
Acoustics as a physical science
Acoustics flourishes, despite the tendency of outsiders to regard
"true" acoustics as minute and relatively unimportant,
with any significant work considered part of some other discipline.

Robert T. Beyer

In late 1969, the National Academy of
Sciences created a committee, chaired
by D. Allan Bromley of Yale Universi-
ty, to survey the state of physics. In
due course, Bromley organized a set of
panels, dividing physics into such rec-
ognizable areas as nuclear physics, ele-
mentary particles, condensed matter
and the like. The first part of the re-
port of this committee has now ap-
peared,1 and more will follow.

In many respects, the Bromley Com-
mittee activity repeats that of the Pake
Committee of 1964, whose report has
long been gathering dust on the
shelves. But that committee largely
ignored acoustics as a living part of
physics. Its entire account of acoustics
ran to four paragraphs. The Bromley
Committee gave far more attention to
acoustics: In 1970, an Acoustics Panel
was created, consisting of Andrew V.
Granato, Theodore A. Litovitz, Her-
man Medwin, Wayne Rudmose and
Jozef Zwislocki. I was panel chair-
man, and we were charged with draft-
ing a report on the role of acoustics in
the field of physics.

The Acoustics Panel was faced with
major overlap problems. We all know
that physical acoustics forms but a
small part of acoustics: The well
known wheel of Bruce Lindsay (figure
1) indicates this fact. A perfectly bal-
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anced report on acoustics would, then,
spend only a small part of its time on
physical acoustics.

On the other hand, physical acous-
tics is only a small part of physics.
Such a balanced report would then
not contain much that would stimulate
interest on the part of the physics com-
munity.

What was to be done? As a working
principle, we adopted the rule that we
would take a broad view of the subject
of acoustics, giving as best we could an
overview of current developments
throughout its wide range of interests.
In dealing with manpower and financ-
ing aspects, however, we have confined
our interest to physical acoustics,
broadly understood.

Before we go into our subject, I want
to point out an attitude of much of the
physics community. It is apparently a
truism that when acoustics comes up
with a new concept, technique, method
or application that is first rate, it
quickly becomes part of physics (or
other parent science) and is no longer
recognized as acoustics. It would
sometimes seem that the view of
acoustics taken by many physicists is
that at the bottom of the page, not the
Lindsay picture. In this view, true
acoustics is a minute and old-fashioned
field of relatively little importance.
Modern acoustical research belongs to
other fields of study and not to acous-
tics. Thus, in rating the significance
ot various sub-subfields2 the Survey
Committee gave a high mark to turbu-
lence but a low one to noise, high

standing to oceanography and almost
zero to underwater sound, although
there are major interactions within the
two pairings.

The historical view
Let us then look at acoustics in

terms of its role in physical science.
One way of doing this is to compare
the position of acoustics at an earlier
time with its position today. We shall
first go back 60 years, to 1912, just be-
fore World War I. What were the con-
cerns of acoustics in physics then?

A quick perusal of the pages of The
Physical Review in 1912 turns up only
three acoustical articles; one on the
singing flame, one on the analysis of
complex sound waves and an inter-
esting article on harmonic resonances
in vibrating strings written by C. V.
Raman. Clearly acoustics was not
having a major impact on physics. A
year or two before, Rayleigh had pub-
lished a review of aerial plane waves of
finite amplitude, and in 1912 he dis-
cussed the problem of sound filtration;
but at the time the main interests of
Rayleigh would appear to have been
elsewhere.

Looking generally over the various
fields of acoustics of that day, we see
that studies of sound transmission and
analysis had about expired for lack of
adequate instrumentation. In a few
years, electronic and piezoelectric de-
vices would burst the field wide open,
but acoustics as a branch of physics
was very nearly dead in 1912.

Of course acoustical studies of hear-
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ing and Wallace Sabine's work in ar-
chitectural acoustics3 made these fields
of lively interest, but here again one
appeared to be waiting for the new
discoveries and instrumentation.

If we now move 30 years forward, to
1942, we find that World War II had
already restricted the amount of pub-
lishing. It is therefore somewhat more
appropriate to look at the year 1940.

The first thing to be noted is that,
with the appearance of the Journal of
the Acoustical Society of America,
acoustics virtually disappeared from
the pages of The Physical Review.
There were in fact only two acoustics
articles in that journal for the entire
year. I must note that both papers
came from the department of physics
at Brown University,4 reflecting Bruce
Lindsay's leadership in physical acous-
tics.

In JASA there was a different story
to tell. It was the flowering of archi-
tectural acoustics, with papers by
(Richard) Bolt, by (Leo) Beranek and by
(Robert) Newman, with Vern Knudsen,
Paul Boner and Hale Sabine for good
measure.

A substantial number of papers ap-
peared on electroacoustics, and the
human side of acoustics was well rep-
resented by papers on speech, hearing
and music. Nevertheless, it must be
reported that the number of papers in
physical acoustics was still not large.
Half of the papers reported ultrasonic
propagation in gases, and two or three
involved ultrasonic propagation in liq-
uids. Of special research interest to
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The science of acoustics divided into its components in Bruce Lindsay's wheel (see ref-
erence 2). But, according to many acousticians, the Bromley committee" view of the sub-
ject is much more restricted (bottom), with a good deal of modern acoustical research
considered by them to be part of other scientific disciplines Figure 1
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Frequency shift of laser light scattered by a liquid can yield reliable values for sound absorp-
tion coefficients in the liquid. In these studies (I. L. Fabelinskii, reference 10) of benzene
(a) and carbon tetrachloride (b) light from a 6328-A He-Ne laser was scattered. The
dashed lines are estimated components of the observed curves. Figure 2

me was one paper on the propagation
of finite amplitude waves.

Before leaving this period, however,
it is worthwhile noting the opening
lines of an article by Paul Sabine,
which actually appeared in the 1942
volume. Read these words now, thirty
years later:

"The purpose of this paper," wrote
Sabine, "is to 'sell' to the Acoustical
Society and its individual members
the idea that active support for the
Noise Abatement Program as a na-
tion-wide movement, comes within
the scope of its purposes and func-
tions as a scientific and technical or-
ganization. Briefly, the argument
runs something like this:
(a) Acoustical science is of more im-
portance to the community at large
on the practical than on the theoreti-
cal, or purely scientific side;
(b) The Acoustical Society can, in
the long run, command the support
of the community at large, for itself
and its individual members, only to
the extent to which it and they con-

tribute to the solution of practical
problems in which the community is
interested;
(c) Noise abatement is a practical
problem of community life involving,
among other things, technical knowl-
edge and skill in acoustics for its so-
lution.
(d) Therefore, purely as a matter of
self-interest, the Acoustical Society
and its members should actively par-
ticipate in the noise abatement
movement."5

Is there anything in that statement
that does not need resaying today?
What Paul Sabine said in 1942 the
entire scientific and technical commu-
nity could well take to its heart today,
especially the sentiments of paragraph
(b), for much of our support in the long
run will come from the public's appre-
ciation of what physics—or science, or
technology—can do for mankind.

Ultrasonic absorption studies

Let me now return to my principal
theme. One important development of

the physical acoustics of the 1940's was
the study of ultrasonic absorption in
liquids. Such studies continue to the
present day, but, like all researches in
physics, they have tended to spread
out to the extremities of the parame-
ters involved. Thus the discovery of
relaxations in electrolytes in the 100-
kHz region,6 which supplied the basis
for the Nobel-prize researches of
Manfred Eigen,7 has been followed by
the delineation of an even lower fre-
quency relaxation—near 1 kHz in both
seawater and fresh water—a discovery
that has sent David Browning to virtu-
ally all the seas and great lakes of the
world for the gathering of evidence.8

Identification of this relaxation process
is still under vigorous discussion.

This study of absorption has been
paralleled by an even more significant
breakthrough at the high-frequency
end, a breakthrough made possible by
the development of the laser. This de-
velopment forms an excellent case
study for the interaction of optics and
acoustics and is worth considering
briefly.

In 1922, Leon Brillouin developed a
theory for the scattering of light by the
density fluctuations in liquids.9 The
scattered light differed in frequency
from that of the source by an amount
equal to the frequency of the scattered
thermal phonon. The measurement of
the frequency shift was in effect a mea-
surement of the sound velocity at the
frequency of the scattered phonon.

The shift in frequency Av for light of
incident frequency v scattered through
an angle 6 is given by

A, -

where cs is the speed of sound and c\
the speed of light in the test medium.
An example of this process is shown
in figure 2. If the width of the scat-
tered line could be attributed solely to
this process and measured, the sound
absorption coefficient could also be de-
termined. Since the acoustic frequen-
cies involved were in the gigahertz
range, an upward extension of frequen-
cy by a factor of ten or more was possi-
ble. '

Development of this method was re-
tarded, however, because the line-
widths of the best optical sources avail-
able at the time were too great to yield
any reliable acoustic measurements
other than some rough dispersion data.
The advent of the laser, however,
changed the picture completely. As a
result, reliable sound absorption and
velocity measurements can now be
made in liquids up to 6 GHz, and even
higher frequencies may be possible.10

Thus, acoustics and nonlinear optics
have combined to increase our knowl-
edge of the properties of matter.

In the history of absorption measure-
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ments, it was natural that such phe-
nomena be studied first in gases, since
the absorption coefficients of a given
sound frequency are much greater
there, and next in liquids, and, last of
all, in solids. The exploration of sound
propagation in solids has taken a num-
ber of forms. In the 1950's, H. E.
Bommel11 discovered that the sound
absorption in a superconducting medi-
um was much less than in the normal
state. (See also reference 12.) This
result was soon connected with the size
of the superconducting gap. By use of
the Bardeen-Cooper-Schrieffer theory
of superconductivity, it can be shown
that the ratio of the absorption coeffi-
cient in the superconductor «s to that
in the normal state is given by

a. 2

a,, -AID kT

where MT) is the size of the gap in the
density of states.

Another feature of ultrasonic behav-

Gigantic oscillations in the sound absorp-
tion coefficient a may appear in metals at
low temperatures when the magnetic field
is varied. The oscillations in copper ap-
pear to increase as the frequency increases
from 11.8 to 77 MHz (R. W Morse, refer-
ence 13), and studies such as this help
determine the Fermi surface of the metal as
well as the anisotropy of the superconduct-
ing gap. (Note that the magnetic field
intensity H is multiplied by the sound wave-
length X so that all the curves can be seen
conveniently on a single plot.) Figure 3

ior in metals at low temperatures has
been the effect of a magnetic field on
the size of the absorption coefficient.
Under certain conditions, gigantic os-
cillations can occur in «, figure 3.13

These latter measurements proved
useful in determining the Fermi sur-
face of the metal in question, and the
measurement of the anisotropy of the
superconducting gap.

Such pioneering studies have been
followed by a whole series of discov-
eries of the usefulness of acoustic
waves—phonons—in spin-lattice inter-
actions, acoustic nuclear magnetic res-
onance, acoustic electron spin reso-
nance and even more.14 The research-
ers in these areas are of course SOLID
STATE PHYSICISTS: Many of them
would never admit to being acousti-
cians. But the work they do is the
work of acoustics in the modern day.
They are like Moliere's M. Jourdain,
who spoke prose without knowing it.

The link between acoustics and

physics is particularly strong in the
study of the quantum liquid, helium II.
In the study of liquid helium, the tran-
sition from the normal fluid to the su-
perfluid—the lambda transition—has
been the object of many researches.
An early study of sound absorption by
C. E. Chase reveals this transition.15

Because of what has been observed
since, this conventional type of sound
wave is commonly known as "first
sound." In the 1940's, Landau pre-
dicted the existence of a periodic tem-
perature wave in superfluid helium,
which has become known as "second
sound." More recently, we have had
"third sound"—the longitudinal oscil-
lation of the superfluid component of a
thin helium film and "fourth sound" —
the compressional wave of the super-
fluid component moving through the
pores of a finely dispersed solid when
the pores are filled with liquid helium.
The study of all of these phenomena
provides important opportunities for
proving the physical character and
quantum behavior of liquid helium.16

Before leaving this topic, I shall
mention "zero sound," which is the
passage of a sound wave in a fluid that
obeys Fermi-Dirac statistics. Helium
III appears to be such a fluid. This
type of sound, predicted by the Landau
model of a Fermi liquid, has been ex-
tensively observed17 (see figure 4).
And recently, the appearance of zero
sound has also been reported in crys-
talline quartz.18

Other applications

There are so many other instances of
the role of acoustics in modern physics
that it is difficult to make a selection.
The following are a few such applica-
tions of acoustics.

Surface waves on solids have been
known since the time of Rayleigh and
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Here's a lock-in that can handle all
the noise you're likely to put into it!

New Synchro-Het Technique

The synchronous heterodyne
lock-in. The first lock-in ever to
provide 300,000 times full scale
noise rejection and excellent sta-
bility. So you can measure a faint
signal as much as 140 dB below
your noise level. And not worry
about excessive drift.

P.A.R.'s new Synchro-Het™*
technique is the most advanced
phase-sensitive detection tech-
nique available today-the latest
development of more than 10
years of lock-in amplifier research.
We've combined an image-free
single sideband heterodyne mixer
with a unique matched narrow-
'Pat. Pending

band intermediate filter and
amplifier. The result is dynamic
range as much as 200 times
previously obtainable levels.

Of course, in some applications,
rock solid stability is of greater
importance than dynamic range.
That's no problem with the Model
186. By pushing a button you can
trade off unneeded dynamic range
for stability better than 10ppm/°C.
Even with this trade-off, dynamic
reserve is still 3,000 times full
scale-and that's quite a bit better
than most lock-ins under any
circumstances. But you're not
limited to just high dynamic range
or low drift. You can also operate

the Model 186 to provide the best
compromise between dynamic
range and stability.

The Synchro-Het lock-in has all
the features you'd expect to find
in a P.A.R. instrument-features
such as:

~] 100 nv full-scale sensitivity
J 0.5 Hz to 100 kHz frequency

range
' automatic signal tracking

G single-ended or differential
input

G built-in noise measurement
mode

H calibrated zero offset
H calibrated phase shift

For more information Circle no. 22



j internal operation of the Model
Synchro-Het Lock-In Ampli-

fier is unlike that of any other
lock-in available today. In a
Synchro-Het lock-in, standard
phase sensitive detection circuits
are supplemented by image free,
down converting heterodyning
techniques. Instability associated
with dc amplification is minimized
by obtaining most of the instru-
ment's gain from ac amplifiers
located at several points in the
circuit. A Read Only Memory is
employed to optimize gain distribu-
tion for each of the three dynamic
reserve modes. The result of the
Synchro-Het technique is maxi-
mum dynamic range with minimum
dc drift-a combination not pre-
viously obtainable.

In the Model 186, the input signal
is phase chopped at 11 Hz and
applied to a phase sensitive de-
tector similar to that used in other
PAR Lock-In Amplifiers. This de-

tector is synchronized to the
experiment's reference signal
through a conventional reference
channel that provides a full 360°
phase shift capability and fully
automatic reference tracking. The
information of interest appears at
the output of the detector as a
square wave, the amplitude of
which is proportional to the phase
and amplitude of the input signal.
The output also contains various
spurious signals, offsets and dc
drifts. The composite output is
then passed through a unique
"rotating capacitor" narrow-band
filter that is synchronized to the 11
Hz chopping frequency. The filter
possesses the correct response
characteristics to pass only the
desired 11 Hz square wave and to
attenuate all other signals, includ-
ing the dc drifts and offsets. After
additional ac amplification, the 11
Hz square wave is ac coupled to
a demodulator synchronized to the
11 Hz chopping frequency. The
resulting dc level is then passed
through a 12 dB octave low-pass
filter which provides additional
noise suppression.

Although capable of providing very
high dynamic range, good stability
and narrow equivalent noise band-
widths, the Model 186 is very easy
to operate. The broad band input
enables the instrument to operate
over the entire 0.5 Hz to 100 kHz
range without bandswitching. Just
connect the signal to be measured
and a reference signal; then select
the appropriate full-scale sensitiv-
ity, phase shift and output filter
settings. The Model 186 will then
automatically lock onto the signal
and track it across the entire
operating frequency range.
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MODEL 162

TWO CHANNEL
100 PICOSECOND
BOXCAR AVERAGER

Dual-channel boxcar averaging
with 100 picosecond resolution
and a wide variety of signal pro-
cessing modes - or, an economical
single-channel averager with 10
nanosecond resolution. That's
what you can get with the Model
162 Boxcar Averager. It's more
than just a very fast boxcar inte-
grator - it's a gated averaging
system that can be custom de-
signed with off-the-shelf plug-in
modules and a wide variety of
sampling heads to meet your
specific needs. For example:

ZJ, Monitor two pulses with dif-
ferent delays while compen-
sating for baseline drift.

'J Simultaneously scan two
independent signals.

• Scan a waveform with one
channel and use second
channel to compensate for
source fluctuations.

• Work with ultra-low duty factors
using digital storage option.

• Operate as baseline compensat-
ing sampling scope.

Whatever your application - if it
calls for gated signal averaging-
it calls for the Model 162 Boxcar
Averager.

For the complete story behind
these advanced instruments or to
arrange a demonstration contact
Princeton Applied Research Corp-
oration, P.O. Box 2565, Princeton,
New Jersey 08540, (609)452-2111.
In Europe, contact P.A.R. GmbH,
8 Munchen 40, Frankfurter Ring 81,
West Germany.
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have been widely applied in geophys-
ics, but for many years they have been
virtually forgotten in ultrasonic work.
However in the past four years, a
spectacular surge of interest has oc-
curred. Bulk elastic waves have long
been used in electronics for signal
delay, because the speed of sound is so
much less than the speed of electro-
magnetic propagation.

One reason for interest in surface
waves has been that transducers could
be located at will in the path of propa-
gation to tap off signals or to contrib-
ute new excitation at selected intervals
following the initial acoustic signal

(See John de Klerk, PHYSICS TODAY, No-
vember, page 32, and reference 19).
Added impetus to such work resulted
from the development of crystals of
lithium niobate, on which surface
waves propagate with particularly low
loss. Another development that fa-
vored surface-wave exploitation has
been the refinement of photolithogra-
phy for the production of integrated
circuits. At the present time, the
practical upper limit of frequency for
generation of surface waves is about
one gigahertz, but other techniques
may raise this level.

Surface waves offer special advan-

Sending
transducers

Receiver transducer

Acoustic hologram recording system. The object to be recorded is placed in a water bath
and illuminated by a set of sending transducers. The signals are received by the same or
different transducers, and the object is detected either by direct reflection or by direct or
indirect transmission. This acoustical system yields an intensity plot on a facsimile re-
corder that is synchronized with the scan system of the transducers, and the resultant
acoustic hologram is photographed and reduced in size to make an optical transparency.
The optical reproduction is illuminated with a He-Ne laser beam with an optical stop used
to remove the real image and direct transmission of the hologram; a virtual image is then
obtained. In parts b and c, for example, we see the outline and the virtual image of a test
object, which is roughly three centimeters across (from reference 20). Figure 5

tages in information storage and signal
filtering. They require only one highly
accurate surface and are better suited
than bulk waves to piezoelectric ampli-
fication. At the present time, a sur-
face-wave device about as large as a
25-cent piece has a storage capacity of
several thousand bits. In signal filter-
ing, the advantages of surface waves is
that they allow the designer to pre-
scribe the phase characteristic inde-
pendently of the amplitude character-
istic.

A variety of further investigations is
possible. These include the propaga-
tion of surface waves on anisotropic
materials, the development of wave-
guide techniques, and the application
to the problem of epitaxial growth of a
thin crystalline layer on a substrate.
The transition of surface-wave studies
from basic physical research to techni-
cal application has been rapid, but the
process is far from complete.

Acoustic holography represents an-
other major development of the last
five years. This rapidly expanding
field is likely to provide an indispensi-
ble approach in widely diverse areas of
research, and many related sciences
and techniques including acoustic
properties of materials, electronic
scanning, laser beams and electro-opti-
cal coupling make their contribution to
it.

The basic feature of acoustic holog-
raphy, through development of a
water-air interface method of acoustic
imaging (see figure 5a) allows the trans-
fer of spatial modulation of a sound
field onto a light field, which can then
be used to produce optical images. At
the water-air interface, the surface of
the water is deformed by the incident
sound pressures. A light beam is then
reflected from this deformed water sur-
face to obtain the required spatial
modulation. Such acoustic holography
offers new possibilities for more accu-
rate imaging of objects within the
human body and for nondestructive
testing applications generally (see fig-
ures 5b and 5c, for example).20

Nonlinear acoustics is itself only a
small part of the major subject of fluid
dynamics, which is important in tur-
bulence, in noise production and in
noise control. Here I shall restrict dis-
cussion to developments in which I had
some small role to play.

The study of turbulence-generated
sound was given powerful new direc-
tion by M. J. Lighthill21 in his classic
paper in 1952. As Alan Powell has
since pointed out,22 the result seems
simple in retrospect: In the absence of
an incident wave, the terms of the
hydrodynamic equations that would be
important are just those that had been
neglected by Rayleigh and others in
the scattering of a sound beam by an
inhomogeneous medium. But it didn't
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Dilference-frequency generation with parametric array sonar."
A high-intensity, high-frequency sound beam (a) is mixed with a
second, collinear beam to give a low-frequency difference beam

50

(b). Directional characteristics for the difference frequency are
much narrower than for the primary frequency Data are from
Raytheon Submarine Signal Division (reference 26). Figure 6

seem simple until after Lighthill
worked it out. In 1960, Peter Wester-
velt23 applied the Lighthill theory to
the passage of two collinear high-inten-
sity sound beams of different frequency
and showed that the result ought to be
rather narrow in its directivity.

In 1962, my student Jack Bellin de-
tected this difference-frequency com-
ponent experimentally,24 and found
that it was actually even narrower than
expected by the simple theory.

These observations have now reached
the practical stage, and a so-called
"parametric-array sonar" has been de-
veloped.25. Figure 6 shows first the di-
rectional characteristics of the primary
frequency of such an instrument devel-
oped by the Raytheon Company,26 and
then the same plot for the difference
frequency. Note the absence of side
lobes.

There is much more that might have
been said. There is the work in
infrasonics, with possibilities of major
advances in our knowledge of the large-
scale behavior of the atmosphere.
There is the study of wave propaga-
tion in plasmas, and of magnetoacoust-
ic waves. There are measurements of
the modes of vibration of the earth and
more recently, of the moon. There is
the problem of the physics of noise.
And there are all the advances in bio-
logical, technological and cultural
acoustics, but I have made my point.
Acoustics as a branch of physical sci-
ence is not dead; it is flourishing as it
never has before. Perhaps it is fortu-
itous, but it seems appropriate that this
year, for the third time in history. The
American Physical Society has as its
president a man who was once president
of the Acoustical Society of America.

In Harvey Fletcher, Dayton Miller and
now Philip Morse, we have three nut-
standing reminders that acoustics and
physics are continuing today in an in-
terrelation that has existed since the
days of Aristotle.

In regard to both the panel report
and to our discussion here, I am aware
of the weaknesses and omissions, and
can only recall by way of defense the
answer reportedly given by the pianist
dePachmann to an admirer who, after
a concert, had complimented him for
not missing a single note. "Madam,"
said dePachmann, "with the notes I
missed, I could have given another
concert."

TViis article is adapted from an invited
paper, given in 1971 at the 83rd meet-
ing of the Acoustical Society of Ameri-
ca in Buffalo, New York. The full re-
port of the acoustics panel will appear
as a part of the Survey Committee re-
port. The author expresses his thanks
to the panel, to George Wood of NAS
and to all the other acousticians who
helped prepare the report.
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