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PREFACE 

PHYSICS is a vast subjeqt, and the story of its 
progress from early times is therefore lengthy. 

Yet it is well worthy of study. In this small work no 
intensive study is possible. Our task has rather been, 
therefore, to indicate its range in certain aspects, and to 
pay tribute to its great exponents through the ages by 
touching upon the lives and work of a few of its repre
sentatives. Sketchy as the book necessarily is, it is 
hoped that the reader will find reasonable continuity in 
the narrative from the days of Classical Antiquity on
wards to modern times. No claim is made to originality, 
beyond perhaps that of treatment, and the author has 
drawn freely from many sources. If the reader will have 
been prompted to delve more deeply into the rich store 
of the scientific literature of the past after reading this 
book, its author will have adequately achieved his 
purpose. 

Acknowledgements are due to Mr. E. D. Williams, 
M.A., for his careful and helpful reading of the manU
script, and '0 Dr, Charles Singer and Miss D, Turner, 
M.A., B.Sc., for the reading of the proofs, and to Mr. 
C. N. Heath, M.A., for assistance with the diagrams. 

Amerfham 
October, 1927 

IVOR B. HART 
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THE GREAT PHYSICISTS 
CHAPTER I 

• THE PHYSICISTS OF CLASSICAL ANTIQUITY 

1. INTRODUCTION 

T HERE are many factors that contribute to the 
building up of what is called civilization, and 

one of these is undoubtedly Science. The quest of 
science is the quest of truth; and above all things the 
seeking of truth has been, and must continue Ito be, the 
most civilizing factor in the evolution of human society. 
Our purpose in these pages is to review the main features 
in the evolution of physical science by a consideration of 
the life and work of some of the illustrious men who have, 
through the ages, made their powerful and lasting contri
butions to J.rn.owledge. 

Physics, however, has a specific meaning to-day such as 
it could not possess in the days of antiquity. Knowledge 
had not then reached the stage at which it could usefully 
be divided up into specialized branches. All inquiries 
into N~ure and her mysteries were grouped under the 
heading of philosophy, and of necessity the speculations 
of the earlier philosophers were broad and all-embracing . 

. Nevertheless, inasmuch as these speCUlations became the 
starting point of the investigations which have led to the 
physics of to-day, no such survey as that upon which we 
are now entering can fairly ignore them. Especially is 
this true because the philosophers of antiquity included 
SQme of the greatest minds in the history of civilization. 

1 



2 THE GREAT PHYSICISTS 

It will, however, be helpful as a preliminary to have 
before us a working definition of what is understood by 
Science, and although many alternatives have at one time 
or another been suggested, it will suffice for us to bear in 
mind that the object of science is to embrace in the small
est possible number of general truths "the whole of the 
facts of nature. But an ability to generalize involves the 
handling of abstract ideas, and clearly there was a time 
when abstraction in thinking was unknown. 

Man's first home was the tree and cave; his workshop 
was the surrounding jungle; his first tools were the nails, 
limbs and teeth with which nature had provided him. 
Yet one of the first steps in the dawn of reason came from' 
the experience that taught man that there were other and. 
often more effective weapons at hand in the boughs 
broken off from the trees around him, and in the stones 
lying at his feet. Thus the first lines of development 
were in the fashioning of better and sharper and stronger 
weapons. 

What then was the next stage? There inevitably 
came a time when there was a general desire to refer back 
for explanations. It was a desire that, by the very nature 
of the human being, was bound to come, and it has been 
with us ever since. The early answers, moreover, were 
simple and comprehensive. They were based on super
stition and the fear of what we now know toil be natural 
phenomena on a grand scale-tempests, floods, thunder 
and lightning and so on. 

There was always the latent desire also to associate 
with these phenomena the immediate action of powerful 
but invisible beings. As the poet has put it :. 

• 

Did raging storms o'er ocean's bosom sweep? 
'Twas angry Neptune smote the troubled deep. 
Did clouds condensed emit electric fire? 
'Twas Jove's wide-wasting instrument of ire. 
Did crops luxuriant fertile fields adorn ? 
'Twas Ceres decked the vales with wavy corn. 
Or Bacchus bade the high-embowering vine, 
Loaded with clusters, round the elm entwine: 
But if they perished by untimely blight, 
The Furies tainted the cold dews of night . 

• • 



CLASSICAL ANTIQUITY 3 

Thus we have it-the beginnings of the gods 'and the 
satisfying of the first dawn of the human intellect in the 
seeking after reasons. So gradually observation pro
gressed and became orderly and ordered. Abstract rea
soning had not yet arrived, but deduction based on 
practical needs ~was beginning to arrive. The older 
civilizations of the Chinese, the Indian~, the Chaldeans 
and the Egyptians were building up astronomical data, 
schemes of number, and facts of practical geometry. 

Nevertheless, we cannot say of these peoples that they 
were abstract thinkers. In the world of philosophy and 
science, their importance lies chiefly in that, from their 

• large store of practical knowledge, they provided the great 
Greek nation with the stimulus for the first real efforts at 
abstraction and philosophical speculation. 

We may regard the Greeks, then, as having initiated 
true science in the modern sense of the term. Keen of 
intellect, temperamentally of an inquiring nature, they\ 
were naturally well fitted for the task of inaugurating the'·· 
era of science for the world. Certain geographical and 
economic advantages operated in support of this. With 
its great seaboard and its famous Ionian Islands, it was 
but natural that the Greeks should be both seamen and 
traders, and indeed the ships of such cities as Miletus 
were to be seen in every port in the Mediterranean. The 
Ionians, in rmrticular, showed a love of adventure that 
prompted them to leave their homes and found colonies. 
As a consequence they were able to come into contact 
with other minds and other peoples, to absorb from them 
such learning as they possessed and to apply to this 
knowle~e their own fertility in speculation and general
ization. 

II. THALES OF MILETUS 

This was not strictly tru~ in the case of Egypt, which, 
for some time prior to the seventh century B.C., had 
adopted a policy of isolation from the rest of the world. 
E.gypt had been suffering many vicissitudes and internal 
dIssensions, and was beginning to recover at about 700 B.C., 
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and it was in about 670 B.C. thltt the Greeks were offered. 
friendly access to her shores. It is not, therefore, without 
significance that the great days of Ionian Physics dat~ 
from the sixth century B.C., and begin with Thales of 
Miletus, a philosopher who was born about 636 B.C. 

and who died about 546 B.C. There i~ no doubt as to 
his genius. A man of civil affairs, an engineer, a philo
sopher and scientist, he seemed to excel in everything. 
As a philosopher his work lay along three main paths 
-geometry, astronomy and physics. It is with the 
third of these that we are here concerned. To Thales 
belongs tpe credit of the first observations on record in 
the subject of electricity. He observed that when' 
amber is rubbed, it attracts light substances like pieces· 
of paper, and it is from the Greek word for amber, 
elektron, that the modern term electricity is derived. He 
also knew of the magnetic property of the mineral called 
, lodestone ' or magnetite, \ though to both these pheno
mena he attributed a certain quality of ' Boul ' or ' ani
mation.' However, the chief claim of Thales to our 
attention is his famous speculation as to the common 
origin of all things from one material. 'All things,' he 
said, 'are produced from water.' It is of little conse
quence that Thales was hopelessly wrong. What does 
matter enormously is that here we have for the first time 
a general speculation of the first l'nagnitu~-the refer
ence back from effect to cause of all things and all pheno
mena to a single primary basis. It was in fact the first 
great generalization as to the constitution of matter in the 
history of science, and it was the starting point of a whole 
series of similar speculations which formed so ~aracter
istic a feature of Greek philosophy. 

For example, Thales' own contemporary and disciple, 
Anaximander, and his successor Anaximenes, both offered 
variations on this subject as-.further contributions. The 
urge to find some primordial substance had certainly come 
to stay, although the particular substance or substances 
might and did differ as between one philosopher and 
another. Thus Anaximander held the primordial sub-

• 



CLASSICAL ANTIQUIT~ 5 

stance to be something more subtle than 'Water, though 
not so thin as air, whilst his successor, Anaximenes, went 
the one step further and taught that' all comes from air, 
and into air returns.' 

III. :{>YTHAGORAS OF SAMOS . 

Pythagoras, another great Greek philosopher, was born 
in the Ionian Island of Samos about 580 B.C. He was not 
at first a great success. Indeed there is a story that at 
Samos he only had one disciple who at first only consented 
to listen to Pythagoras on being promised a small coin 

·every day, But Pythagoras, seeing after a time how 
interested this pupil became, in his turn refused to lecture, 
whereat the disciple intimated that he would in his turn 
pay Pythagoras a similar sum to go on lecturing, and so 
our philosopher got his money back. He eventually le:(t 
Asia Minor and settled in Croton, a Dorian colony i~ 
Southern Italy. Here he established a school of philo-\ 
sophy and his followers became known as the Pytha
goreans. They were a mystical brotherhood, and their 
studies of mathematics and science were apparently 
incidental to their moral and religious doctrines. 

There is some difficulty as to what teachings may 
legitimately be attributed to Pythagoras himself on 
account of th8 practice of his school of committing nothing 
to writing. All its learning was passed on by word of 
mouth, so that it is diffi,.cult to say how much of its 
doctrine may be attributed to pythagoras himself, and 
how much to his disciples. Like their predecessors, they 
sought f~ first principles, but they found them in the less 
material direction of order, harmony and proportion. 
Through this agency they gave a great stimulus to the 
study of number. In this they appeared to find the 
~ssence of all things. Ten was a perfect number, because 
It was the sum of 1 + 2 + 3 + 4. Three was also 
sacred to the Pythagoreans-it was the ' number of the 
universe,' because everything had its beginning, its 
middle and its end. 
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We must not omit to mention, also, the inauguration by 
Pythagoras of the scientific study of sound. The story 
goes that while passing a blacksmith's shop he was 
attracted by the musical notes emitted by the anvil on 
being struck with the hammer, and subsequent experi
ments on stretched strings of variou~ lengths on what 
to-day we speak of as the monochord, established the 
relations to one another of what are now known as the 
musical intervals. Pythagoras found by experiment 
that the necessary length ratio to produce an octave 
was 2 : 1; to produce the interval known as a fifth was 
3 : 2; and to produce a fourth was 4 : 3. So he got 
back to his magical series of 1, 2, 3, 4. Small wonder,· 
then, that he found himself back to his great doctrine 
of harmony and proportion, and that its powerful. appeal 
should have led him to apply this to his famous con
ception of the harmony of the spheres-the picturesque 
scheme of a central solar fire at the centre of the 
universe, with the planets revolving round them with 
varying speeds that created celestial notes in harmonic 
ratios excelling in sweetness all earthly music-so sweet, 
indeed, as to be inaudible to mankind. 

We find a reference to this by Pope in his Essay on 
Man:-

If nature thundered in his opening ears 
And stunned him with the music of the S'!Iheres, 
How would he wish that heaven had left 'him still 
The whispering zephyr and the parting rill ! 

Like his predecessors, Pythagoras speculated upon the 
structure of matter. His contribution, however, was a 
very important one, and was the starting ~int of a 
theory that developed and persisted right through the 
Middle Ages. This was the theory that all matter was 
made up of the four elements of earth, air, fire and water. 
The theory was further developed by Empedocles of 
Agrigentum, a disciple of Pythagoras, who taught that 
these four primary elements are imperishable and un
changeable in quality, and he explained that they were 
brought into various combinations by the agency of two 

• 
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divine forces-one of attraction, love, and the other of 
repulsion, discord. In this way he Supposed the elements 
to combine in varying proportions to produce all the 
natural phenomena with which the world was endowed. 

Whatever the merits or demerits of this theory, it will 
be seen at any ra~ that the Greek philosophers were now 
immersed in a line of inquiry which is to-day occupying a 
great portion of the field of research of the modern physi
cist-the constitution of matter. In fact in the hands of 

'those who followed Empedocles we are even more start-
lingly reminded of the trend of modern research. Leu
cippus of Abdera, for example, breaking clean away from 

ethe Pythagorean teachings, declined to accept the four
element theory, and substituted for it the notion that all 
things are formed from particles so small, that they could 
individually be neither seen nor felt. As he conceived 
them, however, they were of various forms and sizes, and 
it was their difference in arrangement and movement that 
produced the various complexities of m,atter. This 
atomic theory later received further stimulus at the hands 
of Leucippus' pupil, Democritus of Abdera, who specific
ally enunciated the principle of the i~destructibility of 
matter. 'Nothing can be made from nothing,' he said, 
and all change consists only in the composition and the 
separation of particles. The world is a scheme of atoms 
and empty ~aces. Unfortunately the views of this 
atomist school soon became submerged in the teachings 
of the giant Greek personalities who followed, but it 
surely remains one of the wonders of the history of science 
that now, after more than two thousand years have 
elapsed, ~e have virtually returned to these views, and 
ha.ve accepted a scheme of chemistry based almost 
entirely upon them. 

IV. THE PERIPATETICS 

-y?e now come to a period in Greek science which, 
chiefly by virtue of the profound influence it exerted in 
dominating the whole intellectual outlook of the Middle 

\ 
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Ages for very many centuries, is easily the most import
ant in the science of Classical Antiquity-the era of Plato 
and Aristotle. 

The centre of Greek learning had by now shifted from 
Ionia and Southern Italy to Athens, and it was here that 
the immortal Socrates thought and tab.ght; it was here 
too, that his pupil Plato (427-347 B.C.) founded his famous 
Academy, in a pleasant grove with shady walks and 
seats, and with the famous inscription over the doors 
that read' Let no one presume to enter here who has no 
taste for Geometry and the Mathematics.' 

Plato's works, written mainly in the form of dialogues, 
constitute one of the main legacies which the sons of 
Greece left to civilization, and from the point of view 
of Science perhaps the most important of these was 
the "Timaeus." 

Plato also gave to the world a number of earnest 
students of philosophy whom he had taught, and who 
were able in their turn to make their own contributions 
to knowledge. The most important of these was the 
philosopher who, beginning as a student in Plato's 
Academy, became in his turn an influence of the highest 
significance in the scientific history that followed. 

Aristotle was born in the city of Stagira, in Macedonia, 
in the year 385 B.C. His father was Nicomachus, a 
physician. He entered Plato's Academy,as a student 
at the age of seventeen, where it is related his thirst for 
learning was so great that he resorted to various devices 
to rettuce his hours of sleep. 

Such zeal was bound to bring its reward. In due 
course Aristotle left the Academy. Later he :lbunded a 
school of his own. In consequence of his habit of dis
coursing to his pupils whilst walking up and down a fine 
avenue leading from a covered portico or 'peripatos,' he 
has been spoken of as the Rlripatician and his followers 
are sometimes referred to as the Peripatetic Philosophers. 

Let us first of all consider Aristotle's speculations as to 
the constitution of matter. Here his work was further to 
elaborate upon the four-element theory so that these came 
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to be spoken of afterwards aslthe Aristotelian elements. 
In addition to the four elements there were four primary 
'qualities: heat, cold, moisture and dryness; and each 
element was considered to be compounded in its turn of 
two of these primary qualities in what he called' binary 
combination.' Tlfus earth was compounded of cold and 
dry; water was compounded of ' cold and moist; air was 
compounded of hot and moist; fire was compounded of 
hot and dry. 

Further, whereas Aristotle held that all terrestrial 
matter was built up of earth, air, fire and water, for 
celestial matter he introduced the idea of a fifth eJement 
~the quinta essentia, the ether more subtle and divine 
than the other elements. This gives rise to the word 
, quintessence' of to-day. It carried with it for Aristotle 
this important distinction: that whereas terrestrial matter 
implied a variety of possible combinations and disinte
grations within the limits of the four elements, there 
could be no change in celestial matter. The skies, being 
perfect, were immutable, and there could therefore be no 
break in their uniformity. 

Aristotle's views on the subject of motion are of 
extreme interest: 

He begins by stating that as lines are measurable in one 
direction only, and planes in two, so bodies are measur
able in three .irections. Body is therefore made com
plete by three magnitudes, and three is therefore the 
number of perfection. 

As matter, then, is made complete by three, the same 
must also be true for motion. There are therefore 
three simt>le motions-(a) motion towards the centre, 
(b) motion from the centre, and (c) motion round the 
centre. The first two are rectilinear motions, and are 
natural to earthly substances, whilst the circular motion 
appertains to the heavenly ~odies. 

So .far as motion towards and from the centre are 
concerned, we have here a sort of theory of gravity. 
Plato had already attempted such a theory, arguing that 
It downward motion was really a motion towards the 
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centre of the earth, and that there existed a tendency fOJ 
all bodies to be attracted towards larger masses of thE 
same material. According to Plato, for example, a lumI 
of rock or stone is attracted down to the earth, whilst ~ 
, vapour' rises by attraction to the larger masses oj 
vapour above. -

Aristotle took a different view. He argued that therE 
were two classes of bodies-heavy bodies, which have B 

natural tendency to move down towards the centre of 
the earth, and light bodies, whose natural tendency is to 
move up from the centre of the earth. Further,]:p held 
that there were degrees of heaviness, the heavier bodies 
tending to move further down than the less heavy bodiel!, 
so that, e.g., earth, being heavier than water (both in the 
, heavy' class of matter), we expect to find the water 
above the earth, as indeed we do. On the other hand, 
both' fire' and' air' ,belong to the' light' group, and 
since fire is lighter than air, both have a tendency to go 
up, but the fire more so than the air, and so the air is 
above the water, and the fire nearest the celestial regions. 

One of his deductions as to falling bodies was that a 
heavier body would fall faster than a lighter one. This 
was destined to prove a serious obstacle to progress in 
mechanics for very many centuries, and it is somewhat 
astonishing that, with his vigorous mind, it should not 
have occurred to him to put such.:: simpleiJroblem to the 
test of experiment. 

Aristotle died at the age of sixty-two years at Chalcis, 
leaving behind him a record of study and wisdom that 
has earned for him the lasting homage of mankind . 

• 
v. ARCHIMEDES (c. 287-212 B.C.) 

We turn finally to one who was perhaps the greatest 
exponent of physical scienc. in classical antiquity, Archi
medes. He was born at Syracuse, in Sicily, about 287 
B.C., and received his training and education at the 
famous school of Alexandria founded by the second of the 
long line of Ptolemys who ruled in Egypt. The Ptolemys 



~tASSICAL ANTIQUITY 11 

f were great lov~s of learning. They invited to their court 
a large number of scholars and philosophers, and equipped 
for them lectur~ rooms, libraries, gardens and observa
tories. It is no~ surprising, therefore, that Alexandria 
became the chief centre of culture and science, and 
that the Alexandrinn School should have given to the 
world a succession of great think~rs that included Euclid 
the Geometer, Aristarchus the Astronomer, Eratosthenes 
the Geographer, and in its later days Hipparchus, Claudius 
Ptolemy, and Apollonius of Perga. 

Archimedes belongs to the earlier period, and indeed it 
is not improbable that Euclid was one of his teachers. 
However, he did not stay in Alexandria, but returned to 
Syracuse, and here he spent the remainder of his life in 
meditation and study. In one notable respect he stands 
supreme among Greek scientists. He was definitely an 
experimenter. Greek philosophy was characterized 
chiefly by its speculativeness, and there are very few 
instances, except possibly in the field of astronomy, of the 
experimental method among their achievements. Archi
medes was a brilliant exceptioh. He fully understood the 
test of experiment, and indeed as an experimental physi
cist he almost stood alone for very many centuries. 

The world owes very much to Archimedes. Like 
Euclid, he was a great mathematician, and although he is 
more generally. known for his work in mechanics, he 
himself was very proud of his mathematical discoveries. 
One of these was his elucidation of the relation between 
the. areas and volumes of a sphere and its circumscribing 
cyh_nder, and he was so proud of this that he expressed a 
deSIre for .these figures to be recorded on his tomb. 

In physics the greatest achievements of Archimedes 
were in the particular branch known as mechanics. 
The doctrine of equilibrium was treated by him in a 
~asterly manner. His sta:tting point was the prin
CIple of the lever, the demonstration of which was made 
to rest ultimately on the truth that equal bodies at the 
en?s of ~he equal arms of a rod, supported at its mid
.~mt, wIll balance each other. Proceeding from this, he 

2 
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pursues his proof to the conclusion that bodies will be in 
equilibrium when their distances from the fulcrum (i.e., 
the point of support) are inversely as their weight. 
Hence, given a sufficiently long lever, any weight, how
ever big, may be suitably moved. 'Give me,' said 
Archimedes to his King, ' where to stalld, and I will move 
the earth.' 

From this he passed naturally to a discussion on centres 
of gravity, establishing several propositions relating to 
them, and working out the positions of the centre of 
gravity for variously shaped bodies. 

Archimedes, too, was virtually the founder of the 
branch of physics known as hydrostatics, i.e., the study 
of the laws of fluids at rest. The story of his discovery 
of the famous Principle of Archimedes-namely, that a 
solid body, when immersed in a liquid, appears to lose a 
portion of its weight equal to the weight of liquid it 
displaces-has indeed, in one form or another, become a 
classic. It appears that the principle occurred to him as 
a result of his observations of the water rising in his bath 
on his immersion therein, and that he was so excited at . 
the discovery that he ran out without stopping to clothe 
himself, exclaiming, 'Eureka! ' (I have discovered it). 
The story usually linked up with this relates how a golden 
crown, ordered by King Hiero of Sicily, was suspected of 
adulteration in its manufacture, and )ychimedes was 
invited to find a means of proving or disproving this. 
After the reputed incident of the bath, he was able to base 
his solution of the difficulty on the fact that when two 
masses of equal weight, but of different density or specific 
gravity, are successively immersed in wate., the less 
dense, being the larger, will displace a larger body of 
water. Hence if the adulterated crown contained some 
metal lighter than gold, it would displace a greater 
quantity of water than a c~wn of pure gold of the same 
weight. 

Archimedes excelled in the design of mechanical con
trivances both for peace and war. His famous' screw,' 
virtually a pump and used for raising water from a lower 
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level to a higher one, is applied in practice to this 'very 
day. In effect it is a pipe twisted in the form of a cork
screw and is held in an inclined position with one end 
immersed in the water source below. It is rotated on its 
axis by means of a handle at the top, and the water is 
thus brought up with the successive turns of the screw 
and ultimately runs out at the top. 

Archimedes' death occurred in 212 B.C. under tragic 
circumstances at the taking of Syracuse by Marcellus, 
during the second Punic War. Marcellus, with com
mendable reverence for learning, had ordered that the 
philosopher should be spared. Unfortunately, he was 
discovered by a soldier who did not recognize him, and, 
according to one account, Archimedes was so engrossed 
in a mathematical problem the diagram for which he had 
figured in the sands that he did not hear the angry calls 
of the soldier, who thereupon slew him. 



CHAPTER II 

ISLAMIC PHYSICS-ALHAZEN AND ROGER 
BACON 

1. THE SECOND SCHOOL OF ALEXANDRIA 

A s a result of the ascendancy of the Roman Empire, 
Egypt, the home of Greek culture, became a 

Roman province. Now an occurrence of such magnitude 
was bound to have an effect. Greek philosophy under 
the stimulus of freedom was one thing, but under the 
subjection of foreign rule it became a totally different 
thing. It began to lack initiative and originality, and to 
show signs of decline. Unfortunately, too, a careful 
study of their writings shows that great as they were 
in war, in polite literature, in government, and in law, 
the Romans were singularly lacking in a disposition 
towards the study of the sciences. 

In view, then, of these great changes,in the circum
stances of the Greeks, it is not surprising that the high 
fame of the great school of Alexandria began to suffer a 
serious decline. Luckily, before this decline could reduce 
it to anything like extinction, there arose, about the year 
A.D. 140 a family of Roman rulers, the phWosophical 
Antonines, under whose influence there began a dis
tinct revival of the study of science. This revival 
gained considerable impetus under the rule in particular 
of the famous Marcus Aurelius Antoninus, and as a result 
a fresh series of brilliant men of science gave a new lease 
of activity to what came to be known as the Second 
School of Alexandria. 

It was to this period that Claudius Ptolemreus, or 
14 
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Ptolemy, as he came to be commonly enlled, belonged. 
He was a native of Egypt and taught. at Alexandria 
during the second half of the second century A.D. He 
is known chiefly as the author of the Syntaxis, (or 
Algamest), the great astronomical work that supplied 
a geocentric theofy of the universe which persisted to 
the time of Copernicus in the sixteenth century. So far 
as physics is concerned, however, he also contributed 
important researches in optics. These will be discussed 
later in this chapter. Apart from Ptolemy's optics, the 
main work of the Second School of Alexandria was in 
astronomy and mathematics . 
• 

II. THE DARK AGES 

In due course the Roman Empire in its turn began to 
suffer decay and disintegration, with results that threat
ened a very black future for learning in Europe. The 
division of the Empire under the. sons of Theodosius, 
and the continual wars with surrounding enemies, p'ro
duced an inevitable effect upon culture and gradually 
brought about the extinction of the School of Alexandria 
as a centre of learning. The buildings were slowly 
suffering destruction, and the books were meeting the 
same fate. Alexandrian conditions were only sympto
~atic ?f what "fas happening elsewhere. Cut off from the 
mcentlve of Greek learning, the whole of Europe received 
an educational set-back from which it was not to recover 
f~r some hundreds of years. And so the decline and 
dis~olution of the Roman Empire brings us to that 
perIod in~the history of learning of which we speak as 
the Dark Ages. In the general strife and unrest of those 
days, we have, so far as Europe is concerned, a long and 
unhappy interval of darkness and ignorance and neglect. 
There were no original wri4ers, and very few readers. 
Such little learning as existed was confined to the clerics 
such as Isidore of Seville (A.D. 560-636), the Venerable 
Bade (673-735), Alcuin (735-804), Raban (786-856) and 
others, and these confined their efforts to the writing of 
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crude Encyclopffidias embodying poor Latin versions of 
such works of Aristotle, Plato and Pliny as were avail
able. 

III. THE ADVENT OF ,SLAM 

Just as learning was almost at the point of extinction 
in Europe a hope for its revival appeared from a totally 
fresh quarter. The new channel of knowledge was 
Islam. In the year A.D. 622 Muhammad, whose great 
miracle was the inspiration of the warring tribes of 
Arabia with common ideals, sent them forth to conquet 
half the then-known world, and to found a mighty empire 
whose centre was first at Mecca and later at Medina. 
They took possession of Alexandria in 640 A.D. and 
promptly burnt what was left of the famous old Jibrary ; 
they overran all the north of Africa up to the straits of 
Gibraltar, and they even reached parts of Spain and 
France. There followed a period of rule under the line 
of Umayyad Caliphs, whose immense Empire stretched 
from Spain to Samarkand, and whose court at Damascus 
soon began to show a luxury and wealth hitherto un
dreamed of by the Arab. 

What was the influence of all this on learning ~ There 
is a popular idea that the Saracens were lovers of learn
ing. This is not strictly correct. What "'happened was 
that amongst the subject peoples under the Saracen 
rule were a number of Arabic-speaking races who were 
students by nature and philosophers by inclination. 
Such were the Nestorians, the Jews, the Persians, the 
Syrians and the Moors. These peoples seize~ on such 
treasures of Greek literature and learning as had been 
salved from spoliation, and at once proceeded to translate 
them into Arabic. Their activities were at first regarded 
with suspicion by their rufers, but after a time there 
came to the throne a succession of Caliphs who patronized 
and encouraged learning. Amongst these were the 
Caliphs E)-Mansour and Haroun-el-Raschid in the 
seventh century A.D., and the Caliph EI-Mamoun in the 
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eighth and early ninth, and it was this latter person 
who in A.D. 827 ordered to be tllanslated into Arabio 
Ptolemy's famous Syntaxis, under the title of Almagest. 
There were at various times centres of learning at 
Meragha in Persia, Baghdad in Mesopotamia, Samarkand, 
and at Cordova"and Toledo in Spain. 

IV. ARABIAN PHYSICS-ALHAZEN AND HIS PRE
DECESSORS 

Generally speaking, Arabian science was very active 
in alchemy and medicine, but so far as physics is con
'cerned it was barren of any advance on the science of 
the Ancients except in one field-that of optics; and 
the great exponent of this study was Alhazen. He was 
a native of the city of Basra, in Mesopotamia, and was 
born in A.D. 965. Very little is known of his life 
except that, having boasted that he could construct a 
machine for regulating the inundations of the Nile, he 
was ordered to Egypt by the Caliph Hakem Bi-Amrillah 
and given the opportunity to make good his boasts. 
He failed to do so, and avoided punishment by fleeing 
~ Cairo and feigning madness until the Caliph's death 
ill 1021. Alhazen himself died in 1038. He was a 
most diligent student, and his work in optics was out
~tanding. ADa preliminary to the consideration of this 
It will be advisable to review in brief the main lines 
along which previous researches in this subject had 
been pursued. 

The first treatise in optics was the product of the 
philosopoors of the Alexandrian School, a fact fitting 
~turally with their well-known activities in geometry, 
illllce the regularity with which the rays of light take 
rectilinear paths would call for geometrical treatment. 
Euclid had stated that ligM travels in straight lines, 
and he investigated the principles upon which the 
magnitudes of objects and their images are judged, 
though his treatment was very defective. Practical 
optics, on the other hand, was considerably in advance 

J 
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of theory, and among the ancients had certainly reached 
the ·stage of construction of metallic mirrors, both plane 
and spherical. Various references occur to the use of 
glasses in spherical form for burning by concentrating 
the rays of the sun on to a point. " 

The earliest is by Aristophanes in the Clouds (0; : 
424 B.C.) in the following dialogue :_ 1 . 

Strepsiades. I have found a very clever method of getting 
rid of my suit, so that you yourself would acknowledge it. 

Socrates. Of what description? 
Strepsiades. Have you ever seen this stone in the chemists' 

shops, the beautiful and transparent one, from which they kindle 
fire? 

Socrates. Do you mean the burning.glass ? 
0) 

Strepsiades. I do. Come, what would you say, pray, if I 
were to take this, when the clerk was entering the suit, and were 
to stand at a distance, in the direction of the sun, thus, and melt 
out the letters of my suit? 

Socrates. Cleverly done, by the Graces. 
Strepsiades. Oh! How delighted I am, that a snit of five 

talents has bean cancelled. 

Pliny mentions the power of a globe of glass, filled 
with water, to produce heat, and expresses surprise at 
the fact that the water itself should throughout remain 
quite cold. Seneca also gives a number of optical 
references in his Natural Questions, among them a 
comment on the magnification of vision through glasses. 
He describes, for example, an angular glasiillrod, evidently 
of prismatic form, which produces colours like that of 
a rainbow. This he attributes to the irregular formation 
of the image, and adds that such a glass, properly made, 
will give as many images of the sun as it has angles; 
which is nothing more than the multiplicatlon of an 
object by a glass cut with a number of faces. 

A much more serious contribution to optics was 
offered by Cleomedes early in the first century of the 
Christian Era. To the pr{!\Tious work on reflection he 
added a study of refraction, i.~., the bending of light 
on its passage from one medium to another. He des-

1 Taken from C. Singer-Studies in the Histvryand Method of 
Science; Vol. 2, p. 386. 
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cribed the phenomenon of th\l bent appearance of a 
rod partially immersed in water. From this he passed 
to the experiment of pouring water on to a coin at first 
invisible at the bottom of a basin, until the water 
reaches a depth at which the coIn just becomes visible 
by refraction. Cltlomedes was able from this to deduce 
that the sun was visible by atmospherie fcf:'action even 
when below the horizon. 

The greatest advance in optics among the ancients 
was, however, made by the famous Ptolemy. His 
contribution was also mainly on the subject of re
fraction. Its importance to Ptolemy was naturally 
tIue to his activities as an astronomer, since by refrac
tion through the atmosphere, as the light passes 
through to an observer, the stars are seen deviated 
from their true positions in the skies. Ptolemy exa
mined with great care and accuracy the angles of refrac
tion corresponding to all angles of incidence from 0° to 
80° in the case of a ray of light passing from air to a 
glass or water medium, and his tables of correctons for 
the altitudes of the stars were extremely accurate having 
regard to the circumstances, His result approximated 
to those obtained from the law of sines as we know 
them to-day, though of course Ptolemy was himself 
unaware of the Sine Law. He also distinguished what 
We now speak, of as the virtual focus of a convex lens 
-i.e., the point at which the diverging reflected rays 
would meet, if produced backwards behind the lens. 

V. ALHAZEN'S OPTICS 
\I 

No further advance is to be recorded until Alhazen's 
tim~. This philosopher wrote very profusely on the 
BubJ,ect. His writings in his famous book Thesaurus 
OptUXB were both prolix ani without method, but they 
nevertheless display an originality and skill generally 
~~perior to Ptolemy, to whose works he was greatly 
~debted, except on the subject of atmospheric refrac
tlon as applied to astronomy. Especially refined were 
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his applications of geometrical methods to the elucida
tion of optical effects in curved mirrors. For example, 
he solved the problem of finding the point in a convex 
mirror at which a ray COJlling from one point shall be 
reflected to another given point. He offered the sug
gestion that the sun and moon on t1te horizon appear I 
larger than in the' zenith owing to the influence on our 
judgment by comparison with terrestrial objects. In 
his treatment of refraction he gave an explanation of. 
the cause of twilight, and he considerably improved on 
Ptolemy's apparatus for measuring the angles of refrac
tion in different media. His methods were in fact , 
strongly reminiscent of the laboratory methods of to-day~ 

The Thesaurus Optic(fJ consists of seven books. The 
first discusses the nature of light and colour and explains 
the anatomy of vision. The second deals with the 
functions of sight and with the physiology of perception. 
The third discusses optical illusions. The next three· 
deal with reflection, and the last with refraction. He 
discusses all kinds of mirrors, plane, spherical, cylindrical 
and conical, and includes both convex and concave types. 

The fourth book is of special interest, detailing as it 
does the construction of apparatus for the verification· 
of the law of reflection that the angle of incidence is 
equal to the angle of reflection. The extreme care 
shown in instrumental construction is whrlly admirable. 
The orifices through which the rays were admitted were 
half a barleycorn (one-sixth of an inch) in diameter, 
but for special accuracy this orifice was closed up with a 
wax plug the centre of which was pierced by a needle point. 

Contrary to the views current until his da~ Alhazen 
held that vision resulted from rays coming from the· 
object to the eye, and were not a result of emanations 
from the eye to the object. Alhazen, too, was consider
ably in advance of previo~ writers on the subject of 
the structure of the eye, placing the lens (the humor 
crystallinus) in the centre of the optic globe, and regard
ing it as the centre of conversion of the external light ... 
rays into the sensation of sight . 

• .. 
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Alhazen's works were translated into Latin by an 
unknown writer, and this Latin translation was made 
the basis of a detailed study about 1260 by\ Witelo, 
a Polish writer, whose book greatly influenced the 
famous Roger Bacon shortly after. Witelo's work was 
in fact little m'bre than an unacknowledged revised 
edition of Alhazen. Incidentally his tables of refraction 
proved to be little more than a repetition of those of 
Ptolemy. 

VI. THE RECOVERY OF SCIENCE TO CHRISTIAN 
• EUROPE . 

Luckily for Europe, there were not wanting men who 
were curious about the new Arabic learning. Gradually, 
the news of this learning began to filter through to 
Europe as a result of the experiences of such men as 
Sabbatai ben Abraham (or, as he was more commonly'. 
known, Donnolo, a Jew of Otranto), who practised 
medicine at Rossano in Southern Italy. He was at one 
time during the first half of the tenth century a prisoner 
in the hands of the Saracens at Baghdad. A native of 
the town taught him Arabic and enabled him to study 
the new learning at first hand, and this he was able to 
pass on to the Western world on his release. Constan
tine the African was another early example. He was a 
native of Carthage, and of course spoke and wrote Arabic. 
He reached Italy about A.D. 1060, became a monk at 
Montecassino, and freely translated into bad Latin many 
current Arabic works in medicine and science. Yet 
another v,l1s Gerbert, a tenth-century monk of Aurillac, 
who afterwards became Pope Sylvester II. He spent 
some years at Barcelona, mastered Arabic, studied 
Arabian works of science and then returned to offer 
the fruits of his labours to 1the Western world. 

All these and others of similar type helped in that 
slow infiltration of knowledge which was to bring about 
a new dawn for science in Europe. But what was the 
nature of the learning which was thus beginning to 
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penetrate into Europe? Remember that the ultimate 
sources were the old Greek books. These had been 
more or less indifferently translated into Arabic, perhaps 
through the intermediary of Syriac, and now these 
Arabic versions were in their turn being rendered into 
Latin. The chief centre for this was a4 Toledo in Spain, 
because, being further north than Cordova, it had re
mained largely Christian, though the general medium 
of speech was a sort of Arabic vernacular. It is 
scarcely surprising that after so many different trans
lations, the original Greek versions were very much 
distorted, and as a consequence much passed as the 
teachings of the ancients which in fact those philo~ 
sophers never intended. However, garbled as they 
were, the teachings of Aristotle, Plato, Ptolemy and 
others were once again rendered available to Europe. 
The Dark Age was passing, and the dawn of a new era 
of learning was begun. Universities began to spring 
up in the different countries. Students were attracted 
in increasing numbers, and by the thirteenth century 
it could be said that Arabian science had been completely 
transmitted to Western Europe. However, with all this 
increase in scientific interest, there was clearly some
thing lacking. Slowly it began to be recognized that 
all these mis-translations with which the universities 
were being flooded were unsatisfactoryoand that the 
. only true road to the wisdom of the ancients was the 
study of the Greek language. Foremost among those 
who pushed this plea were the Franciscan monks of 
the thirteenth century, and of these the famous Roger 
Bacon, with his keen intellect and power:fell vision, 
towered head and shoulders above his fellows in learn
ing, in influence, and in experiment. We hear much 
of the work of Roger Bacon, but probably it is not too 
much to say that his grea&st work was his insistence 
on a proper study of Greek and Arabic with a view to 
enabling the student to go direct to the ancients for 
their wisdom. 
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VIT. ROGER BACON i' 

Roger Bacon was born in 1214, probably at Ilchester 
in Somerset. He appears to have come from a wealthy 
family, and he began his studies at home in 1227. 
Later he proceedpp to the University of Oxford. Here 
he came under the influence of Edmund Rich, then 
lecturing on Aristotle, and Robert Grossetesie. This 
latter scholar was one of the thirteenth-century pioneers 
of the study of Greek, and under his influence Roger 
Bacon himself studied Greek, and afterwards entered 
the Franciscan Order. From Oxford Bacon proceeded 
·~o the University of Paris, at that time the most active 
of the European centres of learning, and here he devoted 
himself to a detailed study of science, his experimental 
methods earning for him renown as the 'Admirable 
Doctor.' He was, however, much too progressive in 
his views to suit the ecclesiastical authorities, and some 
years after his return to Oxford in 1250, he fell under 
~he suspicions of the General of his Order, and he was 
banished to the confinement of a house in Paris. Here 
he stayed from 1257 to 1267. Towards the end of t4is 
~erm he wrote his three large treatises, the Opus Maius, 
~he Opus Minus and the Opus Tertium on the invitatioll 
()f Pope Clement IV. It was possibly owing to thi~ 
Papal influencPI that he was allowed to return to Oxford 
in 1268. Here in 1271 he produced the first part of 
his Oompendium Studii Philosophice. Once again, how
ever, he incurred the displeasure of his order, and for 
fourteen years, from 1278 to 1292, he was again confined 
in Paris ..• He spent the last two years of his life' in 
Oxford, and died in 1294 at the age of eighty. He was 
buried in the Church of the Franciscans. 

Our debt to Roger Bacon is not so much for the mere 
details of the contributions ~e made towards knowledge 
~s for his bold appeal to experiment and to the observa
tion of nature. Nevertheless, it is impossible to with
hold our admiration from him also as a wonderful 
visionary of the future. It is astonishing to think that 
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the following famous passage could have been written, 
as it certainly was by Bacon, nearly seven hundred years 
ago: 

, First, by the figurations of art, there may be made instruments 
of navigation without men to rowe them, as great ships to brooke 
the sea, only with one man to steere them, and they shall sayle 
far more swiftly than if they were full of "men ; also chariots 
that shall move with unspeakable force, without any living 
creature to stirre them. Likewise, an instrument may be made 
to fly withal if one sit in the midst of the instrument, and doe 
turne an engine, by which the wings, being artificially composed 
may beat the ayre after the manner of a flying bird .... 

, But physicall figurations are farre more strange: for by that 
may be framed perspects and looking.glasses, that one thing 
shall appeare to be many, as one man shall appeare to be a wholt> 
army, and one sunne or moone shall seem divers. Also perspects 
may be so framed, that things farre off shall seem most nigh 
unto us.' 

Bacon's scientific activities covered a very wide range, 
and included mathematics, astronomy, geography, 
alchemy, astrology and physics. It is with this last 
that we are here concerned, and in conformity with 
the tendencies of the times, his main work was in the 
field of optics. Bacon, however, developed some remark
able views on the subject of the propagation of force 
that must first claim our attention. These are set forth 
in both the fourth part of the Opus Maius and in his 
De Multiplicatione Specierum. These views link up 
with his work on optics because, for Ba~on, the radia
tion of light was a type of all radiant forces. He con
ceives an emanation of force to be continually proceeding 
from every bodily object in all directions. The first 
result of this emanation he calls the ' species,' or image, 
or impression. This is a doctrine frequently·met with 
in varying forms among the writings of Lucretius; 
and other ancients. Bacon, however, was less crude 
and far more specific." For example, he rejects 
the notion that the species is something emitted 
from the acting body, since if it were so, it would be 
weakened and ultimately destroyed, which does not in 
fact happen. Nor 4(l~,~ body function in the role 



ALHAZEN AND ROGER BACOJ 25 

of a transmitter of the species. What happens is that 
the agent stimulates the potential activity of the matter 
acted on. The subject is excellently summarized by 
Bridges 1 thus: 

, The agent acts on the first part of the body of the patient. 
and stimulates its latent energy to, the generation of the specie, 
That part thus tran~mitted acts on the part next succeeding 
and so the action proceeds. While the agent acts on the patien 
the patient reacts on the agent. . .. There is in this way III 
interchange of force between all parts of the universe.' 
, 'The ray, or species, is of corporeal nature; but this corporea 
nature is not distinct from that of the medium; it is generate, 
from the substance of the medium, and is continually re.forme, 
out of successive portions of the medium occurring in the lin 
lftong which the force is propagated. If wind is driving the ai 
transversely to the line of force, this in no way afJ'ects this lin€ 
The species is formed and re·formed from particles of the mediun 
presented in the line of propagation, and from no others.' 

'Finally, the propagation of rays occupies time, though it 
velocity is such that the time occupied in passing through Sl 
vast a space as the diameter of the universe is imperceptible tl 
sense.' _ 

Here, surely, we have a conception that has mucl 
in common with the undulatory theory, in that the 
, species' is a motion or change in successive portions 
of the medium, propagated in straight lines, and deflected 
~ direction when the medium changes. The time factor 
m transmission is especially significant. So, too, is 
Bacon's discussion of opaque bodies . • 

'No substance,' he says, 'is so dense as altogether to prevent 
'ays from passing. Matter is common to all things, and thus 
here is no substance on which the action involved in the passage 
If a ray may not produce a change. Thus it is that rays of heat 
md sound penetrate through the walls of a vessel of gold or 
lr~. It iapid by Boethius that a lynx's eye will pierce through 
,hick walls. In this case the wall would be permeable to visual 
ays. In any case there are many dense bodies which altogether 
nterfere with the visual and other senses of man, so that rays 
'annot pass with such energy as to produce an effect on human 
ense, and yet nevertheless rays AO really pass through without 
lur being aware of it." 

Obviously these views were intimately related to 
3acon's work on optics generally. This subject absorbed 

1 Bridges: Life and Work oj Roger Bacon. 1914. p. 9i. 
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his attention for some ten years of his life, and fills ~ 
fifth part of his Opus Maius. Greatly indebted t( 
Alhazen, he nevertheless shows great superiority ove] 
his Arabian precursor, and shows proof of a stead) 
appreciation of the practical possibilities involved ir 
the phenomena of reflection and reU-action. He waf 
certainly quite clear about the simple microscope 
Thus he writes: 

, If the letters of a book, or any minute objects be viewe( 
through a lesser segment of a sphere of glass, or crystal, wh~f 
plane base is laid upon them, they will appear far better an< 
larger. Because by the fifth canon about a spherical medium 
if its convexity is towards the eye, and the object is placef 
below it, and between the convexity and its centre, all thing: 

FIG. I.-Roger Bacon's Diagram to illustrate his theory of thf 
Burning-glass. 

concur to magnify it. For the angle under which it is seen il 
greater and its image is also greater, and nearer the eye than, 
the object itself, because the object is betwelill the centre and, 
the eye; and therefore this instrument is useful to old men, and 
to those that have weak eyes; for they may see the smallest 
letters sufficiently magnified.' 

Bacon's ideas on refraction are well seen in his explan
ation of the action of the burning glass"J which he 
illustrates by means of a diagram (Fig. 1). 

, If anyone hold a crystal ball or round flask filled with water 
in the strong rays of the sun, standing by a window in face of the 
rays, he will find a point in the- Itir between himself and the flask 
at which point, if any combustible substance is placed, it will 
catch fire and burn, which would be impossible unless we suppose 
a double refraction. . .. Now, since an infinite number of rays 
are given off from the same point of the sun, and one only falls 
perpendicularly on the flask, all the others are refracted and meet' 
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at one point on the perpendicular ray whiqh is given off along 
with them from the sun, and this point is the point of combustion. 
On it are collected an infinite number of rays, and the concentra· 
tion of light causes combustion. But this ooncentration would 
not take place except by double refraction, as shown in the 
diagram.' 

Although, too, he was aware of the possibilities of 
lens combinations, it cannot be said that he invented 
the telescope. He certainly introduced the possibility 
of distant vision by instrumental means, but it had to 
be left to a later generation to find a solution. 

In an era devoid both of scientific personalities and 
scientific appreciation, Roger Bacon stands out as a 
vfvid figure. Ahead of his contemporaries in outlook, 
it was inevitable that his great example should find 
little response. But it remains to his glory that in an 
age of intellectual slavery to tradition he upheld the 
claim to responsible criticism the insistence upon which 
has ever been, and must continue to be, a necessary 
preliminary to human advancement. 



CHAPTER III 

THE RENAISSANCE IN SCIENCE 

I. THE RENAISSANCE 

I N the last chapter was described the manner in whidl 
the wisdom of the ancient philosophers had been 

passed on, through the channels of Arabic learning, to 
medireval times. 

Broadly speaking, the philosophers of the Middle 
Ages created nothing for themselves. Their science was 
not of their own production. It was almost entirely 
the science of the ancients, in the somewhat distorted, 
and garbled forms in which it had been passed on to 
medireval Europe through the vicissitudes of the inter
vening ages. Why should there have been this total 
lack of originality on the part of the philosophers of 
the Middle Ages? Does it not seem a little remarkable 
that throughout Europe, and over a p.~riod of time of 
several hundreds of years, there should have been hardly 
anybody with anything new to offer to the world? 
Yet there is an answer to this. We have but to remem
ber the circumstances under which the reign of the 
ancient scientists gave way to the profound an,d universal 
ignorance of the Dark Ages-the decline and faIl of the 
Roman Empire, the devastating penetrations of the 
Saracen soldiery, and the narrowing restrictions of 
Church discipline. A wOl.ld of nations cannot emerge 
to the fullness of wisdom from intellectual darkness in 
a hurry. A keen appreciation of the wisdom of the 
ancients as it appeared from the efforts at reconstruction 
was all that was possible. The idea of criticizing what 

28 
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these ancients taught never so niuch as existed. And 
80 there developed, quietly but effectively, a tradition 
of the infallibility of the old Greek philosophers which 
amounted almost to hero-worship. 

We have next to consider how the world of medireval 
science and philCl~phy came to an end, and how there 
was created in its stead that attitude of independence, 
inquiry, and experiment which may justly be regarded 
as characteristic of the modern period of science. The 
great movement that made for what we might call the 
evolution of modern science was the Renaissance. This 
was, in a sense, the sequel to that work of the recon
struction of the knowledge of the ancients to which we 

, have referred, and it certainly found its inspiration in 
their example in literature, in art, and last of all in 
science. 

Generally speaking, it may be said that although a 
compromise had been effected between the Church and 
classical teaching, medireval learning in Science prior 
to the Renaissance was characterized by a subservience 
of thought to the theological purpose. The outlook as a 
wh.ole was circumscribed. The astrological implications 
of the doctrine of macrocosm and microcosm were suffi
ciently complete to be satisfying, and so no attempt was 
made to go outside it. But now, at last, a spirit of 
unrest was begin.~ing to manifest itself. The Portuguese 
navigators were showing not only a spirit of adventure 
which was in itself contagious, but were also providing 
new avenues of trade. As a result there was greater 
commercial prosperity. Thus people had more opportu
nity for thc>pght; an opportunity, moreover, that was 
being aided by the era of printing that had just begun. 
Again in the intellectual world the physical speculations 
of Albert of Saxony and of Nicholas of Cusa, the geological 
investigations of Palissy, a~ the new and reliable 
versions of Ptolemy's Almagest that had been made 
available by Peurbach and Regiomontanus, were all 
beginning to have their effect. The factors in the 

. scientific Renaissance are not, however, complete with-
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out reference to the stimulus received in the direction 
of improved technological processes. These resulted not 
alone from the commercial prosperity of the times, but 
also from the stern necessities of an ever-present warfare. 
All these considerations came into operation at a time 
coincident with the conflict between t.lte Protestants and 
the Church of Rome, and brought into being that great 
change in scientific outlook which led to the magnificent 
achievements of such men as Copernicus, Kepler, Galileo; 
and later Newton. 

II. THE INFLUENCE OF NICHOLAS OF CUSA '0 

These changing conditions were not rapid in their 
advent. The progress was slow and gradual, halting
even. Yet they were definite enough, and indeed began to 
manifest themselves early in the fifteenth century through 
the teachings of the illustrious German philosopher and 
divine, Nicholas of Cusa, who, fittingly enough, was born 
in the first year of the fifteenth century in 1401. At an 
early age, he was sent to the school of the Brothers of 
Common Life at Deventer, in Holland. In 1417 Nicholas 
proceeded to Padua, and here he remained for six years, 
primarily for the study of canon law. 

Having graduated at Padua as a Doctor of Canon 
Law, Nicholas entered the Church iII, 1425. For the 
next three years he studied divinity at the University 
of Cologne, and shortly after he began a career of 
ecclesiastical diplomacy and affairs which kept him 
wandering over one part and another of Europe until 
his death. For many years he was engageej on various 
missions as Papal Legate. and in 1460 his activities 
brought him into conflict with Sigismund, Duke of 
Austria, who, in defiance of the Pope (now Pius II), 
imprisoned and ill-treated-cusa. From this ill-treatment 
Nicholas never recovered. He escaped to Rome, and 
afterwards resumed his travels on Church business. He 
died at Todi in Italy in 1464 in the presence of his old 
friend Toscanelli the Geographer. 
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Such was his life. ... It is remarkable that amidst all 
the wanderings he should have found so much time for 
philosophical and scientific speculation. He was, how
ever, essentially a thoughtful man, and he wrote exten
sively. The basis of his views was metaphysical. He 
was profoundly ~terested in all matters of observation 
and experiment, but this interest was at all times sub
servient to the larger metaphysical purpose. Standing 
in the forefront was his discussion on the movement 
of bodies, outlined in his De doeta Ignorantia, written 
between 1439 and 1440, in the course of which he initiated 
an attack on the medialVal standpoint of a fixed earth 
\rhich, willy-nilly, persisted throughout the next two 
centuries, and led ultimately to the enunciation by 
Copernicus of his famous system as an hypothesis, to 
the definite declaration of this system as a conviction 
by Bruno, and to its final establishment on mathematical 
grounds as a truism by Newton. 

But there was another aspect of this inauguration
the institution of a definite experimental bias in philo
sophical inquiry. Not only do we find traces of this 
in his De doeta Ignorantia, but w~ find it in full swing 
in the De Statieis experimentis, the fourth book of a 
series of papers entitled Idiotce libri quatuor. In this 
Cusa gives his fundamental ideas on the use of the balance 
in medicine an~ in science generally. He quotes Vitru
vius, recently rediscovered by Poggio, and gets ideas 
therefrom for such problems as that of the estimation 
of the speed of ships-a problem, incidentally, which 
later fascinated both Leon Battista Alberti and 
Leonardo ~a Vinci. Throughout, Cusa's contention is 
that through accurate comparisons by weight, various 
physical facts and properties are capable of investigation. 
So he suggests the comparison of waters from different 

I springs, or water from the same spring at different times, 
of the blood and urine from old and young men, or of 
the same man in health and in sickness, and so on: 
suggestions which later led directly to Sanctorius' work 
on metabolic studies and to Van Helmont's gravimetric 
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analysis of urine. Another suggestion, virtually on 
plant respiration, constitutes in effect the first biological 
experiment of modern times, and offers the first formal 
proof that the air has weight. 

So we find in Nicholas of Cusa, in spite of the burden 
of medimval theology which he carrioo throughout his 
career, the first fifteenth-century philosopher with a 
truly modern outlook. We must under-estimate the 
importance neither of his work nor of his influence. 
He was the starting point of the Renaissance in science 
in many a direction. In the world of philosophy he 
was the forerunner of an illustrious line of thinkers

J from Pomponazzi and Ramus to Francis Bacon and 
Descartes; in his conceptions of the nature of matter 
he foreshadowed the work of Paracelsus, and so led to 
the dawn of modern chemistry; and in astronomy he 
was the first of a line which led through Peurbach and 
Regiomontanus and Paul of Middleburg to Copernicus 
and Kepler. 

III. THE PHYSICS OF LEONARDO DA VINCI 

Thus we see how Nicholas of Cusa pointed the w:ay. 
From this time onward progress in science was estab
lished. In the hands of Galileo in Italy and Gilbert in 
England it was to receive an impetus,in the creation 
of experimental science that was to carry it forward in 

'triumph right up to the culminating period of Newton; 
but meanwhile we have to note yet another figure of 
scientific prophecy in the fifteenth century. From the 
nature of his contributions to practically ev.ry branch 
of scientific inquiry in his day, the name of Leonardo 
da Vinci (1452-1519) stands out pre-eminently. Living 
as he did at the crest of the wave of the Italian 
Renaissance, he practicall, embodied in his being the 
full expressions of its manifold activities. It is only 
within comparatively recent years that the vast collection 
of notes and sketches accumulated by Leonardo da 
Vinci has been given the attention it deserves. Un-
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fortunately, circumstances were such that after his death 
they were lost sight of, and it was ollly after the lapse 
of centl1l'tes that they once again came to light. This 
loss was a serious misfortune to science. Leonardo's 
work was in itself so fruitful and varied, and his outlook 
on nature was sc, essentially modern, that if only those 
who followed after him could have had access to his 
writings, and to his many anticipations of later dis
coveries in different ~elds of intellectual activity, there 
is no doubt that the course of scientific history would 
have been materially different in a number of important 
directions . 
• Leonardo da Vinci was born in 1452. At the age of 
fourteen he was apprenticed to the famous Florentine 
artist, Andrea Verrochio. From this time onwards 
Leonardo was constantly moving in scientific circles. 
Verrochio himself was a man of wide interests, which 
included a love of both geometry and perspective, and 
this naturally brought him into contact with many 
contemporaries of a-like calibre. From all of these da 
Vinci must have learnt. Consequently when Leonardo 
left Florence to come to Milan in 1483, the seeds of a 
scientific career had been truly well sown. Leonardo's 
positio~ at Milan was that of a consulting engineer to 
Ludovico Sforza. In this capacity he was brought con
tinuously into, 30ntact not only with the scientific and 
technical problems of architecture and of military and 
civil engineering, but also with a number of illustrious 
scientific contemporaries of the period. 

Towards the year 1499 political events began to make 
Leonardo'", position at Milan untenable, and in December 
of that year he set out, accompanied by his friend 
Pacioli, for Florence. The next few years found him 
alternating between scientific and engineering problems 
on the one hand, and incon~leted works of art on the 
other, until in 1507 he returned to Milan as painter and 
engineer-in-chief to the French King Louis XII. In the 
summer of 1515 he accepted an invitation from Francis I 
Qf Fra,nce, Louis XII'& I;\uccessorl to take up his residen,QE} 
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in the Castle of St. Cloux, near Amboise. Here he spent 
the remainder of his days. He died on 2nd May, 1519. 

Leonardo very happily combined within himself those. 
excellent qualities which produce both the theorist in 
science and the technologist who blends his theory wit.p:_ 
practice, and what is equally imporitiJ,nt, his practice 
with theory. ...\ 

Formal mechanics occupied a large share of his t4ne 
and thought. In it, as in science generally, we find'ip 
Leonardo every evidence of that spirit of independence 
and experimental inquiry which gave to Galileo, a 
hundred years after him, the title of ' Father of Experi
mental Science.' Galileo deserved this title, but it was 
accorded him in ignorance of the labours of da Vinci. 
It neither detracts from his glory nor does injustice to 
his forerunner, therefore, if we plead for Leonardo the 
corresponding title of 'Grandfather of Experimental 
Science.' 

He lovingly referred to the study of mechanics as 
'The paradise of the mathematical sciences.' In this 
subject he opened up many new fields of investigation 
hitherto untouched. He knew of the principle of inertia. 
He tells us that' no body can move of itself, but by the 
action of some other, and that other is force'; of moving 
bodies, too, he tells us that 'all movements tend to 
maintenance'; whilst what he knew -of the law of 
reactions is clear from his reference that' an object offers 
as much resistance to the air as the air does to the 
object.' His study of falling bodies is interesting from 
several points of view. We may summarize his views 
as to falling bodies by the following quotatil>n: 'Why 
does not the weight remain in its place? . .. Because 
it has no resistance. Where will it move to? . .. It 
will move towards the centre of the earth. And why by no 
other line? . .. Because~ weight which has no support 
falls by the shortest road to the lowest point, which is 
the centre of the world. And why does the weight know 
how to find it by so short a line? . .. Because it does 
not depend and does not move about in various direc-
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tions.' Here we get Leonardo's philosophy of the falling 
body in a nutshell, so to speak . 
. Not the least interesting of Leonardo's mechanical 
researches concern themselves with the principle of 
work. He did not, of course,. use the term work. He 
did, however, ap;treciate the fact of a value in, and a 
measure of what we may speak of as the' achievement' 
of a force. Thus he writes that 'if a force carries a 
weight in a certain time through a definite distance, 
the same force will carry half the body in the same time 
through double the path.' He recognized, in effect, a 
definite limit to the results of a given effort; and also 
ihat this effort was not alone a question of the magnitudfl 
of the force, but of the distance through which it acts. 
If the one be increased, it can only be at the expense 
of the other. 

Intimately linked up with this principle of work was 
the age-old myth of perpetual motion. If the principle 
of work be true, then the achievement of motion is 
impossible. On this matter Leonardo had no illusions 
whatever. There were, however, many pontemporary 
with him who thought otherwise, and with these da 
Vinci had no patience. 'Oh speculators on perpetual 
motion,' he writes, 'how many vain projects of like 
character you have created. Go and be the companions 
of the searchert,.after gold.' Leonardo's dynamics also 
included studies of .motion down an inclined plane, and 
the collision of bodies. When, again, we turn to 
statics, we find an even wider range of scientific activity 
on the part of our philosopher. We must remember, 
however, that here he was treading on less virgin soil. 
The works of Aristotle, Archimedes, Euclid, Hero, 
Pappus, and others during the Greek era, and of Jor
danus Nemorarius, Albert of Saxony and others in the 
Middle Ages, were known to 1im. On their foundation, 
however, he built very securely and his notes show clearly 
and conclusively that he fully understood the lever 
principle, centres of gravity, pulley systems and their 
mecharucal advantage, and many other important 
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branches of modern statics. We may sum up, in fact, 
by saying that the theoretical basis of his work in 
mechanics was not only sound but was in extent far 
beyond his times. 

Turning next to the group of subjects of heat, sound, 
. light, magnetism, etc., collectively ref4U'red to nowadays 
as physics, we come to a wide sphere of activity on the 
part of Leonardo da Vinci. His notes on these subjects 
are scattered very generally through his various note
books, but as might naturally be expected, the subject 
which comes in for most of his attention is that of 
optics. On the other hand, although the earliest refer
ences in history to the simple phenomena of electrification 
by friction carry us back to Thales of Miletus, there 
appears to be no mention whatever in Leonardo's 
manuscripts of this subject. 

The references to heat are somewhat scanty, but iI. 
any case very little had been done by philosophers, 
apart perhaps from Roger Bacon in the thirteenth cen
tury, towards serious discussion on this subject. Leo
nardo appears to have linked up the phenomena of 
heat with light from the point of view that heat springs 
from luminosity, and he instances such varied examples 
as the sun and the flame of a candle. The expansion 
property is evidently referred to as the' greater solidity 
of the fluids where there is a greateJ'lO coldness.' His 
observation is at fault, however, in a sketch which 
shows a thick metal slab heated in front of a fire and 
bent inwards through expansion. The back surface 
being the cooler the expansion must, of course, be 
outwards. " 

Although Leonardo may not have understood the 
theory of convection currents, he certainly knew of 
their application, and a number of interesting sketches 
are to be found of vario~ roasting spits-at this time 
a very popular device. He observes by way of intro
duction to this that when two equally heavy objects 
are suspended from two sides of a balance, and one 
of them be heated, the hot air in rising will carry it 
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upwards and cause the colder body to descen<\ Leo
nardo shows how air treated by a fire below rises and 
causes a suitably vaned wheel at the top of the chimney 
to rotate. The meat is suspended from mechanism geared 
to the vane, and so rotates also. 

Leonardo's notf','l on magnetism are not very plentiful, 
but are none the less interesting. At this time both the 
magnetic properties of the lodestone and the directive 
property of the compass were well known. Leonardo 
shows in his sketches that he agreed with the current 
notion that the compass property of a magnet was 
caused by the attraction of the Pole Star. Thus he 
"\trites: 'Take a large vessel and fill it with water. In 
this water place a wooden vessel and in it place a magnet 
without any other water. The magnet will float like 
a ship and immediately after its power of attraction 
will cause it to move towards the Pole Star.' We may 
with some confidence ascribe to Leonardo the invention 
of some scheme of ring suspension for the purpose of 
maintaining the ship's compass in a horizontal position 
in spite of the movements of the ship. A sketch also 
seems to indicate that Leonardo knew of the phenomenon 
of magnetic dip. One sees a vertical board spiked at 
the base so that it may be pushed into the ground. At 
the upper part of the board is a graduated circle carrying 
a. horizontally 'jlounted magnetic needle sketched to 
suggest an angle of dip. A plumb line is attached to 
the apparatus. 

We come next to Leonardo's notes on sound. They 
are remarkable chiefly for the suggestions of some sort 
of relationl'pip between the mechanisms of propagation 
of sound and light, and also for the references to some 
conception of wave motion. Of the origin of sound he 
writes that' A note could be called forth in a body by 
means of a blow, and this N.ow could only be made 
through a movement.' From this he passes to the 
problem of echoes, and he asks the question' If the echo 
of a voice answers me twice at a distance of thirty yards 
with~ two degrees of the power of the noise, with how 
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many degrees of the power of the noise will it answer 
me at a distance of one hundred yards 1 ' 

There is no doubt that Leonardo appreciated the fact 
that sound spreads out in spherical form accompanied 
by a diminution in intensity. However vague his notes 
undoubtedly were, it is clear he had Sime idea of a wave 
motion that was comparable with the 8preading out of 
ripples in circles when a liquid surface is disturbed. 
Thus we read: 

, Because in all cases the movement of water has great similarity 
with that of air, I will connect the examplo with the above named 
principles. I say, if you throw two little stones into a lake of 
still water at the same time and at a little distance from 011e 
another, you will see called forth round about the two situated 
points of contact two separate groups of circles, which groups 
grow and finally meet each other . . . and the principle of this 
is that although there is shown an appearance of movement 
the water itself is not moved from its place, because the openings 
which are made by the stones at once close themselves again 
and cause a certain disturbance to be set up, which one can speak 
of rather as a trembling than as a movement.' 



CHAPTER IV 

THE DAWN OF EXPERIMENTAL PHYSICS 

I. THE SIXTEENTH CENTURY-WILLIAM GILBERT 

WITH the advent of the sixteenth century came 
the culmination of the Renaissance in science 

-the application of the test of experiment. We have 
seen how the dawn of the fifteenth century produced 
the herald of this revolution in scientific method in 
Nicholas of Cusa, and how it found a brilliant exponent 
in Leonardo da Vinci. Leonardo, however, held no 
academic appointment, and therefore gave little public 
utterance to his precepts. His wonderful mass of notes, 
too, was practically lost at his death, and has only come 
to light within the last hundred and fifty years. Never
theless, the general impetus to the new spirit of inquiry 
and to the growing tendency to question the infalli
bility of ancient authority steadily grew, and two 
exponents of the new methods stand out in the six
teenth century as the founders of experimental physics 
in its real modern sense. These are William Gilbert 
in England, and Galileo Galilei in Italy. 

William Gilbert was the son of an old Suffolk family 
who had zrtigrated to Colchester, and here he was born 
in 1540. He went to St. John's College, Cambridge, 
in 1558. For some years he studied and lectured in 
mathematics, but later toOY up medicine, graduating 
as M.D. at the age of twenty-nine years. After some 
years of travel he established himself in a medical 
practice in London, and for some time held the appoint
ment of physician-in-ordinary to Queen Elizabeth. 

39 
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His house on St. Peter's Hill, near St. Paul's Cathedral, 
became the rendezvous of a number of men of science 
who formed themselves into a society or college of 
philosophers-an unofficial organization that was to 
prove the forerunner of such later institutions as the 
Royal Society. Its formation was l't least evidence 
of the high esteem in which Gilbert was held as a man 
of science. Gilbert died in 1603. 

II. MAGNETISM AND ELECTRICITY PRIOR TO 
GILBERT 

The book that embodied Gilbert's researches and that 
constitutes the memorial to his greatness was entitled: ' 
De Magnete, Magneticisque corpor£bu8 f}t de magno mag- . 
nete tellure (' On the magnet and magnetic bodies, and . 
on the great magnet, the earth '). It ranks as a docu- . 
ment of first importance in the history of science, and 
it will be advisable, before discussing it, to review in 
brief such progress as had been made in the subject oC. 
magnetism and electricity prior to Gilbert's time. 

We have seen that the property of attraction pos
sessed both by magnetite for iron and by amber when. 
rubbed for very light substances was known to the 
ancients. The directional property of a suspended 
magnet, however, was not known before the eleventh 
century. It is probable, however, that the Chinese also 
knew of the phenomenon of magnetic declination (i.e., 
of the fact that a suspended magnet does not point due 
north and south, but deviates from this direction by a . 
few degrees). One Chinese writer tells us .that 'tke 
soothsayers rub a needle with the magnet stone, so· 
that it may mark the south; however, it declines 
constantly a little to the east. It does not indicate 
the south exactly.' Thi~ compass property of the 
magnet had not only become common knowledge by 
the thirteenth century, but it was also attributed to art 
attraction somehow set up by the Pole Star-a view to 
which we have seen even Leonardo da Vinci subscribed. 
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An early contributor to progress i:4 the knowledge of 
the compass was Peter Peregrinus (Ie Marincourt, a 
man who greatly influenced Roger Bacon in the direction 
of scien.tific research. Taking a piece of lodestone that 
had been rounded off into a globular form, he placed a 
needle on it at a large number of points round the 
globe, and charteJ the directions in which it set. He 
found that the directions lay along a number of 'great 
circles' that all passed through two opposite points. 
These he referred to as the 'poles' of the magnet. 
He definitely refers to the polarity property of all 
magnets, and gives the law that like poles attract each 
o~her. He also states that if a magnet be divided 
into two, each fragment has two poles. Peregrinus 
also invented a compass with a graduated scale and a 
pivoted needle, and by the sixteenth century all ships 
carried compasses mounted on compass cards. 

III. GILBERT'S DE .MAGNETE 

There are two aspects of the work of William Gilbert 
that mark him out as a man of eminent service to 
civilization. The first is his inauguration of the e.xperi
mental method and a repudiation of the blind subservi
ence to ancient authority, and the second is his estab
lishment of specific facts regarding terrestrial magnetism. 
With regard to t1e former of these two contributions we 
will let him speak for himself. In his preface he writes: 

'Why should I submit this ... new philosophy to the judg. 
ment of men who have taken oath to follow the opinions of 
others, to the most senseless corrupters of the arts, to lettered 
clowns, g~amue.,tists, sophists, spouters, and the wrong-headed 
rabble, to be denounced, torn to tatters, and heaped with con· 
tumely. To you alone, true philosophers, ingenious minds, who 
not only in books but in thing8 themselves look for knowledge, have 
I dedicated these foundations of magnetic science-a new style 
of philosophizing.' 

An example of his appeal to experiment as a new 
departure in scientific method is well afforded by the 
following passage : 
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'In the discovery of secrets and in the investigation of th" 
hidden causes of things, clear proofs are afforded by trustworthy 
experiments rather than by probable guesses and opinions of 
ordinary professors aud philosophers. In order, therefore, that 
the noble substance of that great magnet, the earth, hitherto 
quite unknown, and the exalted powers of this globe of ours 
may be better understood I shall first of all deal with common 
magnets, stones, and iron materials, and w!\th magnetic bodies, 
and with the near parts of the earth, whiCh we can reach with 
our hands and perceive with our senses. After that I shall 
proceed to show roy new magnetic experiments, and so I shall 
penetrate for the first t' .11e into the innermost parts of the 
earth .•. .' 

Let us now turn to the experiments that earned for. 
him the name of ' Father of the Magnetic Philosophy • .' 

" 

FIG. 2.-The Angle of Dip 

Enlarging first upon 
the observations of 
Peter the Pilgrim 
referred to above, 
Gilbert refers to the 
lode-stone made into 
a globe 'upon the 
turning tool used for' 
rounding crystals ., 
as a terreUa (little 
earth) and describes' 

how with the aid of either a wire or a versorium (a 
piece of iron shaped with an arrow head and mounted 
on a pivot, i.e., the equivalent of the-modern compass 
needle), the 'meridian circles '. could be charted out 
and the magnetic poles ascertained. He then showS' 
how to distinguish between the austral (N-seeking) and' 
the boreal (S-seeking) poles by mounting the terrella 
on a float upon still water, and noting 1!he direction 
in which it settles. Then, by bringing up to this another 
magnet whose poles have been previously determineq., 
he proceeds to demonstrate how, if the 'austral' pole 
is held 'towards the b"breal pole of the one that is 
swimming, the floating stone forthwith follows the other 
stone, and does not leave nor forsake it until it adheres,' 
whereas' if you apply the austral to the austral, .the 
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one swne puts the other to flight.' In o,her words, he 
clearly esta,blishes that unlike poles attract each other, 
and like poles repel each other. 

Gilbert now sets himself to explain the compass
, property of magnets-i.e., why they always point in 
~ne direction wh~ freely suspended. His intuition 
'reads him correctly. Certain resemblances between 
the earth and the proveli facts of his terrel1a become 
charged with significance. 'The lodestone has poles, 
not mathematical points, but natural termini of forces 
excelling in primary efficiency by the co-operation of 
the whole. Now there are poles in like manner in the 
ealth which our forefathers 
sought ever in the sky; for the 
sky has an equator, a natural 
dividing line between the poles, 
just as the earth has.' So he 
advanced to the view that the 
earth is itself a giant m~gnet, 
and thus was at once able to 
explain, by thl operation of 
the law that like poles repel 
and unlike poles attract, that 
a suspended needle sets it- FIG. 3.-Gilbert's Terrella 
self so that its N-seeking 
pole is pointing t9 the earth's opposite magnetic pole 
in the region of the geographical North Pole. To this 
fact of the earth's magnetism he was also able to at
tribute the explanation of the phenomenon of magnetic 
dip which had by then become known. When a needle 
is magnetized and is then suspended at its centre on a 
horizontal a;is in the plane of the magnetic meridian 
(i.e., the plane passing through the earth's magnetic 
pole), it swings round and takes up an inclined position 
(Fig. 2) and the angle with th~, horizontal is known as 
the Dip A:ngle. Gilbert knew that this angle varied 
in amount from zero at the poles to 900 at the 'mag
netic equator'; and he got similar results with his 
versorium in relation to the terrella. The explanation 
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is that from any given point on the earth (or terrella), 
the versorium is acted upon by a force of attraction, 
say, towards the earth's magnetic N-pole, and a force 
of repulsion from the earth's S-pole, and the needle 
therefore takes up a resultant intermediate direction 
whose value must vary from place ~o place (Fig. 3). 

Gilbert's De Magnete, published in London in the 
year 1600, was thus a work of first magnitude, and it 
is interesting to note in conclusion that it was the first 
purely scientific work of importance to be published in 
this country. 

IV. GALILEO GALILEI 

The great Italian contemporary of Gilbert, Galileo 
Galilei, was born at Pisa in 1564, and was the eldest 
of a family of three sons and three daughters. His 
father l'I'as an impoverished nobleman of wide culture 
who wrote on music. 

GameD as a yout.h soon exhibited a bent for t.he 
construction of mechanical models. He also inherited 
from his father a taste for music and drawing, and 
it was probably from a desire to understand the 
mysteries of the theory of music and of perspective that 
he was drawn to a study of mathematics and physics. 
In 1581 he entered the University oJ Pisa as a medi
cal student. It was during his student days that he 
designed the famous 'pulsilogium' -virtually a simple 
pendulum of adjustable length for the timing of pulse
rates in patients. The story is well known, and is 
important for the discovery of the princip~~ of isochron
ism that was involved, and that forms the starting point 
of modern horology. He was in the cathedral during 
a service and noticed a swinging chandelier. Galileo's 
attention was caught "'>y the fact that although the 
amplitude or sweep of the swing was dying down, the 
time of the swing appeared to be constant. Hence his 
invention of the pulsilogium. 

Galileo's taste for Geometry led him instinctively 
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to the works of the ancients. From Euclid he passed 
to Archimedes, and it was this latter philosopher's 
work on floating bodies that inspired him to an investi
gation on the hydrostatic balance, and later on the 
subject of centres of gravity. His essays on these 
slll)jects brought. him to the notice of the Duke of 
~cany, and as a consequence he was appointed in 
1589, in his twenty-sixth year, to the professorship of 
mathematics at the University of Pisa. 

It was not long before, in the ardour of 
his youth, he initiated his first attack on 
ancient authority. In particular he singled 
ofIt Aristotle's famous doctrine that a heavy 
body falls freely from rest faster than a light 
body, and in his classic experiment from the 
top of the famous leaning tower at Pisa, he 
proved in so many seconds to an astonished 
and an all-unwilling audience that, allowing 
for the resistance of the air, the Peripatetic 
was wrong. In the simultaneous crash of 
a heavy and a light weight, those who, in 
the words of our philosopher," fancied that 

\ 
FIG. 4.
The Prin
ciple of 
Galileo's 
Thermo-

science was to be studied like the lEneid 
or the Odyssey, and that the true reading 
of nature was to be discovered by the colla
tion of texts' ""Tere both confounded and 
dumbfounded. It was an unpopular victory 
and the beginning of a tragedy for Galileo. meter 
In an immediate sense it led to an un
popularity among his colleagues that prompted him 
to leave Pis~ in 1592 for a professorship at Padua. It 
was at Padua that Galileo invented his Thermometer 
-a glass tube terminating in a bulb, and inverted with 
the open end dipping into a small flask containing 
liquid. Some of the air with\n_ the bulb having been 
withdrawn, a column of the liquid rose in the tube, 
and the height of this column (Fig. 4) varied with the 
temperature. The instrument was fairly sensitive to 
small temperature changes, but though Gal.il.eo did not 
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know it, the height of the column was also affected by 
changes of barometric pressure. 

During the course of Galileo's stay at Padua, he con
tinued his experiments on falling bodies, but we will 
defer a consideration of the details until later in the 
chapter. It was at this time, too, thll;} he became fully 
convinced of the truth of the teachings of Copernicus, 
and accepted the heliocentric theory of the universe in 
opposition to the geocentric doctrines inherited for 
centuries from Ptolemy. However, in spite of this 
inward conviction, Galileo continued to teach the 
Ptolemaic system to his students. It was a politic 
attitude to adopt. The prejudices of the times and tll'e 
discipline of the Church had come sharply into evidence 
about that time when Bruno had been burnt at the 
stake for his open pronouncements in favour of Coper
nicus. So Galileo chose the course of prudence, but 
only up to a point. The Aristotelian doctrine of the 
immutability of the skies had long irked him, and the 
advent of a new star in 1604 gave him an opportunity 
that he could not resist, and the popularity of his 
criticisms among the students was such as to throng 
his lecture-rooms with auditors. It was a significant 
trick of fate, moreover, that brought to him rumours 
in 1609 of the invention of the telescope from Holland, 
and without any details before him,. Galileo thought 
the problem out for himself and produced an instrument 
which proved the final weapon for the unmasking of 
the fallacies of the ancients. Boldly proclaiming for 
the Copernican doctrine, he proved conclusively by 
the aid of a succession of astronomical disc9,veries made 
possible with his telescope-Jupiter's moons, Satum's 
rings, spots on the sun, mountains on the moon, and 
others-that the immutability of the skies was a 
chimera. " 

In 1610 Galileo accepted the post of mathematician 
and philosopher to the Grand Duke of Tuscany, and 
left Padua for Florence. It proved to be a fateful 
move. Padua was in the Republic of Venice, and 
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enjoyed Bome measure of immunity from the eccle
siastical authority of Rome. Here scepticism d£ Church 
doctrine was tolerated. But Florence was differently 
circumstanced, and he who denied the earth as the 
cent. of the universe courted trouble. In 1615 Galileo 
was summoned io Rome, and after a long inquiry he 
was ordered, on 26th February, 1616, under threat 
of imprisonment and torture, 'to abandon, and cease 
to teach his false, impious, and heretical opinions.' 
Galileo was powerless, He gave his promise and 
returned to Florence. The succeeding years proved 
but a respite. He continued his researches, and later, 
falsely encouraged to a feeling of security by the eleva
tion to the Papacy of one who had been his friend, he 
returned to the inevitable Copernican theme and wrote 
his Dialogues on the Ptolemaic and Copernican Systems. 
The book appeared in 1632. Its effect was immediate. \ 
The anger of the Church burst in full flood. Galileo, 
now an old man, was once more summoned to Rome. 
Re arrived in February of 1633, and the proceedings 
of the Inquisition, conducted in secret, were concluded 
by June of the same year. It was a long enough interval 
of mental torture, and it saw its culmination in the 
historic scene of recantation when our aged philosopher, 
garbed in penitential clothing, was forced to make his 
famous utterances before the assembly of cardinals. 
'With a sincere heart and unfeigned faith, I abjure, 
curse and detest the said heresies and errors. . . . 
And I swear that I will nevermore in future say or 
assert anything verbally, or in writing, which may give 
rise to a siJllilar suspicion of me.' 

Thus, broken and grief-stricken (the loss of a beloved 
daughter adding to his sorrows), Galileo was permitted 
to end his days in some sort of open confinement at 
Arcetri. That he was by n't means destroyed as a 
scientific force is, however, clear from his famous 
Dialogues on Motion-a brilliant study on dynamics 
based on experiments at Arcetri, and published in 
Amsterdam in 1636. In his last years he was stricken 
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with blindness, and he died in 1642 at the age of seventy-· . 
eight years. 

V. GALILEO'S PHYSICS-MECHANICS 

Galileo's contribution to physics, vnith which alone 
we are here concerned, falls into two categories-his 
researches in mechanics and his construction of the 
telescope. We will here consider his mechanics. We 
may say of him that he virtually founded the study of 
dynamics. We have seen that in fact Leonardo da 
Vinci carried out many important investigations in 
this branch of physics, but unfortunately his work was 
lost to the world. The ground he covered had therefore 
to be re-traversed in ignorance of his work. This was 
a service adequately performed by GaliIeo. 

Let us see as a preliminary what was the position of 
dynamics as he found it initially. The prevailing ideas 
were of course a heritage of Aristotelianism. The 
falling of heavy bodies and the rising. of light bodies 
(e.g., liquids) was explained by the assumption that 
every object sought its place. The place of heavy 
objects was below, and that of light objects was above. 
Motions were classified as natural (e.g., falling) or violent 
(e.g., projectiles). It was also assumed that heavy 
bodies fall more quickly than light ones. 

GaIiIeo's earlier researches on falling bodies were 
recorded in his Discorsi e dimostrazione mathematiche 
in 1638. They show the scientific spirit from the 
outset. There is no attempt to consider why bodies 
fall. The sole concern is how and by .iwhat law? 
Galileo's line of approach is full of interest to students 
of scientific method. Observation showed him that 
a falling body gains in velocity as it falls. He there
fore started with an as')Umption that the increase in 
velocity (i.e., the acceleration) is proportional to tue 
distance moved, and proceeded to put this assumption 
to the test of argument and experiment. As we now 
know, the assumption certainly was incorrect, but 

" 
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curiously enough Galileo satisfied himself a~ to its 
falsit, by a train of reasoning that was in itself fallacious. 

'If the velocity with which a body overcomes four yards is 
double the velocity with which it passed over the first two yards, 
then the times necessary for these processes must be equal; 
but four yards can be overcome in the same time as two yards 
only if there is al instantaneous motion. We see, however, 
that the body takes time in falling and requires, indeed, less 
time for a fall of two than of four yards. Hence it is not true 
that the velocity increases proportionally to the distance fa.llen. 

Having rejected this initial assumption, Galileo now 
makes a second one. This time he assumes the velocity 
I1cquired to be proportional to the time taken. His 
inquiry on this basis 
is as follows: Let the 
line 0 A (Fig. 5) be a 
time axis along which 
successive portions re
present time intervals 
of descent. At the 
ends of these portions, 
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ve OCIty acquIre. Investigations in Dynamics 
Thus H G represents the 
velocity acquired corresponding to the time of descent 
o G. Consider the point C at half the total time of 
descent. The velocity CD will be one-half the final 
velocity A B if the initial assumption is correct. If 
now we consider two further points E and G at small 
equal time intervals before and after C, it will be seen 
that the ytelocity H G is as much greater than the 
mean velocity C D as E F is less; and that remains 
true for every such pair of points before and after C. 
The motion on this law of increase has therefore the 
same result as would a unifo;m motion with the speed 
at C (i.e., half the final velocity) since the total loss 
suffered by the slower speeds in the first half is exactly 
counterbalanced by the total gain in the second half. 
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Hence if v denote the terminal velocity, i is the eqUiva

lent uniform velocity to cover the same ground s in 

the same time t, whence s =~. But if 9 denotes the 

speed acquired after falling for uni~ time (i.e., the 
acceleration), then in time t the speed, from the initial 
assumption, will have become v = gt. Hence the 

distance s = ~ becomes (.g~)t, i.e., s = igt2. In other 

words, Galileo was led to the deduction that the 
uniformly accelerated motion mtlst be such as to make the 
distance traversed proportional to the square oj the time. 

This he now proceeded to put to the test of experi
ment. For this purpose he used as an inclined plane 
a board about twelve yards long down the centre of 
which was a groove one inch in width, lined with smooth 
parchment to minimize friction. At distances from 
the upper extremity proportional to the numbers 1, 
4, 9, 16, etc., marks were made in anticipation of their 
equivalence to time units, of descent of 1, 2, 3, 4, etc. 
Galileo then timed the descent of a highly polished brass 
ball down the groove, and did indeed find his assumption 
fully borne out by the results, namely that the distance 
of descent was proportional to the square of the time. 
He repeated the experiment over a varying range of 
some hundred different inclinations of the plane. A 
serious difficulty that confronted him was the accurate 
measurement of time. This he very ingeniously over
came by arranging a large vessel of water with a small 
hole at the bottom, closed with the fingerp This was 
released at the exact instant of the release of the ball, 
and the hole was closed again at the exact termination 
of the experiment. The escaping water was caught 
in a balance and weighe<2 and the weight was naturally 
a measure of the time of descent of the ball down the 
plane. 

Finally, it remained for Galileo to link up the results 
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for motion down an inclined plane with the case of a 
freely falling body. His argument was as follows: 

'If a. body falls freely downwards, its velocity increases pro. 
portionately to the time. When then the body has arrived at 
a point below, let Us imagine its velocity reversed and directed 
upwards; the body then, it is clear, will rise. We make the 
observation that it'S motion in this case is a reflection, so to 
speal,:, of its motion in the first case. As then its velocity increased 
proportionately to the time of descent, it will now, conversely, 
diminish in that proportion. When the body has continued to 
rise for as long a time as it descended, and has reached the height 
from which it originally fell, its velocity will be reduced to zero. 
We perceive therefore that a body will rise, in virtue of the 
:v:locity acquired in its descent, just as high as it has fallen. 

FIG. e.-To illustrate GalileD's Investigations in Dynamics 

If, accordingly, a body falling down an inclined plane could 
acquire a velocity which enabled it, when placed on a differently 
inclined plane, to rise higher than the point from which it had 
fallen, we should be able to effect the elevation of bodies by gravity 
alone. There is contained, accordingly, in this assumption, that 
the velocity acquired by a body in descent depends Bolely on the 
vertical height fallen through and is independent of the inclination 
of the path, nothing more than the uncontradictory apprehension 
and recognition of the fact that heavy bodies do not possess the 
tendency to rise, but only the tendency to fall.' 

GaIiIeo did as a matter of fact proceed to experiments 
to amplify' this perfectly logical train of reasoning, 
but we do not need to follow him further. It merely 
suffices to point out, with Mach, that he did more than 
supply the world with a theory of falling bodies-he 
definitely established the frlcts of falling. We will 
point out one further observation of Galileo's on account 
of its profound importance as subsequently developed 
by Huyghens and Newton. He considered a body 
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falling down the inclined plane A B (Fig. 6). With 
its final velocity at B it now ascends one of any such 
planes as B C, B D, BE, etc. Clearly since at any 
of the points C, D, E, etc., its final velocity will be zero, 
and as the paths B C, B D, B E, etc., become success
ively longer, the retardations along B Q, B D, BE, etc., 
are successively smaller as the planes more and more 
approach the horizontal, and in the limit along the 
horizontal plane B A the retardation must be zero 
(assuming there is no friction of course). In such a 
case the body will move indefinitely with constant 
velocity. Galileo thus developed the so-called law of 
inertia which formed the basis later of Newton's famolis 
laws of motion, namely, that a body not under the 
influence of forces (i.e., of special circumstances that 
change motion) will continue to move for ever with 
the same velocity in the same direction. 



CHAPTER V 
I 

THE PHILOSOPHERS OF THE ATMOSPHERE I 

I. THE DOCTRINE OF THE HORROR VACUI rrHE story of physics has now reached its essentially 
modern stage. With the advent of the two giant 

personalities in science of the sixteenth century whose 
work we have just described, the experimental method 
had come to stay, and from now onwards our story 
becomes one of continuous advance, step by step, halt
ingly at times perhaps, and feverish in its rapidity at 
other times, but at least continuous at all times. The 
new method was all that was required to open up 
vast possibilities for the future, and the results were 
quick to show themselves. The seventeenth century, 
indeed, is in some respects the most brilliant in the 
history of physics. It brought into being a wonderful 
galaxy of philosophers, including the renowned Sir Isaac 
Newton, and some of its members it is now our purpose 
to consider. 

One of the earliest results of the new methods of in
quiry was to bring to light the true facts as to the 
physics of ~he atmosphere, and since the atmosphere 
plays so vital a part in our lives, it is fitting that we 
devote a special chapter to the very important series 
of researches connected with it. 

Up to the time of the sixte'jnth century this subject, 
like so many others, was dominated by the old dictum 
of the 'honor vacui' inherited from the ancients
Nature abhors a vacuum. It was a phrase characteristic 
of Greek philosophy and consistent with the general medi-
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aeval outlook. It possibly arose from the inher~nt 
difficulty always encountered in obtaining a piece of 
space with nothing in it. The ancients, for example, 
came into contact with the problem in connection with 
the action of the pump-a mechanisrl'with which they 
were familiar. When the piston is (lfised, it certainly 
tends to produce a vacuum, but because of Nature's 
abhorrence, water rose in the well-pipe to prevent the 
vacuum from forming. This was the view that received 
the stamp of authority from Aristotle, and it was more~ 
over a sufficiently plausible view to satisfy, and so the 
idea persisted. For the first step in the weaning of the 
world from this view-point we have to return to Galil~o. 
The story goes that the reigning Grand Duke of Tuscany 
had ordered a well to be dug to supply the ducal palace 
with water. The workmen employed thereon came upon 
the water at a depth of 40 feet, and the next step was 
accordingly to pump it up. A pump was erected over 
the well, and a pipe was let down to the water, but the 
water was found to rise to a height of 33 feet and no 
more, in spite of all efforts at the pump-handle and in 
spite of the most careful overhauling of the pump 
mechanism. It waS at this stage that Galileo was con
sulted. While the famous philosopher was unable to 
offer a solution, he at least indicated the problem. 
Here above the 33 feet of water was 7 feet of ' vacuum'. 
Clearly, then, if it were true that Nature abhors a 
vacuum, there was a limit to its abhorrence, and this 
limit appeared to be 33 feet. Why should there be 
this limit 1 

• 
II. TORRICELLI (1608-47) 

The first step-and it was an important step-to
wards the solution was taken by the young friend of 
Galileo's old age, Evang~lista Torricelli. He was born 
at Faenza in 1608, and, left fatherless at an early age, 
he was taken care of by an uncle, who sent him to Rome 
in 1627 to study science at the Collegio di Sapienza. He 
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was ip.spired by the reading of Galileo's works to a 
special study of mechanics, a:q.d wrote a work on the 
subject, De Motu, which so pleased Galileo that in 1641 
the aged philosopher invited Torricelli to come and re
side with him, and here he stayed until the great master 
died. Torricelli was now offered, and he accepted the 
post of grand dJcal mathematician and professor of 
mathematics in the Florentine Academy, a post he held 
until his death from pleurisy in 1647 at the early age 
of 39 years. 

His contributions to physics were mainly in the 
direction of mechanics, but they were important ones. 
T1!.e;y- related to the mechanics of moving bodies, to 
general theorems on centres of gravity in relation to 
the equilibrium of bodies, and to certain theorems in 
hydrodynamics. His most famous contribution was, 
however, the invention of the barometer, and it is 
with this aspect of his work that we are here chiefly 
concerned. Torricelli was presumably introduced to 
the problem of the vacuum by Galileo. He hit on the 
idea of substituting mercury for water. lilis expecta
tion was that as the density of mercury is nearly four
teen times that of water, the pump that woh~d draw a 
column of 33 feet of water would only draw one-four
teenth such a column of mercury. Galileo had already 
proved that air has weight by first weighing a bottle 
containing air, and then again after much of the air had 
been expelled by heating. There was a measurable 
loss in weight. Therefore, argued Torricelli, the atmo
sphere has weight, and must therefore exert pressure; 
and in his view the column of water drawn up by the 
pump ascends to such a height that its weight exactly 
balances the pressure of the atmosphere. In other 
words, the atmosphere, having weight, presses on the 
surface of the water in the well; and when this pres
sure is removed from the wa"tler inside the pump-pipe 
by the withdrawal of the air on the action of the pump
handle, the liquid is forced up by the atmospheric 
pressure outside, until the weight of the water column 
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iWithin the pipe produces an equal' counter-press~re. 
So Torricelli devised his famous expert' ent, and it 
was carried out in 1643 at his direction y his pupil 
Vincenzo Viviani (1622-1703). A stro g glass tube 
(Fig. 7(a) ) about 3 feet long was closed at one end and 
filled with mercury to the brim. The upper end was 

• now closed with the thllmb and inverted 
over a dish of mercury, and the thumb 
was then released. Although some of the 
mercury now ran out, there was left a 
column nearly 30 inches high (Fig. 7(b». ' 
The column corresponded exactly to the 
water column of 33 feet, i.e., it was neatly 
one-fourteenth of the height of the water 
column. This clearly confirmed Torricelli's , 
view that the column of mercury was sus
tained by the pressure of the atmosphere " 
although he found difficulty in persuading 
some of his contemporaries that the space, 
above the mercury in the tube was a 
vacuum. Finally, TorriceHi noticed that 
his mercury column exhibited slight changes 

FIG. 7,
Torricelli's 
Experiment 

in height from day to day, and he did not hesitate 
to attribute these to changes in the pressure of the 
atmosphere. 

III. BLAISE PASCAL (1623-62) 

Torricelli published no account of his experiments, 
probably because he was too busy. He did, however, 
describe them in letters to Ricci, a friend in Rome, 
in the course of which he said that 'the~ aim of my 
experiments was not simpl' to produce a vacuum, 
but to make an instrument which shows the mutations 
of the air, now heavier and dense, and now lighter and 
thin.' Ricci in 1644 c;mmunicated these results to 
Father Mersenne in Paris, and through him the news 
of the experiments reached a brilliant young scientist 
named Blaise Pascal. There were obviously no details 
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available to Pascal of the experimentS, since the lines 
along which he studied the problem show that he 
traversed the whole ground anew. ' 

Blaise Pascal was born in 1623 at Clermont in 
Auvergne, and he exhibited signs of a remarkable 
precocity of genius at a very early age. In fact by the 
age of sixteen yeTus he had completed a work on conic 
sections of such importance as to form the basis for 
-the modern treatment of the subject. It included a 
number of theorems, the most famous of which has 
ever since been known as Pascal's Theorem. This 
states that the intersections of the three pairs of opposite 
si;ies of a hexagon inscribed in a conic section are col
linear. Pascal himself spoke of this as the mystical 
hexagon. 

In 1641, after a period of adversity, Blaise's father, 
Etienne Pascal, 'removed with his family to Rouen, 
and here Blaise engrossed himself in his studies so avidly 
as to impair his health very seriously, and he suffered 
from a form of paralysis. In spite of his weak health, 
however, he continued to take life gaily until th~ year 
1654, when occurred that famous accident which pro
duced his conversion to an ascetic and religious life. 
He was driving to Neuilly when the horses got out of 
hand and ran away, and there is little doubt that Pascal 
would have been killed but for the fortunate breaking 
of the traces. There are but scanty details of the later 
years of his life. His last long illness began in 1658, 
and he got steadily worse and died in 1662 in his thirty
ninth year. 

A man of letters, a theologian, a philosopher, a mathe
matician, aJd a scientist, his was a brilliant record of 
achievement. In physics his experiments and his 
treatise on the equilibrium of fluids, written before 1651 
but not published till the year after his death, entitle 
him to be regarded as one of trle founders of the science 
of hydrodynamics. . 

Let us now see in what way Pascal contributed to 
the physics of the atmosphere. His first thoughts 
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were directed to the vexed problem of the' Torricellian 
Vacuum' above the liquid column in the tube .. He 
accordingly repeated the experiment, using both mer
cury and red wine (which, being lighter than water, 
gave a column about 40 feet in length), and by inclining' 
the tube he soon convinced himself that the space above 
was indeed a vacuum. This was an" unpopular view 
in France, but Pascal indicated that a vacuum could 

be produced by other means, as fop, 
example by a glass syringe the nozzle; 
of which, being first closed by the ':', 
finger under water, is then drawn back. 
No air could get in, and so a vacuu:n 
must be produced. These and similar 
experiments led Pascal to realize the 
complete analogy between the pheno
mena of liquid pressure and water", 
pressure. Thus he showed that flies' 
can withstand injury against high 
pressure in fluids so long as the pres
sure is equal on all sides, and he· 
deduced from this similar facts re- : 
garding fish in the water and the 
animals living in the air. 
~cal's next observation led to 

imfiortant consequences. He took an' 
open tube and tied a bag of mer- ' 

cury to its base. The whole was then slowly lowered~· 
into a deep vessel of water (Fig. 8), keeping, however, 
the top of the tube open to the air. Pascal found that 
the deeper the tube was sunk, the higher did the mer
cury rise owing to the constantly i11creasing 't!hter pressure 
with the depth. Pascal argued that the same reasoning 
must apply to the layers of atmosphere-namely, that 
the atmospheric pressure must be less at high altitudes 
than at low ones. Pasc"al was at Rouen at this time, 
and he decided to compare the barometer reading at 
the top of a church tower in the city with that at the 
base. The difference was there, but it was too slight, 

FiG. 8.-PascaI's 
Experiment on 
Liquid Pressure 
in relation to 

Depth 
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and Pascal realized he must seek wider comparisons. 
There being no high hills round Rouen, and his own 
health being too precarious to risk his travelling, he 
got into touch with a brother-in-law named Perier 
whom he knew to have scientific interests, and who 
lived in the mOlVltainous district of Auvergne. 

The mountain selected was the Puy de Dome, near 
Clermont, where Perier awaited favourable weather 

'1Jpportunities. Here, on the morning of the 20th 
September" 1648, he started with some friends, and 
equipped with two glass tubes each 4 feet long. At 
the base the Torricellian experiment was performed, 
anti the resulting mercury columns were both found 
to read 23 Paris inches and 3! lines. One was then 
fixed and left in the case and the other taken up the 
Puy de Dome. At the summit the experiment was 
repeated, and the column now read 23 Paris inches, 
2 lines. The difference was equivalent to about 31 
English inches. The experiment at the top was repeated 
under various conditions-in the open air, under shelter, 
in a shower, in a mist, and always with the same result. 
On the way down it was repeated at successively lower 
levels, and the column showed a steady increase, until 
at the base it returned to its original value. This 
historic experiment established beyond all doubt the 
fact that the column of mercury was sustained entirely 
by the pressure -of the atmosphere, and gave to the 
world the barometer as we now know it. It explained 
finally why the Italian pump could only draw water 
up the 40 feet pipe for a distance of 33 feet, in that 
this was the total equivalence in weight of the atmo
spheric pressure. Water could only be drawn by the 
pump to such a height as to make the total pressure 
inside equal to that outside, and although there remained 
7 feet of pipe with no air, the ~ater could not rise to 
fill this additional space because the air outside could 
force it no further. The doctrine of the' horror vacui ' 
was no more. 
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IV. OTTO VON GUEB,ICKE (1602-86) 

For the next step in the evolution of the physics. of . 
the atmosphere the scene now shifts to Germany, and 
brings us to the activities of Otto voy', Guericke. Guer
icke was born at Magdeburg in Saxony in 1602. He 
came of a family well known in the Saxon city of his 
birth, and he received a good education, studying both' 
law and mathematics at various centres, including 
the University of Leyden. He then spent some time 
in travel in France and England, after which he returned 
to Germany, and received the appointment of dlief 
engineer to the city of Elfurt. The Thirty Years' War 
proved disastrous for his family, who barely escaped 
from the devastations of Magdeburg with their lives, 
but subsequently Guericke served as a military engineer. 
In 1646 he was elected Burgomaster of his native city, 
and it was during the leisure time of his thirty-:(ive 
years of service in this office that he devoted himself 
to science in general, and in particular to those researches 
on air-pressures that have since made him famous. 
He relinquished his office in 1681 and retired to Ham
burg, where he died in 1686. 

Guericke was led to his experiments on air pressures 
through an early interest in astronomy, and in particular 
through an interest in the dispute as to what, if any
thing, lay in the space between the heavenly bodies. 
Guericke argued that it could not contain air, as in 
that case the friction would cause a slowing down of 
the planets in their orbits. Hence he was led to the 
problem of whether or no it was possible to create a 
vacuum so as to create conditions comparable with 
those in space. It is to his credit that, starting with 
all the mediffival ideas 'lurrent regarding the atmosphere 
-that Nature abhors a vacuum, that air is not an 
element but is the exhalation from bodies that we do 
not perceive bec\~se we are accustomed to it from 
childhood, and th~ike-he was able without hesitation 
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to abandon these views as the course of his experiments 
showed them to be untrue. 

In his first attempt to produce a vacuum, Guericke 
employed a wooden cask filled with water, and applied 
a pump similar to the ordinary suction pump with the 
idea of extracti~ the water without allowing the air 
to enter in its place. It was very difficult to work the 
pump in consequence of the atmospheric pressure of 

-15 lb. per square inch, although he was in ignorance of 
this explanation. A hissing noise due to the admission 
of air through the faulty joints soon showed his failure. 
In spite of the repeated strengthening of the fastenings 
afJ.d the labours of three men on the pump, the air 
continued to pour in. 

He now repeated the experiment with one cask inside 
another with the idea of interposing a water-cushion 
between the outer air and the interior of the inner cask; 
but although pumping proceeded for several days, the \ 

. inner cask, when ultimately deprived of water, was 
yet found full of air. 

Guericke now came to the conclusion that he must 
employ a stronger vessel than one made of wood, and 
he therefore prepared a copper globe. The first few 
strokes of the piston were found easy, but soon the 
pumping became 80 difficult that the united efforts of 
four strong men were required. Yet in spite of this 
the sphere suddenly collapsed with a loud and alarming 
report-an experiment still carried out on a small scale 
in all Bchoollaboratories of to-day. His partial success 
made Guericke feel that all he needed was both a stouter 
globe and a more efficient pump, and when these at 
last became O. available, he repeated the experiment, 
and this time with complete success. His account of 
the re-admission of the air reads- very impressively. 

'On opening the stop"cock the a;r rushed with such a force 
into the copper globe, as if it wanted to drag to itself a person 
standing near by. Though you held your face at a considerable 
distance, your breath was taken away; indeed you could not 
hold your hand over the stop"cock without danger that it would 
be violently forced down.' 
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We have seen that in every experiment so far Guericke 
had adopted the method of first fiaing the vessel to 
be evacuated with water. He now determined to 
attempt the evacuation of the air within directly, and 
for this purpose he devised the air-pump, an invention 
with which his name has ever since" been associated. 
A large glass spherical receiver was mounted and fitted 
with a detachable stop-cock. Any object that it was 
desired to subject. to reduced pressures was placed 
within the receiver by removing the mounting. To 
secure more perfect closure the receiver was connected 
with the pump in a vessel which was then filled with 
water. The pump was mounted on a tripod staIfd, 
and although its design was crude, it' was the first of 
its kind, and it enabled Guericke to proceed at once 
to a series of. interesting experiments of a fruitful kind. 

The most picturesque and possibly the most .famous 
was the experiment with the Magdeburg hemispheres. 
He constructed two exactly similar hemispheres of 
copper, each about 12 feet in diameter, and fitted them 
into an air-tight joint by means of a soft leather washer. 
The combined sphere was now fitted to the air pump 
and evacuated, with the result that, in the presence of 
the members of the Reichstag and the Emperor Ferdin:' 
and III, it required no less than sixteen horses, eight 
harnessed in each direction, to pull the spheres apart 
with a loud report that astonished the spectators. 

Guericke performed a ,number of other spectacular 
experiments designed to illustrate the great pressure 
of the atmosphere on evacuated vessels, but there'were 
also others, which, if they were not so spectacular, 
were more important. For instance, Guerl~ke definitely 
proved that air has weight by weighing the receiver 
before and after the evacuation. Various properties 
of the vacuum were illu§trated. The inability of sound 
to be transmitted except through a medium was shown 
by the introduction of a clock which was seen to work 
but whose striking was inaudible. The necessity of 
air to life was shown by the quick death of a bird or a 
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fish introduced into the receiver. These and many 
other experiments were all made possible by Guericke, 
and it is little wonder that his memory is cherished at 
Magdeburg. 

V. THE OON. ROBERT BOYLE (1627-91) 

The scene for ~he final stage in the history of the 
physics of the air is set in England, where a work called 
Mecaanica hydraulico-pneumatica, written by Kaspar 
Schott and published in 1657, was read by a' famous 
English savant named Robert Boyle. This work 
idcluded an account of Guericke's researches, and 
inspired Boyle to similar studies.' 

Robert Boyle was born at Lismore in Ireland in 
1627. His father was the Earl of Cork, a man of ancient 
ancestry. As a child Boyle developed a stammer 
through the imitation of the stammering of some of 
his playmates, and this disability remained with him 
for life. He left Ireland for Eton at the age of eight, 
stayed there four years, and then continued his educa
tion with a private tutor, with whom, together with 
an elder brother, he went abroad in 1638. They jour
neyed leisurely through Holland, France and Switzer
land and for a time settled at Geneva. Later, moving 
on to Italy, Boyle became acquainted with the writings 
of Galileo, and it is possible that these writings pro
foundly influenced him towards the study of science. 

The death of his father brought Boyle home in 1644, 
and in spite of the distractions of the Civil War between 
Royalists and Parliament, in which he took no part, 
he confined -aimself to study and discussion with those 
of a like spirit. So began that 'invisible college' of 
gatherings which developed ultimately into the forma
tion 6f the Royal Society, an evert of undoubted import
ance in the history of science. It was an excellent 
example that was speedily followed in other countries. 
The original meetings in London dated from 1645, but 
by 1654 Boyle had definitely settled in Oxford, and 
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here he became absorbed with his many philosophica 
inquiries, in collaboration largely with the well-know! 
Robert Hooke, whom he had engaged as his assistanl 
For some time meetings were held both in London ani 
in Oxford, and it was in 1660 that King Charles I 
granted the Royal Charter bringing to tlfe Royal Societ: 
formal recognition as the earliest and the premier scientifi 
society in England. 

Boyle's life was one long devotion to science ani 
religion. He founded an organization which late 
developed into the present-day Society for the Propaga 
tion of the Gospel in Foreign Parts, exhibited continu2 
evidences of charity, modestly declined all honour! 
including both the Presidency of the Royal Societ 
and a peerage, was devoted to a sister, Lady Ranelagl 
with whom he lived (he never married), and died i 
1691 aged sixty-four years. Essentially a membf 
of the experimental school, he confessed that 'in m 
laboratory I find that water of Lethe which causeS tha 
I forget everything but the joy of making experiments 
He is rightly regarded as one of the outstanding pel 
sonalities in the history of both physics and chemistr} 

When Boyle was first attracted to the study of tb 
physical properties of the atmosphere, he quickly rea 
ized the necessity for a better and more efficient pum 
than that which Guericke had devised. This b 
accordingly produced in collaboration with Robel 
Hooke, and it was such an improvement as to tall 
the form, in principle, of the air-pumps of to-daJ 
With this he at once carried out a number of importar 
experiments. His spherical receiver was so designe 
as to enable him to introduce a small cheiftical balan( 
into its interior, suspended from the top, and by th 
means he was able to carry out with greater accurac 
than before the experiment of finding the weight of 
sample of air. ' 

One of Boyle's most effective experiments with h 
pump was to apply the Torricellian experiment to ,tl 
case of artificially reduced pressures; in other word 
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to show in a laboratory what before could only be 
shown by going up a mountain. The method was 
simply to suspend a Torricellian mercury column inside 
the receiver, and then to commence evacuation by 
working the pump. As the air was withdrawn, the 
mercury in the tube steadily fell, and Boyle was in 
fact able to get-down to less than one inch of pressure. 
It was a striking laboratory verification of the true 
·explanation of the cause of the existence of the liquid 
column. 

Yet another important observation was the influence 
of pressure changes in the atmosphere upon the boiling 
l'oint of water. He introduced into the receiver some 
water cooled to just below the temperature of its boiling 
point, and by working the pump the pressure was then 
reduced. Soon a point was reached at which the water 
again began to boil, showing that a reduction of pressure 
had the effect of lowering the boiling point. 

We come finally to the great contribution to the 
physics of gases made by Boyle, with which his name 
has ever since been associated as Boyle'S Law. He 
had become convinced that the general effect of the 
application of pressure to a given sample of air was 
to compress it, i.e., to diminish its volume, though the 
exact mathematical relationship between these two 
quantities-the pressure applied and the volume result
ing-had not yet become a subject for his determina
tion. In 1660 he published a work called New Experi
ments touching the Spring of the Air, in the course of 
which he tried to convey, by a sort of physical analogy, 
the effect of pressure on air. He pictured the air 
particles as'behaving like spherical springs whose volume 
would diminish on compression. It was in consequence 
of some very absurd criticisms this book received that 
Boyle was prompted to those further experiments that 
led to what has since becomt't known as Boyle's Law. 
He took a long glass tube bent as shown in the figure 
(Fig. 9(a) ), the lower end being closed and graduated, 
and introduced mercury so that the levels were th~ 
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same in the two limbs, and the volume of air imprisoned 
was measured in terms of its height. He now poured 
more mercury into the long limb until the air within 
was compressed to half its former volume, and found 

Fro. 9. 

, , , ... , 
, 

Establishment 
of Boyle's Law 

that the difference in the two columns 
was now 29 inches (Fig,., 9(b) ), so that 
the total pressure to which the im
prisoned air was subjected was two 
atmospheres, i.e., 29 inches of mercury" 
plus the air pressure above (also equal 
to 29 inches). Readings were now 
varied for a number of mercury column 
values and the volumes of air corres. 
ponding were in each case obtained. 
Finally, by a suitable modification of 
his apparatus, using a very deep mercury 
reservoir, into which he lowered a hot 
tube corked at the top, he was able to 
extend his readings to the case of pres
sures below that of the atmosphere. 
As the tube cooled the air within con

tracted and the mercury rose above that of the level in 
the reservoir, the difference in levels giving the excess 
of atmospheric pressure over that to which the sample 
of the air was subjected. In this way Boyle was able 
to deduce that the volume of the gas was inversely pro
portional to the pressure. 



CHAPTER VI 

HERALDS OF THE NEW PHYSICS 

I. FRANCIS BACON (1561-1626) 

T HE examples of Galileo and Gilbert were not the 
only evidences of a new spirit in scientific inquiry. 

In the year 1561 there was born in Francis Bacon 
one who although not himself a man of science, was 
destined nevertheless to exert a profound influence 
on philosophy. Educated in Law at Trinity College, 
Cambridge, he entered Parliament at the age of 23, 
and soon afterwards published his' Essays' and became 
famous at one bound. He rose quickly, and by 1618 
he became Lord Chancellor with the title of Lord Veru
lam. In 1620 he was accused of corrupt practices, 
pleaded guilty, and was removed from office shortly 
after the publication of his Novum Organum with its 
famous plea for the inductive method. The remaining 
few years of his life were devoted to literature and 
philosophy. It was the pursuit, indeed, of an investi
gation on the effects of cold in preventing putrefaction 
that brought him to his grave. He contracted a cold 
while stuffing a fowl with snow, and died after a week's 
illness, in 1600. Thus, as Macaulay remarks, the great 
apostle of experimental philosophy was destined to be 
its martyr. It is a coincidence that Bacon's last experi
ment should foreshadow the modern almost universal 
practice of meat preservation ~y cold storage. 

Bacon's influence on the science of his day was very 
real, but has been the subject of considerable contro
versy. To him has been attributed the inception of 
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the Inductive Method of investigation-the deduction 
from data derived by careful observation and experi
ment as to the causes of things. In fact, however, the 
principles of inductive philosophy had not only been 
practised before his time, but had been specifically 
formulated, though admittedly in a crude way. Lord 
Macaulay very amusingly illustrates" the truth that 
the Inductive Method is in fact instinctive and everyday 
in its application. 

, A plain man finds his stomach out of order. He never heard 
Lord Bacon's name; but he proceeds in the strictest conformity 
with the rules laid down in the second work of the NOtJum 
Organum, and satisfies himself that minced pies have done 1!he 
mischief. "I ate minced pies on Monday and Wednesday and 
I was kept a.wake by indigestion all night." This is the com· 
parentia ad intellectum instantiarum convenientium. " I did not 
eat any on Tuesday and Friday, and I was quite well." This is 
the comparentia instantiarum in proximo qum natura data privan
tur. "I ate sparingly of them on Sunday, and was slightly 
indisposed in the evening. But on Christmas Day I almost 
dined on them, and was so ill that I was in great danger." This 
is the comparentia instantiarum secundum magis et minus. " It 
cannot have been the brandy which I took with them, for I have 
drunk brandy daily for years without being the worse for it." 
This is the rejectio naturarum. Our invalid then proceeds to 
what is termed by Bacon the Vindemiatio, and pronounces that 
minced pies do not agree with him.' 

Nevertheless, it is but just to say of Bacon that he 
was the first to analyse the inductive methods of reason
ing with closeness and accuracy, and to bring into the 
form of a declared system principles which, though 
already adopted in practice, had never before so ade
quately been presented in their mutual relation and 
interdependence. Further, his thesis rec~ved such a 
wide publicity as to react on the public consciousness 
as never before, and accordingly produced for science 
(in which physics naturally shared) an impetus which 
certainly entitles him tel our recognition in these pages. 

From the point of view of our subject, Bacon, by 
applying his methods of reasoning, developed a theory 
of heat which, in the light of subsequent developments 
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(see Chap. X) is well worthy of description here as an 
adequate illustration of the working' of the Inductive 
Method. 

His first step was to arrange lists or tables of all 
experiments and observations relating to heat. The 
first positive table was of those instances which ' agree 
in possessing the hature of heat, e.g., sun's rays, meteors, 
lightning, flame, hot springs, sparks, hay, slaked lime, 
the bodies of animals.' The second was a negative 
table parallel with the first, i.e., possessing similar 
qualities but devoid of heat. Thus parallel with the 
sun's rays which' are luminous, are lunar rays, stellar 
n.ys, etc. In Table III (comparative) were com
parisons of the degrees of heat found in different sub
stances, from quicklime, green plants, etc., in which 
, heat' is insensible to the touch, and thence to degrees 
of heat in various flames of alcohol, wood, oil, sulphur, 
gunpowder, and lightning. 

These tables are designed 'to present a view of 
instances to the understanding.' Now the process of 
induction is put into operation. 'Upon a particular 
and general view of all the instances, some quality or 
property is to be discovered, on which the nature of 
the thing in question depends, and which may con
tinually be present or absent, and always increase 
and decrease with that nature.' By a process of elim
ination, the field of inquiry is contracted, the eliminants 
forming a fourth table. Thus 'as both sun's rays and 
a common fire are hot, Bacon excludes both the terres
trrol and celestrol natures as causes of heat. Similarly 
lttminosity is excluded as being common to stars and 
moon, neith~r of which are hot. Tenuity is rejected 
because gold can be made hot, whereas air is generally 
cool; and so on. Continuing, Bacon points out that 
'the business of exclusion lays the foundations for a 
genuine induction, which, ho'\vever, is not perfected 
until it terminates in the affirmative; for a negative 
conclusion cannot possibly be perfect.' These affirma
tive conclusions constitute a fifth table, which Bacon 
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speaks of as (The First Vintage concerning the Form 
of Heat,' and his investigation ends: 

, Heat is an expansive bridled motion, struggling in the 8mall 
particles of bodies. But this expansion is modified, so that, while 
it spreads in circumference, it has a greater tendency upwards. 
It is also vigorous and active; and as to practice, if in any natural 
body a motion can be excited which shall diPMe or expand, and 
again recoil or turn back upon itself, so that the dilation shall 
not proceed equally, but partly prevail and partly be checked, 
any man may doubtless produce heat; and this may serve as 
an example of our method of investigating Forms.' 

It is obvious that Bacon's schemes of tables were 
cumbrous and clumsy. His omissions of the roles 9£ 
hypothesis and scientific vision show the clearest 
evidence of his own ignorance of science, its history 
and its possibilities. His rejection of the Copernican 
system and his belittling of Galileo and Gilbert almost 
rule him out of court. Nevertheless, the extravagant 
denials of his influence and his place in the history of 
science are as unfortunate to-day as were the super
abundant laudations of a century ago. His import
ance in the records of history must remain, as a man 
wh.~, a.t a. t~ta.lly f_a."~\l1:a.bl"" m~m""l\t, fanned int~ 
popular flame an interest in and a pursuit of scientific 
investigation without which progress can never be 
maintained. 

II. RENE DESCARTES (1596-1650) 

One other philosopher who aided in the impetus to 
science in the seventeenth century must now briefly 
be considered-Rene Descartes. He was ~rn in 1596 
in France, of wealthy parents. He received an indul
gent training as a child, and as a young man lived a 
life of '.quality.' In 1615, however, he came under 
the influence of Father Mersenne, a mathematician of 
some note, and began a course of serious study. In 
1617 he took up a military career, but continued mean
while his devotion to mathematics and philosophy. 
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It was in 1619 that he developed, as the result of a 
sudden intuition, the beginnings of analytical geometry. I 
He finally abandoned the profession of arms in 1621, 
and after an interval of traver he settled in Holland in I 
1628. Here the most fruitful years of his life were 
spent. In 1649 he joined the court of Queen Christina 
of .sweden as ttftor, but a year later he contracted a 
chill and died' . 
. Descartes, like Bacon, exerted a profound influence 

on the science of the seventeenth century. While, 
however, Bacon proposed the method of inductive 
reasoning founded on experiences of the external world, 
IAlscartes' path was by deductive reasoning from the 
internal consciousness. 'I think, and therefore I exist.' 
Descartes was therefore in a sense the complement of 
Bacon; and both rejected authority. Descartes' 
methods were essentially those of the mathematician. 
Starting with the enunciation of a definite principle, 
and working from it, he would proceed step by step 
from deduction to deduction until he developed a 
complete scheme. To him Nature's problems were as 
a tree of which metaphysics was the root and physics 
the trunk, with its three branches of mechanics (the 
external world), medicine (the human body), and 
morals. (human conduct). All this was elaborated in 
his famous SysWme du Monde, completed in 1633 and 
published in 1644. It was a book that profoundly 
stirred Europe and the famous vortex theory that it 
contained received an astonishing degree of accept
ance. 

Descartes' physical writings cover a wide field in 
both optics ~ and mechanics. He gives a complete 
account of the law of refractions, originally discovered 
by Snell. He makes no mention, however, of being 
aware of Snell's work on the subject. He also investi
gated a number of problems oll'the refraction produced 
by lenses, including the nature of the curved surface 
which must be given to the glass in order that parallel 
rays incident upon its surface may meet in an exact 
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point. Descartes also investigated the exphmation of 
the rainbow with considerable success. . 

To sum up the situation, we may say that by the 
accumulated influence of Galileo and Gilbert in the 
attack on dogma and in the inauguration of experi
mental science and of Bacon and Descartes in the' 
enunciation of theories of scientific method, the impulse 
to progress became inevitably great in the seventeenth 
century. Amid the galaxy of men of science of the 
first rank who graced this century with their wonderful 
efforts, Sir Isaac Newton easily stands out as the greatest 
figure of all. To him and some of his activities we now 
proceed. . 



CHAPTER VII 

NEWTONIAN PHYSICS 

I. SIR ISAAC NEWTON (1642-1727) 

SIR ISAAC NEWTON was born in 1M2-the year 
of Galileo's death-at Woolsthorpe Manon, near 

Grantham. He came of yeoman stock of long lineage. 
At the age of twelve he went to the King's School, 
Grantham, as a day boy, staying at the house of a local 
apothecary. At this time he exhibited no special signs 
of genius other than the keen interest in the making of 
mechanical models. At the age of fifteen he left school. 
His mother intended him to take up farming, but by 
now he was thoroughly imbued with a desire to study, 
and he spent far more time at his books than he did on 
the land. His mother soon bowed to the inevitable
his father had died before Isaac was born-and back 
he went to the school at Grantham, this time with the 
specific purpose of entering Cambridge. He entered 
Trinity College, Cambridge, as an undergraduate in 
1660. At once the genius in Newton began to blossom 
forth. Soon be was abead of both lectures and text,· 
books. He" was fortunate, too, in coming under the 
influence of Dr. Isaac Barrow, the Lucasian Professor 
of Mathematics. It was the inspiration and friendship 
of this learned man that did so much for Newton, and 
among other things led directl};" to the invention by the 
young philosopher of the calculus-which, under the 
name of the theory of fluxions placed a new and most 
powerful weapon of mathematical investigation in the 
hands of science. 
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Newton took his B.A. in 1664. A year later·the 
university was closed against an outbreak of -plague, 
and so for the next two years we find him back' at 
W oolsthorpe. This proved to be an interval of great 
importa'nce, inasmuch as Newton during that time was 
occupied mainly, on those speculations that led to his 
epoch-making enunciation of the fam~s inverse square 
law of universal gravitation. 

In 1667 we find him back again at Cambridge, atld 
the next few years, during the course of which he suc
ceeded Dr. Barrow in the Lucasian Chair of Mathematics 
at the age of twenty-six, saw the completion of a large" 
number of researches in physics, astronomy and matHe
matics of the most far-reaching character. Much of 
this work involved him in controversy with others, and 
in particular his theory of fluxions led to disputations 
as to priority against a rival claim by Leibnitz. The 
details, however, concern us but little in a work dealing. 
only with physics, and we will therefore pass them over .. 

Newton's monumental work, the Principia, or Mathe
matical Principles of Nat1lral Philosophy, was completed· 
by 1687, and in spite of many obstacles, some of them 
financial and some personal, it was published through 
the good offices of the Royal Society. Except for a 
year's interlude in Parliament from 1688 to 1689, 
Newton continued steadily at his professorial duties, 
but in 1692 he suffered a serious breakdown in healt,li. 
By 1694 he was fully recovered, however, and a ye~r, 
later he accepted the post of Warden of the Mint. ~e 
resigned his professorship finally in 1703. 

Honours were conferred on him in abundance, but" 
they in no way affected his modest shyneblll and inna~~ 
sensitiveness. In 1699 he was enrolled as, the first' 
Foreign Associate of the Academy of Sciences at Paris" 
in 1703 he was elected President of the. Royal Society, 
and in 1705 he was knighted by Queen Anne. Y 13t" 
although his professorial days were over he remained. 
in his old age a vigorous force in the world of learning. 
He never married, and lived with a niece. His later 
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years were given up largely to a study of divinity, and 
were on the whole uneventful. He died on 20th March, 
1727, at the advanced age of eighty-five years,1 honoured 

, and mourned by the whole world, and nothing could be 
more impressive than the ungrudging tribute of his old 
academic enemy, Leibnitz, who said of him: " ' Taking 
mathematicians flom the beginning of the world to the 
time when Newton lived, what he had done was much 
the better half.' 

And this is probably true of his work in science gener
ally. No one is more conscious of his own shortcomings 
and ignorance than is the true man of science. Nature 
anti her mysteries are so vast, and knowledge in its 
sum so relatively small, that we may well conclude this 
brief review of Newton's life by quoting his own famous 
estimate of his work. 

, I know not what the world may think of my labours, but to 
myself it seems that I have been but as a child playing on the 
sea-shore; now finding some prettier pebble or more beautiful 
shell than my companions, while thc unbounded ocean of truth 
lay undiscovered before me.' 

II. NEWTON'S PHYSICS-OPTICS 

In Opti~s, a field Newton greatly enriched by his \ 
researches, his first work of note was on the subject of 
the analysis of white light, and it is interesting that the 
views on colour which were prevalent when he began 
his experiments were thus expressed by Dr. Isaac 
Barrow: 

, White is that which discharges a copious light equally clear 
in every directWn. Black is that which does not emit light at 
all, or which does it very sparingly. Red is that which emits a 
light more clear than usual, but interrupted by shady interstices. 
Blue is that which discharges a rarefied light, as in bodies which 
consist of white and black particles arranged alternately. Green 
~8 nearly allied to blue. Yellow i~, a mixture of much white 
and a little red; and purple consists of a great deal of blue mixed 
with a small portion of red. The blue colour of the sea arises 
from the whiteness of the salt it contains, mixed with the black
ness of the pure water in which the salt is dissolved; and the 

6 
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blueness of the shadows of bodies, seen at the same timlil",by candle 
and daylight, arises from the whiteness of the paper mixed with 
the faint light of blackness of twilight.' 

There is every probability that Newton was consulted.' 
by Barrow during the course of the formulation .of his 
'Theory of Colours' in 1668, and we know that four 
years earlier, in 1664, Newton wrote to say that he had 
purchased a prism ' to try the celebrated phenomenon 
of colours.' N~ton would certainly have put Barr~w 
right in 1668 if :his famous researches on the '~subject 
had been carried out by then. Actually, however) his 
results are referred to in a letter dated February 1669, 
so that the experiments must have taken place betw~en 

FIG. lO.-Newton's Experiment on the Analysis of White Light 

1668 and that date. Colour trouble in refracting tele
scopes was the inspiration of all such experiments at 
that time. The telescope had become a weapon of 
research so full of potentialities, that clearly investiga
tions with the object of trying to eradicate the fault 
we speak of as chromatic aberration had become an 
urgent necessity. The first step was to )ascertain the 
cause of the trouble. The remedy would then inevitably 
follow. 

Newton's experiment was to allow a beam o£ light A C 
to enter a darkened 100m through a round hole A 
(Fig. 10) and to fall on a prism C. The beam was re
fracted through, spreading out as it proceeded, and was 
intercepted on a white screen B D as a coloured band, 
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about five times as long as it was broad, whose colour 
gradations always, beginning frolll the most refracted 
end, merged from violet to indigo, indigo to blue, blue 
to green, green to orange, and orange to red. Newton 
was puzzled by the great length of the spectrum in 
comparison with its breadth. From the laws of refrac
tion, he expectld a circular image instead of a band, 
and to seek the cause he first considered his apparatus. 
He tested successively whether the thickness of the 
glass, or the size of the aperture A, or veins and defects 
in the glass, could cause the elongation of the image, 
and was obliged to rule out all these considerations. 
Flnally he decided to study each portion of the spectrum 

A 

\ 

\ B 

FIG. ll.-Passing on a Single-Coloured Ray througl;!. a Second 
Prism . 

separately. This he did by arranging for a pin-hole in 
the screen B D, so as to allow in turn each portion of 
the spectrum to pass on through the screen as a single 
coloured ray G. This ray was now made to pass through 
a second prism E (Fig. 11) behind the screen, and the 
extent to which this second prism refracted it was 
observed. Newton thus found that the violet light 
was more ref}acted than the blue, blue more than yellow, 
and so on. He thus showed that the lengthening of 
the image into a spectrum was due to the varying 
refrangibility, from red to violet, of rays whi.ch, in their 
aggregate, gave white light befdre they were spread out 
and separated by the prism. 

Newton now proceeded to the reverse experiment of 
re-combining the coloured rays, one method being by 
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bringing the rays to a common focus though a large lens 
As he anticipated, he got white light (Fig. 12) as a resuli 
of this re-combination. 
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Newton realized now that inasmucl 
as a lens tends to behave like a com
plex system of prisms, the reason fo) 
chromatic aberration ~as that instead 
of getting one true focus for whit, 
light incident upon it, each colour 0 

the spectrum had its own focal dis. 
tance, the shortest being for viole' 
light, and the longest for red light 
giving a coloured region instead of"t 
white focal point (Fig. 13). Moreover 
he was under the impression that th, 
spreading-out or dispersion of th, 
spectrum was the same for all Hudl 

FIG. 12. - Re- of glass, and that chromatic aberratiol 
combination into 

White Light was therefore incurable (though we no\' 
know that for flint glass the dispersiOl 

bears a much greater ratio to the deviation than in th, 
case of crown glass, and that this is the basis of the acbro 
matic combination of lenses that practically cures chro '. 

FIG. 13.-Cause of Chromatic Aberd'tion 

matic aberration to-day). He therefore decided to aball 
don the use of refracting telescopes, and turned his attell 
tion to the design of a reflecting telescope. This had bee) 
attempted, more or less scientifically, by James Gregory 
but Newton's design (Fig. 14) in 1672 was undoubtedl; 
superior. Rays R R from the object were reflected fron 
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a spherical mirror A B through a focus F, giving Ian 
image 11, and this was then viewed by the obser~er 
through' a small lens L in the side of the instrument 
through a small mirror M inclined at 45° to the axis qf 
the telescope, giving a resultant image 12 , i. 

Newton's exp;riments on colour were the subject o~, 

__________ ______ - ... ---R ---, , 
_-- ~-__,:;F ::t~r ----' -----

_".......... ~lz ....... __________ ~ ______ -- ~ --R 

FIG. H.-To illustrate the Principle of Newton's Telescope 

violent attacks by a number of contemporaries, of whom 
the most vigorous was Robert Hooke, a man of marked 
ability, bad temper, and thwarted ambitions. Hooke 
criticized Newton's telescope and opposed Newton' 8 views 
as to the composition of white light, which he held to 
be compounded of red and violet only. Hooke also 
submitted to the Royal Society certain observations on 
the colours produced by thin transparent films of soap 
bubbles and by very thin air layers between glass plates 

FIG. 15.-To illustrate the Formation of Newton's Rings 

nearly in contact. Hooke felt that the thickness of the 
film was somehow related to the effects produced, but 
it was left to Newton to solve the problem for him. 
Newton took two large lenses of known but differing 
curvature, one a b a convex lens (Fig. 15) of larger 
curvature than that of the concave surface c d to which 
it was applied. The effect he got is spoken of as Newton's 
Rings. The radius of each curved surface being known, 
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it is easy to calculate any interval such as f 9 between 
the two from the point of contact e. The effect obtained 
was a series of concentric rings of various colours. If, 
however, light of only one colour is admitted to the 
combination, as by first passing the white light through 
red glass, a series of alternate light and dark riJ;lgs are 
seen; and according to the portion JI the spectrum 
from which the light is chosen, these ring systems are 
either close together, as with blue light, or further apart, 
as with red light, and so on. If the several series of 
rings obtained from each colour be superimposed on 
each other, the effect would be as when the film is 
viewed in white light. Working on these lines, Newt~ 
was able to find the precise thickness of the air-film 
corresponding to any simple colour. 

The system of rings we have just discussed are those 
seen by reflected light from above. Newton saw, how
ever, that when the light is allowed to pass through, 
another system of rings is seen, the reverse of the former, 
so that the centre, which was a dark spot, is now it light 
spot, and similarly for the bright spaces. 

Newton expressed these facts by a theory that along 
a ray of light there were regularly alternating positions 
at which the ray had what he called fits of easy reflection 
and fits of easy transmission. Newton's measurements 
were remarkably accurate, and his results still stand 
good, although his theory has proved inadmissible. 

Newton was able to explain the various observed 
facts of optics fairly easily by the famous emission or 
corpuscular theory of light. According to this a lumi
nous body emits streams of minute corpuscles that move 
in straight lines, and the sense of vision i9 produced by 
the impact of these streams on the retina of the eye. 
On this theory refraction is accounted for by the assump
tion that as each corpuscle of a stream approaches a 
denser refracting surfrtce, i.e., the surface of denser 
medium at any given angle, it begins to be attracted 
towards it, so that the component of the velocity of the 
corpuscle along the normal is increased-or in the case 
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of a rarer medium the normal component velocity is 
diminished-whilst in both cases the component of the 
velocity perpendicular to the normal remains unaltered. 
The resulting ray thus agrees in the bending towards or 
away from the normal with the results of experiment, 
and the velocity of the particle becomes faster through 
the denser medil1.m, and slower through the rilrer medium. 
The more difficult point, that in a transparent medium 
some of the rays are reflected back and some refracted 
through at the same time, was explained as we have 
pointed out above by Newton's view of the existence 
along the ray of alternate 'fits of easy reflection and 
eMy transmission.' Finally it should be noted that this 
corpuscular theory definitely assumes the existence 
of an 'ether' through which the corpuscle streams 
must pass. 

III. HUYGHENS AND HIS UNDULATORY THEORY 

The rival to the emission theory of light, thus supported 
by Newton (although he was not absolutely committed 
to it), was the undulatory theory of Christian Huyghens. 
Huyghens was one of the most illustrious of the men of 
science of the seventeenth century. He was born at The 
Hague in 1629, and was intended for the legal profession. 
He studied law at the University of Leyden. Mathematics 
soon attracted him, however, and in 1665 he was invited 
to Paris by Louis XIV. His stay in Paris lasted from 
1666 to 1681, after which he returned finally to Holland. 
He died in 1695, after a life devoted to the enrichment 
of science in astronomy, mathematics and physics. 
Among his ibany inventions, none is more noteworthy 
than his application of the principle of isochronism of 
the pendulum, originally discovered by Galileo, to the 
well-known arrangement by which the oscillations of 
the pendulum are made to cdntrol the motion of the 
clock. He proved that for complete isochronism the 
curve in which the suspended body must move is not 
an arc of a circle, but a cycloid, and he worked out the 
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mathematical consequences of this in a most· brilliqnt 
fashion. . I 

The undulatory theory of light was first put forward 
by Huyghens in a communication addressed to the 
Academy of Sciences at Paris in 1678, and was elaborated 
in his Tracte de la Lumiere, published in 1690. A 
similar theory had also been put more cr"hdely by Robert 
Hooke in 1665. According to this theory, all space is 
pervaded by an inconceivably subtle and elastic medium, 
or ether, through which waves or undulations are pro
pagated from a light-source in all directions. When 
these undulations reach the eye the sensation of sight 

FIG. 16.-Huyghens' Theory of Secondary Waves 

results. Under ordinary circumstances, the undulations 
spread from the point of origin in a regular spherical 
form, just as the waves produced by dropping a stone 
into still water spread out in circles. Thus in the figure 
(Fig. 16), if 0 is the light source, let ABC)i) be a portion 
of the spherical wave transmitted through the ether. 
Then any particle E within this wave will, as soon as 
the original wave has reached it, itself become the centre 
of a new disturbance, ootting up a wave F B G which 
touches the original wave ABC D at B. Similarly 
every other point within the sphere sets up similar 
secondary waves, and it will be seen that all the spheres 
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like F B G produced from points e1> e2, ea, etc., and 
equidistant from 0, touch the sphere ABC D; indeed 
it is this 'envelope' of these secondary wavelets that 
produces the' wave-front' ABC D. . 

This theory was applied by Huyghens to the explana
tion of all the ordinary phenomena of reflection and 
refraction. Fo! refraction it required the assumption 
that the velocity of propagation is less in the denser medium 
than £n the rarer medium, as a result of which a change 
of direction of the wave-front is produced. In the figure 
(Fig. 17), let A B be the front of the wave advancing 
in the direction of 
the arrow. The por
tions of the wave 
successively entering 
the denser medium 
will move on with 
decreased velocity, 
and while the part 
of the wave at B is 
still advancing in the x--..... -*--r.:r---c:;~--y 
rarer medium, A 
must have moved in 
the denser medium 
to a point Al where A 
Al is less than BBl. 

I 
I 

Suppose, for ex- FIG. 17.-Explanation of Refraction in 
ample, the speed in terms of the Wave Theory 
the denser medium 
is two-thirds of that in the rarer medium, then, if we 
describe a circle CAl d with centre A and radius equal to 
two-thirds of B Bl, when B arrives at Bl, the point A 
must have reached the circle C Al d. Now consider the 
point E in the wave half-way between A and B; it 
reaches EI in half the time required for B to reach Bl, 
and the other half of the time' it will be moving in the 
denser medium, reaching a point e in the circle f e g 
described with centre EI and a radius of two-thirds of 
EEl. Hence the wave front when B arrives at Bl will 
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be the straight line A ~ e B~ which passes through B~ 
and touches the two circles; for it will be evident that 
whatever point along A B is considered, its place will 
be determined by a proportionate circle to which A~ B~ 
is a common tangent. 

In 1669 Erasmus Bartholinus of Copenhagen observed 
that an object viewed through Iceland ~ar showed two 
images instead of one-a phenomenon known as double 
refraction, the incident ray being split up by the. denser 
medium into differently refracted rays. One of these 
obeys the ordinary law of refraction and is known as 
the ordinary ray-the other is the extraordinary ray. 
Huyghens was able to explain this phenomenon, on MS 
theory by assuming that the undulations in Iceland spar 
corresponding to the extraordinary ray are propagated 
in a spheroidal form at the same time as the ordinary 
ray is propagated in the spherical form. 

Such then were the two rival theories of light of the 
seventeenth century-the emission theory and the 
undulatory theory, each supported by a giant personality 
of science. Controversy raged freely round the rival 
theories, but that of Newton prevailed through the sheer 
majesty of his major brilliance. He was in fact wrong 
and Huyghens was right, but unfortunately the one 
crucial test-an experiment that would show whether 
the speed of light was greater or less in a denser medium 
than in a rarer medium-was beyond the powers of the 
day, and so the wrong view prevailed. 

IV. NEWTON'S PHYSICS-MECHANICS 

We turn finally to Newton's work in Mechanics. 
Here his crowning achievement was un-ioubtedly his 
discovery of universal gravitation and the formulation 
of the famous inverse square law. It was beyond ques
tion the greatest gift ever offered to civilization by one 
man. As an intellectual. performance combined with an 
exhibition of vivid imagination and intuition it is without 
equal in the history of science. How did he reach his 
results ~ On the one hand, celestial mechanics was for 
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him like a natural magnet. The problem of the motions 
of the planets fascinated him. Copernicus had enun
ciated to the world the hypothesis of a solar system of 

• planets moving in circles, and Kepler had elucidated 
from the observations of Tycho Brahe the true celestial 
framework of this system in his three famous laws of 
planetary motioi!, viz., (1) that the planetary orbits are 
ellipses with the sun at the focus, (2) that the planets 
sweep equal areas to the sun in equal intervals of time, 
and (3) that for anyone planet the distance (d) from 
the- sun was related to the periodic time of revolution 

d3 

(t~ by the formula [2 = constant. These laws provided 

the how of the framework; Newton sought the why. 
On the other hand, Newton was intrigued, as we know 

from the historic anecdote of the falling apple, with the 
reason why bodies fall to the ground when free from 
restraint. Here were apparently two separate problems 
-the celestial one and the terrestrial one. It was the 
genius of Newton's imagination that linked and welded 
them into one. 

Now Huyghens had already discussed with clarity 
the problem of motion in a circle. He had shown that 
for a body to move in a circular path, it must be con
tinually deflected from a rectilinear path by a constant 
force directed towards the centre and with an accelera-

2 
tion equal to ~, where v is the velocity of the body in 

r 
the circular path, and r the radius of the circle. The 
planets and satellites-for Newton was more immediately 
concerned with the motion of the moon round the earth 
-were moVlng in approximate circles. Here was a 
link of some significance. The moon was held to its 
path round the earth by an attraction proportional to an 

2 
acceleration of ~; a falling b~dy was also attracted to 

r 
the earth. If the attraction of the earth functioned on 
a body not only on the surface of the earth, but also 
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deep in a mine and high up a mountain, why. should 
there be any upper limit 1 Why then should it not 
persist at the distance of the moon. 

So Newton came to realize that the same acceleration 
that is possessed by a falling stone also prevents the 
moon from moving away in a rectangular path; whilst 
on the other hand its tangential velocity keeps it from 
falling towards the earth. He now turned to Kepler's 
laws, and at once· found that the Law of Equal Area.s 
was an immediate mathematical consequence of the" 
assumption of this constant planetary acceleration 

d3 • 

towards the sun. The third law, that (i = constant, Wj1S 

now able to supply the nature of this central acceleration. 
For assuming for simplicity that the orbits are circular, 

2 

the acceleration = ~, where v = velocity of the planet 

and d = radius of the orbit. 
Now v = wd, where w is the angular velocity,: and 

2n 
w=t' 

2nd 
Hence v = -, and the acceleration becomes "'"\ 

t ' 
v2 4n2d2 4n2d 
a:=(ij2=Y= Q. 

H 4n2d db' . . K I ; ence t2 = Q' an su stitutmg m ep er's LawI~I 

we get K = 4!:d = d3
Q = d

2
Q 

Q 4n2d 4n2 

• 

whence Q = 4n2~ = a constant 
d2 d2 

i.e., the acceleration t~wards the centre varies inversely 
on the square of the dIstance. .• 
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Such was the nature of Newton's famous discovery, 
and it-has been the pivotal law at the basis of what has 
been known as Newtonian Physics ever since. 

Immediate consequences to formal mechanics were 
now seen. The fact that the same body suffers varying 

, accelerations according to its position in space indicated 
the idea of a va-Aable weight and a constant mass. The 
distinction between mass and weight thus emerged . 

.Newton successfully followed up the work of Galileo 
and Huyghens, in enunciating his well-known Three 
Laws of Motion:-

, Law I: Every body perseveres in its state of rest or 
• of uniform motion in a straight line, except in so far 

as it is compelled to change that state by impressed 
forces. 

'Law II: Change of motion (i.e., of momentum) is 
proportional to the moving force impressed, and 
takes place in the direction of the straight line in 
which eac}} force is impressed. 

'Law III: Reaction is always equal and opposite to 
action; that is to say, the actions of two bodies 
upon each other are always equal and directly 
opposite.' 

Preceding his enunciation of these laws were a number 
of definitions, including that of force, and in fact Laws I 
and II are linked up with that definition. Following 
the laws were also a number of corollaries, two of which 
deal with the principle of the parallelogram of forces, 
which Newton was the first specifically to formulate, 
and a third dealt with the quantity of motion generated 
in the mutua\. action of bodies, a fourth with the fact 
that the motion of the centre of gravity is not changed 
by the mutual action of bodies, and two others dealt 
with relative motion. 

Law ilIon the equality of Ilction and reaction was 
an undoubted contribution of importance in physics. 
Galileo's principles alone were insufficient to solve 
problems concerning the motions of bodies that exert a 
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mutual influence upon each other. This was recognized 
by Huyghens in his investigations on the centres of 
oscillation, but it was left to Newton to formul{tte the 
definite law of reactions. A body that presses or pulls 
another body is pressed or pulled equally by that other 
body. We will not elaborate further these important 
researches. Faulty as they are now'known to be in 
certain particulars, they so completely revolutionized 
mechanics as to place this subject at a bound in the 
forefront of modern science. Newtonian Physics has 
dominated the world of science ever since, and its founder 
has held undisputed sway comparable only with that 
of Aristotle in the days before him. The challengebto 
the ultimate permanence of Newtonian Physics which .has 
recently appeared through the researches of Einstein
in no way diminishes the glory of the name of New.ton. 
He must go down in the records of history for ever as 
one of the greatest contributors to the advancemen.t of 
civilization. -



CHAPTER VIII 
I .. 

THE FOUNDERS OF THE QUANTITATIVE 
STUDY OF HEAT 

J. THE PHYSICISTS OF THE THERMOMETER 

T HE eighteenth century proved to be an important 
one for physics. The modern outlook had become 

dtlfinitelyestablished. The method of the laboratory was 
now a matter of routine. Measuring instruments were 
attaining a degree of efficiency that made for exactness 
of observation. The tide of investigation accordingly 
set in, with a flow that opened up all branches of physics, 
and with a speed that swept away all old standard,s 
and brought into being as recognized branches of the 
subject what before had been too early in growth to 
achieve a separate existence. Heat, light, sound, magnet
ism and electricity were now c.oming into their own as 
natural phenomena meriting individual and separate 
attention. 

It is to the development of the subject of heat as a 
quantitative study that we propose to devote ourselves 
in this chapter. Heat as a separate study was late in 
development. At the beginning of the eighteenth cen
tury it was yet in its infancy while optics had pursued 
a vigorous growth from early times. There were still 
many people who regarded heat and cold as two distinct 
opposites. The reason for this late start was simple. 
No study can reach its true stientific stage until its 
concepts are capable of measurement. Until the instru
ments of measurement become available, little is possible 
beyond mere conjecture and often wild speculation. 

89 
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The first instrument of measurement c~nnected, with 
the study of heat was the thermometer, and thi~ on~y 
became available, and then as we have seen only in' a. 
very crude form, in the time of Galileo. At best it oftly 
indicated changes of temperature. It supplied no stan
dards of comparisons. The first advance in this resPltct 
comes in fact from Newton, who in 1\101 described'in 
the 'Philosophical Transactions' an instrument witl1 
fixed points as standards of reference. Newton em
ployed linseed oil as his expansible liquid, and for hi2 
lower fixed p'oint he immersed the thermometer in snow, 
and marked the point at which the oil congealed. ,:He 
chose as his upper fixed point the temperature of ''('he 
human body. The interval between the two was divi<;liid 
into twelve degrees, and the divisions were extended 
upwards above the upper fixed point. On this im4ru
ment Newton found water to boil at 34°, tin to melt at 
72°, and so on. 

The disadvantage of Newton's instrument was due to 
the fact that linseed oil expands very little with hefl,t. 
The instrument was therefore not sensitive. To remedy 
this, Guillaume Amontons (1663-1705) in 1702 returned 
to air as his thermometric substance. It was in prinCiple 
the thermometer of Galileo and his Florentine colleagues, 
except that the barometer and its effect on the instrument 
being now known, corrections had to be applied to allow 
for changes in atmospheric pressure., Amontons, who 
suffered from deafness and regarded it as a blessing in 
securing him against interruption during his experiments, 
had found that the temperature of boiling water was 
constant, and he was the first to employ this temperatUre 
as his upper fixed point. His thermomete~, nevertheless, 
found little favour because, owing to the use of air as 
the expanding substance, the instrument was necessarily 
big and cumbrous. 

The first instrument) to find general favour was the 
design of a scientific instrument-maker of Dantzig named 
Gabriel Fahrenheit (1686-1736). He had'received a 
business education at Amsterdam, but a later interest 
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in physics prompted him to travel in England and 
Europe. He was elected a Fellow of the Royal Society 
of London in 1724, the same year in which he published 
an account of his thermometer. He was stimulated to 
his researches by the work of Amontons, and he was in 
particular greatly impressed by the latter's observations 
on the constanc! of the boiling point of water. This 
prompted him to test other liquids for their boiling 
points, and he was delighted to find that in each case 
there was a constant value appropriate to each liquid. 
He also noticed the influence of barometric changes on 
the boiling point-a fact we have seen to have been 
noted also by Boyle. Fahrenheit at first used alcohol as 
his thermometric liquid, but he soon turned to mercury 
as being in every way more suitable. His lower fixed 
point was found by plunging the instrument in a mixture 
of sal-ammoniac and snow as giving what he thought 
the lowest temperature he could obtain. This was 
marked 0°. The upper fixed point was that of boiling 
water, and was marked 212°. The figUIe was probably 
chosen because the temperatures of ice and of the human 
body came out at 32 and 96 respectively, but this is 
merely conjecture. The thermometer at once came into 
general use in England and Germany, and has remained 
popular ever since, although a rival system, adopted by 
Reaumur (1683--1757), a French physicist unfamiliar 
with Fahrenheit's work, found and still finds great 
favour in Russia and France. Reaumur used alcohol, 
and called the melting point of ice 0°, and the boiling 
point of water 80°. 

Finally, in 1741 Andreas Celsius (1701-44) a professor 
of astronomy at.Upsala, proposed a thermometer marked 
from 00 to 100°, though curiously enough he called the 
lower part 100° and the upper part 00

, and this scheme, 
reversed to its present form about 1749, has since been 
universally adopted for scientific, purposes. 



92 THE anEAT Pii'YSICISTS 

II. JpSEPH BLACK (1728-99) 

The advent of the thermometer at once provided th"e 
means for discovering the true laws of heat, and the 
pioneer of this new advance was Joseph Black. This 
man of science, famous equally as chem'l.st and physicist, 
was born at Bordeaux in 1728. His father, who had 
settled there in business, was a native of Belfast, and 
of Scottish descent. At the age of twelve Black was 
sent to a school in Belfast, and thence proceeded four 
years later to the University of Glasgow. Although 
strongly drawn to chemistry, he had chosen a career 
in the medical profession, and he completed his training 
at Edinburgh for this purpose. His stay at Edinburgh 
was associated with a number of masterly investigations 
in chemistry, and in 1756 he returned to Glasgow to 
occupy a chair in anatomy and chemistry, and later in 
medicine. He also developed a lucrative private practice, 
and rapidly acquired a name both for his professional 
and his professorial abilities. He died in his seventy
first year. 

It was during the three years between 1759 and 1762 
that Black completed those important researches on 
heat that brought the subject to the rank of a quantita
tive science. Their results were more far-reaching than 
this, however, for in the hands of James Watt they aided 
very materially in the invention and perfection of the 
steam engine, with lasting benefit to mankind. Let us 
inquire briefly into their nature. 

The thermometer measures not quantity of heat," but 
differences in temperature or intensilty ;If heat. Inde
pendently of any theories of heat it was obvious to 
Black that to raise the temperature of 2 lb. of water 
from 60° to 70° requires twice the quantity of heat 
that would be required in the case of 1 lb. of water. 
Here then was the first notion of quantity in relation 
to heat. Black showed as a result of a number of 
experiments that the quantities of heat required to 
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raise the temperature of a given weight of water are 
proportional to the number of degrees through which 
the temperature is raised, and also that the temperature 
of a mixture of equal weights of water at different tem
peratures is equal to their mean. When however he 
mixed say 1 lb. of water at 150° with 1 lb. of turpentine 
at 50°, insteatf of getting the mean (i.e., 100°), the 
resulting temperature was 120°. In other words, the 
~at lost by the water would raise the same quantity 
of turpentine through a much greater range of tem
perature than for water, since we see that the quantity 
of heat which would raise 1 lb. of water 50° would raise 
lo1b. of turpentine through 70°. The difference in the 
effects produced by the same quantity of heat is still 
more marked in the case of mercury and water. Thus 
if 1 lb. of mercury at 66° is mixed with 1 lb. of water at 
100°, the resulting temperature is 99°, i.e., the quantity 
of heat that raises 1 lb. of water from 99° to 100° raises 
1 lb. of mercury from 66° to 99°. In other words it re
quires 33 times as much heat to raise lib. of water 1 ° as is 
required by 1 lb. of mercury. Black expressed this by 
using the term capacity for heat for different bodies, and 
it is a term that is independent of any views as to the 
nature of heat itself. This point is both interesting and 
important, because at that time the rise in temperature 
noted in bodies when subjected to pressure was considered 
to be due to a decreased capacity for heat, as though 
heat were a subtle fluid filling the pores of bodies, and 
was therefore squeezed out by pressure. 

The specific capacity for heat was defined as the quantity 
of heat required to raise the temperature of 1 lb. of a 
substance 1° Pj compared with the quantity for a similar 
effect on lIb. of water, and it became contracted to the 
term specific heat. Values for the specific heat of various 
substances were worked out by friends and colleagues 
of Black, all based on the metItod of mixtures already 
alluded to. 

We now turn to the other important concept developed 
by Black-that of latent heat. When a liquid, say water, 

• 
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is heated, on reaching 212° F., it begins to boil and the 
temperature remains fixed at 212° F. Also it takes a 
considerable time for the water to boil away. Again, 
when ice at 32° F. is heated and begins to melt, the 
temperature remains constant and does not rise until 
all the ice disappears. What, asked Black, becomes oj 
the heat which all along has heen given) to the ice, but 
which has failed to raise its temperature ~ He tlecided 
that the heat was in some way being utilized in tIM: 
conversion of the ice into water, and that although not 
indicated by a change of temperature, it neverthelest 
existed in a latent form. This latent heat was therefore 
capable of measurement, and was the amount of ht'ltt 
required to convert 1 lb. of ice at 32° into water at the 

FIG.18.-Black's 
Ice Calorimeter 

Experiment 

same temperature. It worked out tc 
143 heat units. Black spoke of it aE 
the 'latent heat of fusion of ice.: 
Similarly there is a value for the latent 
heat of vaporization of steam, and 
indeed there are, as Black found 
similar values for other substances. 
Thus he found that 1 lb. of solid tin if 
changed into 1 lb. of liquid tin without 

change of temperature hy the absorption of about 2E 
units of heat. The value he found for the latent heat 
of steam was 990 units of heat. 

Black employed these values to find the specific he~t 
of a substance with very great accuracy, using what haf 
since been called Black's ice calorimeter (Fig. 18). H€ 
procured a block of ice, ground one face fiat, and holed 
out a cavity. A lid was formed of another block, se 
that it would be impossible for heat to rflich the cavity 
from without. The body whose specific heat waf 
required was first weighed, then heated to a known higll 
temperature, and then quickly introduced into the cavity 
(which had been previously dried with an ice-cold cloth). 
The lid was then put into position. After some hOurE 
the body had cooled down to 32°, having given up it, 
heat to the ice in the cavity. and for every 143 heat 
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units lost by the body, 1 lb. of ice in the cavity was 
melted into water. This water was qUl~kly wiped up 
and absorbed by a previously weighed piece of dry 
linen, which was now re-weighed, thus giving the total 
heat lost by the hot body. A simple calculation then 
sufficed to give the specific heat of the body. 

These, then; were the discoveries of Black. They 
were the beginnings of modern calorimetry, and they 
made possiQle heat measurements whose results have 
contributed some of the most important data of science. 



CHAPTER IX 

THE INAUGURATORS OF ELECTRICAL 
SCIENCE 

I. FOUNDERS OF STATICAL ELECTRICITY'" 

A SSOCIATED with various natural phenomena, 
there emerged by the beginning of the eighteenth 

century a doctrine of imponderable and invisible fluids. 
Thus we have seen that there was a corpuscular theory 
of light; the imponderable fluid held to be squeezed 
out of a body when heat is applied was known as caloric; 
and phlogiston, another imponderable, was considered 
to be extracted from bodies during the process of burn
ing. It is not surprising, therefore, to find that a body 
charged with electricity was regarded as emitting an 
effluvium. There was much that was vague in all this. 
The idea of imponderables was an impression rather than 
a conviction. But at least it was the starting point 
from which the experiments of the eighteenth celttury 
on electrical phenomena developed. . 

The first experiments of note were by Stephen ,G;ray 
(1695 U)-1736), an EngJjshman, who jnvestjg.'.lte£l the 
varying extent to which substances could conduct 
electricity from one charged body to ~nother. This 
transference of ' electric virtue' from one body to another 
was a new fact, and lent colour to the idea of the existence 
of an electric fluid. Dr. J. T. Desaguliers, to whom 
Gray had communicated the details of his experiments, 
distinguished two main classes-electrics and non
electrics, corresponding to the present-day distinction 
between non-conductors and conductors. 

96 I) 
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Meanwhile a specific electrical theory was being put 
forward by Charles Fran<;ois du Fay (1698-1739). 
Originally a French military officer, he quitted the army 
and devoted himself to science. He was an active 
member of the French Academy of Sciences, and 
succeeded the famous Buffon as Superintendent of the 
Royal Botanic\l Gardens at Paris. He was inspired to 
his electrical studies by the writings of Gray. He found 
that all bodies, including those that were apparently 
, non-electric,' were capable of electrification by friction 
with a dry warm cloth, and that those which had pre
viously been regarded as 'non-electrics' were in fact 
Mwh good conductors of electricity that they tended to 
lose their charges as fast as they were received, to any 
suitable substances in contact with them, e.g., to the 
human body. Du Fay distinguished two kinds of 
electricity-' vitreous' and 'resinous,' because while 
any of the first group of charged substances (e.g., glass, 
rock-crystal, precious stones, hair of animals, wool, etc.) 
repels any other member of the same group, it attracts 
a charged number of the second group, (e.g., amber, 
copal, gum-lac, silk, thread, paper, etc.). This opened 
up distinct possibilities of development. 

Towards the middle of the eighteenth century, another 
electrical phenomenon was discovered-that of the 
Leyden Jar by Musschenbroeck (1692-1761) at Leyden 
in 17 46. We will describe it in his own words. 

'I wish to describe to you a new but dangerous experiment 
which I advise you not to attempt yourself. I was engaged in 
some researches on the power of electricity, and for that purpose 
I had suspended, by two blue silk lines, a gun-barrel, which 
received the elictricity of a glass globe rapidly turned on its axis 
and rubbed by applying the hand to it. At the end of the gun
barrel, away from the globe, there hung a brass wire, the end of 
which plunged into a round glass bottle, partly filled with water. 
I was holding the bottle with one hand, and with the other I 
was trying to draw sparks from the gun· barrel, when suddenly 
the hand holding the bottle was struck with so much violence 
that my frame was shaken as if by a lightning stroke. I thought 
that all was over with me, for my arms and my whole body were 
a.ffected in a dreadful way, which I cannot describe.' 
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Musschenbroeck added that 'he would not take 
another shock for the Kingdom of France.' The electric 
shock, in spite of his alarm, nevertheless soon became 
the fashionable rage, and electrical experiments received 
an impetus in consequence, and William Watson (1715-
87) suggested as an explanation of the Leyden Jar that 
it afforded a means for the storage of el~ctricity at the 
expense of some other body, e.g., the friction machine in 
Musschenbroeck's original experiment. 

A great contribution to the subject was now to come 
from an American citizen, Benjamin Franklin. He was 
born in 1706 at Boston, and was the youngest of a family 
of seventeen. His father was a soap-maker, and at tlore 
age of ten Benjamin was helping him in the business. 
Later he joined a brother as a printer's apprentice, and 
speedily became an avid reader of books. Some years 
of wandering followed, and after eighteen months' stay 
in London he returned to America, and at twenty-one 
opened an establishment of his own at Philadelphia as 
printer and stationer. He rapidly rose in the public 
esteem, and was elected to many public offices. The 
electrical experiments which were exciting all Europe 
caught his interest, and he procured some apparatus of 
his own from England. Then followed the researches 
that have made him famous, and that he described in 
1747 in letters to Peter Collinson, a friend in England 
who was a Fellow of the Royal Society. 

Franklin drew attention to the 'wonderful effect of 
pointed bodies, both in drawing off and throwing off the 
electrical fire.' , We do not know whether this property 
be in lightning; but since they agree in all the parti
culars on which we can already compare them, it is not 
improbable that they agree likewise in this. Let the 
experiment be made.' The sight of a boy flying a kite 
suggested a method of readily and easily raising a 
metallic point towards the clouds, and he constructed 
a kite to which he attached a pointed wire. At the next 
approach of a thunderstorm he raised the kite, and suc
ceeded, by the time the string was damp, in drawing 

0) 
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sparks to his knuckle from a key at the end of the . 
string. The identity of lightning with electricity was ' 
thus clearly established and lightning conductors followed 
as a practical application. It is interesting to note the 
controversy that arose in this connection as between the 
advocates of the use of ball-ended and of point-ended 
lightning condu~tors respectively. It appears that King 
George III had knobs put upon the conductors in the 
palace, and that this was commented upon in the follow
ing epigram : 

While you, great George, for knowledge hunt, 
And sharp conductors change for blunt, 

The nation's out of joint, • 
Franklin a wiser course pursues, 
And all your thunder useless views, 

By keepi.ng to the point. 

Franklin's other great contribution was the substitu
tion of a one-fluid theory of electricity for the two
fluid theory previously advanced by du Fay. He con
sidered that every body in nature contained normally 
some definite quantity of a subtle fluid that constitutes 
electricity, and being normal, no signs of its existence 
are manifested. But when a glass tube is rubbed, it 
receives more than its normal share at the expense of 
the hand that rubs the tube. If, however, the person 
rubbing is standing on the ground, this deficiency is at 
once supplied from the earth, and he manifests no 
electrical signs whatever. Franklin expressed the condi
tions of ' more than normal ' and ' less than normal ' by 
the terms positive and negative electrification. 

Franklin received many honours, both scientific and 
civic, during \is lifetime, and he died in 1790 at the age 
of eighty-five years. 

The whole study of electricity had now reached a 
st:=tge at which little further progress could be made 
WIthout measurement and quantitative research. These 
were happily now forthcoming from the hands of 
Charles Augustin Coulomb (1736-1806). Hewas a native 
of Angouleme, and was educated at Paris. At an early 

• 
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age he showed an extraordinary ability in the mathe
matical sciences, and at first took up the profession of 
military engineering. He served with the French army 
in theW est Indies for some years, and then returned to 
Paris. Here he engaged in a number of investigations 
involving elaborate measurements and calculations, and 
was a member of the commission for tHe determination 
of new weights and measures decreed by the Government 
of the French Revolution which brought into being the 
metric system. It is related of him that when he was 
offered compensation for wrongful imprisonment by the 
government of Bretagne, all he asked for was a seconds 

watch which he could use in 'ex
periment, and the famous Thomas 
Young said of him, 'his moral 
character is said to have been as 
correct as his mathematical in
vestigations. ' 

Coulomb realized the necessity 
for a means of measuring the 
forces of electrical attraction and 
repulsion, and in 1777 he designed 

FIG. 19.-Coulomb's the torsion balance for this pur-
Torsion Balance pose. It was an ingenious and 

delicate instrument adequately 
sensitive to the very small forces it was designed to 
record. The upper plate of a cubical case of gla-ss A B 
(Fig. 19) was pierced with two openings. Fixed into 
the central one was a glass tube C at the top of which 
was a screw head graduated in degrees. From this was 
suspended a hair fibre D and a gilded pith ball E. Into 
the other opening was inserted a fixed Pith ball F, also 
gilded. The force of repulsion between the two swung 
E round from F, and the screwhead was then rotated 
to bring E back to its original position. The angle 
through which it was rQtated was then a measure of the 
repulsive force. By this means Coulomb was able to 
show that forces of both electrical and magnetic attrac
tions and repulsions varied inversely as the square of 
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the distances between the charges. He also proved that 
electric charges exist only on the surfaces of conductors, 
and he was able to compare the surface charges on the 
various parts of the same conductor. 

Mention should at the same time be made of the 
important researches of the Hon. Henry Cavendish 
(1731-1810). Ttese extended over a very wide range, 
and were fully quantitative. He was the first to utilize 
the Leyden Jar in the form of the present-day condensers, 
whose capacity he was able to measure; he brought 
into being the term potential; and he compared the 
conductivities of many substances . 

• 
II. PIONEERS OF CURRENT ELECTRICITY 

So far we have met with no knowledge of the electric 
current as such. All the experiments were directed to 
a study of electric charges and electrified bodies. The 
first steps in the recognition of an electric current carry 
us towards the end of the eighteenth century, when 
Luigi Galvani (1737-98), a professor of anatomy at 
Bologna, happened to leave a dissected frog on the 
table near an electrical machine. An assistant by chance 
touched a nerve in the frog's leg with a scalpel, whereat 
the leg gave a kick. Galvani at once attributed this 
to the presence of the electrical machine, and decided 
to test the effect of lightning. He accordingly fastened 
a number of frogs' legs by brass hooks to an iron lattice 
outside his house, and certainly noticed kicks, parti
cularly during storms. Of greater importance, however, 
was his observation that the legs kicked whenever he 
pressed the bqss hooks against the iron lattice., Finally, 
working in his laboratory again, he produced violent 
kicks by placing the legs on an iron plate and then press
ing the brass hook firmly against it. His conclusion was 
that animal electricity, or galv.anism, manifested itself 
when two different metals were in contact with the 
nerves and muscles. 

A compatriot of Galvani's, Alexander Volta (1745-
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1827), now carne forward to challenge his theory. He 
had noticed that a single combination of two metals 
held against the tongue produced a bitter taste if they 
were joined by 3, wire, and he expressed the opinion 
that the nerve was not a necessary factor in the produc
tion of the electricity. Volta was a professor of natUral 
philosophy at Pavia for twenty-five years, from 1779 
to 1804. He had long been experimenting on electricity, 
and in a letter to the Royal Society of London in 1800 
he described an important discovery. Two plates of 
different metals (one always zinc, and the other either 
copper or silver) were placed in contact one over t\1e 
other. Over this he then placed a piece of bloWIng 
paper or leather moistened with water or brine.' Then 
followed another pair of the metals, then again blotting 
paper, and so on, until he had built up some two or 
three dozens of each kind of disc. This combination, 
he found, at once multiplied considerably the effect' of 
a single set. It became known as the Voltaic Pile. 
Volta also found that when the discs were moistened 
with saline or acid solution, the effects were far mOre 
powerful than when water only was used. Volta found 
that the pile rapidly diminished in power when in use, 
and he attributed this to the drying up of the moisture 
in the porous discs. Accordingly he modified his appara
tus to form a ' crown of cups. ' Each of a series of vessels 
contained a saline solution into which was dipped a 
plate of zinc and a plate of copper. The copper of one 
vessel was joined by a wire to the zinc of the next, and 
so on to form a continuous chain. Such a combination 
gave an apparently inexhaustible supply of electricity. 

Thus was given to the world the v.ltaic cell, the 
fore-runner of all modern batteries, and the beginnings 
of the study of current electricity and the electric circuit. 
The contact theory upon which Volta based his explana
tion of the cell's action did not survive long. It was 
soon to be replaced by a chemical theory, which found 
a justification in observations on the dissociation of the 
liquid elements in the cell, and on the practical and 

• • 
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commercial consequences of electrolytic action. How
ever, Volta had played his part. As in so many other 
cases of a young and growing branch of investigation, 
the study of the electrical circuit now needed to be 
placed on a quantitative basis. The need was supplied 
by Georg Simon Ohm, to a brief consideration of whose 
work we will n~ pass. 

Ohm was born at Erlangen in Germany in 1789, and 
WllS the elder son of a locksmith who, having himself 
had the benefit of some education, made considerable 
sacrifices in order to send his sons to the university of 
his native town. They were only able to complete three 
ter'ils, however, and Simon took a post as private tutor 
until he was able, by 1811, to save up sufficient to 
return and complete his graduation. He now settled 
in Bamberg as a teacher but owing to the sudden closing 
of the school at which he taught he was obliged for a 
time to return and help his father as a locksmith. This 
was bitterly disappointing to him, but he persevered 
with his studies, and in 1817 was again able to take up 
a post as teacher at the Jesuit High School at Cologne. 
It was during the nine years of his stay here that he 
carried out those researches on the laws of the electric 
current that subsequently brought him fame. The 
experiments were performed with home-made apparatus, 
and in 1827 he published his results in a work entitled 
The Galvanic Chain, Mathematically Worked Out. Curi
ously enough, it was badly received. Ignored by many, 
abused by some, Ohm finally became the victim of the 
hostility of the Minister of Education, and he resigned 
his post, and for the next six years we find him eking out. 
some sort of an existence by casual coaching in Berlin. 

Ultimately t1w first recognition of his researches came 
from abroad. Scientists in Russia, America and England 
began to discuss his papers, and presumably taking 
their cue therefrom, Germany at last brought Ohm out 
of his obscurity. In 1833 he was appointed to a lecture
ship at Nuremberg. The tide was now beginning to 
turn rapidly in his favour, and in 1841 he was honoured 
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by the Royal Society of London with the award of the 
Copley Medal. Finally, in 1849, he achieved the crown
ing ambition of his life when he was appointed to a 
professorship at the University of Munich, and he died 
full of honours in 1854. 

He left as a permanent tribute to his memory what 
is universally known as Ohm's Law. ''It was the result 
of theoretical deductions based on an analogy between 
the flow of heat and the flow of electricity. Just ·as 
in the former case there is, when heat is transmitted 
through a slab of material, a falling off of temperature 
as between the hot face from which the heat is s~nt, 
to the cooler face receiving it, so there should be .lso 
a falling off of some corresponding quality in the trans
mission of an electric current along a wire from one 
terminal of the battery to the other. This something 
is the fall in electrical potential. Ohm was thus led to 
experiment on the conducting power of a wire. -Now 
both in the mathematical and the physical senses~ tj:te 
reciprocal of the conducting power of the wire is its 
resistance to the passage of a current. Ohm f6rind 
that the resistance offered to the passage of a current 
is governed by its length (l), its cross-sectional area (a), 
and the nature of the material. If R is the resistance, 

Ohm found in effect that R = e!:, where p was a constant 
a 

whose value differed from material to material. 'The 
factors affecting the strength of current in any circuit 
were then this resistance of the wire (and also of the 
battery itself) and the difference in electrical potential 
between the two battery terminals. Ohm spoke of the 
, motive' force due to this potential MfIerence as the 
, electroscopic force,' and it is nowadays referred to as 
the electromotive force. kseries of experiments brought 
out a simple relationship between these three factors 
in the electric circuit q.s follows: 

C t (0) 
Electromotive force (E) 

urren - . 
- Total Resistance (R) 
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This is Ohm's Law, and it forms the basis of all 
calculations regarding electric circuits. It at once made 
possible the setting up and defining of units of current 
strength, electrical resistance, and of electromotive 
force, and its formulation made the world of physics a 
perpetual debtor to the genius of Ohm. 

'. 
III. THE FOUNDERS OF ELECTRO-MAGNETISM 

Thus far the phenomena of magnetism and of electri
city had been the subjects of separate investigation, and 
there was no reason to suppose that they were in any 
wily related. In 1819, however, a chance observation 
by Oersted (1777-1851), a Danish philosopher, opened 
up a completely new avenue of research that led to a 
direct linking together of these two groups of phenomena, 
with results that, on the theoretical side, have completely 
revolutionized the whole science of physics, and on the 
practical side have brought incalculable benefits and 
comforts to mankind. 

Hans Christian Oersted was born in 1777 at Rud
kjobing, a small island town off the Danish coast. His 
father was an apothecary, and Oersted was thus able, 

. from an early age, to become familiar with chemicals. 
In spite of much financial hardship he was able to enter 
the University of Copenhagen, and here his success was 
such that he obtained his doctorate at the age of twenty
two. A steady career of lecturing and research followed, 
and his interest was specially engaged in the conse
quences of Volta's discoveries. In 1806 he was appointed 
to the chair of Physics at Copenhagen, and his specula
tions began to lead him to a feeling, probably little 
more than an ihtuition, that magnetism, like galvanism, 
might be some' hidden form' of static electricity. 

It was during the winter of 1819 that Oersted's famous 
observation was made. During the course of a lecture, 
he was exhibiting the heating t!ffects of Volta's pile on 
a slender wire. There happened to be a magnetic 
needle, horizontally mounted, on the lecture bench, and 
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by chance this needle was moved towards the battery 
and parallel to the wire. Oersted was astonished to see 
that at the instant the voltaic circuit was closed, the 
needle swung round and set itself almost at right angles 
to its original direction. On breaking the circuit the 
needle returned to its original state. He now reversed 
the direction of the current, and found">that the needle 
swung again, this time in the opposite direction. Here, 
then, in this single observation, was brought out.a 
remarkable fact. The magnetic behaviour of a needJe 
was definitely influenced by an electric current. Oersted" 
announced his discovery in a short pamphlet published 
in Latin in July, 1820. He was rewarded with the. 
highest of honours both in his native country and else;
where. 

The sequel to the discovery was not long in arriving. 
Indeed, Oersted's successor in the sequence of investiga.· 
tion, Andre Ampere, announced further developments 
within a few days of his first news of the details. Andre 
Marie Ampere, a native of Lyons in France, was born 
in 1775. He was the son of a retired merchant, and 
showed signs of remarkable precocity as a child. His 
attraction to mathematical studies was irrepressible, and 
at the age of twelve he was already delving into the 
abstruse writings of Euler and Bernouilli. Much about 
this time he suffered much mental anguish due to his 
father's death on the guillotine. It is scarcely surprising 
that the strain of this, accentuated by the intensity of 
his reading, produced a severe though temporary break
down. In due course he recovered, and again threw 
himself into his studies. His marriage in' 1797 prompted 
him to seek employment, and after holding minor 
appointments for a year or two he sucC'eeded in 1805 
to a post at the Polytechnic School at Paris. Here he 
gradually improved his position, and in 1809 he received 
a professorship at the school, a post he held until his 
death in 1836. ' 

On 11th September, 1820, Arago, a distinguished 
member of the French Academy of Science, read a paper 
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describing Oersted's experiment. Ampere was present 
and was profoundly impressed. He at once began 
experimenting for himself, and seven days later was able 
to announce important developments. He took; a 
magnetic needle horizontally suspended and at rest in 
a north and south direction, and brought a wire forming 
part of an elect£ical circuit over it and parallel to it. 
On closing the circuit the needle swung to the west. 
He now broke contact, and brought the wire under the 
needle. On again completing the circuit, the needle 
swung to the east. Ampere was thus led to formulate 
his well-known rule: suppose a man to be swimming in 
the'\ direction along which the current flows, so that the 
current enters at his feet and flows towards the head, 
and suppose that he is facing the magnetic needle (i.e., 
suppose the needle is under him) then the north pole 
of the needle will be deflected to the left by the influence 
of the current. 

Ampere now clearly realized two parallel facts. A 
current affects a magnet, and a magnet affects a magnet. 
Why, then, should not a current affect a current 1 This 
he now proceeded to test by experiment. Two wires 
were arranged, each forming part of a separate electrical 
circuit, so as to be both parallel and free to move. As 
~oon as the circuits were completed so as to send the 
~urrents in the same direction, the wires were seen to 
!l.pproach each other. He now reversed one of the 
~urrents, and found the wires to move away from each 
)ther. Thus it was shown that surrounding every 
~lectric current is a magnetic field, and Ampere was able 
GO deduce that 'if 0 and 0 1 are the respective current 
,trengths of two wires whose distance apart is d, then 
bhe force of attraction or repulsion between them is 

I!' = ~~1. It was this inverse square law that prompted 

Jlerk Maxwell to refer to Ampere as 'the Newton of 
llectricity.' • 

From these researches there quickly emerged the 
~alvanometer, a new means of measuring current strength 

8 
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in terms of the force with which a magnetic needle 
. situated at the centre of a coil of wire is deflected over 

a graduated scale when the current to be measured is 
made to pass through the coil, and it is a fitting honour 
to the memory of this great physicist that the practical 
unit of current has been named after him. 

In the broad sequence of events th'At brought into 
being the basic facts of electro-magnetism, there was 
one final step awaiting accomplishment. Ampere hlj>d 
shown how magnetic phenomena were produced by 
electricity. It now remained to show, conversely, that 
electrical phenomena could be produced from magnetism. 
The honour of this great achievement belongs to Qne 
of the most romantic figures in the history of physics-
Michael Faraday. • 

Michael Faraday was born at Newington, in Surrey, 
in 1791. His father was a poor working man, a black-

. smith by trade, and when Michael was five years old the 
family moved into rooms over a coach-house in London. 
Here they lived a life of great poverty. Michael learnt 
the rudiments of reading and writing at a ' common day 
Bchool' until he was thiTteen, when he was appTenticed 
to the bookbinding trade. It was this intimate contact 
with books that opened out for him visions of a larger 
world. He found himself reading a book on Conversa
tions in Chemistry, and science claimed him then onwards. 
Minor experiments with home-made apparatus and the 
attending of popular science lectures served both to 
fan his hopes and ambitions and to increase his distas.te 
for bookbinding. At the age of twenty-one he decided 
on a bold step. Sir Humphry Davy was at this time 
Director of the Royal Institution, and to him Faraday 
wrote, as he tells us, ' expressing my wislles, and a hope 
that, if an opportunity came in his way, he would favour" 
my views; at the same time I sent the notes I had 
taken of his lectures.' The appeal was successful, and 
in 1813 Faraday was appointed as Laboratory Assistant 
at the Royal Institution. Thus was brought into the 
world of science a man destined to bring it honour .. 
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We have not the space, unfortunately, in these pages, 
to recount step by step the details of his steady advance-

. ment. Suffice it to say that from the washing of bottles 
and the care of apparatus he rose steadily by sheer· 
worth and merit, and ultimately in 1845, two years after 
his election as a Fellow of the Royal Society, succeeded 
his great patrJn, Sir Humphry Davy, as Director of the 
Royal Institution. Devoid of mathematical ability, he 
yet became a recognized prince of experimental science, 
and although his discoveries have been proved to possess 
immense commercial possibilities, he died a poor man. 1 

He scorned to seek either financial reward or scientific 
fj}vours. The former he consistently refused. Of the 
latter many were 
showered upon 
him in spite of 
himself. 'I must 
remain plain 
Michael Faraday 
to the last,' he 
said. In 1862 he 
retired from the 
Royal Institution FIG. 20.-Faraday's Experiments in 
to apartments at Electro-magnetism 

Hampton Court 
placed at his disposal by Queen Victoria, and here he 
died peacefully in his seventy-sixth year in 1867. 

What was the nature of Faraday's monumental contri
butions to the science of electro-magnetism ~ With a 
full knowledlie of the experiments of Oersted and 
Ampere, he had for some time felt that it ought to be 
possible to produce the converse effect of deriving an 
electric curre~t from magnetism. These views occupied 
his attention but intermittently from 1824 to 1831. It 
was in this latter year that success at last came to him. 
Ampere had shown, among other things, that a cylindrical 
coil of wire, known as a solenoid, behaves exactly as if 
it were a magnet when a current is passed through it, 
and Faraday decided to utilize this fact. He took an 
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iron ring ~ inch thick and six inches in diameter (Fig. 20) 
and at each half of it he wound separate coils, A and B, 
each of about 70 feet of copper wire. A was connected 
up with a voltaic pile P, and B with a current detector 
or galvanometer G. The two circuits were thus com
pletely separate. A key K made it possible to make or 
break the voltaic pile circuit at will. On 'depressing the 
key, a current flowed round A, and the galvanometer 
connected to B at once began to swing round, and then. 
return to rest in its original position. At the instant 
K was released, thus breaking the circuit, the needle 
of G again swung round, this time in the opposite direc
tion from before, after which it again came to rest ... 

Here then was a remarkable achievement. By passing 

FIG. 21.-Faraday's Experiments in 
Electro-magnetism 

a current round 
the solenoid B, 
Ampere had 
shown that it, 
and therefore 
the whole iron 
ring, behaves 
likc a magnet; 
and it was this 
magnet that de

finitely induced a momentary current of electricity 
round circuit A, and it was this current that was regis
tered by the galvanometer. 

Faraday now decided he must try to achieve his 
results without the aid of a battery at all. He succeed.ed 
brilliantly within a month or two of his first experiment. 
He wound a coil of wire round a short b:rr of soft iron 
~nd thence on to the terminals of a galvl:\nometer G 
(Fig. 21). He then placed this between twd'bar magnets 
A N and A S, so that opposite poles were at each end 
of the bar. The magnets were in contact at A. Every 
time the contact between the iron and the magnets was 
made or broken the needle"in G indicated the momentary 
passage of a current, the direction of the 'current at 
, break' being again opposite to that at 'make.' Here, 
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definitely, was the converse effect to Oersted's that he 
had been seeking. 

He then proceeded to his third experiment, his object 
being to dispense with any source of magnetism whatever, 
whether from a solenoid connected to a battery, or from 
a magnet dirflCt, as had been the case previously. This 
time he substituted for the iron ring of Fig. 20 a wooden 
bobbin. Round this he wound a coil of 203 feet of 
·copper wire, and connected it up to a voltaic cell. 
Round this 'primary' coil was wound a second and 
similar coil (the' secondary'), its ends being joined to 
a galvanom~ter. As before both on ' make' and' break' 
clomentary· currents were registered through the gal
vanometer. On the ' make' a current was sent round 
the inner coil, and this set up a magnetic field round it, 
as was shown by Ampere. It was the influence of this 
magnetic field on the outer coil that induced the moment
ary electrical effects. Again, too, the effects were 
opposite at ' make' and' break.' It was clear, further
more, that these induced effects were always associated 
with a relative change of conditions, e.g., at the' making' 
of the circuit, and at the' breaking' of the circuit, and 
Faraday explained that the current is always induced 
in a wire wherever the 'lines' of a magnetic field of 
force 'cut' the wire. Thus in the third experiment, 
on the break, the current is started in the primary, and 
it therefore ' throws out' its magnetic field, and as soon 
as this field 'cuts' the secondary 'outwards' the 
induced current is set up. On the ' break' the current 
ceases, the magnetic field withdraws' inwards,' and in 
so doing , cuts' the secondary in the opposite direction 
to the previciils one, and so the induced current is set 
up in the reverse direction. 

This then was Faraday's great work; and this slight 
and apparently insignificant kick of the galvanometer 
needle was the starting point of the magneto, the dynamo, 
the wduction coil, the electric motor, the telephone, and 
a whole host of important applications which have so 
greatly altered and augmented the am.enities of modern 
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life. Faraday's own vision of the possibilities of the 
'kick' must have been great, for to Gladstone's bored 
question as to what use it could be, he answered, 'Sir, 
you will soon be able to tax it.' 

We have not attempted to recount more than a fraction 
of this great physicist's contributions to ~odern science. 
We have merely confined ourselves to one aspect in the 
development of the theme of this chapter. At least, 
however, enough has been said to make it obvious that; 
in the words of Tyndal, 'his was the glory of holding 
aloft among the nations thc scientific name of England 
for a period of forty years.' 



CHAPTER X 

THE PHYSICISTS OF THE UNDULATORY 
THEORY 

1. THOMAS YOUNG (1773-1829) 

W E have already recounted broadly the presentation 
of the rival theories of light-the corpuscular 

or emission theory, with which the name of Newton 
has been associated, and the undulatory theory of 
Huyghens. We now have to consider those physicists 
whose investigations finally deposed the former of these 
from general acceptance, and established the wave 
theory firmly as the truest explanation of all the observed 
phenomena. The first of this band of physicists~. 
and in many respects the most brilliant-was Thomas 
Young, an Englishman. 

Young was born at Milverton, in Somersetshire, in 
1773. He was almost literally a born student. He 
could read at the age of two, recite in Latin at four, 
and began to dabble in problems of heights and distances, 
through the inspiration of a friendly land-surveyor, 
at nine. He went to a private school at Compton, in 
Dorsetshire, where his greed for languages prompted 
him to study. French, Italian, Hebrew, Persian and 
Arabic, whilst his love for science was such that he is 
said to have constructed a microscope for himself from 
a mere description of the instrument. At fourteen he 
left Compton for a school at Ylilungerbury, in Hertford
Bhir~nd he now definitely chose medicine as his future 
career. This he studied first in London, and later in 
Edinburgh under, among others, Dr. Black. He later 
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passed to Cambridge, where he was known as 'Phen
omenon Young '-it seems almost incredible that he 
was not called 'the Young Phenomenon' -and finally 
took an M.D. degree at Giittingen in 1795. 

In 1801 Young succeeded Dr. Garnett at the recently 
created Royal Institution as ProfessoSJr of Natural 
Philosophy. He resigned the post, however, two years 
later, recognizing that he lacked ability as a popular 
lecturer. Nevertheless the wide versatility of range 
of his scientific activities was almost unique, and his 
writings were equally able in such diverse fields Il:S 
medicine, engineering, mechanics and zoology. Among 
other achievements he discovered the key to the myste'h
ous Egyptian hieroglyphics that unlocked the door to 
a vast store of historical knowledge. Yet curiously 
enough he was not a great success in medical practice, 
and in 1818 he abandoned it altogether in favour of 
an appointment on the Board of Longitude that kept 
him devoted to the production of the Nautiool Almanac. 
He died in 1829, at the age of fifty-six. 

It was in the 'Bakerian Lecture' before the Royal 
Society in 1801 that Young, reflecting on the beautiful 
optical experiments of Newton, announced the dis
covery of his famous principle of the interference of light. 
We cannot improve on the clarity of his own statement. 

'Suppose,' he said, 'a number of equal waves of water to move 
upon the surface of a stagnant lake with a certain constant velo
city, and to enter a narrow channel leading out of the lake; 
suppose then, another similar cause to have excited another 
equal series of waves, which arrive at the same channel with the 
same velocity and at the same time as the first. One series 
of waves will not destroy the other, but their effects will bc 
combined. If they enter the channel in such a»)}llanner that the 
elevations of the one series coincide with the other, they must 
together produce a series of greater joint elevations; but if the 
elevations of one series are so situated as to correspond to the 
depressions of the other, they must exactly fill up those depres
sions, and the surface of the water must remain smooth-at 
least, I can discover no alternative, either from theory or experi
ment. Now, 1 maintain that 8imilar effect8 take place w,,~'never 
two portion8 of light are thu8 mixed, and this 1 call the general law 
of the interference of light.' 
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Newton himself was not absolutely committed to 
the emission theory, in spite of popular opinion to the 
contrary, and we know that he speculated on the con
ception of an ether medium. He wrote, however, of 
one of his objections to the undulatory theory: 
• are not all hypotheses erroneous in which light is supposed to 
consist in pression or motion propagated through a fluid medium? 
If it consisted in pression or motion, propagated either in an 
if1stant or in time, it would bend into the shadow, for pression or 
motion cannot be propagated in a fluid in right lines beyond an 
obstacle which stops part of the motion, but will bend and 
spread every way into the quiescent medium which lies beyond 
the obstacle ... a bell or cannon may be heard beyond a hill 
whtch intercepts the sounding body ... but light is never known 
to bend into the shadow.' 

The italicized phrases are so stressed because this 
bending of light round an object was now experiment
ally proved to be exactly what does occur. The 
bending is less in air than in water, and is extremely 
sm,all in the case of light, owing to the extreme minute
ness and immense speed of the undulations. 

As a matter of fact it was in May, 1801, that Young 
proved the existence of these fringe effects. He covered 
a hole in the window shutter of a dark room with thick 
paper, and pricked it with a needle. By means of a 
mirror outside the window the sunlight was thrown 
directly on to the hole, thus causing a cone of light to 
emerge through the needle point. In the pathway of 
this cone he interposed a narrow strip of card, and 
thus carefully observed the shadow it cast on a screen 
behind it. Fa~nt fringes of colour were seen on either 
side of the shadow, and in addition Young saw in the 
shadow itself .. sequence of faint dark and light upright 
bands, finishing off in a faint light band in the middle 
of the shadow. He knew that as light travels in all 
directions, a part of it, passing on each side of the strip 
of card, must spread out behind it. Why, then, should 
th~t arrange itself in strips, and not fall equally 
all over the shadow ~ When Young placed his hand 
so as to prevent the light from passing one of the edges 
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of the card, the fringes on the screen disappeared. 
Clearly, therefore, so long as the light passes in one 
direction only behind the card, it spreads itself out 
equally, and only when two sets of rays from the two 
sides of the card meet each other, do the' interference' 
bands appear, being a precise parallel .. in the case of 
light to the one he had offered in the case of the water 
waves above referred to. This phenomenon of inter
ference fringes in shadows is known as diffraction.·· 

Young was able to show that the phenomenon of 
Newton's rings is due to the interference of light waves 
reflected from both surfaces of the film. In the figure 
(Fig. 22) let ABC D be the thin transparent film, lnd 
lOa ray incident at the point O. Part of this is reflected 
along 0 R, and part is refracted along 0 E. The 
refracted ray 0 E is reflected back at E along E F, and 
thence emerges along F G parallel to the reflected ray 
o R. Clearly the ray F G has had to pursue a longer 
path than 0 R by the distance 0 E + E F = twice 

A 

C 

FIG. 22.-Interference Colours by Refraction 

o E, and therefore it may happen, aocording to the 
thickness of the film and the angle of incidence, that its 
light-waves will be a half wave-length, or ~n odd multiple 
of half wave-lengths, behind the undulations of 0 R, 
and this would give the case of the troughs of one series 
corresponding to the crests of the other series. Total 
interference would be p.roduced, and the result would 
be darkness. In this way the black rings of N-w,t;pn's 
rings would be accounted for in the case of mono
chromatic light. 
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Vast as Young's papers were in importance, they 
formed the subject of a violent and ill-founded attack 
by Lord Brougham in the Edinburgh Review, and in 
spite of an able and a complete reply by Young, public 
opinion was definitely biased against his theories. 

II; STEPHEN LOUIS MALUS (1775-1812) 

. Unfortunately, too, a new discovery by Malus, a 
Frenchman, regarding light was now at hand which 
seemed to offer further difficulties to the undulatory 
theory. Stephen Louis Malus was a French mathe
matician who was educated at the famous Ecole Poly
technique at Paris. He entered the French Engineering 
Corps at twenty-one and saw much active service, 
experiencing many campaigning hardships in Egypt 
and Syria. From 1802 to 1807 he was engaged in 
constructing fortifications at Antwerp and Strasbourg. 
He died at the early age of thirty-seven in 1812. 

The discovery with which his name is associated is 
that of the polarization of light by reflection. One day 
in 1805 Malus was viewing the rays of the sun reflected 
from the windows of the Luxembourg Palace through 
a doubly-refracting crystal of Iceland spar. He 
expected, of course, to see two images. In fact he saw 
one only. There was, however, this interesting point, 
that in one position of the crystal he saw what was 
obviously the 'ordinary' image, but in a position at 
right angles to this he saw the extraordinary image. 
Between these iwo positions he got two images, one 
much brighter than the other. That evening he tested 
matters further t He found that the light of a candle 
reflected from a glass plate was, at an angle of about 
35°, as completely' polarized' (as he termed it) as had 
been the rays emerging from the Iceland spar; from 
water he found the rays polariz~d at an angle of about 
36°, an4.,generally that light reflected from all transparent 
bodi:l'8·1s always more or less polarized. 

As a matter of fact Huyghens had, one hundred years 
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before, observed similar effects when passing the ' do.~ble' 
rays from an Iceland spar through another crystal 
after Bartholinus first discovered the phenomenon of 
double refraction, and Huyghens suggested, correctly 
as we now know, that the crystal was more elastic in 
one direction than in the other, thus ~,ausing one wave 
passing into a crystal of Iceland spar to be divided into 
two waves moving at different speeds through the 
crystal. Huyghens' observations were by now forgotten, 
however, and the whole matter called for fresh explan
ations, in the light of the fact that polarization of light 
was possible by reflection as well as by the action of 
crystals. I) 

Young found himself unable to explain the pheno
menon by his theory, and in 1811 wrote to Malus to 
this effect, adding his view that it nevertheless did not 
prove the falsity of his theory. We shall now see that 
both this and other aspects of the undulatory theory 
finally received the fullest verification at the hands of 
another illustrious Frenchman, Auguste Jean Fresnel. 

III. AUGUSTE JEAN FRESNEL (1782-1827) 

Fresnel was born at Broglie in Normandy in 1788. 
By way of contrast with Young, he could scarcely read 
at the age of eight, and as a child was always of delicate 
health. He was educated first at a school at Caen, 
and afterwards at the Ecole Poly technique . . He decided 
on the profession of civil engineering in the service of 
the State, and after a course at the Erole des Ponts et 
Ohauss~es, he served the Government in the repair 
and construction of roads over the reci'ptly devastated 
area of La Vendee. He found the· work none too 
pleasant. 'I found nothing so laborious,' he writes, 
, as leading men, and I confess 1 know nothing at all 
about it.' It was by 1"ay of relief from the tedium of 
his employment that he began to study the tJil.~ry of 
light. In 1814 he joined the small army that attempted 
to oppose the landing of Napoleon. He was rewarded 
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by being deprived of his post. This gave him leisure 
for more study and research, and we find him sending 
for books 'on the polarization of light,' about which 
he confessed he knew nothing. Eight months later 
his researches in this very field had made him famous ! 
He developed a positive genius for experiment. He 
made a micrometer with threads and pieces of card
i1oard, and with such rough but accurate apparatus 
he. was able to present two memoirs to the Academy 
of Sciences at Paris. These brought him his reinstate
ment in Government employment in Paris, and led to 

FIG. 23.-Fresnel's Interference Experiment 

his appointment as Secretary to the Lighthouses Com
mission. In 1819 he gained the Academy prize for 
an essay on diffraction, and in 1823 he was elected a 
Member of that body. The Royal Society of London 
also honoured him-with a foreign associateship in 1825 
and the Rumford Gold Medal in 1827, and a few days 
after receiving this last distinction he passed away, 
at the early age 'of forty-five. 

To Fresnel belongs the honour of having set the 
undulatory theOl~ on the sure basis of quantitative 
determinations. His experiments led to the formulation 
of the laws of the phenomena mathematically. His 
most famous experiment was with the employment 
of inclined mirrors, and it supplies the most direct 
meth()II!hH~studying the interference of light. In Fig. 23, 
o M and 0 N are the two mirrors, almost in a straight 
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line. At L rays of sunlight enter a dark room through 
a very narrow slit, and fall on the mirrors. They are 
thence reflected on a white screen F G. Looking into 
the mirrors from the screen, two virtual images A and 
B of L are seen in accordance with the ordinary laws 
of reflection, and the effect is just the same as if these 
are the two light sources for the pro(luction of inter
ference effects. By a slight rotation of one of the
mirrors, the two light sources (i.e., the two images) 
may be brought as close together as required. Consider 
a point P on the screen receiving rays from both sources. 
Clearly the distance A P is greater than B P, and 
(A P - B P) becomes less the nearer P is to C. ,It is 
a matter of simple mathematics to calculate the dis
tances B P and A P, since PC, 0 C, and 0 L and the 
angle that A B subtends at C are all directly measure
able. Hence the difference between the two paths A P 
and B P is known, and in the case of monochromatic 
light, i.e., light of one colour, as in previous exampleH, 
P will show a dark band or a light band according as 
(A P - B P) is an odd or an even multiple of half-wave 
lengths; a bright band is always at C. Hence the 
interval between two successive bright or dark bands 
depends upon the value of the wave-length. Therefore, 
by measuring this interval between two consecutive 
bright or dark bands, the wave-length of the particular 
colour of light employed may be calculated. In this 
way Fresnel was able to discover the value of the wave
length of waves corresponding to all the colours of the 
spectrum-a triumph for the wave ,theory, because, 
among other reasons, it met the object~on of opponents 
who insisted on explaining diffraction phenoI1].ena on 
the emission theory by producing two' point-sources of 
light without the use of apertures or strips of opaque 
objects; in other words, by eliminating diffraction 
effects completely. , 

It is refreshing to note that only after this work did 
Fresnel become acquainted with Young's prior ~hlches, 
and yet, so far froin th6r~ being any jealousy between 
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the two, they became firm friends, and maintained a 
close correspondence . 
. What we may speak of as the mechanism of the wave 

. theory now called for closer attention, especially having 
regard to the necessity for explaining the phenomenon 
of polarization. Collaborating with Arago, another 
famous physicist, Fresnel found that the ordinary and 

"'the extraordinary rays emerging from Iceland spar 
would not interfere with each other. This at once led 
him to suspect that the waves in the rays must move 
in a different manner. Discussion with Arago and 
correspondence with Young 
bro~ght out the important 
conception of transverse 
vibrations. In a sound 
wave the vibrating particles 
are moving to and fro in a 
direction parallel to the 4+-+-L,_:.....,..-l~--+...I-...... 
propagation of the wave. 
This is known as longi
tudinal vibration. In a 
water wave the water par
ticles are moving up and 
down at right angles to the 
forward direction of the 
wave. This is known as 
transverse vibration. The 

, 
: I 

, " 
, 'I 
"I' 

FlO. 24.-To illustrate the 
meaning of Transverse 

Vibrations 

ether vibrations of a light wave are of this latter 
type, but with this important complication, that the 
plane of vibration is not restricted, so that a ray of 
light may consi'st of waves vibrating in every con
ceivable plane at right angles to the direction of pro
paganda. Fig. >24 will help to make this evident. 
Looking 'end-on' behind a single wave, we merely 
Bee a short straight line showing the extremities between 
which the 'ether particle' vibrates. The figure shows 
a group of six such light wave'!l. Although they are 
vibra.t-iug·in planes at all angles, yet each vibration is 
at right angles to the direction in which the wave 
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is advancing, i.e., forward into the plane of the 
paper. 

We can now understand the action of Iceland spar, 
which acts upon the light impinging on it as though a 
set of railings (shown dotted in the figure) were inter
posed. The one ray vibrating parallel to the rails will 
pass on, and the remainder will be stepped; and the 
ray that passes on is the plane-polarized ray. In th~ .. 
case of Iceland spar, of course, there are two rays that, 
pass through, vibrating at right angles to each other. 

Fresnel and Arago were able to show, by experiments 
and demonstrations that are beyond the scope of this 
book, how such polarization results from reflection on 
the basis of the undulatory theory. - ~ 

The final deathblow to the emission theory, practically 
abandoned by 1825, was given on 6th May, 1850, when 
Foucault was able to determine accurately the relative 
velocities of light in air and in water. It will be recalled. 
that the emission theory required that the velocity in 
water must be greater than in air, whilst the undulatory 
theory required the converse to be true. FOQCault 
definitely found the velocity in water to be less tha~ in 
air, and so the undulatory theory triumphed. 



CHAPTER XI 

THE DOCTRINE OF ENERGY 

I. CALORIC 

W E have referred to the' doctrine of imponderables' 
. which became so general a feature of science 
in the eighteenth century, and we have mentioned that 
heat was one of the phenomena that was brought 
within the scope of its conceptions by the theory of 
'caloric.' Let us review briefly the main outlines of 
this theory. 'Caloric' was held to be an imponderable 
fluid contained within the pores of all substances, and 
this idea persisted firmly as an accepted doctrine for 
just as long as it continued satisfactorily to explain 
all observed facts with regard to heat. We shall see 
in this chapter that the time did at last come when 
certain new facts emerged which could not be satis
factorily explained by the ideas of ' caloric,' and as a 
result it had to share the fate of the other members of 
the family of imponderables in being discarded. 
'Caloric.' it was assumed. was squeezed out of bodies 
on heating. Black's res~arches ~on calorimetry were 
conducted in fuli acceptance of this theory, and indeed 
it fitted the facts. When a hot body is mixed with a 
cold liquid, for ;'xample, 'caloric' passes from the hot 
to the cold, cooling the one and heating the other, until 
the two are at one common temperature. Friction, 
again, had long been known to be accompanied by the 
production of heat. The explanation was simple. If 
a matah~ hammered, the ' caloric' is forced out of its 
pores, and the metal gets hot. If a piece of metal is 
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bored, the chippings, being small, canno~ £Qntain so 
much caloric as when forming part of the main piece, 
and they get hot. Even Black'g- experiments ,on latent 
heat, at first apparently difficult to reconcile with the 
doctrine of 'caloric,' were made to 'toe the liue.' 
The explanation here was that the caloric combi.nes 
with the ice to form water, which was tllerefore regarded 
as being compounded of ice and caloric. Yet anothe?"' 
view of the nature of heat had been making sporadic 
appearances-the view that heat is matter in motion. 
Democritus and Epicurus had speculated on this in 
remote Greek times. We have also seen that Francis 
Bacon concluded much the same thing. So in Jact 
had Boyle, Gassendi, Newton and Huyghens. This 
was the view that was, in fact, destined to prevail, 
and the first great physicist to help in this achievement 
was Benjamin Thompson, Count Rumford. 

II. COUNT RUMFORD (1753-1814) 

Benjamin Thompson was born in 1753 at' North 
Woburn, a small village in Massachusetts-within a 
few miles of the birthplace of his famous fellow-country
man, Benjamin Franklin. His early life was full of 
variety. From thirteen to eighteen he was an assistant 
in a dry-goods store, during which time he began to 
develop a taste for study and experiment. He then 
became successively a medical student (Harvard College, 

. Cambridge, was but eight miles from North WobUrn) 
and a schoolmaster. At twenty he had marrie<;i a 
wealthy widow, from whom, however, 'he shortly af$er
wards separated. Then the War of Independence 
broke out. Although he was a. ma90r in a 'militia 
regiment, he was suspected of· Tory leanings and 
, unfriendliness to the cause of liberty.' In November, 
1774, he was nearly mobbed at his house, but had fled 
to Boston, where he was arrested and charged. The 
charge failed, and he was released. In the a't'rtUDID of 
1775 he was sent to England with despatches from 
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General Howe to the British Government, and now 
parted company with both his wife and America for 
ever. In fact he now participated in the war in an 
under-secretarial capacity on the side of the British. 
In London Thompl'lon conducted experiments with 
gunpowder and interested himself in other scientific 
jopics. As a re:ult he was elected a Fellow of the Royal 
Society. Military life apparently held a fascination 
for him, however, and in 1783, while travelling on the 
Continent, he was invited at Munich to enter the service 
of the Duke of Bavaria. With the permission of King 
George III (who knighted him for his services) he 
ac~pt!3d, .and in 1791 the Duke of Bavaria raised him 
iilo~ the dignity of Count of the Holy Roman Empire 
~,.count Rumford. His career was now extraordinary. 
:He :became Head of the War Department, was made a 
:State Councillor, controlled almost every branch of the 
public services of Bavaria, founded schools of industry, 
.s.' military academy at Munich, improved the lot of 
the soldier, reduced beggary, and all the time continued 
his scientific studies. 

In 1798, after an absence of eleven years, he was 
sent to England as Minister Plenipotentiary of the 
Court of Bavaria. As a British subject, however, 
this appointment could not be ratified, and Rumford 
decided to remain in England for a few years in a 
private capacity. Here he took a prominent part in 
founding the famous Royal Institution in January, 1800. 

In 1803 Rumford went to France, and two years 
later married Madame Lavoisier, widow of the famous 
chemist. It was an unhappy union, and a divorce 
followed four years later. Count Rumford died at 
Auteuil, near .faris, in 1814:. 

In 1798 Rumford wrote a paper on 'An Inquiry 
Concerning the Source of the Heat which is excited by 
Friction,' in which he describes how, while engaged 
in_superintending the boring of cannon at Munich, his 
a~ntion was arrested by the great amount of heat 
gen~;rated in the process. He proceeded to experiment. 
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Thus when a brass cylinder was made to revolve against 
a steel borer, the cylinder being placed inside a wooden 
box containing 18! lb. of water so that the amount 'of 
heat absorbed could be registered, and at the same 
time preventing any of the heat from being lost, the 
temperature rose in 2! hours from 60~ F. to boiling 
point. 'It would be difficult to descrite,' said Rum- .. 
ford, 'the surprise and astonishment expressed in the 
countenances of the bystanders on seeing so large a. 
quantity of water heated, and actually made to boil, 
without any fire.' Whence, he asked, came this heat 
produced by a purely mechanical operation? 'As the 
machinery used in this experiment could easily ,be 
carried round by the force of one horse . . . these 
computations show further how large a quantity of 
heat might be produced, by proper mechanical contriv
ance merely by the strength of the horse, without fire, 
light, combustion or chemical decomposition.' The 
fact that his apparatus was immersed in water proved 
that the heat did not come from the air. Nor could it, 
he argued, be derived from any diminished capacity 
for- heat from the chippings, since on collecting and 
testing them he found no sign of any change in their 
capacity for heat. Again, the store of ' caloric' in the 
brass cannon should surely ultimately be reduc~d to 
nil if the 'caloric' doctrine were right; yet in fact 
he found no limit to the production of heat. ,.~ 

Rumford came to the inevitable conclusion that the 
'doCtrine of caloric' must be wrong, and recalling 
the other theory that had occasionally been offered; he 
concluded definitely as follows: U -_ 

, It appears to me extremely difficult, if not g_uite impOssible, 
to form any distinct idea of anything capablt of being excited 
and communicated in the manner the heat was excited and com
municated in these experiments, except it be motion.' 

Rumford's researches were strikingly amplified a 
year later by Sir Hump"hry Davy (1778-1829), famous 
alike as physicist and chemist. Davy arra~ged-an 
apparatus by means of which two pieces of ice could 



THE DOCTRINE OF ENERGY 127 

be made to rub against each other in the exhausted 
receiver of an air-pump. In a few minutes the pieces 
of ice were entirely converted into water which, when 
collected, was found to be at a temperature of 35° F., 
although the temperature of the atmosphere was lower 
than this. Now according to prevalent notions, the 

• capacity for b'eat had diminished. Davy pointed out, 
however, that the capacity for heat of water is about 

. twice that of ice, and ice must have an absolute quantity 
of heat added to it before it can be converted into water. 
Hence friction could not diminish the capacity of 
bodies for heat. Further, the heat in this experiment 
c<'jlld not have come from the air, since the experiment 
was performed in vacuo," nor could it be derived from 
the apparatus, since the water formed only at the ice
surfaces in contact. By 1812 Davy had become suffi
ciently convinced to conclude that 'the immediate 
Clj.use of the phenomenon of heat, then, is motion, and 
the laws of its communication are precisely the same 
as the laws of the communication of motion.' Some 
thirty years were to elapse, however, before the next 
step in the construction of the new doctrine of energy. 

III. SADI CARNOT (1796-1832) 

It is curious that the next contribution to the subject 
of our study in this chapter should be made by an 
adherent, as he was at the time, of the caloric theory. 
Such was, however, the case with Nicolas Leonard Sadi 
Carnot, a young French engineer. By now the steam 
engine had been invented, and Carnot was naturally 
interllsted in the scientific problems raised by the 
invention. HJ was fully aware of the fact that mechan
ical work could be produced by heat, and in seeking 
for an explanation of this he was impressed with an 
analogy between the behaviour of heat in relation to 
the production of mechanical work and that of the 
lllIIChanlcal power of a head of water. He argued that 
just as work is done by the latter only in its descent 
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from a higher to a lower level, so work done by heat 
is necessarily attended by a fall of some body from a 
higher to a lower temperature. Consequently, he said, 
whatever might be the nature of the substance of the 
body, whether it be steam, air, vapour, gas or liquid, 
this fall in temperature is essential to 1;he production 
of work, and the amount of work done depends on this .. 
fall and is independent of the nature of the substance 
to be employed. For example, just as water can be. 
made to perform useful:work by taking it in at a higher 
level, and discharging it, say, by an overshot wheel, 
to a lower level, so we can obtain work by taking in 
beat at a high temperature in, say, the boiler of a stea.Jll
engine and discharging it at a lower temperature to 
the condenser. There is here, so far as Carnot is con
cerned, no loss of heat. Caloric is merely transferred 
from boiler to condenser; but the important point 
-and this is independent of any theory of heat-is 
that the amount of work which can be done depends 
solely on the quantity of heat passed through the 
engine and the temperatures of the boiler and condenser. 

C~rll[Jt PlloJisheil his views in 1824: in ~ work c~J)eil 
Reflexions S1(r la puissance motrice d1( feu. In this 
work he developed the important idea of a reversible 
cycle of changes as a scheme for determining mathe
matically how much mechanical work could be per
formed not alone by a steam engine, but more gen~ally, 
by an ideal 'heat-engine.' The cycle of opera:tions 
consists in starting with the heat-source-the boiler
at the high temperature, extracting heat from it, 'then 
utilizing part of this heat for conversion i{;.to mechanical 
work, and passing the remainder to the condensflr at 
the lower temperature. Then, reversl'bg the cycle, 
he performs on the engine (i.e., by driving the engine) 
an amount of work equal to that previously performed 
by the engine, and in so doing is able to extract the 
heat again from the condenser, and restore it to the 
original heat-source. Theoretically, in this idear engi»oe, 
steam need not necessarily be employed. In fact any 
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substance which is a source of heat, and which will 
enable the passage of some of this heat from it to some 
, receiver' at a lower temperature, will do equally well. 
What clearly emerged, among other important conse
quences, from Carnot's important researches (and 
unfortunately they received little attention from the 

,scientific world for a long time), was that to a given 
amount of mechanical work there corresponds a definite 

.amount of heat. Carnot, however, did not himself 
measure the value of this 'equivalence.' The honour 
of this achievement belongs instead to an English 
scientist, James Prescott Joule, whose life and work 
tbirefore next claim our attention. 

IV. JAMES PRESCOTT JOULE (1818-89) 

Joule was born in Salford in 1818. He was tbe son 
of a wealthy brewer, and being of somewhat delicate 
health as a child, he was educated at home until he 
reached the age of sixteen. Together with his brother, 
he then continued his studies under the famous chemist, 
John Dalton, and under the inspiration of this great 
teacher he not only studied mathematics, but developed 
a taste for original research. Accordingly his father 
provided a laboratory for him in his house, and thence 
onwards he devoted all his spare time to the cause of 
science. His first results were concerned with an effort 
to improvise an electro-magnetic engine, and from this 
he was led to the measurement of the electric power 
absorbed by such an engine. This line of research led 
to important results, and towards the end of 1840 he 
produced a paper' On the Production of Heat by Voltaic 
Electricity,' dealing with the heating effects of a wire 
carrying a curr~nt. He showed that the heat generated 
is proportional, in any given time, both to the resistance 
and to the square of the current. 

Joule was now beginning to dwell upon problems of 
heat in relation to mechanicid energy. In 1843 he 
~te a 'paper 'On the Mechanical Value of Heat' in 
which he remarks; 
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'Having proved that heat is generated by the magneto-electri
cal machine, and that by means of the inductive power of magnet
ism we can diminish or increase at pleasure the heat due to 
chemical changes, it became an object of great interest to inquire 
whether a constant ratio existed between it and the mechanical 
power gained or lost.' 

An electro-magnet contained in a tube filled with. 
water was rotated between the poles of a powerful 
magnet, and the increase in temperature was noted., 
From this it was possible to calculate the number of 
heat units absorbed by the water from the electro
magnet. In order next to find the amount of mechanical 
work done, it was necessary to measure the fOJ;ce 
required to turn the apparatus. This was found by 
winding twine round the spindle carrying the electro
magnet, then passing the twine over a pulley ,and 
attaching a scale pan to the end of it. The diff13rence 
between the weights required to produce equal velocities, 
with the induced circuit complete and then interrupted, 
gave the force. Thence the work done against the 
electrical forces, which reappeared as heat, could be 
calculated. The experiment was difficult and l!)d to 
many sources of error. Joule found in an average of 
thirteen tests that 'the quantity of heat capable of 
increasing the temperature of a pound of water by one 
degree Fahrenheit is equal to, and may be converted 
into, a mechanical force capable of raising 838 lb. to 
the perpendicular height of one foot.' Nevertheless 
he recognized the need for a more accurate determina
tion, and in 1845 he measured the work done and the 
heat generated when air is compressed~an experiment 
previously performed in Germany by Mayer-a1?-d he 
examined the converse experiment by S€'tuin of allowing 
air to expand. , 

In 1845 he also measured the heat produced by the 
agitation of water when a paddle wheel revolves in it, 
and in 1847 he finally" adopted this method on most 
refined lines as the best available. This is i.rtustr~d 
in Fig. 25. A is a vessel which may be filled with water, 
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oil, or other liquid. The spindle s passes through the 
cover of the vessel and carries four vanes at right angles 
to each other, cut as shown by the dotted lines. These 
vanes pass through corresponding apertures in eight 
fixed radial partitions, the object of which is to prevent 
the liquid from whirling round with the rotating paddles. 
,The spindle s I carries in its upper part a cylinder c 
which turns with or without the spindle as the peg p 

.is inserted or withdrawn. The cords t t1 attached to 
the drums d d1 are wound upon the cylinder, and the 
descent of the weights w WI therefore causes the spindle 
to rotate. The 
heights through 

. which the weights 
descend are meas
ured by the scales 
r rl~ and the 
weights are then 
again raised into 
position with the 
peg p withdrawn, 
and the experi
ment repeated a 
number of times. 
Joule's final value 
was 772 foot-lb. 

w' 

FIG. 25.-Joule's Apparatus for deter
mining the Mechanical Equivalent of 

Heat 

of work as the mechanical equivalent of heat which 
will raise the temperature of 1 lb. of water one degree 
Fahrenheit. The modern value is 778. 

Joule was elected a Fellow of the Royal Society in 
1850, and wa~ President of the British Association in 
1872.. He died in 1889, and a memorial tablet has been 
erected in hisehonour in Westminster Abbey. 

V. LORD KELVIN (1824-1907) 

The final step in the story of the doctrine of energy 
1»:ings /'ts to one of the greatest figures in nineteenth
century physics, William Thomson, Lord Kelvin. 
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Thomson was born in 1824 at Belfast, his father being 
a Professor of Mathematics at the Royal Academical 
Institute in that city. In 1832 Professor Thomson 
was offered a professional appointment at the Univer
sity of Glasgow, and thither the family accordingly 
migrated. Young Thomson proved himself an ardent 
student, and matriculated at the age or ten. In 1841. 
he went to Cambridge, and after a brilliant academic 
career came out sec.ond in the Mathematical Tripos. 
lists, and shortly afterwards won the Smith's Prize 
-the highest mathematical award of the University. 
In 1846, at the early age of twenty-two, he was appointed 
Professor of Natural Philosophy at Glasgow Universij;y, 
and achieved what must surely be a record in academic 
history by holding the one appointment for over sixty 
years. 

The range and importance of his physical researches 
were remarkable, and space does not permit even of 
their enumeration. He was also brilliant-and inci
dentally business-like-in the field of applied science. 
To him belongs the honour, for which he was knighted, 
of having laid the first Atlantic cable. Navigation 
was another of the branches of applied physics which 
benefited enormously by his activities. He designed 
. a depth-sounding machine that earned for him the 
gratitude of all seamen in enabling many errors in 
charting to be rectified. In one instance when a ship 
was, according to the chart, in water showing 'no 
bottom' at 100 fathoms, the captain gave the order, 
'Throw Thomson overboard! ' and, as he relates the 
incident, ' I heard the whirr of the wire suddenly stop. 
Fifteen fathoms! . .. I hove to all right-but. had 
we continued on our course we should ha'llle been ashore 
before daylight. The coast line was not correctly 
charted. No wonder we sailors bless the name of 
Lord Kelvin.' 

Kelvin was elected a Fellow of the Royal Society in 
1851, and became its President in 1890. ltonoullS 
were bestowed on him from almost every country in 
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the world, and in 1892 he was created a peer as Baron 
Kelvin of Netherall, Largs. The high esteem in which 
he was held by the whole world was evidenced by a 
remarkable demonstration at Glasgow in honour of 
the fiftieth year of his professorship, at which practically 
every country and scientific society was represented. 
In 1899 KelviJ, at the age of seventy-five, resigned 
his appointment, but kept his name on the rolls of the 
..university as a research student. He died on the 
18th December, 1907, and very fittingly was buried 
at Westminster Abbey by the side of the grave of 
Sir Isaac Newton. 

'fhen Joule read his now famous paper at the Oxford 
meeting of the British Association in 1847, it threatened 
to pass unnoticed. It was William Thomson who 
brought it the publicity it merited by recognizing that 
it constituted a great event in the history of science. 
Kelvin saw a discrepancy between Carnot's theory 
and Joule's results, and it was through his insight that 
both were seen to fit in with each other to produce, 
in their aggregate, the two laws of thermodynamics 
which form the basic facts underlying the doctrine of 
energy. 

Carnot had written his important essay on the 
assumption of the caloric theory (it should be mentioned 
that he abandoned this theory before he died), and 
although his main thesis was independent of any theory 
of heat whatsoever, there was at least one assumption 
contained in it which offered a serious difficulty. 
According to his view, no loss of heat was involved 
in the transfer ~f caloric from the ' boiler' of his ideal 
engin~ to the 'condenser.' Yet the engine is made 
capable of perfcJming work by the passage of a quantity 
of heat passed through it. Now heat passes continually 
from the fire in a room, say, to the cooler walls and 
surroundings. Where, then, is the work that it should 
have done? Here was an incongruity in connection 
wiJ;h whiCh Kelvin first used the term energy. 'Nothing 
can be lost in the operations of Nature--no energy can 
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'be destroyed.' It was Kelvin, who, quick to" seize on 
the significance of Joule's work, saw that in Carnot's 
cycle there was definitely a portion of the heat des
troyed as such. It was a quantity equal to the difference 
between the amount of heat taken from' the boiler and 
the amount of heat received by the condenser, and 
this was exactly equal, in terms of foule's value oj. 
the ' mechanical equivalent of heat,' to the amount of 
mechanical work done by the engine. . 

Joule's law, that there is a definite numerical equiva
lence between heat and work, led Kelvin and others 
to formulate the great generalization in physics known 
as the Law of Conservation of Energy. The sum t~tal 
of the energy of the universe is constant and unalter

.able, so that whenever heat disappears as such, the 
loss of energy this represents is at once counterbalanced 
by an equal gain in energy in some other form. Mechan
ical energy is merely one of many such forms. Others 
are chemical energy, radiant energy, and so on. Our 
everyday life teems with illustrations of the conversions 
of forms of energy brought into play by our engineers 
for the benefit of mankind. The accumulated chemical 
energy of countless ages which we find in the form of 
coal is converted by combustion into heat energy. 
This is in its turn utilized in the steam engine for con
version into mechanical energy, and possibly this 
mechanical energy is made to drive a dynamo to produce 
electrical energy. Part of this electrical energy may 
be carried to 'electric motors' underneath tramcars 
for conversion into mechanical energy, and part is 
transmitted to our houses for change in"to light energy 
for illumination-and so on. 

There was, however, one final qua~fication of the 
law of the conservation of energy to which Kelvin drew 
attention. The truism which he formulated as the 
second law of thermodynamics, 'it is impossible by 
means of inanimate material agency to derive mechanical 
work from a body by cooling it below the tedtperat]6fe 
of the coldest part of its surroundings' carries with 
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it the truism that heat is in fact the least useful of all 
forms of energy. Every time a transformation of 
energy is attempted, some of it is converted into heat 
in a form which renders it virtually lost to utility. • 
If we carry a current along a wire, the current gets hot, 
and the electri'ial energy received at one end of the 
r;rcuit is less than that sent from the other end by an 
amount equivalent to that of the heat generated in the 
.wires. In every mechanism employed, the friction of 
the parts generates heat which is lost at the expense 
of the energy put into the mechanism. Every form of 
energy known pays its toll in this way, the heat so 
gen~rated being conducted or radiated away into space. 
So much is this the case that of the coal used in an 
ordinary house fire, only about 7 per cent. of it is usefully 
utilized for the purpose for which it is intended. Perhaps 
the vast stores of solar energy radiated out into the 
universe from the sun is as striking an illustration as 
any. Only a minute fraction of it is received by the 
earth. The remainder is lost to mankind, dissipated 
out in space. So we get Kelvin's famous Principle of 
the Degradation of Energy, which tells us that though 
the total quantity of energy in the universe is a constant, 
yet it persistently becomes less and less available for 
useful work by virtue of its steady distribution through
out the universe in the form of heat. There is some
thing startlingly dramatic in the ultimate fate of the 
universe to which Kelvin's researches thus bring us
that of a stagnant world of stillness in which all the 
energy will have been evenly and uselessly distributed 
throughout spa~e. 

, VI. CONCLUSION 

Limitations of space compel us to a close. It must 
not be thought, however, that we are at the end of the 
story of fhfsics. The n~rrative ~e. ~ave offered is in 
n('#sense it hIstOry of phYSICs-nor IS It mtended as such. 
We have, in fact, merely confined ourselves to certain 
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broad movements in the development of physical 
science, and in so doing we have referred only to a 
fraction of that great army of the physicists of the past 
whose memory it has been our purpose to honour. We 
have discussed but a chosen few of the large number 
of discoveries which these true benefac~prs of mankind 
have contributed towards the ultimate knowledge of 
the facts of life and the universe. That the search 
is well worth while is a commonplace of civilization .• 
That the details of its seeking are all too little known 
is, perhaps, a sad commentary upon certain aspects of 
what is understood by the term' a liberal education.' 

Meanwhile, uninterrupted by the comings and go~gs 
of everyday life, the alarums and excursions of national 
and international relationships, the work of research 
goes on. Undeterred by the many disappointments 
inevitable in the progress of investigation, and always 
with a goal in view that he knows to be worthy of 
endeavour for its own sake alone, the man of science 
pursues his self-allotted task; and, inspired by the 
examples of the many great seekers of the past, he 
pursues it faithfully and unfalteringly to the end. 

The establishment of the doctrine of energy was the 
outstanding contribution to knowledge made by the 
physicists in the nineteenth century. It compietely 
revolutionized the whole of the outlook on science, 
and it at once gave to what had hitherto been regarded 
as a number of detached phenomena a relationship 
that brought a new and vivid light to our understanding 
of nature. Yet such is the quickening pace of research 
to-day that all this has been left far be'liind. Modified 
in form, the doctrine of energy remains, but the knowledge 
of its machinery is incomparably more ~orough. It has 
brought in its train a host of further problems of funda
mental importance, together with a large number of 
practical applications and devices for the increased 
comfort of mankind. "It has brought about, too, a 
curious and interesting return to earlier condit"l'ons. We 
have seen that in its early days physics was not known 
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as such. It belonged, in common with all problems 
of science, to the general field of natural philosophy. 

As knowledge increased, this all-embracing natural 
philosophy separated out into its various branches of 
science-chemistry, astronomy, mechanics, heat, light, 
sound, magnetism and electricity and so on. These 
: subjects' puisued their separate paths, and were 
, adopted' by their separate investigators. The conse- I 

.quences of the doctrine of energy have once more united 
these studies into a common whole. Researches on 
radiant energy have shown how much there is in common 
between heat, light, magnetism and electricity; the 
discovery of radium and the wonderful researches on 
the' electronic structure of matter have linked up 
physics and chemistry in their absolute fundamentals. 
The physical picture of the atom itself, with its elaborate 
and beautiful system of a central nucleus whose attend
ant electrons move round it in closed orbits, brings it 
into immediate comparison with the giant stellar 
systems of astronomy-our own solar system, with 
its central sun and rotating Rlanets is but one of hosts 
-and shows it to be truly a wonderful instance of a 
universe in miniature. Nor must we forget that the 
final link of unity in all this is the machinery of mechanics 
-the laws of motion, obeyed alike by giant suns and 
minute electrons. Here, too, the pace of research has 
quickened. Our whole conception of the relations and 
meaning of time and space have but recently undergone 
radical change through the researches of Einstein 
and others, the final consequences of which are by no 
means yet in tlight. 

So for the present we may leave our review of the 
phySIcal scienclS, with feelings of reverence for those 
men of the past who have brought so much of the light 
of knowledge to the windows of our understanding, 
and of respect for the physicists of to-day and to-morrow, 
giving what encouragement lies in our power to the 
w9rk that will bring fresh light and still fresh light to 
those who will live after us. 
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CHESTERTON (G. K.). 
GENERALLY SPEAKING. 6s. net. Tm OUTLINE OF SANITY. ALL 

THINGS CO~SIDERED. TREMENDOUS TRIFLES. FANCIES VERSUS 

FADS. CHARLES DICKENS. THE BALLAD OIt TIlE WHITB HORSE. 

ALARMS AND DISCURSIONS. A MISCELLANY OF ME~ THB Us"s 
OF DIVERSITY. Each 3S. 6d. net. A GLEAMING COHORT. 2s.·6d. 
net. WINE, W AT:aR, AND SONG. IS. 6d. net. THB BALLAD OJ' Ti18 

Warn HORSE, Illustrated by Robert Austin. US. 6d. net. 

I 
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DOLLS' HOUSE (THE QUEEN'S). 
THB Baal< OF TUE QUEEN'S DOLLS' HOUSII. Vol. I. TUII Housa. 
Edited by A. C. BENSON, C.V.O., and SIR LAWRaNCE WEAVER, K.B.E. 
Vol. II. Tn UBRAltY. Edited by E. V. LUCAS. Illustrated. 
{.6 68. net. 

EINSTEIN (Albert). 
RELATrvITY: TUE SPECIAL AND THE GENERAL THEOllY. Seventll 
Editi<m. 5S. net. SIDELIGUTS ON RELATIVITY. S •. 6d. net. THB 
MEANING 01' ,J"LATIVITY. S.. net. THB BROWNIAN MOVEMENT. 
SS. net. 

FYLEMAN (Rose). 
FAIRIES AND CHIMNEYS. T1IJentY'firs! Edition. THE FAIRY GREEN. 
ThirwnthEdition. THE FAIRY FLUTE. TenthEditi"", THa RAINBOW 
CAT AND OTHER STORIES. Fourth Edition. FORTY GOOD' NIGHT 
TALES. EighihEditi<m. EIGHT LITTLE PLAYS FOR CH,LDREN. Fifth 
Editi<m. FAIRIES AND FRIENDS. Second Edition. THE ADVENTURE 
C1-UB. Illustrated. FORTY GOOD' MORNING TALES. Third Editi<m. 
SEVEN LITTLE Pl.A YS FOR CHILDREN. Each 39. 6d. net. A SMAL1-

'I CRUSE. 49. 6d. net. Taa ROSE FYLEMAN FAIRY BOOK. Illustrated. 
lOS. 6d. net. A GARLAND OF ROSE'S: COLLECTED POEMS. Illustrated. 
lOS. 6d. net.' OLD' FASHIONED G,RLS. Illustrated. 7S. 6d. net. 
LETTY: A STUDY OF A CHILD. Illustrated. 6s. net. A PRINCESS 
COMES TO OUR TOWN. Illustrated. 5S. net. A LITTLE CHRISTMAS 
BOOK. Illustrated. 28. net. 

GIBBON (Edward). 
THE DECLINE AND FALL OF THE ROMAN EMPIRa. Edited, with Notes, 
Appendixes, and Maps, by]. B. BURY. Illustrated. Seven Volumes. 
Each ISS. net. Also, unillustrated. Seven Volumes. Each 7', 6d. net. 

GLOVER (T. R.). 
THE CONFLICT OF RELIGIONS IN TUE EARLY ROMAN EMPIRE. POETS 
AND PuRITANS. V,RGIL. Each lOS. 6d. net. FROM PERICLES TO 
PHIUP. [2s. 6d. net. 

GRAHAM (Harry). 
THE WORLD WE LAUGH IN: MORE DEPaRTMENTAL DITTIES. IIIus· 
trated by .. F,SH." EIghth Edition. 5s. net. STRAINED RELATlONS. 
Illustrated by H. STUART MENZIES and HENDY. 6s. net. THE 
\VORLD'S WORKERS. Illustrateu by H FOUGASSE." 55. net. 

GRAHAME (Kenneth). 
THE W,ND IN TH" W,LLOWS. Nineteenth Edition. 7S. 6d. net. Also 
Pocket Edition, 3$. 6d. net. Also illustrated by WYNDHA" PAYNL 
7S. 6d. net. , 

HADFIELD (J. A.). 
p.SYCHOLOGY AND MORALS. Seventh Editi<m. 6e. net. 

HALL (H. R.). " 
THE ANCIKNT HISTORY OF THE NEAR EAST. Illustrated. SIfJI1IU. 
Edition, Revised~ £1 IS~ net. THE CIVILIZATION OIt GaRJ:C. IN THE 
BRONZE AG". Illustrated. {.I lOS. net. A SIlASON'S WORK AT UR 
OF THE CHALDEES. Illustrated. ISS. net. 

HERBERT (A. P.). 
HONEY-~UBBLE & Co. 6 •. net. MISLEADING CASES IN THE COM"!)1f 
LAW. Introduction by LORD HEWART. SS. net. THE BOMBER GIPSY. 
3S. 6d. net. .. LIGHT ARTICLES ONLY." IllustIated. 6s. net. THB 
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WHER&FOU AND THE WHY. U TINKER, TAlLOIJ. ••• n Each Illas .. 
trated. 3S. 6d. net. THE SECRET BATTLIt. 31. 6d. net. 

HOLDSWORTH (W. S.). 
A HISTORY OP ENGLISH LAW. Nine Volumes. Each £1 51. net. 

HUTTON (Edward). 
CITIES OP SICILY. Illustrated. lOS. 6d. net. MILA" AND 
LOMBARDY. THE CITIES OF ROMAGNA AND THE MARCHES. SIENA 

A"D SOUTHERN TUSCANY. THE CITIES OP !>~AIN. NAPLES AND 
SOUTHERN ITALY. Each. illustrated, 8s. 6d. net. VENICE AND " 

VENETIA. A WAYFARII;R IN UNKNOWN TUSCANY. THE CITIES OF 

UMBRIA. COUNTRY WALKS ABOUT FLORENCE. ROME. FLORENCE AND 

NORTHERN TUICANY. Each,lllustrated, 7S. 6d. net. 

INGE (W. R.), C.V.O., D.D., Dean of St. Paul's. 
CHRISTIA" MYSTICISM. (The Bampton Lectures of 1899.) Sixth 
Edit"",. 7&. 6d. net. 

KIPLING (Rudyard). 
BARRACK-RoOM BALLADS. 246th Thousand. TIlE SEVEN SEA!. Igoth 
Thousand_ THE F,VE NATIONS. I43ra Thousand. DEPARTMENTAL 
DITTIES. n6th Thousand. THE YEARS BETWEEN. 95th Thousand. 
FOUl editions of these famous volumes of poems are now published, 
viz. :-Crown 8vo, Buckram, 79. 6d. net: Fca!>. 8vo, Cloth, 6s. net: 
Leather, 7S. 6d. net: and Service Edition. Two Vols. each book. 
Square Fcap. 8vo, 3S. 6d. net each Vol. A K,PL,NG ANTHOLOGY
VERSE. Fourth Edition. Cloth, 6s. net and 3S. 6d. net: Leather, 
7S. 6d. net. TWENTY POEMS. 468th Thousand. IS. net. A CHOICE 
OF SONGS. Second Edition. 29. net. 

KNOX (E. V.) (" EYoe "). 
"VONDERPUL OUTINGS. PARODIES REGAINED. Each 55. net. THESE 
LIBERTIES. 4S. 6d. net. FICTION AS SHE IS ·WROTE. FANCY Now f 
QUAINT SPECIMENS. HERE's MISERY I Ma. PUNCH ON THE LINKS. 

Each 6s. net. AWFUL OCCASIONS. GORGEOUS TIMES. IT OCCURS TO 
ME. Each 3s. 6d. net. 

LAMB (Charles and Mary). 
THE COMPLETE WORKS. Edited by E. V. LUCAS. A New and Revised 
Edition in six volumes. With Frontispieces. Each 6s. net. The 
Volumes are :-1, MISCELLANEOUS PROSE. 2, ELlA AND THE LAST 

ESSAYS OF ELlA. 3, BOOKS Foa CH1LDREN. 4, PLAYS AND POEMS. 

sand 6, LETTERS. 

SELECTED LETTERS. Chosen and Edited by G. T. CLAPTON. 3S. 6d. 
net. THE CHARLES LAMB DAY BOOK. CompiIYd by E. V. LUCAS. 
6s. net. 

LANKESTER (Sir Ray). 
SCIENCE FROM AN EASY CHAIR. First Series. ~<AENCE FROM AN EASY 

CHAIR. Second Series. D1VERSIONS OF A NATURALIST. GREAT AND 

SMALL THINGS. Each Illustrated. 7S. 6d. net. SECRETS OF EARTH 
AND SEA. Illustrated. 8s. 6d. net. 

LAUGHLIN (Clara E.). 
So YOU'RE GOING TO ITALY I So YOU'RE GOING TO PARIS f So YOU'RE 

GOING TO FRANCE I So YOU'RE GOING TO ROME! So \~U'RE GOING 

TO ENGLAND J Each Illustrated. lOS. 6d. net. WHERE IT AtL 
COMES TRUE IN ITALY AND SWITZERLAND. Illustrated. 70. 6d. net. 
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LODGE (Sir Oliver). 
MAN AND THE UNIVERSE, 71. 6d. net and 35. 6d. net. THE SURVIVAL 
011' MAN, 75. 6d. net. REASON AND BELIEF, 25. net.. TIIB SUBSTANC. 

OP FAITH, 25. net. MODERN PROBLEMS, 35. 6d. net. RA VMOM D, 
105. 6d. net. RAYMOND REVISED, 65. net. -BXLATIVITY, IS. net. 

LUCAS (E. V.). 
THE LIFE OF CHARLES LAMB. a Vols. {.I IS. net. EDWIN AUSTIIO 
ABBEV, R.A. ,VoIS. {.6 65. net. VERMEER THE MAGICAL. 55. net. 
THB COLVIN9 ND THEIR FRIENDS, £1 IS. net. A WANDERER IN 

ROM&. A WANDERER IN HOLLAND. A WANDERER IN LONDON. 

~ONDON REVISITED (REVISED). A WANDERER IN PARIS. A WANDERER 

IN FLORENCE. A WANDERER IN VENICE. Each lOS. 6d. net. A 
WANDERER AMONG PICTURES. 8s. 6d. net. E. V. LUCAS'S LONDON. 

£1 net. INTRODUCING LONDON. INTRODUCING PARIS. Each, 25. 6d~ 
net. THE OPEN ROAD. 65. net. Also, illustxated by CLAUDE 
A. SHEPPERSON. lOS. 6d. net. Also, India Paper. Leather, ,s. 6d. net. THE JOY OF LIFE. Cloth. 6s. net. Leather. 75. 6d 
net. Also India Paper. Leather, 7S. 6d. net. THE FRIENDLY 

~ TOWN. FIRESIDE AND SUNSHINE. CHARACTER AND COMEDY. Each 
6s. net. THE GENTLEST ART. 68. 6d. net. THE SECOND POST. 

6s. net. THE GENTLEST ART AND THE SECOND POST. (I vol.) 75. 6d. 
net. HER INFINITE VARIETY. GOOD COMPANY. ONE DAY AND 

ANOTHER. OLD LAMPS FOR NEW. LOITERER'S HARVEST. CLOUD 

AND SILVER. A BOSWELL OF BAGHDAD. 'TWIXT EAGLB AND DOVE. 

THE PHANTOM JOURNAL. GIVING AND RECEIVING. LUCK OP THE 

YEAR. ENCOUNTERS AND DIVERSIONS. ZIGZAGS IN FRANCE. EVENTS 
AND EMBROIDERIES. 365 DAYS AND ONE MORE. A FRONDED ISLE. 

A ROVER I WOULD BE. Each 6s. net. URBANITIES. Illustrated by 
G. L. STAMPA. ~s. net. U 'fUE MoRlt I SElt OF MXN •• .'t. OuT OF 

A CLEAR SKY. Each 3" 6d. net. MR. Pu NOH'S COUNTY SONGS. 
Illustrated by E. H. SHEPARD. lOS. 6d. net. You KNOW WHAT 
PEOPLE ARE. Illustrated by GEORGE MORROW. 58. net. PLAYTIME 

& COMPANY. Illustxated by E. H. SHEPARD. 7S. 6d. net. THE SAME 
STAR: A Comedy in ThIee Acts. 3s. 6d. net. LITTLE BOOKS ON 
GREAT MASTERS. Each 55. net. ROVING EAST AND ROVING WEST. 

5'. net. See also DOLLS' HOUSE (THE QUEEN'S) and LAMB (CHARLES 
and MARY). 

LUCAS (E. V.) and FINCK (Herman). 
Twelve Songs from" Playtime & Company." Words by E, V. Lucas. 
Music by Hennan Finck. 7S. 6d. net. 

LYND (Robert). 
THE BLUE LI'V'. THE PEAL OF BELLS. THE MONEV-Box. THE 
ORANGE TREE. THE LITTLE ANGEL. Each Fcap. 8vo, 3S. 6d. net. 
THJt GOLDFISH. THE PLEASURES OP IGNORANCE. OLD FRIENDS IN 

flCTION. THE GREEN MAN. Each ~s. net. 

McDOUGALL (wibm). 
AN INTRODUCTION TO SOCIAL PSYCHOLOGY (Twenty-first Edition), lOS. 6d. 
net; BODY AND MIND (Seventh Edition), lOS. 6d. net; AN OUTLINE OF 
PSYCHOLOGY (Fourth Edition), lOS. 6d. net; NATIONAL WELFARE AND 
NATIONAL DECAY, 65. net. ETHICS AND SOME MODERN \\'ORLO 
PROBLEMS (Second Edition), 7S. 6d. net. AN OUTLINE 0 .. ABNORMAL 
PSYCHCJ!OGY. 155. net. CHARACTER AND THE CONDUCT OlP LIFE. 
(Third Edition), lOS. 6d. net. MODERN MATERIALISM AND EMERGENT 
EVOLUTION. 7'. 6d. net. 
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MAETERLINCK (Maurice). 
TBB Bl.UB BI1U>. 6 .. net and 28. 6d. net. Also, illustrated by P. 
c...YLltY ROBINSON. lOS. 6d. net. THB BUROTHAL, 6s. net, paper 
,S. 6d. net. DBATB, SI. 6d. net. OUR ETERNITY, 69. net. THE 
UNKNOWN GUEST, 60. net. THB WUCK 0 .. THB STOD, 69. net. 
TBB MlRACl.B OP SAINT ANTHONY, 39. 6d. net. THB BURGOMASTER 
OP STILEMONDK, 5S. net. MOUNTAIN PATHS, 6s. net. MA.a.y MAGe 

DALltNa. 2S. net. TYl.TYL. Told for Children (illustrated). 2IS. net 
(All Translated by A. TEIXEIRA DB MATTOS). PO"MS. 5s. net (Done 
Into English by BERNARD MIALL). THE CLOUD THAT LIFTED AND. 
THB POWER OP THE DEAD (Translated by F. M. ATKINSON). 70. 6d. net. 
THB GREAT SECRET (Translated by BBElIoUD MIAl.L). 7', 6d. net. 

MALLET (Sir C. E.). 
A HISTORY OP THlI UNIVERSITY 01' OXFORD. ,Vols. Illustrated. 
Each £1 II. net. 

METHUEN (Sir A.). 
AN ANTHOLOGY OP MODERN VBRsa. '57th Tlwus4M. SHAKESPBARB 
TO HARDY: An Anthology of English Lyrics. 19t1l TlIousaM. EJch. 
Fcap. 8vo. Cloth. 6s. net; Leather. 7S. 6d. net. 

MILNE (A. A.). 
TOAD OF TOAD HALl.. 5s. net. NOT THAT IT MATTERS. Eighth 
Edition. IF I MAY. Ninth Edition. THE DAY'S PLAY. Fourteentll 
Edition. Tn HOLIDAY ROUND. Tenth Edition. ONCE A WEEK. 
Eleventh Edition. THE SUNNY SIDE. Ninth Edition. Each 3s. 6d. 
net. WHEN WE WERE VERY YOUNG. I89th ThousaM. WINNIE' 
THE-POOH. 96th ThousaM. Now WE ARE S'X. 109t" Tlwusand. 
THa Housa AT POOH CORNER. 86th Thousand. Each illustrated 
by E. H. SHEPARD. 7S. 6d. net. Leather. lOS. 6d. net. FOR "HE 

LUNCHEON INTRRVAL. Second Edition. IS. 6d. net. 

I.IILNE (A. A.) and FRASER. SIMSON (H.). 
FOURTEEN SONGS FROM II \,yHltN WR WERB VERY YOUNG." (Twel!th 
Edition.) TEDDY BEAR AND OTHER SONGS (from the same). SONGS 
FROM II Now WE ARE SIX. II (Second Edition.) MORE "VERY YOUNG U 

SONGS. Each. Royal 4tO. 7', 6d. net. THR K,NG'S BRRAKFAST. 
(Third Edition.) Music 4tO. 38. 6d. net. 

1I0RTON (H. V.). 
THR HEART OF LONDON. Fcap. 8vo. 3s. 6d. net. Also, Illustrated, 
75. 6d. net. THE SPELL OF LONDQN. THE NIGHTS OF LONDON. 
Each Fcap. 8vo. 3s. 6d. net. THE LONDON YEAR. IN SEARCH O. 
ENGLAND. THE CALL OF ENGLAND. IN SEARCH OF SCOTLAND. Each, 
Illustrated. 75. 6d. net. 

)MAN (Sir Charles). ,. 
A HISTORY OF THE ART OP WAR IN THa MIDDLR AGES. A.D. 37~-1485. 
Second Edition. Re(lised and Enlarced. "Vols. Illustrated. { .. leSs. 
net. STUDIRS IN THE NAPOLEONIC WARS. 89 6d. net. 

)XENHAM (John). 
Eight Volumes of Poems. Small Pott Bvo. IS. 3d. net each volume. 
BEES IN AMBER. (2S. net.) ALL'S WEl.L. THE KING'S HIGB WAY. 
THE VISION SPLENDID. THE FIERY CROSS. HEARTS COURAGEOUS. 

HIGH ALTARS. ALL CLEAR 1 
'ETRIE (Sir Flinders). _ 

A HISTO"Y OF EGYPT. Illustrated. Six Volumes. Crown 8vo. I, FRO" 
THE 1ST TO XVlTH DYNASTY (us. net). 2, THR XVIlTH AND XVIIITH 
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DVlJASTIES (91. net). 3, XIXTH TO XXXTB DYNAITIItS (121. net). .. 
PTOLEMAIC EGYPT. EDWYN BEVAN. (1,1. net.) S, EGYPT VND •• 
ROMAN RULE. J. G. MILNE. (125. net.) 6, EGYPT IN TB. MIDDLlJ 
AGlfS. STANLEY LAlJIt-POOLE. (lOS. net.) 

RALEIGH (Sir WaIter). 
TBJE LETTERS OF SIlt WALTER RALIIIGB. Edited by LADY RALIIIGIL 
2 Vols. Second Edition. 18s. net. SIILECTED LETTERS. 7S. 6d. net. 

SOMERVELL (D.C.). 
ENGLISH THOUGHT IN THE NINETEENTH CENTt1B.Y. Crown Bvo. 68 • 
net. 

STEVENSON (R. L.). 
LIITTERS TO IDS FAMILY AMD FRIENDS. Selected and Edited by 
SIR SIDNIIY COLVIN. Four Volumes. Fift" Edition. Fcap. Svo, 
6s. net each. VAILIMA LETTERS. 75. 6d. net. Also, 3s. 6d. net. 

THOMAS (Sir William Beach), K.B.E. 
THE STORY 0>''' THE SPECTATOR ", 18.8-19.8. Illustrated. 10I.6d. 
net. 

TI\oDEN (William T.). 
THII Au 0" LAWN TENNIS. SINGLES AND DOUBLIIS. Each ilIus. 
trated. 61. net. LAWN TENNIS FOR YOUNG PLAYERS. LAWN 

TENNIS Foa CLUB PLAYERS. LAWN TENNIS FOR MATCH PLAYERS. 

Each lllustrated. 2S. 6d. net. THE COMMON SENSE OF LAWN TENNIS. 
MATCH PLAY AND THE SPIN 0 .. THII BALL. Each illustrated. 55. net. 

TILESTON (Mary W.). 
DAILY STRENGTH FOR DAILY NEIIDO. T"irly-'econd Edition. 35. 6d. 
net. Also, India Paper, Leather, 65. net. 

UNDERHILL (Evelyn). 
MYSTICISM. Eleventll Editioto. 150. net. 
TBJE LIFE 0.. TO-DAY. Sixth Edition. 
~H" INNER LIFII. Fiftll Edition. 
SUPERNATURAL. 78. 6d. net. 

VARDON (Harry). 

ThE LIFE OF THE SPIRIT AND 

75. 6d. net. CONCERNING 

2S. net. MAN AND THX 

How TO PLAY GaLl'. Illustrated. Nineteent" Edition. ,5. net. THII 
COMPLETE GOLFER. Illustrated. TfJ)enty-jirsl Edition. us. 6d. net. 

WARD (A. C.). 
TWXNTIltTB CENTURY LITltRATUJl1t ~ THE. Amt 01' INTERROGATlON. 

'S. net. 
WATERHOUSE (Elizabeth). 

A LITTLE BOOK OF LIFE AND DEATH. Tlllenly-third Edition. 21.6d. 
net. 

WILDE (Oscar). 
THE WORKS 0" OSCAR WILDR. Seventeen Volumes. Each 65. 6d. 
ne). Some also Fcap. 8vo, 25. 6d. net. I, LORD ARTHUR SAVILE'S 

~RIM:B AND THE PORTRAIT OF MR. W. H. 2, TIlE DUCHESS 0' 

PADUA. 3, Po_so ,., LADY WINDERMERE'S FAN. 3, A WOMAN 

OF NO IMPORTANCE. 6, AN IDEAL HUSBAND. 7, THE IMPORTANCK 

OF BEING EARNEST. 8, A HOUSE OF POMEGltANATES. 9, INTRN· 

TIONS. 10, DE PROFUNDIS AND PRISON LETTERS. II, ESSAYS. 12, 

SALOME, A FLORENTINE TRAGEDY, AND LA SAINTE COURTISANE. 13, 

A CRITIC IN PALL MALL. 14. SELECTED PROSE OF OSCAR \VILDE. 

15, ARi AND DECORATION. 16. FOR LOVE OF THE KING: A Bur-
• mese Masque (55. net). 17, VERA, OR THE NIHILISTS. 

, WOLFE (Humbert). 
, To U NKIWWN GoDDESS. Seeond EdU"",. ,.. net, 
\ 
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A SELECTION OF SERIES 

THE ANTIQUARl"~S BOOKS 
Eacb, mustrated, Demy 8vo, lOS. 6d. net. A series of volumes deallnc 

with various branches of English Antiquities. 
THE ARDEN SHAKESPEARE 

Deroy Bvo, 65. net each volume 
An edition of Shakespeare in Single Plays. Edited with a full Intro

duction, Textual Notes, and a Commentary at the foot of the page. The 
edition is now complete in thirty-nine volumes. G 

CLASSICS OF ART 
Edited by Dr. J. H. W. LAING 

Illustrated .. Wide Royal 8vo, from 158. net to £3 3S. net. A Library 
of Art dealing with Great Artists and with branches of Art. 

THE "COMPLETE" SERIES 
Illustrated. Demy 8vo, from 5s. net to I8s. net. A series of books on 

the chief Sports and Pastimes, comprehensive, lucid and authoritative. 
EIGHT BOOKS BY R. S. SURTEES 

With the Original Illustrations in Colour by J. LEECH and others. 
Fcap. 8vo, 6s. net and 7S. 6d. net • 

ASK MAMMA; HANDLEY CROSS; HAWBUCK GRANGE; HILLINGDON HALL; 

]ORROCKS'S JAUNTS AND JOLLITIES; MR. SPONGE'S SPORTING TOUR; 

MR. FACRY ROMPORD'S HOUNDS; PLAIN OR RINGLETS 1 
THE FAITHS: VARIETIES OF CHRISTIAN EXPRESSION 

Edited by L. P. JACKS, M.A., D.D., LL.D. 
Crown 8vo, 58. net each volume 

The first volumes are: TaR ANGLO-CATHOLIC FAITH; MODERNISM IN THE 

ENGLISH CHURCH; THE FAITH AND PRACTICE OF THE QUAKERS; 

CONGREGATIONALISM; THE FAITH OF THE ROMAN CHURCH j THB 

LIFE AND FAITH OF THE BAPTISTS; THE PRESBYTERIAN CHURCHES. 

METHODISM; THE EVANGELICAL MOVEMENT IN THE ENGLISH CHURCH; 

THE UNITARIANS. 
THE GATEWAY LIBRARY 
Fcap. 8vo, 3s. 6d. net each volume 

WORKS BY H. BELLOC, ARNOLD BENNETT, E. F. BENSON, GEORGE A. 
BIRMJNGHAM, MAlt]OltIE BOWEN, G. K. CHESTERTON, A. CLUTTON~ 
BROCK, JOSEPH CONRAD, J. H. CURLE, GEORGE GISSING, GERALD 

GOULD, KENNETH GRAHAME, A. P. HERBERT, W. H. HUDSON, 

RUDYARD KIPLING, E. V. KNOX, JACK'LONDON, E. V. LUCAS, 

ROBERT LVND, ROSE MACAULAY. JOHN MASEFlELD, A. A. MILNE. 

C. E. MONTAGUE, AR'tHUR MORRISON, EDEN PHILLPOTTS, MARMADUKB 

PICKTHALL, J. B. PRIESTLEY l CHARLES G. D. ROBERTS, R. L. STEVENSON 

and OSCAR WILDE. 
THE LITTLE GUIDES " 

Illustrated and with Maps. 65 Volumes. Small Pott 8vo, 48. net to 7S. 6d. net. 
POCKETABLE GUIDES TO THE COUNTIES QlI' ENGLAND AND 'VALES }tND TO 

WELL-KNOWN DISTRICTS AT HOME AND ABROAD~ ~ 
PLAYS ' 

Fcap. 8vo, 3S. 6d. net each 
KISMET (Paper, 28. net); MILESTONES; AN IDEAL HUSBAND; THE WARS 

CASE; GENERAL POST: THE GREAT ADVENTURE; THE HONEYMOON; 

THE SAME STAR; GOOD-MORNING, BILL! (Crown Bvo) ; THE UNKNOW.v 

WARRIOR (Crown 8vo, 78. 6d. net). 
METHUEN'S HALF-CROWN AND TWO SHIL!!ING 

LIBRARIES 'J 

These axe series of copyright works of general literature. They COD
f,,;n manv hooks bv distin2"uished writers. 
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