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FOREWORD

In THE Foreword to the first of this series of Supplementary Volumes I wrote: -
“Of its very nature, a work of the size and scope of the Encyclopaedic Dictionary of Physics
can never reach ultimate completion. However, by issuing a continuous series of Supplementary
Volumes, we shall strive to keep it as up to date and comprehensive as we can (having regard to
the inevitable time lapse between writing and publication), and as free from errors as may be.

“The volumes in this series are intended to form part of a unified whole, and are numbered
accordingly. They are designed to deal with new topics in physics and related subjects, new
development in topics previously covered and topics which have been left out of earlier volumes
for various reasons. They will also contain survey articles covering particularly important
fields falling within the scope of the Dictionary.

“The contents of these volumes will be arranged alphabetically, as in the previous volumes.
Articles will be reasonably short and will be signed. Cross references to other articles will be
incorporated as necessary, and bibliographies will be included as a guide to further study.
Each volume will have its own index, prepared on the same generous scale as before; and, in
addition, it is intended to issue a cumulative index every five years. Errata and addenda liste
will be published, referring to the original Encyclopaedic Dictionary of Physics, and to those
Supplementary Voluraes which will already have been published.

“In preparing the Supplementary Volumes regard will be had to the changing emphasis in
many branches of physics—the invasion of the biological sciences by physics, the possibilities
opened out by the increasing use of computers in all branches of science and technology, the
ever-increasing scope of theoretical physics, the progress in high energy physics, the emergence
of new instrumental techniques etc.; and, at the same time the authors of previously published
articles will be given the opportunity of bringing those articles up to date. Naturally there are
many articles for which this will not be necessary, and it is certainly not intended that new
articles shall be written if there is no need for them. In short, it is our intention to produce a
series of volumes in which the high standard already achleved in the Encyclopaedic Dictionary
of Physics is fully maintained.”

The continuing success of the Supplementary Volumes would seem to indicate that our
efforts have not been unavailing. I hope andl trust that the present volume, the fourth in the
series, will maintain the standard already set. However, in the knowledge that mistakes are
inevitable in a work of this nature, I shall be grateful if readers will let me know of any errata
or omissions, so that appropriate amendments may be made at a suitable stage.

Once again I should like to express my gratitude to the publishers, and particularly to
Mr. Robert Maxwell and Mr. E. J. Buckley for their constant support; to my Associate Editors,
Dr. A. R. Meetham, of the National Physical Laboratory, and Mr. R. C. Glass, of the City
University, for their help and counsel; to Mr. S. Crimmin, the Assistant Editor at the Per-
gamon Press, and his successor Mr. M. 8. Gale, for their solid work behind the scenes; and to the
referees who, as in the past, have helped to ensure the quality of the published articles. Last but;
not least it is a pleasure to acknowledge the debt I owe to my wife, who has been of invaluable
assistance at all stages of the work.

J. THEWLIS
Zditor-in-Chief
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ACOUSTIC HOLOGRAPHY

1. Introduction

It is possible to produce high-resolution, three-
dimensional images of objects exposed to acoustic
radiation by applying holographic techniques to the
detection and display of sound waves. The use of
sound instead of light makes available an enormous
and continuously variable range of wave-lengths
which may be produced by high-powered sources
with excellent temporal coherence. Because linear
transducers for the conversion of sound energy. to
electrical energy are readily available, some methods
for making acoustic holograms exist without an anal-
ogue in conventional .ptical- holography, which must
depend on nonlinear :lectro-optical or photographic
detection. However, the absence of a convenient,
sensitive medium for recording two-dimensional
acoustic fields has led to extensive research in the
area of scanning acoustic detectors, sampled arrays,
and other devices which correspond to photographic
film in optical holography.

Because the subject of acoustic holography is new
and rapidly developing, comprehensive survey arti-
cles do not exist. This article describes the theory of
acoustic holography, with and without an acoustic
reference beam, and presents the problems of wave-
length scaling, motion of the acoustic medium, and
three-dimensional imaging at low resolution. Refer-
ences to a representative sampling of papers in this field
are given, but the list is necessarily far from complete.

2. Basic Imaging Theory

2.1. Holography with Offset Acoustic Reference Beam

This method can be developed by direct analogy
with the offset reference method of optical holography
developed by Leith and Upatnieks (1962, 1963). We
assume the scalar theory of diffraction by Huygens’
principle applies, and we take the time variation at
a single temporal acoustic frequency as understood.
Figure 1 shows the basic configuration. Since we are
concerned with the details of the reconstruction
process for a wide variety of objects which are to be
imaged, we can consider only the field present at the
hologram recording plane. Using phasor notation, let
this field be Ugg(w, y) and let the field from the refer-
ence source be Ae /2o = U  i(x, y). Here f, is the
spatial frequency produced on the recording plane

. Reference

wave

Wavelangth= X

Recording
plane

Fig. 1.

by tilting the reference wave off-normal by an angle
0 = sin"Y(1fy). Now suppose that in the z-y plane
there is a recording medium such as a scanning detec-
tor which records at each position, with a square-law
characteristic, a quantity I(z, y) proportional to the
square of the magnitude of the field incident at that
point. Then .

I(x, y) = Kl [Uref (z, y) 4- Usig (z, y)] rU*rel (. )
+ U*sig ((l?, ?/)]
= K; [Urer(, y) U¥ e4(2, 9)
+ Usig(xr y) U*sig(x’ y)
+ Usig(x! y) U*ref(x9 ]/)
+ U*sig(m’ ¥ Uref(x’ ]
= K,[|4]? + |Usig(x, y)l2 + A*U g (x, y) ef2mhox
+ 4 U*sig(z’ ?/) e—jznf.,z]_
For reconstruction of the recorded image, the I{x, y)
will ordinarily be recorded as a photographic trans-
parency, which can be placed in an optical beam for
1



A coustic holography

Acoustic holography

viewing. I we assume a positive transparency is
made, the film recording process can be approximated
by the following model:

1. The exposure E of an area of film is proportional
to incident intensity and duration of the applied light
signal. Therefore define E == tI, where ¢ is the exposure
time and I is the light intensity.

2. Over a reasonable range of exposure, the intensity
transmission 7; of the positive transparency, as a
function of E, is given by:

1
Dslogr—: —ylog B 4 D,
\ i

or
T, == e~ DoV

where y and D, are functions of the film type, develop-
ment process, and exposure level.
The amplitude transmission is therefore

= V1, = K,E"? = K I"*?
where

K, = eDi? t¥? o= Dol2,

and K=

Now if the hologram information I(z, y) is made
equal to I in the exposure relation above, for example,
by writing on film with a modulated light beam, the,
processed transparency can be placed in a beam of
collimated light. At normal incidence, with the
incident amplitude set equal to unity for convenience,
the optical field directly behind the illuminated trans-
parency is simply equal to 1.z, y) = Ky[l(z, y)]"2.
Thus if processing is done so that y = 2 the recon-
structed field U’(x, y) is:

U'(x, y) = K, K, [IAl2 + lU\ig(I. .’/)‘2
+ A* Usig(xx y) e/2Wot
+ AU*sig(x’ y) e‘fzﬂfor],

Since the reference beam is a plane wave, the quantity
|Af* represents an undeviated transmitted wave
normal to the hologram plane. For objects of limited
angular extent, or for a field of view much less than
180°, the spatial frequency spectra of Usyl(x, ),
Ue(z, y), and |Usig(®, y)|* are relatively narrow.
Under this assumption, and with the further assump-
tion that f, is greater than the spatial bandwidth of
the signal, the quantity |Ugg(x, y){? is then a group of
waves propagating near the normal and the two
remaining terms,containing Ugu(x, y) and U*ge(z, y),
are off-axis groups centered about the angles
-sin~}4fy) away from the nornial. The coefficients A
and A* represent only a constant gain and optical
phase shift, and the exponential phase factors imply
off-axis propagation. Thus, the original wavefront
U(x, y) is reconstructed with only a possible change
in signal strength and direction, and an observer
viewing the hologram at an angle corresponding to
the direction of the term A*Uq(x, y) elefor will
see a virtual image of the object which produced the
original field. The term AU*g,(z, y) e~j2nfor  hag
phase variations opposite to the original wave and

corresponds to light converging to a real image behind
the hologram. This can be understood intuitively by
decomposing the object and image into points and
considering the phase of the spherical wavefronts
corresponding to lizht from these points. The phase
change corresponding to taking the complex conjugate
transforms diverging fronts to converging ones; thus
the complex conjugate term represents the real image.
By offsetting the angle of the reference wave, we have
made it possible to separate the light from real and
virtual images as well as the direct on-axis component
consisting of distortion products. The wavefronts over
the aperture of the hologram can be perfectly repro-
duced ; thus high resolution three-dimensional imaging
is oftenn possible, depending, of course, on the wave-
length and recording geometry.

2.2. Holography without an Acoustic Reference Beam

A fundamental difference between the techniques
available for making optical and acoustical holograms
is the fact that the acoustic beam can be converted to
a useful electrical signal directly with linear trans-
ducers, whereas optical detection is always square-
law and requires a reference beam to determine phase.
As a result, it is possible to avoid the need for an
.acoustic reference beam by suitable electronic process-
ing of the signal after linear detection.

To illustrate this concept with an example, consider
the system diagrammed in Fig. 2. The normal to the

Refiecting
object

I
1 %Camevo
|
|
|
|

~---—~0Offset angle

;:Acoushc

transmitter

Sconning VA

; microphone’ / .
; / S e -
‘ i
S N:;:‘%w | ... Summing
\ filter - network

Ultrasonic
signal
generotor

Fig. 2.

hologram plane has been rotated through an angle ¢
away from the general direction of the object, and
the linear transducer is scanned across the tilted
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plane. The output signal voltage from the transducer
will then be ’

Uz, y) = K, U,z y) e/2fox

where Ugg(x, y) is the acoustic field that would be
present without the tilt, and K, is the transfer
characteristic of the transducer. A voltage of complex
amplitude A is also obtained from the signal generator
used to produce the original acoustic wave transmitted
to the object. The two voltages are added linearly
and used to modulate a light source whose output
intensity I is proportional to input electrical power,
that is:
I=K,|v2

Then the time average over a few cycles of the carrier
frequency is

Iz, y) = Ky [4 + K, Uiglw, y) /o]
[4* + K*U*, (x, y) e=i*lo]

f(x, y) = K, [IA|2 + 'KlUsig(_x’ !/)I2
+ A*K,U gz, y) ei2™fom
+ AKL* Utsig(x’ !/) e_jmf'x]

This expression is identical in form to the one derived
above using a reference beam. Clearly then, if the
average intensity I(, y) is then ‘used to expose film,
a hologram can be produced in the same manner as in
the reference beam method described earlier.

The tilt could be eliminated if the direct voltage
from the oscillator were phase shifted with transducer
location so that

A — Ae-Jefoz,
Since it may be more difficult to produce this spatially
controlled phase than to tilt the hologram recording

plane, the tilted plane technique may be more prac-
tical. -

2

" 3. Wave-length and Hologram Scaling Considerations

» The wave-length scaling from acoustical to optical
and the hologram size scaling from the original scan
area to the film recording affect the size and location
of the reconstructed images because of the diffraction
angle relations. Obviously if the hologram size scaling
is exactly the same as the wave-length scaling, the
image size and position are also scaled in the same
way, so that all quantities diminish in the ratio
optical wave-length/acoustic wave-length. Sometimes
this choice of hologram scaling may be inconvenient
for viewing, however, because the resulting optical
hologram may be extremely small. In general it is
desirable to view a scaled hologram that is smaller
than the original sound field and larger than that
area scaled down by the ratio of the reconstruction
and recording wave-lengths.

" By considering the hologram as a complex diffrac-
tion grating or superposition of Fresnel zone plates,
and by applying lowest-order diffraction theory, one
can easily show that the distance from the hologram

to the reconstructed image of the object varies
according to the relation
hady
dy = i, 4,

where d is the object-(or image-)to-hologram dis-
tance, kb is the width of the hologram, 4 is the wave-
length, and the subscript “1” refers to the recording
parameter values while 2"’ refers to values of quanti-
ties after scaling in the reconstruction process. From
similar considerations it may also be shown that the
physical size of the image is given approximately by

hy
Wy = —w,

where w, is a dimension across the reconstructed
image, and w, is the corresponding dimension of the
original object. -

Because d, and w, scale differently, various distor-
tions will be present in general. Obviously, for ratios
of acoustic wave-lengthfoptical wave-length of the
order of 10® or so, values of the scaling parameter
hofk, may be chosen to give severe distortion of depth-
to-transverse width ratios in the reconstructed image.
An additicnal fact, not considered here in any detail,
is the introduction of aberrations into the imaging
process. Fortunately, as the resolution of the acoustic
hologram is increased by enlarging thée w4, ratio, it
is usually practical to scale the hologram down by a
corresponding greater factor also. This approaches the
ideal condition . o

more closely and reduces the distortions and aberra-
tions mentioned above. ) T

A related consideration is the amount of depth
illusion present in the reconstructed image. In viewing
an ordinary optical hologram, the *three-dimen-
sional” quality of the image is present because the
hologram  width-to-optical wave-length ratio . is
sufficiently large to provide good resolution for an
observing pupil much smaller than the hologram.
Thus the observer may move his point of ebservation
across the hologram aperture and easily resolve
substantial differences in the perspective of the image.
Putting this ih more quantitative terms, the object
must lie well within the limit of the near field of the
hologram, or -« B

if any depth illusion is to be obtained. Beyond this
limit, the object is imaged essentially as though it
were at infinity. Because of coherence problems and
the small wave-length, this limit is seldom approached
in optical holograms; however, it is easily reached in
acoustic work if w, is not sufficiently large.
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With acoustic holograms it is also possible to
realize a condition in which the object is near the
recording area but the wave-length is so lar_., that the
entire hologram aperture must be covered by the
viewing pupil in order to achieve even the minimum

required resolution. Depth information remains in

this situation in the form of a focusing requirement;
in fact, it may be difficult for the observer to deter-
mine whether or not the image is correctly focused in
the presence of such prominent diffraction effects.
A similar situation can exist in the case of high-
magnification optical microscopy if the significant
object detail becomes comparable to an optical
wave-length.

4. Phase Stability Requirements and Effects of Move-
ment of the Acoustic Medium

In any holographic process the relative phases of
the acoustic signal and the real or synthetic reference
wave must remain constant to within a fraction of a
cyele during the recording process. For cases in which
all of the waves of interest pass through essentially
the same medium, this condition may not be difficult
to meet; however, for objects of considerable extent
compared to the scale of turbulence in the medium,
phase shifts due to motion and thermal inhomogenei-
ties of the medium can be significant. Also, in the
case of systems using electronically synthesized
reference waves, the medium acts as a delay line many
wave-lengths Jong, and the hologram phase condition
may be difficult to achieve in many practical cases.
For example, if the total acoustic path difference is
NA, then a change in acoustic velocity producing an

42
average shift A2 will result in a phase shift of 22N -

If the phase tolerance is set arbitrarily at sz radians,
we have the requirement

iy 1
<

A 2N

Thus the tolerance on acoustic velocity and oscillator
drift is set by the above requirement. Thermal varia-
tions in acoustic velocities of water and air under
ordinary conditions are of the order of 10~2 per deg
Centigrade. Thus a 1°C average change along the
path would set a path length limit of the order of a
few hundred wave-lengths.

In water and air under ordinary conditions the
phase disturbances due to motion along the acoustic
path can produce significant phase shifts also. The
velocity of the medium adds to the sonic velocity to

give
v
AD = ——
A (c+v)

where the phase shift AP depends on the pathlength
d, the acoustic wave-length 4, and the medium velocity
* v compared to the acoustic velocity ¢. As an example,
if d = 10®1 and ¢ = 1450 m/sec, as in water, a phase
shift of 7 would result from a relative velocity of

the medium of 0-7 m/sec. From this it is clear that
holography under uncontrolled conditions with large
object distances and high resolution (small wave-
lengths) may be very difficult. In the case of synthetic
reference holography, it may prove necessary to shift
the phase of the reference with time to maintain
constant phase at one point in the hologram. Such a
scheme does not avoid the problems of localized tur-
bulence and temperature variations, however.

5. Conclusion

Thus far, most acoustic holography experiments
have been limited to air (Massey, 1967; Metherell
et al., 1967) and water (Preston and Kreuzer, 1967;
Thurstone, 1967) as the acoustic media, with mecha-
nically scanned linear transducers used to record the
sound field on photographic film by means of a modu-
lated optical source. A method of holographic record-
ing which avoids the scanning transducer by reflecting
light from a liquid-gas interface (Mueller and Sheridan,
1966) under the influence of acoustic radiation
pressure has been demonstrated also. Research for
many years in’' the area of ultrasound image conver-
sion has produced a variety of alternate methods
(Kennedy and Muenow, 1967; Berger and Dickens,
1963) which may be useful in acoustic holography.
It is hoped that further development of one or several
of these approaches will lead to significant applica-
tions in the areas of medical diagnosis, underwater
imaging, materials inspection, and perhaps to under-
ground mapping of genlogical features.

8ee also: Holography.
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G. A. Massey

ACOUSTIC WAVEGUIDES. Simple examples of
the acoustic waveguide are the airfilled ‘“‘speaking
tube”, allowing verbal communication between differ-
ent parts of a building or ship, and the child’s
‘‘“mechanical telephone’ made of a stretched string
linking two cans. In the speaking tube a fluid, air,
carries the acoustic waves, while the relatively rigid
solid walls of the tube guide the waves over their
route by preventing appreciable radiation of energy
into the surrounds. In the mechanical telephone a
solid, the material of the string, carries the energy,
and again guides the waves, there being little radiation
into the surrounding air. In both these waveguides
there is a large change in both density and velocity
(in “acoustic impedance”) atthe boundary—between
air and tube wall, or between string and air—and this
has the consequence that any mwaves in the guide
striking the boundary will be reflected into the guide
again with only a small loss of energy to the surrounds.
As a consequence of this acoustic signals may be
guided over appreciable distances. Another example,
at much higher frequencies (perhaps 1-10 MHz), is
provided by certain types of ultrasonic delay line
used in radar and computers. These are used to
delay & signal for times of the order of 100 psec,
achievable with relative ease using the travel time of
an ultrasonic signal, but difficult to achieve electri-
cally becaunse of the much higher ‘velocity of electro-
magnetic waves.

In discussing the theory of acoustic waveguides it
is usual at first to idealize the boundary conditions,
assuming that no energy is transmitted across the
boundary. In practice this condition is difficult to
achieve completely at lower acoustic frequencies (of
0-100 kHz say) since for no transmission of sound
there must be no motion of the tube walls, but the
assumption of rigid walls provides a reasonable
starting point for first analysis. At ultrasonic fre-
quencies of 1 MHz and above, however, as commonly
used in wultrasonic delay lines, it is much simpler to
obtain boundary conditions closely approximating to
the ideal. A wave guided along a metal wire or strip
may be used; ideal boundary conditions would be
achieved if the metal were situated in vacuum, but in
practice the presence of air has usually a negligible
effect. The boundary is here free to move but there
is zero stress, in contrast to the fluid waveguide with
zero motion but finite pressure. A third possible
idealized boundary condition is sometimes found
with a liguid in a tube at ultrasonic frequencies; here
the boundary of the liquid sometimes behaves as if

it were frse to move, with zero pressure. The reasons
are not fully understood, but in certain instances it is
believed to be associated with very short waves
propagating in a liquid which does not wet the walls
of its container; some early delay lines using meroury
in steel containers appeared to behave in this way.
There are three cases of ideal boundaries to be con-
sidered, then, (i) fluid with boundaries not free to
move (zero displacement), (ii) fluid with boundaries
completely free to move (zero pressure), (iii) solid
with boundaries free to move (zero stress). The fourth

. possibility; solid with boundaries not free to move,

is rarely, if ever, met with, and will not be discussed.

Before treating these waveguides in more detail
it is appropriate to point out that guided waves may
also occur in systems with boundaries far removed
from the ideal forms mentioned. For example, waves
may be guided over appreciable distances through
the air or through the sea in a layer whose boundaries
are formed by gradual changes in density or temper-
ature; ill-defined but nevertheless effective. Qther
extremely complex waveguide systems may be found
in seismology, where guided-wave propagation may
be found in structures composed of layers of different
solids and liquids.

It is also important to point out that there is little
clear distinction between the waveguide and the
resonator, If some degree of reflection of waves occurs
at the two ends of a waveguide, the multiple reflec-
tions may reinforce to produce marked resonance at
certain frequencies. This is, .of course, the principle
used in all musical instruments, whether they use
the simple resonances of waves travelling in air-
filled tubes (organs, woodwind, brass) or the more
complex resonances of flexural waves travelling on
stretched strings, skins, or metal and wood objects
of various shapes- (violin, keyboard, percussion
families). An example at much higher frequencies is
the quartz crystal used in filters and frequency control
in electronic equipment, making use of the resonances
of ultrasonic waves in a quartz plate at frequencies
ag high as 100 MHz. Many other examples of resona-
tors are found in the mechanical systems studied in
vibration analysis, for example the resonant cantilever.
Although studies of such respnators frequently
commence by analysis of the standing wave system
and do not specifically deal in terms of guided travel-
ling waves, it can sometimes be useful to a physical
understanding if the problem is thought of in terms
of the reflections of guided waves.

We now describe some of the important properties
of guided waves in the three idealized systems
previously listed. .

Fluid Waveguides with Rigid Boundaries

Many of the features of acoustic waveguides are
illustrated by this idealized system—approximated
to by the air-filled tube. The wave in a fluid-is ““com-
pressional” or ‘‘longitudinal” in nature, transmitted

‘
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through fluctuations in pressure and in particle
velocity (the velocity with which small portions of
the fluid move as they are displaced from the position
they ocoupy in the absence of the wave). The pressure
at the boundary may take any value, but the particle
displacement and pariiole velocity normal to the

boundary must be zero since the boundary cannot -

move. Analysis shows that many modes of propaga-
tion are possible. The most commonly analysed wave-
guides have circular or rectangular cross-section; for
both these curvea of the general form illustrated by
Fig. 1 are obtained. These display the variation of
the phase and group velocities for each mode with
the frequency of the sinusoidal wave assumed to be
propagating.

Velocity

Phase & group non™

dispersive m%_

0 Group Group Frequency
D.M. 1 DM 2

Wave guide boundaries

/Plape wave
direction

Non-dispersive mode

Dispersive mode

Fig. 1. Waveguide modes in (a) fluid with rigid
boundaries, (b) fluid with free boundaries (non
dispersive mode absent), (¢) shear waves in a solid
plate, polarized with motion parallel to plate
surfaces, (d) torsional modes in a solid cylinder.

The simplest and most important mode is the
“non-dispersive”” mode whose phase and group
velocities are at all frequencies equal to the velocity
of a compressional wave in an unbounded fluid.
This mode is made up of a plane wave travelling
directly along the waveguide (as indicated by the
arrow in Fig.1); pressure, particle velocity and
displacement are all uniform over the cross-section
of the waveguide.
~ In each of the ‘““‘dispersive” modes (of which the
first two are shown, but there are an infinite number),
it is possible to regard the mode as a set of plane

waves travelling a zig-zag path by successive re-
flections between the boundaries. The angle of the
zig-zag depends on the frequency and on the mode. In
the first dispersive mode propagation is only possible
if the wave-length is less than about twice the eross-
sectional dimension {a more precise statement in-
volves considering the shape of the cross-section).
At lower frequencies than this ““cut-off”’ frequency
the mode is ‘“‘evanescent’ and waves will not propa-
gate freely, but are attenuated, usually rapidly. At
the cut-off frequency the angle of the zig-zag path
becomes such that the wave strikes the boundaries
at normal incidence and makes no progress; the group
velocity (which is the velocity of energy transfer
along the waveguide) falls to zero; while the phase
velocity (which is the velocity of intersection of the
wavefront and boundary) rises to infinity. At high
feequencies and short wave-lengths, the angle of
tre zig-zag path becomes such that the waves travel
alost directly along the guide, striking the boun-
daries at near-grazing incidence; here the groupand
phase velocities both tend asymptotically to the
velocity of waves in an unbounded material. The
set of plane waves travelling a zig-zag path combine
to produce the cross-sectional variation in pressure,
particle velocity and displacement typical of the
mode; in this first mode in a system of rectangular
geometry, one half-cycle of a sinusoid between boun-
daries. (Or a Bessel function in a cylindrical system.)

Higher dispersive modes travel a more zig-zag path
and show. higher cut-off frequencies, corresponding
in a system with very wide parallel boundaries to the
cross-sectional dimension being an integral number
of half-wave-lengths. The variation in pressure, etc.,
over the cross-section also possesses an integral
number of halfcycles of a sinusoid; the higher the
mode, the larger this integral number. In other ways
their characteristics are similar to those of the first
dispersive mode.

The non-dispersive mode of this system is of
considerable importance since in it waves of different
frequencies travel in the same way, and there is no
distortion of a signal of wide frequency spectrum. It
is this mode that is used in the speaking tube, since
at voice frequeacies all other modes are well below
cut-off. At much higher frequencies it might be
possible to excite also the highcr modes, and a signal .
travelling in any one of these might suffer considerable
distortion since its velocity depends on frequency. In
addition if several modes were simultancously excited,
even with a single frequency interference hetween
modes would be possible since the velocity in each
mode is different.

The extent to which each mode is excited depends
on the configuration of the source of waves. Uniform
vibration over the whale cross.section~! area should
produce only the non-dispersive mode, while another
pattern might produce several modes simultaneously;
their relative amplitudes can be deduced using
Fourier analysis.
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Fluid Waveguides wiﬁh Free Boundaries

If the fluid has free boundaries, with zero pressure,
a new feature appears; the waveguide will not sustain
a non-dispersive mode. ‘Dispersive modes are again
possible, and their general form is much the same
as in Fig. 1, but the mode with constant phase and
group velocity disappears. Again the dispersive modes
may be thought of in terms of reflecting plane waves,
and again sinusoidal distributions of pressure, particle
velocity, and displacement are found. In such a
waveguide, however, unattenuated propagation is not
possible at all below a certain minimum frequency—in
marked contrast to the fluid with rigid boundaries—
and even above this frequency only dispersive
propagation is possible.

The characteristics of these modes are somewhat
Similar to those found in the propagation of electro-
magnetic waves in hollow electrical waveguides of
rectangular or circular cross-section, where again no
non-dispersive mode is possible. '

Solid Waveguides with Free Boundaries

Reflection of a plane wave at the free boundary of
a solid is often considerably more complex than
reflection at the boundary of a fluid. The fluid can
carry only compressional waves, but the solid will
sustain both compressional and shear waves, travel-
ling with different velocities (the shear wave is slower)
and with markedly different characteristics. The most
“important difference is that in the shear wave the
particle motion is at right angles (‘“‘transverse”) to
the direction of propagation, and the ‘‘polarization”
of the motion of the wave with respect to the boundary
must therefore be taken into account. Reflection is
only simple with a shear wave whose particle motion
is parallel to the boundary; this wave is reflected
without loss of amplitude, as in the reflection of a
compressional wave at a fluid boundary. With any
other polarization the shear wave may produce both
another (weaker) shear wave and a compressional
wave; though for some angles of incidénce the latter
degenerates into an evanescent disturbance and does
not (in theory) withdraw energy from the incident
shear wave. In the reflection of a compressional wave
both a weaker compressional wave and a shear wave
are always produced. Further, in the presence of a

free boundary a Rayleigh surface wave may exist;

this has a velocity slightly less than that of plane
shear waves in an unbounded medium, and amplitude
falling exponentially with distance from the surface.

All these factors combine to produce waveguide
modes -which may be far more complex than those
found in fluids, with two important exceptions,
which are treated first.

Simple shear and torsional modes

If a shear wave with particle motion parallel to the
waveguide boundaries is launched, relatively simple
waveguide modes might be expected. There are two

practical cases of importance. (i) In the first propaga-
tion takes place in a flat strip of width much greater
than thickness; here it is often possible to ignore the
effects of the small side boundaries and obtain modes
in which the particle displacement is indeed parallel
to the major boundaries. (ii) In the second propagation
of a torsional mode in a cylinder of circular cross-
section leads to simple modes; these are analogous
to (i) because in torsion the particle motion may again
be parallel to the circular boundary. In both cases a
set of modes very similar to those of Fig. 1 is obtained,
including the important non-dispersive mode. This
mode is made use of in ultrasonic delay lines employing
(1) shear wave propagation in thin, relatively wide,
strips of metal or (ii) torsional waves on wires.

Higher, dispersive, modes again exist, and may be
launched from sources of certain geometries. Unlike
the air-filled tube, the ultrasonic delay line often
operates at frequencies when many modes may be
above their cut-off frequencies; the aim then is
usually to design a source whose vibration produces
only the required mode.

” modes

1f the shear motion is not parallel to the boundary
of the waveguide, or if a compressional wave is
launched, another set of modes may be excited. The
phase-velocity/frequency characteristics of these are
shown in Fig. 2; curves of this type would be found
in cylinders of circular cross-section and in plates
whose width is much greater than thickness, but the
situation with rods of rectangular cross-section is
more complicated and is not treatec here.

Two modes exist at low frequencies and are there-
fore of prime importance, though there are many
additional modes showing cut-off frequencies. One
of these low-frequency modes is the well-known
“flexural” wave possible in a plate or in a eylinder.
Its particle displacement is antisymmetrical with
respect to its central plane; its overall ‘“‘snaking”
motion in both plate and cylinder is well known. Its
phase velocity rises from zero for very long waves
towards the velocity of surface waves at short wave-
lengths. The other low-frequency mode is given
various names: ‘‘extensional”; ‘‘longitudinal”’, ‘“‘com-
pressional”, or “Young’s Modulus’, the latter be-
cause in the cylinder the low frequency velocity tends
to (Young’s Modulus - Density)l/2. With wave-
lengths much greater than the cross-sectional dimen-
sions the whole cross-section moves with almost equal
amplitude and the wave propagates with a ‘‘con-
certina’ motion, but with short waves a marked
exaggeration of motion at the surface is observed and
the velocity falls towards the Rayleigh surface wave
velocity. The motion characterizing this mode is
symmetrical about the central plane of the plate or
axis of the cylinder.

In both sets an infinite number of higher mo des,
exhibiting cut-off frequencies, are possible. It sho uld.
be particularly noted that all modes, including the
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