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PREFACE.

HE present volume has grown out of a course of
lectures given last year in the Catholic University

of America at Washington, D. C. Yielding to numerous
requests to have the lectures published, my first intention
was to give them to the press substantially as they were
first delivered. When, however, I came to revise them, I
soon found myself making many alterations and additions;
and by the time the task of revision was complete, I
became aware that I had practically written a new work.
The object in view was to give a more complete expo-
sition of the subject treated than had been possible in the

lectures actually delivered, and to make the volume now
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offered to the public embrace in greater detail all the
latest results of acoustical research. I have been led to
retain the lecture form, as being more animated and

picturesque, and as being more in kecping with the char-

acter of a work which deals so largely with apparatus

and experiments.

The main purpose of the book is to give musicians
and general readers an exact knowledge, based on ex-
periment, of the principles’ of acoustics; and to present
at the same time a brief exposition of the physical basis
of musical harmony. Both in Europe and in this country
musical conservatories are beginning to exact of students

a theoretical as well as a practical knowledge of music;
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and hence a work like the present cannot be considered
as altogether untimely.

To enable the reader more readily to understand the
various topics treated, illustrations of many of the instru-
ments used in the lectures have been inserted in the text.
Some-of - these ‘were prepared expressly for this work,
while others are to be found only in some of the more
recent French and German treatises on sound and music.
For the majority of the illustrations, however, I am under
obligations to Dr. Rudolph Koenig and M. G. Masson,
of Paris.

My most grateful acknowledgments are due to my
distinguished scientific friends Professor Alfred M. Mayer
and Dr. Koenig for invaluable assistance in preparing the
work for the press. The former made a critical revision
of the manuscript of the entire work; while the latter
read all that pertained to his own inventions and dis-
coveries. - I am ‘also indebted to my brother, Professor
Albert F. Zahm, for-a careful reading of the manuscript,
and for many useful and practical suggestions that have
enhanced materially any merit the book may possess. [
have likewise to thank Mr. Frederick E. Neef, one of
my students, for many of the drawings which adorn the
volume.

If this contribution to the Science of Music shall in
any ‘way lead to a better understanding of the art, or to
a more intelligent appreciation of the beauties and won-
ders of musical harmony, I shall feel that T have achieved
all that I had in view in its publication.

A Z

NoTreE DAmE, IND,
May, 18g2.
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God spoke, and through the soundless realms of space

The keynote of created music rolled ;
And-time felt harmony within its hold, —
The pulscbeat of eternity’s embrace.
The Infinite in finite hearts we trace,
As ages strike the chords by Love controlled ;
The eartls is vibrant; and with riythm untold,
Al sounds in Nature's orchestra find place,
O Sound?! thou art the echo of a word
That broke the primal stillness by command, —
An echo, through whose strains our souls/have heard
A promise of the choral raptures grand,
That, voicing love and praise. forever rise

In Music's natal kome beyond the skies.

SOUND AND MUSIC.

CHAPTER L
PRODUCTION AND TRANSMISSION OF SOUND.

AS a period of remarkable intellectual activity in every

department of natural and physical science, the lat-
ter half of the nineteenth century must ever remain mem-
orable. Never in the world's history has so much been
accomplished in the same space of time. The fauna
and flora of every continent and of every sea have been
studied and compared; the forms of life of the dim and
distant past have been unearthed and assigned their places
in the scheme of creation. Aided by appliances he never
dreamed of a few decades ago, the astronomer has pene-
trated the depths of stellar space, and can now literally
unfold to us the story of the heavens in the light of the
radiant orbs that are.the constant objects of his nightly
vigils. Worlds of untold ‘magnitude and atoms of incon-
ceivable minuteness — the infinitely greatand the infinitely
small — arc alike the subjects of earnest quest and patient
investigation. It would be difficult indeed to say in which
department of knowledge the most work has been accom-
plished, and in which line of research the most energy has
been expended. The facts observed and the discoveries
made are almost incredible to one who has not made
an attempt to keep abreast with the advance of science;
and they show, in a most striking manner, what can be
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accomplished by unity of action and persistence in prop-
erly directed effort

We may also state of the different branches of the va-
rious sciences what can be said of the sciences themselves.
Marvellous strides have been made in every direction.
This is pre-eminently true of the science of physics. The
forces of heat and light, of magnetism and electricity, have
been studied by thousands of investigators; and many
contributions, of the utmost practical as well as theoretical
importance, have been made to our pre-existent store of
physical knowledge. Sound, too,—a subject which one
would think musicians had exhausted ages ago,— has, in
the hands of modern research, proved almost equally with
the other forms of energy to be prolific in results of the
greatest value both to music and science.

It is, indeed, only recently that the science of music
became possible. The art, it is true, had been ecultivated
from the-earliest times; but the physical principles under-
lying this art were unknown. While the fundamental facts
of musical science were unknown it was obviously impos-

sible to formulate anything like a_true theory of sound or
of music, The two go together, — the elements of music
as'a science, and a correct theory of that form of energy
which in physics is known-as sound.

And here we have a most interesting illustration of the
intimate connection that may sometimes exist between art
and science. The art of music and the science of sound
— Acoustics —are _so correlated that it is impossible” to
give an-explanation of the simplest cases of musical har-
mony  without a knowledge of the nature and laws of
sound. The conviction of the truth of this is becoming
so strong, especially in England, that in some of the best
schools of music a course in acoustics is demanded from
all candidates for musical degrees.

The relation, then, of acoustics to the most popular
and the most universal of the arts, — music, — its intrinsic
interest and importance no less than the wonderful advance
it has made as a branch of science during the last few years,
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will, I am sure, be a sufficient reason for selecting it as a
subject upon which to address you.

It is scarcely thirty years since the appearance of the
work which completely revolutionized the subject of
acoustics. I refer to the masterly *“ Die Lehre von den
Tonempfindungen ” of Professor Hermann Helmholtz, one
of the most illustrious of German physicists. In this
noble monument of profound thought and marvellous ex-
perimental research, Professor Helmholtz laid the founda-
tions of musical science, and gave us, for the first time, a
rational explanation of many of the most complicated
forms of musical composition. It has been truthfully said
that this great work has done for acoustics what Newton's
“ Principia” did for astronomy.

In i}}t\f course of the lectures I shall deliver before you,
I shall endeavor to follow Helmholtz as closely as possible
in what pertains to the philosophy of musical :oun@;, and
to give you experimental illustrations of his most impor-
tant discoveries. It would be impossible to follow him in
detail, as that would require far more time than I have at
my disposal.

But while sounding the praises of Helmholtz, I must
not forget to speak of another distinguished .~ciunis?,—
one who, not excepting even the eminent German philos-
opher just mentioned, has contributed more than any
nihcr I;Crson to the advancement of the science of acous-
tics. The one to whom T refer is the celebrated acoustic
mechanician of Paris, Dr. Rudolph Koeenig,—Dr. Koenig's
book, bearing: the modest title of * Quelques }_Exp(-ricn’ccs
d’Acoustique,” is, indeed, a necessary appendix to Hc}m-
holtz's learned work. It explains what Helmholtz failed
to make clear; it supplies his omissions, and corrects
a’ number of | errors that, in such difficult problems as
the German professor grappled with; were Ahm»\‘t.. if fn.xl
entirely, inevitable. To be unacquainted with Dr. Koenig's
(L’Onll'-itﬁ‘)uti'(.lll; to acoustics is to be ignorant of some of the

most important facts and discoveries that go to make the

science what it is to-day.
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It is not, however, simply as an investigator of the nature
and laws of sound that Dr. Koenig merits recognition. He
has probably a greater claim on students of acoustics
throughout the world for enabling them, by means of deli-
cate and exquisitely finished apparatus of his own design,
successfully to,pursue their researches in the realms of
sound, ‘and alse to verify the results of preceding inves-
tigators.  Were it not for Dr. Koenig, I should not attempt
to give the present course of lectures on sound before such
an audience as the one that now greets me, as I should
feel that I could not do so with any degree of satisfaction
either to my hearers or myself. = With Dr. Koenig’s appa-
ratus around me, however, I can always be assured that I
have the means of entertaining you, and of illustrating, in
a way that would otherwise be impossible, the most salient
facts and phenomena of sound. Indeed, before accepting
the invitation to lecture before you, I made sure that Dr.
Koenig would supply me with all the ‘more delicate and
important instruments. It was not that I could not get
similar apparatus from-other makers of acoustic instru-
ments, but because T know from' experience that for some,
at least, of the experiments I shall make for you, the only
apparatus’ that can be depended upon for exactness and
never-failing operation are-those made by the learned and
painstaking Dr. Koenig. The making a perfect instru-
ment — especially if that instrument be a tuning-fork or a
wave-siren — is for Dr. Koenig a labor of love. It is for
this reason that the tuning-forks which bear his stamp are
so universally sought, and, when secured, are so highly
prized. In our collection here we have tuning-forks of
all forms and sizes, yielding from the lowest to the high-
est audible notes. Their importance as instruments of
research we shall see as'we advance.

I have hastened to make you acquainted with Professor
Helmholtz and Dr. Koenig, not only because they are our
two greatest authorities on the subject of sound, but also
because I shall have occasion to make frequent references
to them in the course of our investigations and experi-
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ments. It is important, therefore, that at the outset you
should have a just appreciation of their standing in the
world of science, and particularly in that realm of science
in which they have won such distinction.

We are now prepared, without any further preamble, to
enter upon the elucidation of the subject of to-day’s
lecture, — namely, “The Production and Transmission of
Sound.”

What is sound? How is it produced? How is it trans-
mitted? We shall endeavor to answer these questions
experimentally, — the only way in which they can be
answered with any degree of satisfaction. * The nature of
sounds,” writes Lord Bacon, *“hath in some sort been
inquired, as far as concerneth music, but the nature of
sound in general hath been superficially observed. It
is one of the subtilest pieces of Nature.”

For the majority of people sound is still what it was
for the scientific student of Bacon's time, — something
that is ill understoed, something that may truthfully
be reckoned as “one of the subtilest pieces of Nature.”

The subject of sound has engaged the attention of
philosophers from the earliest times, and the ideas enter-
tained by them regarding its nature and production are
often_such as to surprise us for their exactness: They
show us that the views of the philosophers of Greece and

Rome concerning sound were in many respects very
nearly identical with those which obtain among students
of science in our own day.

Thus Aristotle, who seemed at times to have almost an
intuitive knowledge of science and of the nature of the
phenomena that constitute the subject-matter of . physics,
declares that “ Sound, in act, is always produced by a
body towards another and in another. It is a shock that
determines it."*1

Seneca asks, “ What is the sound of the voice if it be not
the disturbance of the air occasioned by the movement of

! Tiverac 3’ § kar' evépyerar Yogos del Tivos wpos 71 kal & Twr Ay ydo
€oTwv 1) wowvaa. — The Soul, viii. 2

2.
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the tongue? . .. And to come to details: What song
could be heard were it not for the elasticity of the air?
And are not the sounds of horns and trumpets and
hydraulic organs also explained by the same elastic
force of the air?”?

Locke, referring to this subject, says: “That which is
conveyed into the brain by the ear is called sound, though
in-truth, until it come to reach and affect the perceptive
patt, it is nothing but motion. ~ The motion which pro-
duces in us the perception of sound is a vibration of the
air caused by an exceedingly short/but quick, tremulous
motion of the body from which it is propagated, and
therefore . we (consider and denominate them as bodies
J\():lm“ll;‘:‘”

The English. philosopher makes here a distinction we
cannot too carefully bear in mind, — namely, the distinction
between sound as a sensation, which is merely subjective,
and exists only in the brain, and 'sound as a mode of
motion, which i3 objective, and the physical cause of
sensation. ~Physiologically, then, or /psychologically, if
you prefer it, sound is-a sensation excited in the brain,
through the organ-of hearing, by the vibratory motion of
bodies external to the ear, | Sound, therefore, as a sensation
has no objective existence, — does not and cannot exist
independently of the brain and auditory nerve. As a
sensations it is comparable with the sensations excited
through our other senses, —to wit, taste, smell, sight,
although entirely different, from them. There is mothing
external to any of our senses that cerresponds ' to
the sensations experienced. Neither is there anything
capable of causing sensation except matter and motion.
Touch, taste, and smell are generally excited by matter in
direct contact with the nerves of these special senses. | In

! Quid enim est
concussu? . . . Ad minora veniamus. Quis e
cantus est? Cornua et tuba et ea qua aliqua
reddunt, quam qui ore reddi potest, nonne
explicant ?— L. ANN&EI SENECE Quast, Nat., 1i,
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the case of smell, matter must be in the gaseous state, orin
a state of fine subdivision, and in the case of taste it must be
in the liquid state, ora solid in solution. But matter is not,
in any of these cases, the same as the sensation produced.
Matter is the stimulus, sensation is the result. In the case
of sightand hearing, however, it is not matter, but motions
of matter, which are the stimulating agent.! Physically
then, and externally to the ear, sound is merely a mode of
motion, and nothing more. But the kind of motion that is
competent to stimulate the optic nerve has no effect what-
ever on the auditory nerve. We cannot see a sound, and
we cannot hear a color, not because the motions producing
sound and color are different in kind, but simply because
the auditory and optic nerves are of different degrees of
sensibility. The motions giving rise to the sensation of
light are too minute to originate the sensation of sound;
and, conversely, motions capable of producing sound are
too gross to generate light. Both light and sound, ex-
ternally to the ear, are only modes of motion, but modes
of motion that require specially adjusted organs, and
organs of different degrees of sensitiveness, for their
transmutation into the sensations of light and sound.

[f then sound, considered apart from the brain and ear,
be only a mode of motion, it follows that if there weére no
ears and brains in the world, sound, as a sensation, would
be impossible. This may.appear paradoxical, and yet it
is literally and absolutely true. The motions of matter,
the, vibrations, ‘as they are called. would be the same as
they are now, but all would be silence, — a silence so com-

plete and universal that nothing in our experience can give
us any adequate idea of its character.

Sound, then, is produced by motion. The kind of
motion, however, that goes to produce sound is not that
of masses of matter precisely, but rather of the molecules,
or ultimate particles, of which matter is composed. When

the hypothesis that the sense of smell is excited by vibrations of a lower

period than those which give rise to the sensations of light and heat.
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the state of equilibrium of an elastic body is disturbed by
a shock or by friction, it tends to regain its condition of
equilibrium, but does so only after a greater or less num-
ber of vibrations, or oscillatory movements, of the mole-
cules of which the mass of the body is composed.

We are now prepared. to-show that in all cases where
the sensation of sound is produced, motion is a necessary
antecedent, and is always the efficient cause. Before
going any farther, however, permit me'to explain a few
terms of constant recurrence. The term wibration has
been used several times, and this term’ must be defined
first of all.  It-is, too, more frequently used than any
other, and when employed in connection with sound it
has la very precise and definite signification.

A movement of a particle, or molecule, to and fro con-
stitutes what /is called a complete or double vibration, and is

the kind of vibration I shall

always speak of, unless

otherwisé stated. In France,

however, a'movement of a
particle to or fro is called a
vibration. This we should
denominate a single, or senti-
vibration. 1t is also called

anoscillation. Newton meas-

ured by double vibrations,
whereas Chladni always used
single, orsemi~vibrations.
Let me illustrate. In a
vice, £ (Fig. 1), is fastened
an elastic steel strip or bar,
B CA. Drawing the free
end aside to ¢, and letting it
go, the elasticity of the strip
will carry it back to its orig-
inal position 4 ; but the energy now stored up in it will
cause it to move onward to &, nearly as far from 4 as a is.
At a and &' the motion, as is evident, will be 7z, while at
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4, intermediate between z and &/, its velocity will be at a
maximum. At points between @4 and Aa' the velocity
will be accelerated or retarded, according as the strip
moves to the right or the left.

Once started, the bar will continue to move to and fro
for some time, the distance through which it passes grad-
ually decreasing, until it finally comes to rest. The motion
from a to @' constitutes a single vibration; that from @ to
a' and return, is a complete vibration. The time required
for executing a complete vibration is called its period,! and
when a motion always returns to the same condition after
equal intervals of time, it is said to be periodic. The dis-
tance through which any particle of the bar moves, as
from a to @/, is called the amplitude of vibration. The
movements themselves are of the kind called v#bratory.

The period of the successive vibrations of an oscillatory,
or sounding, body, like those of the pendulum, are equal.
The term used to express this equality of periodic vibra-
tion is zsockronous® Thus two or more vibrations, exe-
cuted in the same time, are said to be Zsoc/kronous, and
the motions themselves are said to synchronize. In the
case before us, the vibrations, by reason of the length of
the strip, may be perceived by the eye. As the strip s
shortened, however, the amplitude of the wvibrations is
lessened, and they also become so rapid as to be no
longer visible. But if we cannot see them, we can hear
them. A musical sound is the result of the vibratory
motion communicated to the strip,'and you will observe
that ‘as the length of the strip is shortened, the pitch of
the sound it emits becomes higher and higher,

In the experiment just made, you have seen how a
vibrating body may generate sound. In the place of a
straight strip, or bar, let me take a/bent. one mounted on

1 Mersenne appears to have been the first to employ this term — Latin,
s—in the sense here indicated, in his Harmonicorum Libri.

This is the word — igéxpovor — used by Mersenne, Harm. Lib. ii., Prop.

29, in which the law of synchronism is discussed. It is from the Greek Yoos,

equal, xpovos, time.
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a box (Fig. 2). The bar thus fashioned is called a tuning-
fork, and is the most useful instrument the student of acous-
tics has at his command.
The box reinforces the
sound produced by the
fork for a reason we
shall see later on.!
When a violin-bow is
drawn across the end of
one of the prongs of the
fork, a loud, clear note
15/ produced. You can-
not, however, see the
motion—of any part of
the fork; although every
part of it, as well as of the box, is in a condition of wiolent
oscillation. By touching one of the
prongs, or even the box, one can feel
the tremors that agitate them and give
rise to_the sound that fills the room.
Permit me.now to give you a simple
proof of the existence of these unseen
vibrations.

Close beside one of the prongs of
1

the fork (Fig. 3) is suspended a smal
pith ball. Exciting the fork as before,
you again hear the sound emitted, and

you remark at the same time that the
pith ball is thrown aside with consider-
able force. Every time it comes in
contact with the fork it is violently re-
pelled. Here, as in_the case of the
vibrating bar, sound is @ concomitant of motion. “And
although the rapidity and small amplitude of the vibrations

! The tuningfork was invented by John Shore, a trumpeter in the ser-
vice of George L. of England, in 171 I,—nearly two hundred

vears ago. The
resonant case was added subsequently

by a French instrument-maker,
Marloye.
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prevent them from being directly perceived by the eye,
the repulsion of the ball, when it comes in contact with
the fork, leaves us in no doubt
as to their existence. Hold-

ing a lead pencil against one

of the prongs gives the same
results. The loud clatter that
follows, assures us of the re-
ality of the motion of the

sonorous body.

We may now go a step far-
ther. Instead of a bar of steel
[ shall take a circular plate of
brass (Fig. 4), mounted on a
heavy iron support. On agi-
tating the plate with the bow,
a very marked sound is heard,
and, in the case of the lowest
sounds that may be produced, the motion of the plate
is visible to the eye. When, however, the higher notes
which the plate is competent to yield are sounded, the
motions of the plate are lost to the unaided vision. But
there is a way of showing their presence in a mostsim-
ple  yet most beautiful and striking manner. = Strewing
some find sand upon the plate, and drawing the bow across
one of its edges, we not only evoke a musical sound, but
call into existence, as if by magic, a figure of the most
exquisite design and symmetry. The mirror behind the
plate enables you to sée the figure by reflection.” Fach
;u‘.»tc. aswe shall see in its proper place, has its characteristic
figure.

It would be easy to fashion this plate into a bell, as a
tuning-fork is made, by bending, out of a straight bar.
Instead of taking a metal bell, it will answer our present
purpose much better to have one of glass. Almost in
contact with the edge of the large bell, 4 (Fig. 5), is sus-
pended, from a convenient support, a small ball of cork, B.
On drawing the bow across the edge of the bell, a loud,
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pure sound is emitted. But observe: directly the sound is

emitted, the ball is violently agitated, and keeps up

a rapid
oscillatory motion as
long as the sound lasts,
This experiment should
convince any one that
the molecules of the
glass bell are in a state
of tremor; but it is easy
to vary the experiment

S0 as todemonstrate the
same fact in an equally
conclusive manner.
= We may do this
Fi6. s removing..the cork
' and | pouring
water into the bell. By causing it to vibrate
beautiful ripples play over the surface of the
water, and if the bow is vigorously drawn, the
water is projected as spray from the por-
tions of the bowl where the quivering motion
is.greatest, | If'a little more force wefe ap-
plied to' the bow, the bell would shiver into
fragments:

Every one is familiar with the fact that
when_stringed instruments. like - the violin,
piano, or harp emit a note, the string pro-
ducing the note is. in a state of greater or
less vibration. Frequently the vibrations can
be seen; they can always be felt.

We have in the apparatus before us (Fj ig. 6)
a simple and effective means of showing the

vibrations of strings. | It consists of
board, and a w hxlc string” passing over two
bridges, 4 and B. The tension of the string
is regulated by the peg C. When strctchca
but slightly and plucked, one is
follow its to-and-fro motion on

a black

able without difficulty to
either side of its position
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of equilibrium. As the tension is augmented, the vibra-
tions become more rapid. The string now appears as an
airy, transparent spindle. Increasing the tension still more,
the vibrations become sufficiently rapid to generate an
audible sound, while the motion of the string remains as
marked as before. But when the vibratory motion of the
string ceases, the sound due to this motion becomes extinct.

With the organ-pipe the case is different. One may,
it is true, b\' Lhc sense of tnm.h bccomc aware of the

air pru\'cnb our seeing the um.ditmn of the p.ntlcu..\ con-
stituting the aérial column. As it is the vibration of the
column of air within the pipe, and not the pipe itself,
which chiefly gives rise to the note of an organ-pipe, it is
well that we are able to render evident to the eye that this
motion actually exists. This can be done very easily
indeed. Into an organ-pipe, one of whose sides is of
glass, is lowered a thin membrane stretched on a frame
and strewn with fine sand. As soon as the pipe is made
to speak, the sand is violently agitated, as may be seen by
one who is near, and the rattling noise produced by the
grains of sand dancing about on the membrane is suf-
ficiently loud to be heard some distance away.

The existence of the vibratory motionof a column of air
in a sonorous tube can be shown still better by another
method.  Before the condensers of the lantern is placed a
glass whistle, the inside of which is strewn with a very
light powder such as amorphous silicai As soon as| the
whistle is sounded, the powder forms groups of thin
vertical plates, which are now projected on the screen.
As long as the sound persists, the powder retains its
present position. When it ceases, the powder falls to
the bottom of the tube.

But it may be urged that the agitation here produced
is really due to a current of air from the mouth, and not to
a vibratory motion of the particles of the aérial column.
The form and the grouping of the vertical plates of powder
should convince any one who reflects on the matter that
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this is impossible. To remove all doubt, let us modify

the experiment somewhat, and excite the air column in

another way. Taking the mouthpiece away from the
g

Let us now excite this tuning-fork, which emits the same

note as the vibratory, column of air within the tube. As

whistle, we have left only a glass tube, stopped at one end.

soon as the fork is sounded, the powder springs up into
groups of plates as befqre, and that notwithstanding the
fact that the fork is several feet away from the tube. The
vibratory motion of the fork, it is
obvious in this instance, is communi-
cated to the air enclosed within the
tube / through the medium of the air
separating the fork from the tube.
When the sound of the fork dies out,
the \agitation of the air in the tube

ceases, the powder becoming quiescent
as before.

Supported on a suitable stand, we
have a large glass tube, 4 B (Fig. 7),
about ‘three feet in length and two
inches in diameter. Its lower extrem-
ity is covered by a brass cap, in the
centreof which is a circular orifice

whose diameter is equal to the thick-

ness of the cap. If we fill this tube

with water and allow it to issue from

the orifice below, striking at 7o, we shall

hear a low, variable note of great purity

and sweetness. It is produced by the intermittent flow

of the water through the aperture, the rhythmic action of

the flow communicating a vibratery motion to the entire

liquid column above. This experiment is due to the dis-

tinguished French physicist, Félix Savart, t6- whom, as we

shall learn, we are indebted for many interesting apparatus
and methods of research in acoustics.

Let me now show you how sound can be generated by

a motion different from any we have yet considered.

PRODUCTION AND TRANSMISSION OF SOQUND. 29

Before you, mounted on a rotator, is an instrument
(Fig. 8), called, from its inventor, Savart's wheel. It is
nothing more than a toothed wheel

made of brass, and is very like a small

circular saw. There are in reality four

of these wheels attached to the stand,

but we shall for the present employ

but one of them, — it is immaterial

which. When the wheel is turned, and

the teeth are allowed to strike against

a card, you hear at first a su ion of

taps. But by giving the wheel a more

rapid motion, these taps coalesce and

form a continuous sound,—a sound

that can be rendered so loud and shrill

as to become actually painful to the

ear. A circular saw rapidly revolving FiG. 8.

in the air, or cutting wood, produces a

similar sound, and for the same reason. A circular saw,
as we shall soon learn, gives a louder sound than the
serrated wheel we have just used, because of the greater
force applied, and a higher pitch, on account of its more

rapid revolutions.

F1G. 9.

In this connection permit me' to show you a still more
remarkable way of producing sound by taps. The instru-
ment used consists (Fig. 9) of a peculiarly shaped brass
bar and a block of lead. It is named Trevelyan’s rocker,
from Mr. Trevelyan, who invented it and first gave an
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explanation of its mode of action. The brass bar is made
s0 as to move from side to side, under the influence of
slight impulses. The rocker is heated, and on placing it
upon this cold lead block, you at once hear a musical
note. By pressing on the rocker with the point of a
pencil the pitch of the.sound is made higher, and any
variations in the pressure, however slight, give rise to a
corresponding change in pitch.

The origin of this singular sound is. not difficult to ac-
count for. | As'soon as\on€ side of the heated bar touches
the lead, it induces, by communication of heat, sudden
expansion of the part touched, which causes a tilting of
the bar itself.  This process is repeated from side to side,
giving the bar a sufficiently rapid rocking; or vibratory
motion, to-produce the sound emitted. The sound mav
be made to vary with the size, form, weight, and arrange-

£ g
ment of the bar, but it is in all cases the result of a more
or less rapid oscillatory motion.

['turn now to an entirely different method of producing
sound. In'this case the motion required/for the diciiiné
of an audible note takes the form of a rapid succession of
puffs of air. .On the rofator just used'there is, in addition
to.Savart’s wheel, a_(’u';k of \brass having near its circum-
_fn-rcncc a number of equidistant orifices. The instrument
in this form was designed by Seebeck, and with it, under
\':11’1".1115 1<i)_rn‘1.~'. he made many interesting experiments, A
modified form of the siren. together with the tuning-fork,
will, as you shall see in our subsequent-lectures, c\m:timtc
our most efficient aids in elucidating ' the mysteries of
5(',?und. Bringing the nozzle of a small tube. connected
with an acoustic bellows, over the circle of perforations of
the (l.1<l<. and causing the disk to revolve, you hear, when
the air eseapes from the bellows through the tube, first a
succession of puffs, and then, as the wheel revolves more

rapidly, the sound becomes more shrill, and reminds one

of the weird wailing of the wind on a dark wintry night.
I hold in my hand a little instrument
of Cagniard de Latour.

called the mill-siren
It is essentially a cylindrical tube
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of brass, at the end of which is a revolving fan. When
one blows into the mouthpiece the fan is made to revolve.
The fan thus renders the current of air intermittent, and
we have produced, therefore, the vibratory motion which,
as we have seen in the preceding experiments, is the ne-
cessary precursor of sound.
By increasing the blast of
air the speed of the fan is
accelerated, and the pitch is
heightened as in the case of

the siren just used.

There is but one step from
the mill-siren to a very sim-
ple and primitive instrument, to which I wish now to direct
your attention, I show it to you to emphasize what I
have thus far been insisting on, — namely, that sound ex-
ternally to the ear is merely a mode of motion, and that
when motion is properly timed, sound is always the result.
The instrument referred to is
called a musical sling, and con-
sists of simply a thin plate of
metal (Fig. 10) about three by
six inches in size, and attached
to a string. I take hold of the
string and give the plate a whir-

ling. motion, making it describe
a circle in the air. The resist-
ance of the air causes the plate
rapidly to revolve around  its
longer axis, and to give forth,
first a flutter, and then the more
acute musical sound which is
distinctly audible in every part
of the room.

A more interesting way of
throwing the air into periodic
pulsations is by means of a jet of burning gas, preferably
hydrogen. On introducing anignited jet of this gas into a
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glass tube (Fig. 11) there is at once heard a note of singu-
lar purity and power. By causing a cubical mirror to re-
volve near the tube, we can see that the flame is rapidly
extinguished and rekindled; and this rapid extinction and
rekindling it is that causes the aérial column within the
tube to vibrate so as-to_emit the sound you all hear
Such-a flame is called a singing flame, and we shall have
occasion to investigate it more in detail in a subsequent
lecture, !
Wertheim| has taught us how we may vary our experi-
ments by using electricity as an agent for IurnducingA the
vibratory motion necessary to generate sound. We have
here (Fig. 12) an iron bar firmly clamped in the middle to
a solid metal stand. = Argund one of the ends of the rod

FIG. 12.

is-placed, a coil ‘of insulated copper wire, through which
may be.sent a current of \electricity. We allow a current
from a battery to-pass through the coil, and then intercept
its flow by breaking the circuit. Every time the circuit is
closed or broken, a faint sound is the result. When the
current is_passing through the bobbin the, bar is mag-
netized; but'assoonvas the current ceasesto flow, on ac-
count of the conductor being disconnected, the bar loses
its magnetism. The alternate magnctization and demag-

netization of the bar throw its molecules into such a state

of vibratory motion that it at once becomes perceptible
as sound. .

A still more interesting sound-producer is the radio-
phone, a simple form of which is before you In
test-tube is placed a small tube of brass covered witl
lampblack. Through the perforated disk on the rotat
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intermittent flashes of heat, converged by a concave re-
flector from the gas jet, are allowed to impinge on the
soot-covered brass tube. This, by producing rapid
changes in temperature, causes corresponding expansions
and contractions in the metal tube, and a continuous sound
follows in consequence. The pitch of the sound depends
on the number of flashes made to impinge on the tube.
The more rapid the revolution of the disk, the greater the
number of flashes of radiant energy, the higher the pitch
of the resulting note.

M. Mercadier has devised a more eclaborate instrument
(Fig. 13), by means of which we can get the four notes of

the perfect major chord? by pressing on suitable keys at
C, connected with 7z7. By converging a beam of light
through O U, from a powerful electric lamp on the soot-
covered brass tube R, and reinforcing by a trumpet-shaped
resonator, S 7, the notes emitted, we can, by rotating, by
means of the pulleys, 2 7', the perforated wheel, 2, with
sufficient velocity, elicit notes. that can be perceived at a
considerable distance from the instrument.

In the experiments so far made we have seen a few of
the many ways in which sound may be generated. In
some cases it is directly caused by friction, as when a bow

i See chapter x., on Intervals, etc.

3
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is used. In other instancesit is produced by taps or puffs,
as when Savart's wheel or the siren is used, or by a series
of rapid explosions, as was observed in the singing flame.
In others, still, the sounds elicited have their origin in
rapid molecular motions induced by the intermittent action
of heat or electricity.

In all cases motion precedes and accompanies sound.
It appears sometimes as segmental mass-motion, when a
part or a whole of the sound-producing body, divided into
a greater or less number of segments, is seen to be in a
state of rapid oscillation. More frequently, the motions
which give rise to audible notes are nearly or entirely in-
visible. (Tn the latter cases it is molecular rather than
mass-motion —the motions of the molecules or ultimate
particles of the vibrating body, rather than those of the
vibrating body, considered as a whole — that is the cause
of sound, We may not, however, separate the two motions,
as they are always, to a greater or less extent, concomitant
in all' cases where sound is produced., Molecular motion
gives rise to mass metion, and wice versa. In all icases
under discussion -one necessarily depends on the other.
When, for instance,” the tuning-fork is excited by the
bow, the whole mass of the fork is set in periodic vibra-
tion,——a motion which weuld be impossible, were it not
for the elasticity of the steel,—and at the same time
there is a corresponding tremor of the smallest particles,
the molecules, of which the fork is composed.

The physical cause, then, of sound is motion, — in all.
cases motion. If this one fact is duly appreciated, a great

advance is made towards properly understanding what
. - & | :
will follow.

We are now prepared to answer a question that
must have suggested' itselfl to all of yotu ere this; that,
is, ‘“What is the difference between a musical and a non-
musical sound, between a musical sound and noise?”
As a sensation, every one can, under ordinary circum-
stances, distinguish one from the other. Thc'cxtrcmes
of musical and non-musical sounds are easily separated.
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But there are many instances in which the separation is
not so easy.

Physically, musical sounds, as Helmholtz tells us, are
always produced by periodic vibrations, noises by non-
periodic vibrations.

But musical sounds may be so combined as to produce
a noise. If, for instance, one were to sound simultaneously
all the eight notes of the gamut on a piano or harmonium,
the result would be designated as a noise, although each
of its components, taken separately, is recognized as a
musical note. Similarly, what is usually regarded as a
noise may be shown to be, in reality, a distinct musical
sound. In my hand is a small piece of wood, which I let
fall on the table. Certainly no one would think of calling
the sound musical. And yet it does possess quite a marked
musical character when one’s attention is properly directed
to it, and when the sound is compared with others of the
same kind in a proper sequence.

When the same piece of wood is dropped again, and, in
suteession, seven others of gradually decreasing size, you
at once recognize the notes of the gamut. Choosing three
from the number, and allowing them to fall on the table as
before, you distinguish a series of sounds that constitlite,
in music, the perfect major chord. If all three are let fall
at once, the sound is still agreeable.

The sounds. thus generated are not, if you will, as pure
as those furnished by the harp or the flute, but they must
be classified vas 'musical, and are;indeed, used in music.
The jinstrument known as a/xylophone is made up of
just such pieces of wood. Substituting metal bars for
wood, we have the well-known instrument called the metal-
lophone, Pieces of glass or compact stone, like slate, might
Be lused. and thesé would give'us what @re known as glass
or rock harmonicons. = The ‘Chinese, in an instrument
called the king, use pieces of flint suspended from cords,
and by striking the flints they manage to elicit from
them quite agreeable music. The"well-known * Anvil
Chorus” is another illustration of how what are ordinarily
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reck‘onui as noises, may be made to do service as
music.

But we may go still farther. When a cork is drawn
from a bottle you hear a quick, explosive report. Surely
no one would call this a musical sound. Let us cmnpur'u
it with a proper sequence of similar sounds. Drawing
corks from these three bottles, whose sizes vary accurclin:
to a fixed ratio, we have three sounds of (li!“t"crcnt pit(;
produced.  Every one near recognizes the same sequence
of sounds 'as/ was produced with the three wooden bars.
The sounds are unmistakably those of the major chord.
With a sufficient number of properly tuned bottles a skil-
ful.perfr;rmcr could, by merely withdrawing the corks,
easily evoke a simple’ melody that every one would
recognize,

Koenig has devised an interesting piece of apparatus

(Fig. 14), in which
soundsare elicited inthe
manner just illustrated.
Here, instead of bottles,
we have four brass tubes
attached to the same
base,and furnished with
accurately fitted pistons,

When these are with-

drawn in suceession, you
hear the notes C,, E

G;: C,, constituting the
perfect major chord.!

From these experi-

ments it is obvious that

the line of demarcation between musical sounds and noises

1S not so,easily drawn as one mightimagine. Dr. Haughton

fi’.l'\:cs an excellent illustration of the truth of this stateme nt

The granite pavements of London,” he says, ““are four

inches in width, and cabs driving over this, Eil‘L the rate of

i . ¢ . : :
See Appendix I. for value in musical notation of the notes here
mentioned,
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eight miles an hour, cause a succession of noises at the
rate of thirty-four in the second, which corresponds to
a well-known musical note that has been recognized
by many competent observers; and yet nothing can be
imagined more purely a noise or less musical than the
jolt of the rims of a cab-wheel against a projecting stone.
Yet if a regularly repeated succession of jolts takes place,
the result is asoft, deep, musical sound that will bear com-
parison with notes derived from more sentimental sources.”

So, too, we may hear musical notes in the plashing of
a fountain, the roar of a cataract, the murmur of a river,
the howling of the wind, the hum of machinery, the rum-
ble of a railway trin passing over a bridge or through
a tunnel, and in the complex result occasioned by the
manifold noises of a neighboring city. Carlyle, therefore,
tells a profound truth when he says, “ See deep enough,
and you see musically ; the heart of Nature being every-
where music, if you can only reach it.” Byron expresses

. the same idea still more elegantly when he sings, —

“ There ’s music in the sighing of a reed;
There’s music in the gushing of a rill;
There s music in all things if men had ears, —
Their earth is but an echo of the spheres.”

Equally true, and almost equally “beautiful, are
following lines of another poet: —

“ We have not heard the music of the spheres,
The song of star to star ; but there are sounds
That Nature uses in her common rounds, —
The fall of streams, the cry of winds that strain
The oak. the roaring of the sea’s surge, might
Of thunder breaking off afar, or rain
That falls by minutes in the summer’s’ night:
These are the voices of earth’s secret soul,
Uttering the mystery from which she came.”?

We do not hear many of the musical sounds that keep
the atmosphere in a state of constant tremor, because we

1 Archibald Lampman, in “Scribner’s Magazine.”
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do not give ear to them, or because we are not in the
habit of expecting musical sounds except from musical
instruments. It is true that musical instruments afford us
the most agreeable tones, but there are instruments used
in music that emit sounds which are far from pure, and
frequently anything but agreeable. Among these are
drums, tom-toms, cymbals,; castanets, timbrels, tambour-
ines, harmonicons, triangles, and others of the same class
They are, for the most part, used for keeping time,
and the 'tones produced, are  fortunately so modified
by accompanying sounds that they lose most of their
harshness.

From what has been said, and froth ' the experiments

made, we must conclude that the popular distinction be-

peer s Helmholtz's
distinction, however, is always literally true.

tween sound and music is singularly vague.
Periodic
vibrations, whatever the source of sound, whatever the in-
strument used, always yield musical’ notes. They are
smooth and agreeable to the ear, while, on the other hand,
noises, or-non-periodic vibrations, produce on the tym-
panic membrane a kind of jolting sensation, — a sen-
sation of irregularly recurring shocks. A noise thus
affects’ the auditory nerve painfully, just as a flickering
light gives rise to a painful sensation in the nerves of
sight.

But the motion, periodic or non-periodic, of sonorous
bodies cannot be apprehended as sound except through
the intervention of some medium connecting these bud;cs
with the organ of hearing. / This medium is, ordinarily,
the air. Any other substance, however, solid, liquid, or
gaseous, may serve as a fransmitting medium.

Let us then inquire into the mode of the propagation of
sound.  If we can picture this clearly to our n;iuds we
shall have made a second important step in our investiga-
tions. That air or some other medium is indiﬁpt‘ﬂ:(l;l)lt:
for the transmission of sonorous vibrations has been known
from the earliest stages of physical inquiry. We have seen

how Seneca considered the elasticity of air as essential to
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the production and transmission of sound. That some
medium was necessary was evident, but it was not possible
to demonstrate experimentally the necessity of a medium
until the invention of the air-pump by Otto von Guericke,
in 1650. It was then shown by the inventor of this most
useful instrument that sound cannot travel z vacuo, — that
air or some other medium is always necessary for its
propagation from one point to another.

We may here repeat the experiment of the illustrious
burgomaster of Magdeburg, which is no less instructive
than interesting. Thanks to improved forms of apparatus,
we can now secure much better results than were possible
in Von Guericke’s" time.

On the plate of our air-pump (Fig. 15) is placed a
piece of clockwork, H. C, which causes a small hammer, &,
to strike a bell, 7. The clockwork
is now wound up and set going.

The bell-glass is next placed on

the plate, and covers the clock-

work; but still you hear the bell

with almost undiminished intensity.

A few turns of the crank of the

pump are, however, sufficient to

exhaust the air in the receiver to

such an extent that the sound now

audible becomes comparatively fee-

ble. A few more strokes of the

piston produce almost a: perfect

vacuum, and the sound is now so

faint as to be inaudible even to those who are nearest
the instrument. The hammer is still striking the bell,
as you may observe, but it is entirely noiseless. To se-
cure this result we have isolated the clockwork from the
plate of the pump by interposinga layer of non-conduct-
ing material. Had the mechanism operating the bell been
in contact with the plate, the strokes of the hammer would
have been communicated to the outside air by the material
of the plate itself.
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Assoon as air is re-admitted into the receiver, the sound
of the bell again breaks forth, so as to be heard by every
one in the room.

Let us now admit hydrogen gas into the receiver instead
of air, and note the result. Hydrogen is about fifteen
times lighter “than (air, and sounds generated in such a
medium are more feeble than they would be in a denser
medium. Although the receiver is now filled with this
gas; the sound of the bell is, as you remark, much weaker
than when the receiver was filled with air. Exhausting
the recciver as before; the sound disappears more rapidly,
and becomes inaudible sooner than it did when air was
used. This experiment shows that the more attenuated
the medium, the less competent it is to convey sonorous
vibrations to the ear. We might experiment with other
gases or vapors, and we should find that. the intensity of
the sounds heard would in all cases depend on the density
of the media employed.

Later on, in 1685 Papin repeated Von Guericke's
experiment before the-members of the Royal Society in

Londen. As a source of sound, he
used a whistle instead of a bell. In
1705, Hawksbee made the experiment
in a-somewhat modified form, using a
simple bell suspended by a string in-
stead of one operated by clockwork.
By means of a large glass globe
(Fig. 16), in which is suspended a little
bell, we ‘may repeat Hawksbee's ‘ex-
periment in a very pleasing and effec-
tive way. Swinging the globe back
and forth while full of air, the bell is
made to ring so as to be clearly heard
throughout the hall. Connecting it
by means of the metallic part, 4 B, with our pump, we
withdraw the air from it, and then close the tube by the
stopcock . Now, on agitating the bell anew, we find that
the sound is so faint as to be barely perceptible.
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These experiments, then, prove conclusively that sono-
rous vibrations cannot be propagated in a vacuum; some
medium is necessary. Ordinarily it is air, but all elastic
bodies are capable of transmitting sound, and some of
them, as we shall see, with much greater readiness and
velocity than others.

From the foregoing experiments we should infer that in
a vacuum there is absolute silence, and that, if we could
exist 7z wacuo, we should be able to hear nothing, not
even the most powerful detonations. Balloonists, in the
higher regions of the atmosphere, encounter conditions
which afford an approximation to this utter silence. Those
who have ascended very high mountains have noted a sim-
ilar circumstance. The sensation is strange, indescribable,
awe-inspiring, almost startling. It is so entirely different
from any experience that one can have near the earth’s
surface, where there is always more or less sound, even
when everything is apparently in perfect quiescence.

I' had some years ago an opportunity of experiencing a
sensation of this kind on the summit of the volcano of
Popocatapetl. This peak, as you know, has an elevation
of nearly eighteen thousand feet above sea-level. The
feeling that then came over me is something I shall never
forget. The silence there is “the silence that is in the
starry sky,” — a silence where no sound is uttered, where
no sound may be, a silence that—

“ Pours a solitariness
Into the very essence of the soul.”

And here again it will be interesting to know what opin-
ions the early physical investigators entertained regarding
the subject we are now discussing. We are often wont to
imagine, and without any warrant for so.doing, that the
theoties of the ancient philosophers in matters of physical
science were entirely futile, and that their consideration is
simply a loss of time. But the truth is that their views
on many subjects in physics are often nearly identical with
our own. They seemed at times to have had an almost
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intuitive conception of the truth. The wonder is how
they were able to acquire such exact notions about
matters that even now are not easily understood. Nothing
indeed can be more interesting or instructive than to
observe their gropings after truth, and to see how closely
they anticipated, in many. instances, the discoveries and
generalizations of modern science. It is simple justice to
these old students of Nature to give them credit for what
they have achieved, and to admit that many of the theories
and doctrines that are usually regarded as the fruits of
modern research, had, in reality, their starting-point in the
observations and hypotheses of those who labored and
thought long ages ago. If there is evolution in the organic
world, there is evolution also in the world of science; and
the grand intellectual achievements of our own time owe
not a little of ‘their lustre to the glory of the distant t
brilliant( past.

We have a striking illustration in ‘the question before
us, — the mode of propagation of sound. Aristotle in his
treatise on-* Sound-and Hearing ™ says: “ Sound takes
place when bodies strike the air, not by the air having a
form impressed upon it, as some think, but by its being
moved /in/ a corresponding .manner; the air being con-
tracted and _expanded-and overtaken, and again struck by
the impulses of the breath and the strings. For when the
air falls upon and strikes the air which is next to it, the
air is carried forward with an impetus, and that which is
contiguous to the first is carried onward ; so that the same
voice spreads.every way-as far as the/ meotion of the air
takes place.”

In reading this we could almost fancy we are perusing
some modern treatise on sound, so nearly does the view of
the illustrious Stagyrite coincide with that now held by all
men of science. Indeed, as Whewell truthfully observes:
“The admirers of antiquity might easily, by pressing the
language closely, and using the light of modern discovery,
detect in this passage an exact account of the production
and propagation of sound.”
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Let us take another opinion, —that of Vitruvius, the
celebrated Roman architect. His views regarding the
motions of the air which give rise to sound, and the illus-
tration which he uses, seem more like those found in a
modern text-book on physics than those of an author who
wrote two thousand years ago. He says: “ Voice is breath
flowing and made sensible to the hearing by striking the
air. It moves in infinite circumferences of circles, as
when, by throwing a stone into still water, you produce
innumerable circles of waves, increasing from the centre
and spreading outwards till the boundary of the space or
some other obstacle prevents their outlines from going
farther. In the same manner the voice makes its motion
in circles. But in water the circle moves breadthways
upon a level plain, the voice proceeds in breadth, and also
successively ascends in height.” !

Let us now, in the light of modern research, investigate
the condition of the air when under the influence of vibra-
tory motion. And that we may better understand this

LLL

Fic 17.

motion, let us suppose an elastic strip to vibrate at one of
the extremities of a cylindrical tube (Fig. 17). A little
reflection: will make it apparent that each time the strip
moves from L' to L" it will impress on the vertical layer

of air, X, a series of condensations whose intensity increases
during the first half and decreases during the last half of
its excursion. Every time, however, that the strip moves
in the opposite direction— that is, from L“to L' —the
layer X will be subject to a series of rarefactions whose
intensity increases during the first half, and decreases dur-
ing the last half of its swing. And as long as the strip
continues to vibrate, this terminal layer X will be subject

1 Quoted in Whewell’s “ History of the Inductive Sciences,”ii. 25
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alternately and periodically to similar conditions of con-
densation and rarefaction.

But these condensations and rarefactions are not con-
fined solely to the terminal layer X. They are com-
municated in succession to all the succeeding layers, and
affect the entire mass of airenclosed in the tube. As the
vibrations of the elastic strip are periodic and isochronous,
so also are the pulses of condensation and rarefaction
periodic and isochronous. Condensations and rarefactions
of equal length alternate with one another, and persist as
long as the strip-continues to vibrate. A simple vibration
of the strip— that is, an- excursion to or fro — generates
a single wave of condensation or rarefaction. A complete
vibration of the strip—that is, an excursion to and fro-
produces ‘a complete wave, one, namely, that is composed
of both a condensation and a rarefaction.

Fig. 17, as we see, exhibits the condition of the aerial
column after the elastic strip Z has executed five single
ribrations. We have, accordingly, five single sonorous
waves, of the same length, abutting one another. These
waves, composed of alternate condensations and rarefac-
tions, are graphically represented by a continuous curve,
which /cuts the axis of 'the tube at the points X, D, C, B,
A, X'. The portions of-the tube above the axis are con-
ventionally considered to represent waves of condensation,
of which we have here three, while the parts below the axis
represent waves of rarefaction, of which two are exhibited.

Arrows indicate’ the direction of movement of the air
particles constituting the condensed and ‘rarefied pulses.
The direction is always the same for pulses of the same
kind, but opposite in condensed from what it is in rarefied
pulses,

The perpendiculars to the points' Z and 37 represent the
degrees of condensation and the velocities of movement of

1

the air-particles at these points. Similarly, the ordinates
at the points Z’ and M represent the amount of rarefaction
and the relative velocities at the points intersected. At

the points where the continuous curve cuts the axis of the
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tube the air is in a state of equilibrium, and there is neither
condensation nor rarefaction, and consequently no move-
ment. But even at the points of maximum condensation
and rarefaction the amount of displacement for any deter-
minate particle is extremely small.

The time required for the bar L to execute a complete
vibration is, as we have learned, called its period. The
time required for a particle of air set in motion by the
vibrating bar to make a complete vibration is called its
period. The periods of both the bar and the air-particles
excited by the bar are obviously equal. The wave-length
is the distance from one condensation to the next conden-
sation, as from X to C, or from one rarefaction to the next
rarefaction, as from ) to B, or from any one given particle

ity —
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to the next particle in a like position and moving in the
same direction.

The wave always moves one wave-length in the time
required for a particle to make one complete vibration.
Any two points separated by one or more wave-lengths
are in similar conditions, and are said, therefore, to be in
the same phase. If any two points are separated by an
interval greater or less than one or more complete wave-
lengths, they have phases which are different Thus in
I’ig.‘ 18 the points where 3/, M, M, cut the continuous
curve are in the same phase. Similarly the points cut by
the ordinates Vand V' are in the same phase. J/ and
or M and NV are in different phases.

In Fig. 19 we have a very instructive graphic represen-
tation 'of sonorous waves. | It must,.however, always be
borne in mind that it is only an arbitrary representation,
a symbol, and not a picture, of a sound-wave that is indi-
cated by such curves and lines. From what has been said,
the figure needs but little explanation. The portions of
the curve above the horizontal line correspond, as has been
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said, to pulses of condensation, while those below repre-
sent pulses of rarefaction. The letters 7, ¢, and 7, in
(1), and #, ¢, d, in

e

e e . .
o i N iz (2), indicate respec-
o S /2 Ns  nf 12 :
N_ S tively the nodal

o a A
n c a.r.n n 1,>umts where there

c n ’ o
i i i " > "
",‘ 'I” ‘mﬂ w‘Mu\ is no motion, and
' il I ik e I :
> the points of great-
FiG. 19. g
est condensation and

rarefaction, or elevation and depression.

e
So far we have been considering sonorous waves that

move in one diréction only. Ordinarily, however, sound
is propagated in many, or in all directions, simultaneously.
When a skylark, for instance, is singing in the air, the
sonorous_pulses which it originates are propagated in all
directions., Spherical waves or shells are thus formed,
which recede from the centre of disturbance with the
velocity of sound, alternate condensations and rarefactions
being generated precisely in the same manner as when the
sound-pulse-travels only in one direction.

This is.well illustrated by the accompanying diagram
(Fig. 20). A is the source of sound. During the first half-
vibration, 'motion  is
communicated to the
entire sphere, P O,
whose centre is 4 and
radius A R. During
the time of the (next
half-vibration, “all the
space between £ ¢ and
P' @ is set in move-
ment. Thus in the sec-
ond interval of time a
sphere of twice the
radius of the first is
made to vibrate. In
the third interval of time the space between 2 Q' and
P’ 0" has been set in vibratory motion. The volume of
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air, therefore, which is agitated augments in proportion as
the spherical sound-wave recedes from the centre of dis-
turbance. The amount of air set in vibration at any given
instant varies directly as the surface of the sphere, or as
the square of the radius of the sphere. And as the inten-
sity of sound, as we shall learn, depends on the amplitude
of motion of the sonorous body, its intensity, in any given
case, will vary inversely as the square of the distance from
the centre of agitation. This is illustrated by the curve
AR ST, which represents the condition of the air at a deter-
minate instant in the direction 437. The amplitude of
movement at any given point of the curve would, as you
know, be represented by a perpendicular drawn from that
point to the horizontal line 43/, The wave-lengths are all
equal, being independent of the amplitude of movement
and of their distance from the origin of motion. The in-
tervals of time are also equal, because the vibrations con-
sidered are of the class called isochronous.

It is now apparent, I think, that our modern notions re-
garding the propagation of sound are only a natural devel-
opment of theories held by Aristotle, Vitruvius, and others
of their time. We have simply cleared up their conceptions,
but have not, I venture to say, introduced any essential
modifications. We can state their theory more accurately
than it was possible for them to do, and; thanks to our mod-
ern delicate instruments of research, we are able to demon-
strate experimentally what they were able only to infer.

We must, then, view sound as conveyed by waves or
pulses. Newton tells us-in his/* Principia” that “ Sounds,
since they arise in tremulous bodies, are noother than
waves — pulsus — propagated in the air.” It isa motion
that is transmitted, not a substance. There is a transference
of a condition, or a system of conditions, of matter, but no
transfer of matter itself.  The waves that strike on the drum
of the ear are similar to those that are excited in the sono-
rous body, but they are not the same. The sonorous body
communicates its vibratory motion to the air-particles
nearest to it, and these in turn deliver their motion to the
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particles adjoining. Motion is thus conveyed from particle
to particle, until it finally reaches the organ of hearing,
where it is taken up by the auditory nerve and transmitted
by it to the brain, which converts or translates it into the
sensation which we call sound.

A simple-illustration will show you how a transfer of
motien, like that which /obtains-in the case of sound, is
possible.

Before you is an apparatus devised over two hundred
years ago by the distinguished French physicist, Abbé
Mariotte, one of the ablest and most successful investi-
gators of his time,. On a stand (Fig. 21) are suspended

seven elastic balls of lignum vite, each of which almost
touches its neighbor. Drawing the ball A aside from its
position'of rest and allowing it to impinge against the one
nearest to it, you observe that directly the first ball touches
the second, it is stopped in its course, and its motion im-
parted to the second. This, in turn, transfers its motion
to the third, which gives it up to the fourth; and so on
until the motion reaches the seventh ball, C; which at once
flies off to the right, while the other six remain motionless.
What then has taken place? The motion which was pri-
marily imparted to the first ball was communicated to
the succeeding six, but only the last of these showed
the visible effects of this motion.

PRODUCTION AND TRANSMISSION OF SOUND. 49

Were it not for the elasticity of the balls, this transfer of
motion, as just shown, would be impossible. If the balls
were perfectly elastic — they are far from it — the motion
of the seventh ball would be equal to that given to the
first. By using ivory balls, or, better still, glass balls, the
loss of motion would be less, as ivory and glass are more
elastic than is lignum vite.

[magine, now, these wooden balls replaced by particles
of air. Imagine also the particle of air nearest a sounding
body taking up the motion of that body and imparting it
to the adjoining particles in the direction of the ear, and
imagine further this motion transferred in succession to all
the particles intervening between the sonorous body and
the ear, and you have a true picture of what actually takes
place in nature when vibratory motion is propagated in
straight lines through air or any other medium whatever,
and perceived as sound.

Let us take another illustration, which shows even more
strikingly the mode of propagation of sonorous vibration.
I hold in my left hand one end of a brass wire-spiral, twenty
feet long, made of the best spring brass. The other end
of the spiral is attached to'a small box. With my right
hand 1 grasp the spiral about six inches from my left, and
pulling the turns of the spiral some distance apart, I sud-
denly relax my hold with the right hand. In virtue of the
elasticity of the wire the turns that were separated from
cach other tend to return to their orignal position. At
the same time, however, a_vibratory motion, or pulse, is
sent through the whole length of the spiral, and-announces
its arrival at the other end by a loud rap on thebox. ~ This
pulse on reaching the box is reflected immediately, and
quickly returns to its starting-point at my hand. Thence
it ‘again returns to the box, repeating the tap you heard
before, and is again reflected to my hand. This oscillatory
motion is repeated several times, each time becoming
weaker, until it entirely disappears.

When the pulses are first produced they can not only
be heard, but seen as well. To and fro you see them

4
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move, each pulse making the excursion from one end to
the other of the spiral in the same period of time.

If we examine closely the condition of the spiral as the
pulses pass along its length we shall find that, at a given
instant, some of the coils are farther apart than others. As
the pulse first starts forward towards the box we observe
that at the end I hold in my right hand, several coils are
closely pressed together, followed by others more widely
separated from each other. Asthe pulse is carried on-
ward, the condition of ‘compression and separation is seen
to be propagated from one end of the spiral to the other.
On reaching the box these same compressions and separa-
tions are reflected back to their starting-point, and this
motion is repeated as long as the pulse continues its for-
ward and backward motion.

This, as/has been stated, is exactly what takes place
when sound is transmitted through the air. When a
tuning-fork, for instancé, is excited, its prongs, in moving
away from each other, crowd together the air particles in
contact with their outside surfaces.. These air-particles
compress those in front-of them, whilst those first com-
pressed by the tuning-fork tend, by reason of their elas-
ticity, to/return to their normal condition. But the return
of the prongs of the fork to their original position pulls the
particles that were at first crowded together farther apart
from each other, and farther apart even than they were
before the fork was set in vibration.

As in the wirespital some of the coilswere closer to-
gether than others, so when sound is transmitted through
the air we have the air-particles alternately compressed
and separated.
tion, as in the spiral, is carried forward from the source of
sound until the motion gradually dies away, or until it
encounters some obstacle, when it is reflected back in its
path, as in the spiral, or off in some other direction.

Mariotte’s apparatus illustrates how one particle of mat-
ter can communicate its motion to a contiguous particle.
The wire spiral exhibits the transfer of motion by the for-
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mation of pulses of compression and dilation. Mach,
however, has provided us with an apparatus which beau-
tifully exhibits both of these phenomena simultaneously.
Such an instrument is before you (Fig. 22). It is about
ten feet long and four feet high, and, taken altogether, is
by far the best means yet contrived for showing the nature
of all kinds of vibratory metion, both transversal and longi-
tudinal. As you observe, twenty-one white metal balls

distances from each other. These pegs are so placed as
to represent one complete sonorous wave, composed of
one ‘condensed and one rarefied pulse. When the balls
are held in position by these pegs, the former as well as

the latter exhibit a complete sound-wave." If, now, when

the balls are in this position, the bar is suddenly with-
drawn, they will commence to swing in the same plane,
and while swinging they will retain the same relative posi-
tions with reférence to each ‘other which they had before
they were put in motion. They are now oscillating all in
the same plane and in the same period. But in addition
to the excursions made by each individual ball, you see,

in a most striking manner, a transfer of pulses of conden-
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sation and rarefaction from one end of the series of balls
to the other. This is exactly what takes place in every
sonorous wave, and we could have no better illustration of
the character of sonorous vibrations than that here given.
It gives us in a moment a more exact idea of the nature
of condensed and-rarefied pulses than could be obtained
by hours of' the best-directed efforts of the unaided imag-
ination. - Indeed,; we could scarcely desire a better instance

than this of the capability which a w ell-devised and well-

executed experiment possesses of furnishing us with a
clear mental picture of ‘certain physical ‘processes that
otherwise would remain quite obscure, if not unintelligible.

The motion of each ball in the experiment just made is
like that of the bob of a pendulum. The motion of each
particle of air agitated by the ball is the same. Such
motions are accordingly called pendular motions. They
are also known as simple harmonic motions. ~We shall use
either term indifferently. The motions of each particle of
a medium, transmitting a sonorous wave,-are always in a
direction parallel to the line-of propagation of sound. In
this respect they differ from the motions of the individual
particles of a water wave, which are always at right angles
to the direction of the wave itself. ~Sound-vibrations are
likewise “different from light-vibrations, for the latter, lik
vibratory motions of particles of water, are always tran
verse to the line of propagation of luminous rays.

What has been said of the mode of the propagation of
sound in air applies with_equal truth to all other media,
whether, gaseous, liquid, or solid. ' Seund is’ transmitted
in pulses. Whatever the media, then, by which sonorous
vibrations are carried from one point to another, we must
regard the molecules of this media as being the active
agents in-the rtransfer of the motion impressed on it.
While conveying. sound the molecules are in a state of
invisible, but most energetic tremor, and when this tremon
ceases, the sensation of sound ceases also.

How wonderfully the mechanical action of these in

tesimal molecules, the physiological action of the organ
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hearing, and the psychological action of the brain are
related to each other! Who can tell us how they are
connected, or how one gives rise to, or influences, the
other> No one. Such questions are “above the reach
and ken of mortal apprehension.” They bring home to
us with telling force the fact that there are mysteries in the
natural as well as in the supernatural order, — mysteries
that only an angelic, possibly only the Divine, mind can

fathom.
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CHAPTER IL
LOUDNESS AND PITCH.

USICAL sounds differ from each other in three ways,

— in Toudness, in pitch, and in quality. To-day we

shall discuss the subjects of loudness and pitch, and reserve
that of quality for a subsequent lecture.

In speaking of the loudness of sound we must carefully
distinguish between the sensation of loudness and the me-
chanical action that gives rise to it. Generally speaking,
there is no measure for the loudness of sounds, so far as
sensation is (concerned.  Acute sounds, even when of the
same mechanical intensity as grave sounds, seem louder
than the graye ones. | A bass note, therefore, to sound as
loud as a treble-note, must be exccuted with proportion-
ally much more force. The reason of this is that the ear
is'not equally sensitive to all sounds.

Mechanically considered, the loudness of sound depends
upon the energy of vibration of the sonorous body. I
draw a bow across the prong of a tuning-fork, and you hear
a loud, clear note. = At the same time those of you who
are sufficiently near can see that the prongs are actually
in motion. = Gradually, however, the sound dies away, and
simultaneously, and at the same rate, the vibratory n"u')tinn
of the fork disappears. IFrom this experiment we learn

that the loudness of sound for any given note depends
upon the amplitude of vibration of the sonorous body.
The greater the.amplitude, the louder the sound. <As tl;u
result of many careful experiments, it has been found

that the intensity or loudness of sound varies as the
square of the amplitude of the oscillations of the vibrat-
ing body.

LOUDNESS AND PITCH.

Here are two tuning-forks, 4 and B, that are made to
give exactly the same note. If A could be caused to
vibrate with an amplitude of exactly one fifth of an inch,
and B with an amplitude of one tenth of an inch, 4 would
have twice the width of swing of B, and would give rise to
a sound just four times as loud as 5.

The loudness of sound varies also with the distance of
the sonorous body from the ear. A little consideration
will enable us to determine the law that governs the rate
of variation. Exciting the tuning-fork before me, it gives
off sonorous waves in all directions. But the amount of
matter put in motion at a distance of one foot from the
centre of disturbance is, as geometry tcljilds, only one
fourth of that which is agitated at a dista «»f two feet,
and only one ninth of the amount causcigg ibrate at a
distance of three feet. In other words, 3 L lcarned in
our last lecture, the amount of matter{EEaan vibration

Mof the shell
affected. But as the volume of air put ingim increases,
the loudness of the sound decreases, and Z0gtc same pro-
portion. The rate of diminution is put in the form of a
law by stating that t/ke loudness of sound varies inversely as
the square of the distance of the sonorous body from the ear.
At this rate, to one standing twenty feet away from the
fork just used, the sound would be only one fourth as loud
as to one but ten feet away. It would, however, bé diffi-
cult to compare accurately the relative degree of loudness
in this way. The experiment could be made more satis-
factorily in ‘another way. If one tuning-fork were to be
placed ten feet away, and four others, giving exactly the
same pitch and intensity as the first, were to be placed
twenty feet off, we should find that the sound emitted by
the fork ten feet distant equalled in loudness the aggregate
sound of the four other forks twice the distance away. We
thus see that doubling the distance reduces the loudness of
the sound to one fourth. Trebling the distance would

1 Mersenng gives this law in Prop. 14, lib. 1., Harm.
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reduce it to one ninth, and quadrupling it would, for the
same reason, bring down the intensity to one sixteenth.

Loudness of sound is also modified by the density of the
air in which it is excited. We saw in our last lecture the
effect of rarefied air in diminishing the intensity of vibra-
tions set up by a-sonorous body. Using hydrogen gas,
which is“about fifteen times lighter than air, we obtained
a similar result. ' In a heavier gas, like carbonic acid, the
loudness of sound is augumented. The effect of air of
slight density in diminishing the loudness of sonorous
vibrations is illustrated in a very marked manner on the
summits of very high mountains. Here the report of a
pistol, as has frequently been remarked, sounds much like
the discharge of a small fire-cracker

Again, the loudness of sound produced by a sonorous
body is strengthened by the proximity of other bodies
capable of vibrating with it, I hold in my hand a small
tuning-fork. It is unlike those hitherto used in that it is
not mounted on a resounding box. When it is struck
against the table and set in vibration, the sound is so feeble
that it is-scarcely audible; but when its base is placed
upon the table, it immediately breaks forth into a clear,
powerful note.  The board on which the fork rests is also
thrown -into a state of vibration, and hence the increased
loudness of sound as-a result. Later on, we shall study
more in detail this phenomenon of co-vibration, — reso-
nance, as it is called, — and we shall see what an important
part it plays in reinforcing sound in many of the more im-
portantinstruments of music. It is sufficient here to allude
to it as one of the important factors that materially aug-
ment the intensity of sonorous vibrations.

We have said that there is no measure for the loudness
of sound as far as its sensation. is concerned. —Prof. A, M.
Mayer has, however, attempted to determine the mechan-
ical equivalent of a given sonorous aérial vibration, though
much yet remains to be done in this direction. He found
that the sonorous air vibrations produced by a C; fork,
placed before a suitable resonator during ten seconds, was
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equivalent to the mechanical energy necessary to lift 54
orains one foot high. Joule’s mechanical equivalent of
heat, or thermal unit, being 772 foot-pounds, the intensity
of the sonorous vibrations of the fork used was, therefore,
only about the ygglgoy part of a Joule unit. Professor

Mayer's investigations are interesting, because, among

other reasonms, they indicate a universal method for the
exact determination of the relative intensities of sounds of
different pitch. Some method, like the one referred to, is
quite a desideratum, and, when discovered, will enable the
acoustician to solve many problems that constantly present
themselves to him in the course of his researches.’

We come now to consider the second characteristic of
sound, — its pitch. In some of the experiments made in
the last lecture with Savart’s wheel and Seebeck’s siren,
we were given a hint as to what constitutes pitch.

Galileo seems to have been the first to suspect the
true cause of pitch. He noticed that in passing a knife
over the milled edge of a coin, a musical sound was pro-
duced, and that the pitch of the sound was higher as the
number of serrations passed over in a given time was
greater.

But the first one to investigate thoroughly the cause of
pitch, and the first to determine the pitch of a known
musical note, was the illustrious French ecclesiastic,
Father Mersenne, of the order of Minims. Pere Mersenne,
as he is usually known, is justly called the Father of
Acoustics. He did for the science of musical sounds what
Galileo  did" for mechanics, ‘and \what Copegnicus and
Kepler achieved  for "astronomy. He put it on'a solid
scientific basis, and by the number and variety of his ex-
periments, in almost every department of acoustics, he
made the way easy for subsequent investigators. Besides
being an excellent musician, he was one of the most
eminent mathematicians of an age of great mathemati-
cians. He was the intimate friend and correspondent of
Descartes, and was the real founder of the French

! See the American Journal of Science and Arts, No. 47, vol. viii. p. 365




SOUND AND MUSIC.

Academy of Sciences. He translated and made known in
France the works of Galileo, and made many discoveries
in mathematics and physics. But the greatest monument
of his genius is his work on sound and music, the first
edition of which appeared in French in 1636, and is called
* Harmonie Universelle.” A later edition, in Latin, revised
and corrected, is entitled ** Harmonicorum Libri XII1.”!
It is to this edition that 1 shall always refer. In this
admirable but little known work, the learned author gives
evidence, on nearly every page, of his skill as a clever and
industrious experimenter and profound thinker. Indeed,
many of the laws governing sonorous vibrations are to-day
given in almost the same language in which he first
formulated them. Mersenne, Chladni, — of whom more
anon, — Helmbholtz, and ‘Koenig may be -considered as

the four great pillars of the science of acoustics, as they,

by the number and originality of their experiments, have
contributed more to its advancement than any other four
that could be mentioned.

To establish the fundamental law regarding the pitch of
sound, Mersenne stretched a hempen rope over ninety
feet in length, so that the eye could easily follow its
displacements. Tt did notthen emit any sound, but one
could “easily’ count the vibrations it made in any given
time. He then shortened the cord by one half, and found
it then made twice the number of vibrations in the same
length of time.  In reducing it to a third or a fourth of the
original length, he observed that the oscillations became
three and four times.as rapid. He also made similar ex-
periments, with'like results; with a brass wire. He thus
established the law that, all other things being equal, the
number of vibrations of a cord is inversely as its length.
When the cord was. sufficiently shortened it gave forth

1 The full title of the “Editio Aucta,” published in 1648, of this extraor-
dinary, but almost forgotten, work is, * Harmonicorum Libri XII, in quibus
agitur de Sonorum Natura, Causis, et Effectibus: de Consonantiis, Disso-
nantiis, Rationibus, Generibus, Modis, Cantibus, Compositione, Orbisque
totius Harmonicis Instrumentis.” ‘
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a sound, and this sound became higher in pitch in pro-
portion as the cord was further shortened. In this manner
he proved that the pitch of sound depends upon the
number of vibrations made, and is heightened exactly in
proportion as the number of vibrations is augmented.!

This law being once established, it is obvious that know-
ing the length of a string and the note emitted by it when
in vibration, it is an easy matter to calculate the note that
would be given by another string of the same size and
material, and under the same tension, but of different
length, Thus Mersenne “took a musical string of brass
three quarters of a foot long, stretched it with a weight of
six and five eighth pounds, which he found gave him by
its vibrations a certain standard note in his organ; he
found that a string of the same material and tension,
fifteen feet, that is, twenty times as long, made ten re-
currences in a second ; and he inferred that the number of
vibrations of the shorter string must also be twenty times
as great; and thus such a string must make in one second
of time two hundred vibrations.” ?

The next one, after Mersenne, to attempt to determine
the pitch corresponding to a given sound was Sauveur,
about the year 1700. He endeavored to solve the problem
in two ways: first, by the method known as that of beats,
and secondly, by the application of mechanical principles
to the vibrations of strings. Both of these methods,
although indirect, gave quite accurate results; but they are
rather too recondite for discussion here. It will there-
fore be sufficient simply to refer to them, without entering
into details.

In 1681, Robert Hooke improved on the experiment of
Galileo by using a serrated wheel of brass instead of a coin.
He found that on striking the teeth of such a wheel a
distinet musical ‘'sound was emitted. "Stancari repeated a
similar experiment before ‘the Academy of Bologna in
1706, and showed that the pitch of the sound produced
increased with the velocity of rotation of the wheel; and

1 Harm,, lib. ii. Prop. 18. 2 Op. cit., lib. ii. Prop. 21.
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the number of teeth being known, it was easy to compute
the number of vibrations per second corresponding to a
determinate note.

About the beginning of the present century, Chladni
endeavored to determine the pitch of sounds by means of
vibrating bars similar to the one shown in Fig. 1 of our
last lecture. - The vibrating pertion of the bar was at first
sufficiently: long to enable him to- count the number of
vibrations in a given time. By a series of carefully con-
ducted experiments, Chladni found that the number of
vibrations per second varied inversely as the square of the
length of the bar. When the bar was made sufficiently
short, it emitted a musical note, the pitch of which became
higher as the bar was made shorter.

It is obvious that Chladni proceeded in-essentially the
same way with vibrating bars as did Father Mersenne with
vibrating strings. In practice, however, it-has been found
that the results yielded by bars were not so exact as those
afforded by strings; and for this reason the determinations
made by ‘Chladni have notthe same'accuracy as those
made by his distinguished predecessor.

Let us take Savart’'s wheel again, which was used in our
last lecture, and push our experiments a little farther. By
pressing a card against the wheel, sound is at once pro-
duced, as before. Turning the wheel more rapidly, a
more acute sound is the result; and the more rapidly the
wheel is rotated, the shriller, as you observe, the sound
becomes. Evidently, then, pitch depends upon the num-
ber of vibrations ploduccd in a given time. The time
spoken of in experiments of this" kind /s ‘always one
second. When we wish to determine the pitch of any
sound, we find out how many vibrations it makes per

second. With the wheel before us this is an easy matter.
It is only necessary to count the number of teeth, and the
number of revolutions the wheel makes per second, to
know the number of vibrations produced. As one vibra-
tion is made by each tooth, the entire number of vibrations
will obviously be equal to the product obtained by multi-
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plying the number of teeth in the wheel by the number
of revolutions it makes in one second.

We have here the means of showing in another beauti-
ful way that pitch depends on the number of vibrations.
On the rotator before you are four of Savart's wheels,
with 48, 60, 72, and 96 teeth respectively. Placing a card
against the wheel having 48 teeth, and then against the
one with 60, you observe that the latter gives the higher
note, although the rate of revolution of the w heel has re-
mained unchanged. The musicians present will notice
something more. They will remark that the two notes
emitted, whether sounded in succession or simultane-
ously, constitute what is called a major third. The third
wheel has 72 teeth, and the fourth 96. By turning the
rotator at thc same speed as before, and touching the
wheels with the card, you hear notes that
are more acute than either of the two
sounded previously. The fourth wheel,
with 06 teeth, gives just twice the number
of vibrations that the first with 48 teeth
makes. Sounding the two notes together,
we have the interval called in music the
octave. Sounding all four wheels together,
ve have the perfect major chord.

But let us compare the results given by
Savart's wheels with those obtained from
Seebeck’s siren. In the siren we shall now
use (Fig. 23) there are four concentric

series of holes. = The first circle has 48

holes, and the next three 60, 72, and 96,
respectively. The number of holes in the
four circles of the siren corresponds exactly
with the number of teeth in the four toothed wheels. At
the same rate of revolution; therefore, the siren should give
the same number of vibrations as the wheels. Let us try.
Taking a small bent tube, bringing it over a point in the
circle having 48 holes, blowing through the tube, and
turning the rotator, you hear a note which you recognize
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to be in unison with the one that is given by the wheel
having 48 teeth. Sounding in succession the four notes
of the siren, beginning with the lowest and going to the
highest, you notice not only a rise in pitch, but also that
the pitch of the notes emitted corresponds exactly with
that given by the four serrated wheels.

The siren and the toothed wheels prove, therefore, con-
clusively that pitch depends-on the rate of vibration of the
sonorous body, although the sounds emitted are compara-
tively feeble; and are accompanied with so much noise
that a great part of their musical nature is lost.

o
=

It is now time to make you acquainted with an instru-
ment that is capable of yielding much louder and purer
tones, and of giving much more satisfactory results. It is,
in reality, only a modified form of Seebeck’s siren, but is
in every way a superior instrument. It is known, from its
inventor, as the siren of Cagniard de la Tour. It was

called ;a. siren, because it can -be ‘made tosing junder

water. The notes are not, however, such as we are wont
to associate with the songs of the sirens of Homer.

As you will observe, the instrument (Fig. 24) is com-
posed of a cylindrical wind-chest, /7, in the top of which
are fifteen holes equidistant from each other, and equidis-
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tant from the centre of the, circleavhichsthey form. Above
the wind-chest is a disk, B/, attached to an axis, 2, to keep
it in place. Like the wind-chest, the disk is pierced with
fifteen holes, those of the latter being immediately above
those of the former. In both, the orifices, @ and &, are
inclined to the perpendicular, those of the disk being in-
clined opposite to those of the wind-chest. When air is
urged through F from the wind-chest of a bellows, it passes
through the apertures in A4, and impinges against the
sides of the holes in the disk, and with sufficient force to
cause it to revolve, —the rapidity of the revolution de-
pending on the pressure of the air. When the disk makes
one revolution, fifteen puffs of air are given off, and fifteen
vibrations are the result. Air is now admitted from the
bellows into the siren, and immediately the disk begins to
revolve, At first the movement is so slow that the puffs
can be counted. Gradually they succeed each other more
rapidly, and soon the puffs blend into a eontinuous sound
Augmenting the air pressure, the sound gradually rises in
pitch until the ndtes becomes so loud and piercing as to
be positively painful. By diminishing the pressure of air
or placing the finger on the disk, the pitch is instantly
lowered, showing, as in the preceding experiments, that
pitch depends solely on rapidity of vibration.

By means of clockwork, R S, in 4 B, which can be con-
nected with an endless screw, VK, on the axis which car-
ries the revolving disk, we can determine, by merely looking
at the dials, 7 s, the number of vibrations corresponding to
any given sound. Itfs, indeed; just such an instrument as
this that some of the most distinguished scientists have
employcd in their researches on the pitch corresponding
to various notes, and as given by different sonorous bodies.
The eminent French physicist, M. Lissajous, had recourse
to it in his very difficult and delicate task of determining
the pitch of the standard tuning-fork ‘of France, — the
* Diapason Normal” of the French Conservatory of Music

Let me now give you an idea of how the work is done.

One cannot make any pretensions to great accuracy in a
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lecture experiment, as exact results would require greater
time and more attention to many details than can be given
now. In an illustration, however, exactness is not neces-
sary. It is only the method we wish to understand, and
not the great delicacy of which it is susceptible.

In one of the orifices of the wind-chest of the acoustic
bellows-is placed an organ-pipe, near that occupied by the
siren.-. We now cause air to enter both pipe and siren at
the same time. The tone of the organ-pipe comes out at
once, loud and clear, The siren starts with a succession
of puffs, and gradually reaches the same note as is emitted
by the pipe. ~When the siren” gives exactly the same note
as the pipe,itis said tobe in unison with it, and when it
is in unison it gives the same number of vibrations. And
what is true in this particular case is true universally.
When two or more instruments give the same note, they
are in unison, and when they are in unison, their fre-
quency — that is, the number of vibrations they execute
in a given time —is the same.

As soon as the siren is in-unison with the organ-pipe, the
clockwork is set.in motion and kept-going for some time,
— say ten seconds. If the siren can be kept steady, —
and this is not an easy matter, — we have only to read off
from the dials of the clockwork the number of reveolutions
made by the retating disk of the siren. Multiplying the
number of revolutions by the number of apertures in the
disk, we have the number of vibrations made by the sirén
in ten seconds. Dividing this product by ten, we have the
number of vibrations. made by the siren in one second.

But as the‘two sounds werc kept in unison during these
ten seconds, it follows that the number of vibrations we
have found for the siren answers also for the number of
vibrations of the pipe.In a similar manner, we could find
the pitch of the human voice, or of a musical note emanat-
ing from any sonorous body whatever.

This method of determining, by means of the siren, the

number of vibrations corresponding to any given sound,

o

is, you will say, quite satisfactory. Soitis. It is simple
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and ready, and, with proper precautions, capable of giving
results that are correct to a fraction of a vibration. Surely,
one might think, this ought to be sufficiently near the
truth to satisfy any one. Scientific men, however, are
very exacting, and demand a more certain and more
delicate instrument than even the most perfect form of
siren.

Such an instrument is before you. It is ordinarily called
the vibroscope of Duhamel. It can be used for several
most delicate and most interesting experiments. The

FIaG.

apparatus we shall now employ is, as you may observe,
composed of a cylinder, £ F (Fig. 25), mounted on an
axis, V7D, on which alscrew i cut,in such'a manner asito
permit axis'and eylinder to move endwise when the crank
attached to the axis is turned. Around the cylinder is
cummed a sheet of smoked paper, and in front of it is
fastened an elastic strip of metal, B 7, to the end of
which is.attached a light style, 4./ ‘The end of the style is
made just to touich the smoked paper. By moving the
style along a line parallel to the axis of the cylinder, a
straight line is traced. On turning the cylinder when the
style is at rest, the latter will again inscribe a simple
5
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straight line on the smoked paper, but at right angles to
the axis of the cylinder. By bowing the elastic strip it is
set in vibratory motion; and if at the same time the cylin-
der is turned, we get as a resultant of the double motion,
a beautiful wavy line instead of the straight one we ob-
tained before. By this means the elastic strip writes out
its own motion, and tells, in-a_manner that cannot mis-
lead: the exact number of vibrations it executes in a given
time.

Instead of the thin elastic bar just used, let us make
the same experiment with a tuning-fork. This can be
done very simply, by attaching a light point, b, to the fork,
A (Fig. 26), and passing under it a plate of smoked glass,

Fic 26

B B-_If the fork is quiescent; and the plate is moved in
the direction of the-arrow, the point attached to the prong
will inscribe a simple straight line, c4. But if the fork is
set in vibration, and the plate is moved as before, a sinuous
curve will be formed, similar to the one traced by the
vibrating elastic bar. The movement of the plate being
uniform, divisions of equal lengths on the straight line, ¢ d,
would correspond to equal periods of the vibrating fork.
We might, in a similar manner, cause a string vibrating
under the influence of molecular forces only to write out
the story of its motion, and the curve obtained would be
identical with those just examined. Vibrating plates and
membranes will also, under proper conditions, give the
same curve. The air particles in an organ-pipe, vibrating
between fixed nodal surfaces, likewise yield just such
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curves. Mach has devised an instrument — which, how-
ever, cannot be used here — whereby they can be made

to give a record of their motion.
¢

| again, we were to cause a plate of smoked glass, like

I
the one used in Fig. 23, to pass, with uniform motion,
under an oscillating pendulum in such a manner that the
line ¢ 4 should move in a direction at right angles to the
plane in which the pendulum swings, we should obtain a
sinuous curve in all respects similar to those afforded by
the tuning-fork and the vibrating bar.

Let us now examine the record that has been made in
the cases considered, because it is important, before going
farther, that we should become acquainted with this form
of writing. We shall frequently have occasion to study it
hereafter, and if we understand how to decipher its mean-
ing, it will tell us many and wonderful things. Indeed,
some of the most striking conclusions in the science of
sound have been deduced from a close study of similar
undulating inscriptions.

The motion in all these cases is, as already stated, called
pendular motion, because it is like that of a pendulum. It
is also, as you will remember, called simple /Zarmonic mo-
tion.  The curve traced by the pendulum, and by the other
vibrating bodies referred to, is called the curve ¢ Snes, a
sinusoidal curve, a sinusoid, or, better still, a harmonic curve.
In Fig. 25 there is a series of such sinusoids, or harmonic
curves. As one complete vibration traces outa complete
curve of the sort we are now studying, we have in Fig. 25
six harmonic curves connected with one another sp as to
exhibit a continuous undulating line.  'When considered as
a symbol of wave-motion, the indentations, or portions of
the curve above the straight line ¢4, are called ¢rests, while
those below are called #rougks. A trough and a crest form
a complete wave. A succession of .waves, as in Fig. 25,
constitutes an wndulation. The distance the wave travels
in one period is one wave-length.

Water-waves and sound-waves are alike in this, that there
is no transference of matter by the waves in either case.
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In the case of water-waves, the progressive motion of the
masses of water that constitute the wave is only apparent.
The individual particles of water in each wave have nothing
more than an up—zum-do\\'n motion at right angles to the
line of progression. It is ordinarily said that these parti-
cles move in straight lines perpendicular to the direction of
the wavé's motion; but this ismot strictly true. Each par-
ticle ‘in reality describes a curve —a circle or an ellipse —
in a plane in the line of progre ession) ‘In the case of sono-
rous waves, however, the particles composing the waves
have, as we now kaow, a motion parallel to the direction
of propagation of the wave. The motion of the particles,
then, is simply a) fo-and-fro motion, one of \advance and
retreat: and the results, /as already explained, are con-
ditions of compression and dilation known- as waves, or
pulses, of condensation and rarefaction.

Like the/ motions of \the pendulum,~the periods of
sonorous vibrations are-independent of-their amplitude.
Whether the width of swing of a sonorous body, or of the
air particles.excited by a sotinding body,.be great or small,
the pitch of the.so und” remains the same! The amplitude
of vibrations-may change; as they do when this tui ing-fork
s.excited with the bow and then left to itself, but the pitch
of thelsound remains unchanged. Whether the p itch of
the sound be strong-or-weak, you recognize it as the same
iote. A change in amplitude of vibration, hen, means

simply a change in loudness or intensity, and nothing

|
more. _Lhe period, therefore, of sound-vibrations, as well

as of pendulum-vibrations,' is indepe ndent oflamplitudg.
The knowledge of these facts will enable us still better
to understand the sinuous line our tuning-fork has ¢ lescribe
for us. In the particular figure we have been studying, we
observe-thatrtherlengths of the waves remain. the same.
This (hpx nds, if you will, on| the pniform’ motion of the
glass plate during the production of the figure; but were
there any change in the pitch of the note emitted, the
1 The period of pendulum-vibrations is independent of their amplitude

only when the arc throngh wiich the pendulum oscillates is s small.
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wave-length would vary, notwithstanding this uniform
motion. The pitch remains the same because the wave-
lengths remain the same. This, however, is only another
vay of stating what has already been said; namely, that
the vibrations of any given continuous sound are periodic,
and they are periodic because the wave-lengths remain
unchanged.

By counting the number of indentations, or sinusoids,
made by the fork in one second, — and this is a very simple
matter, — we at once obtain the vzbr -ation-number, or what
is more appropriately called the frequency,! of the fork.
By this method we can determine with great accuracy, not
only the number of the vibrations of the fork we are now
using, but also that of any other sonorous body whatever.

In a small vice is fastened an elastic steel rod whose
point just touches the smoked paper around the vibro-
scope. Near by a tuning-fork is so placed as to register
its vibrations alongside those of the steel rod. Exciting
the rod and the fork by means of a bow, we cause them
both simultaneously to trace their sinuous curves on the
revolving cylinder. The number of vibrations made by
the tuning-fork has been determined by the maker, and
knowing the frequency of the fork, it is an easy matter to
calculate that of the rod. The fork we are now using
makes one hundred vibrations per second. Counting the
number of vibrations registered by the fork and the rod on
the paper during the same time, we e find that while the fork
writes out indentations corresponding to 73 vibrations, the
rod inscribes 195 Now, as the tuninrr-fml\ makes one vi-
bration in the $}3 part of a second, it will make 75 vibra-
tions in {if; of a second. But during this time thc rod
makes 125 vibrations, or one vibration in the y555s3 of 2
second. In one second, therefore, it makes J‘—"-7-5‘~'3~i. or
1663 vibrations. = This method  of . determining pitch,
known as the graphical method, is due to Dr. Thomas
Young, and is competent to give very accurate results.

Let us now replace the fork we have been using by

1 This is the term —in Latin frequentia — employed by Mersenne.
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another which is kept in vibration by a current of electric-
ity. The advantage of such a fork is that it can keep in
motion indefinitely, and thus we can secure records ex-
tending over periods of time longer than would be possi-
ble with a fork actuated by a violin-bow. By allowing the
fork to vibrate for-one hundred seconds, for instance, and
counting the sinuosities produced, we can get the average
rate of vibrations per second; by dividing the total number
of 'sinuosities by 100. This is known as the electrographic
method, and is even more accurate than the graphical
method | just described.

Prof.A. M. Mayer has, byingenious additions, so modi-
fied the electrographic method and improved its efficiency
that it is now almost all that could be desired.

Let us now see if we can determine the number of vibra-
tions produced by a given note of the human voice. To
do this it will be necessary to make use of some appliance
that will take up the vibrations of the-voice in such a
manner. that they can be recorded.

Such an_instrument (Fig. 27) is before you. It is the
Phonautograph, as deévised.-by Scott and improved by
Koenig. As its name-indicates, it [is a self-registering
sound apparatus. It is a modification of the cylinder and
tuning-fork we ‘haye been using, with an attachment for
collecting sound-waves of whatever character, or however
delicate. As you will notice, this attachment, 4, is in the
form of a concave paraboloid. This particular form is
chosen because it possesses the property of reflecting all
paralle] waves to a point called the focus, near the smaller
end. Justat this point is stretched a delicate membrane
on a frame, . All the waves that enter the paraboloeid
impinge on this membrane and throw it into vibration.
On the side of the membrane next to the eylinder is at-
tached a very fine and light style, which faithfully inscribes
on the smoked paper around the cylinder the slightest
motion given to the membrane. By means of a small
adjustable clamp, G, held in position by a screw, V it is
possible, with a second screw, V7, to regulate at will the
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tension of any given point of the membrane. -In this way
we can obtain a record of any sonorous wave that enters
the paraboloid. By this instrument we find tha.t each
sound traces out its own characteristic curve, — writes out
its own distinguishing autograph. Some sounds give in-
dentations much like those of the tuning-fork, while others,
like those of the human voice, give rise to sinuosities of

much greater complexity.
By means of a tuning-fork, which is kept in vibration
simultaneously with the style, the frequency of any sound

can be determined with the greatest ease and precision.
The process is identical with that used a few moments ago
in estimating the rate of vibration of an elastic rod. We
have traces of both the sounds made on the smoked paper;
and knowing the frequency of the fork, we have only to
count the number of sinuosities of each sound correspond-
ing to any given distance on the paper, when a simple pro-
portion will give us the number of vibrations made per
second by the sound collected by the paraboloid and
recorded by the style attached to the membrane.

Let some one now sing a prolonged note into the open
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end of the reflector. On turning the cylinder we have
the curve peculiar to this note, and at the same time we
have the sinuous line produced by the tuning-fork. Let
us next count the number of vibrations made by the voice
for any given length of time, and suppose we find that the
voice makes one hundred and eighty sinuosities while the
fork makes seventy. What is the frequency of the note
sung; that of the fork being one hundred? When the fork
makes seventy vibrations, the voice makes one hundred
and ‘eighty; when the fork executes one hundred vibra-
tions, the voice executes # vibrations, ~Putting this in the
form of a'proportion, we have, 70: 180 :: 100 : x, from which
we find the value of » to be 2571, which corresponds
almost exactly with middle C of the pianoforte.

To give you an idea of the variety and-beauty of the
tracings obtainable, T will project on the screen!a number
of them as produced by the various notes"and combina-
tions of notes of organ-pipes of different frequencies.

The upper sinuous line (Fig. 28) in each pair of un-
dulating tracings was inscribed by a tuning-fork making
two hundred and fifty-six vibrations-per second. The
numbers at the left hand of the figures indicate the rela-
tive frequencies ~of the notes used. Thus the second
sinuous’ line was produced by the joint action on the
membrane of the phonautograph of two notes whose
relative frequencies were as 4: 5. Near the middle of the
figure is a curve resulting from the combination of three
notes, whose relative frequencies were as 4: 5: 6. The low-
est curve was generated by the sonorous pulses proceeding
simultaneously from four organ-pipes whose relative fre-
quencies were 4:5:6: 8,

After some familiarity with these and similar curves,

1 Professor Mayer uses an excellent and ingenious means of obtaining traces
from a rotating cylinder on a transparent surface. He takes a band of ¢kin
mica, and binding it around the cylinder, fastens it down with rubber bands.
It is then smoked with camphor smoke. The trace having been made on it,
it is taken from the cylinder, and thin w/4s#% negative varnish is flowed over
the lampblack. It may then be mounted between plates of glass for the
lantern projection.
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one can see at a glance whether the sounds that produce
them are simple or complex. Not only this, one can also
tell how the constituents of complex sounds are related
to each other, and discover, with equal readiness, their
comparative intensities.

Fic. 28.

The experiments just made have familiarized you with
some of the principal methods employed by physicists
for determining the pitch of sounds. There are indeed
anv others, some of which are more difficult and com-
plic;;tcd than those just illustrated, but we have not t.ime
to consider them now. And even if we had the time,
some of them are of such a character as to preclude
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the possibility of their being introduced in lecture
experiments.

In his very exact determination of- the pitch of the Dia-
pason Normal, which Lissajous intended should give 433
\'1.l)rutlons. at 15° C., Koenig used a large fork connected
’\\:lt'll clockwork;~the -whole acting as a single system.
T'his eloek-fork, as Koenig calls it— and a most elaborate
apparatus it is— was kept vibrating in a practically con-
stant temperature for many hoursat a time, and the ex-
periments extended over a period of several months. The
result obtained is probably as near an approximation to
the truth as it would be possible to obtain.. | By this means
it was found that the Diapason Normal at 15’ C., or 59° F,,
:cxccutcd 435.45 instead of 435 vibrations per sc-c«»nd.. -I'I'his
is a very slight difference; you will say; but it is only one
among many/instances of the accuracy with which modern
scientific apparatus is constructed, especially by such-ame-
chanician as Koenig, = Of the large number of forks made
by him, which you see here, all are, I dare say, tuned with
equal care,and all will give exactly the number of vibrations
which his stamp, affixéd to each fork, says they will give,

Indeed, nothing is better or more accurate for determin=
ing pitch than a carefully construeted set of tuning-forks.
And strange though it may seem, the first one to 1:]-(.'.,-.,1,«.-
and construct a-tuning-fork tonometer — an in\'trmncnf for
determining pitch — was a silk manufacturer, J. Heinrich
Scheibler, of Crefeld, Germany. In one of the -tonomctcrs
constructed by him, there were as many as fifty-six tuning-
forks,all tuned with. the utmost care and rxcc'ur:u‘\'. ']"nbc
tonometers made by Scheibler were long used as the stand:
ard for similar sets, and nothing comparable to them was
attempted until some decades later, about 1860, when
Dr. Koenig began his marvellous career -as| an acoustic
mechanician.

Dr. Koenig has made many sets of tuning-forks similar to
those designed by Scheibler, having in his larger tonom-
eters as many as sixty-seven forks. But his most wonder-

t.\] e »oy - A SN : Qs
I work is a tonometer commenced in 1877, and now very
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near completion. It consists of one hundred and fifty forks
of exquisite workmanship, and tuned with infinite care and
skill. * It embraces the entire range of audible sounds, and

extends from 16 to 21845.3 vibrations per second. For the
\.'

compass of sounds employed in music, the forks are so ad-
justed that no fork differs from the one that precedes or suc-
ceeds it by more than four vibrations. For the lower sounds
the difference is only one half of a simple vibration.!

By means of this extraordinary instrument, the frequency
of any note can at once be determined with absolute ac-
curacy. No such work has ever been essayed by any one
before, and it is quite safe to assert that no such herculean
task will ever again be undertaken by any one else. Only
untiring patience, exceptional skill, and a phenomenal love
for his work could ever have enabled Dr. Koenig to ac-
complish a task demanding such care and time and labor.
It is a most.remarkable achievement of industry and genius,
and a monument of which any man might be proud.

If now it can only be secured by some musical organiza-
tion that will take proper care of it, it could be used for a
long time as a standard about whose accuracy there could
be no question. And furthermore, if the musicians of the
world would only agree to take this for an international
standard, it would be a happy solution of many difficulties
that have beset musical composers, performers, and manu-
facturers of musical instruments for several generations
past. Nothing better could be desired, and certainly noth-
ing more complete has ever been carried into execution.
The musical world has no standard of pitch.* and this mar-
vellous tonometer would answer the purpose admirably,
and with due care would last for all time to come. The
standards of weight and measure of France and England
have been worked out with all the nicety and delicacy that

1 The largest forks, which are about five feet in length, are provided with
great cylindrical resonators of copper. The largest resonator is an immense
affair. Itis twenty inches in diameter, and nearly eight feet inlength All
the resonators are adjustable in length, so as to be used for notes of different

pitch.
2 See note on following page.




76 SOQUND AND MUSIC.

human ingenuity could suggest; but I do not think they
are any more exact in their sphere than is the grand tono-
métre universal on which Dr. Rudolph Koenig has spent
so many of the best years of his life.

I have spoken of the desirability of having a standard of
pitch that would be.universally recognized. One would
imagine that such @ standard would have been agreed
upon- long ago; but when one thinks of the various and
often imperfect standards of measurement that obtain in
othér branches of science and art, one is not surprised
that musicians also are behindhand in’ this respect. The
French, it is true, have done something in this direction,
for in the Diapason Normal, already referred to, they have
a national standard. But even in France this standard is
not universally employed.. The Government has no power
to enforce it except in the schools, theatres, and conserva-
tories which it subsidizes, In churches, private theatres,
conservatories, concerts, and orchestras, the pitch of the
instruments used is far from being uniform.

So it is elsewhere. The pitch varies, not only in different
countries, but 'in different cities of the same country, and
even in the different theatres of the same city:.

But more than this. The pitch varies not only in place,
but also in time. It is quite different now from what it
was a centiry ago. - Then it was comparatively low. Since
then it has been growing higher and higher, until the
opinion begins to prevail, almost everywhere, that it is
time to call a halt. And to avoid the constant fluctations
of pitch that have obtained so long and so extensively, it is
felt now more than ever that an international standard of
pitch is almost, if not quite, a necessity. The first step in
this direction was made by an international conference of
musicians held in Vienna in 1885, when the French pitch
was unanimously adopted.! So far, however, this adop-

1 The French pitch was adopted by Russia in 1860, by Spain in 1879, and
by Belgium in 1885, The Royal Academy of England accepted it as the
standard, June 20, 1885, and a few months subsequently, Feb. 12, 1886, it

was formally adopted by the English Society of Arts. Italy, having sent
representatives to the Congress of Vienna, adopted French pitch in 1885,
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tion has amounted to nothing more than an acceptance,
in theory, that the French pitch is desirable, and should
therefore be adopted. As yet little or nothing has been
done towards carrying out in practice what the conference
deemed not only advisable but necessary.!

The French standard of pitch, the Diapason Normal,
which is prcscrvcd in the Musée du Conservatoire in Paris,
was designed to make 435 vibrations per second, but
actually makes, as we have seen, 435.45-

The starting-point for pitch in music is the second open
string of the violin, which gives the tuning note for
orchestras, It corresponds to A, above middle C of

the pianoforte, which in musical notation is written E:j} z—"
As, of a vibration-number of 435, was chosen in 1859 as
the result of a report made by a special commission ap-
pointed to determine a standard pitch. Previously to this
date, in 1834, the German Society of Physicists, assembled
as Stuttgart, had adopted as a standard of pitch a note
which had a frequency of 444. Physicists employ a fork
whose frequengy is much lower, — their A; having a vibra-
tionsnumber as low as 426.6. This is very near the

frequency of the A, fork used by Handel in 1751; 1

t
vibration-number was 422.5. Mozart's pitch was a little
less, being As 421.6. The lowest church pitchy in
Mersenne's time (1643), was A; 373.7. The so-called
chamber pitch, at that date, according to Mersenne, was

As 402.0. :

Since Mersenne's time, as is.apparent from the fore-
going numbers, the rise in /pitch has been-veéry great in-
deed. But without going back any farther thanthe days
of Mozart and Handel, we find that the rise in pitch has

1 Since the above was written, «The Piano Manufacturers’ Association
of New Vork and vicinity have unanimously selected the French pitch as
the standard for ail instruments made by the members of the Association.
At a meeting held by this body Nov. 6, 1891, it” was ¢ Resolved, that the
standard H\U‘I\’ECI‘,[ piléh adopted by the piano m \facturers of the United
States. giving that A which vibrates 435 double vibrations in a second of

3 vk 7Y vne tnr-
time at 68° Fahr., shall be known as the * International Pitch. It was fur
ided that this resolution should go into efiect July 1, 1892
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been so great as frequently to make it difficult to sing and
play the works of these great masters with proper effect.
In England, for instance, in spite of all the efforts that
have been made to keep it down to A; 444, orchestra and
pianoforte pitch has risen higher and higher, until it now
runs from As 449.7 to A; 454.7. In some parts of the
United . States, especially in_New York, pitch, in some
instances, has gone up as high as.A; 460.8. A Chickering
piano is tuned by a standard fork.which gives As 451.7,
and a piano by Steinway is tuned to As; 458. Between
Mozart's pitch and that used by Chickering and Steinway
there 'is, therefore, adifference of bétween thirty and
thirty-one —vibrations, -amounting practically to three
fourths of a tone.

The disadvantages, especially to vocalists, consequent
on such a rise of pitch, are apparent. Music written by
Mozart, Handel, Beethoven, and Haydn must be sung
more than a semitone higher than it was' intended to be
sung. . For the higher notes this is often difficult without
straining the voice. Besides, the effect produced by this
elevation of pitch s often entirely different from that
which wasaimed at by the composer, and which would be
secured if the 'music were sung at the pitch for which it
was- written.

Orchestras and.military bands are, in the main, respon-

sible for this undue elevation of pitch. Wind instruments
especially have  more brilliancy of tone when tuned to
this high pitch, and, for this reason, popular taste has
demanded, from the manufacturers of such instruments
that they should give them' the high ‘pitch which now
prevails.

The “tuning note ” for orchestras, as above stated, is A;
of the frequencies already given. For pianos, however,
the tuning note is the first C above As, namely, C,. This C,
according to the old theoretical pitch, which is that now
used by physicists, has a frequency of 512. In French
equal temperament, with A; 435, C; has a frequency of
517.3. The pitch of C, of the English Society of Arts,
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based on the German standard pitch, A; 440, is 528. In
modern concert pitch the frequency of Cq is still higher,
being 540.

The frequency, 512, of the standard C, of the physicist,
is the nipth power of 2, and gives, consequently, vibration-
numbers to all the C’s which are powers of 2. This number
was proposed by the distinguished acoustician Sauveur,
and subsequently, in 1830, adopted by Chladni. It has
above all others the advantage of simplicity. For this
reason, although considerably lower than other pitches in
use, it is almost universally employed by physicists and
acousticians. All the forks that we shall employ in our ex-
periments, unless otherwise specified, are tuned to this
standard of pitch. In musical notation this note C,, of
512 vibrations, would be written Lé; .

o
To get C;, an octave above this, it is only .necessary to

multiply 512 by 2, which gives 1024. Dividing 512 by 2
will give Cs, the octave below having 256 vibrations. In
general, by doubling the number of vibrations correspond-
ing to any given note we obtain a note an octave higher, and

get a note an octave lower. Having the

by halving it we
notes, then, of one octave of what is called the diatonic
scale, we can readily obtain all the others used in music
by simply multiplying or dividing by 2 or a multiple of 2.

The notes of the gamut are variotisly designated in dif-
ferent countries. In France the first six notes still bear
the names given them by the monk Guy of Arezzo in
1026. . They are the beginnings of words which occur in a
hymn to Saint John the Baptist,' and are as follows: wt, 7,
mi, fa, sol,la. The seventh syllable, 57, was added in 1684
by Lemaire. In Italy do has been substituted in place of
ut, because more easily pronounced in singing. In
England the notes are named after the first letters of the

I The words are, —
Ut queant laxis resonare fibris
Mira gestornm fzmuli tuorum,
Solve polluti /zbii reatum,
Sancte Joannes.”
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alphabet, and are called C,D, E, F, G, A,B. In Germany
H is substituted for B.

But we must go farther. The letters and syllables just
given distinguish the notes of an octave from each other,
but it is necessary besides to have a means of designating
the different.octaves-of any musical instrument. In Ger-
many-and England this is ordinarily done by using capital
letters, one unaccented, and the others variously under-
accented or under-lined for the'lower octaves, and small
letters, one likewise unaccented and the others over-ac-
cented or over-lined, for the higher octaves. The C's of
the eight octaves of the organ, when accented or lined, are

usually written as follows : —

The French method of desig
following : —

ULy, NU 3, Ih;

64, 128, 256, 512, 1024, 2043, 4006. As
fer frequently to these notes,
vibration-numbers, and as it is imporfant
.
i

hem at once, it is desirable to give

Qccasion

1\ A¢
el

be able to locate t
as written ih musical notation, together with their names

and frequencies.

=

2

LOUDNESS AND PITCH.

In this manner we may recognize them at a glance.
German: ¢’ ¢
French: Jt-a Ut—; Ut Jt Tt Uts

Frequency: 16 v 6 g 1024

C;

The last line is a partial combination of the French and
the German systems, and is, in many respects, mor¢ con-
venient than either. For this reason we shall adopt it in
preference to either of the other two. I shall frequently
have occasion to speak of higher notes and higher octaves
than those used in any musical instrument, and with this
last system one can indicate any given note with the great-
est facility and accuracy. Thus C,, one of the forks of a

series on the table, gives a note just two octaves above C,,

ju
E,

the highest note of the organ.

designates a fork of the

, the highest note for

same series four notes higher. G, g

which any tuning-fork has yet been made, is full three
and a half octaves above the highest note used in music.
Its relation to a corresponding note of any of the lower
octaves is seen as soon as one knows the frequency of the
fork.

The notes of the diatonic scale, with their correspondi
vibration-numbers, for what is known as the * two-foot’

« one-stroked ™ octave, are in musical notation as follows:

=
= =

256, 288, 120, / 3413, 4, 4266,

By multiplying or dividing the vibration-numbers of the
notes of this octave by 2, or some power of 2, we can,
as|just stated, readily determine the frequency of any note
of any octave, high or low.

The subject we have been studying has prepared the
way for a question of considerable experimental interest;
namely, what are the limits of audible vibrations? Very few

O
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persons, I fancy, have any idea of the many and apparently
conflicting answers given to this question.

According to Sauveur's experiments with organ-pipes
the lowest audible sound corresponds to 12} vibrations

per second. Biot's and Chladni’s experiments with strings

1
raised the number-to.16. Savart in his investigations used

a rotating (rod striking through a narrow slit, and came to
the conclusion that 8 vibrations were sufficient to pro-
diice a continuous sound., 'By/'means of a specially con-
structed sounding-box, over which a string was stretched,
Helmholtz finds that the lowest limit for

about 30 vibrations. At BL.."| he says, “with 20!

261 J

grave tones is
vibrations iira second, there was scarcely anything audible
left: ” 'and he concludes with the statement that “ although
tones of 24 to 28 vibratiens have been heard, notes do not
begin to have a definite pitch until about-40 vibrations are
performed in a second.”! According to Mr. Ellis’s obser-
vations with a large tuning-fork, the lowest audible sound
was in the neighborhood of 30 vibrations: ' “ For 30 vibra-
tions.” he observes, “ I could still hear a weak drone; for
28 scarcely a‘trace.” With the same instrument Prof. W.
Preyer, of Vienna, was-able to hear a continuous sound at 24
vibrations; . But.by using specially loaded tongues in reed
pipes made by the acoustician Herr Appunn, of Hanau, he
declares that he was able to hear tones as low as 15 vibra-
tions. Preyer's conclusions are that no musical tones are
produced by less than 15 vibrations, that air-pulses begin
to coalesce into a tone at about 20 vibrations, and that the
musical character-of bass tones is perceived only when
their frequencies exceed 24 vibrations per second. Ac-
cording to Despretz, the lowest limit of audible sounds is
16 vibrations, — the note that is given, or supposed to be
given, by the thirty-two foot organ-pipe. There. is grave
doubt among experimenters whether the thirty-two foot
organ-pipe actually gives a continuous note of 16 vibra-
tions. or whether the sound heard is not in reality due to

1 See Mr. A. J. Ellis’s admirable translation of Helmholtz's “ Tonempfin-
dungen,” chap. ix
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what are called “ upper partials,” which we shall consider in
the sequel. . According to Helmholtz, the vibrations' of this
pipe can always be heard as separate pulses, and never
blend into a continuous sound. Its value, then, depends
entirely on its power of reinforcing the notes of the octaves

* above it, and on the so-called upper partials, which are

always produced simultancously with the note having 16
vibrations, which it is supposed to produce.

Regarding the limits of audibility of acute sounds, there
is the same diversity of opinion. Sixty-four hundred
vibrations, according to Sauveur, constitute the highest
perceptible note. Chladni made the number 8,192, and
Walloston 25,000. By means of a large toothed wheel,
similar to the one used here, Savart showed that it was
possible to hear a sound corresponding to 24,000 vibra-
tions. Using tuning-forks tuned for him by Marloye,
Despretz was able to obtain sounds whose frequencies
were over 36,000 vibrations. Employing a very large See-
beck siren, Preyer heard a sound produced by 24,000 vibra-
tions, although this sound was quite inaudible to other
persons present. The highest tuning-fork made by Koenig
gives 21,845 vibrations, but he makes a set of short steel
cylinders, of which the shortest is calculated to give 32,768
vibrations per second. This note corresponds to C
Herr Appunn makes a set of thirty-one tuning-forks, the
highest of which is G, which makes 49,152 vibrations per
second.. One. of these G, forks I hold in my hand. As
you see, it is exceedingly diminutive. [t is about half an
inch long, two fifths of an inch-wide, and its tines. are but
one eighth of an inch thick. ‘Many persons have been able
to hear the note vielded by this fork; but a question may
arise whether it really gives a note of the high pitcl‘) claimed
for it. Without here entering into an explanation of the
manner| in which ‘the pitch of such forks is determined, I
may observe that Herr Appunn,in a letter to me about
this and other forks of very high pitch which he furnished
me, states that he can guarantee that the frequencies of
the forks correspond absolutely with the numbers stamped




4 SOUND AND MUSIC

on them. No one can doubt the skill of Herr Appunn as
a mechanician, and the delicacy of his ear for very acute
sounds is, according to the testimony of all who are ac-
quainted with him, something quite astonishing. It would
probably be impossible for one with a less delicate ear to
tune such a fork;-even-if he were familiar with the method
of tuning employed in such cases. We are consequently,
by tlie. very necessities of the case, compelled to accept
Herr Appunn’s estimate as that of an‘expert and that he
is an expert in his specialty no one can g insay.

Only ears thatare specially sensitive to,acute sounds are
capable of perceiving the motes of such tiny forks. For
most persons, especially those advanced iin years, the limit
of audition is ordinarily below Cq; giving 16,384 vibrations
per second.

Such acute sounds; however, are anything but agreeal
to the ear. They have a peculiar grating, rasping effect that,
at times, becomes extremely painful. [n-other cases they
produce a peculiar indefinable feeling of discomfort, which
persists for.some time. Dr. Koenig has. often told me that
he does~not like. to-€xperiment with~these high notes, as

they frequently continue to ring in his ears for days, and

even weeks afterwards. Prof. W. Preyver, who has distin-

guished/ himself by his experiments on the limits of the
perception of tone, speaks also of the d woreeable char-
acter of the higher notes. In describing his experience
with the notes above Cy, he says they affected him “as ifa
thin_wire were drawn through both ears tow ards the middle,
and thence towards-the top of the head.”

Permit me now to illustrate experimentally the subject
we have been discussing. As you already unde: stand how
Savart’s wheel and Seebeck’s siren can be used to deter-
mine rthe limits of perceptible sounds, whether grave or
acute, — having seen these instruments used 1in other ex-
periments, — we shall have recourse to other and more
exact instruments.

For investigating the limits of grave sounds we have here

a very large fork (Fig. 29), made by Koenig, and similar

= ~
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to the ones used by Mr. Ellis in his researches. It is
mounted on a heavy cast-iron base, and to its prongs,
which are nearly thirty inches long, are attached two slid-
ing weights about three inches in diameter, by means of
which the pitch of the fork can be raised or lowered. The
range of the fork is from C_, to G_,; that is, from 16 to
24 vibrations. There is a scale along each prong to show
where the weights are to be adjusted

in order to produce the different vi-

brations marked thereon.

Clamping the weights at the top of
the prongs, at the place marked for
16 vibrations, we now cause the fork
to vibrate; but although you can sce
that the prongs are in motion, I am
quite sure that no one present is able
to perceive.the sound corresponding
to 16 vibrations: You may, when
the fork is first excited, hear a deep
musical note; but this is one of the
upper partial tones to which allusion
has been made. Itis anoctave higher
than C_,, and is not, therefore, the
note for which we are seeking. In
working ~with the fork, the ear is
brought as close as possible to one
of the sliding weights, which, on ac-
count of their great surface, act as an aid to hearing.
But notwithstanding numerous experiments which I have
made with many persons having an acute car for musical
soitnds, T have never yet been able to find even one who
could detect what would be denominated a pure musical
note.

I bring the weights down to the bottom of the prongs,
to the tone marked 24 vibrations, and again agitate the
fork. The result is practically the same as before. You
can see the vibratory motion of the fork, but you cannot

hear the note G_,, that answers to the 24 vibrations. If,




36 SOUND AND MUSIC.

however, the ear is placed as close as possible to one of
the sliding disks, it is possible for some persons to hear a
kind of low drone, probably the nearest approach to a
musical note,— at least with such apparatus.

' l.Lnln.lg-forks are also the best means for determining the
limit of acute-sounds.. Reeds have been used, as \\'L‘ll as
sirens” of various! kinds; butthe results obtained by these
means are not 50 trustworthy as those given by \\'clil»umud
forks. | Before you is a superb series of forks for the notes
?’r»;.)m C. to Fy. They are so arranged .on a support that
it is easy to excite \them in succession by merely drawin
a violin-bow acros§ theéir prongs. '

C. corresponds to-the highest note of the organ, and

when excited by the bow, its tone comes out clear and

loud:" Setting the jothers in vibration in the order of their
pitch, the sound-becomes correspondingly higher and
more piercing. As we approach C, the sounds will die
out for some of you, while they will remain unpleasantly
sainful for others. The nearer the forks are to the «.1;'.
the more these effects are intensified. Above C, the forks
will, I think, 1n inaudible to most of you, no matter how
vigorously I draw the bow across them, or how near you
may be to ﬂmn. We have reached the border-land of
acute sounds,; and by the most perfect, means that science
has thus far at its command.

Koenig employs another method for showing the limit
of perceptibility for acute sounds, which may be illustrated
here, as it possesses considerable interest and is capable
of giving quite reliable results.
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The instrument used for this purpose consists of twenty-
two cylindrical steel rods (Fig. 30), giving notes as high as
C,,, making 32,768 vibrations per second. The lowest
note, C,, is given by the longest cylinder, and the notes
become higher in proportion as the cylinders are made
shorter. \ml\nv-'-' the longest cylinder with an ivory ham-
mer. made for the purpose, you at once perceive a clear,

p:’-nctr;iting sound that almost ‘imn\,hu the sound of the

L
I

hammer itself. When we strike in succession the shorter
bars. the musical note becomes more acute, and the shock
of the hammer comparati ely louder. With the shortest
rods the notes due to their vibrations become almost, if
not entirely, inaudible, and one hears only the sound of
l)tIL,Ll\\nlxl when the hammer comes in contact with the
-vlinders. With such cylindrical rods, G is heard with
di ficulty by ordinary ears, and C, marks the limits of audi-
tion tnx udul) persons generally, while even the most
sensitive ear scarcely ever reaches Gy
By means of a small whistle (Fig. 31) Captain D
Galton has been able to obtain sounds which are said tn
be as acute as any of those
we have been considering,
if indeed they are not mMOIe
acute. Sucha whistle I hold
in'my hand. The air is sup- FIG. 3
plied by a little rubber bulb,
and the vibrating column of air, by means of a scale at-
tached to the whistle, can be accurately shortened by
such a small amount as the g15th of an-inch. - When the
whistle is made to sound, you hear a very ln oh note, re-
sembling somewhat that emitted by some of the smaller
mammalia. The sharp, attenuated notes of white mice,
which probably many of you have heard, are not unlike
some of the notes we- can evoke from this whistle when
it is properly adjusted.
By means of this simple little contrivance, one may
readily estimate the pitch of very acute sounds. With it
I have been able to determine the pitch of a creaking
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door, which yielded a note full two octaves above the
highest note used in music.

From the foregoing we learn that the range of audition
extends somewhat over eleven octaves.

Light, like sound, is due to a mode of vibratory motion,
and the various-eolors; like notes of different pitch, have
their-origin in different rates of vibration. The extreme
red ‘of the spectrum corresponds to the gravest musical
notes, while the more acute sounds' correspond to the
extreme violet. Intervening colors correspond to the
notes between the most grave and the most acute. But
the range of péerception for the different rates of vibration
is much less for the eye than it is for the ear. For the
former it is\at most an octave and a half; <for the latter it
is nearly eight timesas ' much. The frequency of the ex-
treme violetds never mere than three times that of the
lowest red, — ordinarily it is not much more than twice as
great, — whereas the frequency of G,, of ‘Appunn’s fork is
over three thousand times that of the nete of the thirty-
two foot organ-pipe.

Only an exceptional ear, as we have seen, has a percep-
tion extending over the entire eleven octaves of sound.
But no haman ear; however \acute-or well trained, is able
to separate all audible sounds from each other. It re-
quires a good ear to-distinguish the lower notes from each
other, but it is a far more difficult matter to discrimi-
nate the higher notes from each other after they rise
above C,.

Expé¢rimentally we have been dealing with sounds hav-

1 % Assuming, then,” — [ quote from Ellis, — “that the yellow of the
spectrum answers to the tenor C in music, and Frauenhofer’s *line A’ cor-

v it, Professor Hemholtz, in his ¢ Physiological Op-
tics,’ gives the following analogies between the notes of the piano and the
colors of the spectrum : —

F2, Endof the Red, ¢, Yellow, 8, Violet,
G, Red, 2. Green, £, Ultra-violet,

7%, Red, d, Greenish-blue, g8, Ultra-violet,

Red, d%, Cyanogen-blue, a, Ult iolet,

12, Orange-red, digo-blue a¥, Ultra-violet,

Orange, £ Violet, 4, End of the Solar Spectrum.”
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ing a compass of something over eleven octaves. The
largest organ never has more than eight octaves, the
ordinary small organ never more than seven; the piano,
as usually constructed, embraces from seven to seven and
one half octaves. The violin has three and one half oc-
taves, and the compass of some other instruments is still
less. On the organ and the piano, neither the lowest nor
the highest octave, as compared with the intervening ones,
is much used; this reduces the practical range of these
instruments to about five octaves.

In tempered instruments, like the organ, piano, and
harmonium, for instance, the number of notes available
for each octave is also limited. Counting white and black
keys, there are only twelve notes to each octave. This
gives for the five octaves employed in ordinary music only
sixty different notes, — sixty notes out of the fifty thousand
different rates of vibration which we have been considering !
In the case of theviolin only about forty different notes are
used, — less than the ;'55th part of the number with which
the acoustician deals.

In the human voice the range is much less than that of
any of the musical instruments just named. For the ordi-
nary voice the compass, or register, as it is called, is about
two octaves. In extraordinary cases the register may em-
brace two.and a. half octaves, and_in a few phenomenal
instances an octave more.

The average human voice, therefore, in singing a solo, in
which the key remains unchanged, does not ordinarily use
more than twelve or fifteen different motes; apd yet, with
thiese. few notes, it is able’ to. execute those marvels of
melody that so charm the ear.

The human voice has well been compared to the viol
family, which embraces four different instruments, — bass,
tenor, alto, and soprano. ~Besides these there are also two
intermediate voices, baritone, between bass and tenor, and
mezzo-soprano, between soprano and alto.

Male voices are known as bass, baritone, and tenor, and
female voices are classed as alto, mezzo-soprano, and
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soprano. The ordinary compass of these various voices
is indicated in the following musical notation: —

o

CE S Eiscieet ===
=

=

=
Bass Baritone Tenor. Alto. Mezzo-

Amongst phenomenal voices were those of Gassner and

the brothers Fischer, who were at the court of Bavaria in

the sixteenth century, all of whom were able to sing as

low as F_,. . The voice of Forster, the Dane, had a com-
pass of three octaves. The highest voice on record was
undoubtedly that of Lucrezia Ajugari, who sang for Mozart
in Parma in 1770, She/could sing as high as C;, and de-
scend as lowas Gs, and had 'therefore the marvellous com-
pass of three and one half octaves. But with all this, her
voice, even in its highest tones, remained, according to the
testimony of Mozart's. father, as pure as a flute, Nilsson
and Patti have also attained marvellous heights. The
voices of Catalani, Farinelli, and the younger of the sisters
Sessivwere extraordinary for their depth and compass,
having ineach case a range of three and a half octaves.
The greatest observed compass of the human voice, from
thedowest bass to the  highest soprano, is, then, fully five
and a half octaves, extending from F_,, of 43, to C, of
2,048 vibrations per second. This range, expressed in

notes, is as follows: —
=z

=
The compass of the wonderful voices of Sessi and Fari-
nelli is indicated by the following notes: —
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The lowest note used in the orchestra is C_;, and is
given by the double bass. As usually made, it gives 33
vibrations per second. The highest note employed in
orchestral music is the D, of the piccolo-flute, giving,
according to the physicist’s pitch, 4,608 vibrations per
second. but a much higher frequency according to the
standard of pitch at present in use. The lowest note, Ay
on a grand piano, is made to give about 27} vibrations per
second. The highest note, C,, has a frequency of about
4,200 vibrations per second.

In our experiments we have discovered that the range
of hearing varies greatly with different persons. One will
be astonished at the extent of this variation when he comes
to examine the matter with a little attention; he will find,
to his surprise, that there are many sounds in nature that
are very unpleasant to some, but are entirely beyond the
perception.of other ears.. There are many to whom the
multifarious sounds of insect life are inaudible, while these
same sounds are disagreeably shrill and piercing to others.
There are those, even, who are capable of enjoying music,
who cannot hear the upper notes of the piano or organ, or
distinguish in the lowest octave one note from another.

Some savages have remarkably acute powers of hearing,
but only for certain sounds. Their range of audition 1s
frequently-as limited as their perception of some sounds
is acute.

Then, again, the sensitiveness of the ear varies greatly
for the different notes. It is not as marked for high or
low notes as it is for those whichiare intermediate. | Strike
in succession the notesof the highest or the lowest octaves
of the piano, and you will find that there is not by any
means such a marked difference in pitch between the con=
secutive notes as there is in the intervening octaves. I
have known a piano-tuner, for instance, who was an expert
in tuning all the octaves except the lowest. In this octave
he lost completely his perception of pitch and intervals,
and — what was more remarkable, in his case — he was
utterly unconscious of his lack of musical appreciation in
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this part of the scale, and could not be brought to believe
that his ear was less sensitive to low than to high notes.

But notwithstanding all this, the ear is a wonderfully
comprehensive instrument. As compared with the eye,
it is vastly superior in the extent of the sensations it is
capable_of -experiencing. The eye possesses barely an
octave and a half of sensations, whereas the average ear,
asave: have seen, has a range of six or seven, while more
acute cars have a compass of fully eleven octaves.

And then the ¢éar'is'a wonderfully accurate instrument,
and capable of appreciating minute differences that would
be wholly impossible in the case of the.eye. According
to. Dr. W, H. Stone, “ an architect or'draughtsman who,
between two lines neither parallel nor inone plane, made
an errorof estimation’ by eye not exceeding one thirtieth,
would gain credit for-unusual precision. But in the ear
one thirtieth amounts to a quarter of a tone, and by ear
one forty-fifth of a tone is easily determined.” A skilful
pianoforte-tuner ¢an do much more, ~He is called upon,
for instance, to distinguish between-a true and an equally
tempered fifth, where the difference is only the one hun-
dredth of ‘a-tone. . He should, accordingly, be able to
recoghize  at least six hundred” different sounds in an
octave.. More  than  this, according to the investigations
of Professor Mayer, it is possible, under specially favorable
conditions, and for sounds whose pitch is near that of C,,
to distinguish from each other notes which do not differ

y:more than-the s35th of a semitone.

In/the rapidity of its appreciation the ear is equally
remarkable. In a fraction of a second it can accurately
refer any note to its place in the scale, and can just as
easily and as quickly separate from each other several
widely different notes. According to recent investigations,

the ear is capable of hearing a sound'when only two wibra-

tions are made. It should therefore hear the middle notes

of the pianoforte in the two or three hundredth part of a
second. It requires more time, however, for the ear to
distinguish the full characteristic of a note. To do this,
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according to the experiments of Exner, Auerbach, and
W. Kohlrausch, from 2 to 20 vibrations are necessary.
With proper training and practice the organ of hearing

can be rendered remarkably sensitive and accurate. T'here
is rarely any physical defect in the ear itself. The defects
ordinarily noticed and spoken of are such as can be easily
remedied by cultivation. It may, it is true, never be able
to attain the remarkable range of audition we have spoken
of above, it may never become so * apprehensive and dis-
criminant” as the ear of Mozart; but its delicacy can be
increased and its general appreciation of musical sounds
wonderfully improved. This is especially true if the work
of instruction is begun in childhood, when the organ of
hearing is naturally most sensitive and most readily sus-
ceptible of cultivation.

In making experiments with rods and tuning-forks giv-
ing very acute sounds, I have frequently been struck with
the very great difference in the ability to perceive such
sounds as manifested by young and old persous. Even
when the latter were trained musicians they were incapable
of hearing sounds that were quite audible to children who
had no musical training whatever. This fact, like many
others that might be adduced, is a striking commentary
on the necessity of beginning early the training of the
young, when eye and ear, not to speak of the other semses,
are ever on the alert, and quick to détect sounds and forms
and_colors which at a later period would entirely escape
their observation, or that of one who had never been taught
the wonderful powers-and capabilities of the five senses

when properly educated.




CHAPTER IIL
VELOCITY, REFLECTION, AND REFRACTION OF SOUND.

" OUND, as [every one knows; requires an appreciable

time for its transmission from one point to another.
The earliest observers were coghnizant of this fact. Thus
Aristotle, whose observation nothing seems to have es-
caped, remarks that one sees a boatman strike the water
with his oar a_second time before the sound of the first
stroke reaches the ear. In another place he observes:
** The flash of lightning succeeds the noise of the thunder,
but is perceived before it, because the sense of sight is
quicker than that of hearing.”?

Lucretius, who has preserved for us, in exquisite Latin
verse, so much-of the physical knowledge of the old Greek
and Roman: philosephers, refers to'the same illustration as
that /last’ quoted from Aristotle: and then adds another,
that has been used and paraphrased until the present time.
Permit me to repeat what he says: —

“Then earlier see we, too, the rushing blaze
Than hear the roar, since far the fluent films
Of sight move speedier than of laggard sound.
As, when the woodman fells some branch remote,
It drops conspicuous ere the bounding blow
Strike on the ear, — so the keen h:"ntrning far
Anticipates the thunder, though alike

Reared from one cause, from one concussion reared.” *

U Dlverar 8¢ werd iy mAnyy, kel Soerepov Tiis Bporris’ &AAG palveras wpd:
Tepor 8i& T THy v wpoTepely Tis &xofjs. — ARISTOTLE: JZ. Meteor.
2 Sed tonitrum fit utei post auribus adcipiamus,
Fulgere quam cernant oculei, quia semper ad aureis
Tardius adveniunt, quam visum, qua moveant, res.

Id licet huic etiam cognoscere ; ca&dere si guem

VELOCITY, REFLECTION, AND REFRACTION. 95

The rate at which sound travels in a unit of time s called
its velocity. The unit of time ordinarily employed is one
second. But no attempt to make anything like an accurate
determination of the velocity of sound was undertaken until
about two hundred and fifty years ago, when the matter was
taken up by the illustrious Father Mersenue.

« Light,” says Mersenne, ‘‘ spreads through the sphere
of its activity in an instant, or if it require time, it is so
short as not to be observable. Sound, on the contrary,
requires time to fill the sphere of its activity, the duration of
which time is in proportion to the distance of the sonorous
body from the ear. This has been proved experimentally
in several ways. Thus, it has been observed that the axe
of the woodman will have struck a second blow before the
first is heard, when he is distant six hundred paces or
thereabout.”

He then describes experiments by which one may deter-

mine the velocity of sound. Among these he mentions

that of counting the beats of the pulse from the moment
one sees the flash of the musket, or of a piece of artillery,
antil the sound is heard. Although the observations which
had been made by others, and to which he refers, gave
quite discordant results, Mersenne held that the velocity
of sound was not so great as that of a ball from an arque-
bus. And he bases his opinion on the fact that *“birds
are often seen to fall dead from the branches of trees before
the sound of. the arquebus is heard, although it be quite
close at hand.”

Mersenne’s measurements of -the velocity of sound were
based on the phenomenon of reflection known as an echo.
By means of a pendulum he had determined that seven
svllables could be pronounced in a second. But he found

Ancipiti videas ferro procul arboris auctum
Ante fit ut cernas ictum, quani plaga per auras
Det sonittum ; sic fulgorem cernimus ante,
Quam tonitrum adcipimus, pariter qui mittitur igni
E simili causa, concursu natus eodem.
T. LucreTtt CARI : De Rerum Natura,
Lib. vi. 163 ¢f s2qg.
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that an echo at the distance of 519 feet would give back
seven syllables. It requires one second to pronounce
them, and they are heard coming back the second second.
Sound then travels 519 feet in going, and the same dis-
tance in returning, thatis, 1033 feet, in one second. ‘ We
may therefore,” says Mersenne, “ consider this as the
velocity. of reflected sounds; which I have always found to
be the same, whether the sound. proceed from trumpets,
arquebuses, stones; or voices, acite or grave.” This result,
considering- the -means cmployed, is a remarkably close
approximation to the value now received, as correct,

Abott-the same time-that Mersenne was carrying on his
researches on sound, the Academy of Florence took up
the vexed question of the velogity of sonorous v ibrations.
In this instance the experiment was made by noting the
time that-elapsed from the appearance-of the flash
cannon until its detonation was heard, '
was about ;148 feet per second, — a.value that is con-
siderably higher than that assigned by Mersenne.

It was.necessary, however, before any reliable results

1

could.be obtained, to employ more> precise methods of

measurement than any-yet indicated’” This was not done
until nearly a’centtiry later, whenin 1738 the mat

taken up by the French Academy of Sciences. A com-
mission composed of Cassini de Fleury, La C , Maraldi,
and a number of associates, chose as stati I
to make their observations the Observatory of Paris, the
Pyramid of Montmartre, the Mill of Fontenay-aux-Rose,
and the Chéteat. de Lay, at Montlhéry. Cannons at
Montlhéry-and Montmartre were fired alternately, and the

observers at the four stations noted, by mcans of pendu

S

lums beating seconds, the time that elapsed between the
¢

afrival of the flash and the report of the guns. As the
average of many observations they found that the velocity
of sound at a temperature of 6° C. was 1,106 feet per
second. As the velocity of sound increases almost two
feet for every degree centigrade, this would make the

velocity at 0° C., 1,004 feet per second.
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The conditions under which the above observations were
made were such as to show the effect that wind has on
the propagation of sound. The velocity of sound is accel-
erated when its direction is the same as that of the wind,
and retarded when wind and sound move in opposite direc-
tions. When the wind blows obliquely to the direction of
propagation of sonorous waves, the velocity of sound is
augmented or diminished according to the angle subtended
by the lines along which wind and sound are carried.
When, however, the wind is at right angles to the direc-
tion of propagation of sound, its influence is nzl. The
same observations likewise demonstrated that the velocity
of sound in air is independent of atmospheric pressure,
and that sonorous waves always pass over equal distances
in equal times.

Subsequently, numerous other observations, with a sim-
ilar object in view, were instituted in various other parts
of the world. Observations were made by La Condamine
at Quito and Cayenne; by Espinoza and Banza at Santiago
in Chili; by Kostaer.and Miiller at Gottingen; by Ben-
zenberg near Diisseldorf; and by the English astronomer
Goldingham at Madras. » As a mean of eight hundred
observations, the latter observer found the velocity of
sound at a temperature of ©° C. to be 1,089.9 feet.

In 1822, at/the instance of Laplace, the Bureau de longi-
tudes undertook to measure anew the velocity of sound.
The commission-appointed. to do, the work embraced some
of the ablest mathematicians and physicists of the time.
Among them were Arago; De Prony, Humboldt,-and Gay-
Lussac.. The stations selected were Montlhéry and Ville-
juif, distant from each other nearly twelve miles. The
observers were provided with the most accurate chro-
nometers obtainable, recording from the tenth to the
sixtioth’ of a!sécond] ' JAS /in ‘1738, cannons were used
1t both stations, and the- time/intervening between the
arrival of the flash and the report of the guns was accu-
ratelv measured. As a mean of numerous observations,

after making due allowance for wind, temperature, and

/
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moisture, it was calculated that the velocity of sound at
0° C. would be 1,086.1. According to Arago, the prob-
able error in this result, due to mistakes in measuring the
distance between the stations, and in the estimation of
time, cannot amount to more than four feet. Itis probably
less.

Fhe year following, two-Dutch physicists, Moll and Van
Beck, as a result of a cagefullyconducted series of experi-
ments, in which the influence of the wind, whose velocity
and direction were indicated by good anemometers, was
noted, calculated the velocity of sound at 0° C., in dry
air, to be 1,080.4 feet per second. This result agrees
closely with that which had been obtained by Goldingham.

All the preceding observations were made at stations
that had ‘practically the same elevation above sea-level
Besides; the direction-of sound in all these cases was hori-
zontal. /But would the results be the same were sound
to be transmitted in'a direction oblique to the horizon?
Theory answers this question in the-affirmative.

According to Newton, who made the first theoretic in-
vestigations-into-this subject, the velocity of sound, as
propagated in the air, depends both on the elasticity and
thé density of the air. * The result at which he arrived is

best expressed by the formula, /"= 4/ ‘-zl in which V repre-
[4

sents the velocity of sound, e the elasticity, and & the den-
sity of the air. This means that the velocity of sound in
air is proportional to the square root of the ratio between
the elasticity and the density of the air,” But as, according
to the law of ‘Mariotte? the elasticity of the atmosphere

1 This formula, which is the one usually given
does not specify the value of e ¢ according to Newton, is=A H
which; expressed in' G- G! S: units, gives A = 13.506 = density of mercury,

« &y

1y . . 1 . & 31 R o
H =normal barometric height'= 76.cms. ™ = 3 =.00120932. , The

‘

formula thus corrected is subject to calculation and is written F'= A.17.8
2 In England usually called Boyle's law. As a matter of fact the law was
discovered by Mariotte and Boyle independently and about the same date.

Their discoveries were published in the early part of the latter half of the
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varies as the pressure to which it was submitted, and the

(

ity varies also as the pressure, it follows that density

V
] -
id

lens
and elasticity vary in the same proportion, and that the
{

ratio between elasticity and density, for the same temper-
ature, will always remain constant. Hence the velocity of
sound will be the same in all directions. It will therefore
be the same whether its direction of propagation be oblique
or parallel to the horizon.

['wo Austrian physicists, Stampfer and Myrbach, in
1822, were the first to demonstrate this experimentally.
Twenty-two years later, in 1844, two French philosophers,
Bravais and Martins, repeated the experiments in the Ber-
nese Alps. They found that the velocity of sound from
the base to the summit of the Faulhorn was the same as
that from the summit to the base. According to their
computations, this velocity at 0° C. in dry air was 1090.3
feet per second.

= expressing the results of New-
[

But the formula, V7= 4
ton’s theoretical investigations, requires a correction to
tally with the results of experiments. = Newton himself was
aware of the necessity for such a correction, but was not
able to supply it. Basing his calculations on the known
elasticity and density of the air, he found the velocity cor-
responding to the temperature of 0> C. to be 916 feet per

second. The result thus obtained was about one sixth less
than it was proved to be by observation. He offered a

seventeenthcentnry. In strict-justice the law should be known-as the law
of Mariotte and Boyle

Mariotte, like his-distinguished countryman, Mersenne, is not known as

I uld be, considering the at services he has rendered to

al of his published works, embracing two massive tomes

_would show that we are indebted to him for many of the expen

laws found /in-our-modern works on physics. He, like Mer

senné “was a monk, and like him, too,was one of the original members
hé French Academy of Sciences. Condore
was the first one in ance who

ation and doubt. and who inspired that scrupulousness and

ution 5o necessary to those who interrogate Nature and interpret her
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conjecture as to the cause of the discrepancy, but it was
reserved for the illustrious French mathematician, Laplace,
to point out the true cause of the great difference bLl\.\« en
theoretic and observed results. This difference, as Laplace
proved, was owing to changes of temperature [n'«ni:m'zi by
the sonorous wave-itself. Compression, it was shown, aug-
mented the température and, consequently, the elasticity
6fthe air, while dilation’ caused-a diminution of the tem-
perature; but the net result of these changes in the temper-
ature of the sound-wave was to cause an acceleration of
velocity.

‘ Laplace,” says Lord Rayleigh, who summarizes the
question with' characteristic lucidity, considered that the
condensations and rarefactions concerned in the propaga-
tion of sound take place with such rapidity that the heat
and cold produced have not time to pass’away, and that,
therefore. the relation between volume and pressure is sen-
sibly the'same as if the air were confined in an absolutely
_non-conducting vessel. Under these conditions the r':*.nnf‘;-z;
of tvmpv" iture corresponding to a . given c ndensation or

-efaction 15 greater than_on the 11\ mﬁ‘xxn of constant
tunmm:lturc. and the velocity of suunt’x is accordingly
increased.” N

%The onlv question,” as Lord Rayleigh well observes,
can-possibly be considered open, 'is whether a

the heat and cold produced may not escap:

conduction and radiation before producing “its” full
effect, Everything must depend on the rapidity of the
alternations. - Below a certain/limit of slowness the heat in
excess or defect would have time to” adjust itself, and the
temperature would remain sensibly constant.” In this case,
the relation between pressure and density would be that
which- leadsto: Newton's-value-of the velocity of sound.
On the other hand, above a certain limit of iquickness the
gas would behave as if confined in a non-conducting vessel,
as supposed in Laplace's theory. Now, although the cir-
cumstance the actual problem are better represented

ki he- V4 - = Tawziil . e 1
DYy the latt an by the Ilormes proposition, there may
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still, it may be said, be a sens sible deviation from the law of
pressure and density involved in Lapl ace's theory, cntail-
ing a somewhat slower velocity of prope yagation of sound.”

According ‘to the hypotheses both of Newton and La-
place, there is no dissipation of energy during the propaga-
tion of sonorous undulations. Sound-waves do not generate
heat. No work, therefore, is consumed. If there were such
a conversion of sonorous vibrations into heat, — if work
were done, — the distance to which sound could travel
would be very limited indeed. Adding Laplace’s correc-
tion to Newton's formula, it is found that theoretic and
observed results agree exactly

According to the experiments just referre d to, the veloc-
ity of sound, in dry air, at a temperature of o° C., would
be. in round numbers, 1,000 feet per se cond. \lm‘c recent
observations by Le Roux and Regnault, in which all the
oht

o

refinements of modern experimental science were brou
into requisition, show that this figure is probably too high,
and that a nearer approximation to truth, for the velocity
of sound at 0® C. is 1,083 feet per second. Le Roux esti-
mates that this result, making allowances for all sources of
arror. is true to within six inches at most. As Le Roux
and Regnault made independent observations and em-
ployed different methods, and give as their results/the’
average of ‘a large number of painstaking experiments,
their figures may be accef sted as substantially correct.

[ have spoken thus at length of the experiments made
to determine the velocity of sound to give you an idea of
the! immense amount of labor required to- establish with
certainty a single fact in science, And in what has been
said, your attention has been called to a few only of

the many experiments that have been made during the
1.

past two hundred years in various parts of the worlc

No one, who Has'not reflected on the matter, has any idea
of the amount of energy expended on/inv ~:>tigntinn< of this
nature. and of the ingenuity displayed in eliminating all
possible sources of error. And what has been said con-

1 Theory of Sound, vol. ii. pp. 19, 23, 24
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cerning observations made to determine the velocity of
sound, may, with equal truth, be asserted regarding every
fact that now constitutes a part of that very comprehensive
branch of knowledge which we call physical science. We
shall have several equally striking illustrations of the truth

of this statement during the course of our investigations in

the domain of sound.;. What are-now accepted as simple
facts, often,| apparently, of slight importance, represent,
each-one of them, weeks, months; yea; years, of L-xbux‘ on
the .part of one or more of the enthusiastic students of
Nature and Nature's, laws.

From the foregoing we have seen that the wvelocity of
sound is independent of the density of the air, and, L‘un—
sequently, of lits \pressure; but that it is modified by tem-
perature, moisture,-and the direction of the wind. The
question may now be asked, Is the velocity the same for
all sounds, grave or acute, feeble or intense?

It is within' the experience of every one that all sounds
travel equally fast, whatever their pitch. If this/were not
so, a melody played ona musicalinstrument, and heard at
a distance, would tndergo alteration/in the order in which
the different notes fr'nllf»\\' each other; but such is not the
case. - Biot' demonstrated this conclusively by his experi-
sments on‘the velocity of sound \in iron pipes. He caused
a well-known air to be played-on a flute, at one end of
a pipe over three thousand feet in length, and, stationing
himself at the other end, he found that the notes bore the
same relation to each other, and that their sequence was
the same, at one end of the pipe. as/at the other,
this and other observations, he concluded that :-1’:! sounds,
whatever their pitch, travel equally fast. And what is true
for one instrument is equally true for any numl)u' of
instruments. Thus the music of an-orchestra or brass
band remains unaltered whether the hearer be hard by or
farther away:. :

[t is proper to state here that Biot's observations require
a slight correction. The correction, however, applies only
to what might be called exceptional cases. I\'c;nuuh:~
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experiments prove that very intense sounds, especially
when passing through gases in pipes of small diameter,
travel more rapidly than feeble sounds. But it is only
when this difference in intensity is very marked that any
variation in velocity is discernible. For ordinary sounds,
under ordinary circumstances, no perceptible difference is
ever observed.

When the velocity of sound in air is known, it is,
sy matter to compute the distance of any

obviously, an ea
source of sound. As the velocity of light is so great, —
about 190,000 miles per second, — its time of transmission,
in all experiments on the velocity of sound, is so in-
finitesimal that it may be neglected. Counting, for in-
stance, the number of seconds elapsing between the
lightning’s flash and the peal of thunder, and multiplying
this number by the velocity of sound in air, according to
its temperature, we have at once the distance of the point
of discharge. It is only when the I chtning’s flash and the
thunder’s peal are nearly simultaneous thatany danger from
lightning is to be apprehended. Ina similar manner the
distance of any other source of sound can be computed.
The velocity of sound in gases may be determined both
directly and indirectly. Regnault f illed long tubes with
gas, and thus measured the \‘clout\ of sounds directly:*
The results he arrived at agreed remarkably well with those
required by theory, as expressed in Newton’s formula, cor-
rected by Laplace. Dulong, acting on a suggestion given
by D. Bernouilli, measured 1 indirectly the velocity of sound
in‘air and’ vatious gases; by ymeans of organ- pipes. - Lwill
not go into the details of his e\pemm nts, but simply
tabulate the results at which he arrived:
Velocity of sound in gases at the temperature of o°
. Velocity.
A J . B 4:F . . /0 1092 feet.
Oxygen. . el io.io
Hydrogen . - - « « - - 4164
Carbon dioxide. . . . . . 838
Carbon monoxide . . . . . 1107
Nitrous oxide . . - . 859
Olefiant Gas 1030
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given liquid can always be determined experimentally, it is
an easy matter, by using Newton's formula, to calculate

the velocity of sound in any liquid whatever. And since
Wertheim’s method is almost equally comprehensive in its

application, it is evident that the results arrived at by the.

two methods can serve as checks for one another, and that
in no case can-the,calculations made vary from the truth
by any-censiderable quantity.

In solids the elasticity. as compared with the density, is
usually greater than in liquids; and-hence the rate of trans-
mission of sounds is correspondingly greater.

Biot determined-the velocity-of sound iin-cast iron by
means of an iron pipe over three thousand feet in length.
One end of the pipe was struck by a hammer,and an ob-
server stationed at-the other end heard two sounds, one
transmitted by the air;the other by the metal, "It was thus
found that iron transmitted sound about ten jand one half
times as rapidly as-air.

By calculations based'on their coefficients of elasticity,
which may be. experimentally determined, Wertheim was
able'to deduce thewelocity-of sound in the solids named

in\the following table : —

Tocity of Sound in Metals-at

o leet Gold

4
r. . 9,553 Lopper
Steel Wire ; 15,470 It

on

Velocity of Sound in Wood along the Fibre.
10,900 fect Qak .

1271
13,314

15,21

From the preceding tables we observe that the solids in
which the velocity-of sound is greatest are iron and steel
for the metals, and fir and aspen for the woods. Accord-
ing to Chladni’'s measurements, however, the velocity in fir
15 much greater than that given in the table. His ('":-:mfi

ments gave for this wood a velocity of 19,685 feet, — fully
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twelve times the rapidity of transmission of sonorous pulses
in air.!

It is to be noted that the rate of propagation of sound-
vibrations is not the same in all directions in wood. The
ficures above given are true only when the direction of
transmission is along the fibres. When sound is made to
pass parallel or across the rings of the wood, its velocity
is very much less.

[t is to be remarked, also, that augmentation of temper-
ature in metals has not the same effects which it has in
gases and liquids of increasing the velocity of sound. The
result, except in the case of iron between 20° and 100° C.,
is just the opposite. Increase of temperature entails a cor-
responding decrease in velocity. Iron is an exception to
the rule which obtains with other metals, by reason, very
likely, of some peculiar molecular structure; for it has
been observed that iron and steel, prepared in different
ways — iron and steel as wire and cast steel, for instance —
do not transmit sound-waves with the same velocity.

Chladni and Kundt have devised two beautiful methods
of caleulating the velocity of sound in different solids,
which I shall dwell on more at length when we come to
study the vibrations of rods? Interference of sound also
affords us an interesting way of computing the rate of
propagation of sound-vibrations in air and gases, But we
shall see more of this in the sequel.

Many methods have been devised for measuring the
velocity of sound at short distances. The best and sim-
plest of these is, probably, that contrived by Bosscha., His
method depends on the principle of coincidence of two
sounds coming to the ear from points at different dis-
tances. The apparatus required consists essentially of two
electric sounders, A and B (Fig. 33), which, under the
influence of a vibrating spring, beat exactly ten times a

1 Prof. A. M. Mayer has recently made a very accurate determination of
the velocity of sound in clear white pine (American), thoroughly seasoned
This wood had a density of .395, and the velocity in it at 24° C. was 17,260

per second

2 See chapter v.
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second. When the two sounders are placed side by side,

as they are now on the table, they sound as one, because

as the sounds of both reach the ear, O, at the same time,
it is impossible to distinguish one from the other. As
soon. however, as the instruments are separated the sounds
they emit cease to _coincide. You now hear twenty instead
of ten strokes per second, — ten from each sounder. The
reason of this is that the sounds emitted by the instrument
farthest “from the ear are behind those .emitted by the
Hearer one: —If the sounders were to-be so/placed that one
should be about 112 feet farther from the ear than the
other. then the-sounds coming from the two'sources would
again coincide. —The explanation of this is to be found in
the fact that at the temperature of this hall, 112-feet is the

distance that sound.travels4n one tenth of-a second. For
2'similar reasoirthe sounds from the two instruments would
be coincident whemever the distance separating them is
any multiple of 112 feet. | It is obvious that the same
appliance could-be used for-measuring the velocity of
sound both in gases and liquids.

The vibrating spring is, as you see, provided with a
mirror, as is also a tuning-fork making forty vibrations per
second. which forms a (part of the apparatus. /By means
of a discovery of Lissajous, of which welshall seeimore in
its place, the spring can be so adjusted as to close and
break the circuit exactly ten times
cause the sounders to strike with unfai _ 3
tenths of a second as long as may be desired. [ This is not
an apparatus for giving rigorously €xact measurements,
and yet the results obtained are probably more reliable
than those obtained by any other instrument for measuring

the velocity of sound at short distances.
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Sir Charles Wheatstone, to whom the sciences of acous-
tics and of optics are indebted for many beautiful inven-
tions, has devised a means of exhibiting, in a most pleasing
manner, the transmission of sound through solid bodies.
On the table is a music-box wrapped in several layers of
felt. Although the instrument is now in operation, not the
slightest sound is perceptible. I hold in my hand a rod of
fir three feet long, the lower end of which is now broug :'nt
into contact with the lid of the music-box. Still, no sound
is heard. On the top end of the rod is now placed a guitar,
and all at once it appears to be animated with the spirit
of music. The harmony that was buried in the manifold
layers of felt has now mnml a means of making itself au-
dible. Through the fir rod the sounds in the box are
carried to the guitar, and this, acting as a sounding-board,

it does nothing more, — communicates to the air, in per-
fect rhythm and cadence. all the most delicate shades of
harmony that have their origin in the complex mechanism
in the box below. So t;’uthf_ull) is every note and every
chord of the piece that is being played reproduced, so per-
fect is the illusion as to the real source of sound, that it is
difficult at first to realize that the sweet sounds to which
you are listening are issuing from a shapeless mass of felt,
and not from the guitar itself.

The rod that connects the box with the guitar might be
of any other wood as well as of fir, or might be made of
metal, and the result would be the same. OUr, instead of
being only three feet long, it might be several hundred

fect in. lengthjand still the result would. be_unchanged.
3

Instead of a music-box, we might use a piano, or any
other musical instrument, and in lieu of a guitar we might
substitute a violin, mandolin, or simply a resonant box.
The only purpose served by the musical instrument, or
boxg placed on top of\the rod, connected with the music-
box, is, by expesing to the aira large surface, to distribute
to it all the tremors which the revolving cylinder and steel
tongues of the instrument engender, The rod alone is

incompetent to render the sounds of the box audible, be-




104 SOUND AND MUSIC.

The preceding table affords a remarkable experi-
mental confirmation of theoretical results. According to

o

theory, as expressed in Newton's formula, V = f ;, the
(¢

velocities of sound in any two gases are inversely pro-

portional to the square roots of their densities. The
density of hydrogen is; to that of oxygen, as 1is to 16.
Hence, according to theory, the velocity of sound in the
former should be to its velocity in thelatter as 4 is to I.
The velocity in oxygen being 1,040, the velocity in
hydrogen, according to the law indicated, should be 4,060.

Experiments, as'.made by Dulong, fix the velocity of
sound in hydrogen at 4,164. :
The velocity of sounds in liquids may also be deter-
mined both directly and indirectly. Beudant, at Marseilles,
was. the first to measure the wvelocity of sound/in water.
But the most exact determination of the welocity of sono-
rous waves in water was made by two French physicists,
Colladon and Sturm, in 1827, in the ILake of Geneva.
The method adopted was similar_to” that employed by
Beudant. The twa observers stationed themselves' on
boats (Fig. 32), at opposite sides of the lake. The source
of sound was a submerged bell, C, attached to one of the
boats. The signal, announcing when the hammer, B,

moved by the lever, L, connected with a torch, M, struck
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the bell, was a flash of gunpowder, 2. On the other boat
the observer was provided with a peculiarly shaped ear-
trumpet, O M, the bell of which was held in the water, and
a good stop-watch, by means of which he was able to
register exactly the time of the arrival of the sound-pulse
through the water. As an aver of many observations,
it was found that the velocity of sound in water, at a
of 8.1° C., was 4,707 feet per second,
more than four times greater than it is in air.

By means of a specially constructed apparatus, that need
not be described here, Wertheim was able to measure indi-
rectly the velocity of sound in other liquids as well as
water. The following table gives the velocity in feet per
second obtained for the liquids mentioned at the temper-
atures given:

Temperature Velocity

River Water (Seine) ol sl s o B850 4.714
3t £ % - 2 30 5,013

Sea Water (artificial) [ A ¢ . 20 768

Solution of Common Salt . - M . 18

Solution of Sulphate of Sodium . R - - 20

Soluti rbonate of Sodium

Selution of Nitrate of Sodium

Absolute Alcoho

Ether

The velocity of sound in liquids, as in gases, increases
with the temperature. But the changes of temperature,
which are due to the condensations of sonorous undula-
tions in water, are so insignificant as to affect no appreci-

able change inthe medium. For this reason we may apply

/
Newton's—formula, /= “.[,"./‘ without Laplace’s .correc-
tion, for calculating the velocity of sounds in liquids, and
the results given closely approximate to those obtained by
experiment. | Thus by ‘direct measurement the velocity of
sound in water was found to be 4,708 feet per second; by
Wertheim’s indirect method it was found to be 4,714 feet;
and by the application of Newton’s formula a velocity of
4,671 feet is given. As the elasticity and density of any
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cause of the small amount of surface it exposes to the air.
But I shall not forestall what properly belongs to the sub-
ject of resonance, which will be considered in another
lecture.

['he toy called the string telephone, with which every
one is familiar, is another pretty illustration of the facility
with whichSolids transmit sounds. The telephones before

you are_composed of two brass tubes, the smaller ends of
which are covered with a thin membrane. The centres of

these membranes are connected with each other by a light
cord, and by this simple means sounds, otherwise inaudible,
can be heard-at-a-distance-of-a-thousand feet or more.

A simple experiment will-show the capacity that liquids
have for transmitting Sounds. On this resonant case is
placed a long, narrow jar/filled with water,.and into the
water at the top of the jar is' placed the footof a tuning-
fork. 'As soon as the fork touches the water.a loud, clear
note i8 heard, where before) all was silence. 'Any other
liquid would answer 'the purpose as well as water.

Here I must call your attention to an'interesting prop-
erty of sound which was-first peinted.eut/by Doppler in
1842, in |a remarkable memioir on the colors of double
stars. /If an observer approach a source of sound it
is obvious /that the number of sonorous pulses which
will reach his-ear will be-increased in proportion to his
rate of motion. The pitch of the sound, therefore, will
be heightened. If he recede from the sonorous body,
the number of sound-waves that will reach him will be
diminished in proportion, and|the sound, consequently,
will appear more grave.. The same results will be observ-
able if the hearer remain stationary and the sounding body
be put in motion. Thus, if one could move with nearly
the velocity of sound towards a brass band playing a piece
of music, its piteh would be so greatly augmented that,
although the performance would still be in time, its char-
acter would be entirely altered, and it would be nearly, if
not quite, inaudible except to ears specially sensitive to

very acute sounds. If, on the contrary, one were to move
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awayv from such a musical source with a velocity approach-
ing to that of sound, the sounds heard, if at all audible,
would be proportionally flattened. If, further, the observer
were to recede from the band with a velocity greater than

that of sound, a piece of music commenced after he had

started would never reach him, but “sounds previousl
1

y
executed,” as Lord Rayleigh observes, * would be gradually
overtaken, and heard in the reverse of the natural order."?
And. finally, if the observer’s velocity were to be twice that
of sound, he would ** hear a musical piece in correct time
and tune, but backwards.

A\n illustration of the effect of motion on the pitch of

sound is afforded by the whistle of the locomotive as it
approaches or recedes from the observer. In the former
case the pitch is augmented, in the latter it is diminished.
Thus, for a train moving at the rate of thirty-eight miles
an hour, the velocity is about fifty-five feet per second.
This, calculation shows, is sufficient to raise the pitch of
the whistle a semitone as it approaches the observer, and
to lower it by the same amount as the locomotive retreats.
Thus, if, when both locomotive and observer were station-
ary, the whistle were to give the note A,, it would, with
the velocity above mentioned, give the note AZ, as it ap-
proaches, and ;IE’; as it leaves him. Just at the moment
of passing by the observer there would be a change of
a whole note, that is, from AZ, to A?,. By doubling the
velocity of the train the whistle would be augmented by a
whole tone when approaching, and diminished by a whole
toneon leaving.| If two express trains, each going at the
rate of thirty-eight miles an hour, were to pass each other,
the whistle of the engine of one train would appear, when
approaching an observer in the other train moving in an
opposite direction, to be a whole tone higher than when
whistle and observer were both stationary. After the two

appear a whole tone lower than it would if both observer
and whistle were stationary. At the instant of passing

I Theory of Sound, vol. ii. p. 240.
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there would be a change of a major third, or of two whole
tones. If instead of thirty-eight miles the velocity of the
two trains were to be equal to that which is now frequently
attained by some of our limited express trains, there would
be, at the instant of passing, a transition equivalent to an
interval greater than a fourth, and approximating to a
fifth.!

Doppler’s principle, as it is called, at first only a theory,
has; in its application to sound, been experimentally veri-
fied by Buys-Ballot and Scott Russell, by means of musi-
cal instruments carried on locomotives, whose pitch was
determined by musicians stationed along ‘the road over
which the engines passed.

By applying the same principle to luminous-vibrations,
astronomers have been able to detérmine, not only the
direction of mation, but also the velocity of many of the
stars as they approach or recede from the earth.

A simple laboratory instrument for showing the influ-
ence of motion on the pitch of sonorous bodies has been

devised by Mach. It is composed jof a tube/six feet in

length, mounted on_a stand, and turning about i

its" centre (Hig: At oneend of the tube

reed, which is sounded by forcing air into'the tube

an aperture at its axis of rotation.  Ifywhile the tube is rota-

ting, an observer stand/in the-prolongation of its axis of
on, he will hear a note of constant pitch. If, on the

other hand, he be stationed in the plane of rotation, he

will hear a note which alternately rises and falls in pitch

according as the sonorous body approaches or

from him.

L Designati
vibrations corr
the two following

as the sonorous body approaches obsers

tha 1 1 s
as the sonorous body recedes from
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Koenig illustrates this phenomenon in another way
equally striking. For this purpose he employs a pair of
tuning-forks mounted on resonant cases, like those
now before you. The frequency of one of them s C
of 512 vibrations, and that of the other is exactly four
vibrations higher. They thus, when stationary and
sounding together, give four beats per

second. If now I excite the two forks,

the more acute one on the
tl

and leaving

table, move the graver one towards it,
in a line joining my ear and the station
ary fork, over a distance of about two
feet, — approximately the wave-length

of the fork, — in a second I thereby

lower the pitch of the graver fork by

one vibration. This increases the dif-

erence betweentheforks to fivewibra-

tions, and ¢

¥
>

second. A movement inthe opposite

ives rise to five beats per

direction would, for a like reason, pro-
duce three beats a second. Thus by
properly timing the movement of the
oraver fork between the earand the fork
on the table, we have alternately three
and five'beats per second, —three beats
as the fork is brought towards the ear, Bicha
and five beats as it moves away. By -

this means, also, it is evident one can determine approxi-
mately both the wave-length and the pitch of a sound.

A modification of this experiment will enable vou all

C
to see at a glance the effect of motion on the frequency
of sonorous vibrations. For this we shall use two forks
onrcases thatare exactly in unison with each other. And
in this experiment I shall anticipate, to, some extent, what
I shall have to say on the subject of resonance and sym-
pathetic vibration. When one fork is agitated, the other,
although at some distance, immediately begins to vibrate,
as you see by the small pith ball that is projected away
8
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from the prong against which it was suspended. This
happens, however, only when both forks are stationary. If
now one of them is moved rapidly backwards and for-
wards in a line connecting the two forks, the perfect unison
that previously existed between them is destroyed. For
from what has been said; when one of the forks approaches
the other, the pitch of the fork in motion is heightened,
and when it recedes the pitch is lessened. And as in this
experiment perfect unison is necessary.in order that one
fork may excite sufficient vibratory motion in another to
produce the effects noted, we see at once in the absence
of such motion what influence the movement of one fork
towards or away from.the other has on the pitch of the
sonorous vibrations in question.
In a homogeneous medium sonorous waves are propa-
gated in the form of concentric spheres. 'When, however,
the homogeneity of the medium is dis-
¢ | turbed, or an obstacle is encountered,
— /; .sound-waves suffer partial or total re-
flection. In this respect they obey the
same laws as those which govern rays
of light and radiant heat. If, in Fig.

5, M N represent a fixed elastic sur-
ace, a sound produced at C will be
heard by an observer at O both directly
: __in a straight line, and by reflection from
o the point 7. The sound in the latter

Fid instance-appears, to come from ./ or

from C', a point in the line O7 pro-

duced. Making P/ perpendicular to the reflecting sur-
face M WV, and calling C/ the incident, and /0 the reflected,

ray ! of sound, it is found that in all cases the angle of
incidence, C/P,is equal ‘to the angle of reflection, Z70.

1 A ray of sound, as is obvious from what has been said concerning the
nature of sonorous vibrations, must be considered as a simple abstraction,
and nothing more. In explaining the laws of '.‘l,rlu‘tiunlaml refraction
of sound it is a convenient term to use, and for this reason or
introduced.
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It is found also that the incident and reflected rays are
always in the same plane, and that this plane is perpen-
dicular to the reflecting surface

When concentric sound-waves encounter a fixed obstacle
they return upon themselves, as if emanating from a second
centre on the opposite side of the obstacle. Thus, in Fig.
36, the sonorous waves whose source is O, on arriving
at the fixed surface 4 B, are reflected in such a manner
that they seem to proceed from the point O' on the other
side. A single ray of sound from O, impinging against
the point 7, would be reflected to the point J/, along the

line 737, This line may be regarded as a continuation. of
that drawn from O', the virtual centre of the. waves
reflected from the surface AB.

Tt is an-‘easy matter to show experimentally the reflec-
tion of sound. Before you are two curved mirrors on
metallic supports, 4 and A', about six yardsapart. These
mirrors— which are shown in section in Fig. 37 — have
the  property of converging parallel rays.of light, heat, or
sound, to a point called the focus. When, however, the
rays start from the focus and are reflected from either
mirror, they are given off in lines that are parallel. In
the focus, F of one of the mirrors, A/, is suspended a
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watch, and at the focus, /', of the other mirror, 47, is a
small funnel, which is connected with my ear by means of
a rubber tube. By a special effort I am able to hear the
ticking of the watch with the unaided ear; but by means
of these two mirrors T can hear its ticking with remarkable
distinctness, _The sound-rays from the watch strike
against-the mirror adjacent, and by it are reflected to the
ong” more distant; and by this last the rays are con-
centrated at a single point, which, by means of the tube,
is, now inj direct communication with my. ear. By this
means the ticking/of \a watch can| be distinctly heard at

a distance of two or three hundred feet, whereas the

Fic

unaided ear would be unable to detect the slightest sound

i
fr

at a_very small fraction of this distance. Good results
may likewise be obtained from one mirror, as can be easily
demonstrated. - Leaving the watch suspended as it is;
[ turn the adjacent reflector so as to direct the sound-
rays towards the audience. With a little attention I think
that even those in the most distant part of the room can
hear the ticking of the watch, when the reflector is so
adjusted’ that the reflected /sonorous waves/ shall strike
directly the tympanic' membrane of the ear.

Mr. Cottrell has devised a very ingenious instrument for
exhibiting the reflection of sound and showing that the
angles of incidence and reflection are equal and in the
same plane. It consists (Fig. 38) of a tube, R B, by
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means of which the acute sound of a small reed is directed
against a mirror, 47, by which it is reflected into another
tube, AF, carrying at its extremity a sensitive flame. The
axes of the two tubes can be turned towards the mirror at
any angle, and the support is so graduated that the
angles of inclination of the tubes to the normal of the
mirror can be read off at a glance.

When the angles are equal and the reed is sounded, the
sonorous pulses are reflected from the mirror into the tube
bearing the sensitive flame. The flame, as you observe,
is now violently agitated, and this disturbance persists as

1 0 -9
{0, |2
L —

Fic. 38.

.
long as-the sound continues. If, howeves; the angles are
unequal, the sensitive flame will remain quiescent. I now
make the angle of reflection greater than the angle of
incidence. and sound the reed as before; the flame re-
mains perfectly ‘quiet. Nothing could be more sensitive
than the flame, when properly adjusted, orillustrate. nore
clearly the laws governing the reflection of sonorous rays.

But it is not by any means necessary to have a solid
surface, such as this mirror, for a reflector. Liquids and
gases have also the power of reflecting sound Every one
may recall instances of the reflecting power of liquids,
especially the water at the bottom of wells or under the
arches of bridges. But the power which gases have of

reflecting sounds is not so well known. It can neverthe-
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less be strikingly exhibited by the apparatus which we
have just been using. Substituting a jet of burning coal-
gas for the glass mirror, and proceeding as before, we
find that the sonorous pulsations coming from the vibrat-
ing reed are reflected so as powerfully to agitate the
sensitive flame.— By lowering the flame and causing the
sound-waves (to) impinge  against the sheet of heated air
which “arises from 'the flame, the result is unchanged.
Substituting a red-hot bar of iron for the gas jet, the
sensitive flame is still agitated; The stream of hot air now
rising from the bar/is the reflecting surface, although
entirely invisible.

These last experiments explain many facts concerning
the behavior. of sound under circumstances that, until
recently, were an enigma to-all investigators. .Humboldt,
indeed, suspected. the action of non-homogeneous air on
the transmission of sonorous waves, and offéred an expla-
nation of a fact that is within the experience of every one;
namely, that sounds are heard with greater distinctness at
night than during the day.~ Speaking of the sound due to
the Great Falls of the‘Orinoco; in South America, he says:
“ During the five days we passed in the neighborhood of
the cataract we remarked, with surprise, that the noise of
the river-was three times as loud during the night as dur-
ing the day. The same thing, it has been observed, holds
true for all the waterfalls of Europe. What can be the
cause, in a-wilderness, where nothing disturbs the silence
of nature? - It must probably be sought in the current of
“hot air which' aseends: during the day, and /‘which arrests
the propagation of sound, but which ceases during the
night, when the earth is cooled.” Air rising from rocks or
the bare ground would be more heated than that which
rises from soil) covered' with | water or vegetation., We
should thus have ‘produced air-columns of different
peratures, and, consequently, of different (_iv::nsltu::—:,
passing through such an atmosphere, sound would under-
go successive reflections, which would entail a corre-
sponding diminution of intensity. During the night, when
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the homogeneity of the air is restored, such reflections are
absent, and sound reaches the ear with proportionally

augmented intensity. The admirable observations and
experiments of Tyndall have cleared up all doubts regard-
ing this matter, and what Humboldt and others only
suspected, is now received as one of the established truths
of science.

I'he familiar phenomenon of resonance, or echo, is due
to the reflection of sound. If one speaks ina moderately
large room with bare walls and little or no furniture, the
sound-waves reflected from the walls and ceiling of the
room reach the ear shortly after the direct waves, and both
combine in such a manner as to augment the resultant
sound. Such an augmentation is known as resonance. If
the room be larger, the direct and reflected waves reach
the ear in appreciably different times. and the result is
that the words spoken appear to be doubled, and, for this
reason, confused, and { distinguished with difficulty.

But when the reflecting surface is about 110 feet dis-
tant’ from the speaker, he hears twice each syllable he
pronounces, — 0ne directly, and the other by reflection.
The latter sound is known as a simple echo. If the re-

flecting surface is 220 or 330 feet away, the speaker will
by reflection.  Such a phenom-

enon is called @ polysyllabic “echo. The farther away the
reflecting surface is, the greater the number of syllables

hear two or three syllables

that one may hear. Dividing the distance of the obstacle
throwing back the sound by 110 will give approximately
the mimber of syllables which an echo will furnish.. 1 say
approximately, bec cause I proceed on the assumption that
one can .)1wmt'nu(hntmdl\ only five syllables per se cond.
As sound at the ordinary temperature of the air travels
about 1100 feet per second, this would allow about 220
fect for-each syllable, or the half of this number for the
distance of the object from'the speaker. When sound i

reflected from several different objects at suitable distances,
or when it undergoes a series of reflections from parallel

walls. for instance, we have what are called mu/ 'tiple echoes.
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One of the most remarkable multiple echoes ever known
was one formerly heard in the Chateau of Simonetta, near
Milan. According to Father Kircher, a sound was here
reflected no less than forty times.. An echo in Woodstock
Park, in England, repeats a sound seventeen times during
the day, and twenty times at night. All European trav-
ellers are familiar with-the celebrated echoes at the Gap
of Dunloe, at Killarney, and that which is heard between
Bingen.and Coblentz, where the waters. of the Nahe flow
into, the Rhine. The most remarkable echoes I know of
in this country are found' in' the canons of the Rocky
Mountains. = These deep' chasms, as one /might imagine,
by reason of their precipitous and oftentimes parallel cliffs,
are particularly well adapted to reflecting sound and to
furnishing lechoes of all’kinds. I have also heard in the
Grand Cation of(the.Colorado |River, in Arizona, some
most extraordinaryecho¢s, comparable, I think, with any
that are to be heard elsewhere.

In whispering-galleries we have another illustration of
the peculiar effects produced by reflected (sounds. Some-
times the sound.is greatly"augmented, as.in’ the crypt of
the Panthcon in Paris, where a slight elapping of
hands gives rise to.reverbérations of great j
ume. ~In the' large chambers \and long passage-ways
the Great Pyramid of Gizeh-the reverberations excited

by the slightest noise are equally striking.

domes, like those of St. Peter’s in Rome or of

s in London, are mieresting examples of the S

per
fect manner in which sound is reflected by-curved surfaces:
In\both cases the slightest whisper is conveyed by reflec-
tion, or by ‘

a s of reflections, from one side of

dome to the other, withou any appreciable enfeeblement

of sound. Two persons stationed at-opposite sides of the
deme can, without any difficulty, carry on a éonversation
that is almost; if not quite, dible to bystanders only
few feet distant. The dome of the Capitol in Washington
is an almost equally good place for reflecti

augmenting them by resonance.
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remarkable building for reflections and echoes to be found
anywhere is the curiously desicned Mormon Tabernacle
in Salt Lake City, Utah. It is in the form of a semi-ellip-
soid, and is capable of seating over ten thousand people.
The speaker, as I can testify from personal experience,
can be heard distinctly, and without the slightest effort on
his part, in every part of this vast edifice. When the hall
is empty, a whisper at one end of the building is easily
heard at the other. Indeed, two persons may here carry
on a conversation in a whisper, although over two hundred
feet apart, so perfect is the reflection from the curved sur-
faces of the walls and ceiling. I do not think there is any
other place in the world where a speaker can make himself
heard by so many and with so little exertion. The acous-
tic properties of the building are certainly extraordinary,
and as unexampled, I think, as the architectural style of
the structure is _unique.

Strange as it may appear, architects are still in the dark
as to the laws governing the acoustic properties of build-
ings.  For places of assembly, like public halls, theatres,
churches, one would think that, by this time, architects
would be able to determine, at least empirically, the best
form to give to a building of detérminate size; but they are
not. Success is a matter of accident. There are many
halls in'this country that, from an acoustic point of view,
are all that a speaker or singer could desire; while, as is
well known, there are many others that are almost useless
for the purpose for which they were designed. And.what
is said of  the defectiveness of hallsimay be prédicated
more-particularly of churches, ‘especially those that are at
all large. Gothic churches seem to suffer most in this re-
spect, and it would appear that the Gothic style of archi-
tecture is incompatible with good acoustic effects.

Even inordinary halls several expedientsimust frequently
be resorted to in order that a speaker or singer may be
heard to advantage. It is observed, for instance, that in
certain halls there is too much resonance, — so much, in-

deed, as to interfere materially with a distinct perception of
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what is said or sung; and the only remedy is to dampen
the sound by draping the walls, or to make the surface of
walls and ceiling so irregular that resonance and echo are
so diminished as not to be appreciable. Public speakers
all know the difference in resonant effect observed in speak-
ing in an empty hall-and _in one crowded with people.
In the former case the résonance may be so great, and the
diréct ‘and reflected sounds so interfere with each other,
that what is uttered is indistinguishable:. The presence of
an atidience in a hall in which such a difficulty is observed,
is often sufficient to dampen this excess of resonance so
that every word spoken or sung can be heard and under-
stood. Thefe is$ certainly much yet to be learned in the

science of acoustics as applied to the construction of build-

F1G. 39.

ings, and the-one who shall supply even a part of the in-
formation still needed will confer a‘boon both on hearer
and speaker;

Among the practical-applications of the laws of re-
flected sounds may be mentioned speaking-tubes and
speaking and ear trumpets. Sound, as every one knows,
is conveyed to a much greater distance in tubes than in
the open air.. Hence their adoption in buildings and other
places where-it is desirable to carry on a conversation at

anv considerable distance. The smoother the interior,

and the more elastic the material of such tubes, the less
1 2

rapidly is, the  intensity of sound diminished, and the far-
ther, consequently, is it carried.

A speaking-trumpet is usually of metal, conical in form
(Fiz. 39), with a mouthpiece at its smaller end, and
a wide opening, called the bell, at the end opposite.
Experience shows that the bell renders the trumpet more
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effective; but the office it performs is not yet understood.
By means of a series of reflections in the interior of the
trumpet, the sonorous rays are rendered more or less par-
allel, and, hence, capable of being transmitted to much
greater distances than would otherwise be possible. The
loudness of the sound produced is most likely due to
resonance.

An eartrumpet is just the reverse of a speaking-trum-
pet. The smaller end is inserted in the ear,"and the sound
to be heard is produced at the larger end. By a series of

reflections the sonorous waves are condensed as they enter
the tube, and, on arriving at the tympanic membrane, are
of sufficient intensity to excite the sensation of a sound
that the unaided ear could not perceive. Althofigh: the
general principle obtaining in all-ear-trumpets”is-identical,
many forms have been devised. A few of these are shown
in Fig. 40, the modus operandi of which is apparent.
Seund, like light and radiant heat, when passing from one
medium to another of different density, or from one point
to another in the same medium, when it lacks homogeneity,
deviates more or less from a direct course. It is then said
to be refracted. From theoretical considerations, based
on the different velocities of sound in media of different
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densities, Poisson .and Green demonstrated that sonorous
waves are subject to laws of refraction similar to those
that prevail for light and heat.

Sondhaus was the first to demonstrate this experimen-
tally by means of lenses of peculiar construction, and
Hajech, shortly afterwards, showed that the same results
are obtainéd by using suitable prisms filled with gases or
liquids. of different densities. Alens (Fig. 41) similar to
the one employed by Sondhaus in his researches is before
you. It is made jof a broad brass ring, to the two sides
of ‘which are attached sheets of thin India-rubber, A.

Through a stopcock

mitted into the apparatus until the sheets are sufficiently
distended, /and ‘have the form of /a double convex lens,
As carbonic-acid gas is more dense than air, a sound pro-
duced in the surrounding air has its velocity retarded
while passing through the heavier gas in the lens. The
result is that Sonorous rays,which-were. divergent before
entering the lens, are made to._approach each other when

leaving the lens on the opposite side and to converge to
a focus. Suspending a watch in the axis of the |

one side, the sound-pulses are collected at a point on

axis on the other side. Bringing the ear to this poi
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ticking of the watch is far more distinctly heard than
would be possible with the unaided ear.

This concentration of sound-rays by means of a lens can
also be exhibited in another way devised by Sondhaus.
At the point occupied by the ear is placed a small cylin-
drical box, 7, covered with a thin membrane, B, strewn
with fine sand, and a funnel which collects the sound-
rays and conveys them to the interior of the case. When
a note of suitable pitch and of some intensity is sounded
at S (Fig. 41), the sonorous pulses are concentrated at
the other side of the‘lens, and cause the sand to dance
about on the membrane as long as the sound lasts. To
prove that there is really a refraction of sound in this in-
stance, it is only necessary to remove the lens, when the
movement of the sand subsides.

Refraction and reflection explain many phenomena con-
nected with the propagation of sonorous waves that would
otherwise remain unintelligible,  The investigations of
Prof. Joseph Henry and Professor Tyndall on the audi-
bility. of fog-signals have disclosed many facts before
unknown regarding the transmission of sound-waves; but
there ate many apparently abnormal acoustic phenomena
which are far from being understood. Henry seems to
think that the very capricious action sometimes observed
in fogssignals-can-in almost all cases.be explained by
refraction. Tyndall lays more stress on reflection; and
the experiments made in support of his views are, in at

least some instances, apparently conclusive as to the
l

truth’ of his theories. ~We hayve shown experimentally
that'a <heet of hcated air-or 'gas-is capable of reflecting
sound, and according to Tyndall, a heterogeneous con-
dition of the atmosphere is competent to produce reflec-
tions of sufficient power to produce an echo. In Tyndall's
opinion the reverberations| of canpon and thunder are in
many, if not in all, cases due to limiting surfaces of strata
and columns of heterogeneous atmosphere, and not, as
has been long supposed, to clouds or other reflecting

surfaces.
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If sound-waves encounter an obstacle in their path, and
this obstacle be large in comparison with the length of the
waves of sound, it will give rise to what is aptly called a
sound-shadow. The sound behind the object is much less
intense than that in front of it, and if the object be suffi-
ciently large, the sound may be quenched entirely. But
if the obstacle encountered’ is small, as compared with the
length of the sound-wave, the wave will pass around it,
and there will consequently be no sound-shadow. This
property which waves of sound, like waves of water and
light, have of bending around obstacles in their path, is
known as diffraction.

It is ordinarily supposed that both sound and light rays
travel only in straight lines; but this statement requires
modification. Both luminous and sonorous-rays are ca-
pable of diffraction; that is, of being bent round opaque
bodies, to a greater or less extent. With -diffraction of
light we are not-at present.concerned; but it were an easy
matter to instance numerous examples of sonorous diffrac-
tion. A railway train passing through a tannel and around
hills is a familiar example of thewvariation in the intensity
of sound due to diffraction.- In a mountainous country like

Colorado, where the.curves are sharp and the cuttings deep,
and where there are numerous castellated buttes facing the

<

road along which-the train passes, the effect is particularly
striking. All visitors to Manitou, the great summer resort
of the Rockies, must have observed the peculiar and re-
markable effects produced by the train on the “ Midland
Railwayg” as it passes around the base of Pike’s Peak, now
going through-tunnels and deep cuts, now behind knolls
and hillocks and immense masses of rock that have been
detached from the mountain high overhead. A more in-
teresting and. instructive example of . the diffraction of
sound could not be found.

A remarkable illustration of diffraction is afforded when
a person in motion puts between himself and a brass-band,
playing some distance away, objects of varying sizes. The

result is that the notes played are differently diffracted
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according to their respective wave-lengths. In some in-
stances the objects passed may give rise to more or less
perfect sound-shadows for the notes of higher pitch,
while the graver notes bend round the object with but
little diminution in sonorous intensity. The result is that
the acute notes seem very much feebler comparatively
than the grave ones, and there is, consequently, a change
in the quality of the music that no one could fail to ob-
serve. For this reason, in order to hear music to the best
advantage, one should always be in full view of the per-
formers, where there will be no danger of sound-shadows
for any of the notes played.

Diffraction also explains the peculiar behavior of some
of the great dynamite and powder explosions that have
taken place in the country during the last few years. It
has often been remarked as strange that the windows on
all sides of the houses near_ where these explosions have
occurred have been forced inwards by the terrible concus-
sion which was occasioned. The reason is simple. The
sonorous waves in coming from the centre of disturbance
encircled the houses, in which the phenomena referred to
were observed, with a wave of condensation of such power
that the windows on all sides of the houses were forced
inwards at practically the same moment. Were it not for
diffraction, — the property that sound-waves have of bend-
ing around obstacles, —such results as those indicated could
not have occurred. And furthermore, were it not for dif-
fraction, sound produced on one side of an object could
not be heard on the side opposite, except by transmission
directly through the obstacle, which in nearly all the cases
alluded to would have been impossible.

The distance to which sound travels is often very great.
Of course. the distance to which it will be conveyed in
any given case will, as we have seen, depend on circum-
stances, — on the elasticity and temperature of the medium
through which it is transmitted, on the intensity of the
sound itself, and on a number of other factors which need
not now be indicated.
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Thus, in 1762 the cannonading at Mayence was heard

at Timbect, a village 148 miles distant. The booming
t

of the cannon which preceded the taking of Paris in
1814 was heard at the distance of 132 miles, and the firing
at Waterloo was audible at Dover. The cannonading at
Antwerp in 1832 Was, we are-told, heard in the mines of

Saxony; about 370 miles from the-scene of action. Ac-

1

cording to Humboldt, the report of the volcano of St.
Vincent was heard at Deémerara, 750 miles.off. In respect
of ‘distance, this would be the same as if an eruption of
Vesuvius were heard in the north of France ' At the time
of the great eruption of Cotopaxi, in 1774, subterranean
detonations were heard-at Honda, on the Magdalena.
The distance between these two points is over five hundred
miles, and their difference of level is nearly 18,000 feet.
Besides this, they-are separated by the colossal mountains
of 'Quito, of Pasto and Popayan, and by valleys and
ravines without number. Evidently, then, sound in this
case was not transmitted by the air, but by the earth, and
at a very great-depth.

It would appear from the last two examiples, in which
there can be no doubt that the earth was the medium by
which gonorous vibrations were propagated, that the range
of sound,“under favorable cireumstances, is very great
indeed. But it may be asked, Is the reach of sound ever
thus great in air> We have no means of answering this
directly; but certain facts recorded by competent and
trustworthy observers show that sound.in air is some-
times,*even under ‘unfavorable circumstances, transmitted
to almost incredible distances.

Chladni, for instance, tells us of meteors whose explosion
was not heard until ten minutes after the appearance of the
luminous globe.. This would indicate that the meteor had
an altitude of at least 125 miles at the time of the explo-
sion. A meteor observed in the south of France in 1864
exhibited the same peculiarity, and the observers noted
an interval of full four minutes between the appearance of
the flash and the hearing of the detonation. Speaking of
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this subject, M. Daubrée declares that “in order that an
explosion produced in air so rarefied may give rise at the
earth’s surface to a report of such intensity, and over such
an extended area, we must admit that its violence in these
high altitudes far exceeds anything with which we are
acquainted here below.”

The amount of matter, solid, liquid, and gaseous, put
into a state of tremor by the explosions just referred to is
measured by hundreds of thousands and millions of cubic
miles. But although we may make some attempt to ex-
press in numbers the magnitude of the disturbance, the
mind fails to grasp their full significance. No better illus-
tration could be asked of the elasticity of the different
kinds of matter which compose the earth’s crust and its
circumambient atmosphere, nor could we desire stronger
evidence of the extreme sensitiveness of the auditory ap-
paratus capable of appreciating, at such distances, vibra-
tory motion that must, for individual particles, be all but
infinitesimal.

In all the cases cited, however, sonorous waves are or
nated by titanic forces. But eveniwhen the source of sound
is.quite insignificant, the amount of matter set in motion
is simply amazing. Thus the lark, as it rises in the air
and breaks forth into its merning carol, may put into
vibration many millions of cubic feet of the medium in
which it warbles its notes of gladness.

But far more remarkable for their ability to impart
vibratory motion to large masses of air are certain. crick-
ets, locusts, and grasshoppers. (“ The  stridulation pro-
duced by some of the locustidz,” says Darwin, © is so loud
that it can be heard at night at the distance of a mile.”
Calculation shows that it thus excites, according to the
condition of the atmosphere, sonorous tremors in no less
than from five to ten milliontons of matter. And yet the
insect that accomplishes this extraordinary work does not
weigh more than a quarter of a pennyweight.

Facts like these bring us face to face with phenomena
that seem to elude the equations and the formule of the

9
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mathematician, and to defy all attempt to bring them
within the range of mathematical analysis. In the instance
last given the magnitude of the volume of mu%tcr set in
motion by a tiny, insignificant insect is something c:1lcﬁu~
lated to excite our astonishment. But more \\'(_:n«'!c?'tul
still. when we-come tothink of it, is the fact that nf'-t\'.'nh“
standing the small' amplitude of movement of the air
‘patticles a mile distant from the stridulating IOCUUIE. the
vibratofy motion excited by this insignificant little insect
is still c‘x‘)mpctcnt to excite the sensation of sound. \\.c
know, indeed, that very' slight, almost infinitesimal, peri-
odic 'tremors are sufficient to generate sonorous pulses.
Lord Rayleigh has shown that sound-vibrations may be
produced when | the amplitude of movement is 1'1'._‘1 n:nrc
than the szgpsaooth Part of an inch., But such refiec-

tions and calculations, far from detracting from the

: o wa are considerings-te 4
marvellous in the case we are considering;-tend only to
enhance /it and to place it in a brighter-light. Nothing

d give us a better idea of the transcendent delicacy

the ear, “nor could we-have a better example of the
perfect conservation-and correlation of ‘force, than that
afforded by the illustration just given: But here I must
close. We have again come into-contact with more of
those innumerable mysteries of the natural order which
hitherto have baffled “all attempts at their solution, and
which will, most likely, ever remain as they are at present,

— fascinating, yet inscrutable.

CHAPTER IV.
MUSICAL STRINGS.

EVIEWING the ground over which we have thus far
travelled, we shall find that we have been dealing
with only the more general laws and phenomena of sound.
We are now prepared to consider, in greater detail, the
laws and phenomena that are observed in connection with
special forms of sonorous bodies. Most of our attention
will, naturally, be given to such vibrating bodies as are
used in musiciro Chief among - theseware strings, wires,
reeds, bars, plates, bells, membranes, and various forms
of sonorous tubes,

To-day we shall occupy ourselves in studying the very
interesting phenomena which characterize the vibration
of wires and strings. By the term s#7ng, in acoustics,
we mean “a perfectly uniform and flexible filament of
solid matter stretched between two fixed points.” It thus
includes wires as well as strings properly so-called. An
acoustic string, however, is quite ideal, as no string is per-
fectly elastic or perfectly uniform. The most that'is ever
realized in the strings employed in musical instruments
is a more or less close approximation to 'the ideal
string which the mathematician has in view-in all’ of his
calculations. '

From the earliest times strings have been used in the
construction of musical instruments, for we have records
of them that date back to the twilight of fable. Figures
of what are evidently primitive forms of the harp and the
lute are to be found on Egyptian monuments all along
the Nile valley. Similar instruments were used by the
earliest inhabitants of western Asia, as is evidenced by
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inscriptions found among the ruins of the great cities that
once graced the plains of Chaldea and Mesopotamia. The
favorite instrument of the Hindoos — the vina, resembling
somewhat the guitar — was given to mankind, we are told,
byv Sarasvati, the benevolent consort of Brahma. And
tl'lgn we_miist recall other stringed instruments scarcely
less -ancient, —the kinnor and hasur and psaltery of the
[&raclites, and the lyre and cithar of ‘the Greeks, not to
speak/ of many similar instruments” employed by other
nations of antiquity, According to the Greeks, the Iy
was invented-by Apollo, while the Hebrews tell us that
similar instrument was devised by Jubal. ~The L“ ptians
attribute the ‘glory of a like iny ention to Mercury. I“r
Nile” says Apollodorus,/” after having overflowed the
whole c«i;untl‘y of #Egypt, when it returne d | within its
natural bounds left on the shore a great number of dead
animals of various kinds. ;\mmnnf the rest was a torto1se,
the flesh of which being driwd and wasted by the suny
nothing was left within the shell but nerves and cartilages
These, heing braced and contracted by dessication, were
r:rndu‘c«i sonorous.” Mercury, in walking along the banks
of t happening to strike his foot against the shell
of this tortoise, was so pleased with the sound it produced
that it suggested to 1‘.1-‘-1 he first idea of the lyre.

S5

he afterwards constructed in the form f a tortoise,
strung it with the sinews of dead animals.”

No attempt was made to inquire into the scientif;
of music until the time of Pythagoras, the nth century
8. . Of thisdistinguished philosopher nwl mntm-:nnmutan

it is said that —

2l €ars,

f the sphier

To illustrate his theory of musical harmony, as based on
numbérs, he invented the monochord, — an instrument
that is still employed in many investigations regarding the
nature and mysteries of the t
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A modified form of the instrument devised by the Greek
sage is before you. It is known as the differential sonom-
eter of Marloye, who invented it, and it differs from the
monochord in that it has two strings instead of one, and is
available for a greater number of experiments. We shall
have frequent occasion to use it during the course of this
lecture, as with it can be illustrated all the leading laws of
o strings. As you will observe (Fig. 42), it is con-
structed of a long resonant case of fir, 47 /V, on which are
stretched two wires. One of the wires, @ &, 1s stretched
between two pins, by means of a piano key, p, the other,
&, R, passes over a movable pulley, and is stretched by ¢

weight, 2, which can be varied at pleasure. Near their

extremities these wires rest upon fixed bridges, B and B'.
A movable bridge, C, rests under the wires, and permitsa
variation in. the lengths of the vibrating parts.. A scale
divided into millimeters is fixed on the top of the box, and
sives the length of the strings between the bridges.

I now pluck one of the strings and cause it to vibrate as
awhole. . It gives the lowest noté itiis capable of yielding
with' the tension to.which it is at present subjected, The
lowest note emitted by any sonorous body musicians call
the fundamental, or the prime. By means of the movable
bridge, the string is now divided into two exactly equal
pm't< Plucking either one’ of the halves, we get a note

+
L

at the musicians present will recognize as the octave of

ha

thA fundamental. That a string sounding an octave is
only one half the length of a string emitting its funda-
mental, is one of the first discoveries made by Pythagoras
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with the monochord. By placing the movable bridge so
that the string is divided into two parts whose lengths are
as the numbers 2: 3, he found that the sounds yielded are
those that are separated by the interval known as a fifth.
Thus, if the longer string gives the note C., the shorter
one will give-G; . Continuing his experiments, he divided
the stl'in;_j in such'a way that the relative lengths of the
two parts were as the numbers 3¢ Such strings he
found gave the interval known as th f(ltlul As before,
if the longer 'string were to| sound C;, the shorter would
emit ..

Although the Greek philosopher made.many other ob-
servations with his monochord and designed.several other
instruments, among which was his famous tetracl
does not appear to_have discovered any other
used in- modern music.—If he did make such discoveries,
he certainly did not employ them in his system of miusic.
One of the most pleasing intervals in modern music was
not introduced till the fifteenth or sixteenth century. Itis
known. as thewmajor thivd. It is t"m;'.im'd on the mono-
chord by 'eausing “two string

1gs to| vibrate whose lengths are
to each other as.4: 5. In thisinstance’if the longer string
g

yields Cy, the shorter will ‘give E;. ~In lieu of this interval,

o

Fhaahad b ave 11 {
Pythagoras employed one much more complicated. It is

called, after its inventor, the Pytlagorean .

tive ler 15 hs_of the vibrating strings in this interval are
64:81. True, the difference between this interval and our
major tlum issmall, —so-small asscareely to be recognized
in ordinary music.

As a result of his investigations, Pythagoras discovered
the law that zke simpler the ratio of the two parts into
which the vibrating string is divided, the
the vonsonance of the two squnds. But no Ulhmmlun of
this relation of simple whole numbers to musical harmony
was given until the appearance of Helmholtz’s great work,
“Die Lehre von den Tonempfindungen,” in 1859. The
school of Pythagoras made the fact simply the basis of

fantastic mathematical and philosophic speculations, the

MUSICAL STRINGS.

most famous of which was their theory regarding “the
harmony of the spheres.”

Full two thousand years elapsed after the time of
Pythagoras before any other notable advance was made in
the science of musical harmony. The subject was then
taken up by. one of the ablest experimenters and most
i_,nw.‘>t'(_mllv_l thinkers of modern times. I allude to the
lustrious Franciscan friar, Pére Mersenne, who has
justly been called the * Father of Acoustics.”

Taking up the investigations of Pythagoras, he found
that the simple harmonic intervals above mentioned de-
manded not only that the lengths of f the strings should
bear a simple ratio to each other, but also that ’/z; ratio of
vibration of these strings should be eq ally simple. Thus
he found that the octave vibrated with twice the rapidity
of its fundamental; ! that the fifth vibrated three times,
while its fundamental vibrated twice; and that the rate of
vibration of the fourth to its fundamental was as 4 to 3.
In a similar manner he d scovered that the same law held
good for all intervals whatever. In other words, he first
laid down the all-important law that zie number of vibra-
gions in any case is inversely proportional to the length of
the _s‘,‘;'!;/_g'. Moreover, he was the first to demonstrate the
fact that pitch depends on the rate of wibration ; thatithe
greater the natmber.of vibrations per second, the ligher the
pitch. Going still farther, he prove d that this law regard-
ing pitch applied not only to vibrating strings, but to all
sonorous bodies whatever. This was indeed a gigantic
step forward; and threw new light an the mystical numbers
of the Pythagoreans.

Pythagoras had made some observations on the effects
of tension on vibrating strings, but does not seem to have
arrived . at any definite results. Mersenne took up the
problem and determined ' the law as it now stands;
namely, ke number of vibrations per second of a string
28 ,’vu//m)fzm!n/ to the square root of s tension® This
means that if a string stretched by a weight of one pound

1 0p. cit., lib, i. Prop- 15; and lib. ii. Prop. 6. 2 Op. cit., lib. ii. Prop. 8.
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gives forth a certain note, it will yield a note an octave
higher if the weight be four pounds. By making the
weight nine pounds, the string will execute three times
the number of vibrations, and the note produced will
be the fifth of the second octave above the note emitted by
the string stretched-by-a-weight of one pound. Similarly,
a weight of sixteen pounds would cause the string to vibrate
four times as fast; and the ressltant note would be two
ctaves higher than the first.  Thus, if the same string be
successively under atension of one, four; nine,” and sixteen
pounds, and the note given by the string with one pound
he (s, the note given by the string with the other weights
will be Cs Gs, and) Cs. ~This means that if C; give 128
yibrations per second, 'Cs, G, and C, will give 256, 334,
and 512 vibrations respectively,

Continuing ~his " experiments with strings—of different
thicknesses, but of the same  tension, Mersenne found that
any given string must be twice as thick as another in order
that the thicker string may yield a note an octave lower
than that emitted by the thinner one.!

From this and similar mb\‘cr\’nti(vn\‘ is deduced the law
that the number-of vibrations varies inversely as the thick
nessof jihe string.~Thus, if two strings of the same
material,length, and tension have diameters which are to
each other as 2 to T, the thicker string will execute one
half the number of vibrations of the thinner one. If one
string be three or four times as thick as another, it will

vibrate three or four times more slowly than the one of

smaller diameter.

A fourth law, which the preceding seeins, in a measure,
to indicate, js that, the length, thickness, and tension being
the same, ke number of vibrations of a stringis inversely
proportional to the square root of yits density. ‘Thus; other
things being equal, if two_strings, Aand B, whose
densities are respectively as 1: 4, be set in vibration, A
will execute twice the number of vibrations made by B.
If the ratio of the densities of the two strings be 1: 9, the

Prop. 7
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lighter one will vibrate with three times the rapidity of the

heavier one. The specific gravities of aluminum and

e
copper are respectively 2.6 and 8.9, and hence their

relative densities are as 1: 3.40, nearly as 1: 4. If, there-
fore, two wires, one of aluminum and one of copper, be
caused to vibrate, the aluminum wire will vibrate with
very nearly twice the rapidity of the copper one. Catgut
and brass have specific gravities that are to each other
approximately as 1: 0. Hence, the relative frequencies

of the notes yielded by two strings, one of catgut and one

brass, both being of the same length, diameter, and
tension, will be as 3: 1, — the catgut string vibrating three
times as rapidly as the one of brass.

All the foregoing laws can be roughly illustrated by
any stringed instrument. For their more exact verifica- |
tion an instrument like the sonometer is necessary. With
such an apparatus, we can regulate the length and tension
of the strings with the greatest ease and accuracy.

The laws of vibrating strings have been determined ma-
thematically as well as experimentally. The first one to
attempt a mathematical solution of the problem involved
was the English mathematician, Brook Taylor, in 1715.
His solution, however, was incomplete. Later the problem
was attacked, in turn, by the ablest mathematicians in
Europe. Among. these were John and Daniel Bernouilli,
D'Alembert, and Euler. The celebrated mathematician
Lagrange eventually completed the work at which the

thers had so indefatigably labored.

But it was soon discovered that, the results of theory
and experiment did not agree. As earlyas 1736 Mersenne
recognized the existence of this discrepancy. 1 Thus, when
a string is divided into two parts, each part does not when
set in motion give exactly the higher octave of the note
emitted by it when vibrating as a whole. The higher
note n/’m by about a quartér of a tone. And the shorter
the string, and the greater the diameter, the more pro-
nounced the difference between theory and experiment.

1 Lib. ii. Prop. o
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When one string is twice the thickness of another, this dis-

crepancy for the law of diameters may amount to as much

as a half tone. N. and F. Savart attempted a :u'lutiu;l of

y; but although they employed every 1
nt in their experiments that ingenuity could suggest,
ised many-special _forms of apparatus in the course
of their investigations, they wese utterly unable to m.xlwg
the résults of their experiments agree wit e for 1 of
the mathematician.  Finally, it was pointed out that i‘L wa
impossible for the experimenter to have '
the 'mathematician| \assumed
namely, that is per/i :
perimenter are miore or) less 7igt
gand this alone, suppe sing’ the strings
diameter and homogeneity throughout,
differences observed ~between experiment
When, however, the experiments are made
quisite amount of ‘care, these differences are ordinarily
small as to be scarcely recognizable
This instance, and it is”only one.among many,
illustrates. the difficulties, inh€rent in_the nature
materials at his disposal; that the man of science meets
with in his investigations, and in hi> attempts to make the
results of his expériments agree with those of calculation.
Our conclusions;-indeed, when based solely on experi-
ments, are in many cases only approxim:
and it is impossible in the nature ¢
other than approximate, In such cases
consideration! our experimental results
nearly to truth just in proportion as they more nearly co-
incide with the demands of theory. If the rx:q:L-ri'l';.unh-r
could have at his disposal a perfectly flexible, uniform,
and homogeneous string, he could without doubt 1
his observations. conform with| the formula of Lag
but not otherwise.
the foregoing laws of vibrating strings are applied
. construction of the various forms of stringed instru-

ments. . Thus, in instruments like the harp and pianoforte,
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the strings designed to give acute sounds are short, light,
and thin. Those ca uxhnul to produce graver tones are
proportionately longer, heavier, and thicker. To avoid
increasing the thickness of a string or making it inconve-
yiently long, it is sometimes loaded. In the violin, for
example; three of the strings are of catgut of different
thicknesses, and subject <‘>1‘din\u‘i1'\' to different tensions.
The fourth string is rendered heavi a spiral of silver
wire. This device obviates ri 7 ;ma‘. at the same time
renders the notes emitted as grave as may be required.
Similarly, those strings of the harp and pianoforte that are
designed to sound the lower notes are weighted by being
wrapped with wire.

The tensile force with which the wires of a modern
pianoforte are stretched is quite surprising. It varies all
the way from one to five hundred pounds. The aggregate
tension of .a-Broadwood instrument is equal to about
eighteen tons weight, while the total stress of a Steinway
Grand is fully twice that amount. It is found
periment that | the ™ greater the tension and the
the string, within certain limits, the richer and more
harmonious the tones produced. This great increase of
tension necessitates a heavy framework, and hence the
massiveness of our modern pianofortes.

In the pianoforte there is a seéparate string, or group of
strings, for each note. In the harp the notes are arrang ed
to vield the notes of the diatonic scale. These, however,
can hc sharpened or flattened | by means of pedals.. In the
banjo and guitar there are only a\few strings, but as the
lencth-of these may be varied . by pressing ﬂlcm against

the frets with which such instruments are provided, a com-
t

paratively large number of notes may be elicited from
them.. The violin and violoncello have only four strings,
and vet their compass is remarkably. great. In such
instruments the performer must be gdided by his judg-
ment and his ear and by practice as to the amount by
which a string is to be shortened for the production of «

any given note. He has no mechanical aids like those
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afforded by the guitar and the banjo, whose frets scrve
as a guide as to how much a string is to be shortened for

any determinate case

Besides the note which a string of any given length
emits when \'11)1‘;11111 as a whole, and which is called its
fundamental note, it.also gives forth certain superior tones,

vhich are sometimes ¢alled natural harmonics. Mersenne
mukgs special mention of them in his great work.! He
tells us'that he was able to perceive tones corresponding
not only to the first and second octave above the
fundamental, but'also the fifth of the second octave, the
major third ot the third octave, and the major second of
the fourth.  Supposing that the string gave as its funda-
mental the note 'C, the superior tones, or natural har-
monics, heard along with their fundamental by  Mersenne,
would in musical notation be written as follows:

We now know — what was unknown ’but probably sus-
pected in the time. of Mersenne — that a string ymittinwf a
musical note rarely, if ever, vibrates as a whole without at
the same time vibrating-in segments which are ."llir'[nv'vt
parts of the whole. The motion of these segments is
usually <upm‘r\«‘><r~(l on that of the string vibrating as a
whole. For this reason karmonics —a term introduced
by Sauveur—ar¢ more properly called w#gper partial
tones, or, considering the compound nature of the note
composed of the fundamental and upper partial tones, as
simply partial tones. 1In this case the fundamental would
be the first partial of the compound tone, the octave the

cond, the fifth of the second octave the third,-and so
on. The fundamental is, of course, ordinarily more
prominent than are any of the other partial tones. " Never-
theless, in certain cxc:tptional cases some of the upper

1 Harm., lib.ix. Prop. 33.
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partials may sound louder than the prime. The pitch of
the compound note heard is gauged by that of its funda-
mental; the quality of the tone is determined, as we shall
see later on, by the number and r -elative intensity of the
concomitant upper partials.

Mersenne’s observations have been verified- and ex-
plained by a number of subsequent investigators, chief
among whom are D. Bernouilli, Riccati, Rameau, Sauveur,
and Chladni. Rameau in 1722 attached so much impor-
tance to upper partial tones that he made them the basis
of his system of musical | harmony. Chladni gives a de-
tailed g\phrmtu,n of.them and shows that they are found
in nearly all sonorous bodies, and that they are especiz ally
marked in organ-pipes, wind instruments, and bells.

Qauveur in 1701 appears to be the first to give a
satisfactory explanation of the existence of upper partials.
He attributes.them to the string vibrating in parts, while
at the same time vibrating as a wi hole. After .~hu\\':n'
how this can take place, he declares that *each half,
third, each fourth part of a string has its OWR speci ll\")lu-
tions, while at the same time the string \‘1‘1,\;;-31-\:‘«
whole” And then, after enumerating the succes
partials that accompany the fundamental note
he observes: ‘It seems, therefore, that whenever
Nature makes for herself, so to speak, a musical system,
she employs only such sounds. \\"\'crth"lc»s they have

, far not been received in musical theory.’

\\ hile speaking of Sauveur, I must not fail to mention

what you will surely regard /as a,striking =‘iz'«:um;tnnm_~.

e is justly regarded as one of the founders of Llh SC

ie
of acoustics. He first app slied the word acoustics 1O (lk,
|

nate the science of sound. And yet he was mute until the

d

age of five years, and rems yined almost deaf during h)~ en-

ag
tive life. Hiiber was blind when he:carried on his wonder-
ful investigations reg sarding the nature and habits of bees,
which have made lmn one of the greatest authorities on
the subject treated. Plateau, who was so distinguished

for his wonderful discove ries in optics and molecular
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mechanics, did most of his work while deprived of sight.
5] Il o e ~ i . . =

But even their achievements, astonishing as they are, seem
to pale before those of Sauveur, who, although deprived

almost entirely of the sense of hearing, was yet able to

contribute more to the science of sound than any one of

his age, and to detect the existence of tones that even
cultivated “musical ears did not recognize.

The number of upper partials that may accompany any
given- tone depends upon  circumstances and upon the
nature of the sonorous body-itself. Sometimes only three
or four may be detected; occasionally we.may be able to
demonstrate-the existence—of fifteen ‘or' twenty. They
sometimes occur in the erder of all the natural numbux';.
1,2, 3, 4, 5, etc; at other times in the order of the odd
numbers omly: In the/former case the. first sixteen
partials, beginning with Cy, 'as a fundamental, succeec
each other as follows: —

2 Gy Gy E; Gy BY%ICy Dy E,F2/ Gy

=

-

= =l
7 e

- < ~ ML &

The seventh;-eleventh, thirteenth, and fourteenth partials
are, as will be observed, indicated by crotchets, while the
positions of the others are shown by minims. The former
do not occupy exactly the position marked, as they have
not the pitch of any note used in music. Their positions,
therefore, can 'be. indicated only" approximately in ‘the
ordinary musical notation. .

lhe second row of figures below the staff shows the

f!:cqllCI‘.CKf.\', of the corresponding partials. Inspection will
show that the frequency of each partial is some multiple

of that of the fundamental.

Only the lower partials, however, are usually considered
in music. Ordinarily no importance is attached to those
above the fifth or sixth. As a rule they diminish in
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intensity as they ascend. Nevertheless, as we shall see,
in some special cases, particularly in bars, bells, and
tuning-forks, the higher upper partials may be so loud as
to be unpleasantly sharp and piercing.

The first six partials, counting the fundamental as one,
constitute in ordinary musical instruments a compound
tone that i srfectly harmonious. To these may be
added the eighth, tenth, twelfth, fifteenth, and sixteenth,
without impairing in the least the harmony that charac-
terizes the tone due to the combination of the six first.
The seventh, eleventh, thirteenth, and fourteenth do not, as

we have seen, belong to the musical scale. The eleventh

>C

and the thirteenth, together with the ninth, —D,, — are
discordant, and cannot be combined with the first-men-
tioned partials without marring the harmony which these
latter yield alone. In an instrument tuned in pure into-
nation, — a harmonium, for instance, — the seventh and
fourteenth partials, contrary to what musicians usually
maintain, may be added to the six first partials, and give
a compound tone of superior richness, brilliancy, and
harmony.

The relative intensity of the various partials constituting
a compound tone depends chiefly on the nature of the
stroke, the point struck, and the rigidity, density, and
elasticity of the string.

The same string will give a difféerent sound according
as it is struck or plucked or bowed. The harp and the
ouitar are plucked with the finger, and give a sound that 1s
characterized by softness, richness, and the predominance
of the lower 'partials. The zither and the mandolin, are
plucked with a point of wood or metal very much in the
same manner as the ancient varieties of the harp were
excited by the plectrum. The tones of these instruments
are distinguished from those of the guitar and harp by the
number and intensity of their upper partials; the sound
is therefore shriller' and more tinkling in character. The
strings of the pianoforte are struck with soft elastic ham-

mers of felt, and yield the pure, rich tones that contribute




144 SOUND AND MUSIC.

much to make this instrument so popular. In the best
instruments, particularly when new, the first six partials
predominate, to the exclusion, almost, of all higher ones.
The strings of the violin family are bowed. This method
of exciting vibration brings out a large number of partials,
both high and low, and we have, in consequence, the
sharp, full, brilliant tone of the “ most perfect " of musical
instruments.

The 'point struck or bowed always determines the pres-
ence or absence of a certain number of partials. In the
pianoforte  the |string) is struck in such a manner as to
allow the formation of thefirst six partials, and to exclude
or weaken those which are higher, — especially the seventl
and the ninth, the latter of which is very discordant. To
secure this result, the hammers are made-to strike the
string at from one seventh to one ninth — preferably one
ninth — the distance from the end of the vibrating length
of the string.The reason for  this we shall see presentlys.
Eliminating or weakening all partials above the sixth, there
are left only-such tones as enter into the formation of th
major chord, because in'the first six partials we have
octaves, fifths;.and major-thirds of the fundamental.

Again, the force and number of upper partials

greatly-modified by the thickneéss and material of the
string. Thick strings, by reason of their rigidity, do not
permit the formation of very high partials, while very thin
strings yield them quite readily and in great numbers. On
a string of very fine iron wire Helmholtz was able to
isolate the eighteenth, partial tone, These high partials,
however, form a series of vcry dissonant tones.. The
reason of this is because they lie so close to each other in
the scale that the intervals formed are highly inharmoniou

Above the eighth they are less than a whole tone apar

and above the fifteenth they are'separated by an interva

1
which is less than a semitone.

Every one has observed the difference juality
ted by metal and catgut strings. Other things

being equal, a string of catgut, on account of its
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lightness, should produce higher partial tones than one of
metal. But by reason of the inferior elasticity of the
former, its higher partials are sooner damped than those
of the latter. Hence the acute tinkling sounds that
frequently characterize thin metal strings, as in the
mandolin, and the comparative softness of the tones of
strings of catgut, as in the harp or violin.

All the phenomena we have been discussing can be
beautifully illustrated by the sonometer. But before going
farther, we must examine more particularly the manner in
which strings vibrate, and the way in which they sub-
divide so as to yield the partial tones we have been
considering.

Mersenne had observed that when a string was set in
vibration, a neighboring string in unison with it would also
vibrate, although it might not have been touched. And
he found this to be the case not only when the strings
were in unison, but also when the second is an octave or a
twelfth below the first The same observation was after-
wards made by Noble and Pigott at Oxford, and commu-
nicated by Wallis to the Royal Society in 1674. They
showed that when the second string was two or three
times the length of the first, it was divided into two or
three equal vibrating segments, each segment being sepa-
rated from the one adjacent by a point at rest, and each
being of the same length as the vibrating portion of the
first string. The existence of these points of rest was
cleverly shown by placing paper riders along the string.
Those on the vibrating segments were instantly thrown
off, whereas 'those on the points of rest remained un-
disturbed. The tones excited by the first string in the
second one are what are known as sympathetic tones, and
we shall learn more of them later. What we are now
more particularly interested in is/ the formation of the
vibrating segments, and the points of rest discovered by
Noble and Pigott.

In 1701 Sauveur, without any knowledge of the discov-
eries of the English investigators, made the same experi-

10
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ment in a somewhat different way. Instead of using two
strings he employed but one. Bowing a string so as to
cause it to emit its fundamental, and to vibrate, therefore,
as a whole, he touched it with a feather at points one half,
one third, and one fourth its length from one of the ex-
tremities, and he then heard the octave, the twelfth, and
the second octave of the fundamental. He made evident
to the eye the subdivisions of the string by means of
riders, some of which were white, others black. The for-
mer were placed at the points of rest, which Sauveur called
wodes, and the latter on the vibrating segments which he
named wentres.

All the laws and phenomena that we have been dis-
cussing can be clearly and accurately illustrated by the
sonometer.

To repeat Sauveur’s experiment exhibiting the nodes
and ventres, I damp the middle of one of the strings
by pressing a feather gently against it, 'and draw the bow
across one of the halves. Immediately the other half is
set in vibration, as is evidénced by the-paper rider being
at once thrown off. ~In thisinstance we have two venlres,
or ventral segments, as-we shall call them, and one node
which is an immovable point in thé centre of the string.

Damping the string at one third of its length from one
of its extremities, and exciting it as before, we have formed
three ventral segments separated by two nodal points.
Placing red riders on the ventral segments, and white
ones on the nodes, and bowing the string as before, the

red riders are cast off, while the white ones remain

undisturbed.

When the string is damped at one fourth of its length
from one of the fixed bridges, and the shorter segment is
set in vibration, the longer one is.immediately divided into
three equal parts, separated by two nodes. The whole
string is now made up of four ventral segments separated
from each other by three nodal points. As before, the
red riders on the ventral segments are all rejected, while

the white ones on the quiescent nodes retain their places
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In like manner the string might be divided into five, six, or
more segments, separated from each other by nodal points,
and the existence of both segments and nodes could be
shown in the same way as before.

If the string is sufficiently tense, and we listen to the
notes emitted by these successive subdivisions, we shall
find that they are the upper partials of which we have
been speaking. Thus, one half of the string yields the
second partial, or the octave of the fundamental, one third
of the string gives the twelfth, one fourth the second oc-
tave, while the fifth and sixth subdivisions give' the major
third and the fifth of the second octave. More minute
subdivisions would of course give higher partials.

By simply striking the string with a pencil or a small
metal bar, we can evoke all these partials in such a man-
ner as to be distinctly audible to all who are near the in-
strument. In this case, however, we have not only the
individual partials.distinct and alone, but also their funda-
mentals, and a number of other tones due to various sub-
divisions of the string. . Striking the string in succession at
the centres of the ventral segments corresponding to the
arious partials, we elicit the corresponding notes with the
greatest ease. You hear others, it is true, but the partials
specially excited come out with greater purity and force
than any of the others, except, it may be, the fundamental,
which is always present with considerable power. If the
string is struck sharply at points one half, one third, one
fourth, one fifth, one sixth, and one seventh of its length
from one of its extremities, and then in the inverse order
at the same points, the notes referred to come out from
the general mass of sound in a way that is quite surprising.
With a little practice, one could thus play a simple melody
on a single string, without changing its tension or its
length.

A series of experiments-made by Young in 1300 enables
us to account for the absence or the prominence of the
partial tones that we have been considering. He demon-
strates that if a string be excited at its middle point, the
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octave and all the evenly numbered partials that have
nodes at this point vanish from the compound tone that
is emitted. This results in a note that is hollow and nasal
:n character. In like manner, when the string is excited at
a distance of one third its length from either of its points
of attachment; the third- partial is quenched, as are also
the sixth, ninth, and higher multiples of the third. The
tone is- still hollow, but less so than when the even partials
were absent. The more nearly the point of excitation
approaches the end of the string, the more pronounced be-
come the higher partials, and the poorer and more tinkling
the quality of the sound produced. In general, according
to Young, there are always wanting in any given com-
pound sound, all those upper partials that have their nodes
at the point of excitement. According to-the researches
of Ellis and Hipkins, however, this principle enunciated
by Young seems to require some modification, at.least
for the higher partials. They found that when a piano-
forte string is struck by a soft or hard hammer at a node,
the corresponding partial,” especially if-it' be one of the
higher ones,—the eighth, for instance, —is not necessarily
extinguished: . So far,no one seems’ to have offered a
satisfactory explanation of this singular phenomenon.!
In speaking of the upper partial tones as existing in
any compound sound, T have spoken of them as having
frequencies related to the fundamental, as the natural
numbers 2, 3, 4, 5, etc., are to 1. This is the general im-
pression both among musicians and acousticians. It was
because he believed. they were so related that Sauveur
gave to these partials the name they still bear, karmonics.
But it is quite rarely that the upper partials bear such re-
lations to their fundamental. Instead of having their fre-
quengies related to that of the fundamental as the whole
numbers 2, 3, 4, 5, etc., are to 1, upper partials have, in
the majority of cases, frequencies whose .ratios to that of
the fundamental cannot be expressed in whole numbers.
This is particularly true of bars, plates, and bells, as we

1 Sensations of Tone, pp- 545, 546.
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shall learn in our next lecture. When the succession of
partials as to their frequencies differs from the order of
the natural numbers, we have what are called inkarmonic
partials, as contradistinguished from harmonic partials,
whose frequencies are to thosc of the fundamental exactly
as 2, 3, 4, 5, etc., are to IL.

In organ-pipes, open or stopped, and in vibrating strings,
although the upper partials are not so inharmonic as those
formed in bars, plates, and bells, they are far from being
perfect.

Wertheim found, during his researches, that the partial
tones of pipes are higher than the theoretical harmonics.
Koenig, in experimenting with a certain open organ-pipe,

discovered that the eighth partial tone — he calls it a sound
of subdivision— was nearly a whole major tone higher
than the true harmonic, and that, consequently, it almost
coincided with the theoretical ninth harmonic. partial.

In the case of strings, the upper partials would corre-
spond to true harmonic partials, if we could have a string
uniform in thickness and homogeneous in texture, and
entirely devoid of rigidity. But such an ideal string can-
not be obtained. In the catgut strings of a violin the
irregularities in form and density are so great that one
often finds a difference of a semitone, or even of a whole
tone:-in the notes emitted by the halves of the same
string.

The difference between harmonic and inharmonic par-
tials cannot always be detected by the ear, especially when
these differences are very small; but by means of the
graphical ' method of registering vibrations, it can always
be shown to have a real existence in fact. Koenig, in Fig.
43, gives a graphic trace furnished by a steel wire in
which had been simultaneously excited the fundamental
and its octave. These two'tones awere but very slightly
separated from the true interval of an octave, but though
the difference was but slight, it was indicated by the con-
tinually changing form of the successive waves. The
upper partial, as disclosed by the trace, was sharper, by
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one wave in 180, than a perfect harmonic octave. The
record is divided into five parts, in order to be more easily
inscribed in the text. Had the two notes constituted the
interval of a theoretic harmonic octave, the waves would
have remained unchanged, and the wavelet due to the
upper_partial would have retained the same position on
the larger wave denoting the fundamental, from one end
of the record to the other.

By the graphical method just illustrated, we have the
means of making clear to the eye the amount by which
the interval in question deviates from a'true interval, while
it would be difficult, if not impossible, to appreciate such
difference by the ear.
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Free vibrating reeds, unlike strings and organ-pipes,
may, and in most cases do, generate true harmonic par-
tials. In the case of reeds, however, we have not such
stibdivisions as occur in strings and other sonorous bodies.
Reeds vibrate as a whole, and their vibrations, so far as the
most careful observation can determine, are perfectly sim-
ple and pendular. But strange as it may appear, these
same simple pendular vibrations have the power of ex-
citing the airin such wise as to generate compound tones.
Such compound tones, as' G. S.”Ohm has demonstrated,
the ear has the power of analyzing and resolving into a
series of simple tones, each simple tone corresponding to
a simple pendular vibration of the air transmitting the
sound.
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Some spnorous bodies—tuning-forks, for instance, which
have long, thin prongs, and execute vibrations of great
amplitude — may generate both harmonic and inharmonic
partials. Koenig has recognized as many as five harmonic
partials in tuning-forks of this kind, in addition to the
usual inharmonic partials found in all forks. Long, thin
strings, executing vibrations whose amplitude is very great
compared with the thickness of the string, may also give
rise both to harmonic  and inharmonic partials. The in-
harmonic partials are due to subdivisions of the string,
whence the name Koenig gives them of sounds of sub-
division. The harmonic partials are constituents of a
compound tone corresponding to a compound vibration
made up of a certain number of pendular vibrations.
The fact, then, that there is such a marked difference
between these two kinds of tones, and the further fact
that they frequently coexist in the same sonorous body
and accompany the same fundamental, show clearly the
necessity of carefully discriminating between them. The
majority of sounds, then, employed in music have partials
which, instead of being harmonic, are inharmonic. This
is contrary to what is usually supposed and taught by those
who are eminent both in the art and science of music, and
by those, too, who are distinguished as teachers of the
science of acoustics.!

And while speaking of this subject, it must be observed
that harmonic partials, or harmonics, — as the term was
understood by Sauveur, and as it is generally employed
in’ acoustics, — are not identical with harmonics, as ordi-
narily designated in music. In acoustics, the term /ar-
monics is used to designate simple tones only, — tones;
namely, that enter into the composition of a determinate
compound tone. In music, on the contrary, harmonics
are in nearly all cases compound tones. In the violin and
harp, for example, the notes yielded when some of the
aliquot parts of a string vibrate, are said to be harmonics of
the notes emitted by the same string vibrating as a whole.

! Compare Koenig, Quelques Expériences d’Acoustique, pp. 218 e/ seg.
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Let me illustrate. Suppose that under a certain tension
the string on this sonometer gives the note C, as a funda-
mental. Its first sixteen partials, including its fundamen-
tal, will, as we have learned, be written in musical notation
as follows: —

L.

==

-
1

7

Taking one half the string, its partials, with fundamental,
would be written thus: —

I1.

12
Proceeding in the same manner with one third the string
. o !
we should ebtain: —
I11.

= _F —-

()
6

One fourth the string, for a similar reason, would give:
V.

=t
4

Inspection of I. and I of the preceding diagrams will
51.10“' .thllt when only one half of a'given string is set in
vibration, its partials correspond only with the even par-
tials yielded by the string vibrating as a whole. Thus, of
the sixteen partials entering into the composition of the
compound tone (tone emitted by the string vibrating as a
whole), only those, as indicated, which in I, are nunﬁmrcd

MUSICAL STRINGS.

2, 4, 6, 8, 10, 12, 14, 16, are found in II. When one third
the string is caused to vibrate, only the odd partials of
1, as shown in IIL, constitute the components of the
resulting compound tone. When one fourth of the string
vibrates, we have, as seen in IV, only half of the evenly
numbered partials of L., namely, 4, 8, 12, and 16. IV, as
will be observed, bears the same relation to 2, as the
latter bears to I. 1. has sixteen partials, II. has eight, I1L
has five, and IV. has four. Each note in L, IL, IIL,, IV,
answers, as you remember, to what we have called a par-
tial tone: or, to distinguish it from an inharmonic partial,
each note is an harmonic partial. And all the upper par-
tials, that is, all the partials exclusive of the fundamental,
are what Sauveur called Zarmonics, and what many acous-
ticians still denominate /Zarmonics.

But the musicians’ harmonics are quite different. They
discard all partials, and consider only fundamentals. Thus
C,, in IL.. is the first harmonic of 1, G, is the second har-
monic, and C. the third harmonic. But as in these cases
we cannot separate the partials from their fundamentals,
the harmonics musicians actually refer to are compound
tones, and not simple tones, as their language would seem
to imply. Such being the case, the first harmonic of C,
would not be simply C,, but all the partials, as seen in IL,
which accompany this note. For a similar reason, the
second harmonic would be G, and its four upper partials;
and the fourth harmonic would be C; and its three upper
partials. For the sake of simplicity, I have taken no ac-
count of any sounds that might be due to subdivisions of
the string. These, as is obvious, would simply add other
partials to the harmonics of which the musician speaks,
and make them proportionally more complex.

To avoid all confusion, I shall therefore adhere to the
terms farmonic partials and inkarmonic partials, as already
defined.. This is-important, as. we shall avoid many errors
and misconceptions that arise from confounding the two
meanings so frequently given to the unqualified term
harmonic.
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It is now time to answer a question that must have
already presented itself to your minds; and that is, © How
can one and the same cord give rise to several sounds
simultaneously?” In the case of a string, for instance,
the segmental vibrations, which, alone, would yield certain
partial tones, are superposed on that of the string vibrat-
ing as a-whole; rand  thosc corresponding to its various
segments are so combined as to] yield a compound motion
as a resultant. In Fig. 44 we have represented two of the
simplest cases of this kind. Thestring 4 4/ B, 4 C B, when
yibrating as a whole, emits only its fundamental, and while
doing so does not undergo.any subdivision. The string
Al M B' yields simultaneously its fundamental and its first
partial. In this case it assumes the form A’ C' B indicated

by a continuous line, — that is, while vibrating as a whole,
it at the same time divides-itself into two parts, 4' C' and
C' B!, each of which vibrates with twice the rapidity of the
whole, as would strings having one half the length of the
whole. The same string, represented in 4" M" B’, gives
simultaneously its fundamental and its third partial. It'then
assumes the form 4" D WD’ B"; which means that while
vibrating as a whole, it is at the same time subdivided into
three segments, each of which has a rapidity of motion
three times as_great as that of the whole string, and there-
fore vibrating as rapidly as would a cord one third of the
length of the whole. In the latter two cases, the funda-
mental, is represented by dotted lines, while the result-
ant compound tone is represented by lines which are
continuous.
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If a larger number of partials were superposed on the
fundamental, a more complex tone would result, and the
form assumed by the vibrating string in yielding such
compound tone would depend on the number and relative
intensity of the partials present. And if in addition to the
harmonic partials, inharmonic partials were added, is
sometimes the case, the movements of the string would be
still further modified.

Thus far we have been employing the sonometer in
elucidating the laws of vibrating strings. We can, how-
ever, investigate them with other apparatus and from other
points of view. The experiments to which your attention
is now invited, beautifully corroborate those already made.
They also add materially to our knowledge of the laws of

vibrating strings, inasmuch as they enable us to see clearly
and in a different light what we have seen only imper-
fectly in our experiments with the sonometer.

Chief among the phenomena to which T wish to direct
your attention is that which concerns the formation of
nodes and ventral segments. The illustrations so far have
been on only a small scale, and none of you, except those
very near the sonometer, have been able to see the nodes
and ventral segments referred to, unless indirectly by the
device of the riders employed.

There are various methods of rendering visible at a dis-
tance the nodes and ventral segments of vibrating strings.
The first -one we shall have recourse to is merely
mechanical, but it is none the less instructive or
beautiful.

In my hand I hold one end of the brass spiral which we
used in illustrating the propagation of sound through the
air or other media. The other end of the spiral is
fastened to a hook in the wall at the other side of the
room. By properly timing the motion of my hand, I can
cause the spiral to vibrate as'a whole, giving, as you seg,
one long vibrating segment. Doubling the rapidity of
motion of my hand, the spiral also is made to vibrate with
twice the rapidity it did before. This time, however, it
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does not vibrate as a whole, but divides itself into two
ventral segments, separated from each other by a stationary
node. Trebling or quadrupling the rapidity of motion of
the hand causes the spiral to divide itself into three or
four segments, separated by a corresponding number of
nodes. By moving the hand yet more rapidly, I can still
further increase the number of subdivisions. There are ten
of them  now, each segment presenting the appearance of
a gauzy spindle, and separated from its neighbor by a dark
and apparently motionless node.

I say “apparently motionless,” because, as a matter of
fact, the node is never a point of no motion; otherwise the
formation of vibrating segments would be impossible.
But the amplitude of vibration' of the node, in comparison
with that of the ventral segment adjoining, is ordinarily so
small that the node seems to be a point of absolute
rest. By moving my hand through a very small dis-
tance, an inch or so; T can give to the ventral segment of
the spiral an amplitude of motion equal to a'foot or more.
The same result might be accomplished if the part held in
the hand were to _have a transverse motion of only the
fraction of an inch. The motion at the point clasped by
the hand ‘soon accumulates at the ventral segments to
such an /extent that their | amplitude of vibration far
exceeds that of ‘the point held by the hand. And what
holds true of the part grasped by the hand — which is in
reality a node — holds true of the various nodes separat-
ing the ventral segments from each other.

At the end of the wire attached to'the hook in the wall
is also a noede, for it is customary to regard both ends of a
vibrating string as nodes. At the fixed end of the wire,
however, no motion is necessary, for the-pulse sent along
the spiral from the hand is, on reaching this point, reversed
in position and direction, and returned fo its starting-point
in accordance with the laws of reflection.

But in all cases, be it observed, the period of my hand
must be the same as that of the vibrating spiral. If it is
not so, if the impulses given are not properly timed, if the
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period of the hand does not synchronize with that of.thc
spiral, it will be impossible to produce the subdivisions
alluded to, or to secure the perfectly uniform motion and
beautiful results you have just witnessed. With a little
practice, however, one can so time the motion of the hand
as to bring out with comparative ease and readiness the

various segmental motions that we have been illustrating.
Instead of imparting motion by the hand we might im-
£)fll't it by any mechanical contrivance whatever. But by
far the most interesting and instructive method is that due
to M. Melde, of Marburg. Tuning-forks were employed

Fic. 45.

by him to generate the initial impulses necessary for the
p‘mduction of the vibrating motions which we have j.ust
been studying. And as his method at the same time
illustrates in a most striking manner the formation of
nodes and ventral segments, it affords us a new means of*
verifying the different laws of vibrating strings as deter-
mined by the sonometer.

Befurc' vou are four tuning-forks, Cs, Cs, Gs, Cs, whost
frcqucnci;s are 128, 236, 384, and 312 vibrations per
second: |Their relative rates of vibration are therefore as
the numbers 1,2/ 3, 4. To_the prong D of C, (Fig. 45
is fastened, by means of a small hook, one of the ex-
tremities of a small silk cord, O O'. The other extremity
passes over a pulley, 7, and has attached to it a scale-pan,
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7, for carrying weights, which can be increased or de-
creased at pleasure. Setting the fork in vibration, its
motion is communicated to the string, and it is found
that with a certain tension and a determinate léngth of
string, the string vibrates as a whole.

Substituting the fork C;, for C,, and keeping the
stretching weights the same, we find that the length of
the string that will now vibrate as a whole is only one half
of what it was for C,. Employing in turn the forks G, and
C, and retaining the same tension as before, we discover
that the length of the strings required are respectively
one third and one fourth of what was necessary for C..
The relative frequencies of the forks, as stated, are as the
numbers 1, 2, 3, 4. The relative lengths of the strings set
in vibration by these forks are, as we have just seen, the
reciprocals of these numbers, namely, 1, §, 4, 1. Hence,
by this novel method we have corroborated experimentally
the truth of the law already established, which is that Z/e
number of vibrations is inversely proportional to the length
of the string.

We may now repeat the experiment in another way.
This time we shall keep the tension constant, as in our
previous experiment, and instead of varying the length of
string’ for the various forks as before, we shall retain the
same length of string for the four forks. With the fork
C,, the string vibrates as a w