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SECTION I

INTRODUCTION

A. BACKGROUND

This report is the Final Technical Report on Contract No.
DAA(46-69-(C-0010 with the U.S. Army Materials and Mechanics Research Center in
Watertown. Massachusetts. and covers the period November 1968 through August
1970. This contract concerned a research program whose purpose was to analyze
and perform experimental demonstrations of the application of ultrasonic
holographic and ultrasonic light diffraction techniques to the detection, analysis,
and examination of the internal structure of optically opaque materials. The
program was funded by the Advanced Research Projects Agency. Washington, D.C.

Three semi-annual technical reports were prepared on the program
covering the periods November 1968 through April 1969 (reference 1). May 196°
through October 1969 (reference 2) and November 1969 through April 1970
(reference 3). Although the cssence of those reports is summarized in this
Final Report. the interim reports should be referred to for additional details.

-

The research program under this contract follows the work accomplished
by Perkin-Elmer during 1965-1968 under Contract Nos. DA-19-066-AMC-286 (X) and
DAAG46-67-0132(X). Under these earlier contracts Perkin-Elmer demonstrated the
feasibility of the holographic technique in forming three-dimensional acoustic
images of solid objects and their internal structure. The results of the earlier
work are published in the contract technical reports. references (4) and (5).
and in the technical literature, references (6). (7). and (8).

B. SUMMARY OF WORK ACCOMPLISHED

During this contract the breadboard electronic ciicuits for the
holographic scanner were completely redesigned and rebuilt, so that the system
would be more stable and reliable, and would have a greater operating flexibility.
A new water tank, fabricated on a Perkin-Elmer IR&D program and loaned to this
contract, contributed to the ease of operatiou of the system. and enabled some
longer range testing to be accomplished. The mechanical scanner w. . also modified
to permit off-axis holograms to be generated.

Upon completion of system modifications. the hoiographic scanner
was used in several modes of operation to explore techniques for NTD. and to
evaluate the capabilities and limitations of the holographic imaging process.
Over 130 holograms were generated during this work, using combinations of trans-
mission modes, types of specimens, and system operating parameters.



Development of the 35 mm hologram negatives was accomplished by a
Versamat automatic processor instead of by hand, as had been done previously,
and very uniform results were obtained. Image reconstruction was done with the
same laser and optical bench as had been used before, but several methods of
optical filtering were tried and evaluated. The effect of the sound-to-light
wavelength scaling error on image reconstruction was also analyzed.

In order to compare the performance of the holographic technique
with that of the Bragg diffraction technique. several configurations of a
Bragg diffraction microscope were constructed, and their imaging capabilities
evaluated. The ultimate configuration utilized a spherical mirror with
cylindrical optics. and presented its output on a TV tube display. A theoretical
analysis of the Bragg diffraction imaging relationships accompanied the ex-
perimental work.

Although the gencration of acoustic holograms by means of a
mechanical scanner is entirely adequate for experimental work in the laboratory.
the length of time required to scan the required aperture mechanically might
be prohibitive for many NDT applications. Therefore, an investigation was
made of acoustic arrays for real-time imaging. Arrays were simulated by
sampling available holograms. Images of simple objects were then constructed
by means of a digital computer, using the Fast Fourier Transform (FFT) algorithm.

C. SUMMARY OF RESULTS ACHIEVED

The experiments performed on this program were aimed at improving
the acoustic holegraphic system and evaluating its practicality for NDT
applications. They accomplished this through the investigation of several
system configurations and modes of operation, using representative simulated
defects and a variety of test conditions. Over 130 holograms were generated
and evaluated while performing the experiments.

Since it is very desirable that any test equipment made for NDT
applications not require the mounting of a transducer on the specimen, or the
alteration of the specimen in any way. onhe of the first series of tests con-
ducted was a comparison of the contact and immersion techniques for "illuminating"
the specimen. In the contact technique, the transmitting transducer is mounted
on a relatively flat surface of the specimen. while in the immersion technique
the transmitting transducer is placed in the water near the specimen. Most of
the early work done with our system had been done using the contact technique.

The results of these experiments proved that the immersion technique
was superior to the contact technique in every way, and this technique was used
exclusively for the remainder of the tests. The immersion technique allows a
higher gain transmitting transducer to be used for illumination, and enables
the incident angle of the impinging wave to be easily changed and controlled.
T1llumination of any surface can be quickly accomplisiad by simply rotating or
moving the specimen, and there is no coaxial transmitting cable *o interfere
with the scattered sound field.



The primary disadvantage of the immersion technique is also shared
by the contact technique, and that is the difficulty in properly coupling
through a curved surface of a specimen. For production testing, special curved
transducers could be used in either case. However, for general purpose testing.
the immersion transducer can always be oriented to produce an image. even
though it may be somewhat distorted.

Another technique implemented and tested during this program was
the monostatic mode of transmission used by conventional radar systems. In
this transmission mode the transmitter and receiver are co-located so that
the transmission and receiving paths to the target ar. essentially identical.
A1l previous work on our system had made use of the bistatic transmission mode.
in which the transmitter and receiver sites are separated by distances comparable
to the transmitter-to-target distance. The transmission and reception paths
are normally quite different in this mode.

It was expected that the use of monostatic. or two-way. transmission
would greatly improve the performance of the holographic system operating with
the immersion technique, since this configuration is essentially that used by
side=-looking sonars and side-looking airborne radars. The resolution of the
system is theoretically double that of the bistatic mode for the same size
aperture, and the difficulty of illuminating the entire volume of a specimen
should not exist. By using a duplexer, it also should be possible to transmit
and receive from a common antenna.

The results. however, were very disappointirg. Although the top
surfaces of the various specimens produced excellent holograms and reconstructed
images. defects below the surface could barely be discerned. .The reason for
this lack of signal strength stems from the low gain receiving and transmitting
transducers which must be used in the holographic scanning system if a high
resolution and wide field of view are to be obtained. The gain of the transmitting
transducer could have been increased somewhat without degrading the resolution
too badly. and this would have beer: done had there been time. There is no
question that this mode of transmission has many advantages and should be
seriously considered for future holographic NDT systems.

The first holograms created by D. Gabor in 1948 utilized a coherent
sample of the transmitted signal to interfere with the received signal and
form a hologram. This mode cf reference has continued to be employed on
elementary holographic systems, both optical and acoustic, and was used in
all of the basic work on this program. However, this technique has the dis-
advantage of superimposing the wanted image on top of the defocused conjugate
image, and places both coincident with the zero-order undiffracted light. Im-
provements in the holographic system can be realized by modifying the reference
signal. This modification, use of an off-axis reference signal, was incorporated
in the holographic system, further enhancing its performance. The off-axis
reference improves the reconstruction of images by separating the wanted image
from its interfering conjugate image and from the zero-order light. Images
from holograms generated with this reference had much less interfering background
than those created from on-axis holograms. For this reason, complex images
were more eudsily separated and identified.



During the course of the experiments outlined herein to evaluate
and improve the ultrasonic holographic scanner, side investigations were also
made ot the Bragg diffraction imaging technique and real-time fmaging by
means ol a computer. The latter study was accomplished on a related Perkin-Elmer
IR&D study. Both studies produced fruitful results: the Bragg system study
in pointing the way toward simplified non=-scanning imaging systems, and the
computer imaging investigation by advancing techniques for real-time imaging
utilizing electronically=scanned arravs.

D. CONCLUSIONS

Based on the results obtained from the improvement and evaluation
of the ultrasonic holographic system as reported on this contract, Perkin-
Elmer is convinced that the ultrasonic holographic technique can be of value
in nondestructive testing applications. Although this judgement relies on
work carried ocut almost entirely with simulated defects of elementary shapes,
the demonstrated performance of the system against those defects leads to the
conclusion that the approach is sound, and that practical NuT equipment using
this technique can be developed.

The experiments and tests performed with the system have shown
that it has the sensitivity to detect small cracks and voids, and that adequate
resolution can be attained for most applications with aperture sizes of less
than a feet square. The work has also demonstrated that the illuminating
transdicer need not be mounted on the specimen, or the specimen modified in
any way to accomplish NDT tests. This is important for the design of practical
equipment.

The system has also been operated successfully with the transmitting
and receiving transducers co-located on the scanning carriage, and also with
an off-axis signal reference. Two-way (monostatic) transmission doubles the
resolution of the system and provides for better illumination, leading to re-
sults such as are being obtained with side-looking sonar and airborne side-
lookin3 radar systems. Operation with the off-axis reference provides for
higher signal-to=-noise ratios in the reconstructed image and better image re-
construction through optical filtering.

Although only limited tests were performed in the two-way transmission
mode, and the results were not as dramatic as had been expected, it is felt
that with a slight increase in transmitting power and transmitting transducer
gain, the expected increase in performance would be obtained.

Evaluation of the system on this contract has also demonstrated
some of the disadvantages of the ultrasonic holographic system. These include
the relatively long time required to generate a hologram with the present
equipment, the fact that this requires a camera and film, the necessity for
optical reconstruction as a separate operation after the specimen is scanned
and, finally, the complications normally present with conventional pulse-echo
testing. State-of-the-art developments in array technology and computer imaging -
will provide solutions to the first three of these problems: additional
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testing with the present equipment, using actual samples of defects, is rn-

commended to resolve the latter, . )
_ 1 ;

What kind of an ultrasonic holographic system would be practical
for NDT testing? It is envisioned that the development of such equipment would
be based on the immersion technique tested on this program, using a test tank
with transmitting transducers installed in its wails and bottom. The dpecimen
to be analyzed would be placed in the tank and holograms generated from several
aspects, by use of the various transducers installed. The transducers could be
switched manually or time-shared in more Bophisticated systems., In this manner
the entire volume of the specimen could be searched, and several ‘views of the !
defect image presented. The excitation of logitudinal and transverse waves
would have to be controlled, just as i present-day pulse-echo ‘analysis.

l :

In the early stages of such development, a simple mechanical scan- W
ner installed in the cover could be used, possibly adopted from some of the
small automatic pen plotters now readily available. However, {if the' equipment
1s to reach the level of utility required, the mechanical scanner and camera
attachment would have to be replaced by an electronic scan with cathode-ray ‘
tube or similar form of readout. Eventually, an all-computer system could
probably be realized. . : ' ‘

H

An attractive intermediate step would be the replacement of one
scan dimension by a long strip array of point transducers. This strip array
would be "push-broomed" mechanically in the orthogonal direction of scan, I
producing a hybrid electro-mechanicai system which would be capable of ,scan=
ning 4 hologram in a matter of seconds. Such acoustic transducer arrays have
already been fabricated by edge-slicing strips of piezoelectric material.

With integrated circuit techniques the transducer'preamp, and the scanning !
circuitry could be integrated with the array, as is now being done with optical
photodiode and photo-~transistor arrays. '

The ultimate system would use a two-dimensional array sampled
electronically, with the electrical signal outputting directly to a ﬁpecialv
purpose computer. The computer would take the Fast Fourier Transform of the
sampled acoustic field and produce an.image. The results of the computer imaging
experiment reported on this program indicate that such an imag:ng system is
entirely feasible. !
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ECTION II

) " ULTRASONIC HOLOGRAPHIC SYSTEM

f o :
A. THEORY OF OPERATION

1 N &
T. deneral
Leneral

Basically. a hologram is
monochromatic point source (i.e., a s
and spatially coherent), recacts with
to create a multiplicity of new wavef
apparent source position to all point
the operation which has been called "
hologram to reconstruct wavefronts, i
on both the phase and amplitude of al
coherently illuminated scene being ho
: ‘ . If suitably carried out,

the type of radiation chosen for crea
tion used for illuminating the hologr

I Thus, synthetic aperture radar hologr
with microwave radiation. These holo
light, reconstruct wavefronts which m
images of the two-dimensional radar s
visually observed and/or recorded. I
be recorded using coherent sound wave
reconstruction in *he visible. Here
corresponds to the three dimensional
"illhminated”’by coherent sound. Bec
gates in many materials which are opa

"us with an opportunity to "look insid
structure,

, © An example of one method
hologram is shown in Figure 1. Here
acoustic scattering center or "hole"
The scatterer produces a spherical wa

' spherica] wave may be picked up by a
plane. TIf the output of this transdu
operating at the original acoustic fr
the amplitude and phase of the scatte
a small lamp'is made to mechanically

a recording which. when illuminated from a
ource of radiation which is both temporally
the illuminating radiation in such a way as
ronts corresponding both in strength and

s in the scene which was recorded. This is
wavefront reconstruction." In order for a
t is necessary that the hologram store data
1 wavefronts originally emanating from the
lographed.

there is no restriction in holography as to
ting the hologram. or to the type of radia-
am in performing wavefront reconstruction.
ams are made of the surface of the earth
grams, when illuminated by means of coherent
ay be perceived by the human eye. Thus,
cattering properties of the earth may he

n an exactly similar fashion, holograms may
syand then utilized to perform wavefront

the viewer sees an image whose intensity
scattering prouperties of an object originally
ause of the fact that sonic radiation propa-
que to light. acoustic holography provides
e'" these materials and see their internal

of forming a synthetic aperture acoustic
a block of material containing a localized

is illuminated by means of coherent sound,
ve emanating in all directions. This

equency, then it is possible to detect hoth
red sound. To record the acoustic hologram,
track the scanning transducer. The emission
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from the lamp is made to correspond on i point-by-point bhasis to the product of
the sonic field amplitude with the cosine of the detocted phase 1ngle.  When this
is done for a point scatterer of sound (Figure 1). the resultant acoustic holo-
gram is the well-known Fresnel zone planc.

The apparatus shown in Figure 2 shows how a hologram of a point :cat-
tering center may be used to reconstruct the original wavefront and, therefore.
produce an image of the point scatterer which can be seen visually. The hologram
is placed in a beam of coherent optical radiation (here produced by a laser).

The zone plate has lens-like properties which cause it to focus some of the inci-
dent light to a point. A wavefront converging to a point is, of course. spherical
and is the reconstruction (now by clectromagnetic energy of optical wavelength)
of the original acoustic wavefront. This optical wavefront produces a point
imige which may be viewed by an observer or recorded on photographic film. Note
that the zone plate also reconstructs a diverging spherical wavefront yielding

a second. or ''virtwnal." image of the point scatterer. 1In acoustic holography
lizht associated with the virtual image appears strongly defocussed in the plane
of the real image and thus does not create an objectionable effect. Light which
is not influenced by the hologram is removed tfrom the imaging system by means of
what is called a "zero-order stop'" (see Figure 2).

An example of acoustic holography,illustrating its use in analyzing
the internal structure of an object,is shown in Figure 3. Here a long slanted
hele has been formed in an aluminum block. When coherent energy impinges on the
hole. it is scattered and picked up by the scanning transducer. The type of
hologram which results is shown schematically in Figure 3. An actual hologram
made of an 8-cwm long. one millimeter diameter hole in ai. aluminum block is shown
in the upper portion of Figure 4. If this hologram is properly scaled in the
recording process by the ratio of the acoustic wavelength used for holographing
to the optical wavelength used for wavefront reconstruction. then the image pro-
duced at the optical wavelength would focus along a tilted line, now having a
length in optical wavelengths as long as the original hole in acoustic wavelengths.

For an acoustic frequency of five megahertz, and a wavelength (in
aluminum) of approximately 2 millimeters, the image of the hole is only 40 optical
wavelengths long. or about 20 microns. Thus, the visible image formed is micro-
scopic. As we view this image through the microscope we find that we have the
usual depth-of=-focus problems characteristic of any low f-number imaging system.
This is amply illustrated in the left-hand image in Figure 5, which shows the
holographic image of the slanted hole viewed at the upper end. As can be seen.
only a portion of the image is in focus, whereas most of the image of the hole
is in an extremely defocused position. In an attempt to solve the focusing
problem, an experiment was performed wherein the viewing optical system was
tilted so as to lie in the plane of the image of the hole. The resultant image
is shown in the right-hand position of Figure 5. demonstrating how the image of
the entire hole may be viewed at once.



ULTRASONIC HOLOGRAM

ALUMINUM BLOCK

ULT. .ASONIC
TRANSDUCER

3 MM DIAMETER
HOLE

Figure 3. Recording an Acoustic Hologram of the Internal Structure of a
Metal Block
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Figure 4. Actual Hologram of a Long Hole in an Aluminum Block

Figure 5. Images Formed from Figure 4 Using Two Different Imaging
Techniques (Image Plane Parallel to Hologram vs Parallel
to Hole)
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2. Hologram Recording

The ultrasonic hologr:m formed using the ultrasonic holographie recorder

is "range-gated", i.e., it is temporally sampled to eliminate undesired ultra-

sonic reflections such as those from the surfaces of the specimen and from the walls

of the tank which contains the specimen. Without range-gating thesc reflections
would completely mask scattering from the interior of the specimen. Range-gating
produces a temporally and a spatially sampled ultrasonic hologram,

The following assumptions and notation are made to simplify this
analysis. These assumptions do not appreciably reduce the applicability of the
results.,

(1) The analysis is presented in two dimensions.

(2) The transmitting and receiving transducers are assumed
to be at the same location (i.e., scanning together),

(3) Phase and amplitude changes that are a function of the
acoustic angle of incidence are ignored. The effect of
these changes requires further study.

(4) The hologram reference is "on axis" (the hologram scan plane
is the referenced phase plane).

(5) Acoustic attenuation due to energy absorbtion and spreading.
and obliquity factors are ignored.

(6) Undefined constants will be denoted by C, for i - 0,1,2...
as needed. 1

(7) The subscript £ stands for the Zth pulse. T will be used
for variable time durations, and T for {ixed time durations

The optical field transmittance a,(x) of an ideal ultrasonic hologram
can be written as a weighted sum of sinusoidal zone plates. Each such zone plate
of the sum can be written as

ao(x) 3 Co + C; cos w7 (2-1)

1
where v, is the ultrasonic temporal frequency and

-1,.2 z2 1/2

T =2V "(x + )

(2-2)
is the time required for an ultrasonic pulse to travel at the velocity v from

the transmitting transducer to an ultrasonic point scatterer and return to the
receiving transducer. The spatial coordinates are (x.z). The point scatterer

is located at (0,0). The hologram plane (line) is a distance z =0 away from the
point scatterer and parallel to the x axiec.

11



The temporally sampled holograms are recorded to produce a spatially
sampled optical field transmittance al(x) of the following form

al(x) - 2 (b£ + Cz)s(x - xz) (2-3)

where by is the hologram sample produced by pulse number £ of L, pulses: Cy is a
bias constant that satisfies the condition b, i €2 "0 in order to keep the
optical field transmittance positive; s(x = x;) is the recording point-spread
function, or spatiail optical field transmittance produced by the recording 1light
exposure and includes the effect of the recording camera optics on the hologram
centered at the point x -. Xge

The ultrasonic hologram recorder computes the hologram sample by by
the operations shown in Figure 6 and discussed next. The numerical subscripts
on voltages (V) refer to the points circled in Figure 6.

The electrical reference voltage is

V1 7 Ccos wot . (2=4)

where t is time. The output voltage of the receiving transducer amplifier in
respcnse to ultrasonic pulse number £ can be written as the product

V2,£ : f(t-ETl-rE)cos Wo(t-Tﬂ) (2-5)

where f(t) is the "received pulse envelope function", including phase. at the
output of the ultrasonic receiver transducer amplifier, and T1 is the time be-
tween pulses. The ultrasonic pulse propagation delay is T4, in analogy to
Equation (2-2). 1In order to record a satisfactory hologram we require that f(t)
be band-limited to frequencies less than Wo (i.e.. have no energy for temporal
frequencies greater than the ultrasonic temporal frequency). The received pulse
envelope function includes the transmitted ultrasonic "pulse" frequencies as
received through the temporal frequency response of the receiving transducer and
the electrical amplifiers which follow. Only the composite envelope function is
important.

Next we form the "heterodyne" product of the reference and the amplified
reccived ultrasonic signal

V3,4 V1Ya (2-6)

The low~pass filter temporally filters V to retain temporal frequencies less
than the ultrasonic frequency. but incluaéé in the band-limited received pulse
envelope function. The filtered voltage V4 4 can be idealized as the convolution
integral !

12
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i il e = e

sin wju
[§
G [ e i)

f(t-/&Tl-':z)cos w1 (2-7h)

)

We then adjust the gain, and add a bias to expose the photographic film over a
linear range. We will ignore the gain and bias at this point.

We time gate the voltage V to accomplish ultrasonic range gating
which eliminates undesired echoes. Thé’fesult of this time gating is

VS,Z 3 V4’zg(t-ZT1-T2) (2-8)

where g(t) is the multip:icative receiver temporal gate function, and Ty is the
receiver delay time (separation between the transmitted pulse and the receiver
gate function).

The ultrasonic hologram sample by (and hence exposure) is proportional
to the time integral of the voltage V5,4 Our actual exposure is given by a con-
stant brightness for a time proportional to bg. plus the bias constant. The
exposure time for the 4N hologram sample is

TI’Z . C3Jb5’2(t) dt + C4 (2-9a)
C3hzcos wcTz + C4 (2-9b)
where
hz = r f(t+T2-TE) g(t) dt (2-9¢)
and

(T2-74) is the time difference between the ultrasonic pulse propagation
delay time and the receiver gate delay time.

The correlation function (hg) is (the integral of) the coincidence
time between the received ultrasonic pulse, which occurs at the varying ultrasonic
pulse propagation delay times Ty as the transducers scan, and the fixed receiving
delay gate time function. Equation (2-9c) shows that the role of the received
pulse envelope and the receiver gate functions are interchangeable, and that the
time between pulses, Tl’ need not be constant from pulse to pulse.

The sampled hologram optical field transmittance can be written by
combining Equations (2-3) and (2-9b) to yield a recorded zone plate transmittance
of

=g ; o -
al(x) = ; (C2 + Cshzcos onz)s(x xz). (2-10)

14



This can be seen teo be essentially a sampled version of the continuous sinusoidal
zone plate given by Equation (2-1), except for the gate coincidence function (hy)
which causes part (or all) of the zone plate to be absent if the received pulse
envelope and gate functions do not coincide. It is normally desirahle for hg to
be a "smooth function. " That is, the magnitude of the Fourier transform of hy
should be small for frequencies greater than the reciprocal duration of hy. This
means that both the received pulse envelope and the receiver gate function also
should be smooth functions. The requirement [or hz to be a smooth function will
be apparent from the next section on image formation.

3. Image Formation

The visible image is formed by placing the recorded hologram trans-
parency with the optical field transmittance given by Equation (2-10) in the
optical system shown in Figure 2. If the sample spacings (xﬁ) are very small and
equal. the sum in Equation (2-10) becomes the convolution integral

az(x) - f (C2+C5h(u)coson) s (x=u)du (2-11a)
where Equation (2-9¢) 1is replaced by
[

h(x) := ' f(t-Tz-T)g(t)dt (2-11b)

and T is a function of Xx(x=u in Equation (2-11a)). Equation (2-11a) can be
written in complex notation as

%
az(x) = a3(x) + a3(x) + C6 (2-12)
where the star (*) denotes the complex conjugate. and
ju T
a3(x) £ C7jh(u)e s(x-u)du. (2-13a)
We can expand the exponent as
T 2 o+ 2B 2-13b
w,T % Cgru ( )
where
wo
B = V_z. (2‘13C)

15



The real image is formed by a3(x), the virtual image by a%(x). and
the zero order by C6. In the appropriately scaled focal plane, the real image
intensity i(x) is given by the square of the optical field u(x).
iB 2 jvx

u(x) J;3(v)e 1BV WV gy (2-14a)
and

. 2

i(x) - Ju(x)l”. (2-14b)

Equations (2-13a) through (2-14b) can be combined to yield

u(x) - cgfk(x-ZBv)s(v)ej(XV'BVZ)dv (2-15)
where
h(x) < H(V) (2-16)
are a Fourier transform pair.
We can neglect the phase term in Equation (2-15) berause in a well
designed system, both H(v) and s(v) are non-zero only for v ~ 0. This is trie

because the desired spatial extent of h(x) is large and s(x) small. This leads
to the following two forms for the image optical field:

ux) = Clojh(x-v)s <§%> dv (2-17a)
- Clljh(w)S(ZBw)eijdw (2-17b)

We will discuss Equations (2-17a) and (2-17b) in some detail. The
extent of the zone plate is determined by the spatial extent of the gate co-
incidence function h(x). Equation (2-17a) gives the optical field image as the
convolution of the scaled recording point-spread function and the Fourier trans-
form of the zone plate extent. Equation (2-17b) gives the optical field image
as the Fourier transform of the Product of the zone plate extent and the Fourier
transform of the scaled recording point-spread function. It is common to call
u(x) the coherent point-spread function. The Fourier transform U(w ) of u(x)
(where x and Wy are the Fourier transfcrm variables. and Wy is the radian spatial
frequency) is called the coherent modulation transfer function. From Equation
(2-17b) we see that the coherent modulation transfer function is h(wye)S (2Bwy) .

The extent of u(x) is small for a high resolution image. This implies
that h(x) should be a smooth function (as previously defined) of large extent,
and s(x) small in extent to record a zone plate of uniformly high modulation over
a large extent. Once the extent of s(x) is small enough there is no gain in mak-
ing it smaller. However, s(x) should not be too small, or else the linear dynamic
range of the photographic record of the hologram will be reduced because the
dynamic range of the film is a function of the area exposed,

16



Figure 7 shows the decrease in resolution for too large & recording
puvint-spread (unction. The low resvlution image (a) when s(x) is too large in
extent is the image produced by a zone plate lens of smaller diameter -han the
zone plate for s(x) of smaller extent (b).

Next. we will examine the point image as a function of h(x) for s(x)
suffiviently small to achieve high resolution. To do this we will approximate
s(x) by a delta or impulse function, so that Equation (2-17b) becomes

u(x) = cufh (wyed "™ dw (2-18)

Figure 8A shows the effect of identical short gates [f(t) - g(t)].
Short gate tines are times much less than the receiver delay time Ty. The
corresponding spatial extent of f(t) and g(t) are shown. Five acoustic point
scatters are shown at various distances from the receiving transducer. The
receiver delay is optimized for the cross-hatched region centered at point (c).
The gate coincidence function h(x) for these five points determines the fraction
of the energy used to record the zone plate, as shown. Soundpropagating within
the marked angles is recorded. No hologram is recorded from point (a), because
a real transducer will accept only sound within a certain acceptance angle (its
antenna radiation pattern). The sound from (a) that corresponds to the non-zero
values of ii(x) is not recorded (shown as dashed lines), because the sound is
assumed to be outside this acceptance angle. The three zone plates recorded
(b,c,d) form images (at the appropriate distance) as shown magnified hilow their
respective acoustic points. These images are enlarged and exaggerated to
emphasize their different diffraction detail. These three points are the con-
ventional point images for:

Example b - a counventional apodized or shaded zone plate
lens with a large central obscuration. It exhibits high
resolution with large amplitude side lobes.

Example ¢ - a conventional apodized zone plate lens. It
e 1ibits high resolution with small amplitude side lobes.

Example d - a conventional apodized zone plate lens of small
extent. It exhibits low resolution.

Figure 8B shows images as a function of the received pulse envelope
duration and the receiver gate duration for a poinrt centered in the receiver gatc.
All other variables are held constant. The three cases show:

Example f - both gates short. _t exhibits a low-resolution
image.

Example g - either gate short and the other gate long. It~

exhibits a high-resolution image with side lobes, typical
of a conventional zone plate lens.

17
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h(w*)

-
S(2bw*)
[ 1 I A
s(x)
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1(x)
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(a)

Figure 7. Point Images as a Function of the Recording Point-Spread
Function

(a) Poor resolution caused by a recording point-spread function
of too large an extent,

(b) Better resolution not limited by the recording point-spread
function.
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P Example h = both pates long. It exhibits a brighter high-
‘ resolution image with low amplitude side lobes, typical of
an apodized zone plate lens.

. The actual choice of available gate durations depends upon sample
seometry and location. ccho isolation and signal-to-noise <onsiderations. Acous-
tic dispersion and attenuation inside a sample with high attcnuation and/or
scatter pould be an important factor in some cases. A more detailed basis lor
thq selection-of gate durations must await further experimentation.

b, Summary

i

This section has described a simple set of parameters that yields a
s&tlstagtory holographic image. There is a fair degree of [reedom in the de-
tailed design of the system described. Certain other systems will also yicld
satisfactory ultrasonic holograms. At this time, these other variaticns secm
to offer no apparent advantage. Violations of the conditions described to re-
cord a temporally sampled ultrasonic hologram will generally result in an
inferior ultrasonic holographic image. The image may be degraded in two general
ways (1) linearly and (2) nonlinearly.

| ' Linear degradations include errors such as phase shifts and amplitude
weighting over the hologram zone plates. 1In principle, lincar degradation can be
corrected in the recorded hologram by the use of inverse linear hclographic spatial
filtering, but one would like to avoid this. Factors which can contribute to

linear degradation arise from all portions of the systecm. including the clectrical
circuits, the optical paths and the photographic film. Two areas requiring further
study are (1) the amplitude and phase transmittance as a function of the acoustic
angle of incidence through the water-to-specimen interface, and (2) the transmitting-
rece1v1ng transducer phase and amplitude response as 1 function of angle.

Nonlinehr degradation is not correctable. in general. However, non-
linear degradation can be considered within two classes: (1) nonlinearities
uncorrelated to the desired hologram signals, and (2) nonlinearities corrclated
to the desired hologram signal. Basically, uncorrelated nonlinearitics add a
random background, or noise. to the image, while correlated nonlinearities add
a nonrandom background. Nonlinearities correlated with the image are most un-
_desirable. '

' There are many nonlinear systewn degradations which can affect over-
all system performance. It 'is important that the basic set of system parameters
I out1lined earlier not be viplated, and that excessive noise, time-dependent
parameter changes (drift), electrical nonlinearitics, limited dynamic range.
photographic nonlinearitlee, and mechanical scanner motion irregularities be

minimized.

' ! Design tolerances for linear and nonlinear degradation factors are

difficult to specify because of the lack of detailed ultrasonic holographic image
data. However, thCoC data are currently being collected. 1In the abscnce of this

detailed information, conventional optical tolerances have been used for linear
!

L 20
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and nenlinear degradation tolerances. 1In this regard, the tolerances for cor-
related nenlinearities have caused the most difficulty. Often, very rigid

initial conditions are assumed to be necessary. This leads to design tolerances
that cannot be met. but the system works anyway. Although the original design
tolerances are clearly too rigid, it is not known how much, or in which direction,
thev can be relaxed. Further ultrasonic holographic image experience should re~
duce this uncertainty of the design tolerances. For this reason, the linearity
and noise properties of our system should be measured.

B. SYSTEM DESCRIPTION
1. General

In the original ultrasonic holographic system. the processing of the
received and reference signals to produce a hologram (according to the theory
outlined in the last section) was accomplished by summing, squaring, and adding
a constant (bias) before integrating, range-pating and modulating the recording
light. Although theoretically sound, the anaiogue operations required to in-
strument this approach were difficult to implement without introducing non-
linearities. scale factor changes, instabilities and long~term drifts. Although
of no consequence in che production of holograms, the system also was not com-
pletely coherent. the phase of the carrier frequency (5MHz) being completely
random with respect to each transmitted pulse. It was difficult in such a
system to maintain the proper timing relationships when transmitter pulse widths,
pulse repetition rates and other parameters were changed.

By using the carrier frequency (5MHz) as the master timing waveform,
the entire system was made phase coherent, and a much simpler implementation
used. The summing and squaring operations were replaced by simple coherent
mixing (multiplication), and the constant added by controlling the average
brightness of the recording light. This is the basic implementation of the new
transmitter, receiver and light modulator design.

A fundamental block diagram of the new system is shown in Figure 9.
The timer unit generates all of the gating waveforms and synchronizes the entire
system, The transmitter gates a portion of the 5MHz carrier frequency and
amplifies the pulsed carrier to drive the transmitting transducer. The receiving
transducer is integral with its preamplifier, and is mounted on the carriage
of the scanner.

The receiver multiplies the received signal by the 5MHz reference
signal, filters the mixed output, and integrates a selected portion of the return
signals. The output of the receiver is a dc voltage proportional to the integral
of the multiplied signals. This voltage is used by the light modulator to control
the "on time'" of a pulsed light-emitting diode, also mounted on the scanner
carriage.

22
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The phase-shifter, shown between the (imer and the recciver, is used
to shift the phase of the reference signal at each scanning line when of f-axis
holograms are made.

Figure 10 is a photograph of the complete ultrasonic holographic
scanncr with the new tank installed. The tank is constructed of one-half inch
thick plexiglass material, is 18x18x60 inches in size, and holds 70 gailons of
water. A small circulating pump with a filter is used to keep the water clean.
An aluminum block being tested can be seen in the tank at the left-hand side
below the mechanical scanner.

A very brief description of the circuit blocks in Figure 9 will be
given at this point. Detailed information. including circuit diagrams are con-
tained in reference (2).

2. Timer

The timer unit provides timing signals for the entire system which
are phase-locked to the carrier frequency of the transmitted pulses. (Although
a 5MHz carrier frequency is being used for present tests, other frequencies can
be used by changing the crystal oscillator and retuning the transmitter.) Con-
venient thumb switches on the front panel of the unit permit instant change of
pulse repetition rate. transmitter pulse width. and receiver gate start and
stop times.

The timing diagram of Figure 11 illustrates the timing intervals
availeble from the timer unit. Starting from a 5MHz input from the crystal
oscillator, the unit provides transmit and receive gates at any rep. “ition
interval from 1t0999.999 microzeconds. The first output in time is a synchronizing
pulse used for test purposes. It is fcllowed several microseconds later by the
transmit gate which is variable in width from 1 to 999,999 microseconds. Note
that the transmit gate is phase coherent with the reference signal and the transmit-
ter carrier (5MHz) from pulse to pulse. A receive gate of any width and located
at any time interval after the transmit pulse is provided by adjustment of the
receive gate start and stop times.

During most of the NDT evaluation a transmitted pulse width of 1 >
204sec was used at a pulse repetition rate of 1000 pPPs. Receiver gate widths
of 5-100usecs wei: nsed, delayed by 100-200usecs after the transmitted pulse.

3. Transmitter

The transmitter puts out a pulsed carrier which maintains the same
phase relationship between the pulse envelope and the carrier for every trarsmitted
pulse. As may be seen in the overall block diagram, Figure 9, this is accemplished
by combining the carrier and the phase-locked transmitter gate in a balanced mixer
and then amplifying the resultant pulsed rf. The mixer is a Hewlett-Packard
Type 10534B double-balanced (ring) modulator, used as a pulse amplitude modulator.
The peak power output of the transmitter is several watts.
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4. Receiver (See Figures 12, 13, and 14)

to construct the hologram. The receiver consists of two blocks in Figure 9,
the Teceiving transducer Preamp, and the receiver itsclf,

The receiving transducer Preamp is the same one used in the early
Phases of thig Program. It is mounted with the point-source Teceiving transducer
in a plastic shall on the scanning carriage. Itg 8ain is controlled by varying
the 0 to -12 Volts dc supply voltage.

The receiver Proper used a Hewlett-Packard type 10534 balanced mixer
to multiply the 5MHz reference since wave by the 5MHz received signal (pulsed)
Scattered from the Specimen. The components of the mixer output which are of
use in generating the hologram are the dc term and frequency components up to
approximately 1MHz Necessiary to reproduct a microsecond Pulse. These are

Figure 12 illustrates the rf signal into the receiver mixer from a
wire target, and the output after filtering.

Figure 12. Waveform Photographs:

Time Scale 10pusec/cm
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The integrator is the heart of the holographic receiver, and con-
siderable care had to be spent in its design and construction. The requirements
for this circuit are that it integrate the product of the received signal and the
5MHz reference signal over a preselected range-gate interval, and then "hold"
the integrated value until it can be "sampled" by the light modulator which
follows. Upon completion of the sampling, the integrating capacitor must be
discharged prior to the initiation of the next cycle. The circuit must be
capable of recycling at repetition rates of 10 to 10m000 Hz, and for combinatory
values of transmitted pulse width, receive-gate delay, and receive-gate width.

The timing relationship for the functions of the gated-integrator
is illustrated in the timing diagram of Figure 13 along with the corresponding
timing of the overall system. As shown on the diagram, integration to either
positive or negative values of voltage (+V; or -Vj3) takes place during the
duration of each receive gate, and the integrated value held for sampling. 7The
sampling hold time extends until the next transmit pulse, at which time the
integrator capacitor is discharged vack to zero volts. Note that the hold circuit
must maintain the integrator capacitor at zero volts from the time it is dis-
charged up to the next integrating interval, as well as holding the integrated
value for sampling immediately following the integration time. Figure 14 shows
the output of the gated integrator compared with a received signal at the output
of the receiver preamp. Note the integration of the signal (negative), and the
subsequent 'hold".

Figure 14. Waveform Photographs:
Upper - Received Signal Cut of Preamp.
Lower - Output of Gated Integrator

Time Scale - 20usec/cm
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5. Light Modulator

The light modulator varies the duration of the pulse applied to the
light-emitting diode (LED) which exposes the film to generate the hologram. Its
input is the integrated output signal from the receiver which has been samp led
and "held".

The timing sequence of the light modulator wirh relation to the other
important system waveforms is shown in the timing diagram of Figure 15. 1In this
diagram it may be seen that the light is turned on at the end of the receive
gate (line 5 of Figure 15) and turned off before the start of the next transmission
cycle. The turn-off time is made proportional to the integrator output hy
comparison of the integrator output with a time ramp, as indicated at point A
on lines 3 and 4 of the timing diagram. The modulator is calibrated by setting
the integrator output to zero volts and biasing the time ramp to produce a 250
micro-second long output pulse for the light, as indicated at point B on lines 3
and 4., As the integrator output voltage swings positive and negative around
Zero, the light is modulated about the 250 microsecond nominal value, as shown
in the bottom line of Figure 15.

6. Mechanical Scanner

Since the mechanical scanning mechanism being used to make the
acoustic holograms for this program was underpowered, and was suspected of in-
troducing a grating-like striation in the holograms orthogonal to the fast-scan
direction, a new motor drive system was designed early in the program. It was
expected that the new drive would not only eliminate the nonuriformities in scan,
but also that it would permit recording in each direction of scan, thus halving
the hologram recording time, and would enable off~-axis holograms to be produced
by phase-shifting of the reference signal at the start of each scan line.

Unmodulated raster scans made with the new motor drive system showed
that the vertical striations were not eliminated by the change to the constant-
speed drive for the fast scan. It is probable, therefore, that small displacements
of the carriage resulting from cyclic variations in the worm gear-worm nut
interface, are causing the striations, rather than speed variations caused by
non-uniform loading of the drive motor.

The worm gear-worm nut combination on the scanner also caused a
gradual displacement of the carriage across the direction of scan as a line was
scanned. The amount of this cross displacement was approximately equal to the
interval between lines, so that one scan line merged into another toward one
end of the scan. This fault was remedied by mechanically blocking the light-~
emitting diode during one direction of scan. However, when making off-axis
holograms, the scanner had to be scanned in both directions. This scanning defect
therefore appears in those holograms.
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Although the scanning defects just described still remain in the
syvstem. they have not prevented the generation of satisfactory holograms or
hindered the evaluation of the holographic recording system for nondestructive
testing applications.

7. 7Phase-Shifter

Off-axis holograms were produced on this program by shifting the
phase of the reference signal at the start of each scan line. This introduces
a spatial frequency across the scanned aperture which displaces the image and
its conjugate on each side of the optical axis when the hologram is reconstructed.

The phase shifter was placed in series with the reference signal to
the receiver. as may be seen in Figure 9. and is actuated by microswitches instal-
led at the ends of the mechanical scanner. A schematic diagram of the phase-
shifter svstem is shown in Figure 16. A 90° phase shift of the 5MHz reference
signal is produced by means of a small inductance and capacitor, L-C, as shown
in the schematic. The additional 180° phase shift needed to advance the phase
continuously is obtained by using a small transformer with a center-tap on the
sccondary winding. The microswitches were arranged so that the 90° phase shift
was switched at the start of each line, and the 180° phase shift switched at
the start of every other line. Thus, the ‘'.ase advanced 0-90-180-270-360 degrees,
or one cycle in 4 lines.

8. Optical Reconstruction

The images reproduced in this report were made in the optical system
shown schematically in Figure 17. Approximately 1 milliwatt of the fundamental
transverse laser mode of wavelength 0.633um is used to illuminate the hologram
transparency in plane Hy. The hologram transparency is wetted with tetrahydronaphtha-
lene and sandwiched between two optical flats (not shown) to minimize photographically
induced optical path (phase) variations and scatter. The holographic image in
plane 01 is relayed and magnified in plane 03 by lenses £7 and Z3. The holographically
formed image is photographed in plane 03 on Polaroid film along with a transparent
scale placed in plane 0; to determine the magnification between planes 0y and 05.
A typical magnification is 25 times. The image plane 0] and the corresponding
specimen plane may be determined by measuring the distance z1 by simultaneously
focusing on the transparent scale and the holographic image. Plane S1 contains
the ''zero order" stop that blocks the undiffracted light, and a circular aperture
to block light corresponding to spatial frequencies higher than the maximum re-
corded 1.4 cycles/mm, or lower as required.

Other typical parameters of the holographic imaging system follow:
the area of illumination was 2 cm. The distances are 2y = 10 to 30 cm and f .- 100 cm.
Lens £9, which is primarily a relay lens, is an inexpensive telescope objective
of focal length 25 cm and diameter 5 cm. Lens £3, which provides most of the
optical magnification, is a standard times-10 microscope objective. The circular
aperture in plane S7 is about 3 cm in diameter. The 'zero order" stop is a 0.25-mm-
diameter wire placed at 45 degrees to the fast scan lines in the hologram.
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The location and size of defects in test specimens werc detcermined
from the reconstructed images by formulas derived in an earlier report on this
program. see Reference (5). By using an optical scaling technique to locate
and measure the optical magnification of the reconstructed image, it was possible
to obtain the geometrical data needed in these formulas from measurements of
only a few key dimensions in the tank, oa the film negative. and on the optical
bench. Figure 18 illustrates the basic principles involved, along with four
formulas from the previous work.

In Figure 18, an object of size X, at a distance Z, in water i«
imaged by the lens action of a hologram to a size ¥; and distance Z,, on the
optical bench. However, the size of the hologram is m times smaller than the
size of the acoustic aperture at the surface of the water, and the image at X
is enlarged M times to Xp by the viewing or photographing optics. The value
of m is determined by the ratio of the size of the scauned area to the size of
the hologram film negative, and the focal length, [, is measured directly on
the optical bench. The dimension. Zj. and ihe magnif.cation M, between X; and
X2 are determined after the hologram. is focused by positioning a transparent
scale along the Z axis of the optical system until it also focuses at the
output Xy. Finally. if the object. X, is inside a specimen in the water, one
other dimension is needed, the distance Z,, between the hologram plane at the
water surface and the top surface of the specimen.

To determine the location of a flaw. Z, is calculated from equation(1)
on Figure 18, using measured values of m, Z] and f. The depth in the specimen
is then found by subtracting the value of Z, (measured in the tank) from Zo and
using equation (4) on Figure 18 to obtain Z'.

Since the values of m and f remained constant for the experime:ts
described in this report, a curve of equation (1) on Figure 18 was plotted to
allow Zy to be determined conveniently without calculation for any observed
value of Z7.

The linear size of an object, Xos is given in terms of the image,
X1, by formula (2) on Figure 18. The additional magnification, M, used in
photographing the image was measured, as described earlier, so that the flaw
dimension in terms of the photographed dimension is given by

m/( f
Xo = ¥ (f-Zl) X (2-5)
In our system, the value of m was 15.5 times, and f was 113.5 centimeters.
)
Since the ratio (E-Zl was about 1-1/2, a magnification, M, of about 20 to 25

produced a full scale image of the hole in the block (X, = Xy in equation (2-5)).
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SECTION III

EXPERIMENTAL PROGRAM

A. GENERAL

In order to evaluate the capabilities of the acoustic holographic
system for NDT applications, several system configurations and modes of opera=-
tion were used to make holograms of representative types of defects in metal
test specimen blocks.

The simulated defects were oriented and located in the test speci-
mens as they might be under actual NDT applications. This provided a variety
of test combinations as depicted in the flow chart of Figure 19,

By following the flow chart of Figure 19 from top to bottom, it
may be seen that two basic NDT techniques were investigated (contact and im-
mersion techniques), using two modes of signal transmission (monostatic and
bistatic), and two modes of introducing the reference signal (on-axis and
off-axis). Defects were considered to be of four basic types: cracks, voids
inclusions and (poor) bonds, and were incorporated in the specimens in such
a way as to test the sensitivity, resolution, field-of-view and other character=
istics of the system. Operating parameters of the system could be changed in
a number of ways, as indicated at the bottom of the flow chart.

B. TEST PROGRAM

1. NDT Techniques

The contact and immersion techniques are basic methods of "{1luminat ing"
the interior of a test specimen in conventional pulse-echo NDT applications, and
refer to the position of the transmitting/receiving transducer (s) relative to
the specimen. If the transducer is placed directly on a surface of the specimen
(coupled through a thin layer of oil or water), the specimen need not be immersed
in a fluid. If the transducer(s) is not in close contact with the specimen,
both the transducers and specimen must be immersed in a fluid to obtain the
acoustic coupling. Since in the holographic system it is desirable to map the
acoustic field over a relatively large aperture, one of the transducers (receiving
or transmitting) cannot be in contact with the specimen, and the specimen must
be immersed in a fluid. The contact and immersion techniques in this case refer
to the relative locations of the transmitting transducer, as illustrated in
Figures 20a and 20b,

37



Contact

Bistatic

On=-Axis

Cracks
Bonds

Clear

One~Hole
Three=Hole
Displaced Holes
Inclusion

Pulse Length
Gate Width
Receiver Gain
Scar Direction
Scen Interval

NDT
Technique

|

Trans~
mission
Mode

|

Reference

Mode

Defect
Type

|
'

Specimen

Parameters

Hologram

Immersion

Monostatic

Off-Axis

Voids
Inclusions

Resolution Holes
Alcoa Type A Voids
Cylinder Hole
Ceramic Bond

Plate Bond

Erposure
Angle of Illum,
Distance

Figure 19.. Flow Chart for Holograpl.ic Testing Program

38



Recelving
Y / Transducer X
\ E= /
\ — /A
\\ // Hologram
\ / Scanning
\ / Plane
\\ /
\ 1/
. \\ /’ Transmitting
Specimen \(\ Transducer
< ‘
Defect

Recelving
Transducer
Y o ! ) X
v 4 v
\\ - / f
\\ // Hologram
\ / Scanning
\ /  Plane
\
\ // Transmitting Transducer
“\ .f; e —
Specimem | ){
f e
Delect

b. Immersion Technique

Figure 20. Ultrasonic Nondestructive Testing Techniques

39



Alchough the first nltrasonic holograms made in this program were
made by fastening the transmitting transducer to the specimen, according 1o
Figure 20a, it would be much more convenient in practical NDT applications if
the transmitting transducer did not have to be fastened to the specimen. Onc
of the first series of tests conducted, therefore, was a comparison of these
two methods of illuminating the specimen,

2. Transmission Mode

The monostatic and bistatic modes of transmission are conventionally
used to classify radar and sonar system configurations according to the number
of stations used. When the transmitter and receiver are co-located, the system
is called monostatic. In this mede of transmission the transmitter and receiver
are always ''looking" in the same direction, and the transmitting and receiving
transmission paths from the station to the target are essentially the same,

When the receiver is not located in close proximity to the transmitter, the
system is bistatic, and the transmitting and receiving paths from the stations
to the target are not the same. In the monostatic mode the signal received
from an illuminated target is entirely backscatter, whereas in the bistatic
mode most of the received signal is derived from forward or side scatter from
the target, and very little from backscatter.

Diagrams illustrating the mono- and bistatic transmission modes used
with the holographic system are presented as Figures 2la and 21b, respectively.
In the monostatic case, Figure 2la, a small transmitting transducer was mounted
alongside the small receiving transducer and scanned with it to generate the hologram.
The advantages of this mode are the ease with which the entire volume of the
specimen can be illuminated, the doubling of the theoretical angular resolution
attainable, and the ability to search the volume in parallel strata by range-
gating. The disadvantages of this mode are the additicnal circuit complexity
required to transmit and receive from the same transducer (or from transducers
very close to each other), and the fact that a high~-gain transmitting transducer
cannot be used if a large scanning aperture is used for purposes of achieving
high resolution.

The biastatic mode, shown in Figure 21b, was used for most of the
testing. It simplifies transmission problems by separating the transmitter and
receiver, but makes it difficult to illuminate all of the interior volume of
the specimen. Note that either the contact or immersion techniques may be used
with this mode, while only the immersion technique can be employed with the
monostatic mode,

3. Reference Mode

signal. When the reference signal is simply a sample of the transmitting signal,
its smplitude and phase are constant across the aperture, and upon reconstruction
of the image (by taking the optical diffraction pattern) it is found that the
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image and its interfering conjugate image are centered direcsly on=axis of the
optical output. The first holograms constructed by D. Gabor? were mad¢ in

this manner, and an on-axis referenced hologram is often called a Gabor hologram.
From an optical approach, the image and its con jugate are centered on the zero-
order term of the diffraction pattern. From an electrical signal analogy, the
Output spectrum and its conjugate spectrum are centered at zero frequency,

Just as the spectrum of two interfering electrical signals may hc
separated by heterodyning or beating the input signal against a reference
signal of a different frequency, so can the optical images produced upon re-
construction of the hologram be separated. Off-axis images are produced by
using a veference signal having a spatial frequency across the aperture which
differs from zero.

Since the frequency of a spatial wave is the rate of change of
phase of that wave with respect to distance,

f-d2 Lo (3-1)

dx  Ax

a spatial frequency across the aperture may be formed by changing the phase of
the reference signal at each scan line as the aperture 1s scanned. If a 90°
change in phase were introduced into the reference signal at the start of each
scan line, for example, a spatial frequency of 1 cycle per 4 scan lines would
be introduced into the reference signal. This would separate the reconstructed
image from the reconstructed conjugate image and place them on either side of
the output optical axis. Thus, the desirable image would be separated from the
interfering conjugate and from the interference of the undiffracted light at
the zero-order.

Off-axis holograms were generated by shifting tlie phase of the re-
ference signal as described above. Microswitches were installed at the ends of
the mechanical scanner to actuate a phase shifter in series with the refcrence
signal to the receiver. A schematic diagram of the phase-shifting system was
shown in Figure 16 under the System Description.

4. Representative Defects

Almost any type of defect in an opaque specimen can generally be
classified as some sort of a crack, a void, an inclision, or a defective bond.
Grain structure within a metallic specimen is essentially a field of microscopic
cracks. Gradual changes of refractive index, or similar discontinuities,
within a nonmetallic specimen may be considered to be of the same general nature
as a bond. In this investigation, most of the work was done with simulated
defects, using long thin drilled holes broadside to represent cracks, and flat-
bottomed holes on-end to represent voids. A broken-off drill pcint imbedded in
an aluminum block was available as a form of inclusion, and two specimens, one
of teflon bonded to aluminum and the other of tefloa bonded to glass, were
available as bond defects,
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5. Test Specimens

The specimens made to evaluate the holographic system incorporated
the simulated cracks or voids in aluminum blocks. The simulated cracks werc
distributed in six of the blocks (one block was clear), and were used to evaluate
the various modes of operation, as well as to check system performance in the
areas of resolution and coverage. Oblique drawings of these test blocks are
shown in Figure 22a through 22f with their important dimensions.

The clear block., Figure 22a, was used as a control in the experiments
and proved to be extremely useful in setting up the experiment:, identifying
signal paths, and otherwise clarifying the results. The block with the single
hole, Figure 22b, was used in the majority of tests of equipment and techniques
since it provided a single strong signal, well isolated from extraneous "noise'.
The three-hole block, Figure 22c, provided a compiex array of simulated cracks
from which problems of shadowing, range resolution, and optical focusing could
be evaluated.

The test block of Figure 22d was made to test system resolution and
had three pairs of 0.040-inch diameter holes, 1.375 inches deep. One pair of
holes was 1/16 inches apart, the next 1/8 inches apart, and the lasc pair 3/16
inches apart. The coverage block, Figure 22e, was made to check the ability of
the system to detect cracks near the corners,while the cylindrical block,
Figure 22f, was made to check the effects of surface curvature. The coverage
block, Figure 22e, also had an imbedded drill point in the center,as shown,
which was available as a form of inclusion.

The remaining test specimens used in the experiments are illustrated
in Figures 23a, b, and c. Figure 23a shows the dimensions of a set of 4 ALCOA
Series A aluminum test blocks used to simulate voids of varying sizes. These
blocks were made for pulse-echo testing, and have smoothly ground, flat-bottomed
holes drilled up from the bottom and plugged with wax. The hole diameters range
from 1/64 to 1/16 1inches in diameter, as indicated in the table on Figure 23a,
When illuminated from the top. these blocks provide simulated voids of various
diameters (the flat bottoms), located at a fixed depth (3-1/4 inches) from the
top of the block.

The bonded plate., illustrated in Figure 23b, was a sheet of teflon
material 1/4 inch  thick bonded onto a sheet of aluminum 1/16 inch thick. The
only information available on the plate claimed that is had defects in the bond,
but of unknown size and location. The bonded teflon-glass specimen, Figure 23c,
was a portion of a lens casting with ribbed walls of teflon hexagonal honeycomb

——— - | — . . o= . — = TS e = — -

e e

construction bonded to a 1/2-inch thick piece of glass. It also was purported to have

bonding defects at the cell boundaries.

6. Parameter Variations

Throughout the generation of acoustic holograms with the holographic
system, many changes of system parameters were made, as outlined at the bottom

of the {low chart, Figure 19. In general it was not found that system characteristics,

such as pulie length, gate width, receiver gain and others, were very criti:al in
the holographic system.
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7. Hologram Film Processing

The film negative upon which the acoustic hologram is recorded in
our system is used as a square~law detector as well as a spatial storage device.
Ideally, the intensity of the sum of two spatially w.ccdulated coherent wave fronts
incident on the film is to be recorded in such as w:v as to obtain linearity
between this intensity and the amplitude transmittance of the recording. Thus,
upon reconstruction in a coherent optical system, the amplitudes of the incident
waves can be faithfully recreated from the stored data.

If A, and A2 are the complex amplitudes of the coherent wavefronts,
then we want

X - Al(x,y) 1 Az(x,y). (3-2)

To obtain this linearity in amplitude it is necessary that

I(x,y) - |A|2 KTa(x,y) (3-3)

where I is the incident intensity
Ta is the necessary amplitude transmittance
K is a constant of proportionality

Since the exposure E is the intensity, I(xly), multiplied by time. T, equation (3-3)
may be written

E(x.y) == K'T_(x,y)

To obtain a faithful reconstruction, therefore. it is desirable to operate over
a linear portion of the exposure vs amplitude transmittance transfer function of
the film.

Since the negatives of the 35-mm hologram film for this
program were developed on an automatic processor (VERSIMAT), accurate control
of the processing could be obtained by changing the speed of the film through
the solution. However, since film development is monitored by a densitometer
using the D-log E curve (H-D or Hurter-Driffield curve), a conversion from that
data to the amplitude transmittance vs exposure curve had to be made in order
to select the exposure which provided the best linearity. The method of determining
and monitoring the best exposure is outlined here.

Before developing any hologram negatives on the VERSIMAT automatic
developer, several runs were made using standard test wedges exposed on the film
type being used (S0-243 high-definition aerial film). The densities of the steps
on the wedge were measured on a densitometer and the H=D curve plotted. Figure 24
is a typical plot for a film speed of 19 feet per minute. A print of the step
wedge is shown on the right~hand side of the figure.

46



SENSITOMETRIC DATA SHEET .

T }' ? —]'iﬁ.vc:rp 42/ 3{01”/ TEaT u(ls. 3
LM TYeg s a - z 43 IIMULIION NO. DATE l |
WA 314N BTV YIME LIV TF, ™
Veespmar [~ 7o e
CPL. RaYE: BV, [2E]

T MX-6 41

e

mllé-‘,g TeTRTAL NG, CELE /o-s ; rluuu ! CAI.IIEIAYID CATE
._"W4a£rf/ SCAIAL N, APEAATURE T CALIGNATIO DATE

Ly /" [.mu»

}uu ros &. z 6 le L * org

IMARKS: KV.S"(AD Pﬂcx

I‘AV oR A 4

14

14

i3

o

2-0420-00

Figure 24. D-Log E Plot of $0-243 Hologram Film Negative

.- .
i T [ R L
I 11} .. (]

S 5 = e O .;:i'-'i 7]
L 21§ [e]
ABRSOLUTE LOG

1.u|

ul

RELATIVE LOG EXPOSURE

47

g 1‘ tEHEEHT



! The D=log E curves were then converted to amplitude transmittance
versus exposure curves by using the relationship between density and transmittance.

.D

Tp . 10" -- power transmittance
1 8
TA : VIOI.- amplitude transmittance

[Figure 25 {11lustrates E-T_ curves made for several film speeds on the VERSIMAT.
When these curves are coapared with the D=log E curve of Figure 24 for the same
film, it will be noted that the linearity region on the E-Ta curve does not
coincide with the 'linear region of the D-log E curve, but corresponds more with
‘the toe and lower part of the linear region of the D-log E curve. In general,
thereforé, the hologram film which is optimally recorded appears to be underexposed
by conventional standards.

‘ Based on the results of Figure 25. a machine speed of about 20 fpm
was used in developing the 15 mm hologram negatives, and film exposures were used
to place the operating bias somewhere near the center of the linear portion of the
curve, point A in Figure 25. The results achieved by this method are illustrated
by the example bf Figure 26, which is a microdensitometer recording made by taking
one cut across an acoustic hologram. The hologram was that obtained from a steel-
ball target in the tank, and consists of a series of dark and light rings typical
of a Fresnel zone plate. Since the microdensitometer output is plotted as power
transmittance, T , the square root of the plot must be taken in order to relate
it to Figure 25.P This was done by placing an amplitude transmittance calibration
scale on the tape, as shown. Note that the negative is underexposed by convention=
al standards, and has a Ta range of 83-95. By marking this range on Figure 25,
it may be seen that a slightly more dense negative (increased exposure) is needed
to place the médulation range closer to the center of the linear portion of
the curve, point A.

It is necessary to point out that the method described here for
establishing the exposure and development of the film holograms is not completely
accurate because of the difference in wavelength and spectra of the illuminations
used. The step wedges were exposed with white light, while the holograms are
i1luminated with coherent light at 633 mm wavelength. Also, the hologram itself
is made at a:wavelength of 700 nm from a light-emitting diode. However, it is
not felt that a correction for these differences would significantly alter the

calibration achieved.
, ;
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SECTION 1V

EXPERIMENTAL RESULTS

A. GENERAL

The experimental tests carried out on this program were aimed at
optimizing the ultrasonic holographic system and evaluating its use for NUT
applications. They were accomplished by investigating the combinations of
techniques, operating modes and simulated defects outlined under the Experimental
Program. Section III. of this report. Over 130 holograms were made and analyzed
during these experiments

B. HOLOGRAMS GENERATED

The holograms generated during the course of this program are tabu-
lated on the 21 pages of Table 1, and illustrated by small photographs on the
six pages of Figure 27. The tabulation and photographs are chronological ac-
cording to the order in which they were made. As may be noted in Table 1,
each 35mm film loading was labeled by a letter from A through U, and contained
from 1 to 16 exposures.

The headings at the top of Table 1 1list the system parameters of
interest to the evaluation. An explanation of their meaning is given below.

SERIES Letter from A through U identifying roll of film exposed.

Number from 1 through 16 identifying the exposure.

TECHNIQUE - Immersion (IMM) or Contact (CONT) method of illuminating
the specimen.

MODE - BISTATIC (1-way) or MONOSTATIC (2-way) modes of transmission
used.

REFERENCE -~ ON-AXIS reference signal or OFF-AXIS reference signal (using
the phase-shifter).

XMTTR - Transmitter characteristics
PL - Pulse length ir. microseconds
PRI - Pulse repetition interval in microseconds

RECEIVER - Receiver characteristics
GATE - Receive gate limits in microseconds
GAIN - Receive gain 0 to -12 volts dc on preamp, highest gain -
= 12 volts.
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SCAN - Mechanical Scanner Characteristics
MODE - 1 : 1light blanked during return trace
2 - no light blanking during return trace,
equals 2-way scan
INI - Size of stepping interval on step scan
Each integer equals 0.015 inches per step
TIME - Total time of scan and exposure

t-NO - Camera f-stop (with time exposure)

SPECIMEN - Description of Specimen according to Figures 22 and 23 in
Section III.

REMARKS - Additional Comments.

Inspection of Table 1 shows that most of the experimental work was
done with the very simple simulated defects discussed ¢ 'rlier under the test
program. This was based on the decision to evaluate the fundamental behavior
of the system and evolve the basic NDT teciniques first, before spending a
sreat deal of time and effort in obtaining and testing real defe.ts. Although
the real defects would possibly be more representative of NDT problems. they
would also be considerably more complex than the simple drilled holes. and data
on their precise characteristics would bhe difficult to nbtain. Representative
real defects would be more useful in evaluating a completely defined prototype
system.

Therefore, a considerable effort was spent in trying to arrive at
an optimum system using the clear, single-hole, and three-hol: blocks. It was
hoped that the ultimate system would not require a modification of the specinen.
or the mounting of a transducer on the specimen itself. By limiting the tests
to these elementary simulated defects it was possible to investigate the dif-
ferences between the contact and immersion techniques. and arrive at a better
understanding of their possibilities. Over 50 separate photographs of recon-
structed holograms were made of these three specimens on this particular pro-
blem.

C. TESTS PERFORMED

Before discussing the experimantal results in detail. a general re-
view of the holograms in Table 1 would be helpful. The series A and B holograms
were made in a small tube of water immediitely upon completion of the revised
system. Since no images of the single hole could be obtained in the reconstruction.
a single wire target was used in the C. D. and E series of holograms. Excellent
images were reconstructed from the wires (see reference 2, page 47, Figure 31),
thus verifying that the new receiver, light nodulator and other electronic circuits
were functioning properly.

The F series holograms were made just after the ‘nstallation of the
larger water tank, and were made at a range of approximatel’ 40 inches. from
target to receiving transducer, the longest range known to have been used at
that time at a frequency of 5MHz. The long range experiments covering holograms
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Figure 27. Ultrasonic Holograms Generated on Program
(See Table I). (six pages)
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Figure 27. (Cont.)
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through series J were carried out on a Perkin-Elmer related IR&D program, but
the results obtained were of considerable value during tue remainder of the work
on the NDT program.

The holograms made at long range of the steel balls (G-1, particularly)
were especially valuable for calibration and analysis work (See Reference 3,
page A-4, Figure A-1). since they behaved as almost perfect point scatterers.
G-1, the hologram of a one-inch diameter ball was also used for the computer
generated image reported in Appendix B of reference 3, and summarized in
Appendix B of this report.

Holograms made of other small targets at the long range produced
surprisingly good images upon reconstruction (see Figures 28 and 29, for example),
but emphasized immediately the prevailing problem of high frequency underwater
imaging - the effects of specular reflection. Most objects appear very smooth
at an acoustic wavelength of 0.3mm (5MHz frequency). and reflect an image of
the illuminating transducer at target aspect angles which direct the reflection
into the receiver. The reconstructed image of a small coin illustrated in
Figure 29 demonstrates this effect. The coin was approximately one inch in
diameter and located at range of 40 inches from the receiving tranrsducer.

The K-series of holograms covered some experiments in which the
targets were placed close to the receiving antenna (on the acoustic mirror in the
tank), and on the use of diffuse scatterers. The L-series were made using two
small balls to check resolution capabilities at the long range, and using one
small ball at various ranges from the receiving antenna. The remaining series
of holograms, M through U, were made for NDT evaluation at shorter ranges.

Commencing with the M series of holograms and continuing through
R-4 all of the experimental testing was concentrated on the difference in per-
formance between the contact technique of illuminating the specimen and the
immersion technique. Since the results of this work were covered thoroughly
in the third semi-annual technical report. reference 3, they will be only
summarized at this point.

The difference between the contact and immersion techniques was
illustrated in Figure 19 in Section III of this report. It would be very desirable
if most holographic NDT work could be dcne without altering the specimen or
fas.ening a transducer onto the specimen. It was especially important. therefore,
to investigate these two techniques.

1. Contact Technique

When a wide-angle illuminating transducer was fastened to one end
of either the blank test block or the one having the single hole, two strong
pulse signals were observed as the receiving transducer was scanned along the
block from X to Y in Figure 30. One of the signals had a delay time of 92
microseconds when the receiving transducer was directly over the edge of the
block where the transmitting transducer was fastened (front), and increased in
delay time to approximately 108 microseconds as the receiving transducer scanned
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a. Photograph of Plate b

Reconstructed Image

Figure 28. Reconstructed Image of 3/16-Inch Wide Slits in Aluminum Plate
(range approximately 40 inches)

a. Photograph of Coin b.

Reconstructed Image

Figure 29. Reconstructed Image of 1-Inch Diame

ter Coin (range
approximately 40 inches)
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107.5 104 107.5 p sec. (Hole)
107.5 \ 101.5 5.5 ! 92.}1 sec. (Transducer)
\ \ T :
\ | Hologram
\ | Plane
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\ J
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* |
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Water \ I
V. = 0.059In/ |
i sec |
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|
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i..
/ Transmitting
Aluminum Hole Transducer

Block

VL

= 0.247 In/psec

Figure 30. Calculated Signal Paths and Delay Times (Hole Defect and

Direct Transducer)
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along the block to a position about cne inch beyond the rear edge. The second
signal did not appear until the scanner was approximately ovar the center of
the test block, and was larger than the first. Its delay time went from 105
microseconds, when the signal first appeared, to approximately 130 microseconds
at the end of the scan.

Oscilloscope photographs of the two received signals are shown in
Figure 31. Figure 3la was taken with the transmitting transducer fastened to
the clear aluminum block, while Figure 31b was taken with the transducer fastened
to the block with the single hole. A three-microsecond transmitted pulse was
used. The time scale in the photographs is 10 microseconds per centimeter, and
the two small pips at the third and seventh centimeter locations are markers
that define the start and finish of the receive gate, which was set from 90 to
130 microseconds. The receiving transducer was located approximately over the
hole in the block, and at this point the first signal had a time delay of
approximately 98 microseconds, and the second signal a time delay of approximately
110 microseconds, as may be seen in the photographs. A signal from the hole
should be present within the 104- to 107.5-microsecond range.

Since the two strong signals occur at time delays which overlap
the expected time delay of the hole defect, it was not possible to positively
identify the signal from the hole at any location of the receiving transducer.
Figures 3la and 31b indicate very little difference between the signals received
from the block with the hole and the block without the hole.

By plotting the possible propagation paths and calculating the
delay times graphically, as shown in Figure 30, the first interfering signal was
identified as the direct pulse from the transmitting transducer. This signal
is propagated as a longitudinal wave in the aluminum and the water, as indicated
by the dotted lines in Figure30, with refractive bending at the aluminum-to-water
boundary in accordance with Snell's law. The source of the second large pulse
signal was found to be the reflection of the transmitted signal from the bottom
of the block.

Figures 32a and 32b are enlargements of the acoustic holograms
made from the two block specimens just described. Figure 32a was made by
illuminating the block without the hole, while Figure 32b was made by illuminating
the block with a single hole. Although the pulse signals observed from each were
essentially identical, as shown in Figures 3la and 31b, the holograms were decidedly
different. The hologram of the clear biock (Figure 32a) shows the zone plate
originating over the leading edge of the block and the fine fringes toward the
rear edge of the block where the bottom echo signal predominated. The hologram
of Figure 32b has, in addition to these zone plates, a new zone plate with its
zero phase area located over the region of the hole. Thus, even though the pulse
echo of the hole was not readily discernible in the clutter, the zone plate it
created was made visible by the coherent detection processing.

Reconstructed images made from the holograms of Figures 32a and 32b
are illustrated in Figures 33a and 33b, respectively. In these holograms the
direct image of the transmitting transducer fastened to the block specimen is
showr. &as a brightpoint at the right center of the photograph. The image of the
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a. Aluminum Block Without Hole
(Scale 10usec/cm

b. Aluminum Block with Single Hole
(Scale 10usec/cm

Figure 31. Received Signals - Contact Technique
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a. Aluminum Test Block Without Hole

b. Aluminum Test Block With Single Hole

Figure 32. Acoustic Holograms - Contact Technique
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a. Aluminum Test Block Without Hole

b. Aluminum Test Block With Single Hole

Figure 33. Reconstructed Images - Contact Technique
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Figure 34. Immersion Testing Technique Setup in Tank '

hole may be seen to the left of the transmitting transducer in Figure 33a, but

is not seen in Figure 33b. ‘ !

2. Immersion Technique

In implementing this technique, a high- gain transmitting transducer
was placed about 4 inches away from one end of the test specimens, as shown in
Figure 34 (also visible in a 90-degree rotated orientation in the photograph of
the overall system, Figure 10). It was hoped that sufficient energy cduld be
transmitted into the bluock and scattered from a defect to produce a useful hologram
at the scanning plane. Difficulties were anticipated in obtaining good results
with this technique because of the high percentage of acoustic energy reflgcted
away from a water-to-metal (aluminum) interface, the large refractive angles
experienced by the longitudinal and transverse waves propagating in the block
from the point of incidence of the illuminating beam, and the rélatively narrow
beam of the illuminating transducer.



When the test 'L.ocks are illuminated by the high-gain traasducer,

using the immersion technique, the signals received from known defects within

; the blocks are much stronger than those received from the same defects when the
small, low-gain transducer is used in contact with the block. At the same time,
spurious signals from multiple reflections within the specimen (occurring within
the range of expected defect signals) are not as prevalent or as large in amplitude
as when theicontact technique is used. This is undcubtedly the result of the
higher gain and increased directivity of the illuminating transducer.
e Accorhing to the plot of signal paths and time-delays the signal

from the 'single hole should appear at a time delay of 168 to 177 microscconds

and indicate a zero change in. phase directly over the hole. This was verified
experimentally, as shown by the photograph of the signal received from the hole

in Figure 35b.' In the photograph the timc scale is 10 microseconds ver centimeter.
and the receive gate marker pips occur at 162 and 202 microseconds. The signal
from the hole may’be seen as the strong J-microsecond-long negative pulse-starting
at 168 microseconds in Figure 35b. Note that the signal from the hole is clearly
discernible and not obscured by noise and clutter, as was the case for the contact
technique. Tigure 35a is the corresponding photograph of the signals received
'from the block without a hole.
Holograms made from the clear and single-hole blocks under these
conditions are illuystrated in Figures 36a and 36b, respectively. Because of

the strong signal return from the hole and the relatively weak returns from
spurious reflections, 'the zone plate from the hole predominates in the hologram
of the single-hole block (Figure 36b). However, it may be noted in the hologram
that the zone plate produced by the hole is not complete and the lower fringes
are not present. THis is probably caused by refraction of the collimated
illuminating source away from a portion of the hole and not by any tilt of the
hole with respect to the §ampling'p1ane.

. ! The necongtructed imagés made from the holograms of Figure 36 are
shown in Figure 37. The hologram of the clear block, of course. produces no
image, Figure]37a, while the hologram of the block with the single hole produces

!
'
i
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a. Aluminum Block Without Hole
(Scale: 10usec/cm)

b. luminum Block With Single Hole
(Scale: 10psec/cm)

Figure 35. Received Signals - Immersion Technique

89



a. Aluminum Test Block Without Hole

b. Aluminum Test Block With Single Hole

Figure 36. Acoustic Holograms - Immersion Technique



a. Aluminum Test Block Without Hole

b. Aluminum Block With Single Hole

Figure 37. Reconstructed Images - Immersion Technique



a strong image of the hole. Figure 37b. Because of the lack of strong interfering
signals within the range-gated interval encompassing the hole signal, the hole
image is exceptionally clear of extraneous background caused by defocusecd images
of the transducer received either directly, or by refiection from the internal
surtaces of the block specimen. The image focuses sharply and the signal-to-noise
ratio of the output image is high.

Although the tests performed to date demonstrate that better results
are obtained by not fastening the transmitting transducer to the specimen to
be tested, it must be recognized that a much smaller transmitting transducer
was mounted on the block for the contact tests than was used in the water for
the immersion tests. The transducer fastened to the block was only 10 wavelengths
(1/8 inch) in diameter, while the one used for the immersion testing was 170
wavelengths (2 inches) in diameter. The difference in power gain between the
two is approximately 25 dB. The smaller transducer was used on the “lock to
provide wide angular coverage which would illuminate the entire interior of the
specimen. The larger one was used for the immersion testing to make up for the
additional water path attenuation and the loss due to reflection at the block
face. If a larger transducer were mounted on the block, the image of the single
hole defect obtained with the contact technique would probably be as good or
better than that obtained with the immersion technique. Holograms made of the
same single-hole block earlier in the program using a one-half inch diameter
transducer mounted on the block produced ir.iges comparable to those obtained
with the immersion technique.

After completing the analysis of the contact and immersion techniques.
all remaining testing was done asing the immersion technique. Since only the
clear and single-hole blocks had been used in that anulysis, the more complicated
three-hole block was chosen next and it provided excellent holograms (S=6 and
S=7). These were analyzed thoroughly in the reconstruction phase.

At the same time, a small transmitting transducer was mounted
di-ectly alongside the receiving transducer on the scanner carriage. so that
monostatic (two-way) transmission could be employed (holograms R5 through S-1).

Reconstructed images of the three-hole block using the immersion
technique were strong and focused well according to their depth in the block.
However, multiple reflections of the holes from the bottom, top, and sides of
the specimen (internal) were quite numerous and strong at several focusing
positions within the rance of interest. Figures 38a through 384 illustrate
what was attained with this reconstruction.

The images reconstructed in Figure 38 were made by focusing the
optical system to provide 10 equal intervals of depth within the block between
its top and bottom surfaces. To obtain these calculated depths, the distance
between the hologram plane and the image plane being examined was varied from
20cm to 48cm in ten 2.8cm steps. Figure 38a, made just below the top surface
of the block at 22.8cm, illistrates the multiple reflections which can be pre-
sent. The holes in this block (see Figure 38) are located so that the one in
the center of the reconstruction is above the others, the one to the left of
the top one is midway between the top and bottom holes, and t'ie bottom hole is
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(a) b - 22.8cm (b) b - 25.6cm (c) b - 28.4cm
ND = 0.6

(d) b = 28.4cm (e) b = 31.2cm (f) b = 34.0cm

(g) b = 36.8cm (h) b = 36.8cm (1) b - 39.6cm
ND = 0.6 ND = 1.0

(i) b = 42.4cm (k) b := 45.2cm (1) b = 48.0cm

Figurc 38. Reconstructed Images from 3-Hole Block,
Immersion Technique



directly under the top one. 1In the reconstruction the top hole focuses first
betwean 31.2 and 34.0cm, the left-hand hole around 34.0cm and the bottom hole
just to the right of the top at 36.8cm. If shorter exposures are used. it will
be noted that all three holes may be clearly seen at one time, both near the top
of the block, Figure 38d, and near the bottom, Figure 384%. Although it may
appear from these photograpghs that it would be very difficult to locate the
holes positively if their locutions were not knowa, it is not that difficult
when using the optical setup. Figure 39, for exsmple, is an enlarged photograph
of the top hole when it was focused precisely. ‘lowever, care must be taken in
interpreting the results, as is the case in conventionai pulse-echo testing.

Figure 39. Enlarged Reconstructed Image of Top Hole in 3-Hole
Blank (see Figure 38e)

3. Monostatic Transmission

Since good images were being produced by thc immersion technique, it
was expected that very good results would be obtained by mounting the transmitting
transducer on the carriage of the scanner alongside the receiving transducer and
transmitting and receiving from the scann~r. It was reasoned that, since the
transmitted energy was directed throughout all porticns of the specimen by the
scanning action, this mode of transmission would at least duplicate the
results of the previous immersion testing. Also, it had been found during the
immersion testing that the backscatter from the defect was much stronger than the
forward scatter (see the third semi-annual technical report, reference (3), page 20)
which would favor this mode of transmission. Then, there is a doubling of the
theoretical resolution obtainable from two-way illumination, since the phase and

amplitude of a signal are affected by the position of both the transmitting and
receiving transducers.
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The holographic scanner was rodified for mono:static transmission by
mounting a small transducer on a metal plate alongside the receiving transducer.
The same transducer that was mounted on the specimens for the contact experiments
was used. It was a piece of PZT material about 1/16~inch in diameter mounted on
a 1/32-inch thick piece of aluminum, so that transmission was downward through
the aluminum mounting strip. The spacing between the transmitting and receiving
transducers was approximately one quarter inch, but the coupling between the two
was very slight.

Although the holograms generated by this technique appear to be ex-
cellent (see holograms R-5 through S-1. and T-6). the results upon reconstruction
were very disappointing. When making the holograms, it was recognized immediately
that the top surface of each specimen reflected a very strong signal which would
have to be gated out. Consequently, the receiver gate was set to open immediately
after the echo return from the top surface of the specimen was completed. Recall.
however. that the velocity of sound in aluminum is approximately 1/4 inch per
microsecond. so that receive gate would have to be opened within 8 microseconds
after completion of the leading edge return pulse in order to see a defect 1 inch
below the surface (4 usec transmission time each way). Despite this precaution,
some of the surface scattering generally leaked through. However, no signals
internal to the specimens were discerned. !

Figure 40a is typical of the results obtained on the block specimens
with the monostatic technique. The specimen was the single-hole block. and it
had 1/8=-inch thick rubber pieces glued to the top edges of the block to inhibit
radiation from all but the top flat surface of the block. The hologram for this
case is R-7. It is interesting to note that although these rubber strips were
essentially perfect attenuators for any acoustic propagation through them (trans-
mission), they were excellent reflectors of normally-incident radiation. The
reconstructed image of Figure 40a clearly shows the rubber strips glued around
the block. However, no image could be focused at any depth within the block.
Figure 40b is a similar reconstruction of the single-hole block with the rubber
pieces removed. Again the interferogram of the surface may be seen with no sign
of the hole.

The same results were obtained later, when a set of ALCOA-A series
test blocks were also tested with the two-way transmission. The ALCOA-A series
blocks are aluminum cylinders 1% inches in diameter, and 4 inches long, with
holes of varying diameter bored in from one end. The holes have accurately
ground flat bottoms, so that when the blocks are placed on end and '"looked at"
from the top they appesr as void defects of different sizes. The voids, varying
in size from 1/64 inch to1/16inch in the blocks we had, produce very strong
echo returns when tested with a conventicnal pulse-echo two-way transducer in
contact with the end opposite the hole. However, as may be seen in the recon-
struction of hologram T-6, Figure 41, the 1/16 inch diameter hole cannot be seen.

:
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a. Rubber Pieces Glued to Edges (No Image of Hole)

b. Rubber Pieces Removed (No Image of Hole)

Figure 40. Reconstructed Image of Single-Hole Block-
Monostatic Transmission (No Image of Hole)
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Figure 41. Reconstructed Image ALCOA ~ Series A Test Block
No. 4 - 1/16 Inch Diameter Void, Monostatic
Transmission (No Image of Hole)

Care again was taken to gate out the surface return, but just a faint outline of
the cylinder may be seen. Focusing through the block also produced no image.

It is reasonable to expect that the greater signal strength received
by the pulse-echo test equipment, as compared with the holographic scanner, is
a result of the much larger transmitting/receiving transducer used with the
pulse-echo equipment. Wide-angle transducers must be used with the holographic
scanner in order to attain the full resolution capability of the scanned aperture
size. This results in extremely low transmitting and receiving gain (2 to 3 dB
gain each way), as compared to the 20 to 30 dB gain each way for the pulse=-echo
transducers. If higher gain (larger) transducers were used, the simulated volds
would have been seen, but at a sacrifice of overall system resolution.

4. Off-Axis Reference

The next system tests were accomplished with an off-axis reference
signal. As explained earlier in this report, a reference signal with a linear
phase change across the aperture is equivalent to superimposing the interference
pattern from the defect on a "carrier" frequency. After transformation of the
signal by a lens during reconstruction, the "spectrum'" of the defect (its image)
is displaced to one side of the optical axis. The interfering conjugate image
is likewide displaced, but to the opposite side of the optical axis. Thus, the
reconstructed image may be easily separated from the undiffracted light on the
optical axis, and the interfering conjugate image, which lies on top of the recon-
structed image (but out of focus), when the on-axis reference is used.

The holograms of T-1, 2, and 5 are typical of those made with the
off-axis reference. T-1 and T~2 are from the 3-hole block, and T-5 from the
single-hole block. Because of the 90-degree phase shift from line to line,
the holograms do not have the characteristic patterns of the on-axis holograms,
and appear to be more uniform with less contrast. The reconstructions, however,
have less clutter than the on-axis ones, and, in general, are somewhat superior.

Figure 42 is the reconstruction for hologram T-5, showing the hole in the single-hole
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Figure 42. Reconstructed Image, 1-Hole Block, Off-Axis
Reference, Immersion Technical

block. Although the exposure of Figure 42 was long enough to show some back-
ground clutter near the hole, the overall reconstruction has much less inter-
ference than those done on-axis.

Reconstruction of the 3-hole block, hologram T-2, was done by
focusing in steps through the block as had been done for the 3~hole block on-
axis, in Figure 43. The three reconstructions illustrated in ['igure
are ' not as bright as those obtained by the on-axis technique, but show the
top, left, and bottom holes in Figure 43a, b, and c, respectively.

The last series of holograms, U-1 through U-11, were made primarily
from the last remaining test specimens, although the first four, U-1 through
U-4, were another attempt to see the voids in the ALCOA blocks by illuminating
from the side with the large transducer, rather than from the top in the mono-
static mode.

The largest hole in the ALCOA Series A block #1 was 1/16 inch in
diameter, and its image from hologram U-4 may be seen in Figure 44, as a single
focused point., It appears, therefore, that with additional power to compensate
for the very low-gain transducers used, the two-way transmission would also
give good results. This fact was emphasized again on hologram U-9, when the
two-way transmission was tried on the resultion block. Some of the resolution
holes are faintly visible in the reconstruction of that hologram. This will be
discussed later with the resolution block.
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a. Hole at Top of Block

b. Hole Midway in Block to Left of Top Hole

c. Hole at Bottom of Block, Directly Below
Top Hole

Figure 43. Reconstructed Images, 3-Hole Block Off-Axis
Reference, Immersion Technique
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Figure 44. Reconstructed Image of ALCOA ~- Series A Test Block
No. 4 = 1/16 Inch Diameter Void Monostatic Transmission
(Void Focuses at Left Center of Photo)

5. Coverage and Resolution

The test specimen made to check internal coverage has 0.040-inch
diameter holes drilled into the side of the block very near two of the corners.
One hole was drilled 1/4 inch away from the edges at one corner, as shown in
Figure 22, while the other was 1/2 inch away from the edges at the diameirically
opposite corner. The specimen was made to test whether the corners of the speci-
men would mask or distort the images from defects in these locations. This
specimen also had a broken 0.040-inch diameter drill imbedded in its side at the
same location as “he hole in the single-hole block.

Hologram U-5 was made of the coverage block with the hole within
1/4 inch of the corner at tha top of the block nearest to the illuminating
transducer at the right. The hologram plainly shows the zone-plate fringes
over the broken drill at the center and the bottom hole at the extreme left.
However, there are no fringes to be seen over the top hole, which was closest
to the illuminating transducer at the right hand side. Reconstruction of the
image from U-5, shown in Figure 45a and b bears out the interpretation of the
hologram, showing the bottom hole at the extreme left and the broken drill
discontinuity near the center. The top hole to the right cannot be seen clearly.

The hologram of U-6 was made by turning the block over so that the
hole 1/4 inch away from the corner was at the bottom nearest the transmitting
transducer at the right, and the hole 1/2 inch frum the corner at the top
furthest from the transducer. The hologram for this configuration shows the
fringes for the drill point at the center and the fringes for the bottom hole
just to the right of the drill point. The very weak fringes at the extreme
left were also present in the hologram U-5, and are not from the top left~hand
hole. The reconstruction of this hologram in Figure 45c¢ and d also shows the
broken drill and the bottom hole, this time to the right of the drill. The top
hole at the left was only seen faintly.
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It is apparent from the reconstructions of U=5 and U-6, just discussed,

" that the transmitting transducer was 11luminating the center and bottom regions

of the. test épecimen, but not the top. The bottom hole was, thus, adequately
illuminated and provided an image regardless of whether it was near or far from

‘ the illuminating transducer, om placed directly in a corner. The top hole, not

being illuminated, produced a very faint or no image.

Tests made of the resolution test specimen clearly show the six
0.040<inch diameter holes bored into the block. Recall from Figure 22 that the
holes in each pair were drilled 1/16. 1/8, and 3/16 inch apart, and the pairs
separated by approximately 1 inch from each other. The holograms U-7 and U-8
show the fringe patterns for each pair of holes, and the images of all six holes
may be seen in the reconstruction, Figure 46a. All of the images are very close
to being in focus at one time since they were all at the same depth from the
top of thé block. However, there is some difference in depth as may be seen by
focusing on only the two end holes in Figure 46b. Since the closest spaced
holes were 3 wavelengths in diameter, and spaced on 6 wavelength centers, there

:was approximately 1-1/2 wavelengths of 'land" between the aluminum-to-air

discontinuities. The demonstrated resolution is, therefore, very close to the
theoreﬁical value of approximately 1 wavelengthw,
| .

While the resolution' block was in place for the last experiments. a
test was made again with the monostatic system, using the small trarsmitting
transducer mounted alongside the receiving transducer cn the carriage. The
hologram is U-9. This time, more of the top surface of the blec was range-
gated oyt, and some of the resolution holes are clearly visible in the reconstructed
image. A photograph made of the images is available, but is of too poor a quality
to reproduce well:in this report;

6. Other Specimens

The final holograms made on this program, U-10 and U-11 were of the
bonded specimens desciibedrearlier in Figure 23 . Neither of the reconstructed
images was uéqful for NDT analys;s. The reflectivity and attenuation of the
teflon was such that no energy was intercepted from the intermediate aluminum-to-
teflon bond layer. (A test, illuminating from the aluminum side was inadvertently
not made.)  The image of the bonded glass lens showed pertions of the hexagonal
honeycomb lattice,but 'not in enough detail to be able to examine the cell bonds.

1 '

1
\ A

* For a 7.437-inch aperture at 6-inch range and 5MHz frequency.
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a. Focused on Center Pair of Holes (Spacing = 1/8 Inch)

b. Focused at Left-Hand Pair of Holes (Spacing = 1/16 Inch)

Figure 46, Reconstructed Images of Resolurion Test Block (See Figure 22d)
Immersion Technicue
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SECTION V

BRAGG DIFFRACTION MICROSCOPE

During the investigation and test of the ultrasonic holographic
scanner on this program, a brief investigation was also made of ultrasonic
imaging by means of the Bragg diffraction technique. This technique utilizes
the direct interaction between sound and light fields in a fluid to gencrate
a real-time image of an object illuminated by the sound. Several Bragg imaging
system.. were built and tested on the program, the final system providing rather
good real-time images on a TV receiver monitor. System details and a summary
of the results are provided in Appendix A of this report. Additional details
are available in the semi-annual technical repori:s. particularly reference (3).
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SECTION VI

ACOUSTIC ARRAY INVESTIGATION

Although the generation of acoustic holograms by means of a mechanical
scanner is entirely adequate for experimental work in the laboratory, t'2 <ngth
of time required to scan the required aperture mechanically might be pro.i:itive
for many NDT applications. An obvious method of reducing the scanning time is
to use an array of acoustic receiving transducers in place of the mechanically
scanned single transducer and sample the elements of the array electronically.
It was never intended to develop or build such an array on this program, but a
brief investigation of imaging by means of an array was made. The results of
the study, summarized in Appendix B, indicate that real-time imaging from an
ultrasonic holographic system is entirely feasible. Most of the work on this
investigation was accomplished on a related Perkin-Elmer IR&D program.
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APPENDIX A

ULTRASONIC DIFFRACTION MICROSCOPE

1. Theory

The ultrasonic diffraction microscope uses the linear Bragg angle
diffraction of light by the ultrasonic field to form an optical "image' or map
of the ultrasonic field.10-13 Figure 1 {llustrates the principle of operation
in two dimensions. A point source of light (£) is weakly diffracted by the ultra-
sonic waves emanating from a point-source of sound (s) in a material transparent
to both waves, such as water. The ultrasonic field is weak enough so that only
a small amount of the light source ({) is diffracted. This makes the interaction

linear. Thus, the optical and acoustic fields can be expanded into sums (integrals)

of plane waves, and each differential plane-wave component treated alone. Each
point source is expanded as a uniform distribution of plane waves propagating in
all directions and whose relative phases ure the same at the center of the point.
This is represented by the "rays" starting from the point sources. These rays
are actually the propagation vectors of “he plane-wave components of the peint
sources. Wherever rays intersect, the corresponding plane waves have similar
phases. Where many plane wave components have similar phases, they interfere
constructively to produce a bright point image.

Each ultrasonic plane-wave component diffracts a small portion of
an optical plane wave only if the two waves are at the Bragg angle. The dif-
fracted wave is also a plane wave propagating at the diffraction Bragg angle.
The fraction of the optical plane wave diffracted is proportional to the ultra-
sonic plane-wave component involved. The temporal frequency of the diffracted
optical plane wsves differs from the incident optical plane waves by the ultra-
sonic temporal requency. This frequency shift will be ignored for now. The
ultrasonically diffracted optical field contains one optical plane-wave component
for each ultrasonic plane-wave component and, thus, produces an image of the
ultrasonic field.

In Figure 1, the large circle (C;) has a radius (d), where (d) is
the distance from (£) to (s), and is centereé at the point (s). The small
circle (C2) has a diameter (g) and passes through the points (£) and (s). A
mathematical analysis of Bragg angle diffraction based on this diagram will
show that the optical plane-wave components leaving the optical point source (£)
and diffracted by the ultrasonic point source(s), appear to have originated

from point (1). This implies that (i) is the image of (s).

If the imaging process is considered in three dimensions. there
are two cases of special interest:



(1) The light source (£) is a coherent line source emitting
cylindrical waves, and

(2) The light source ({) is a coherent point source emitting
spherical waves.

First we will consider the case where (f£) is a line source. 1In the
third dimension the image (i) is actually a slightly curved coherent line
perpendicular to the plane of Figure 1. The acoustic point source (s) has been
mapped into a line. A suitable set of kigh quality cylindrical lenses can be

used to compress this line image into a point, to form a one-to-one ultrasonic
imaging system.

Figure 1. Bragg Angle Imaging Relations
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In the second case, (£) is a coherent optical point source emitting
spherical waves. Figure 1 thus has rotational symmetry about the line (d).
Therefore, we may rotate Figure 1 about line (d) as an axis to find that the
image (i) becomes a circle centered about the line (d). Ccircle (Cl) has become
a sphere, and circle C3 has hecome a doughnut without a hole. The optical
image of an acoustic point source is a circle centered on the straight line

drawn through the illuminating optical point source and the acoustic point source,

and lying on the intersection of the sphere (Cy) and the holeless doughnut (C9).
Acoustic points are mapped into a unique family of circles. It is possible to
compress these circles back into point images by optical holographic techniques,
using an acoustic point source, or transparent holographic filter.

2. Exgeriments

Preliminary experiments were done with lens ard mirror breadboard
systems using a spherical point source. A one-milliwatt Jundamental transverse=
mode helium-neon laser with a wavelength of 0.63um provided the light source.
The ultrasonic point source was formed by a one-centimeter diameter quartz
transducer crystal radiating into a 7--m diameter, 7-cm radius-of-curvature
glass mirror. The ultrasonic frequency was 57, and the acoustic power was
approximately 0.25 watts. Both lens and reflecLing mirror optics were used to
read out the final image.

Figure 2 is a photograph of the ring pattern produced by a point
acoustic source on the optical axis. Only part of the diffraction ring image
shows, because the acoustic point source formed in the tank is not a true point
source emitting spherical waves, but only a small part of a spherical wave. Only
sound rays with angles corresponding to the waves emitted by the one-centimeter
Jliameter transducer are present.

Figure 2. Light Intensity Distribution in piffraction Plane of
Ultrasonic Diffraction Microscope
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Upon completion of these early experiments, a Bragg ultrasonic
imaging system was built, based upon a line source of light. The system was a
modification of the basic system that has been used by others. The major dif-
ference is that in this system the light line source was placed within the c211
near the object to be imaged, whereas others have this source placed external
to the cell. The reason for doing this is that resolution in the direction
perpendicular to the line source is & function of the angle subtended by the
rays forming the source in tiuis direction. The resolution is essentially
proportional to the sine of the half angle subtended by the aberration-free
rays. It is difficult to get an aberration-free line-source subtending a large
angle without using specially designed lenses. If we use only simple single-
element plano-cylindrical lenses, the lowest-aberration large-angle line source
is produced by using the shortest focal length lenses possible, rather than
trying to project the line source outside of the tank as has previously been
done. Resolution in the other direction is a function of the angle subtended
by the length of the line source and the point in the sound field.

We can note the nature of the image formed by the optical line
source and an acoustic point within the Bragg cell with the aid, again, of
Figure 1. The line source can be synthesized by the principle of linear super-
position by placing a point source on top of a point source until we have syn-
thesized a vertical line source to the required length. Each of these point
sources will form a ring image, as previously described, centered on the line
through the point-source sound source. All of the point sources are assumed
to be in phase to form the equiphase line source. The rings are equiphase
circles, except for a relative phase term which we will neglect at this time.
Piling point source upon point source merely approximates convolution in order
to form the line source. The corresponding convolution of the image rings
produces two curved lines. The two curved lines are approximately in the plane
that contains the line source and is perpendicular to the shortest line between
the point of sound and the line source. The ends of the image curve away from
the line source, and are closest to the line source at the point where the line
source is closest to the acoustic point source. These curved lines form an
astigmatic point image. That is, the best horizontal focus is different from
the best focus in the vertical direction.

The scale of the optical image in the Bragg cell is: 1) the ratio
of the optical to the acoustic wavelength in the cell, perpendicular to the
line source, and 2) unity in the direction parallel to the line source. The
optical image in the cell, thus, has both a distorted scale and astigmatic focus.

Figure 3 shows a top and side view of our experimental line source
imaging system. 1laser light is incident from the left. The lenses served the
following purposes. Lens Ll was a microscope objective that diverges the laser
beam. Lens L2 recollimates the expanded beam. Cylindrical lens Cl forms the
equiphase line source in the center of the Bragg imaging cell. Cylindrical
lens C2 recollimates the line source. The collimated light then falls on lens
13, and is focused to a point. The power axis of the cylindrical lenses are
parallel. Lens 14 relays the optical image onto a closed-circuit television
vidicon connected to a monitor as a convenient display. The spherical lenses
were inexpensive, but good quality, commercial microscope objectives for lenses
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Ll and 14, and telescope objectives of 5-cm diameter for lenses L2 and L3.
The general quality of the spherical and cylindrical lenses, Bragg cell, and
alignment was such that the overall system was close to diffraction limited
for the non-imaging light with the stops in place. The cylindrical lenses,
Cl and C2, were single-element plano-cylindrical lenses.

The optical system contains three major stops. Stop Sl is a small
pinhole, 25um in' diameter, that passes the main laser beam and blocks scattered
light. StoIp S2 is used to restrict the angular content of the line source.

Stop S2 is an adjustable rectangular slit 1 to 4 cm long parallel to the line
source, and 0.5 and 1.5 cm wide perpendicular to the line source. Most of the
pictures were made with Stop S2 set to a width of about 1 cm, and a length of

4 cm. The focal length of the cylinder when measured in the water is about 7 cm,
so that the l-cm-wide slit corresponds to an f number of 7. This was presumably
the diffraction-limited aperture of the combined system in this direction, be-
cause enlarging the aperture improved the resolution until the l-cm limit was
reached.

Stop S3 is a razor blade placed at the focus of lens L3, as shown in
the lower half of Figure 3. The prime purpose of Stop S3 is to remove the un-
diffracted, or zero order light, which does not contribute to the image. The
focal point of lens 13 should contain all of the light from the line source that
has not been diffracted in forming an image. This stop could have been a single
spot to block the undiffracted point of light focused by lens L3.

The source of sound was a 5~-cm-diameter X-cut quartz transducer
backed by silicone rubber. The backing provided strength, and repaired a crack
in the tramnsducer. It was not possible to monitor the voltage directly at the
transducer. However, the total acoustic power radiated was about . watt. The
transducer was operated continuously at a frequency of 5MHz. This frequency was
chosen to provide low attenuation through various moderate lossy materials. The
total laser beam energy in the apertured line source in the Bragg cell was attenuated
to between approximately 10 and 100 microwatts. The laser was a helium neon
laser operating in the fundamental Gaussian spatial mode. The laser wavelength
was 0.6328um. The image on the face of the v.dicon contains about 0.1 microwatt
of light.

The optical image was projected directly onto the face of the vidicon
from a standard commercial closed-circuit television system. The television operated
at 30 complete frames per second with the scan lines interlaced in the conventional
method.

3. Experimental Results

One of the advantages of ultrasonic Bragg diffraction imaging is
that it is a real-time imaging technique. In our system, objects to be imaged
could be moved around within a cubic volume of approximately 5 cm on a side on
either side of the line source. Objects on the transducer side of the line
source are imaged by transmission or shadowing. whereas objects on the other
side of the line source are imaged by sound reflected from the object. The
pictures shown in this section are Polaroid photographs of the closed-circuit
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c.

Figure 4. Acoustic Images of Thin Wires.
(Details are in the text.)

Image in transmission (shadow) made by the experi-
mental Bragg imaging system.

Image made by reflection by the original holographic
camera of reference 8 in 1966.

The wire object. The letters are about 3 cm tall.
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television monitor. The low spétial frequency intensity variations and the small
bright dots are defects of the closed-circuit television system., White in these
pictures corresponds to the presence of sonic energy, and black to the absence

of sonic energy. The bright background from the transducer on the pictures

made by transmission is restricted in the vertical direction by the length of

the line source. which was less than the length of the transducer. The ,transducer
was moved around so that sometimes the top. bottom, or a region of both was
truncated. In general, the images were best when the transducer was,appioximately
parallel to the optical axis, but tilted one to ten degrees with respect to the
line source. : |

Figure 4a is an image of the wire letters P-E made by transmitted !
sound. Figure 4b is the image made of the same letters made by reflected sound,
with the original holographic camera in 1966, The missing portions of the ietters
from the holographic camera image are due to specular reflection of the incident
sound. The Bragg diffraction image is a shadow image made in transmission,
whereas the holographic camera image is a reflection image. 1In each case, the
letters are parallel to the prime image-forming plane. Both systems operated at
5MHz and, as can be seen in the pictures, have similar resolution. If the image
of the letters P-E were repeated with the currently improved camera system, it
would be slightly better. The resolution in the horizontal direction was measured
experimentally to be about the same as the horizontal resolution. Figure 4c shows
the metal wire letters P-E. ,

i

Figure 5a is the transmission image of two glass -discd 5 cm in diameter.
Each disc was 9 mm thick. The two blocks were bonded face to face, except in the
two semiconductor regions visible in Figure 5a. The glass block was oriented so
that sounc coming directly from the transducer that hit the front face was re-
flected so that it did not enter into the image fdrmation. The block was thus
at a slight angle in the vertical direction to both the ultrasonic transducer
and the line source. Very small tilts were made about this angle until the sound
transmission was a maximum. This indicated that sound was bouncing back and
forth within the bonded glass discs. The image changes very rapidly as the block
is tipped, depending upon whether the block is tipped so that the multiple sound
fields are reenforcing or cancelling. The large defect is on the left; the
smaller defect is on the right. The bfight region at the upper right of Figure 5a
is diffraction from the illuminating transducer where the sound passed around
the edge of the disc. The circular disc is distorted because the horizontal and
vertical magnifications were different, as previously mentioned. The glass disc
dramatically illustrates the advantage of real-time imaging; because it was possible
to manipulate the piece and observe the different images from different angular
orientations. A single still picture cannot adequately illustrate the value
of the real-time image that can be observed as the part is moved.
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a. 1mage. b. object

Figure 5. Transmission Image of Bonded Glass Discs. The Discs are

5cm in Diametexr and 9mm Thick. There are two Unbonded

Regions to the Left and Right of the Center that Appear

Darker in Each Photo. More details are in the text.
‘ ' | : !

1 Figure 6a 'is the image made of a microwave stripline circuit board

by reflection. Figure 6b is a similar picture made by transm:-sion. Figure 6¢

. 1s a photograph of the copper side of the stripline. The stripline board is a
3-layer laminate consisting of a'backplate of aluminum O.8mm thick, an intermediate
layer of polydlefin 0, 8mm thick, and a top layer of copper which is 36um thick.
‘Copper has been removed to form the stripline pattern shown. The copper strips
are 2.4mm wide. The gap between the top bar and bottom U-shaped strip is 0.4mm,
The copper plating thickness is approximately 1/8 of the acoustic wavelength in
‘water. Both the copper and the polyolefin reflect the sound in the reflection
image of Figure 6a. The copper side was facing the transducer for the reflection
image. Both the olyolefin and copper have similar brightness in the image of
Figure 6a, and hence reflect the same amount of sound. However, the copper is
outlined as 4 black line. The outline of the copper, including the narrow 0.4mm
gap, is probably caused by diffraction produced by the acoustic phase discontinuity
at the polyolefin-copper edge. There is probably a phase change due to both
different material Acoustic properties and the mechanical step. Figure 6¢

which shows the object in transmission, also shows an approximately similar amount
of sound passing through the copper,clad and unclad regions. Again, the edge

of the copper seems td be visible due to diffraction.

]

! :
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Figure 6. 1Images of a Clad Plate

The object is a printed circuit board consisting of a 0.8m
aluminum backing, 0.8mm polyolefin center and 36um copper
etched to the pattern shown. The board is 38mm wide.

More details are in the text.

a. The image by reflection

b. The image by transmission

c. The object
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These pictures were not very gensitive ' alignmment. Thus, there

seems to be no problem about sound bouncing around within the object due to
attenuation within the polyolefin region. This attenuation reduced the intensity

of the transmission image. Thus, the iwagery is impaired by background 1ight
scattered by the water and optics, and light diffracted by the stop. This scattered
licht is most visible at the hottom of the image.

4. Conclusions

The advantage of working in real time with an acoustic imaging system
becomes very apparent after only a few mminutes of experimenting on a real-time
Bragg imaging system. Unfortunately: after a few minutes of experimenting. some
of the difficulties becom€ apparent, also. 1t appears that there is need for
further work in both theoretical and experimental exploration of alternate imaging
geometries and schemes. Some experimental difficulties include the following:
diffraction speckles and specular reflections due toO the spatial coherence of the
illuminating sound become very apparent, and are a nuisance. This imaging system
requires a quasi-monochromatic. or temporally-coherent sound source, but a large=
angle, spatially incoherent source could be used to eliminate and minimize some
of the specular reflection problems. 1t would be desirable to develop such a
source for a Bragg angle imaging cell.

A second problem stems from acoustic reflections within the object.

It would be desirable to be able to gate the sound which forms &n image for the
Bragg diffraction microscope. in the same way that we gate the image-forming

sound in the holographic camera. This implies both gating the sound incident on
the object and the laser beam SO that the laser beam coincides with the desired
region of the sound that we wish to form an image. No change should be required
for the television monitor system. The television vidicon tube is an image storing
device that can store the transitory image and scan it off in real time, so that

we would still be able to have a real-time imaging system.

A third troublesome phenomenon is scattered light. Non-image-forming
1ight is scattered by the optical surfaces and the water cell. Most of the un-
desired scattered light came from the water within the cell. 1In our system, the
object to be imaged went directly into the water through which the light beam also
passed. It should be possible to place a thin membrane divider which would keep
contaminants from the object out of the region where the light passes: Even if
this were don2, there would still be a problem with scattered light.

The problem of scattered light can be minimized by keeping the acoustic
level within the Bragg imaging cell high enough so that an appreciable amount of
light 1is diffracted. Appropriate apertures, SOme of which were used here, can
minim’ "e scattered light. It is naturally assumed that clean distilled water,

and g -d quality, low-scatter optical surfaces are used in this system. pistilled
water will stay clean longer than tap water. The higher the frequency, the smaller
the acoustic wavelength and the larger the image diffraction angle is, s©O that
scattered 1ight becomes less of a problem because most of the scattered light is
diffracted at small angles. 1t is also possible to conceive of a heterodyne type
of system to minimize the effect of scattered light because the scattered light

has the same temporal frequency as the laser, while the image~-forming 1ight is
either raised or depressed by the acoustic frequency. In general, a heterodyne
imagirg system would not work with the unmodified vidico® closed-circuit television.
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Although any wavelength can be used with the Bragg imaging technique,
it should be most useful for small objects at high frequencies, and hence for
high resolution, because the small objects have lower total attenuation than
large objects, and, in general, a higher acoustic power level is required to
interact with a laser beam for Bragg imaging than would normally be required with
a piezoelectric transducer.

A Bragg angle diffraction imaging system should be capable of operating
over a wide range of wavelengths and of the parameters,to provide real-time

acoustic imaging.
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APPENDIX B

ACOUSTIC ARRAY INVESTIGATION

1. General

Although the generation of acoustic holograms by mcans of a mechanical
scanver is entirely adequate for experimental work in the laboratory, the length
of time required to scan the required aperture mechanically might be prohibitive
for many NDT applications. It takes from 30 minutes to 1 hour, depending on the
spacing used between scan lines, to scan a 71/4 x 71/4 -inch aperture with the
scanner used on this contract. In order to scan such an aperture in near real
time, some type of electronic scanning is required. An obvious method of
accomplishing this is to use an array of acoustic receiving transducers in place
of the scanned transducer and sample the elements of the array electronically.
Although it was never intended to build such an array on this contract, it was
planned to investigate briefly their capabilities and limitations as related to
holographic imaging and make recommendations for their use in the NDT application.
The remainder of this Appendix summarizes the results of this investigation. A
more complete analysis was giveu in Appendix B of the third sem!-annual technical
report, reference 3.

2. Technical Considerations

A method of attacking the design of an acoustic array to be used for
image formation is to consider the array as a two-dimensional sampling system.
The elements of the array sample the acoustic pressure field scattered from an
i{1luminated object, and if the samples are properly spaced and processed, a true
replica of the image can be produced from the sampled data. The procedure is
gimilar to the one-dimensional sampling of a band-1limited temporal waveform by a
train of sampling pulses in telemetry and communications applications, and the
subsequent reconstruction of the original warveform by proper filtering of the
sampled spectrum. In that case, it is well-kncwn that if the sampling frequency
exceeds twice the highest signal frequency contained in the band-1limited function,
a faithful reproduction of the object carn be obtained. A similar relationship
exists for the image produced by an imaging array.

The philosophy behind the sampling technique and its application to
an imaging system may be understood by examination of Figure 1. Figure 1
illustrates the waveforms and functional relationships existing at various stages
of the sampling/reconstruction process. Although the diagram has been simplified
to cover only one dimension, the indicated relationships are equally valid for two
dimensions. Other assumptions made ia the analysis are that the magnification
factors between the varions planes are equal to unity, and that the distances be~
tween them are such that the Fraunhofer fleld conditions prevail. Although the
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aperture size tfor an imaging array may place the object in the Fresncl region
of the array. thereby invalidating the last assumption. the basic theory is not
affected appreciably by this difference, especially if the Fresnel zone array
{s focused.

The top line in Figure 1 indicctes the signal waveform f(x)
scattered by an object or target. The signal exists only over the L dimension,
and is zero elsewheve. It is f(x) that we wish to produce faithfully in the
final image by the sampling and imaging system. The signal is a complex signal,
having phase and amplitude characteristics. When f(x) is intercepted within
the Fraunhofer region of an aperture, the signal waveferm, F(V), in the aperture
plane is the Fourier transfurm of the object function f(x). It is shown on
line 3 of Figure 1. 1In general, a reciprocal relationship exists between the
object and aperture planes, such that a small dimension in x transforms as a
large dimension in V, and vice versa.

Although the signal, F(V), is continu~nus in the aperture plane. it
becomes a discontinuous signal, #(V), if the aperture is sampled by the elements
of an array. The array element sampling is indicated by the uniformly periodic
series of N delta functions, S(V) = §5(V-nd), on line 4, and the sampled data
output by the function (V) on line 5. If the sampled output of the aperture
indicated on line 5 is stored on a film, the record is called a hologram, and
the remainder of the sampling-reconstruction process would be accomplished
sptically. The sampled output can be processed in other ways, however, such
as in near real time by a computer.

Reconstruction of the sampled aperture function, #(V), is obtained
by taking the inverse Fourier transform of the sampled function by optical or
computer means. Because of the fact that the transform of a train of delta functions,
5(V-nd), is also a train of delta functions, 1/J9(y-n/d), separated by 1/d (the
reciprocal of the spacing d of the sampling train in the aperture plane), the
resultant output consists of displaced copies of the original object function,
f(x), separated by a distance 1/d, as shown on line 7 of Figure 1. This result
may be readily derived from the relationship between the input and output signals
of a linear system.

3. Experimental Results

Since the hologram transparency produced by the scanning system is
a permanent record of the acoustic field sampled by the receiving transducer in
the water, array imaging experiments may be conducted very conveniently by using
the hologram instead of a physical array. This is accomplished by sampling the
hologram transparency according to the desired array configuration as showr in
Figure 2, and then taking the transform of the sampled hologram to produce the
image. Experiments were performed using both the optical reconstruction system
(lens) and a digital computer to take the transform and form the image. However,
most of the work was done with the computer.



HOLOGRAM ARRAY SAMPLED
TRANSPARENCY CONFIGURATION HOLOGRAM

Figure 2. Optical Imaging-Acoustic Array Simulation

Because a sampling array breaks dowr. the hologram image into a set
of discrete data points, the image may be formed by taking the Fourier transform
with a digital computer. Although this would have been impractical several
years ago because of the long computer processing time required to make the
transform, it i{s now very practical and economical using a Fast Fourier Transform
(FFT) algorithm. The FFT algorithms allow discrete Fourier Transforms to be
accomplished in times proportional to the size of the array instead of in pro-
portion to the square of the size.

Experiments were performed on the production of images from array-
sampled holograms, using a FFT algorithm on a digital computer. The input data
for the computer image was obtained by sampling the transmissivity of an actual
hologram transparency in an array pattern. The computer output image was plotted
as a perspective plot on a standard two-axis plotter. A block diagram of the
technique i{s shown in Figure 3.

The first hologram chosen for the computer imaging experiment was
the acoustic image of a 1l-inch diameter steel ball made at a range cf 40 inches.
To obtain the longer range with our horizontal scanner, an acoustic reflector
was installed at a 45-degree angle beneath the scanner, as indicated in Figure 4.

The ball object was placed at point 0 in the tank and illuminated by the transmitting

transducer, T, located at the bottom of the tank near the reflector.
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The hologram generated from the one-inch diameter steel ball is
shown in Figure 5. Note that it is a "text-book" copy of the Fresnel zone plate
generated by the interference of spherical and plane wave sources in optics.

The ball, behaving as a point-source radiator, scatters a spherical wave front
that interferes with the transmitted reference signal in the receiver. The
reference signal is equivalent to a plane wave,

The image reconstructed from the ball by the optical system is a
single bright pin-point of light. focusing sharply at a range equivalent to 40
inches in the water. When the image is greatly magnified, it is found to be the
two-dimensional transform of the square hologram aperture.

To form the computer image of the ball hologram, the optical
transmissivity ot the hologram was sampled at 1024 points by an automatic scanner
(Linc Scan Image Generator - LSIG). An 8x10-inch enlargement of the hologram
negative was used in the LSIG and transmissivity samples taken over a 32x32-inch
square matrix. The transmissivity data samples were encoded on magnetic tape
for use by the computer.

Before taking the FFT of the sampled hologram data on the IBM-360/67
computer to obtain the image, some additional programming had to be done. The
additional programming was required to "focus" the image and center it on the
plotter. The focusing was entirely analogous to the optical focusing of the
hologram and consisted of introducing a quadrature phase change into the array
elements which shifted the phase of the input data vectors radially outward from
the center of the hologram. The introduced phase change just cancelled the
phase change caused by the spherical wavefront. Programming to center the plot
was accomplished by introducing a linear phase shift of the proper magnitude
across the array elemeats in each dimension. The centering is required because
of the nature of the FFT algorithm, which places the center of the output transform
at one corner of the output data array.

The output image of the ball hologram plotted by the computer is
illustrated in Figure 6. The plot is a three-dimensional plot of the output
amplitude squared (intensity), and is displayed in perspective on a conventional
two-axis plotter by means of a plotting program. The plotting program removed
all hidden lines automatically during the plot to enhance the display.

The reconstruction of an image from an acoustic hologram by computer
has demonstrated the feasibility of this technique for future real-time acoustic
holographic imaging systems.



Figure 5. Acoustic Hologram of l-inch Steel Ball at 40-=Inches Range
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Figure 6. Perspective Plot of Ball Image Generated by Computer
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