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Annotation

The book presents in a simple way the basic physical questions connected with
the propagation of sound and ultrasound waves in air, water and solids, as well as
various applications of these waves.

A large section has been allotted to ultrasound waves and their applications, as
well as to the propagation of sound in the atmosphere (atmospheric acoustics), in
the sea (hydroacoustics), and in the earth (seismology). The propagation of high-
intensity sound and ultrasound waves in gases and, particularly, in liquids are dis-
cussed, as well as the more important problems of aerothermoacoustics (jet noise,
generation of sound by turbulence). The question of the propagation of elastic
waves in solids (particularly in metals) is considered, as well as the basic ultra-
sonic applications in examining the elastic properties of solids. Special atten-
tion is given to the physical significance of the various phenomena.

The book is intended for people with a secondary education and can be use-
ful to instructors in secondary schools, students, technicians, engineers, marine
hydroacousticians, and those working in all fields related to acoustics.
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Preface to the Third Edition

A number of substantial additions have been made to the third edition,
related to questions which only recently became interesting. New material
on sound scattering by atmospheric turbulence and on noise produced by
turbulence [aerodynamic noise] has been added. In the section on the pro-
pagation of ultrasound in liquids, material on the relaxational absorption
and the dispersion of sound has been inserted, as well as on hypersound
and "second sound" in liquid helium. .

Nonlinear acoustics developed successfully during recent years and,
since questions of nonlinear processes in liquids are now of considerable
general interest, a new chapter on ultrasound waves of high intensity (waves
of finite amplitude) in liquids was added.

In the chapter on the propagation of elastic waves, additions have been
made dealing with the absorption of ultrasound in solids, with the propa-
gation of waves in a granular medium, with anomalous reflection and ano-
malous transmission of sound at membranes and films, and on ultrasonic
delay lines. Finally, a number of minor additions were made, and also
mistakes and imprecise statements in the previous edition were corrected.

Because of the large amount of material describing ultrasound waves
and their application, the previous title of the book "Sound Waves' was
changed to "Sound and Ultrasound Waves'.

In the preparation of the manuscript of the third edition I received great
help from L.K. Zarembo and K.V, Goncharov. Also, discussions with
S.N. Rzhevkin, A.M. Obukhov, I.L. Fabelinskii, L. M. Lyamshev, and
K.N. Baranskii were of great value, To all these I express my gratitude.

The Author

From the Preface to the First Edition

During the last decades acoustics, like other fields of physics, has
developed rapidly. Due to the appearance of electronics and the rapid de-
velopment of radio during these years, the content and nature of acoustics
have changed fundamentally. New branches of acoustics were created
and extensively developed—electroacoustics, architectural acoustics,
acoustical measurements, atmospheric acoustics, ultrasonics with scientific
and technical applications, molecular acoustics, hydroacoustics and under-
water sonic location [sonar], various military applications of acoustics,
etc. The treatment of these advances in acoustics by contemporary text-
books is quite inadequate, and acoustics is still presented in just the same
way as it was nearly 50 years ago.



Therefore, not only secondary-school graduates, but also students of
institutes of higher learning often have an insufficiently clear idea of the
content and the nature of contemporary sound theory and of its role in
science and technology. As far as popular-science texts are concerned,
they are either out of date or deal only with specific technical acoustic
questions.

The present book is not a textbook on acoustics; it endeavors to present
in a simple form only some of the questions included in the inexhaustible
material of contemporary acoustics, especially questions concerned with
the propagation of sound waves in air, water, and solid bodies, and with
basic applications of this.

Therefore, the reader will not find in this book a discussion of such
topics as vibrations of strings, membranes, and plates, or musical and
physiological acoustics. These questions have been, and are being, dealt
with in physics courses and in popular books on sound, and, while they play
an important role in contemporary acoustics (especially in electroacoustics),
it was considered possible to omit them. Also, little space has been de-
voted to electroacoustics; basic information in this important and vast
field of acoustics deals only with the solution of certain problems on sound
propagation in different media. In the same way, such important technical
applications of acoustics as sound recording and reproduction, telephony,
broadcasting, etc., have not been considered. Electroacoustics and si-
milar technical applications of acoustics still need a book devoted to them.

On the other hand, since radio and electronic equipment is all-important
in contemporary acoustics, sufficient space has been given to discussion
of the most important applications in acoustics of electronic oscillographs,
audio oscillators, amplifiers, etc.

Sound waves are elastic waves traveling in gases, liquids, and solids,
and which have been produced by vibrating bodies. To refresh the memory
of the reader, the first chapter presents briefly the basic laws of vibration
and wave motion; and the nature of wave motion is clarified by a study of
water waves.

Subsequent chapters deal with the propagation of sound, infrasound,
and ultrasound waves in gases and liquids, particularly in air and in water;
and basic applications of these waves are also discussed. The last two
chapters deal with the propagation in solids of elastic waves of different
frequencies. Also included in the book is some basic information on general
and applied seismology, primarily a discussion of the propagation of elastic
waves in the crust of the earth. Seismic waves are elastic waves of large
wave length (infrasonic waves) and in this sense seismology represents a
branch of acoustics.

The author has endeavored, as far as possible, to show the reader the
basic physical content of a number of acoustical problems, some already
solved and some requiring solution in the future. Thus, it is hoped that
the reader will not consider the results obtained in acoustics as unchangeable
and firmly established. There are still many unsolved problems in acous-
tics, just as in any other field of physics; and many new problems arise
due to practical requirements.

vi



Chapter I

VIBRATIONS AND WAVES

In natural phenomena, in scientific experiment, and in technology,
various forms of vibratory and wave motion are very often encountered.
Among such movements are the well-known swinging of a clock pendulum,
the vibration of a string, the movement of waves on the surface of water,
the propagation of radio waves, and many others. Sound is also a wave
motion. Sound waves arise and propagate not only in air and other gases
but also in liquids and solids. To understand the properties of sound phe-
nomena it is necessary to understand what vibrations and wave motion
really are. It is therefore necessary to recall the basic properties and
laws which characterize these two types of phenomena.

§ 1. Free vibrations

Oscillation of a Pendulum. Let us consider one of the best-known
examples of vibratory motion—the swinging of a pendulum,

The simplest pendulum is a metal ball suspended on a thread. When the
pendulum does not move, it is in the position of equilibrium 1 (Figure 1).

If it is moved from the position of equilibrium to position 2 and then released,
it begins to swing on the thread, performing periodic movements—oscilla-
tions. Such motion is called the free or natural oscillation of a pen-
dulum.,

The free oscillation of a pendulum may be explained as follows. The
pendulum, brought into position 2, descends under the action of gravity,
gaining speed progressively; when position 1 is reached by the pendulum,
the speed will be a maximum,. Although at this point gravity no longer
accelerates the pendulum, it continues to move due to inertia, and it rises
again. Now, however, gravity slows down the motion; and when position 3
is reached, the pendulum will stop. But the pendulum cannot remain in
this position either. Under the action of gravity it begins to descend, and
once again, due to inertia, overshoots the equilibrium position.

The oscillation of a pendulum can be explained in another way. In raising
the pendulum to position 2 a certain amount of energy is communicated to
it. This energy is called potential energy. When the pendulum descends
under the action of gravity, its potential energy decreases; however, its
speed, and therefore its energy of motion, or kinetic energy, increases.

In position 1 the potential energy is a minimum, but the kinetic energy
reaches a maximum; all the potential energy has been transformed into
kinetic energy. On the contrary, as the pendulum continues toward point 3,
the kinetic energy decreases and the potential energy increases. Finally,



at point 3 the potential energy is again a maximum and the kinetic energy
becomes zero. Thus, during free oscillation of a pendulum, potential and
kinetic energies are cyclically transformed into one
another. The total energy of the pendulum, however,
which is the sum of the potential and kinetic energies,
remains constant.

But it is easy to see that this description of pendu-
lum motion is incomplete and approximate. In reality,
a pendulum left to swing by itself must always stop
at some time, since air resistance and friction at the
point of suspension gradually reduce the energy of
oscillation of the pendulum.

Quantities Determining Vibratory Motion. The
example of the swinging pendulum makes it possible
to define certain basic quantities which characterize
all vibratory motion.

The distance the pendulum swings away from the
equilibrium position 1—to the extreme left position 2
or extreme right position 3—is called the amplitude of oscillation.

The time during which the pendulum goes through one complete oscilla-
tion (e. g., from extreme left to extreme right and back again) is called the
period of oscillation. The number of periods of oscillation per second is
called the frequency of oscillation,

It is evident that the period T and the frequency f of any vibratory pro-
cess are related by the equation:

J=

For instance, if the period is 1/50 sec, then in one second the process will
be repeated 50 times, and the frequency of oscillation is 50 periods per
second (this is the frequency of the [European] alternating current in a
municipal power system).

One oscillation per second is taken as a unit of frequency; this unit is
called a cycle per second.

On what factors do these basic quantities depend?

Experiment shows that the amplitude of free oscillation of a pendulum is
determined by the energy communicated to it from outside or on the initial
energy. But the period of a free, or natural, oscillation depends neither
on the amplitude (provided swing is not too wide) nor on the weight of the
ball, but only on the length of the thread*.

Oscillation of a Weight on a Spring. Let us consider another example
of free oscillation—the vertical movement of a heavy ball suspended on a
helical spring (Figure 2). If the ball is pulled downward and then released,
it will move up and down, performing free oscillations. The mechanism
of the motion is as follows. When the ball is pulled downward, the spring
is extended; the spring opposes this tension and attempts to return to its
original position. More precisely, the spring possesses elasticity, which

Figure 1. Positions of an

oscillating pendulum

~§l=

* The period of oscillation of the pendulum, for small amplitudes, is given by the formula T = 2r '/ I ,
g

where [ is the length of the pendulum and g is the acceleration of gravity. If T and I are measured
by observation then g can be determined. This method is still a basic one for determination of the
acceleration due to gravity.



during tension (or compression) creates an elastic
force tending to return the spring to the equilibrium
state. If the ball is now released, the spring will
compress, pulling the ball up with it. In the position
of equilibrium the ball moves upward at its greatest
speed. Therefore it cannot stop immediately, and
due to inertia the ball passes the equilibrium position
and begins to compress the spring. But the elastic
force of the spring opposes the compression and the
weight stops. Because of its elasticity the spring
expands again, and the weight starts to move down-
ward; because of inertia the ball again passes through
the equilibrium position and oscillation continues.
Experiment shows that, in this case too, the am-
plitude of oscillation of the ball depends on the initial
Figure 2, Weight on a energy. But the frequency of free oscillation of the
spring system depends only on the elasticity of the spring
and the mass of the weight; the frequency of free
oscillation is proportional to the square root of the ratio of the elasticity &
of the spring to the mass m of the weight:

==V %

The larger the elasticity and the smaller the mass, the higher is the
frequency of oscillation.

The oscillation of the ball and spring would continue perpetually, if there
were no friction between the ball and the air, and no friction in the spring
suspension and in the spring itself, In reality, after a certain time, oscil-
lation stops.

Thus, free oscillation of a heavy ball on a spring is a result of the
elasticity of the spring and the inertia of the ball.

A general conclusion may now be stated. In order for a body, displaced
from its equilibrium position, to oscillate, it is necessary, first, for the
body to possess inertia, and second, for a force to exist which tends to
return the body to its original position. During oscillations of a ball on a
spring this force is the force of elasticity; for oscillations of a pendulum,
it is the force of gravity.

To ascertain completely the character of oscillatory motion, it is im-
portant to represent the progress of the oscillation in time. There exist
many methods which make possible a visual picture of the oscillation,

Recording of Oscillation, Figure 3 shows how pendulum oscillations
may be recorded. A thin stream of sand pours from an opening in a sus-
pended cone, and this sand sticks to a moist strip of paper. If this strip is
pulled uniformly in the horizontal direction, then, during oscillations of the
"sand" pendulum, a curve representing the motion is "inscribed” on the
strip.

Thus, as time passes, the oscillation unfolds itself on the paper strip.
Such a recording provides much information on the progress of the oscil-
latory process. The curve drawn permits evaluation of the form of oscilla~
tion, the amplitude, and (if the speed of motion of the paper is known) deter-
mination of the period of oscillation.

T e A



Figure 3. Recording of pendulum oscillations

T-period of oscillation, a-amplitude of os-
cillation

The curve in Figure 3, which
represents small oscillations of the
pendulum, is a sine curve. If the
oscillations of a weight on a spring
are recorded, a sine curve will
again be obtained for small ampli-
tudes of oscillation. Sinusoidal os-
cillation is the simplest type of os-
cillation; it is also called harmonic
oscillation,

Oscillations are harmonic only
if the restoring force is proportional
to the deviation of the oscillating
body from its equilibrium position,
If the amplitude of oscillation of a
pendulum or a weight on a spring is
large, this proportionality will be
disturbed and the oscillation is not
sinusoidal. Later, when sound and
ultrasound vibrations and waves are

discussed, more will be said about sinusoidal, or harmonic, oscillation,
as well as about oscillation which is not sinusoidal.

The Phase of Oscillation. Phase Displacement. Beside the above
quantities describing oscillatory motion — amplitude, frequency, period of

Figure 4. Phase displacement between the oscillations

of two equal "sand" pendulums

On the left, the oscillation is in antiphase; on the right

the oscillation is in phase; below, 2 recording of the

antiphase oscillation



R R, N e

oscillation—the phase of the oscillation and the phase displacement are also
of importance,

Let us compare two equal "sand pendulums (Figure 4). If the pendu-
lums are deflected equally from their equilibrium positions, but one of
them is released first and, after a short time, the second is released, then
the state, or phase, of their oscillation will be different. At the mo-
ment when the first pendulum passes through the equilibrium point the
second pendulum may be, for instance, at its maximum deviation, or in
any other position. If the oscillation of both pendulums is recorded, two
equal sine curves are obtained, but these curves are displaced with respect
to each other by a certain fixed portion of the oscillation period. If the
pendulums are deflected by the same amount and released simultaneously,
the sine waves will correspond to each other (Figure 4, right). But if one
pendulum is deflected to the right and the other to the left and they are then
released simultaneously, the sine curves will be shifted by half a period
(Figure 4, left). The same relative displacement will be obtained in the
case when the two pendulums are deflected in the same direction, but
where the second pendulum is released when the first has reached the op-
posite position.

A J—
Time

7

JE0°

Figure 5. The phase displacement in time between two
sinusoidal oscillations may be expressed as an angle

The displacement of one sine curve with respect to another is called the
phase displacement. In order to obtain an exact measure of the phase
or the phase displacement, let us consider two small balls, 4 and B, ro-
tating uniformly and with equal speed around the point 0 (Figure 5). Note
how the projections of the positions of the balls onto the vertical plane MN
vary with time. If a screen is placed in this plane, and if the rotating balls
are lighted from the left (along the plane of rotation), then it is seen that
the shadows of the balls on this screen form periodic motion. We may
speak about the oscillation of these shadows; the period T of oscillation is
the time required for the ball to make one complete rotation. If these
oscillations are recorded by moving the screen MV (made of photographic
paper) at a uniform speed, two sine curves will be obtained. The amplitude
will be equal to the radius of the circle of rotation; and the relative displa-
cement of the curves will be defined by the angle ¢=A0B = A’0B’, since the
distance between the balls does not change and they move with a constant
speed. Thus, the time-change of the projections of balls 4 and B onto
plane MN is obtained, as shown in Figure 5.

The position of each ball on the circle depends on the time which has
passed since the beginning of rotation. This position can be determined by
the angles @ and B through which the balls have rotated during this time



interval. During a full rotation angles ¢ and § change by 360°, during
half a rotation by 180°, and so on.

Thus, the period of oscillation of the shadow of the ball corresponds to
one complete rotation of the ball around the circle, or 360°. The constant
relative displacement in time of the sine curves in Figure 5, the angle ¢—
the phase displacement —is a measure of how much the sinusoidal movement
of the first ball leads or lags the sinusoidal movement of the second ball.

If the phase displacement is zero, then the curves in Figure 5 merge into
one, and the oscillations are said to be in phase. If this angle is not zero,
the oscillations are out of phase. The oscillations of the two pendulums in
Figure 4 (left) are in antiphase. As one pendulum moves to the left, the
other moves to the right.

The concept of phase displacement (or phase difference) refers to two
or more oscillations. If only one oscillation is involved, however, it may
also be characterized by phase. The phase of oscillation in this case is
the state of motion of an oscillating body with respect to a certain reference
position, for instance, the equilibrium position of the body. The phase
may be measured from this position, and then any other position of the
body has a definite phase, with respect to the reference position.

Amplitude of
oscillation
Amplitude of

oscillation

\/ Time

Fighre 6. Damped natural oscillations

On the left—light damping, on the right—
heavy damping Figure 7. Damped natural oscillations in a system with

heavy friction

Damped Oscillations. Free oscillations of a pendulum or a weight on a
spring cannot continue perpetually. Because of friction, the energy im-
parted to a pendulum or a weight on a spring, as a result of deflection from
. the equilibrium, decreases gradually. The amplitude of oscillation di-
minishes and oscillation stops. Such oscillations are called damped.

On the left in Figure 6 is shown a graph of a lightly damped oscillation,
If damped and undamped oscillation are compared, it is seen that damped
oscillation is not strictly periodic. Indeed, during such oscillation the
states of motion do not repeat themselves exactly, as they do in undamped
oscillation. For instance, the maximum deflection of the pendulum does not
reoccur, because the amplitude of oscillation decreases with time. Never-
theless, the same basic notions which were introduced for undamped oscil-
lation are used for damped oscillation, since the latter has much in common
with the undamped variety, particularly if damping is slight.

The larger the friction, the stronger is the damping in the system. For
very high friction the body will not oscillate at all, but will perform motion
which is not periodic. If the pendulum is placed in a vessel containing
liquid (for instance, water or oil) and it is given a push, then, due to the



high friction between the pendulum and the liquid, the motion will differ
from that occurring when the same push is given to the same pendulum in
air. Depending on the force of the push, the pendulum will either return
gradually to equilibrium position or will overshoot it by an insignificant
amount and then stop (Figure 7). This is a case of damped oscillation —
the oscillations of the pendulum stop very rapidly. Damped oscillation is
used in many instruments, for instance, when an instrument pointer, at-
tached to a hairspring, should not oscillate when power is applied, but
should show a constant deviation. An oscillating body expends power not
only on friction, but also in causing the surrounding medium (for instance,
air) to oscillate. The body creates in the medium elastic waves; this will
be considered later in detail.

§ 2. Forced oscillation. Resonance. Self-oscillation

Forced Oscillation. If the oscillations of a body are not sustained, they
stop after some time., For the oscillation to continue indefinitely (that is,
to be undamped), the energy lost by the oscillating body must be replenished.
This can be done in different ways. For instance, a periodically varying
force may act somehow on a weight suspended on a spring. This force may
be supplied by an electromagnet, through the coil of which alternating
current flows, If the weight is made of iron, the electi‘omagnet will attract
the weight periodically; under the influence of this force the weight will
perform undamped oscillation. This oscillation has the same frequency as
the applied driving force, here the attraction of the electromagnet.
This is not free oscillation, because a periodic external force acts on the
oscillating body. The nature of the oscillation in such a system is deter-
mined not only by the properties of the system itself, but also, to a large
extent, by the external force.

Oscillation occurring under the influence of external forces which act
independently of the oscillations in the system itself is called forced
oscillation,

Resonance. The exact way in which the external force acts on the oscil-
lating body is very important, Let us consider a weight on a spring, pushed
slightly several times. The system has its own rhythm, or natural period
of oscillation, defined by the mass of the weight and the elasticity of the
spring. If the time intervals between pushes are equal to the natural period
of oscillation of the weight, then, after only a few pushes, the amplitude of
oscillation increases noticeably, But if the time interval between pushes
differs from the natural period, then the influence of the force upon the
weight will be smaller, because, part of the time, the external force opposes
the motion, rather than assists it. Anyone who tries to walk across a long
board thrown across a brook can observe such a phenomenon. If someone
marches along the elastic board in rhythm with its natural period, the
shaking of the board becomes so great that it is dangerous fo continue. But
if steps are taken at some other time interval, the board will not vibrate
strongly.

There are many similar examples. They all refer to cases of forced
oscillation in which the frequency of forced oscillation equals the natural
frequency of the system; this type of forced oscillation is called



resonance, The phenomenon of resonance is very important in nature
and in technology. Very often it can lead to unexpected consequences, if
its occurrence is not forseen. The great Russian mechanician and mathe-
matician A.N. Krylov gave the following example of the appearance of re-
sonance.

ALEKSEI NIKOLAEVICH KRYLOV
(1863-1945)

"It was, I think, during the Napoleonic Wars in Spain. An army detach-
ment was crossing a bridge, with the soldiers marching all in step (probably
an important officer was standing on or behind the bridge). It was a chain
bridge, and the powerful marching cadence happened to be equal to the nat-
ural frequency of the bridge. The swaying increased so much that the
chains broke and the bridge tumbled into the river. After this occurrence a
rule was made for all armies, not to cross bridges '"in step”. But only
thirty years ago, in the Petersburg of that time, there was a chain bridge,
called the Egyptian bridge, crossing the Fontanka. Once it was being
crossed by a company of cavalry, I do not remember of which regiment,

The horses were well trained to march ceremonially and to walk in precise
step; and this coincided with the natural frequency of oscillation of the
bridge —the chains broke, the bridge fell into the water, and nearly 40 people
perished. The phenomenon of resonance thus received additional confirmation'.



Harmful effects of resonance are encountered, for instance, when un-
balanced machines are operated on a base provided with insufficient shock-
absorption. If the frequency of oscillation transmitted by the machine to the
foundation of the building is equal to the natural frequency of oscillation of
some part of the building (especially of the upper floors and ceilings), then
prolonged operation of the machine leads to quite high amplitudes of oscilla-
tion. In some cases the result is a progressive destruction of the building;
it sinks, and cracks appear. Many more examples can be given, in which
breaking of machine crankshafts, ship screws, or airplane propellers was
caused by resonance effects.

But the role of resonance in technology is not only a harmful one. The
principle of resonance is made use of in numerous mechanical and electrical
instruments. It will be shown later how resonance is utilized in acoustics.

The Role of Damping. If a body oscillates in the presence of very light
damping, then an external force with a period equal to the natural period of
oscillation of the body will, after some time, produce very large amplitudes
of oscillation. The prolonged action of even a very small periodic force can
thus cause a body of large mass to swing with a large amplitude. But all
oscillations in nature and in technology are damped by friction. Therefore,
if the pushes only replace the energy losses due to friction over one oscil-
jation period, the amplitude of oscillation remains constant, The greater
the friction, the heavier is the damping of the oscillation, and the stronger
must be the pushes required for oscillation at a given amplitude.

The Resonance Curve, The Establishment of Oscillation. Let us plot
on the horizontal axis of a graph the frequency of the external driving force
and on the vertical axis the amplitude of oscillation of a system, e.g., a
pendulum, This curve is called the resonance curve (Figure 8). When
the frequency of the pushes is equal to the natural frequency of the pendu-
lum oscillation, the amplitude will be a maximum; this frequency is called
the resonance frequency. If the driving-force frequency decreases or in-
creases, the amplitude of oscillation decreases. The quickness with which
the resonance curve drops off on both sides of resonance frequency de-
pends on the amount of damping in the oscillating system. If damping is
low, the resonance curve is "sharp" (curve a), while for heavy damping the
curve becomes flat (curve b). :

When an external periodic force is applied to an oscillatory system (e.g.,
to a pendulum), this system does not swing immediately with a constant
amplitude determined by the applied force
and the damping of the system; the estab-
lishment of oscillation is gradual. The
time for establishment of oscillation de-
pends on the form of the resonance curve.
The sharper the curve, the smaller is
the damping of the system and the more
time is needed to bring it into full
swing; the system vibrates for a long
time before the amplitude of oscillation
reaches a uniform value. On the con-

S Frequency trary, if the damping is increased, the
Figure 8. Resonance curves time for establishinent is shorter.

Amplitude of oscillation




Figure 9 shows the establishment of oscillation in a case when the external
force has the same frequency as the natural frequency of the system, but
acts in opposite phase.
Self-Oscillation. Let us consider whether free and forced oscillations
represent all possible types of oscillation. For instance, to which type do
the oscillations of a clock pendulum
belong? They are clearly not free.
Self Eﬁig‘f‘ oszg’ﬁz‘i?on Actually, the oscillations in a clock
_/°S°i“ati‘;’/ are not damped; the consumed energy
A 1 is replenished by the elasticity of
the coiled spring, and the pendulum
i Time  gwings for a long time at constant
/ amplitude, But these oscillations
(e Timeof cannot be called forced, because

Amplitude of oscillation

establishment : .
forced oscillations are produced by
Figure 9. Establishment of forced oscillation an outside force inde pen dent of

the oscillation of the system itself.
But in a clock the pendulum itself turns on and off the supply of
energy from the coiled spring or from the raised weight. During the
greater part of the period the pendulum moves freely, and only when it
passes through equilibrium, at which point it has its greatest speed, does
it make contact with the ratchet-wheel. The elastic force of the spring, or
the gravitational force of the weight, acts upon this wheel through a gear
system; and when meshing occurs the pendulum receives a short push.
These pushes are very weak, but, since they are inphase withthefree os-
cillations of the pendulum, the energy which they impart is sufficient to
replace the energy lost to friction; and oscillations of constant amplitude
are sustained. Thus, undamped oscillations of a clock pendulum are es-
tablished possessing an amplitude whereby energy losses due to friction are
replaced exactly by the potential energy of the coiled spring or the raised
weight, The energy transfer is controlled by a mechanism which is a part
of the system itself, and the source of energy which sustains oscillation
is an integral part of the system. Such systems are called self-oscilla-
ting, and the undamped oscillation performed by them self-oscillation.

Self-oscillation is very widely used in technology, especially in radio
applications. Apart from clocks, examples of self-oscillating systems are:
an electric bell, an electronic generator of undamped electric oscillations,
and many others. It will be seen later that an organ pipe and the apparatus
of human speech are also self-oscillating systems, Thus, in a self-oscilla-
ting system the amplitude as well as the frequency of oscillation are deter-
mined by the properties of the system itself, while for forced oscillations
the nature of the oscillation depends to a large degree on the properties of
the external periodic force.

In the following discussion these basic and very simple facts about
oscillations will be useful. The study of oscillations is at present developing
very rapidly. In every field of technology and in physics oscillation is en-
countered fo a greater or less degree. The laws of various oscillatory
motions are widely used by mechanical engineers —in the construction of
various machines and mechanisms, by ship builders, and by aircraft
designers, in constructing new types of aircraft and engines. The study
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of alternating current and radio are completely based on oscillatory pro-
cesses., Scientists in geophysics, optics, mechanics, acoustics, atomic
physics, and seismology constantly deal with oscillations. Even an ar-
chitect who designs apparently stable, immovable buildings and bridges
cannot dispense with applications of the basic laws of oscillation theory; at
any rate he must take account of them,

§ 3. Wave motion, Water waves

Wave motion. In the preceding sections the oscillation of a single body
has been discussed —a pendulum or a suspended weight. A single, isolated
pendulum performs only natural oscillations, completely determined by
its inherent properties. It is a different matter if oscillation is produced
in a system of several pendulums, connected elastically to each other. In
a system of coupled pendulums the oscillation of every pendulum depends
on the motion of the others, and the nature of this oscillation differs basically
from the nature of the oscillation of a single pendulum.

Figure 10. Pendulums coupled by springs—

an example of wave motion

Consider the oscillation of several pendulums coupled by equal springs
(Figure 10). If the ball at the end of the row is deflected to the side, it
pulls with it the second ball, which in turn pulls the third, and so on. When
the end ball is released it will begin to oscillate and, since it is connected
to the other balls, will cause all of them to move. However, the oscillatory
motion is not transmitted instantly from one ball to another, but with some
delay. Because of inertia, each successive ball begins to move only gra-
dually, increases iis speed, and then moves the next ball out of its equi-
librium position. Thus, the oscillatory motion is communicated from one
ball to the other at acertain speed, which depends on the elasticity of the
springs and the inertia of the balls. More precisely, the propagation speed
of an oscillatory motion is higher for greater elasticity of the springs and
for smaller mass of the balls. This type of oscillatory motion is called
wave motion.
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In reality, isolated oscillation of a single body does not exist. What-
ever the medium in which the oscillating body is situated —air, water, or
solid body —its oscillations will not remain isolated. Every one of these
media has its own elastic properties; in each of them, because of the inter-
action between its particles (which behave as if connected by ''springs"),
an oscillation starting in one part is transmitted to other parts of the me-
dium. Waves propagate through the medium.

A study of waves on the surface of water is the simplest and clearest
way to become acquainted with the nature of oscillatory motion*,

The movement of well-defined waves as they run up onto the shore, or
of waves produced by a ship moving on quiet water, gives the impression
that a wave is a mass of water moving forward. However, this is not the
case. A person swimming in the sea during windy weather, or in a boat
among the waves, is passed by the waves, not carried with them**, First
the rider rises on the wave, then the wave pushes him forward; then it
lowers him and finally pushes him back. The study of wave propagation on
a water surface shows that, when a wave moves, the water particles per-
form a nearly circular movement, with the plane of the circle in the direc-
tion of propagation of the wave (Figure 11).

It is interesting to watch a family of ducks swimming in single file
in water ruffled by waves, with every duckling keeping a definite
distance from the next one. If the direction of the "column'' lies in the
direction of wave propagation, then, by careful observation, it may be seen
that the ducks do not move far away from their original positions, but just
perform comparatively small displacements, rising and descending. In
addition, they do not rise and descend all together, but rather one after the
other.

Figure 11. Particle trajectories in waves on the
surface of water

These examples make it evident that a wave is not a forward motion of
a mass of water., The displacements of the water particles in the wavesare
comparatively small. These displacements areperiodic, and they are not
produced all at the same time but in a certain order; each particle follows
its neighboring one in performing the motion. The succession of such mo-
tions forms what is called wave motion, Therefore, wave motion is mo-
tion which begins at some point in the medium, and propagates from point
to point, while the medium as a whole remains stationary.

The Formation of Waves. It has been observed that when a system con-
sisting of coupled pendulums is disturbed, wave motion is produced
through the action of the elastic springs and the inertia of the balls. A
disturbance on a water surface produces waves through the action of gravi-
tation and inertia. Gravitation here plays the role which elastic forces play
during oscillations of a weight on a spring, This force causes the water to

* When an analogy between water waves and sound waves is made, the differences between these two kinds
of wave motion are often not made sufficiently clear. During the following discussion particular attention
will be paid to these differences.

**% The situation is different near the shore, where the waves break as surf, but this is a case of destruction of
waves, not of their free propagation.

12



resist every attempt to change its horizontality; this is why these waves
are called gravitational waves on a water surface., If a stone is thrown into
water, it sinks and creates a hollow in the surface, which begins to fill up
immediately with the water flowing into it from all sides. Like the weight
on the spring, which does not stop at its equilibrium position, but bypasses
it because of its inertia, the water, having filled up the hollow, continues
to move due to inertia. As a result, where there was previously a hollow,
the water gathers and forms a crestof water; this crest subsides and again
a hollow is formed, which fills up again with water; thus, circular waves
begin to spread from the spot into which the stone was thrown.,

Thus, if the horizontality of the surface of a liquid is disturbed, waves
are produced. Sea waves and waves on rivers and lakes are produced by
the wind, Why the wind originally disturbs the horizontality of a water
surface is not yet clear; but it is easy to understand why the wind reinforces
slight waves which already exist. In this case the moving air exercises a
pressure upon the inclined surface of the wave, as upon a sail, and moves
it forward, driving water away from some places and gathering it together
in others. In any case it has been established that, if two layers of liquid
or air of different densities, or a layer of air and a layer of liquid, move
with respect to each other, then the more quickly moving layer always
produces waves in the second one,.

Figure 12. Imprints of waves on a beach during low tide

Phenomena of this kind take place during the formation of "wave im-
prints". Figure 12 shows a photograph of such imprints on a beach during
low tide. Their appearance is explained in the following way. When the
sand is covered by water, its upper layer is saturated and behaves like a
liquid, The water, moving during low tide with greater speed than the
"liquid" sand layer, causes waves in the sand, which remain on it as im-
prints., Figure 13 shows a photograph of waves produced by the action of the
wind upon a sand surface. Such waves originate in the air. X two layers
of air of different density move past each other at different speeds, waves
are produced. Wavy clouds, which can be observed rather often, are
formed for just this reason.
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Figure 13. Waves on a sand surface, produced by the wind
(Kara Kum)

Figure 14. Wave length and wave amplitude

Wave Length. Now let us establish those quantities which determine
completely a wave and wave motion in general. One such basic quantity is
the wave length. The wave length is the distance between two consecutive
crests or troughs (Figure 14) or, generally, between any two points of a
wave which are mutually in phase. The length of waves on rivers and lakes
during a brisk wind is several meters; in the shoreless expanse of an
ocean the length of waves can reach several hundreds of meters.

Wave Amplitude. The amplitude of a wave is the distance over which a
particle of the medium is deflected from its equilibrium position, that is,
half the crest-to-trough height of a wave (see Figure 14). Sea waves during
a strong wind may reach a height of 15-20m; the amplitude of such waves
is therefore 7.5-10m,

We have already pointed out that the water particles move in circular
paths during the passage of a wave; it is found that the amplitude of dis-
placement of the particles from their equilibrium positions decreases
rapidly with depth. At a depth of one wave length the amplitude has already
decreased to 1/535 of that at the surface. Even when huge waves move
across a stormy sea, the water a few tens of meters below the surface is
almost at complete rest, a fact well-known to submarine crews.

If the number of waves which pass during a definite time interval is
counted (this is easily done by observing the number of times some floating
obiect rises (or descends)), the period of the wave and its frequency may
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be determined, where the frequency is the reciprocal of the period. The
period of long waves can be up to 10-15sec; therefore, their frequency
is 0,1-0,06 cps.

Velocity of Propagation. It may be observed that waves move forward
with a definite velocity. But it should be remembered that the velocity of
separate particles in a wave and the velocity of the wave motion itself are
completely different concepts, and the two should not be confused.

In all types of wave motion there is a simple relation between the velo-
city of wave propagation, the wave length, and the frequency (or period).
If the velocity of the wave motion is denoted by ¢, the wave length by A,
the frequency by f, and the period by T, then this relation is ¢=Jf or, in

terms of the period, ¢= %. Since during a single period T the wave

travels a distance equal to one wave length A, the significance of the latter
equation is clear. These formulas will be used constantly in the following.

In deep water, where the depth is equal to several wave lengths, the
velocity of a wave is greater for longer waves. There is a simple rule for
determination of the velocity of the wave¥*:

¢ (kilometers per hour) = 4.5 VA (meters)

Thus, the velocity of waves in deep water depends on their wave length;
this phenomenon is called dispersion. In contrastto water waves, sound
waves of different lengths (or frequencies) propagate through air with the
same velocity, that is, without dispersion.
Let us calculate the velocity of waves in a river, if their length is 4 m.
The above rule gives

¢=4.5 V4 =9km/hour.
For sea waves 25 m in length
c=4,5¥25=22.5km/hour

a velocity which is rather large.

Thus, the velocity of a wave is greater, the longer its wave length., In
addition, waves of the same length move more slowly in shallow water than
in deep water. This partly explains the fact that, when approaching the
shore, a wave becomes steeper, forms "'white-caps" and, finally, will
break upon the shore.

In approaching a shallow spot, the upper part of the wave, which moves
over deeper water, moves more quickly than the lower part. Moreover,
the lower part of the wave undergoes friction at the sea bottom, and the
backward motion of the particles (since particles move in the wave around
vertically oriented circles) is braked. The formation of "white caps' and
the breaking of waves are also frequently observed in large rivers, near
banks and shoals.

* The theory of deep-water waves gives the following formula for the velocity of wave propagation:
c= l/ g%. where g is the acceleration of gravity., From this formula it is easy to obtain the given rule.

Long waves, with a length greater then the depth A, move across a flat bottom with a velocity deter-
mined by the formula e= } ghs
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§ 4. Propagation of waves

Refraction. When waves approach a gently sloping shore, they move in
swells, oriented parallel to the shore. Even if, at a distance away from
land, their orientation was oblique with respect to the shoreline, the wa-
ves turn toward the shore. This is an example of wave refraction, which
takes place during the propagation of waves of all kinds,

Refraction arises when waves, moving with a certain velocity in a given
medium, pass into a medium in which their velocity is different. This is
the case when waves approach a shallow shore, since in deep water their
velocity is greater than in shallow water.

Let the velocity of the wave be 10km/hour up to line aa’ in Figure 15;
and behind this line let the velocity drop to 9 km/hour, because of the de-
creasing depth. The left part of the wave will reach line aa’ first and will
continue at a velocity of 9 km/hour, while the right part still moves with
the higher velocity of 10km/hour. In this way the wave must turn some-
what toward the shore; while the left part passes over 9m, the right part
passes over 10m. When the whole wave has passed line aa’, its motion
will be directed more toward the shore. As they gradually approach the
shoreline, the waves will move in continually shallower water and will turn
more and more toward the shore; and if the shore is sufficiently shallow,
they will reach it as parallel swells. Figure 16 shows a photograph of
surf breaking on the shore, where this phenomenon is evident.

If the velocity of the wave in one part of the medium (e.g. up to line aa’
in Figure 15) is equal to ¢, and in another part of the medium (beyond line
aa’) is equal to ¢, then the ratio n=§: is called the refractive index.

Capillary Waves. Reflection. So far waves have been discussed which
have had unrestricted freedom of propagation. It is known that when a wave
encounters an obstacle it is reflected by it like a thrown ball rebounding
from a wall, The phenomenon of wave reflection can often be observed at
a steep rocky coast, or at a dock near a passing ship.

In the study of wave propagation a "wave bath" is often used. This is a
vessel like a dinner-plate, which has gently sloping sides in order to avoid
visible reflections of arriving waves. A small ball is submerged several
millimeters into the bath; and a small motor with a cam arrangement
causes vertical vibrations of the ball, The frequency of vibration is arbi-
trary; normally a.c. power from the municipal system is used, which has
a frequency [in Europe] of 50 cycles.
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Figure 15, Diffraction of waves approaching a
shallow shore




Figure 16, Surf on a shallow shore

The glass bottom of the plate is lighted from below, and the image of
the waves on the surface of the plate is projected onto a large screen. In
order to obtain on the screen a stationary image of the water, the light
source is exposed, only at certain moments, through a slit in a disk which
rotates with the frequency of vibration of the ball. (This method of obtain-
ing a stationary image from a moving object, with the help of intermittent
illumination, is called the stroboscopic method.)

The waves produced in the wave bath by the vibrations of the ball are
only between several millimeters and several centimeters long. These
small waves, or ripples, which are often observed during sudden gusts of
wind or when rain drops fall on a smooth river, lake, or pool, have a cause
different from that of the large waves which are produced by gravity
and inertia. Ripples, small waves with a length 1.75cm or less, arearesult
of the surface tension of the liquid and of inertia.

Almost everyone has seen light insects skating about freely upon a quiet,
smooth pond; it is also known that if a needle is carefully placed on a plate
of water, it does not sink, but remains on the surface. These, at first
sight strange, phenomena are explained by the fact that water and all other
liquids possess surface tension, The liquid surface can be compared to a
film of soap stretched over a ring of wire; it always tends to shrink, and
if extended by some means it opposes this extension.

If a rain drop, which has small weight and small size, falls on water,
then, contrary to a stone, it only dimples the surface slightly, which then
draws out flat because of surface tension. This motion does not stop
when the original equilibrium position is reached. Because of inertia this
position will be passed by, and as a result the falling drop produces on the
water surface ripples, or capillary waves.

In addition to surface tension, the force of gravity plays a role, too;
for waves of short length, however, the chief effect is that of surface ten-
sion. For longer waves gravity becomes more important, and for very
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long waves the forces of surface tension can be neglected. The transition
between these two types of waves —capillary and gravitational —takes place
at a wave length of 1.75cm. Waves of this length move along a water sur-
face with a velocity of 23.5cm/sec.

Figure 17. Circular capillary waves Figure 18, Reflection of plane
on a water surface, produced by the waves from a plate, produced
vibrations of a ball by the vibrations of a smallrod

It is interesting to note that, while for long waves the velocity of pro-
pagation increases with wave length, the opposite is true for ripples —the
shorter the wave length, the greater the velocity.

Thus, a small ball vibrating in a
wave bath can be considered to be a ra-
diator of capillary waves or ripples.
Figure 17 shows a photograph of cir-
cular capillary waves, produced by vi
brations of the ball.

When they encounter an obstacle, the
waves are reflected and again travel
out in circles. The point from which the
reflected waves seem to radiate is on
the opposite side of the obstacle, at
the same distance from it as the vibrating
ball. In this case the reflected waves
seem to originate at an imaginary
source, just as in a mirror an image
seems to be the same distance behind
the mirror as an object is in front of it.

If a small rod is vibrated instead of
a ball, then plane waves are produced.

Figare 19, Interference of waves If they fall upon a plate at some angle,
Two balls, mounted on the arma- the fundamental law of wave reflection
ture of an electromagnet, consti- is observed: the angle of incidence is
tute the source equal to the angle of reflection (Figure 18).
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For circular waves, the curves connecting the points in the medium at
which the moving particles are in phase (e. g., crests or troughs of the
wave) are also circular. The curve over which the phase is constant at a
certain moment is called the wave front. For circular waves the fronts
are circular; for plane waves they are plane-parallel.

Interference. If, instead of one ball, two balls vibrate at two different
points in the bath, then circular waves originate at each ball. A study of
the concentric waves, or an instantaneous photograph of the wave pattern,
shows that the two wave systems move independently of one another. The
same phenomenon is observed if two or more stones are thrown onto the
smooth surface of a river or pond. The independence of the wave propaga-
tion from different sources is a very important property of wave motion
in general —the resultant wave at any point of the medium ig a simple sum
of the waves arriving there from different sources. This property is called
the principle of superposition of waves.

If two groups of waves, produced by vibrating balls, reach a certain
point on the surface in such a way that their crests or troughs coincide at
this point, then the deviation of the water particles from equilibrium will
increase. This is the case when the difference in the distances traveled
by the waves from their respective sources, the path difference, is
equal to an integral number of wave lengths; that is, if the waves arrive
at the point in phase.

If a wave crest from one source and a wave trough from the other source
arrive at the same point, which is the case when the path difference is equal
to an odd number of half wave lengths, then the waves will cancel each other.

Figure 19 is a photograph of this phenomenon. This type of reinforce-
ment or cancellation of wave motion is called interference. Although
the waves themselves move, the interference pattern as a whole remains
stationary, since the path difference to a given point does not change with
time and is defined only by its position and by the wave length.

Interference is not always observed. It can take place only if both
sources produce waves of equal frequency or, more precisely, if the fre-
quencies of the two sources may be expressed as a ratio of integers (1:1,
1:2, 2:3, etc), and if the phase difference between the two wave trains
is constant*. Such sources are called coherent. Only in this case will
waves having a definite, constant phase difference arrive at every point of
the medjum. If the phase difference between waves from two sources
varies, that is, if at a certain moment one wave has a crest at the point and

the other has a trough, and at another moment

T both waves have crests, then the positions of
W?T‘ the maxima and minima of the disturbances on
\oreneneyey ° the surface will change; and no stationary

TN T e e amplitude distribution will exist. The photo-

f graph in Figure 19 was obtained by mounting

) two balls on the same armature of an electro-
Figure 20. Passage ofa plane wave
magnet.

through a row of nails . . .
Huygens' Principle. If a straight row of

nails (with small separations between the nails) is driven into a wooden tray
containing water and then a plane wave is sent through the row, each of the

* Or, at any rate, changes slowly. In such a case, while the interference pattern will not be stationary, it
is still possible to observe it.,
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nails appears to be a source of new waves (Figure 20). The envelope of
these waves will coincide with the wave front after its passage through the
row of nails. This example is a crude illustration of the principle of
Huygens, which states that every point in a me-
dium which is reached by a wave becomes a
source of secondary waves; the envelope of
these waves is the front of the actual propagating
wave. )

For instance, let us use Huygens' principle
to construct a circular wave front, produced by
the vibrations of a ball in a wave bath. Let the
wave reach, at a certain moment, water par-

ticles 1, 2, 3, ..., at a distance R from the

source O of the waves (Figure 21). According
Figure 21. Construction of the to Huygens' principle all these particles will
front of a circular wave (accord- become sources of circular waves from this

. AR !
Ing to Huygens' principle) moment on; and when the wave from 0 simul-

taneously reaches them, they will begin to vibrate in phase. After a.cer-
tain time the secondary waves will have traveled a distance r and will

Incident
wave

Reflected front

wave
front o vz

Figure 22. Reflection of a plane wave from a plane obstacle
(according to Huygens' principle)

have an envelope coinciding with the front of the actual propagating wave,
at a distance R + r from the vibrating ball; other regions of the secondary
waves are cancelled due to interference.
Huygens' principle explains simply the law of wave reflection from a
plane obstacle. Let a plane wave fall on such an obstacle (Figure 22).
. According to Huygens' principle any plane
wave can be considered to consist of a very
7 large number of circular waves, originating
at points near to each other and situated
along a straight line, coinciding with the
AN Iy wave front. Every point 1, 2, 3, ... re-
SO —— -——’/// presents a source of simultaneously origi-
Sy g nating waves. If there are many such sour-
o’ ces, and they are near to each other, then
their envelope will be a plane wave. When
Figure 23. Reflection of a circular wave it encounters a plane obstacle oriented at
from a plane obstacle (according to an angle to the wave front, the wave is re-
Huygens' principle) flected. If at the moment ¢, the wave from
point 1 reaches the obstacle at point 1', then according to Huygens' prin-
ciple this point becomes a source and begins to emit secondary waves. At
moment ¢ the wave from point 2 reaches the obstacle at point 2! and also
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becomes a wave source. Finally, at moment ¢, the wave from point 5
will reach the obstacle. The secondary waves with centers at 1t, 2!, 3!, 41,
and 5' will propagate over a distance corresponding to a time from t, + 1 to
& + v, and their envelope represents the front of the reflected wave. It is
easy to see from this construction that the angle of incidence of the wave
is equal to the angle of reflection.

In the same way it is easy to construct the reflection of a circular wave
from a plane obstacle (Figure 23).

Diffraction. During the observation of waves on quiet water it is seen
that waves which meet various obstacles in their paths surround them,
and enter the region of geometrical shadow. Thus, waves from a boat
moving through quiet waters enter creeks and branches of a river as an
irregularly shaped shore is approached.

This bending of waves is called wave diffraction; diffraction, along
with interference, is characteristic of all wave motion.

With the help of a wave bath it is easy to observe the basic properties
of the diffraction of water waves. Figure 24 is a photograph of the passage
of plane waves through an aperture in a wall, when the dimensions of the
aperture are larger than the wave length. In Figure 25 is shown an obstacle
instead of an opening, but which is the same size. In the first case the
screen marks off a band of plane waves, of the same width as the width of
the aperture; in the second case, a band of shadow (of the same diameter).
The boundaries of the wave can be quite precisely indicated by straight
lines. These lines, perpendicular to the front of the propagating wave,
are called rays.

But more attentive observation shows that the waves nevertheless pass
beyond the limiting rays, which were imagined to be drawn from the source
to the edges of the screen; while beyond the limiting rays the wave ampli-
tude is smaller. If the dimensions of the aperture or obstacle are reduced,

Figure 24, Passage of plane waves Figure 25. Passage of plane waves
" through an aperture in a wall around an obstacle the same size as

the aperture in Figure 24

and its size approaches the wave length, then bending of the wave becomes

more marked, as may be seen in Figures 26 and 27. In Figures 28 through
30 are shown examples in which the dimensions of the aperture or obstacle
are close to the wave length. Beyond the aperture the waves already fill up
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Figure 27, The obstacle is the same
size as the aperture in Figure 26
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Figure 29. The obstacle is the same
size as the aperture in Figure 28

Figure 28. The aperture is further
reduced

Figure 31, Aperture smaller than the
wave length, The aperture becomes a
source of waves spreading in semi-
circles

Figure 30. Waves pass around a small
obstacle, Slight curving of the front
(diffraction)
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a total region bounded by an angle of about 90°. Beyond the obstacle there
is no longer shadow; the effect of the obstacle is seen only in its imme-
diate neighborhood.

If the aperture is small compared to the wave length it becomes a point
of origin of waves spreading as semicircles (Figure 31); the amplitude of
the waves decreases as the size of the aperture decreases.

Hov/ can all these phenomena of wave diffraction be explained? Here
Huygens' principle is useful. Let us first consider the passage of waves
through a small aperture (Figure 31). By Huygens' principle every point
of the aperture which has been reached by a wave may be considered a
source of secondary circular waves; the vibrations of all these sources
will be in phase. Because the aperture is small in comparison with the
wave length, the path differences from these sources to some point beyond
the aperture will be very small, so that we can replace all these sources
by a single one, without introducing large error. This source will produce
circular waves, as seen in Figure 31.

However, if the aperture is comparable in size to the wave length, it
cannot be considered a single source. At a point beyond the aperture se-
parate waves from different points in the aperture will arrive, each with a
definite path difference with respect to another (particularly for those
coming from the sides of the aperture); and the phenomenon of wave inter-
ference appears. Because of interference the pattern of the wave propaga-
tion through the aperture will not be the same as in the preceding case.

If the aperture is large in comparison with the wave length, the trans-
mitted wave will be as shown in Figure 24; the wave front will be only
slightly bent at the edges of the band, where it enters the shadow region.

Thus, for diffraction phenomena to appear, the size of an obstacle must
be comparable to the wave length or even smaller; otherwise, the waves
are not bent and the region of shadow will be formed by purely geometrical
laws.

Rays. A ray has been defined as a line perpendicular to the front of a
propagating wave. Now that diffraction has been introduced, the concept
of a ray must be made more precise, and the limits of its applicability must
be defined.

Let us consider a plane wave. If such a wave propagates in a homoge-
neous medium, in which the velocity of the wave is the same throughout,
then rays are parallel straight lines coinciding with the direction of wave
propagation. When the wave falls on a screen containing an aperture, a
portion the same size as the aperture is "cut out" of the wave. From the
previous discussion it is known that, if the aperture is considerably larger
than the wave length, the 'cut out" portion of the plane wave will continue
to be transmitted with no change in direction; in this case it may be con-
sidered a ray, or a beam. But it is impossible to call a transmitted wave
a ray if the size of the aperture is comparable with or smaller than the
wave length, because in this case the waves will propagate in all directions
beyond the aperture,

The situation is the same when a wave encounters an obstacle. If the
obstacle is larger than the wave length, there will be a sharply-defined
shadow beyond it. For instance, during the propagation of a band of ripples,
caused by a gust of wind on a quiet water surface, the water will remain
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still behind an obstacle. In this case the wave propagation may be described
in terms of rays, provided the wave motion remains linear. In this way a
geometrical construction may be made, using rays, to describe the arrival
and reflection of a wave at an obstacle.

LEONID ISAAKOVICH MANDEL'SHTAM
(1879-1944)

If the obstacle is comparable in size to the wave length, there will be
no simple wave reflection; diffraction effects will appear, and the concept
of a ray will not be applicable.

Thus the concept of a ray can be applied only when the ray path is much
greater than the wave length and when the width of [a beam of] rays is equal
to many wave lengths.

If the wave is circular, it propagates in all directions and of course
cannot be described by a single ray, since rays spread from the source in
all directions, But a single small portion of a circular wave, far from the
source, can be considered plane, and its propagation can be described by
a single ray (provided the dimensions of this part of the wave are large in
comparison with the wave length).
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Thus, a ray can only indicate the direction of propagation of a section
of a plane wave which is considerably larger than the wave length., There-
fore, the concept of a ray cannot be applied to sections of the wave where
changes of phase and amplitude are noticeable, since such a wave is not
plane. This is precisely the situation when waves pass near the edges of
an obstacle and diffraction appears.

By means of the example of waves on water, the concept of wave motion
has been introduced-and the characteristic properties of wave propagation
have been studied. Thus, it has been seen that a wave is a transfer of a
certain state of the medium at a definite velocity, while the medium as a
whole remains stationary. The phenomena of reflection, refraction, inter-
ference, and diffraction were also discussed.

Wave motion has an extremely wide application in nature and in techno-
logy; sound, light, and radio waves are wave phenomena possessing dif-
ferent physical natures and having different causes. The great Russian
scientists A.S. Popov, P.N. Lebedev, N.A. Umov, B.B. Golitsyn,

N. E. Zhukovskii, A.N. Krylov, and L.I. Mandel'shtam have made great
contributions to the theory of oscillation and wave motion.

Now the important, basic questions about sound will be answered. What
is sound? What are sound waves? How do they propagate in various media
—air, water, and solid bodies? What are the main applications of sound?
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Chapter II
SOUND WAVES IN AIR

§ 1. Formation of sound waves in air

Formation of Sound Waves. Sound waves are elastic waves, which are
usually propagated in air, Let us try to understand how sound waves ori-
ginate.

Air, as well as all other gases, possesses three-dimensional elasticity.
When air is being pumped into the inner tube of a bicycle or automobile-
tire, the pumping becomes progressively more difficult as the tube is filled.
This means that the air pressure in the tube is increasing and that more
effort is needed to push in an additional amount of air. The property of
three-dimensional elasticity of air is still more evident in the following ex-
periment, If a piston in a closed cylinder containing air is depressed, and
then released, the piston moves back as if driven by a compressed spring.
Here, the air acts as a spring; its three-dimensional elasticity causes
it to resist compression.

The three-dimensional elasticity of air is comparatively small; and
this fact is made use of in automobile tires. If the rims of the wheels were
simply covered by rubber, the car would experience strong jolting. Because
the elasticity of rubber is high, jolts would be easily transmitted to the
chassis while driving on a bad road. The air in the tubes, however, because
of its low elasticity (and conscquently much greater compliance than in the
case of rubber), softens the jolts and the car runs more smoothly.

Like every substance, air has mass and therefore inertia. If motion of
the air is caused, it continues, even when the force which caused the mo-
tion c