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Perfect speed
synchronous motor
Ultra low-mass tonearm
floating within
a gyroscopically gimballed
mounting
Viscous damped cueing
and pause control
Viscous damped tonearm
descent during single
and automatic play
Adjustable sliding weight
anti-skating conirol
Safe, gentle
two-point record support.
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on automatic turntables
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You will find
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for only $89.50.

World's Finest
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They are priced from $37.50 to $129.50
and include four ready to plug in modules.
Write for complimentary,
full-color Comparator Guide to:
Garrard, Dept. AR169, Westbury, N.Y. 11590

THE COVER

The picture on the cover is a hologram produced by “illuminating” an ob-
ject not with coherent light waves, as is done in making an optical holo-
gram, but with coherent sound waves (see “Acoustical Holography,” page
36). The object was illuminated with three pure tones of sound whose ratios
correspond to those of the primary colors red, green and blue. The acous-
tical hologram from each tone was translated into a black-and-white televi-
sion image and photographed. To produce the composite image on the
cover, each of the holograms was printed in a color corresponding to the
wavelength of the “illuminant.” If the three-color hologram were illuminat-
ed with coherent white light (that is, a beam containing a balanced mixture
of red, green and blue light, each from a coherent source), the original ob-
ject would be reconstructed in three dimensions and in colors correspond-
ing to the reflectivity of the object at different acoustical wavelengths.
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ACOUSTICAL HOLOGRAPHY

-

By “illuminating” an object with pure tones of sound instead of

with a beam of coherent light one can create acoustical holograms

that become three-dimensional pictures when viewed by laser light

Oph’cal holography, the technique
for making three-dimensional pic-
tures with the aid of laser beams,
has given rise to a new form of hologra-
phy in which sound waves instead of
light waves are used to create the initial
hologram. A laser beam is then em-
ployed to reconstruct, or translate, the
acoustical hologram into a recognizable
pictorial image. In other words, acousti-
cal holography makes it possible to cre-
ate an optical wave-field analogue of an
acoustical wave field. Since sound waves
can penetrate opaque objects ranging
from living tissues to metal structures,
the new imaging technique has promis-
ing applications in many areas of medi-
cine and technology.

Optical holography, sometimes called
the wave-front reconstruction process,
became practical with the development
of the laser, which provides an intense
light source whose waves are coherent,
or in step. An optical hologram is formed
by directing a laser beam at an object
and recording on a photographic plate
the interference patterns produced when
the light waves reflected from the object
interact with a portion of the undis-
turbed laser radiation, which serves as a
reference beam. Although the hologram
produced in this fashion appears to be
a meaningless jumble, it actually con-
tains in coded form all the information
the eye would intercept if it were located
at the position of the photographic plate.
The code can be broken by illuminating
the hologram with another laser beam,
which reconstructs the original scene.

In order to produce an acoustical holo-
gram the scene to be recorded is “illumi-
nated” with a pure tone of sound instead
of a laser beam. The objects in the scene
disturb the sound waves and produce in-
terference patterns analogous to those
produced by light waves. As we shall

- see, it is not always necessary to use a
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reference beam in acoustical hologra-
phy, and the hologram pattern can be re-
corded in various ways. Once recorded,
the acoustical hologram can be recon-
structed with a laser beam exactly as if it
were an optical hologram.

\Yﬂmt are the advantages of using
Y sound instead of light? The interac-
tion of sound with solids and liquids is
different from the interaction of electro-
magnetic radiation. Sound can travel a
considerable distance through dense,
homogeneous matter and lose little en-
ergy, and yet it will lose a significant
amount of energy when it passes through
an interface. This loss is due to reflection
at the interface. In contrast, electromag-
netic radiation such as X rays will lose a
signiﬁcant amount of energy passing
through matter and yet lose a negligible
amount at an interface. Therefore sound
can be singularly effective in medical di-
agnosis, in nondestructive testing and in
seeing underwater and underground be-
cause it is mostly the discontinuities of
internal organs, tumors, flaws, sub-
merged objects or subterranean strata,
rather than the bulk matter, that is of
interest to the observer,

Acoustical imaging is of course not
new; there are sonar devices that pro-
duce pictures similar to those on a radar
screen. This type of imaging is currently
employed in prospecting for oil and min-
erals. Similar scanning methods are also

being used by physicians for the detec- .

tion of brain tumors and for examining
the unborn child. In these applications
the sound usually has a frequency of be-
tween one million and 10 million cycles
per second. Another conventional acous-
tical imaging technique employs what
may be best described as an acoustical
camera. In this method sound waves
bounced off an object are focused with
an acoustical lens onto an image con-

verter that translates the pattern of
sound intensity into a pattern of visible
light.

The limiting feature of both of these
conventional sound-imaging methods is
that the images show only two dimen-
sions. They are two-dimensional because
the methods detect only the intensity
(the squaré of the amplitude) of the
sound waves in the sound images. What
these methods, are unable to record is
phase information, that is, the arrival
time of the crest of the wave from the
object with respect to the arrival time
of the crest of a reference wave of the
same frequency. The most powerful fea-
ture of holography is that phase informa-
tion as well as intensity information is
retained in the hologram and can subse-
quently be “played back” in the optical
image, with the result that the opti-
cal image is three-dimensional. Thus in
acoustical holography there is a total
transfer of information from the acousti-
cal wave field to the visible optical wave

field.

The simplest way to understand how a

hologram works is to think of it as
a coded diffraction grating. Consider
first of all a simple point object that is
illuminated by a plane wave produced
by a coherent source at infinity [see il-
lustration on page 40]. The point object
scatters part of the wave, which then
radiates spherically away from the point
object. Both the spherical (object) wave
and the plane (reference) wave fall on
a plane that is perpendicular to the di-
rection of propagation of the reference
wave. At some points on the plane the
object wave is in phase with the refer-
ence wave, so that the two waves con-
structively interfere with each other and
are therefore added together to increase
the wave amplitude. At other points on
the plane the object wave is out of phase
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SUBJECT OF ACOUSTICAL HOLOGRAM. reconstructed in three from pebbles of various sizes. The holograms (below) were made
colors at the bottom of the page, was a group of three letters formed by sound waves of 15,000, 18,000 and 21,000 cycles per second.

. L
ACOUSTICAL HOLOGRAMS, one for each wavelength, are the they appear on a cathode ray tube. A three-color montage of these
electronic analogues of the reflected interfering sound “waves as three images is on the cover of this issiie of SCIENTIFIC AMERICAN.

RECONSTRUCTED IMAGES FROM HOLOGRAMS are made by the hologram made with sound of 15,000 eyeles is printed in blue
shining a coherent beam of laser light through black-and-white ink, the one made with sound of 18,000 eycles is printed in red and
transparencies of the holograms. Here the reconstructed image of the image made with sound of 21,000 cycles is printed in yellow.

FINAL THREE-COLOR RECONSTRUCTION of the pebble pat- lengths of sound about equally. The letters stand for Advanced Re-
tern is made by superposing the blue, red and vellow reconstructed search Laboratories of the MecDonnell Douglas Corporation, where
images. The hard surfaces of the pebbles reflected the three wave- these images were made by the author, Sidney Spinak and E. J. Pisa.




EQUIVALENT HOLOGRAMS and reconstructions are obtained The object scanned in both cases is a cutout of the letter R in a —
whether the microphone is moved in a raster pattern while the panel four feet on a side. The ustical holograms are the two im-
source is stationary (left column) or wh r the sound source is X in the middle of the page; the laser-beam reconstructions are

moved while the 1||i1‘r¢'|p|'|ullf_' is held stationary tright column). at the bottom. The 1.31‘_|erimem was done b}' the author and f‘.‘f[lillal\.
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with the reference wave, so that the two
waves destructively interfere, thereby

" canceling each other and decreasing the

wave amplitude. If we record the ampli-
tude (intensity) in the plane as variations
of density on a photographic plate, the
resulting pattern will be a continuous set
of concentric circles centered on the
point on the plane that is obtained by
projecting a line from the light source
through the point object onto the plane.
This pattern closely resembles a Fresnel
zone plate, an optical device in which a
round bull’s-eye is surrounded by con-
centric rings of regularly decreasing
thickness. In the point-object hologram,
however, the density of the rings varies
outward from the center in a sine-wave
pattern, and simultaneously the frequen-
cy of the sine wave increases.

A well-known property of a zone plate
is that the diffraction effects of the rings
will cause the plate to act as a lens.
When illuminated with a wave, the zone
plate will focus the wave. However, it
acts simultaneously as if it were both a
positive and a negative lens. If the holo-
graphic zone-plate pattern is illuminat-
ed by the plane (reference) wave alone,
the negative-lens effect of the zone plate
will cause a diverging spherical wave to
emerge from the plate, thereby produc-
ing a “virtual” image of the point in the
same position the point object originally
occupied. At the same time the positive-
lens effect will create a converging wave
that will produce a real image of the
point.

Hence the wave that emerges from a
hologram has three components. First
there is the attenuated part of the illu-
minating wave that passes right through
the hologram. This is called the zero-
order wave. Second there is the diverg-
ing spherical wave that appears to come
from the virtual image of the point. This
is a first-order diffracted wave that is the
true reconstruction of the original spheri-
cal wave that radiated from the point
object when the hologram recording was
made; it is called the true reconstructed
wave. Third there is the converging
spherical wave that forms the real image
of the point. This too is a first-order dif-
fracted wave, but because it is opposite
in curvature to the diverging wave it is
called the conjugate wave.

The two images the hologram pro-
duces are normally such that one is a
virtual image located where the original
object used to be and the other is a real
image formed on the other side of the
hologram. Under certain circumstances,
however (by illuminating the hologram
with a spherical wave instead of a plane
parallel beam), both images can be vir-

tual or both can be real. Therefore it is
confusing to name them the virtual and
the real images. To avoid this confusion
one is called the true image (resulting
from the true reconstructed wave) and
the other is called the conjugate image
(resulting from the conjugate wave).

Iet us now consider what happens when

— the hologram is illuminated with a
beam whose wavelength is shorter than
the wavelength used to record the holo-
gram zone-plate pattern. In diffraction
the angle of the diffracted wave increas-
es or decreases as the ratio of the wave-
length to fringe (ring) spacing increases
or decreases. If the hologram is illumi-
nated with a wavelength shorter than
the recording wavelength, the result is
a decrease in the diffracted angle of the
emerging diffracted wave fronts. The
true and conjugate waves diverge and
converge more slowly and therefore
form their true and conjugate images
farther away from the hologram, but
they are still formed on the axis that
passes through the center of the holo-
gram 2()11(—3-1)]1[1(} pattern.

So far I have discussed only the holo-
gram created by a simple point object.
The holography of.complicated objects,
such as the figurines and chessmen com-
monly used to demonstrate optical ho-
lography, can be as easily understood by
thinking of their complicated surfaces
as being made up of a large number of
point objects. Each point on the surface
of the complicated object forms its own
hologram zone-plate pattern superposed
on all the other zone-plate patterns from
all the other points on the object. The
resulting hologram then has the appear-
ance of an unintelligible mass of broken
fringes and grainy blobs, but in reality
each zone-plate component acts inde-
pendently of all the others in the recon-
struction process to reproduce its indi-
vidual point on the surface of the object
image.

Inusmuch as a hologram can be record-

ed at one wavelength and recon-
structed with a different wavelength, it
follows that a hologram can be recorded
using single-frequency acoustical waves
and reconstructed with laser light. The
main effect of this is that the resulting
visual image is distorted because of the
difference in wavelength between the
sound used to record the hologram and
the light used to reconstruct it. The
illustration on page 41 shows how a
simple arrangement of three points is
stretched out in one direction (along the
axis of the recording beam) when the
reconstructing wavelength is shorter

than the recording wavelength. The
stretching out, or longitudinal magnifica-
tion, is equal to the ratio of the recording
wavelength to the reconstructing wave-
length. When the recording wavelength
is sound at a million cycles per second in
water and the reconstructing wavelength
is the red light from a helium-neon laser,
the image will be stretched out some 500
times. This results in an apparent (but
not actual) loss of the three-dimensional
effect that is so dramatic when an ob-
server views the reconstruction of a con-
ventional optical hologram. The longi-
tudinal distortion has led some people
to consider that the images obtained
from acoustical holograms are two-di-
mensional. This is not true. One can still
focus on different planes in the image
and perform optical data-processing op-
erations (such as spatial filtering) to im-
prove the images. A number of methods
have been suggested for eliminating the
distortion but none is completely satis-
factory.

The three-dimensional perception ob-
tained in viewing the true virtual image
in a conventional optical hologram is
largely due to the parallax effect ob-
tained when the viewer moves his head
from side to side and looks through dif-
ferent parts of the, optical hologram. In
each vicwing; position the image seen is
formed by an area on the hologram rep-
resented by the diameter of the viewer’s
pupil. Hence from each viewing position
only a small part of the total hologram
area is used. This works well el'mugh
with an optical hologram because the
resolution, or image quality, obtained
with an aperture equal to the pupil di-
ameter is perfectly acceptable since the
optical hologram was recorded at optical
wavelengths. Image resolution is direct-
ly related to the ratio of aperture to re-
cording wavelength.

Since the wavelengths used to record
acoustical holograms are so large com-
pared with the aperture of the eye, the
image resolution provided by an acous-
tical hologram would be completely un-
acceptable if one simply viewed it with
the unaided eye. Accordingly (disregard-
ing, the longitudinal image distortion
problem) it may never be feasible to use
the parallax effect in viewing the recon-
structed image from an acoustical holo-
gram. To obtain acceptable image qual-
ity in the reconstruction the viewing
aperture must approach the size of the
entire hologram. As a result the observa-
tion of the reconstructed images from
an acoustical hologram will most prob-
ably always be done by using the entire
hologram and observing the real image
as it is focused on a screen. The ob-
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POINT OBJECT

% TRUE RECONSTRUCTED WAVE

RECONSTRUCTING WAVE

VIRTUAL (TRUE) IMAGE

REAL (CONJUGATE)
IMAGE

CONJUGATE WAVE

RECONSTRUCTING WAVE

||| 1

VIRTUAL (TRUE) IMAGE . REAL (CONJUGAT‘E) IMAGE

OPTICAL HOLOGRAM OF POINT is a series of concentrie rings (a) representing the in-
tensity pattern that results when the waves scattered from the point are summed with the
crests or troughs of the plane recording wave, which acts as a reference wave. The holo-
gram is reconstructed (b) by illuminating it with the reference wave alone. The diffraction
effect of the hologram fringes causes two first-order diffracted wave fronts to emerge in
.addition to the attenuated zero-order wave. One is the true reconstruction of the original
ohject wave, which forms a virtual (true) image of the point at its original position. The
other wave front is the conjugate reconstructed wave, which forms a real (conjugate) image
of the point. If the hologram is illuminated with a wave that has only half the length of the
original wave (c), the reconstructed images are shifted to twice their normal distance.
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O-ORDER WAVE

servational benefit of the third dimen-
sion in the image comes from being able
to move the screen throughout the depth
of the image.

The methods available for recording

acoustical holograms are numerous
because of the many different methods
that are available for recording sound.
In optical holography a photographic
plate is normally used to record the holo-
gram. To record an acoustical hologram
it is necessary to have an acoustical
equivalent of the photographic plate. A
natural first approach is to see if sound
can be recorded directly on photograph-
ic film. It can be. A piece of photo-
graphic film that has been exposed to
light can be placed in a weak fixing solu-
tion. If, while the film is in the fixing
bath, it is exposed to high-intensity
sound, the regions of high sound inten-
sity speed up the ﬁxmg process. Subse-
quent development of the differentially
fixed photographic film yields an image
corresponding to the sound levels at its
surface. This method. has been used to
record acoustical hologram interference-
fringe patterns. The method has serious
limitations, however, because the record-
ing sound must be very intense indeed
(about one watt per square centimeter),
and even then exposures typically run to
30 minutes.

Another method involves placing a
starch plate in an iodine solution. Ex-
posure to sound causes the iodine to stain
the starch, thereby recording the sound
pattern. Here again high intensity levels
and long exposure times are required.

If a high-frequency sound source, for
example a piezoelectric transducer vi-
brating at a frequency of five million
cycles per second, is placed in a tank of
water and aimed toward the surface, the
water will bulge up where the sound
hits the surface. If two such high-fre-
quency sources are submerged and
pointed toward the surface, the acousti-
cal beams will interfere and the result-
ing interference pattern will reveal itself
as a stationary ripple pattern. If an ob-
ject is now placed in one of the beams,
the ripple pattern on the surface will be
the hologram of the object.

Such an image can be reconstructed
by two methods. The first is a “real time”
method that merely involves illuminat-
ing the surface with a laser. The ripple
pattern acts much as an optical phase
hologram; the true image of the object
appears below the surface and the con-
jugate image appears as a real image
above the surface. The longitudinal dis-
tortion, which is due to the difference




between the acoustical and the optical
- wavelengths, causes the reconstructed
images to appear much farther from the
surface than the actual object is. The sec-
ond method is to photograph the ripple
pattern, thereby obtaining a hologram
that can be reconstructed in the usual
manner.

When the first method is used, the
longitudinal distortion introduced by
the disparity in length between sound
waves and light waves will ordinarily
shift the reconstructed image so far from
the surface that it must be viewed with a
telescope. The need for a telescope can
be avoided, however, by placing an
acoustical lens between the object and
the surface in such a way that the three-
dimensional image formed by the lens is
projected onto the surface. The refer-
ence wave remains as before but the
hologram is now a focused hologram, so
that on reconstruction the reconstructed
image appears in the surface [sce illus-
tration on next page]. In early experi-
ments acoustical lenses created serious
aberrations in the holographic image,
but recent work with liquid-filled acous-
tical lenses has led to quite satisfactory
results.

Two major problems arise from the
use of a water surface. First, the surface
is very sensitive to unwanted vibrations
and to larger-scale motions that break up
the ripple pattern. Second, the object
beam and reference beam must be rea-
sonably well balanced in intensity at the
surface. Otherwise streams form on the
surface, and they also break up the holo-
gram ripple pattern. This limits the us-
able area of the water surface, which in
turn limits the aperture and hence the
quality of the final reconstructed image.
The technique has been improved by
covering the water surface with a thin
membrane and placing an oil film a few
millimeters thick on top of the membrane
so that the ripple pattern forms on the
oil surface instead of on the water. When
the oil-film method is combined with the
newer types of acoustical lens, and when
the sound is pulsed in short bursts, the
practicability of the ripple technique is
greatly enhanced.

Recently this method has been used to
record some of the best reconstructed
images obtained so far. A group under
the direction of Byron B. Brenden at the
Pacific Northwest Laboratory of the Bat-
telle Memorial Institute has produced a
motion-picture film that shows the real-
time acoustical holographic image of a
goldfish made with sound at a frequency
of nine million cycles per second. The
skeleton of the fish and its denser inter-

RECORDING WAVE

RECONSTRUCTING WAVE

HOLOGRAM N\

LONGITUDINAL DISTORTION occurs in acoustical holography because the recon-
structing light waves from a laser are much shorter than the acoustical waves used for re-
cording. Here the depth separation between two points, 4 and B, is magnified twofold
because the reconstructing wave is only half the length of the recording wave. In actual re-
constructions of acoustical holograms the longitudinal distortion often exceeds 500 times.

nal organs are clearly visible [see top
illustration on page 43]. The motion of
the internal organs, the opening and
closing of the fish’s mouth and the rais-
ing and lowering of its dorsal fin are all
vividly represented. Such a real-time
system, which allows the observer to fol-
low the motion of the object and thus as-
sists in its interpretation, has great merit.
Image interpretation can prove to be dif-
ficult if the observer is viewing a station-
ary image. These and other results dem-
onstrate beyond doubt that acoustical
holography can be of significant value in
medical diagnosis.

There are other methods for recording

the holograms produced on or im-
mediately below a liquid surface. These
include mechanical scanning of a detec-
tor below the liquid surface and the elec-
tronic scanning of a piezoelectric trans-
ducer. These methods, however, offer no
significant advantages over the method I
have described. I shall therefore pass on
to an experimental technique for scan-
ning acoustical images formed in air that
has been used by our group at the Doug-
las Advanced Research Laboratories of
the McDonnell Douglas Corporation.
There are no obvious practical applica-
tions for the air-scanning method be-
cause the wavelengths employed are
some 20 to 100 times longer than those
readily generated in water, with the re-
sult that resolution is much inferior.
(The wavelengths in air lie between 29
and 14 millimeters, corresponding to

sound frequencies between 12,000 and
25,000 cycles per second.) Nevertheless,
the air-scanning method has proved to
be a flexible laboratory tool for investi-
gating different aspects of acoustical
holography. -~ B

In a typical experiment the object to
be scanned is a letter of the alphabet cut
out of a sheet of Masonite a few feet
square. The sound source is placed on
one side of the sheet and the scanning
microphone is moved through a raster
pattern on the other side. The output of
the microphone modulates the intensity
of a spot on a cathode ray tube, and a
time exposure of the face of the tube pro-
vides the hologram.

One might wonder what would hap-
pen if the microphone were held sta-
tionary and if the sound source were
moved through the raster pattern. One
can appreciate that when the sound
source is stationary the interference pat-
tern of sound waves on the far side of the
object is “frozen” in space. The role of
the microphone is to sample a particular
plane of this frozen pattern. If, however,
the microphone is fixed and the source is
moved, the interference pattern in the
plane in which the microphone is now
located must change from moment to
moment. g

Will the hologram recorded under
these constantly changing conditions
resemble the one created when the mi-
crophone travels through the frozen
pattern? Surprisingly (although there is
really no reason for surprise), the two pat-
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terns are identical, as are the images re-
constructed from them [see illustration
on page 38]. This experiment shows that
when a single-point source is used to il-
luminate an object acoustically and a
single-point detector is used to scan the
resulting hologram, there is a reciprocal
relation between the source and the de-
tector. That is to say, the detected phase
and the amplitude will remain un-
changed if the source and the detector
are physically transposed.

_ In another series of experiments we
scanned the wave pattern not trans-
mitted by an object but reflected from it

LASER

THIN LAYER OF OIL
(HOLOGRAM)

MEMBRANE

WATER
SURFACE

REFERENCE SOUND SOURCE

8
TRUE lMAGEH.l

to produce the hologram. Here the object
was the three letters A, R and L (stand-
ing for Advanced Research Laborato-
ries). Each letter consisted of a mosaic
of pebbles of various sizes and was about
four feet tall. We wanted to see how the
holograms would differ if we illuminated
the letters with sound of three different
wavelengths. In order to make these dif-
ferences apparent we planned to print
each of the reconstructions in a different
color and so obtain, when the images
were superposed, a single reconstruction
in three colors.

To make the sound-to-color analogy

TELESCOPE VIEWING TRUE IMAGE

ZERO-ORDER STOP

CONJUGATE IMAGE

OPTICAL LENS

FOCUSED
ACOUSTICAL IMAGE

ZERO-
ORDER
STOP

ACOUSTIC
LENS

OBJECT

“ILLUMINATING"” SOUND SOURCE

LIQUID-SURFACE ACOUSTICAL HOLOGRAPHY provides interference patterns that
can be reconstructed instantaneously. The focused acoustical image of the object forms
diffraction fringes with a reference beam at the surface of an oil film, after being transmitted
through the water and a membrane. The acoustical image of the object coded in the oil
“hologram” is decoded continuously by a laser beam and viewed"through a telescope.
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complete we chose wavelengths of sound
that bear the same relation to one an-
other as the wavelengths of the primary
colors blue, green and red. The approxi-
mate dominant wavelengths for these
three colors are 420, 525 and 630 nano-
meters, and they are in the ratio 4:5:6.
Accordingly we selected sound wave-
lengths of about 16, 20 and 24 milli-
meters, corresponding to frequencies of
21,000, 18,000 and 15,000 cycles per
second.

As we had expected when we planned
the experiment, a target consisting of
hard pebbles acts as a “white” reflector
of sound, with the result that the holo-
grams at each wavelength are very simi-
lar and the letters in the final three-color
reconstruction contain roughly equal
amounts of each color [see illustration on
page 37]. In three-color printing the
primary colors red, green and blue are re-
produced by mixtures of their comple-
mentary colors: cyan (“blue”), magenta
(“red”) and yellow. To create the pattern
on the cover of this issue of Scientific
American the three acoustical holo-
grams were superposéd and printed in
colors corresponding to the wavelengths
of the sound that produced them. If the
pattern on the cover were reproduced in
the form of a color transparency and
were illuminated with a coherent beam
of white light (in the form of a balanced
mixture of coherent red, green and blue
light), the letters ARL in the resulting re-
construction would appear white.

In early experiments with acoustical

holography the methods used were
straightforward acoustical analogues of
optical methods. It gradually became ap-
parent, however, that entirely new tech-
niques could be introduced that have no
equivalent in optical holography. For
example, when electronic detection is
used, the output from the detector (mi-
crophone) is an electrical signal of the
same frequency and phase as the acousti-
cal signal. Therefore, instead of mixing
the acoustical object wave with an acous-
tical reference wave and sensing the
sum of the two, the reference wave can
be simulated electronically by detecting
the acoustical object wave alone and
adding the electrical output from the de-
tector to an electrical reference signal.
This signal is taken directly from the
electronic signal generator used to pow-
er the illuminating sound source. The
electronic summation then corresponds
to the interference between the object
wave and the reference wave. Electronic
simulation of the reference wave is now
almost invariably used.

Another major advantage of this kind
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of detection is that one can perform
operations on the detected object signal
. before it is added to the electronic refer-
ence signal. We have performed such
operations in investigating the relative
importance of the two components in the
object wave that are normally recorded
in a hologram: phase and amplitude.
This has led to the recording of phase-
only acoustical holograms. The phase-
only hologram is made by taking the
electrical object wave, \1]]0%6‘ amplitude
and phase vary as the detector scans, and
setting the amphtude at a constant value
(no matter how much the acoustical am-
plitude varies) but retaining the phase of
the object wave. The resulting phase-
only hologram is recorded by summing
this constant-amplitude object signal
with a constant-amplitude reference sig-
nal. The phase-only hologram differs in
appearance from the conventional holo-
gram only in that the contrast of the in-
terference fringes is constant over the
hologram plane instead of varying in
contrast. (The variations in the conven-
tional acoustical hologram correspond to
variations in amplitude of the object
wave,) The reconstructed images from
phase-only holograms are generally
sharper at the edges than reconstructions
from conventional acoustical holograms
[see upper illustration on next page].
Moreover, the relative acoustical bright-
ness scale in the object is retained in
some cases.

Another trick that is possible with
sound waves but not with light waves
has led to the development of a new
technique called tempural reference
holography. As the term indicates, the
object wave is recorded with respect to
the time at which the recording is made
rather than with respect to a reference
wave, This is done by recording the
pressure potential of the acoustical ob-
ject wave at some selected instant with-
in the acoustical cycle. The main advan-
tage that temporal reference holography
has over conventional acoustical holog-
raphy is a much higher recording speed,
which provides more satisfactory images
of moving objects.

The Douglas Advanced Research
Laboratories are now working on a tech-
nique suitable for medical diagnosis in
which temporal reference acoustical ho-
lograms generated by sound waves with
a frcquency of one million cycles per
second can be recorded in half a mil-
lionth of a second. The technique applies
a new form of optical interferometric
holography called subfringe interferom-
etry, a term indicating that the displace-
ments recorded are less than one optical
wavelength. This is in contrast to con-

ACOUSTICAL VIEW OF GOLDFISH was provided by the liquid-surface method of holog-
raphy illustrated on the opposite page. The 16-millimeter movie camera that recorded these
reconstructions of the holograms as they were displayed on a television sereen was not quite

synchronized with the television frame rate, hence the light and dark bands. The system was
developed by Byron B. Brenden and Gary Langlois at the Pacific Northwest Laboratory
of the Battelle Memorial Institute. The work was sponsored by the Holotron Corporation.

ventional interferometry, where the dis-
placements are many optical wave-
lengths.

Briefly, the method works as follows.
The acoustical object wave is allowed to
fall on a surface, causing it to vibrate
with an amplitude much less than an op-

OBJECT

SOUND SOURCE

tical wavelength. This surface is slightly
deformed by the acoustical wave strik-
ing it. The deformation is recorded by
shining a pulsed laser on the surface and
nnakm:r an optical hologram of it on a
phutogmphl( plate. After half an acous-
tical cycle has passed (that is, half a mil-

#
frenanas

MICROPHONE

HOLOGRAPHIC PATTERN IN AIR was scanned to make the holograms reproduced on
page 37. The letters ARL, formed of pebbles, were “illuminated” by three “tweeters,” all
operating in phase at the same frequency. The pattern of the reflected sound waves was
scanned by a microphone and processed in a circuit that provided the electronic equivalent
of a reference beam. The summed output wave was then displayed on a cathode ray tube
and photographed. Holograms were recorded at 15,000, 18,000 and 21,000 eycles. The meth.
od of reconstructing the holograms is depicted in the lower illustration on the next page.
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CUTOUT OF LETTER R was “illuminated” with a tweeter oper-
ating at 18,000 eycles per second, using the arrangement shown on
page 38. In this case, however, the intensity of the holographic pat-
tern was held constant electronically and only the phase informa-
tion was recorded, producing a phase-only hologram U’RII’L The

[n S

CONJUG
IMAGE
OF OBJECT

YEMAGNIFIED
ACOUSTICAL
HOLOGRAN

OPTICAL RECONSTRUCTION SCHEME used for decoding the
hologram of the letter R with a laser shows where the various im-

ages come to a focus. Because the tweeter used as a sound source in

CONJUGATE IMAGE
OF TWEETER

reconstruction in the middle shows what happens when the out-of-
focus image of the tweeter and the out-of-focus conjugate image are
both allowed to reach the plane where the true image of the R is in
focus (see diagram below). At the right the two out-of-focus images
have been blocked off, leaving only the true image of the letter.

=1

OF TWEETER

this experiment was “visible” to the microphone through the open-
ings in the letter R, it is recorded in the hologram and one can
therefore view it in sharp focus in the reconstruction if one wishes.

lionth of a second later), a second pulsed
laser, which is lined up on the same axis
as the first, records a second hologram of
the deformed surface on the same photo-
graphic plate. Between the two expo-
sures, however, the path length of the
optical reference wave is decreased by a
quarter of an optical wavelength. When
the two-component optical hologram is
reconstructed, the reconstructed image
of the surface exhibits brightness varia-
tions that are proportional to the acousti-
cally induced displacement, or deforma-
tion, that between the two
pulsed-laser The
structed image of the surface obtained

occurred

exposures. recon-
in this way is a t(‘mpm’al reference acous-
tical hologram of the acoustical-wave
field impinging on the surface.
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The technique has several important
advantages. First, the aperture of such a
hologram is limited only by the power
available from the laser for illuminating
the surface. A pulsed laser can readily
illuminate a surface three feet square,
thereby providing the resolution and
im:Lg(‘ content needed to make acoustical
holography a useful tool. Second, the
use of an optical means for area detection
eliminates the serious engineering pm])-
lems that would be involved in trying to
build large-aperture arrays of electronic
detectors. Third, the extremely high re-
cording speed means the system is little
affected by object motion.

The liquid-surface technique and the
technique for optical recording of tem-
poral reference acoustical holograms,

both of which are currently under de-
velopment, show great promise as being
tml}f pl'uclicaﬂ systems for Uperution at
high ultrasonic frequencies. Such fre-
quencies, which lie in the megacycle
range, will be required in medical diag-
nosis and in the nondestructive testing
of materials. The acquisition of high-
quality images of the human body show-
ing the soft-tissue structures of organs
and vessels will make new clinical infor-
mation available to the physician. Such
a system will be a valuable complement
to present pulse-echo methods and X-ray
techniques. Acoustical holography for
imaging objects below the surface of the
sea and below the surface of the earth is
under development but appears to be
somewhat farther off, j
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