^'^ ""^
for them
A d^.t.-n^''-''l^ . *°
M. Iza™, wrote to me :^i htttned fo eff"^. ^'v,"^*^'^"' "* P^^^^-^^
experiment with
the material you were good enough
to sfnd*^"
fied with the
^ "^^^

who asked me

='"P''"
clearness of the retults
T =v,
iJ""^
^^''^ ^^"
lieved it would be so evident and so
ramd " T?
°''''f
^^^ ^<=knowledged, however, that the majority of
physicist.
'" ^eny
the exactness of my experiments rather
than ^'f^'"'^'^
Others tried them with the aid of a

S"f

photographer^^P?d l""whioh instantaneously extinguishes the phosphorssr^r,
/•",P'
sulphide of zinc, and, naturally, observed

nothrng.™"^

°^

*''^

Fig. 33.

Photograph of house through opaque body.

To face page
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dry it will be observed, by interposing it between
the sun and the eye, that it appears absolutely
opaque. The object to be reproduced on the ground
glass of the camera is focussed, and the diaphragm
is put in front
of the focussing tube.
It thus
constitutes an opaque body placed between the light
and the roughened glass.
A screen of sulphide of zinc is then illumined by
daylight, and placed in the usual dark slide of the
camera as if it were an ordinary photographic plate.
Then lifting in the ordinary way the shutter of the
frame, it is left open before the object to be reproduced for a period varying with the light.
The photograph here given (Fig. 33) is that of a
house in daylight, and the objective used was a
portrait lens.
The exposure lasted one minute.
The exposure at an end, the frame is closed and
taken into the dark room, whence care has been
taken to eliminate all (especially red) light. On
opening the frame, we see on its surface the image
of the object which was placed in front of the
objective.
In order to fix it, the phosphorescent
screen is placed, while still in the dark, for five
minutes against the surface of a gelatino-bromide
is

-

which is afterwards developed in the usual
way. We then have an image obtained by using
the invisible rays of the light. I give here (Fig. 33)
an image thus obtained.
plate,

—

The want of clearness comes (1) From the focussing
with great wave-lengths only being possible by calculation
(2) from the phosphorescent screen used as sensitive
plate having a rough surface.
;

I said

above that

it

was possible

to

employ very
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different substances as

opaque bodies, but

it

must

be remarked that with a ground glass no better image
could be obtained than by placincr a transparent
ground glass before a focussing tube. Unpolished
surfaces play, as is known, the part of diffusing

Photograph in the dark room of a printed sketch put
in one envelope of black paper , itself enclosed in an ebonite
box.
The source of light was a paraifin lamp surrounded
by black paper. The crossed bands represent the flaps
of the envelope.
They have not been pierced by the
light because the exposure was not sufficient. The
image (produced on a sulphide of zinc screen) was
transformed into a photographic negative by putting
the screen in contact with a gelatino-bromide plate
for five minutes and then developing the last-named.

Fig. 34.

If we wish therefore to use as opaque body
unpolished or badly polished matter, it is necessary
to place it, not in front of the objective, but immediately in front of the phosphorescent screen
that is to say, in contact with it.

screens.

Fig. 35.

Comparison of

the light of

a candle with that of a white surface

directly lighted by

a iriUiant summer

sun.

To /ace page
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the preceding experiment with
This body is so little sensitive
to radiations of great wave-length that even with an
hour's exposure no image would be obtained.
Some of the experiments just described that is,
those where the object to be reproduced is enclosed
in an opaque box interposed between the sulphide
screen and the source of light succeed just as well
with the light of a paraffin lamp or even of an
ordinary candle, as with sunlight. This does not
result only, as might be supposed, from the richness
of artificial sources of light in infra-red radiations.
It is especially due to the fact that the brightness of
the objects lighted by reflection, as is the case with
It is useless to try

sulphide of calcium.

—

—

all

those examined in daylight,

is

immensely

than that of the source which lights them.
object brought very close to a candle has very
luminosity, but the flame of the candle itself

less

An
little

is

ex-

tremely luminous.
Its radiancy is superior to that of a white wall
lighted up by the sun at full noon in the month of
August. This is shown by placing the candle against
the wall, when its flame is brighter than this last.
The fact that the brilliancy of a simple candle, or
oven of a modest match, should be more intense
than that of an object lighted by the sun having
seemed inadmissible to man}' persons, I took some
instantaneous photographs (Fig. 35) of a candle
enclosed in a lantern which almost entirely enveloped it, and at the top of which was a white
When developed,
cardboard lighted by the sun.
we recognize that the image of the candle is more
intense than that of the cardboard.
This intensity of sources of light, notwithstand-
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ing their feeble illuminating power, may be shown
by pbotograpbiag instantaneously, and at
night, a street lighted by gas lamps.
None of the
objects lighted up will appear in the photograph,
but all the gas lamps will be reproduced.
These observations allow us to understand the
experiments which follow relating to instantaneous
photography in the dark through opaque bodies.

likewise,

Instantaneous Photography in the Dark

§ 3.

The experiment about to be described allows us to
photograph in ^^th of a second the image of a luminous source (a candle enclosed in an opaque box), the
observer being himself in complete darkness.
With a camera furnished with a wide focus-tube and
a so-called instantaneous diaphragm, we focus in the
proper position on the ground glass so as to have an
image of about equal size to the original the flame of a
candle or of a small paraffin lamp enclosed in a laboratory
photographic lantern. The lantern is then closed with
the opaque body chosen black glass, ebonite, or Japanese
varnish fixed between two strips of glass. The observer
then introduce
is consequently in complete darkness.
into the dark slide of the camera a screen of sulphide of
zinc illumined by daylight, and we uncover the objective
for the thirtieth of a second.
On opening the slide in the
dark there is seen on its surface the image of the source
of light, which may be preserved by placing it against a
The photograph represented here
photographic plate.
(Fig. 37) was thus obtained.
If the observer wishes to see the image form before his
eyes, he has simply to use one of the transparent glass
screens before mentioned, and open the back shutter of
the dark slide so as to be able to observe what passes on
the screen during exposure. This screen is transparent
enough to show on its back the image formed on the

—

—

front face.

—

—

We

Figs. 36

and

37.

Instantaneous photograph of a candle through an opaque body.
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This experiment shows the astonishing sensitiveness
sulphide of zinc with gj-een phosphorescence to radiations of great wave-length, a sensitiveness approaching
that of gelatino-bromide for visible light.
Sulphide of calcium does not allow this preceding
experiment to be realized, nor do the sulphides of zinc
with yellow or red phosphorescence.
of

§ 4.

— Transparency

of Different Bodies to

Infru-Red Radiations.

The transparency of bodies to radiations of great
wave-length is never complete for the same body.
That which we observe with the visible spectrum
Transparency is
is equally true with the invisible.
always selective for each substance. The bands of
transparency always border on those of opacity.
There would have been no great interest, and it
would have taken an extremely long time, to determine the regions which were transparent for each body
examined. What I here give is the transparency as
a whole.
The transparent region determinable for
sulphides goes from the extremity of the visible
spectrum i.e. 0"8
up to 3 yu. or thereabouts.
In a general way, it may be said that the infra-red
radiations are more penetrating than those of the
visible spectrum.
Although not by any means a
constant law, it is noticed that transparency seems
It is
to diminish as the wave-length is reduced.
known that light is less penetrating the farther it
advances towards the ultra-violet. At the extremity
/j,

—

of this region, all bodies, even a glass plate Jjjth of a
millimetre thick, become opaque, and to waves of
the length of O'l fi a stratum of air of 1 centimetre
is as

opaque

as lead.
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nothing absolute in this law.
also depends on the structure of
the bodies traversed. There are some which are very
But, I repeat, there

is

The transparency

opaque for great wave-lengths. It is for this reason, for
example, that the atmosphere absorbs all radiations
above
and this is the reason why these latter do
.5 fji.,

not figure in the solar spectrum. The radiations of
higher magnitude-^that is to say, from 5 /i to 60/i
are only observed in flames, and most bodies have a
rather low transparency with regard to them. The
Hertzian waves, supposed to be analogous to light, on
the contrary, easily traverse bodies which the great
light-waves do not penetrate.
Bodies heated to a temperature not very high
that is to say, under 100° C.
emit radiations hardly
exceeding a length of 5 to 6 fi. They have also
but little penetration. Melloni in the course of his
experiments observed the fact, which was 'quite inexplicable in his time, that transparent bodies, like
glass or quartz, were opaque for the waves emitted
by a body heated to 100° C.

—

—

remembered that this opacity is utilized
in which glass bell-shades shelter
certain plants.
The visible waves of light pass very
freely through the glass and heat the bodies on the
inner side of it. The latter become at once sources
It will be

in greenhouses

but, owing to their length, the waves
emitted are unable to escape through the glass. They
are thus imprisoned, and the plants do not become

of radiant heat

;

chilled.

Eadiations of great wave-length only appear to
act on phosphorescent screens

may

up

to 3

/i

or there-

indeed be impressed at a
greater distance, i.e.,. up to and beyond 6 /a, but by a
abouts.

Screens
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mode

very different
to

tlie

present.

of action to that utilized

The rays then

thermal properties, and that
only manifests
seconds.

The

itself at

eifect
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why

is

the expiration of

produced

up

act only by their

may

their

action

some

thirty

be observed by

covering a part of the screen with a strip of glass

opaque to these radiations
comparison.

—so

have a field for
luminous sulphide

as to

A screen of slightly

of zinc exposed for thirty seconds to the radiations
emitted by a body heated to 50° C. becomes slightly

The radiations here act, I repeat, by their
thermal action, and not by the specific action on phosphorescence utilized in the previous experiments.
impressed.

My method of observation of the transparency of bodies
by means of phosphorescence is very simple.
On one
half of the transparent sulphide of zinc and glass screen
is placed the body serving as unit of comparison
for

—

—

instance, a strip of ebonite 1 millimetre thick
and, on
the other, the opaque body of which it is desired to
ascertain the relative transparency.
I then take up a position at a fixed distance from a
parafKn lamp placed in a dark room, the screen of sulphide
of zinc having been insolated by exposure to daylight.
Its surface is protected by a metal plate, and when I am
at a suitable distance from the lamp
1 metre for example
the half not covered by ebonite is uncovered, and the
light allowed to act on it for a given time
say, five
seconds. Then covering up this part, and uncovering that
over the opaque body of which it is desired to ascertain
the transparency, we allow the rays of light to act until
the intensity of the two surfaces is the same. If it takes
twenty seconds to obtain this identity, I conclude that
the body under experiment is twice as transparent as the
ebonite taken as standard. As phosphorescent sulphides
receive cumulative impressions, the transparency becomes
a function of the time. "We must then take the time as its
ratio which is what the method just indicated does.

—

—

—

:
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Table of Transparency of various Opaque Bodies to
Invisible Radiations not exceeding 3

/x

Blade Japanese varnish, even at a thickness of 1 centimetre, is transparent to such a degree that the rays
passing through it impress the phosphorescent screen
in two seconds.
Even when less than 1 centimetre
thick, it produces the impression in two or three
seconds.
lihonite.
Nearly as transparent as varnish up to 1
centimetre.
Ebonite half a millimetre thick, containing 1 per cent, of
lamp-black or metallic oxides (as sometimes found in
commerce). Almost completely opaque.
Black -paper. Very transparent, but only half as much so
as pure ebonite.

Pure

Red phosphorus

in plates

1

centimetre thick.

As

trans-

parent as ebonite.

Wood,

stone, marble, grey cardboard, black cloth.
Transparent, but much less so than ebonite.
Coloured glass. Very transparent, but red the least and
orange the most so for the infra-red.
Bromine ami iodine. Still more transparent than ebonite.
Fused chloride of silver.
Cut into plates less than 1
Slightly less transparent than
millimetre thick.
ebonite.
Antimony, lamp-black, and arsenic. Very opaque.
Ammoniacal sulphate of copper, bichromate of potassium in
saturated solution, water-glass, and alum in trouglu 1

centimetre thick. Transparent, but less so than ebonite.
Saturated solution of sulphate of iron 1 centimetre thick.
One-fourth as transparent as ebonite.

The above shows that bodies formerly considered opaque
for infra-red radiations, such as alum, black paper, waterglass, &c., possess, on the contrary, great transparency.

When we wish to compare very rapidly
transparency of certain bodies, the following
be employed The substances to be examined
bands and fixed on a glass plate, and then
phosphorescent screen of brilliant sulphide of
:

the relative
process may
are cut into
placed on a
zinc.

They
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are exposed for two or three seconds in the dark to the
radiations of a paraffin lamp.
The darker the shade of
the sulphur under these bands, the greater the transparency of the bodies.
Of all the bodies enumerated above, the one found
most opaque is lamp-black or the substances containing it.
Black paper and ebonite which contain it and
this is frequent
at once become opaque.
Before using
them in experiments, it is therefore essential to examine
their transparency, which only takes a few seconds.
The opaqueness of lamp-black enables us to easily
realize the following experiment, paradoxical at first
sight though it is, viz.
to reproduce, either by contact
or by means of a photographic camera, a print placed in
an envelope of black paper, and shut up in an ebonite
box.
The printing ink, which contains lamp-black, is not
traversed, while its surroundings are. I have given in
Fig. 34 (p. 308) a photograph thus obtained.
Tliis opaqueness of lamp-black seems contrary to all
that is taught in recent works on physics.
Bouty and
Jamin (t. iii. fasc. 2, p. 90) say that " if glass, fluorite,

—

—

:

and

blackened with lamp-black, they extinguish
but allow the whole of the dark radiations which
these substances transmit to pass through them." This
divergence of results is very easy to explain on the simple
condition that, in the preceding phrase, the word part be
salt are

all light,

.substituted for the irholc.

The lamp-black allows some of the rays to pass, but
not the whole of them, since it arrests all those comprised between 0'8 /x and 3 /*.
I have often repeated that
throughout the visible, as well as the invisible spectrum,
transparency is always selective that is to say, that an
opaque body is, like a coloured glass, only transparent for

—

certain radiations.

§5.

— Utilization of the Invisible Bays for rendering
Visible

Dark Bodies

at a great Distance

When I published for the first time some of the
experiments related in this chapter, the Minister of
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Marine of that time asked me whetlier it would not
be possible to mask, with an opaque body, the lights
of a man-of-war or of a lighthouse, in such a manner
as to render them invisible to the enemy and yet
visible to those of one's own vessels which were
furnished with suitable apparatus.

The

solution of the problem was simple enough,
has lost all practical interest at the present
time, since the progress of wireless telegraphy which
enables distant vessels to communicate with one
another, and I therefore think it can do no harm
to publish the details of my experiments.
Generalizing the problem, I sought to discover whether a
ship could not project into a harbour, a fortress, or
a besieged town, rays of light invisible to the besieged, but visible *to the besiegers, thus allowing a
precise aim to be taken at the enemy while keeping
the gunners invisible.

but

it

The

following

—To

problem

therefore

was

set

for

render visible without rendering it
luminous any obscure body for instance, a vessel
with its lights out in a dark roadstead.
We must first consider that, when we project on to
solution

:

—

a dark body a pencil of visible light, this body is
only rendered perceptible by the rays that it reflects.
know, on the other hand, that about xVg^ths of
the radiations projected by the best sources of light, are
quite invisible, and, therefore, inutilizable. So that,

We

when we

find the

from the

invisible radiations,

means

of separating the visible

we

our source of light of Twtli of

shall only deprive
its

total emission.

The greater part of it will, consequently, still remain.
The screens mentioned above possess this very
property of eliminating the visible and allowing to
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If a pencil of this invisible
on to a dark body, this body will
reflect it as it would ordinary light.
It would therefore appear luminous to an eye capable of perceiving
the invisible radiations reflected by it. Such an eye

pass the invisible rays.
light is projected

does not

exist,

but a phosphorescent sulphide of

zinc screen can take

its place.

Instead of the ground glass of a camera furnished
with an objective of small focus capable of embracing
a wide extent of the horizon, let us expose a screen of
sulphide of zinc previously rendered phosphorescent
by means of a ribbon of magnesium or by the X-rays
from a Crookes tube there will then appear on its
surface the image of the bodies in darkness, on which
has been projected a pencil of invisible radiations.
This invisible light will simply come from the
reflection of that sent by the electric searchlight
carried by all men-of-war, the visible rays of which
;

we

shall

opaque

have previously masked by means of an

plate.

This plate must not be made of ebonite or black
paper, as used in our preceding experiments, for the
reason that they would be promptly destroyed by
the heat. The only available body is black glass, of

which there

exist varieties

opaque enough

to blot

out the disc of the sun when interposed between
Nob that all black glasses by
that orb and the eye.
a long way are transparent to invisible radiations,
but there are some easily obtained in commerce.
It is only necessary, before making use of them, to
ascertain their transparency by the means I have
pointed out. This only takes a few minutes. With
carefully chosen glasses, the transparency is the same
as that of ebonite.
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All the experiments set forth in this chapter are
based on the use of bodies sensitive to radiations of
great wave-length, but this sensitiveness is only very
Now,
great for radiations hardly exceeding 3 fi.
those emitted by bodies at a relatively low temperature
the human body, for example are of much
greater wave-length, and do not impress phosIf we could discover a body
phorescent matter.
sensitive to those radiations, nothing would be easier
than to photograph a living body in the dark without any other source of light than the invisible light
it is continuously emitting.
Down to the absolute zero of temperature,
all bodies incessantly radiate, as has been seen,
waves of light invisible for our eyes, but probably
perceptible by the animals called nocturnal and
capable of finding their way in the dark.
To them, the body of a living being, whose temperature is about 37° C, ought to be surrounded
by a luminous halo, which the want of sensitiveness
of our eye alone prevents our discerning. There does
not exist in nature, in reality, any dark bodies, but
only imperfect eyes.
All bodies whatever are a
constant source of visible or invisible radiations,
which, whether of one kind or the other, are always

—

radiations of

—

liafht.-
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III

THE PART PLAYED BY THE VARIOUS LUMINOUS
RADIATIONS IN THE PHENOMENA OF LIFE
The Part of Light in

§ 1.

As the

the

Phenomena

of Life

form the greater part
be imagined that they
play a considerable part in meteorology and in vegeTheir properties in this respect are
table physiology.
very little known. Hitherto, their calorific actions,
which were long since observed, and their power of
passing through a great number of opaque bodies as
brought to light by my researches, have alone been
invisible infra-red rays

of the solar spectrum,

it

may

studied.
It

occurred to

me to

also study

some

logical actions of the infra-red rays

of the physio-

— that

is

to say,

on vegetable life, and to inquire
especially whether they might not exercise some
their

influence

of those antagonistic effects established during the
study of phosphorescence which will be studied
in detail in the next chapter.
For want of
materials, I was unable to proceed very far in these

researches.

We

know

that visible

actions on the

life

light

of vegetables

has

—the

two opposite
one oxidation

or the respiratory function, the other reduction or
the chlorophyllian function.

The
dark.

first

By

of these

its

may

be accomplished in the

means the plant absorbs oxygen and

exhales carbonic acid, as do animals.
The chlorophyllian function, the converse of the

320
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above, can only, on the contrary, take place in the
light, and is due solely to absorption. Thanks to this,
the plant decomposes carbonic acid and fixes the

carbon in its tissues. The luminous energy stored
up by the chlorophyll enables the protoplasm of the
plant to transform mineral substances into those organic products, complicated and charged with energy,

without which the life of the higher animals would
be impossible.
Vegetables thus establish a permanent link between the mineral and the animal
world. Thanks to them, matter passes without ceasing
through different forms of life rising progressively
from the mineral to the higher animal.
In this perpetual cycle, two elements of transformation, bacteria and chlorophyll, play a preponderant
part.
The bacteria bring back to the mineral state
the products used by the functions of the higher
lives, and the chlorophyll raises the mineral substances to the organized state.
Bacteria are able to pursue their destructive action
in complete darkness.
Chlorophyll is obliged to absorb the luminous vibrations before playing its part.
The vegetable world therefore represents a transformation of light. It is the luminiferous ether,
absorbed and transformed by plants, which ripens
our harvests and makes green our forests.
Life
represents one of its transformations.
It cannot, however, be said that the very great
energy stored up by the plant is entirely due to the
very slight energy produced by the absorption of
the luminous rays by the chlorophyll. The rays
absorbed, no doubt, act by provoking liberations of
intra-atomic energy, the mechanism of which is not
yet comprehended. The vibrations of the ether
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probably release forces whicb thousands of ages have
in times past accumulated within the atom.
What effect have the various visible or invisible
radiations on the life of vegetation ? The part played
by the first named has been studied by several
generations of seekers. That of the second is largely
unknown hitherto by reason of the insufficiency of
the methods employed to determine its action.

§

2.

Methods of Observation of the Action of
on Plant Life

the Solar Spectrum,

The value of experiments always depends on the
choice of methods. Those employed to study the
actions of the various parts of the solar spectrum,
especially the infra-red rays, on plant life are unfortunately marred by causes of error which take
away all value from many of the results contra-

—

—

dictory moreover as these are obtained up to the
present time. It is easy to put these in evidence.

To observe the properties of the various radiations
it was natural to think of decomposing light by a
prism, and of placing the plants under the various
radiations thus separated. The decomposition of
carbonic acid by the leaves, for instance, is measured
by introducing them into narrow tubes, and then
placing them under the different pencils of Ught
which the prism has separated.
This method, so simple in appearance, gives rise to
causes of considerable error. The first and most
serious is that the light, when sufficiently dispersed
to spread over a certain surface, loses its intensity to
an enormous extent. Now, the influence of intensity
in chemical reactions is, as has been shown, of capital

X
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When operating with a prism one is inevitably led to seek in the colour of the ray the cause
of effects due, in reality, to differences of intensity.
It has long been known that in the faint light of a

importance.

room

plants decompose very little or even no carbonic
all.
Yet this light contains the rays necessary

acid at

for its decomposition.

The

light

fails,

to produce this

only through lack of intensity.
This first cause of error would of itself be sufficient
to vitiate all the consequences drawn from the facts
Moreover, it is not the only one. Prisms,
observed.
especially those made from flint, generally chosen
of their great power of dispersion,
absorb nearly all the ultra-violet rays, the action
of which is very important, and a great part of
the infra-red.
No doubt these two drawbacks can be theoretically
remedied by using quartz or rook-salt prisms, which
in fact has been done. But the dispersive power of
these substances is very small, and their spectrum

on account

consequently is small in extent.
The causes of the preceding errors, and of numbers
more of which the complete details would be too
technical to be given here, explain sufficiently the
divergences in the results obtained by former
observers.
According to some, the decomposition
of carbonic acid by the plant that is to say, its most
important function is nil in the red, and considerable
in the green. According to others, it is exactly the
contrary the action is nil in the green, and at its
maximum in the red. This last result is, however,
the most probable, seeing that it is in the red and its
neighbourhood that are to be found the bands of
absorption of the chlorophyll. To sum up, there is

—

—

—
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exact information to be gained from the studies
by the use of prisms.
The results obtained by replacing the prism by
coloured glass are no better. This is a pity, for the

little

effected

is practically very simple, since all that one
has to do is to cover over the greenhouses in which
the experiments are carried out with panes of glass

process

of different colour.

This method is the result of an error into which
experimenters have fallen. Because the eye
sees but one colour through a coloured screen blue

many

—

—

imagined that this screen
only allows the one colour perceptible by the retina
glass, for instance

it

is

Now this is not at all the case.
except the red, is monochromatic. All
allow the whole of the spectrum to pass through.
This is easily verified by holding coloiu-ed glass
between the sky and the slit of a small direct-vision
spectroscope. I have had occasion to examine a
considerable quantity of coloured glasses, and have
observed that all except the red allow the whole of
the spectrum to pass, and only weaken the relative
intensity of its various parts.
By covering a greenhouse with coloured glass, then,
we do little else but reduce unevenly the intensity of
When a plant is placed
the various luminous rays.
under a glass, blue, yellow, violet, &c., it is almost
the same as placing it in a badly-lighted room.
The use of coloured glasses to separate the various
radiations carries with it yet other sources of error.
As they absorb the infra-red rays very unequally, we

to pass through.

No

may

glass,

what is due
and another, the

attribute to the influence of light

to that of heat.

Between one

glass

differences of calorific action are considerable.

By
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placing a thermometer in boxes of a capacity of about
one cubic decimetre, each one covered by different
coloured glass and thus forming small glass-houses,
I observed that the internal temperature,

which in

the sun was 30° C, went up to from 10 to 15° in ten
minutes, according to the colour of the glass.
The only experiments realizable with coloured
This is, as
glass are those made with red glass,
has been said, almost monochromatic.
The experiments effected in greenhouses covered
with such glass at the observatory of Juvisy, seem
to prove that a certain number of plants receive in

much more

considerable development
Such, for instance, is the case
with sensitive plants, lettuces, gladiolas, geraniums,

red light a

than in ordinary light.

Some — beetroot,
— on the contrary, thrive

begonias, potatoes, male ferns, &c.
pansies, wallflowers, &c.

under

less

it.

Were we

admit as demonstrated that certain
red than in white light,
the conclusion must naturally be adopted that as is
the case of phosphorescence certain rays have a conto

plants develop

much better in

—

—

In white light, a plant
red rays as under a red
glass, since this last simply eliminates from the
light all the rays saving the red.
If the fact of this
elimination alone favours in a large measure the
development of the plant, it is because the eliminated
rays act so as to weaken the action of the red. This
would be exactly what is observed with regard to
the photographic plate, as we shall see in the next
This plate becomes much more luminous
chapter.
trary effect to that of others.

evidently receives as

when we withdraw
light

which

strikes

many

certain antagonistic rays
it.

from the
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The antagonistic actions observed as regards phosphorescence thus exist also for plant life. Green
has already observed that the violet and the ultra^
violet rays tend to destroy the diastase, while its production increases under the influence of the red. It
will be seen further on that, in experiments made
by me, the infra-red destroys the green matter in
plants and other substances formed in the luminous
part of the spectrum.
§ 3.

NewMethod of Studying the Physiological Action
of the Infra-red, and Results Obtained

In the preceding researches, hardly anything but
the visible rays of the spectrum have been dealt
with.
The only means known in former times of
studying the infra-red rays being separation by the
prism, and as this collects the radiations of this end
of the spectrum on a very restricted surface, we could
scarcely determine their action.

The fact, brought to light by my researches, of the
very great transparency of black paper, ebonite, &c.,
to rays of great wave-length, enables them to be
easily separated from visible light.
A greenhouse is
simply covered over with one of these substances
for choice, the black paper.

It is thus

plunged in
In
means been

utter darkness, but bathed with invisible light.

the greenhouse has only by this
deprived of about a tenth of the total light (visible
and invisible) which it would have received from
reality,

the light of the sun.
It probably need hardly be remarked, that there
can be no comparison made between an enclosed
place in which there only penetrate dark radiations
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of great wave-length and the cellars in wliich the
The
action of darkness on plant life was studied.
darkness of the greenhouse is the same to the eye as

that of the cellar, but the effects produced must
necessarily be very different, since the greenhouse

bathed in the waves of an invisible light which
the cellar does not contain.
I have, unfortunately, not been able to pursue my
experiments on this subject for a long time, the

is

garden in which they were carried out only having
been placed at my disposal for one season. I thereThey may,
fore only give the results as hints.
perhaps, render service to horticulturists by giving
them the means of modifying the colour of certain
plants, and the taste of different fruits.
It may be asserted in a general way that the infrared up to 2 or 3 fi destroys the green matter
formed under the action of light and also certain

—

—

colouring matters, while

reduces the quantity of
and thus transforms the taste of different parts of the plants.
Here is, however, the summary of my trials
Lettuces, cucumbers,
1. Seeds of various plants.
grains, &c., set to germinate under glass bellglasses,
covered with black paper, transparent to the infrait

sugar, suppresses the sapid matter,

:

—

germinate quicker than by the
and then wither and die in about a

red, all

light of the

sun,

fortnight.

2. Plants developed in the light of day, and then
exposed to the black light. The various plants behave
Reine
very differently. Here are a few examples
Marguerite does not flower. Begonia withers in about
ten days. Strawberries are not modified, and ripen
very well. Cucumbers and haricots die from the

—

:

withering of their leaves.

—
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—

3. Fruits and different parts of vegetables.
Artichoke tops enveloped in black paper, transparent to
long radiations, blanch completely in a few days, but
develop better than their neighbours exposed to day-

light,

while gaining

much

in quality.

Pears, peaches,

and grapes blanch somewhat, but develop very well.
They were covered up as soon as they began to form.
These three forms of fruit present the peculiarity
that they lost a part of their sweet taste and their
aroma. Tomatoes lose their red colour, and become
completely white.
I repeat that I only give these experiments as
general indications. In fact, they deserve the criticisms which could have been avoided had I been
able to repeat them. The comparative method, indispensable for drawing conclusions from experi-

ments

in

which several

factors

may

operate,

demands

that there should be only one condition varying
from one experiment to another, so as to be able
to attribute differences in results to the difference

of condition alone.

Now,

in these experiments

we

have not always taken into account aeration, heat, &c.
As the different parts of the light exercise, as we
are about to see, strongly antagonistic actions, it
would be very useful, both in the light baths now
much used in medicine and in biological researches,
to be able to separate the rays so as to study the
part played by each of them.
In the present state of science, the comparative
studies which are possible on the action of the
various rays of visible or invisible light, without
seriously reducing their intensity, are limited to the

use of the following screens

:
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Nature of the

Rays Acting with each

Screens.

The parts which
1.

say,

Entirely without screen

2.

—

Screen.

— that

is

to

the solar
range from 5 ^ to
of

fi.

The greater part of the ultraviolet rays and the infra-red

Screen formed o£ thick

window

the whole

spectrum
0-295

act

beginning

glass

at

2

;x

are

sup-

pressed.

3.

Screen formed
glass

.

.

of

red

.

,.

Complete suppression of all the
ultra-violet
and of all the
visible spectrum as far as the
red.
The only rays which act
are the red and the infra-red
as far as 2 or 3 jx, according to
the quality of the glass.
"

Suppression of all the visible
spectrum. The active rays are
the infra-red.

'

TSo ray traverses the metal, but
it becomes heated, and emits
from its under side radiations
of 6 /i and beyond, according
to its temperature.
These
radiations do not exist in the

Screen formed of black
paper or ebonite

5.

Screen formed of a strip
of metal
.

.

''

solar spectrum,
of interest
their action,

be

whether

it is

but

it

would

and

ascertain
discover

simply

calorific.

to

Notwithstanding their insufficiency, these researches give us a presentiment of the great interest
of the researches for which, through lack of a suitable laboratory and of sufficient means, I -have only
been able to sketch the way.
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CHAPTER IV
THE ANTAGONISTIC PEOPKRTIES OF CERTAIN REGIONS
OF THE SPECTRUM
§

]

Rays which Illuminate and Rays which

.

Extinguish

The study
that

it

of the infra-red has led us to observe
often exercises actions diametrically opposed

to those of the other extremity of the

spectrum,

destroying, for instance, an action produced under

the influence of this last.
The discovery of these antagonistic actions of the
two extremities of the spectrum is contemporaneous
with the origin of photography; but we are compelled to imagine that the experiments effected to
prove this phenomena were not suflSciently demonsince their interpretation has often been
disputed, and was again challenged recently in a long
discussion before the Societe de Physique.
The
strative

slow actions of inversion following one another in
photographic impressions seem, in fact, to lend
themselves to various interpretations. The question,
evidently, can only be entirely elucidated by finding
means of rendering instantaneously evident these
antagonistic actions. It is these instantaneous effects
which are realized in the experiments which follow.
The first observations on phosphorescence made
it plain that all one end of the spectrum, comprising the blue, violet, and ultra-violet rays, illumine
a phosphorescent screen taken out of the dark. The
other end of the spectrum the green, red, and

—
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on the contrary, extinguish phosphoand never produce it. Certain rays therefore act as illuminating and others as extinguishing
rays.
These two actions are plainly antagonistic,
but as they are very slow in the case of most
infra-red rays

rescence,

phosphorescent

bodies,

they lend

themselves

To put them

various explanations.

to

evidence,

in

we needed a bodj' extremely sensitive to those
which extinguish phosphorescence. Sul-

radiations

phide of zinc with green phosphorescence

body actually known

is

the only

and
experiments have been made with screens
coated with this sulphide in the manner described
in a former chapter.
If it is exact that certain rays produce phosphoresall

to possess this property,

my

and that others acting in the opposite direction
consequently extinguish it, it is evident that by
depriving the light of these extinguishing rays by
the interposition of suitable screens, we may increase
the brilliancy of the phosphorescence on a given
cence,

screen.

We

shall

see

that, for example, a

that this

is

really so,

and

body which does not become

illuminated behind a glass trough of sulphate of
quinine, will become so if we keep back, by means of
appropriate screens and without changing the position of the trough, certain rays from reaching its
surface.

E. Becquerel formerly pointed out that a screen of
phosphorescent sulphide exposed to the light behind
a trough of sulphate of quinine, did not become illuminated, and he attributed this phenomenon to the
absorption of the ultra-violet rays by the sulphate of
quinine rays which, according to him, " are the
principal ones to excite phosphorescence." This ex-

—
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planation is wholly insufficient, for if the ultra-violet
rays are able to excite phosphorescence, they are not
by any means the ones that excite it most. Phos-

phorescent bodies are much better illumined by the
blue and violet rays that is to say, by the part of
the spectrum comprised between the lines G and H.
This point must be borne in mind in order to understand thoroughly the experiments which follow.
By varying the duration of the exposure of the
phosphorescent screen we can easily take note of the
sensitiveness of the sulphides in the various regions
of the spectrum.
With the projection spectroscope
and condenser above described,'- a screen of sulphide
of calcium or of zinc is impressed in four seconds

—

between G and H, and not at all in the ultra-violet.
There must be an exposure of several minutes to
obtain an impression in this last region. On the blue
side the prolongation of the exposure extends the
impression nearly up to the line F, but no farther.
Let us now take a screen of sulphide of zinc, a body
so little sensitive to violet rays that

up

it

does not light

behind the trough of sulphate of quinine.
We will now compel it to be brightly lighted up
behind this trough by simply superposing on the
latter another trough which does not arrest the blue
rays, but does stop the extinguishing green, yellow,
at all

red,

and infra-red

rays.

This experiment, and others of the same order
showing distinctly the instantaneous action of the
extinguishing and illuminating rays, are decisive.
For lecture purposes they may be thus simplified.
We expose to sunlight (1) a screen of sulphide of
zinc and (2) by the side of it another screen similar,
;

1

See Fig. 21 supra.— Ed.
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but placed behind a flat-sided flask

filled

with a satu-

rated solution of ammoniacal sulphate of copper. This
solution is almost opaque to the eye when in a stratum

Leaving the flask on its
taken with the other into the dark, and
then it will be observed, after withdrawing the flask
of sulphate of copper, that the sulphide screen placed
behind this last, notwithstanding the apparent obstacle
it presented to the passage of light, is much more
luminous than the screen directly exposed. This
difference is merely due to the fact that the sulphate
of copper has absorbed the extinguishing rays, and
only allowed the illuminating ones to act. On the
screen exposed directly to the sun the brightness of
the phosphorescence is much less, because a part of
the effect of the illuminating rays has been destroyed
by the extinguishing rays mingled with them.
We may now return to the description of the experiment with the sulphate of quinine trough, behind
which we can light up or not at will a screen of phosphorescent sulphide.
No experiment shows more
strikingly the parts played by the extinguishing and
by the illuminating rays.
Behind a flat flask containing a perfectly clear
10 per cent, solution in water of sulphate of quinine,
acidified by sulphuric acid to the point of complete
solution, we place a screen of sulphide of zinc and
expose the whole to the sun. Notwithstanding the
complete transparency to the eye of the sulphate of
quinine, and however prolonged may be the exposure,
we observed on taking the flask and screen back into
the dark that the sulphide of zinc exhibits no trace of
phosphorescence. This absence of phosphorescence
is due solely to the fact that as the sulphate of quinine
of about 2 centimetres.

screen,

it is

•
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retains a part of the illuminating rays

the extinguishing ones to pass,

it is

and allows

333
all

these last which

prevail.

To prove that

this is really so,

we

will again expose

A

A

c'

D

B

B
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trough of ammoniacal ^
sulphate of copper. Then, taking the trough back
into the dark, we observe that our sulphide screen is
brilliantly illumined, although it has only received the
light through an almost opaque liquid.
The explanation is easy. The sulphate of quinine
held back, as I said, a part of the illuminating rays
latter

we

will again place the

and allowed

to pass all the extinguishing rays accordprevented all phosphorescence. By placing
in front of it a trough of sulphate of copper we suppress the great majority of the extinguishing rays
(red and infra-red), and consequently the blue and
violet illuminating rays are allowed to act.
The
sum of the power of the illuminating exceeding that
of the extinguishing rays, the screen becomes phos;

ingly, it

phorescent.
If we had replaced the sulphate of copper trough
by a blue glass placed in front of the sulphate of
quinine, we should still have had illumination, but

weaker than with the sulphate of copper, because
the blue glass stops the extinguishing rays very inthose of the infra-red region.
What has just been said regarding the action of
the extinguishing and illuminating rays on phosphorescent bodies allows us now to comprehend
the part taken by the screens interposed between
phosphorescent bodies and the sources of light.
sufficiently, especially

Light being a mixture of radiations capable of
acting in contrary directions, and its composition
differing greatly with the sources employed, or with
1 In diffused light there was no illumination behind
the sulphate of copper, because of the insufficient intensity of the rays.
The sulphate of copper trough can only be traversed by a very

intense light.
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the filtering screens interposed between tlie light
and phosphorescent bodies, the explanation of the
facts I am about to enumerate will be easily
arrived at.
1. A screen of sulphide of ziuc is much more
illuminated in the dark than iu sunhght.
2. The same screen is more illuminated under a
blue * glass in the dark than in sunlight.
3. Behind a trough 2 centimetres from back to
front, containing a solution of ammoniacal sulphate
of copper, the illumination of the screen is still more
intense, but on this occasion it becomes brighter in
the sun than in the shade.
4. Behind a trough of alum or of sulphate of iron
the illumination of phosphorescent bodies is reduced

instead of being increased.
5. By the light of a paraffin lamp or of a candle
the illumination of a screen of sulphide of zinc is
almost nil, and on presenting to these sources of

light

a screen

insolated

becomes extinguished.

by daylight,

it

at

once

The same phenomenon

is

not observed with a screen of sulphide of calcium.
Here are a few figures giving the luminous
intensity of a screen of sulphide of zinc Ulumined
under most of the conditions we have just

examined.

The brightness of the sulphide insolated by the
sun without any screen interposed is about 0-002'^
Taking this intensity as our
(soVij candle power).
unit,

we

see in the following table the increase in

' In all these experiments we must so arrange that a part of the
phosphorescent screen extends beyond the body placed in front of
it, so as to have a field of comparison when subsequently examined
in the dark.
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brilliancy

produced by the interposition of various

and the sulphide.
example, that the brilliancy of the
sulphide of zinc behind a sulphate of copper trough
is fourteen times as great (ifc c.p.) as when it has
been illumined in the sun without the interposition
screens between the source of light

They show

of

us, for

any screen.
Figures
representing
the relative

......
.....

Luminous

intensity.

intensity of a screen of sulphide of zinc
exposed in sunlight
Intensity of the same screen illumined in the shade
Intensity of the same screen exposed in sunlight
under a cobalt blue glass
Intensity of the same screen exposed in the shade
under a cobalt blue glass
Intensity of the same screen exposed in sunlight
behind a saturated ammoniacal sulphate of
copper trough, 2 centimetres through
.

.

.

1

2
7
9

14

These differences are not observed with other
sulphides by reason of their lower degree of sensitiveness to the extinguishing action of the great
radiations.i
Jn order to observe them, a substance
like sulphide of zinc, sensitive at once to the extin-

guishing and illuminating rays, was necessary. Its
brilliancy under the influence of light always represents the difference between the action of the firstnamed rays and that of the second.
We see therefore that it is solely on the relation
existing in a source of light between the various
radiations of

which

it is

tion of a phosphorescent

composed that the illuminabody depends. By varying

the relation we vary the brilliancy.
This explains the action of a cobalt blue glass
It weakens the extinguishing radiations,
screen.
1

Radiations of great wave-length are evidently meant.

Ed.
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and consequently increases the illumination. Sulphate of copper, which stops in a much greater
degree the extinguishing radiations, likewise greatly
increases the illumination.
Sulphate of iron and
alum act but slightly, because, although they stop
a portion of the infra-red, and also a part of the
ultra-violet, which is an illuminant, they stop neither
the red nor the green, which are extinguishers.

As regards the illumination

of sulphide of zinc

—

being greater in the dark than in the sun a very
curious fact which has escaped all other observers
the explanation is exactly the same. 'Diffused light is
blue light reflected by the sky. From spectroscopic
observations of already ancient date, it contains relatively many fewer red rays— and probably also
fewer infra-red ones than the direct light of the sun.

—

Notwithstanding, therefore, the higher luminous intensity of the sun, the sulphide will be more luminous in the shade. This explanation is really the
correct one, for if we withdraw from the solar
rays by our sulphate of copper solution the radiations which act as extinguishers, the illumination
will at once become much more brilliant in the sun

than in the shade by reason of the greater intensity
of the illuminating rays.
The same reasoning explains
zinc not only does not

why

the sulphide of

become illuminated

in the

light of a strong lamp, but goes out when exposed
In our artificial
to it, if previously illuminated.
systems of lighting, nine-tenths of the rays emitted

are extinguishing infra-red rays.

The

action of the

then, destroyed by them. Even
by interposing a thick trough of sulphate of capper,
only a very weak illumination is obtained because,

illuminating rays

is,

Y
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predominance of the infra-red rays, it
impossible to stop them in sufficient proportion.
Moreover, the interposition of this trough much
reduces the intensity of the illuminating rays.
Now, the degree of phosphorescence of a sulphide

in view of the
is

within certain limits, in direct ratio to the intenof the source of light which has illuminated
With feeble sources of light, phosphorescent
it.
sulphides do not become saturated, whatever may
be the duration of the exposure.
All that I have just said regarding the sulphide
of zinc is not applicable, I repeat, to other phosphorescent sulphides by reason of their slight

is,

sity

sensitiveness to great radiations, especially to

the
a screen of sulphide of
calcium does not become appreciably brighter behind troughs which stop the extinguishing radia-

infra-red,

and

this is

why

The

action of these last is too slow to combat
the illuminating radiations which have
already had time to act.
The eye is even more insensible to infra-red
radiations than the phosphorescent sulphides other
than zinc. If the sensitiveness of the retina were
as it is for this last body, the algebraical sum of
the effects produced by radiations acting in contrary
directions, it would suffice to interpose suitable
screens between the eye and a landscape, for the
apparent brightness of this landscape to increase in

tions.

that

of

enormous proportions.

It would then be perfectly
unnecessary to use electricity to light our streets.
Such different actions from the two extremities
of the spectrum are not observed in the case of
phosphorescence alone.
They also exist in photography, as I shall proceed to show.
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2.
The Opposite Properties of the various
Regions of the- Spectrum and their Action in
Photography

If photographic plates had, to the destructive
action of the infra-red rays, a sensitiveness equal
to that of sulphide of zinc, it would be possible to

greatly increase,

as

we have done

their rapidity of impression

for

the latter,

by placing in front of

the camera screens which stop the extinguishing
rays.

But

is not the case, because the photographic
although very sensitive to the visible rays,
is not so to the invisible, which are thus unable to
act.
It is easy, however, by bringing in the action
of time, to show that the extinguishing rays can
destroy the impression on the plate produced by the

this

plate,

illuminating rays.

Let us place in a photographic dark slide a plate
which may be 1 millimetre thick, but
which it is better to reduce to | millimetre, so as
On or under this plate, we
to obtain sharp outlines.
of ebonite

Behind
will glue a cross cut out of a sheet of tin.
the ebonite plate I will introduce, in the dark, a
gelatino-bromide plate of very fine grain, previously
clouded by exposing it for two seconds to the light
I close the frame and expose it for
of a candle.

The infra-red rays pass
one hour in sunlight.
through the ebonite and destroy the cloud produced
on the plate by the previous exposure. In the part
protected by the metallic cross they will not have
acted, and that is why, on developing the image,
we shall find a reproduction of the metal cross on a
very light ground. The ebonite plate may also be
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replaced by two or three superposed sheets of black
paper.

There

is

no analogy between

this

experiment and

Fig. 40.

Demonstration, bi/ the antagonistic properties of the two ends
of the spectrum, of the transparency of opaque hodies (black paper,
ebonite, <&c.) to invisible light, and of the opacity of the same bodies
to visible light.
To show the transparency of bodies to the
invisible rays, we take as our basis the property possessed by
these last of destroying photographic impressions. In a dark
slide is placed a plate of ebonite with metal stars glued in the
middle of it.
place above it a sensitive plate, of which one
half has been clouded by two seconds' exposure to the light of
candle.
a
The slide is then exposed for one hour to sunlight.
On developing the plate no trace of an impression is perceived

We

on the unclouded part.
On the clouded part, the infra-red
rays have passed through the ebonite and have destroyed the
cloud, save under the metal star. It follows from this that this
last part is kept back, and consequently appears in black on
the negative image and in white on the positive as in the
illustration.

the inversions

we obtain by over-exposing a plate
The infra-red

lighted by the blue or violet rays.
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rays which destroy a photographic impression, never

produce one.

This property is limited to the infrathe red rays can, with a sufficiently long
exposure, impress a plate.
If, in fact, we prolong
the exposure under red glass, the plate becomes first
clouded and afterwards automatically unclouded.
But in this experiment the phenomena of inversion
observed with all radiations, and constituting a very
different order of phenomena, come into play.
In
the visible part of the spectrum, any radiation whatever destroys the impression produced by greatly
prolonged exposure a fact easy to verify by the

red, for

—

spectroscope.

We

will

summarize

in

the following table the

antagonistic properties of the two extremities of the

spectrum.

Table of the Antagonistic Action of the Two Ends
OF the Spectrum
1.

A.

—

Visible

Region of the Spectrum.

Cannot pass through opaque

2.

Invisible Infra- Red Region.

through most bodies
opaque to the eye, metals

A'. Passes

bodies.

B. Impresses photographic plates.

B'.

excepted.
Destroys the

impression

produced on photographic
plates.
C.

Produces phosphorescence.

C".

Extinguishes

phosphores-

cence.

D. Produces the majority of the
reactions
life

B'.

on which plant

Destroys a great number of
.

depends.

reactions produced by visible light. Destroys especially the colouring
of plants.

E. Energetically dissociates

mat-

E'.

especially throughout
the ultra-violet extremity.
ter,

The reasons
sought

;

if

the

sible, their "

"

Has no

matter

dissociating action

on matter,

for these differences cannot yet be
" of things is sometimes acces-

How

Why "

is

not yet

so.

BOOK V
FORCES OF UNKNOWN ORIGIN AND
HIDDEN FORCES

CHAPTER

I

UNIVERSAL GRAVITATION AND HIDDEN FORCES
I

The

1.

The Causes of Gravitation

description of forces of

really

be

unknown origin might
we have hitherto

applied to all those

we are ignorant of their essence but
we know something of their characteristics
and their mode of propagation. On the other hand

studied, since

;

at least

there exist forces such as gravitation,

affinity,

mole-

which we know almost nothing.
reason they have been relegated to a special

cular action, &c., of

For

this

division of this book.

All our knowledge relating to gravitation can be
reduced to the following definition
Bodies attract
one another proportionally to their mass and in
inverse ratio to the square of their distance from
each other. Of the causes of this attraction, of the
manner in which it is propagated, and of the speed
of its propagation, we can say nothing.
The discovery of the just-formulated law is, it will
be remembered, due to Newton, and cost him long
research.
Gravity had been known a long time
:
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and Galileo had perfectly studied its laws.
far did its action extend, and did it pass
beyond the limits of our atmosphere ? Of that every
one was completely ignorant.
The genius-inspired glance of Newton saw that
weight might extend to the different planets and be
before,

But how

the cause of their

many

movements

years of his

in space.

He

devoted

the verification of the
exactness of this hypothesis.
life

to

After having discovered the laws of gravitation,

Newton vainly attempted to determine its cause.
" The reason of the properties of weight," he said,
" I have not yet been able to discover."
Nor were
his successors more successful.
One gets clearer and
is due to the relations
between the ether and matter, connected doubtless
by lines of force but this is only a more or less
vague hint which still escapes the teachings of experiment.
It is possible that the gyratory movements of the atoms are communicated to the ether,
and through it to the different material bodies,
thereby establishing an attraction between them.

clearer glimpses that weight

;

The

reciprocal

attraction of vortices

has at

the

present

day been demonstrated by many experi-

ments.

When

the

movement
movements of

gyratory

particles is transformed into

of

the

transla-

tion in space during the dissociation of matter, these
particles no longer exercise any attractive action on

each other, and consequently cease to be ponderable.
This explanation was given by M. Armand Gautier
in a

memoir

referring to

my

researches.

Gravitation displays this incomprehensible characteristic, which no other manifestation of energy
possesses, of not being arrested by any obstacle.
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The most delicate researches have shown that no
body exists which is opaque to attraction.
Gravitation is a very small force, if we consider
only the action of the masses we have at our disposal.^
But it is a force extremely great for considerable
apparent to us every day in the
Under the influence of the
combined motion of the sun and moon, the seas are
raised to an average height of 1 metre, which represented aweight of 1000 kilogrammes per surface metrePhysicists have been able to say nothing more on
gravitation than what is said above.
In an important memoir, of which I reproduce a fesv passages,
Professor Vernon Boys has shown perfectly how in" It seems to defy," he says,
explicable it remains.
" all our attempts to abandon the inconceivable idea
of action at a distance
for even when we might
conceive another mode of action, it is entirely
incomprehensible that gravitation should act at a
distance without regard to the existence or nature of
the bodies in its path, and, as it appears, instantaneously. Moreover, in the actual state of our knowledge, no other physical agent, even among those
which depend upon the ether, has any influence
over the direction or the extent of the action of
gravitation.
The difiiculties that we experience in
creating a mechanical representation of the ether are
considerable; but the mode of propagation of gravitamasses.

Its

phenomenon

power

is

of the tides.

;

tion seems

1

further out of our reach." ^
of the propagation of gravitation

still

The speed

Professor Vernon Boys evaluates at the
th of a miUi^^J^^^
the altraotion exercised by two masses' of 1 kilogramme at

gramme
1

was

metre from each other.
2 Actes du Oongres de Physique
dc 1900,

t.

iii.

p. 306.

UNIVERSAL GRAVITATION

&»

HIDDEN FORCES

345

estimated by Laplace as being immensely higher than
that of light.
M. Henri Poincare considers it as
propagated with a velocity of the order of that of the
light-vibration.

We do not know how gravitation is propagated,
but it seems to me that the law of the inverse square
of the distance allows us to imagine gravific waves
having a form analogous to that of the waves of
It is, in fact, only to forces
light, electric waves, &c.
which are propagated in this way that such a law is
applicable.
It is only a consequence of the geometrical properties of spherical bodies, and result

simply from the fact that the surfaces of concentric
spheres are proportional to the square of their radii.
Place a candle in the centre of a sphere of given
radius, and each part of this sphere will receive a

Double the radius of the
and as the same quantity of light is spread

certain quantity of light.

sphere,

over a surface four times greater than before, its
same extent of the sphere will be
four times less
while with treble the radius, the

intensity over the
;

intensity will be nine times less,

and

so on.

It

would

be the same if the source of light were replaced by a
sonorous body. The intensity of sound per unit of

would be, for the same reason, inversely as
the square of the distance. This law of inverse
squares simply signifies therefore that the intensity

surface

at a given distance is inversely proportional to the

wave propagated to that
geometrically evident. When a
force decreases with the distance in accordance with
this law, it is legitimate enough to imagine that it is
propagated by spherical waves. This should be the
case with gravity.
surface

of the spherical

distance,

which

is

THE EVOLUTION OF FORCES

346

The Consequences of Gravitation

§ 2.

The laws of gravitation simply express this experimental fact, that all bodies exercise a certain
attraction upon one another. From this phenomenon,
apparently simple, although inexplicable, results the
course of the stars, and, according to some physicists,
all the forces of the universe, including those which
governed the formation of our solar system.
It is, in fact, generally admitted that the central
globe which was the origin of our own, must have
been formed by the reciprocal attractions of the
elements of the primal nebula.
The maintenance of the heat of the sun, whence is
derived the greater part of terrestrial forces, must be
the result, according to Helmholtz, of the progressive
contraction of the sun following on the attraction of
his elements for each other and the loss of vis viva
[kinetic energy] which the molecules experience when
coming close to each other.

—

It is likewise

by gravitation combining

its effects

with those of inertia that the planets describe their
orbits in space.
A body launched in a straight line
would continue its course in the same line by reason
of its inertia but if it be subjected at the same time to
the action of a force which attracts it in a direction
perpendicular to that of its course, its rectilinear
;

and becomes a curve. Their
would have compelled the
planets when they detached themselves from the sun
trajectory

is

deflected

inertia acting

by

itself

moment of their formation to continue their
course in a straight line throughout space. On the
other hand, had they not received this initial impulse,
gravitation would have brought them together into
at the
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one single mass. The result of these two antagonistic
actions is the curve described by them round the
sun, which can, according to the extent of the impulse received in the first instance, be a circle,
an ellipse, parabola, or hyperbola. Certain comets
alone

seem to have a hyperbolic

trajectory,

for

the planets follow ellipses which are almost circles.
All the planets of course act upon one another, which
is why Kepler's laws are only approximately exact.
Centrifugal force,

so

named,

results

from

this

double action of the original impulse combined with
The star represents the stone held by
gravitation.
The impulse
the cord whirled by the slinger.
represents
that
received by
stone
the
received by
the star, and the cord which keeps back the stone
This attraction is the
corresponds to attraction.
immaterial string which attracts the star without

and compels it to tread a circular path. If
ceased to act for a single instant, the planets
would escape into a space in a straight line by
following the tangent to their trajectory, like the
stone which the cord fails to hold during its rotation.
Thus, then, the movement of the stars is the
ceasing,

it

—

a permanent force gravitatwo causes
acts on them without ceasing, and an
initial impulse which has given to the star a certain
velocity which it still keeps by reason of the prinresult of

tion

:

—which

ciple

of

inertia,

whereby a body when

set

in

motion continues in motion. We are, then, thrown
back on the mysterious property of inertia studied
above, which is perhaps more incomprehensible than
gravitation.

Gravitation, which is the origin of the forces and
movement of the stars, is also that of the

of the
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phenomenon

called weight.

This last

ticular case of universal attraction,

i.e.

is

only a par-

of the attrac-

which bodies exercise upon each other. When
we say that a body possesses a given weight, it
means that it is attracted by the earth. We measure
the magnitude of this attraction by inquiring the
pressure which it exercises on another body, the
scale-pan of a balance for instance, or by opposing to
it an antagonistic force of known magnitude, such
tion

•

as the elasticity of a spring or the attraction of a

magnet.

We most often measure and utUize forces by
putting them in opposition to weight. The greater
part of our machines are constructed either to use
weight or to strive against it. Industrial mechanics
is

in reality the art of utilizing weight

and

Gravitation, inertia,

and

inertia.

solar heat represent the

three fundamental powers utilized by man. They
condition his existence and his civilization.
If

magnitudes had been different,
would have taken a different aspect. So
these

we

heat

is

how

different are the

concerned,

see this clearly

civilization
far as solar

when we

notice

fauna and flora at the Pole
and at the Equator. Extreme heat and extreme cold
alike seem to imply savage or at least barbarian life.
Below 0° and above 50° C, no civilization can be
born.

We

the phenomena which
might generate.
It is
easy, however, to anticipate how different would be
the conditions of our existence if weight were reduced
or assimilated.
At first sight, we seem to have no
right to imagine its non-existence, since it is, like
inertia, an irreducible property of matter incapable

perhaps see

differences

less clearly

of gravitation
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remains indestructible, its effects might be restricted or reduced
It has been calculated that it would
to nothing.
suffice for the earth to turn seventeen times as fast as
it does now for the centrifugal force to entirely annul
the attraction of the earth's mass on bodies at the
Equator.
They would then cease to have weight,
and consequently would not fall back on the earth
when left to themselves. Their weight therefore
depends on the speed of rotation of our globe, which
itself depends upon the impulse received in the first
instance, when, under the influence of centrifugal
force, it detached itself from the sun at the time of
its

if

gravitation

formation.

There are other causes possible by which attraction
might be annulled. It will be remembered that when
the waves of light fall upon a surface, they exercise
a certain pressure upon it.
It has been calculated
that for portions of matter of small density and
finely divided, the attraction of the sun might not
only be annulled ^ but even changed into a repulsion,
which may be the cause of the deformation of the
heads of comets. Poynting has calculated that a
sun at the temperature of our own, if it had only
32 kilometres of diameter, would repel, instead of
attracting, all bodies less than 1 cm. through.
' " Consider a small sphere subjectedion the one hand to the forces
of gravitation, and on the other to the action of a powerful radiation, that of the sun, for instance. Gravitation acts proportionately
to the volume of the sphere, i.e. to the cube of its radius, while the
radiant repulsion is proportional to the surface of a great circle of
the sphere, i.e. to the square of its radius. When the radius tends
towards zero, the force of radiation becomes more and more important in relation to gravitation, and may come to counterbalance it entirely " (Bouty).
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would be useless to dwell longer on these conwhich show us merely how numerous are
the possibilities of things, and how much the existence of living beings and all the ideas which we
form of the world are conditioned by external forces
from which we cannot withdraw ourselves.
This
is a self-evident
notion, but one which certain
It

siderations,

philosophers rather forget.

§ 3.

Forces

Bimly Seen

It is hardly to be imagined that the forces of
nature are limited to the small number of those
with which we are acquainted. If we are ignorant
of them, it is because we have no reagents which disclose them.
The discovery of appropriate reagents
is
the sole means of putting them in evidence.
During the last twenty years, science has annexed
the Hertzian waves, the X-rays, the cathode rays,
the radio-active rays, and intra-atomic energy to the
small kingdom of the forces known of old.
It is
difficult to believe that the end of these discoveries
is reached
and mighty forces may surround us
without our knowing it. Intra-atomic energy was
unsuspected barely ten years ago. Electricity, unknown for thousands of years, would perhaps still
remain so if all bodies were good conductors.
This is no place evidently for a dissertation on
things of which we are ignorant. One ought first to
try to discover them.
A few hints hardly allow us
to suspect their existence.
Our means of research are generally the verifica;

and repulsions, and do not take us
Several times, however, the attractions

tion of attractions

very

far.
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and repulsions which a light needle suspended by
a thread of raw silk experiences when approached
by a liying body has been pointed out; but they are
perhaps due merely to the action of heat.i
We are, then, here entirely within the domain of
pure hypothesis, and we ought not to stay there
long.

Let us merely say that intra-atomic energies

are a source of

many

possible varieties of energy.

M. Georges Delbruck, an engineer, has suggested
that the larger birds, whose soaring flight without
apparent motion is so difficult to explain, may have
the faculty of generating at the expense of intraatomic energy a force capable of striving against
This hypothesis
it renders it null.
is very difficult to verify, but is not fundamentally
absurd. Gravitation is only an attraction, which can
be annihilated by a corresponding repulsion, as that
exercised on masses of iron can be annulled by the
gravitation until

action of a magnet.

This theory will

delight

the spiritualists,

who

believe that they have verified the levitation phe-

nomena which

objects

persons seem to present.

in

relation

with certain

Nevertheless, before ex-

^ Mr. Legge tells me that he has established the fact that those
[I made
actions do not manifest themselves through a vacuum.
some experiments with this some .years ago, and gave in an article
in a popular magazine {Pall Mall Magazine, April 1902) a description of an apparatus which I believe to be very much more sensitive
than that referred to in the text. Recently, however, it occurred
to me to surround the apparatus with what is known as a " vacuum
jacket," or, in other words, to invert over it a double bell glass,
With
having a vacuum between its inner and outer walls.
this, the needle remains motionless, no matter what bodies are
brought near to the outer cover of the apparatus. As a vacuum
cuts off not only electrical influences but also heat rays, it seems
most probable that the motion of the needle is, in the cases originally
buoted, the result of iconvection currents formed by heat in the
interior of the receptacle.— Ed.]
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must

plaining these levitations, their reality

first

be rendered beyond dispute.
As to the so-called psychic forces, materializations,
&c., it will be useless to busy ourselves with them
here.
They have attracted the attention of eminent
scholars, such as Crookes, Lodge, Richet, and others,
but they have yet to be demonstrated, and until
this

is

done,

it

is

better to try to

phenomena observed by known
sion to

causes.

interpret
I

had

the

occa-

examine without prejudice, and with the
M. Dastre, a subject with a European

assistance of

reputation, but our investigations, continued through-

out several seances, disclosed to us nothing demonThe story of the N-rays, moreover, shows
us the difficulty of thorough observations in similar
matters, and of avoiding causes of error.
Before
building a temple to unknown forces, we ought to
be perfectly certain that they do not issue wholly
from that domain of illusion in which all divinities
have hitherto been born.
strative.

CHAPTER

II

THE MOLECULAR AND INTRA-ATOMIC FORCES
§ 1.

The Attractions and Eepidsions of the Elements
of Matter

Several chapters

of L' Evolution de la Matiere were
devoted to the study of the equilibria of the elements
of matter, and the forces of which they are the seat.
We will run through them again to show how

^'

MOLECULAR AND INTRA-ATOMIC FORCES

353

we are of the nature of some of the forces
which we observe the effects.
It is by minute examination of phenomena of daily
occurrence that we best comprehend how comphcated
are our surroundings, and how rudimentary are the

ignorant
of

classic notions

about them.

If a physicist

be asked

what cause keeps together the molecules of a solid
body a bar of iron, for instance he will reply that
If he be further asked
it is a force named cohesion.
of what cohesion consists, he will be obliged to
answer that he has no idea. If we ask a chemist why
certain bodies, when brought together, combine, he
will say that it is by virtue of an unknown force called
affinity, of which he can only verify certain effects.
We should obtain similar answers on interrogating

—

—

him about

osmosis, crystallization, catalytic action,
All these phenomena
the action of diastasis, &c.
belong to the cycle of molecular and intra-atomic
energies, complete acquaintance with which is reserved for a science much more advanced than our

own.

The most constant and most

easily observed effects

of these forces are the attractions and repulsions
which take place between the different elements of

matter.

We have seen that matter is composed of infinitely
small particles gravitating round one another as the
planets round the sun, and probably formed by whirls
in the ether.V Matter is ether already organized,
having acquired certain properties such as weight,
form, and permanence, j
The elements of matter formed by condensations
of ether are, as shown in the book above quoted, of a
minuteness of which we can form no idea, because
z
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we have no point of comparison.
marked that a drop of sea-water,

It

has been

re-

a cubic metre of

less than a decigramme of gold,
more than 6,000,000 molecules of this
If we were to touch it with the point of a
this point would be in contact with more

which contains
contains
metal.
needle,

than a thousand molecules of gold.
In spite of their extreme minuteness, these
molecules are, however, colossi, compared to the
These
particles of which the atoms are composed.
however, execute whirling, vibratory, and
last,
rotatory

movements

as regular as those of the stars

in the firmament.

They are, however, distinguished from the stars
inasmuch as we can by different means heat, for
example vary the amplitude of their movements.

—

—

From

these variations the greater part of the physi-

cal properties of bodies, and, especially, their state

whether

solid, liquid, or

gaseous, result.

All these movements, the consequences of the
gigantic forces of which matter is the seat, are
chiefly disclosed to us, as has been said, by attractions and repulsions, which is why one is led to
seek in such actions the origin of all phenomena.
These attractions and repulsions are reciprocal
i.e. they act as if a spiral spring existed between
the two bodies in presence of each other. If both
are movable, they draw near to or move away from
each other.
If one of them is motionless, it is the
movable body which goes towards or moves away
from the other.

The distance

at

which these attractions and

name

of field

re-

very limited. We give the
of force to the space in which this

pulsions take effect

is
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We

the

action

is

apparent.

call

lines

of force

which the attractive and repellent
effects are produced.
While very easy to observe
in electrical phenomena, the molecular fields of
force due to other actions, may be made equally
evident by different artifices, as shown in L' Evolution
directions

in

de la Matiere.

The most important of the molecular forces is
that called cohesion.
The existence of the bodies
of which the universe is formed is due to its influence.
It conditions their forms.

Without

its

action the

world would vanish in an invisible dust of ether.
Although cohesion is an extremely powerful force,
as is proved by the huge mechanical effort necessary
to separate the particles of bodies, we possess in heat

means of annulling it.
As soon as the molecules are sufficiently separated
by heat, the most rigid body loses its consistence
and becomes liquid or gaseous. The very fact that
the

there is no cohesion as soon as the molecules are
apart from each other, proves that the molecular
attractions which produce cohesion only act at a

very small distance. Bodies in powder, even when
strongly compressed, do not again become hard for
However near to each other these
this reason.
particles may be brought by pressure, they are still
not enough so to attract one another. To bring them
near enough for this purpose demands an enormous
Spring was thus able to form blocks of
pressure.
brass by energetically compressing powdered copper

mixed with powdered tin.
Simple cooling produces the same effect, which is
why, when we allow a melted body to cool, it returns
Temperature constitutes one of
to the solid state.
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those specially appropriate reagents of which we have
so often taken occasion to show the importance.
To separate the molecules kept together by cohesion

demands an enormous

effort,

while only a relatively

necessary to separate them by heat.
can
Nothing resists the molecular forces.
split a bombshell full of water by freezing it.

feeble one

is

We

We

have only
separate a

to

touch a body for

its

molecules to

little.

Cohesion, which is already much reduced in
liquefied bodies, disappears altogether in gaseous

Far from attracting each other, the molecules
behave at least in appearance as if they
Thus, the smallest quantity
repelled each other.
ones.

—

—

of gases

of gas, introduced into a receiver, spreads into all
it.
To compress a gas i.e. to force its
molecules to draw together a considerable pressure
must be exercised upon it.
In solution, the molecules of the dissolved bodies
behave in a similar way. They exercise upon the
walls of the vessel containing them a pressure called
osmotic, which is easily measured.
The solution of
a body has for this reason been compared to a gas.
In the energy of cohesion we have therefore a
force which is very great, but which has the characteristic of only acting upon the particles of bodies
when they are a very small distance apart. This
peculiarity is not found, in the attractions which
constitute gravitation. This acts on all bodies at all

parts of

—

distances.

We

can form a summary idea of the forces which
cohesion by creating something similar

may produce
in a

body

— that

attraction.

If

is

to say, a force capable of generating

we cause an

electric current to circulate
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in a metal wire surrounding an iron rod,
to the molecules of the rod a
sufficient for

them

to exercise

an attraction which may
grams per sq. cm.
In the

we give
power of attraction

upon

a piece of steel

high as 100 kilofield of force surrounding
the metal, a considerable attraction may also be exercised.
One thus has a glimpse of the way in which
the ether can assume a form making it capable of
exercising extremely energetic attractions.
It has just been said that molecular attractions
and repulsions are only manifest at a slight distance.
There are, however, some which act from fairly far off.

A

rise

piece of charcoal cooled to

as

— 200° C.

will so ener-

getically absorb the air of the receptacle in
is

placed as to

body

acts in

which

it

vacuum in it. A hygrometric
the same way in respect of the water

make

a

vapour surrounding it. Tantalum, heated to 600" C.
in an atmosphere of hydrogen, absorbs 600 times its
volume of the gas in which it is plunged.

§ 2.

Tlie

Molecular Equilibria.

and repulsions just spoken of
and also with the
surrounding them. Matter, which

All the attractions

are in equilibrium with each other,

external forces

to be independent of its
surrounding medium, represents only a state of
equilibrium between the internal forces of which
it is the seat and the external forces which envelop
The most rigid body is transformed into vapour
it.
as soon as this medium is sufficiently changed.
In
fact, we cannot define any property of a body
without mentioning the conditions
inertia excepted

was formerly conceived

—

of the

medium

in

which

it is

plunged.

Even when
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we do not

see their variations, the properties of a
least changes of its medium to put

body follow the

themselves in equilibrium with it. It suffices to
bring the hand near matter for its equilibria to be
modified. A variation of the Tog oiuooo th of a degree
in the medium in which it is plunged varies the

body in a way detectable by
The bolometer is based on this

electrical resistance of a

our instruments.
principle.

If

we wish

any substance

to point out the physical properties of

—water,

for instance

—we must always

medium.
C, liquid above that point,

for completeness give the conditions of the

Water

is

solid below 0°

and gaseous if the temperature of the medium
exceeds 100° C.
When the conditions of the medium are similar,
the properties of bodies tend to resemble each other.
Two different saline solutions with the same osmotic
pressure, have the same freezing-point
while the
vapour-pressures of liquids are equal at temperatures
equally removed from their boiling-point, and bodies
of the same atomic weight possess the same calorific
;

,

capacity, &c.

Van der Waals has gone further still in his law of
corresponding states, Avhich shows that if the volume,
the pressure, and the temperature are estimated by
taking as units the initial quantities, one equation
is enough to translate the properties of all fluids.
This means that all have the same properties in
corresponding states.^
' The
generality of the law of corresponding states is here
rather exaggerated. It seems to be true for certain derivatives
of benzine only.
See L. Poinoare, The Evolution of Modern Physics
(vol. xc. of this series), p. 113 and note.
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Form

By molecular attractions and repulsions we can go
very near to an explanation of certain phenomena,
but our ignorance in regard to the causes which give
matter its form is complete. Why, for instance, do
when solidifying take certain regular geometrical forms which are invariable for each body ?

liquids

The hidden causes

unknown

of the form of a crystal are as

to us as those of a plant or an animal.

These things happen as if physico-chemical phenomena were governed by unknown forces which compel
them to act in a predetermined direction.
We, however, may in some sort comprehend the
genesis of a few forms by reducing them to extremely
simple cases for instance, to molecular attractions

—

within a liquid.
When we introduce into an aqueous solution a
drop of liquid of different osmotic pressure, the

molecules of the two liquids are attracted or repelled,

and sometimes form
also, by combining

We may

fairly regular figures.

attractions

and repul-

sions of electrical origin, obtain greatly varied figures.

Some have been given in L' Evolution de la Matiere,
which were formed by combining the attractions and
repulsions of the particles of dissociated matter.
By similar means we may obtain figures imitating

For the last twenty years certain observers,
have exercised their ingenuity in creating
Of these, M. Stephane Leduc
such reproductions.
has obtained the most curious results, as may be
judged by the figures here given. The mode of
production indicated by him is very simple. " A
plants.

like Traube,

granule of sulphate of copper of

1

mm.

to 2

mm.
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diameter, composed of about two parts of saccharose,

and water to cause it to
planted in an aqueous solution containing 2 per cent, to 4 per cent, of ferrocyanide
of potassium, 1 per cent, to 10 per cent, of chloride
of sodium and other salts, and 1 per cent, to 4 per
It germinates in a space of time
cent, of gelatine.
which varies from a few hours to a few days
The granule suraccording to the temperature.
rounds itself with a membrane of ferrocyanide of
copper permeable to water and certain ions, but
impermeable to the sugar enclosed within it, which
produces in this artificial seed the strong osmotic
pressure which determines its absorption and growth.
If the liquid is spread over a glass plate, the growth
takes place on the horizontal plane if the culture
is made in a deep basin, it takes place at once
1

of sulphate of copper,

granulate,

is

;

horizontally and vertically.

seed

may

One

single

artificial

give 15 to 20 stalks sometimes as high

as 25 cm."

We may think

we see here the image of life but
hardly any more connection between these
artificial plants and real ones than there is between
Their production
a living man and his statue.
merely shows that osmotic equilibria may condition
there

;

is

certain external forms.

We have studied in this chapter only the relatively
simple forces primary forces, we might say^ that
govern the mineral world. They are, however, very
obscure. When we come to the forces which direct
the phenomena of life, the obscurity becomes greater

—

yet.

—

\:

Fig. 41.

Action of molecular forces.

Mimicry of plant forms by metallic
(Photograph by Prof.

salts.

St. Leduc.)

To face pa^e Sm.

Fig. 42.

Action of molecular forces.

Mimicry of plant forms by metallic

salts in solution of gelatine.

(Photograph by Prof.

St.

Leduc.)

To face page
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III

THE FORCES MANIFESTED BY LIVING BEINGS
§ 1.

Living Matter and Cellular Life

We observe among

living beings very distinct mani-

festations of energy

such

:

—

(1)

Physico-chemical forces,

as heat, light, electricity, described in physics

under the name of vital forces,
and mode of action of which we are
profoundly ignorant. For the sake of completeness
I am obliged to speak of these last
but I do so with
the certainty that I can say nothing useful on the
subject.
To descant on the phenomena of life while
we are incapable of explaining why the stone which
leaves the hand falls to the ground is a task which
must be left to the leisure of metaphysicians.
The sole interest which this chapter may possess
lies in its showing exactly the present limits of our
slight acquaintance with those still very incomprehensible phenomena, the synthesis of which constitutes
life.
All living beings without exception are composed of an aggregate of little microscopic elements
called cells.
These, although of such an extreme
minuteness that their diameter hardly exceeds some
thousandths of a millimetre, have yet an extremely
complicated structure, and properties even more so.
In a very summary way we may say that they are
composed of a granulous substance called protoplasm,
containing in its midst a nucleus of filaments. The
microscope has shown the structure of this dust of
but the most marvellous part is that which we
life

and

(2) those united

of the nature

;

;

THE EVOLUTION OF FOBCES

362

do not see. It contains, in fact, the germ of ancestral forms and those which will be born in the future
course of its evolution. Every living being is derived
from one primitive cell the ovum, the transformations of which suffice to form a complete being in a

—

very short space of time.

These cells, then, constitute the materials from
which living beings are built. The lowest of these
beings are composed of a single cell. They multiply,
stick together, and are associated with the higher
ones to form their different organs. The higher being
is therefore a veritable society of cells having each
its destined function, but working together in the

The higher animal possesses a nervous system which puts the organs formed by the
cells, and the digestive and circulatory apparatus
which bring to them the elements of nourishment, in
relation with one another while other organs are
charged with the expulsion from the system of the
remains of their nourishment, and so on. The whole
living being labours to maintain the cells they depend on it, and it on them.
The protoplasm of which the cells are composed

general interest.

;

;

represents the stock of life

from the most humble

common to all living things,

to the highest.

It fulfils uni-

versal functions, assimilation as well as destruction,

and, from the chemical, anatomical, and physiological
stand-points, seems to be little modified from one

being to another, while its forms change to an infinite
extent.
Nature, which economizes her efforts, has
need of little in order to vary the elementary structure of beings.
It is

by the study

of the life of cells that

we may

best understand the profundity of the mystery of

life
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and its amazing complexity. To show this it Avill be
enough to recall what appears on this subject in
L' Evolution de la Matiere.

The chemical

edifices which humble cells know
manufacture comprise not only the most
skilful operations of our laboratories, such as etherification, oxidation, reduction, polymerization, and so
on, but many others demanding still more skill which
we cannot imitate. By means which we do not even

how

to

suspect, the vital cells construct their complicated

and varied compounds

—the

albuminoids, cellulose,
the support of life.
They are able to decompose the most stable bodies,
such as chloride of sodium, to extract the nitrogen
from the ammoniacal salts, and the phosphorus from
the phosphates, &c.

fats,

starch, &c., necessary to

All these labours, so exact and so admirably adapted
towards one end, are directed by forces of which we
have no idea, and which behave exactly as if they
possessed a second sight far superior to our reason.
That which they are accomplishing every instant of
our existence soars far above all that the most advanced science can realize. The scholar capable of
solving by his intelligence the problems solved every
moment by the cells of the lowest creature would be
so much higher than other men that he might be
considered by them as a god.
Although protoplasm is the seat of an incessant
activity, it is only slowly renewed in each being, and
does not in fact contribute to its support out of its
own substance, but by the materials it incorporates. It
hardly uses itself up more than an engine fed by coal.
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played by

the

—

Part
Intra-Atomic Energies

Instahility is the Condition of Life

§ 2.

Life is only maintained by an incessant using up
The cell
of the materials borrowed from outside.
Instability
assimilates and destroys without pause.
As soon, as it is succeeded by
is the law of life.
stability there

comes death.

then, the result of a constant exchange
between the living being and the medium in which
being cannot be isolated from
it is plunged.
Life

is,

A

this
sible

medium, and would even
without

it.

be incomprehen-

It is the differential action of assi-

milation and destruction which governs the ascending
or descending evolution of beings throughout their

The cell dies without ceasing but as it
renewed without ceasing, the living being has an

existence.
is

apparent

;

stability.

It

resembles a building the stones

which are every day removed by cunning demons,
but are immediately replaced by other demons. The
building does not change its appearance, and only
begins to grow old when the restoring demons incompletely perform their task.
The day when they no
no longer fulfil it, the building falls in ruins.
The maintenance of life represents a great expenditure of the energy furnished by food.
With a great
of

number

of animals this last

is

which by themselves can

constituted of vege-

mineral matter
complexity necessary for the creation
of chemical compounds charged within a slight
volume with unstable energy. Thanks to them,
matter is unceasingly raised from the unorganized
state, to return at length to the starting-point.
But if the instability of the chemical elements of
tables,

to the degree of

raise
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the cells is the very condition of life, does not the
instabihty of the atom also play a part in these

phenomena

?

would not seem

I

to exaggerate the

influence of that intra-atomic energy which I have

already

made

use of to explain

one must believe that
is

its

many phenomena

;

but

possible part in vital action

often present to the mind, for I have received

from many doctors on this subject. I should
have spoken of this, if experimental facts
did not seem to demonstrate that the dissociation of
matter may be manifested within the organism.
Thus, for instance. Professor Dufour has recently
shown that air that has been breathed contains radio-

letters

not, however,

active particles.

Now

these particles result,

it

will

be remembered, from the dissociation of matter. I
am also led to believe and M. Dastre, to whom I
have submitted my hypotheses, entirely admits the
that we must seek in atomic dissociations for
fact
the origin of the increase of energy produced by
certain excitants, such as kola, caffeine, &c., whose
composition clearly shows that they cannot be con-

—

—

sidered as foods.

have a similar

Some

origin.

diastasic actions

The elements

may

well

of protoplasm

are considered at the present day as very imstable
colloidal substances, and I have shown that these

substances often Come from the dissociation of matter.
Given the colossal energ}^ of intra-atomic energy, we
can understand that the cell may become a mighty
generator of energy without its composition being
perceptibly altered. It must also be remarked that
physiologists have never succeeded in furnishing an
acceptable theory of the action of the excitants spoken
of above. I hope that what has been said will permit
them to give some explanation of these phenomena.
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These intra-atomic energies, set free within the
organism, seem, moreover, of rather exceptional occurrence, and only intervene under the influence of
special excitants, when the living being is obliged to
make a considerable effort rapidly. In normal condiit manifests have especially as
energies which come from
chemical
their origin the

tions the forces

which

foods.

These
it

last

may be very varied, but may

(1)

be reduced,

remembered, into three categories
Albuminoids (white of egg, flesh of animals,

will be

:

&c.).

Carbo-hydrates (starch, sugar, &c.).
(3) Fats (the different fatty bodies).
We must add to these the oxygen of the air
absorbed by respiration and necessary to displace, by
combining with them, the energies of the chemical
compounds introduced into the organism.
The food value of alimentary substances is sometimes estimated by burning them in a calorimeter and
measuring the calories they produced. This rather
barbarous process would lead us to consider coal and
petroleum as valuable foods, as they disengage by
(2)

their

combustion

many

calories.

One kilogramme

of coal generates, in fact, 8000 calories; while the

adult only uses about 2500 a day. Professor Chauveau
"
must give up looking for the nutritive

has said

:

We

value of foods in their heat of combustion. The
theory of food and alimentation cannot be presented
under so simple a form."
All foods produce heat; but this being the last
term of the energetic changes of the organism, and
not the first, it is evident that it is not this which
Its part seems to be
generates the vital forces.
merely to put the elements of the organism in the
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conditions necessary for their proper working.
made this point evident some time ago.

M.

Dastre

When

all

the foods have given

up

to the organism, they are cast forth

their energy

under

different

forms, such as water, carbonic acid, urea, &c., de-

prived of utilizable energy.
To sum up, we see that the vital forces are maintained by the chemical forces derived from the food,
and that it is these last which uphold the first.

§ 3.

The Forces which Regulate the Organism

Even when we liken to physico-chemical forces
the vital forces manifested by living beings, it must
be recognised that things happen as if there existed
quite peculiar forces, some of which are intended to
regulate the functions of the organs, and others to
They must be described, for the
direct their force.
sake of clearness, by a name, although they probably
are only a synthesis of actions which are very different
will call the first cateand not yet dissociated.

We

gory regulating and the second morphogenic

{i.e.

generators of forms) forces.
In spite of the efibrts of thousands of workers,
physiology has been able to tell us nothing of the
nature of those forces. They have no analogy with
those which are studied in physics.
The regulating forces act as if they watched over
the proper working of the living machine, regulating

the temperature and the constancy of the composition of the blood and other secretions, limiting
the oscillations of the different functions, adapting
the organism to the changes of the outer world, &c.
They hold undivided sway over that region of

unconscious

life

which constitutes the greatly pre-
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The
ponderant part of the existence of beings.
their
existence,
the
but
deny
philosopher may
physiologist,

who

sees

them perpetually

in

action,

He generally recognizes, like
hardly contests it.
Claude Bernard, true " directing principles which
direct phenomena which they do not produce and
physical agents producing phenomena which they
do not direct."
These real or apparent directive actions formerly
caused us to admit the existence of immaterial
agents, the soul or vital principle, independent of
the body and capable of surviving it. In reality it
is
not one single directive soul that we should
have to imagine, but many souls, for the life of an
individual appears to us as the sum of small cellular
lives almost infinite in number, and all fulfilling very
Thanks to these directive forces,
different functions.
nature shuts up each organ in the sphere designed
by her, and constantly brings them back to it with
the two great springs of all the activity of beings
pleasure and pain.
The regulating forces present the peculiar characteristic of being conditioned by a long ancestral past
and of modifying it in every generation. The most
modest cell, an amoeba or a globule of protoplasm,
To this must be attributed
is charged with a past.
the variety of the reactions of living beings under
the influence of external agents. In any vital act,
and psychical manifestations must be included among
them, our ancestors act as well as ourselves; but,
as their number is immense, there exists in every
being the possibilities of action dependent on excitants capable of calling them forth. Many ancestors
speak in us but according to external circumstances
;
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equally heard. *
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It is exactly this

enormous past with which the least cell is saturated
which makes so illusory all our attempts to create
" To create living matter "
living matter.
writes
M. Gustave Bonnier. " How can it be hoped for an
instant in the present state of science, when we
think of how many accumulated characteristics, how
!

much

heredity, how much complicated future, there
are in a fragment of living protoplasm ? If we think
that the development of a higher animal, its successive transformation in the embryo into a protozoon,
into a

worm,

mammal,

a

into a fish with

a

man — and

gills, finally

that

all

producing

these future forms

are found potentially in a microscopic fragment of
inchoate living substance
If we reflect that this
reminiscence of distant ancestors, this heredity
acquired during tens of thousands of centuries all
!

—

minute drop of protoplasm, we then
understand the meaning of the truth, that it is
not more difficult to create afresh a living animal
an elephant for instance than to create a speck
exist in this

—

—

of living matter.

When man

shall solve this last

problem, he will have become more creative than
the Creator, stronger than all Nature, mightier than
the Universe itself!"
§ 4.

The

TJie

Morphoijvnic Forces

acquisition of a specific form belongs as well

to minerals as to living beings, since minerals can

assume the geometric contours characteristic of each.
We have already studied their genesis when speaking
in L' Evolution de la Mafiere of the life of crystals.
'
See the author's application of this theory to the French
Kevolution in Zes Lois psi/chologiques de I'EroIulion des Peuples.

2

A
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But these substances

of the mineral world only

represent a very low order of life, fixed to some extent
in invariability of form, and there is only a distant

which conand the immobility
of a crystal.
It does not represent a living form of
matter, but only the ultimate term of life.

analogy between the
stantly assimilates

life

and

of an animal

destroys,

The medium supplies to the living being the
matter of which it is composed, the energies which
it expends, and the excitants which put it into play.
All these external conditions may modify its form,
but they act on a basis of life that they cannot
create.
Until now only life has been able to create
life.
That it may have been born spontaneously at
the dawn of the geological ages under the influence
of unknown reactions is very probable, for it must
needs be that life has a beginning, but we cannot
say why it began, and we do not know how to make
it begin again.
The living being alone, then, enjoys the property of
generating a substance analogous to its own and
possessing the same forms.
Every cell, and even
every organ, possesses the mysterious power of
creating forms similar to itself. Among the lower
animals, every part of the animal when cut in pieces
reproduces the wounded part. Among animals of
fairly high organization, such as the tritons and the
salamanders, a limb cut off, an eye torn out, is soon
reborn.

By going back

to the real origin of each living
the cell from which it is derived we
see better the inexplicable side of these morphogenic
forces.
This primal cell Avill undergo, thanks to
them, the series of transformation which lead it to

being

i.e.

to

—
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a bird, a whale, or a man.
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It contains

then, potentially, all the forms which go forth from
it,

and which always evolve

in the

same way

for

each species.

Such forces are, as M. Dastre has justly observed,
the most refractory and the most out of the reach
"How shall we
of physico-chemical explanations.
"

he says, " this unfathomable mystery
which makes the egg cell, drawing to itself materials
from without, progressively build up the astonishing
construction which is the body of an animal or of
explain,"

man

himself ?
All our attempts

at

interpretation

of such

phenomenon are so perfectly futile, that it is
to give them up than to formulate them.

a

better

The

quoted points this out
" The naturalists give us nothing but words.
They
speak of heredity, of adaptation, of atavism, as if
they were real active and efficient beings, while they

eminent physiologist

are only appellatives

last

and names which

are applied

to collections of'facts."

These terms of adaptation, heredity, &c., are,
however, not entirely vain words if we use them to
simply translate facts of observation instead of conThey mean simply
sidering them as explanations.
that forces utterly unknown, and of the nature of
which we can have no suspicion, oblige the primal
cell of a being to become an animal or a plant, and
to bequeath to the beings derived from it the changes
to which it has been subjected by different actions,
such as that of the medium. As the cell possesses
such powers, we conceive that, in the immense ages
of the past, forms adapted to all the variations of the
medium may have succeeded each other. It would
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seem that with a common stock of

life,

a sort of

numberless combinations, of which some only have been able to
clay of beings, nature

has

tried

We meet at the present day in geological
some which seem the fancies of artists haunted
by the visions of demoniacs. Such are, for instance,
the gigantic Biplodocus, which resembles a pig, with
the neck and tail of a serpent, the Agathaumas
survive.

debris

orphenocerua, the Diclonius mirahilis, the Brontosauriis and others, true dream -monsters.
All these varied efflorescences of life formerly appeared to materialists as the fancies of a Creative Power
drawing them forth periodically from the chaos which
preceded the expression of his will. The immense
service which Darwin rendered to the scientific mind
was to eliminate the supernatural causes of the
concatenation of things by making us see that laws
which know no caprice, such as adaptation, selection,
and the survival of the fittest, can explain the transformation of living beings. The theory of evolution
is tending to be in part replaced at the present day
by that of abrupt mutations, the existence of which
among certain vegetables has been disclosed by patient
observations.
But by showing us the possibility of
finding scientific explanations in a domain where
they seemed to have no place, Darwin changed the
orientation of ideas in the most important branches
of scientific activity.
During half a century the
learned world has been inspired by the doctrines

mighty genius. One may say of the Origin
of Species what Sainte-Beuve formerly wrote of the
Esprit des Lois " There is no book which we can

of this

:

quote as having done so much for the human race
at the time when it appeared, and from which a
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reader of our day can draw so few applicable and
positive ideas.
But this is the destiny of nearly
every work which has caused the mind of man to
progress."

The theory of abrupt mutations, which has shaken
some fundamental facts of Darwin's doctrines, is still
in its infancy.
The mutations which have been
observed are rather rare, and do not bear upon
fundamental characteristics. We have been able,
however, to make use of them to obtain new
species of cereals, the characteristics of which are
reproduced by heredity with regularity and constancy.
The scientific and philosophic importance of these
mutations especially lies in the establishment of the
notion that certain changes, prepared doubtless by
an invisible and previous evolution, may take rise
abruptly.

This fact will perhaps explain to us

why

at certain

geological epochs there have suddenly appeared a
whole series of living species so different from those

which went before and those which come

them,
between
them. The lacunae which science has vainly sought
to fill should then, as Cuvier thought, be very real.
as to

make

We

it

very

difificult

after

to establish a link

assuredly observe in the succession of beings

a certain continuity, a general direction, but not that
regular and lineal continuity Avhich many naturalists

imagine. If the evolution of beings is represented by a curve, this curve should indeed have
a general regular trajectory, but would contain many
solutions of continuity and loops.
The evolution of beings seems to have been
obtained only at the price of repeated essays which
seem useless enough to the human eye. From the
still
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point of view of our limited intelligence, we might
say that things happen in nature as if they were
sometimes directed by superior intelligences, and
sometimes by absurd combinations due to the blind

grouping of improbable chances. Nature seems to
be at the same time full of foresight and of blindness.
It is very possible, however, that both the foresight
and the blindness are only in our own minds. She
has no doubt as guide and as means of action
elements which we do not suspect^ and we cannot
We must always distrust
in consequence judge her.
hypotheses made on the subject of a domain which
no human eye has ever seen.
Nor is there any occasion to bring into our explanations of things supreme beings with whom
wo are not acquainted. It was by eliminating them
that science effected her greatest progress.
We
have seen that simple cells realize in the organism
chemical operations beyond the resources of our
laboratories, and act as if they were unceasingly
guided by a superior intelligence. No one imagines,
however, that there is such an intelligence behind
each cell, and there is no occasion to imagine it for
the aggregate of cells which constitute any animal
Their structure discloses an extremely
whatever.
skilful mechanism directed by forces of which at
the present day we do not know the nature, but
which we may hope to one day bring within the
cycle of our knowledge.

I

5.

The Interpretations of the Phenomena of Life

What
life

has been said shows that the phenomena of
were always the stumbling-block of philosophy
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and physiology.

"Physiology," writes M. Dastre,
cannot answer the question of the ages, What is
life ? "
The philosophers have not been able to answer
it either, or, at least, none of their answers could bear
criticism.
"Philosophy offers us," writes the same
scholar, " in order to conceive life and death, hypotheses. It off'ered us -the same 30, 100, 2000 years ago
animism, vitalism under its two forms, unitarian
vitalism, or the doctrine of the vital force, and

—

"

—

dismembered
perties
and
;

unicism, or
is

vitalism, or the doctrine of vital pro-

materialism, mechanicism, or

finally

monism

(to give it all its

names), that

to say, the physico-chemical doctrine of life."

explanation which predominates at
It is not, perhaps, the most certain,
but it is certainly the most fertile, since it excites
researches which render useless the vitalislic and
It is this last

the present day.

animistic theories which

endow living beings with an

incomprehensible power

soul or vital principle

— the

—the

power of which dispenses us from seeking

further for explanations.

The true problem which now presents itself for
and will doubtless do so for a long time yet,

solution,

—Have

and psychic manifestations
Are the vital forces absolutely
different from those with which we are acquainted ?
Do they represent an independent and irreducible
category ? Is it possible to pass from the laws of
is

this

distinct

:

causes

vital

?

crude matter to those of living matter ?
Up till now we have found no bridge capable of
linking together these two orders of phenomena, and
the gulf which separates them appears yet deeper if

among the vital forces we include
phenomena which end in intelligence.

the psychical
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This link which we do not see will perhaps some
day appear, and we may already guess how it will be
found. As continuity seems a general law of nature,
it is not in the higher being that the vital and

phenomena must be studied, because there
complication makes them too inexplicable.

psychical
their

But by descending to the very first stages of life
we shall discover the outline of an explanation of
Among quite primitive
psychical phenomena.
beings, such as a globule of protoplasm,

we

observe,

volumes of researches have shown, acts
well adapted to the end to be achieved and varying
according to circumstances, as if the being were
But these are
capable of a rudimentary reason.
as several

perhaps only physico-chemical reactions generated
by external excitants. Their interpretation by the
hypothesis of simple reactions is very insufficient.
We are evidently confronted by a chain of causalities of

which we possess no single

link,

and which

consequently we do not understand. We shall not
penetrate any further into them by imagining, to explain them, immaterial principles endowed with the
attributes we ourselves lend them. This would be to
return to the time when the will of Jupiter produced
the thunder and that of Ceres the crops.
The learned ought to shun supernatural explana-

and

also

those which are too simple.

The

materialist

and

spiritualist interpretations are

only

tions,

words devoid of all worth and only of interest to
those minds which prefer any explanation to none
at

all.

We

must

and not invent explanations. The
one which takes long to read. The
few pages painfully deciphered after centuries of

book

seek,

of nature

is
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show us a universe much more compUcated
than it appeared at first. Our sciences are built up
on concepts representing merely interpretations
capable of adapting themselves to the little fragments of things which are within the reach of our
effort

intelligence.
it be true that we do not know the causes of
nor even the final reasons of a single phenomenon, nothing warrants our saying that we shall
always be ignorant of them. We confine ourselves
within a barren philosophy when we declare unknowScience
able that which is only unknown as yet.
mysterious
the
each
day
into
little
further
descends a
But
gulfs where the last elements of things lie hid.
as a philosopher has. rightly said, our sounding-rod is
still too short for the immensity of such abysses.

If

life,
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;

;
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Atmosphere, metallic, 147 absorptive effect of, 205
Atoms, disintegration of, 78,
193 (passim) ; each a minute
universe, 82, 175, 353; electric, 170
instability of, under
suitable reagents, 274
;

Air, liquid, 73, 191, 237, 257
Albuminoids, 363, 360

Alum, 314
Alumina, hydrated, 265
Aluminium, 128, 235 arrow

of,

;

poised in air, 116
conductivity of, 147
.

;

;

variable

Bacteria, cultivation

Amethyst, 235, 246, 252, 254

Ammonia, detection

of pyridine

phorescent, 267
by, in life, 320

210
Amoeba, 368
Amplitude of waves, 195, 198
minimum, for photographic
action, 200
Analogies
of a compressed
in,

cyanide, 262

thermal,

;

hydraulic

71,

Beta particles, 94
Bismuth, 270
Bitumen, prism of, 143, 153
Black light. Sec Light.
Blood, composition of, 367
Bolometer, 201, 358
Brass produced by pressure,
355
Bromine, 314
Bronzing varnish, 229, 289

and

to

75

platino-

Baryta, 240

electricity, 47,
of a pendulum,
198 ; of a spinning top, 107 ;
of a tuning-fork, 208, 274 ; of
50,

;

sulphide, 226,

254

:

67

;

of phos-

part played

Barium bromide, 254

;

spring,

;

;

phosphorescence by heat and
by light, 255

Anarchy in physics, 7, 36
Ancestors, influence of, 368
378
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Caffeine, 365

Column

Cage, Faraday's, 157
Calcination,
phosphorescence
on, 252, 275
Calcium fluoride, 240, 246, 260

79
Comets, 211, 347
Compounds, binary and tertiary,
104
Conduction of electricity, 125
Conductivities, same for heat
and electricity, 192
Conservation of energy, 39, 187;
rephrasing of the law of, 71
Contact, sufficient to produce

;

sulphide, 226, 238, 284, 309,
311, 338 ; sulphide with green

phosphorescence, 247
phide, varieties of, 248

;

sul-

Calorie, great, 41

Candle, groat illuminating effect
of a, 309
combustion of a,
197
Carbo-hydrates, 366
Carbon, 67, 188, 197; bisulphide
of, 200
Castor, 246
Cells, life of, 361
Cellulose, 363
Cement, Portland, 160
Cereals, instances of abrupt
mutations in, 373
Cerium, oxide of, 196
C. G. S. system, 17
Chalk, 276
Charcoal, absorption of gases
by, 357
Charges, loss of electrical, 121
Charge, electric, dependent on
atomic weight, 106
Chemical properties, a function
of electric charges, 100, 171
reactions
and phosphoresreactions within
cence, 275
solid bodies, 277
Chlorine, 105, 110, 200; ions,
108
Chlorophane, 240
function of,
Chlorophyll, 320
319
Chlorospinel, 246
Cinchonine, 264
Civilization, physical conditions
of, 348
Cloth, black, 314
Coherer, 144
Cohesion, 84, 179, 355
Colemanite, 246
Colloids, 130, 365
Colour, explanation of, 209
;

;

;

;

water,

of

infrangible,

electricity, 129
Copper, electrified by friction,
sulphate,
128;
314,
332;
uniform resistance of, 146
Creator, hypothesis of, 98
Cryolite, 246
Curves of loss of phosphorescence, 239
Cymometer, 269

Darkness added

darkness

to

gives light, 291

Deep-sea,
266

phosphorescence

of,

Dehydration

and phosphorescence, 2G5
Dematerialization, 16, 90
Demons, Maxwell's, 45, 98
Diamonds, 226,

256, 259,

2:!1,

discrimination of, by
262
phosphorescence, 234
and
impurities, 275 ashes of, after
incineration, 230
Diastase, 130, 325
Diastasic action, 365
Diathei'manous bodies, solution
;

;

;

of,

191

Dichotomies, unscientific, 12, 14,
55, 85
Dielectrics, 124
transparency
of, to Hertzian waves, 153
Diffraction of electric waves,
148, 157, 163
Discbarge, nature of, produced
by light, 218
sudden, and
electric waves, 144
so-called
negative really positive, 218
Dissociation of matter, 16, 55,
87, 207; proof of, 114; in
;

;

;
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flame, 197
and phosphoresoence, 272 under appropriate
stimulus, 118
Distribution of energy in spec;

;

trum, 204

Emission hypothesis in optics,
112
Emissions, 87

111

;

electrical,

;

accompanying heat, 191
Energetic mechanics, 42

Dogmas,

in energy and matter,
10, 39; in electricity, 104;
philosophical and religious, 5
Dualistic theory of chemistry,

104

Energetics, science of modern,
15, 36, 53
Energy, birth of, 94 concentrative phase of, 94
defined,
degradation of, 56, 89
75
difficulties
in
harmonising
various forms of, 49, 58, 64
;

;

;

Earthquakes

and

radium,

223
Ebonite, loss of charge on, 124
transparency of, to Hertzian
waves, 814; screen, 245, 294,
310
BffluTes, high frequency, 261
produced by light, 218
Electricity an active agent of
dissociation, 119
the best
measure of euergy, 182 ; a difference of level, 73 and heat,
simultaneous production of,
192 a liberator of intra-atomic
energy, 87, 127
a restorer
of phosphorescence, 252
a
secondary transformation of
atomic energy, 165
not a
product of work, 116; modes
of conveyance of, 124
particle of, 89
static and dynamic, 170; unlimited production of, 116 an unstable
form of energy, 16 ; various
forms of, 168
velocity of,
125
Electricities, contrary, 105
Electrification by influence, 113
Electrolysis and electrolytes, 105
Electrons, theory of, 104, 109,
111, 120, 131, 165
Electroscope, 138 discharge of,
220 opposed signs of successive charges on, 122
Elements, growing complexity
of, 93
electro-positive and
electro-negative, 104
Embryo, 369
Emeralds, 246
;

;

;

;

;

;

;

;

;

;

;

;

;

;

dogma

of indestructibility of,
discovery of new

10, 39, 56

;

169 enormous concentrations of, 85, 166, 181

forms

of,

exchange

and

;

of,

between matter
forms of,

ether, 178, 189;

49, 58, 64; not reducible to
heat, 183, 206 gravific, 48, 56
individuality of different mani;

;

festations

66 intra-molecular, may disappear at low
temperatures, 185 kinetic, 47
74 of earth, 32 of sun, 346
matter a stable form of, 15
of,

;

;

;

;

misnamed

potential,

47,

57,

not strictly absorbed by
heat, 68 table of concentration of, in bodies, 180 thermal,
total, of universe, 61
48, 74
transformation of matter into,
storage of, in plants,
113
320
unstable forms of, 16
vanishing of, 89, 96. See Intraatomic Energy, infra
Entropy, 48
Equations, 4, 10, 35, 53, 159
Equilibria, governing factor in
matter, 178
source of new
matter, 95
changes in, a
source of energy, 67, 69, 75,
167, 221
chemical, in matter,
178 in phosphorescence, 247,
255 osmotic, 360
Esculine, 263
77

;

;

;

;

;

;

;

;

;

;

;

;

Ether, 13, 16, 69 identical with
matter, 140 return of worlds
to, 96
seat of lines of force,
136 ; void of temperature, 187
;

;

;

;
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vortices of, 78, 79, 87, 89, 94,
136, 167.
See Matter
Etherification (chemical), 363

372
extension
chemical species, 16

Evolution,
to

of,

;

;

of

worlds, 83, 87, 92

Exchange

of energy between
matter and ether, 178, 189
Excitants in dissociation of
matter, 14, 366 physiological,
865
Explosion, the last stage of a
star, 92.
See Perseus
Exposure affecting the part of
spectrum utilized, 215
Ejes of animals, 202 of nocturnal animals, ,302; artificial, 302
;

;

Fatigue

of metals, 221, 298
Fats, 863, 366
Field (molecular) of attractive
and repulsive force, 354
Fields, intense electric, 148
magnetic, quasi-viscosity of
rotating, 140
Filings-tube, 143

Flame, 192
Flint, pieces of, 322
Fluid, the electric, 169;

171

;

381

Gas, luminosity of coal, 197
Gaseous state, 179
Gases, absorbent powers of,
211 phosphorescence of, 268
theory of, 36, 60, 356
Gauze, opaqueness of, to Hert;

;

zian radiations, 157
Geological origin of diamonds,
effect of, on phosphorescence,
234, 251
Glass, black, 245, 295, 310, 317
coloured, in photography for
dark light, 214, 215
green,
216 Jena, 213 monochromatic, 328
powdered, and phosred and
phorescence, 253
coloured, 323 variable transparency of, 211, 314; water,
314; yellow, 213, 241
Glow-worm, 270, 277
Gold, size of molecules of, 354
Gravitation, annulling of, 212,
causes of, 343
con851
sequences of, 346 the primitive force, 81
Gravity, variation of, 29
Greenhouse, transparency of, to
radiations, 312, 324, 325
;

;

;

;

;

;

;

;

;

;

ionic,

Heat, action

phlogistic, 176

Fluorescent substances, 226, 261

on phosphores-

of,

cence, 294 attempt to define,
179 a destroyer of cohesion,
355 influence of, on radiomode of
activity,
a,
220
vibration,
174
mechanical
equivalent of, 41
not the
best gauge of energy, 206
radiant, 186; solar, 12, 55, 87;
a source of work, 43 an unstable form of energy, 16
Helium, 109, 269
Heredity, 371
;

;

Fluorides, phosphorescent, 240,
246, 248
Fluorite, 236, 246, 275, 815
Fluorspar, 235
Focus of camera with great
wave lengths, 307
Force, centrifugal, 167, 847 and
movement, 31 ; a subjective
motion, 18 nature of, 16
Forces, liberation of, 118; of
unsuspected,
350
nature,
morphogenic, 367, 369; vital,
;

;

361, 375

Fossil animals, 372
Friction, a cause of phosphorescence, 259
Fruits, suggestions for modifying colour and taste of, 326

;

;

;

;

;

;

Hertzian waves, 34,
course of, round
difficulties

against, 150

;

312
159
protection
147,

hills,

of
identical with
laws of their

141
passage through matter, 163
penetration of, through slits
and holes, 156. Nre Stone

light,

;

;
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Human

body, radiations from,

318

KiLOGEAMMETBE,

Hydration

48
Kola, 365

Hydrogen,

Lamp,

a cause of phosphoresoenoe, 264, 274
83, 105, 197, 200

Ice, lens of, 187 ; melting, 180
a source of energy, 73
a
source of heat, 190
Impact, a cause of phosphorescence, 2S9
Impurities, detection of minute,
;

;

210
Incandescence, stellar, 95 and
electricity, 193
Individualization of matter, 95
Induction, problem of,
133
currents, 133
Inertia, 29, 74, 164; stability
of, 31
Influence, electrification by, 113
theories of electric, 120
Influenced bodies, charge on,
affected by shape, 121
Infusoria, 266
Instability, the law of life, 364
of matter, 129, 274
Intensity of light, depends on
amplitude of waves, 199
Intra-atomic energy, end of, 96
limited amount of, 88
connection of, with intra-molecular, 193; the explanation of
magnetism, 131
and phosphorescence, 271, 273
stability of, 86
instability of,
274; proof of, 115; unaffected
by temperature, 185 and vital
processes, 365
Inversion, photographic, a process of antagonism, 329, 340
Ionization, 104, 106
of simple
bodies, 110
Ions, 107, 171
negative, 273
Iron sulphate, 314
Irradiation, 214
Irreversibility of phenomena, 45
;

;

;

;

;

;

;

;

;

;

;

Japanese

varnish, 289, 306, 310
Joule, the unit of work, 48

dark,
vapour, 269

unit of work,

291

;

mercury

Lamp

- black,
transparency of,
to invisible radiations, 314,

315

Lamprey,

Law

Italian, 268

of least action, 42, 46

;

of

Ohm,

145
Lens for concentrating waves,
199
Leucophane, 226, 246, 252, 254,
259
Level, alterations of, 69
Levitation, 351
Life, appearance of, in planets,
95
definition of, 364 ; part
;

played by light in phenomena
of, 319
intra-atomic energy
and, 129
Light emitted by matter, 194
;

;

black,

279,

280,

286,

301,

325; cold, 224, 273; diffused,
337 infra-red and phosphorescence, 227, 245, 280, 289;
and heat, 294 calorific equivalent of, 298 and plants, 321
transparency of sulphides to,
;

;

;

;

311

;

340

;

invisible, 194, 280, 314,

pressure of, 211,

349

an unstable form of energy,
; "living," cultures of, 267
;
physiological action of, 319,

16

325
Lighting, expense of artificial,
204 ; future artificial, 270
invisible at a distance, 316
waste of energy in, 316
Lime carbonate, 253 ; phosphate,
246; sulphate, 265
Lines of force, absorption of,
133, 211 ; defined as directions,
355 magnetic, 33, 131 photography of electric, 136 their
power to penetrate matter,
137 real existence of, 139
Liquid state, 179
;

;

;

;
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Liquids, law of their flow, 4i;
rigidity of rotating, 79
Luminosity at all temperatures,
19i

MACHiNES,electro-statio,voltage
of, 50
Magnesia, phosphorescent, 264,
265
Magnetic screens, 139
spectrum, 131
;

Magnetism,170;

by heat,
by older
theories, 132; the problem of,
60

loss of,

inexplicable

;

130 induced, 182
Magneto-electric machines, 133
Magnitudes of the universe irre;

Marble, 276, 314
Mass and weight, relation of, 29
variation of, 30
Matter, dogma of indestructibility of, 9 germs of, 94 individualization of, 95 identical
with ether, 13, 80; a fixed form
of energy, 55, 85, 112; laws
;

;

;

;

of dissociation of, 15 ; liable
to old age, 80; living, creation
of, 369
organized ether, 353
permeability of, to lines of
force, 137 ; perpetually luminous, 195 a reservoir of energy,
12, 14, 15, 85, 118, 166 ; sensitiveness of, 142, 165, 178;
unstable forms of, 129; vanishing of, 89 visibly transformed
into energy, 119
Measurements essential to knowledge, 20
Mechanics, principles of, 7
;

;

;

fundamental equations of, 30
three systems of, 36
new
system suggested, 37
Mercury, phosphorescence of,
260
Metals electrified by friction,

;

;

fatigue of, 221,
polished, retain heat,
radiation of, 298
;

Meteorology and solar energy,
203

Mica screen,

298, 306
Molecule, energies of, 84
Monistic conception of force, 41
Mortar, absorbent influence of,
on radiations, 161

Movement, analysis

of, 31
Mutations, abrupt, 372 within
matter, a source of energy, 66
;

Nbbul^,

346

83, 87, 94,

Keen, tubes

of,

209

Neutral electricity a misnomer,
168, 171
molecules of, 107
Nitrogen iodide, 260
;

Opal, 246
Opaqueness of metals

ducible, 17

Manganese, 276

128

383

298
1S9

to electric

waves, 154

Orthochromatic plates, 214, 216
Osmotic pressure, 359 equilibria,
;

360

Ovum,

first

form

of life, 362

Oxidation, an exceptional cause
of phosphorescence, 263 and
plant life, 319, 363
Oxygen, 197 ; and phosphorescence, 260
;

Ozone absorbent for

ultra-violet

rays, 211

Pabappine,

residual charge on,
124
Perseus, explosion in star, 93
Petalite, 246
Phenacite, 246
Phlogiston. 168, 176
Pholads, 266
Phosphorescence, laws of, 258,
aptitude for, 242, 254,
277
260, 275, 287 ; classification
;

of,

225

by

;

chemical

re-

actions, 262, 268, 275
curves
extinction of, 230
of, 239
force antagonistic to, 241
by
friction and impact, 259
of
gases, 268 by heat and light
compared, 250, 255, 257; indefinitedurationof,256; andheat,
;

;

;

;

;

;
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apparatus for studying, 244;
invisible, 200, 243, 280, 289
invisible spontaneous, 283; by
light.mobility of, 276 regeneration of, 252 residual, 240,
287, 291 a superficial atomic
phenomenon, 273; variously
coloured, 227, 276 by X-rays
and cathode rays, 261 transformation of invisible, 287
Phosphorescent bodies, lisc of,
240 animals, 204, 267 animals in deep sea, 224 marine
solution,
organisms,
266
formula for, 263, 267
Phosphoroscope, Beoquerel's,226
Phosphorus, 363; red, 314
Photographic plate, sensitiveness of, 200
Photography, 212, 339 of fine
lines, 215; instantaneous, 213;
instantaneous in dark, 310
of landscapes, 214; through
opaque bodies, 303
Physios, anarchy in, 7, 36
Pitch, musical, 198
Planets, formation of, 95 path
of, 347
Plants, list of, submitted to
;

;

;

;

;

;

;

;

;

;

;

;

in spec205, 321
rock-salt, flint, 213,

Prisms, inaccuracy

of,

trum measurements,
quartz,

322 bitumen, 143, 153
Probabilities, calculation of, 36
Proportions, laws of simple and
definite, 277
;

Protoplasm, 361, 376
Protozoon, 369
Pyridine, detection of, 210

QuAHTlTY,

a factor of
74
and tension disenergy, 47
criminated, 50
Quartz, prisms of, 213, 322
Quinine sulphate, 136, 264, 274
experiments with, 832
;

;

;

Radiant heat

a misnomer, 186
Radiations, excitant and antagonistic, 324, 337
traverse
;

permaopaque bodies, 302
nent property of matter, 190.
;

See Rays, ultra
infra-red, infra

-

violet

and

Radio-active bodies, artificial,
86 matter in expired air, 365
Radio - activity, 143
spontaneous, of all metals, 219
;

;

various lights, 324 ; colours
of, suggestions for modifying,

Radium,

326

substance, 222 salts of, 265
Rays, beta, 217; blue, 212:
cathode, 110, 170, 183, 197,
217, 261; N-, 352; infra-red.
194, 202, 205, 805
X-, 137,
ultra170, 234, 261, 301;

Plant

111, 197,
221, 262; not a well-defined
12,

86,

92,

;

how

influenced
solar spectrum, 321
lite,

by

Platinum, 192
Polarization of invisible light,
281, 285
Pollux, 246

violet, 82, 183, 195,

Polymerization, 363
Polyps, phosphorescent, 267
Ponderable and imponderable,
misleading terms,
12,
16
useful distinction, 55
Potassium, 104; bichromate, 314;
chloride, 110; ferrocyanide,360
Potential energy.
Sec Energy,

;

supra.

Pressure of light, 211, 349
Principles,
fundamental,
material world, 15

;

of

202, 207,
212, 218, 226, 261, 811 ; violet.

212
Reaction, chemical, phosphores-

cence by, 263
Reflection

and

refraction

of

electric waves, 143
Reflectors, cylindro - parabolic,

14S
Refraction, index of, 286 ; of
invisible light, 281
Regulators of vital forces, 367
Relativity of knowledge, 20
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Eesistanoe, electrical, 49
bility of, 145, 201

;

varia-

nous, 271

Resonance, acoustic, 189, 208
molecular, 209
Resonator, Oudin, 148
Retina,

sensitiveness

385

Stars, age of, 82

cold but lumicomposition of, 82

;

;

;

incandescence and refrigera-

;

tion

of,

95

;

number of,

See

83.

Explosion

200,

Statues, photographs of, in dark,

203 imperfection
318, 338
Rigidity of rotating liquid, 79
Rock salt prisms, 322
Rotation a factor in energy, 33
Rubies, 261

290
Steam, latent heat of, 180
Steam-engines, return of, per
heat applied, 56
Stone, absorbs Hertzian waves,
162
Strontium sulphide, 226, 254,
276, 292
Subjective notions, 18
Sugar, phosphorescence of, 259
Sulphides, phosphorescent, 226,
254, 256, 261, 289
Sulphur, 153
Supernatural, the, 372
Surface density of electricity 123

of,

of,

;

Saccharose, 360
Saturn's rings, 81
Scalars, and vectors, 65
Scheelite, 246

Science, present anarchy in, 7, 36
Screens, diifusing, 308 process
;

making phosphorescent,

for

229 radiographic, 262 sulphide, 294, 296, 305, 308, 312,
;

330
336

;

,

summary of

various, 328,
thin metallic, 219

;

;

Sea of

fire,

Talc, 246
Tantalum, 357

266

Senses, insuflSciency of, 34, 37
Short circuits, 149
chloride, 314
SiLver, wire, 192
Simplicity of science, a delu;

;

sion, 3, 34
Slits in metal

;

protectors and
Hertzian waves, 156
Sodium chloride, 108
Solar system, formation of, 81
Solutions, 107, 356

Sound,

silent,

Telegraphy, wireless, 141, 143,
164
Temperature, effect on light,
effect on electrification
195
of metals,
effect on
128
mass, 30
phosphorescence,
different effect
238, 242, 255
on intra-molecular and intraatomic energy, 185 of body,
regulation of, 367
absolute
zero of, 13, 183, 318
Tension, 43, 47, 70; of static
and galvanic electricity, 50,
125 and quantity, two forms
of same thing, 52
Theory, phlogistic, 176
Thermo-chemistry, 67, 84, 106
;

;

;

;

200

Space, a subjective notion, 18
cold of, 187
Spectrum,analysis,82; magnetic,
131 energy in each region of,
183 solar, 196, 202, 203, 213,
312; difEraction,201; invisible,
201 maximum heating effect
action of, on phosof, 205
phorescence, 230, 293, 300
action of, on plant life, 321
antagonistic actions of several
regions of, 329, 341 (table)
Squares, law of inverse, 345
Stability of atom, 91
Starch, 363
;

;

;

;

;

;

;

Thermo-dynamics, principles

of,

84 breakdown of, 176
and absolute zero, 184 second
42, 75,

;

;

;

law of, 98
Thorium, 92, 196, 265
Tides, 344

Time, effect

of,

on phosphores-

cence,

on

238, 253; effect of
invisible radiation, 284

2b
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enormoas, needed for evolua subjective notion,

tion, 84;

18
Topaz, 246
Toxins, 130

Vibrations of ether classified,
211
Vortices of ether, 87, 343, 354
stability of,
rigidity of, 79
;

91

Transparency to Hertzian waves,
150; observation on, 313; a

phenomenon, 208,
selective
311 table of, 314
Tubes, Crookes, 111
Geissler,
;

;

261 ; neon, 269
Turpentine, oil of, 136

Wagnehite, 246
War, influence
in, 149,

of Hertzian rays

316

Water, column

of,

infrangible,

79

Wave-lengths, effect of, on transparency, 311
radiations of
great, 289, 295, 318
Waves, electric, 140, 171
apparent rigidity of, 157 solar,
all of one kind, 20(>.
See
Hertzian waves
Weight, 348
Weight and mass, relation of,
;

Univbbse, an articulate system,
71
irreducible magnitudes
;

17 new cycle of degradation for, 87
origin of energy
of,

;

;

77

of,

;

rejuvenescence

systems of the, 11,
total energy of, 61
Uranium, 86, 218, 259

of,

34,

98
57;
;

;

;

29

Wood,
VALENCY, 108

radiations

transparency

Vapour-pressures, 358
Vectors, and scalars, 65
Vegetables, causeof their growth,
188, 202 function of light on,
201; experiments on, 326;
;

between animal and
mineral world, 320
Velocity, a factor in rigidity, 79
a factor in stability, 91
a
function of heat, 174; of
gravity, 344
of heat and
link

of,

from,
314

Work obtained from
and

electricity

300;

heat, 43

mistakenly

connected, 116; and energy,
perhaps distinct, 64 unit of,
48
World, periods of evolutionof a,
94, 98
;

;

;

;

electricity, 192; influence of,
on mass, 30, 60
inside the
atom, 82, 167
;

Vibration, a factor in energy,
33 a factor in heat, 174
;

Zero, conventional, 184.
Temperature

"See

Zinc, 152, 217; chloride, 109;
sulphide of, 226, 238, 254, 296,
303, 838; sulphide of, with
green phosphorescence, 300,
311, 830
Zoology, descriptive, 54
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AMPfeKE, 131

Dalton, 184

Arrhenius, 107
Auer, 195
Auvergne, 246

Darwin,

BAHI4, 232

Delbruck, Georges, 351
Descartes, 9, 34, 35
Deslandres, 200
Dewar, 237, 257
De Watteville, 213
Dufour, 365
Duhem, 35, 175
Dumas, 105
Dwelshauwers Dery, 36

54, 188, 372, 373
Dastre, 352, 365, 371, 375

Davy, 104, 106, 173
De Heen, 120, 168, 176, 272

Bale, 152
Balfour, A. J., 165

Edmond, 225, 226,
249, 250, 276, 282, 330 Henri,
282, 293

Becquerel,

;

Bernard, Claude, 368
Berthelot, 12, 106, 200
Berzelius, 104, 106
Beudant, 249, 250
Bogota, 246
Bologna, 254
Boltzmann, 98
Bonnier, Gustave, 369
Bose, Professor, 151, 152, 154
Boussinesq, 178
Bouty, 315'
Boys, Professor Vernon, 344
Branly, 143, 144, 154, 160
Brazil, 232, 262, 289
Brunhes, Bernard, 61, 97, 98

estremaduea, 247
Faeaday,

105,
136, 137, 157
Ferrand, 15
Fisher, 266
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