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FOREWORD

The Conference on Holographic Instrumentation Applications was held on January 13 and 14,
1970, at Ames Research Center, Moffett Field, California. 1t was sponsored by the Measurement
Sciences Branch of the Instrumentation Division, Special thanks are due to the Instrumentation and
* Data Processing Branch of the Office of Advanced Research and Technology, NASA Headquarters,
for its approval and encouragement of this conference.

The purpose of the conference was to bring together people interested in the development of
holographic instrumentation, and to provide an opportunity to discuss current trends and future
possibilities. The conference was motivated by a desire to exchange information and stimulate fur-
ther coordination among NASA personnel about the work being done under NASA auspices in the
application of holography to problems of mutual interest. Of particular interest was the dissemina-
tion of the knowledge and techniques being developed under contract.

The conference was arranged in three consecutive sessions. The first was a general report by a
representative of each of the participating centers as to its interest, direction, and effort in the devel-
opment of holographic instrumentation. The second session heard reports from eight NASA con-
tractors on their respective work. In the third session, individual NASA personnel presented
detailed and specific reports on some of the topics that had been described in general terms in the
earlier Center review session.

Of the 55 people attending the conference, 42 were from NASA and 10 were from NASA con-
tractors. Representatives from most of NASA's research centers attended, indicating both a wide-
. spread interest in the subject and the importance of this type of conference in establishing lines of
communication.

The work of many people went into the preparations for this conference. Richard Brown of
Ames Research Center was the coordinator and responsible for all arrangements. The session chair-
men, Benjamin Beam, Murray Gardner, William Gunter, and Mr. Brown, took on the burden of pro-
viding smooth operations during the sessions. Their jobs were made challenging by the ever-present
dilemma facing all session chairman: when to cut off the stimulating discussions that follow the
papers in order to maintain some sort of schedule.

Thanks are due to the speakers and participants for these proceedings. The presented papers
were of a generally high standard, which is reflected in the written versions.

Finally, thanks are due to a number of Ames Research Center people who helped in the
» arrangement of the multitude of details that surround any conference. | would particularly like to
extend my thanks to Sharon King for her cheerful acceptance of the extra burdens thrust upon her

in preparation for the conference and in the arrangement of these proceedings.
2

Boris Ragent
Conference Chairman
March, 1970
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INTRODUCTION

WOLFGANG MENZEL
NASA HEADQUARTERS

| would like to express my appreciation and that of the Office of Advanced Research and Tech-
nology to Dr. Mark, Mr. Dimeff, Dr. Ragent, Mr. Brown, and other members of Ames Research Cen-
ter for their initiative and efforts in organizing and hosting this conference. It took a great deal of
work to make all the arrangements necessary to ensure the success of this technical conference—the
first of its kind in NASA.

As you know, holography, now already more than 20 years old, was only introduced to wider
circles when lasers became available as laboratory tools. Since then, we have seen a fast-growing
interest in holography, which has resulted in the publication of more than 800 papers. This scien-
tific interest has been accompanied by a quest for useful applications, especially since early investiga-
tions suggested spectacular developments, for example, three-dimensional representations of still
scenes, movies, and even television displays.

As a result of this interest, NASA began supporting efforts to find and develop techniques that
use the unique characteristics of holography. Of specific interest to NASA was the use of holo-
graphic techniques in flow field investigations such as those conducted in wind tunnels, ballistic
ranges, and other aerodynamic research facilities. ’

Aside from flow visualization, other applications of holography to measurement problems such
as nondestructive testing, the analysis of stress and vibrational behavior of panels and structures, and
the recording of small, high-speed particles are all of immediate interest to NASA,

In addition, interest in the use of holographic techniques for data storage, retrieval, and display
has led us into the search for new recording media with the unique characteristics required for these
applications. Developments in holographic microscopy will also undoubtedly be of great importance,
for example, in improving integrated circuit inspection techniques, especially with regard to large-
scale-integration reliability.

In a different area, acoustic holography has aroused increasing interest. Applications of acous-
tic holography are envisioned in nondestructive testing because of the propagation of sound through
solids, but there may also be important medical diagnostic uses. Despite the great progress made in
optical holography with the advent of the laser, there has not yet been a corresponding development
in acoustic holography, although powerful coherent sound sources are readily available.

This is only a minor summary of the many approaches toward application of holographic tech-
niques presently of interest to NASA. Undoubtedly in the following reviews and papers by NASA
personnel and representatives of our contractors, we will hear about many more facets from recent
work that have potential application to measurement problems.

PRECEDING PAGE BLANK NOT FILMED il



I hope the conference will give a good picture of the state of holographic developments and
applications to instrumentation problems, and that it will provide an opportunity to identify trends
and recognize promising areas as a means of guiding future efforts. It is hoped that industry repre-
sentatives will volunteer suggestions and opinions that will help us in defining future courses of
action.

viii
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1 REVIEW OF HOLOGRAPHIC INSTRUMENTATION
AT AMES RESEARCH CENTER

Boris Ragent
Ames Research Center

The interest in holography at Ames has involved investigation of its applications to measurement and data-
recording problems in low-density flow visualization, vibration mapping, particle sizing, contouring, and panel
flutter. In-house efforts have been concerned with the design of a holographic system utilizing active servostabi-
lization for vibration compensation application to a noisy wind tunnel environment. A double-exposure holo-
graphic system has also been employed. Initial test results are encouraging, but inconclusive. Contracts with the
University of Arkansas and TRW Systems have been employed to investigate the limitations and possible exten-
sions of the capabilities of holography to measurement problems.

Work in holography at Ames Research Center has been directed toward evaluating the capabil-
ities of holography for the solution of measurement problems of interest to the center and toward
implementation of primary areas of application. The initial interest in this technique was for poten-

tial applications to flow-visualization problems and quantitative measurement of density and density
derivatives, especially in low-density hypersonic flow test facilities. Other problem areas of interest,

,which have not yet received much attention, involve nondestructive testing techniques for measure-
ments of large and small deflection contours of test members under dynamic loads, vibration mea-
surements, panel flutter measurements, quality control, fatigue analysis, particle sizing, and precise
measurement of motion (both linear and angular).

The in-house investigation of the application of holography to flow-visualization problems has
been complemented and extended by work performed under a contract with TRW Systems Group
of TRW, Incorporated, and a grant to the Graduate Institute of Technology of the University of
Arkansas.

AMES’ ACTIVITIES IN FLOW VISUALIZATION

The principal apparent advantages of holography over conventional optical techniques involve:
(1) the possibility of recording three-dimensional flow field data; and (2) the lack of requirements
for large, high-quality optical components. The principal limitations on this technique are: (a) the
slack of sensitivity in low-density flow fields; (b) time-varying distortions introduced by gaseous
boundary layers on walls, windows, etc., in the optical paths and their deleterious effects on time-
averaged or multiple-exposure holography; (c) mechanical vibration effects in the test facility or its
“environment; (d) the amount of light required for large facilities; and (e) the required light source
coherence lengths (or beam purity), especially in the case of pulsed holography.



The well-known feature of all optical measurements of gaseous flow fields—that is, the rela-
tively small mutual interaction between visible light and most gasses—remains the most troublesome
difficulty in the application of holography, as it is for more conventional techniques. For example,
for a 1-cm path in air, a change in pressure of 1 atm at STP will produce an interferometric fringe
shift of 4 to b fringes at the red wavelengths. For typical experimental situations involving large R
density changes in the flow fields, and hence shifts of many fringes—that is, in situations where the
holographic signals are large and relatively good spatial resolution from holographic interferometry
obtains—the model sizes required for testing are usually large enough that this good spatial resolu- -
tion is not required. Unfortunately, however, where density changes in flow fields are small, resolu-
tion is correspondingly poor; but now model sizes are usually small and the requirements for good
spatial resolution are more important. Thus, often in just those cases of the greatest practical inter-
est, where the highest spatial resolution is required, optical techniques become more and more
difficult.

For such practical cases, it is necessary to attempt to develop holographic techniques for sub-
fringe interferometry. Several attempts to increase the sensitivity of measurements to flow field
variations have been tried, for example: (1) fringe biasing, that is, the addition of external optical
delay to move the entire fringe pattern to regions where changes in gaseous optical path length pro-
duce the greatest intensity changes in that portion of the fringe being investigated; (2) multiple-pass
interferometry; (3) higher-order interferometry, and other techniques discussed later. None of these
has yet proven to be completely applicable for routine use.

Early experiments at Ames involved interferograms made from double-exposure holograms of
a free jet. A sample of this interferogram is shown in figure 1.1. A second crude feasibility type of
experiment utilized a small two-dimensional nozzle to produce expanding flows of air at Mach 3.5, -
using convenient laboratory supplies of air exhausting to the atmosphere. A typical interferogram
made from these double-exposure holograms is shown in figure 1.2. Measurements from these inter-
ferograms showed excellent correlation with theory, as shown in figure 1.3, which is a plot of calcu-
lated and experimental pressure ratios in the nozzle as a function of centerline distance from the
nozzle throat. Another typical experiment in which double-exposure holograms were used to pro-
duce an interferogram involved a projectile in free flight, in this case a .22-caliber bullet fired into
air at room temperature and pressure. The typical interferogram (in this case taken by the TRW
Systems Group, under contract to Ames) is shown in figure 1.4.

The early experiments mentioned above were conducted using conventional CW lasers or
pulsed ruby lasers. For application to more realistic flow facilities, which have associated severe
environmental vibration and strong acoustic fields, it is essential to consider stabilization techniques
for long-term exposures, or very short interval pulse separation (or synchronization) for multiple-
exposure holography. Both of these approaches have been considered for application to a forth-
coming set of tests to be performed in the Ames 8-in. tunnel facility. This test facility (M = 2.5 - 4)
operates in a very severe vibrational environment and acoustic field, both of which have frequency
components extending out to about 1000 Hz. it is believed that such a facility will provide a proof
test of the effective stabilization capabilities of our holographic system. We are designing a servo-
stabilized, optical path length controlled system for use with a CW laser capable of stabilization at
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Figure 1.1 Interferogram of a free jet

Figure 1.2

Interferogram of two-dimensional nozzle
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Figure 1.3 Plot of calculated and experimental pressure ratios for the nozzle in Fig. 1.2
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Figure 1.4 A .22-caliber bullet fired into air at room temperature {double exposure interferogram)



all frequencies of interest. The details of this system are discussed in detail in sections 17 and 19.
This system is fairly standard except for the continuously adjustable beamsplitter and the fringe
sampling and servostabilization device employed. Fringe stabilization to a small fraction of one

~ fringe has been achieved experimentally in a bench-type setup out to frequencies of 500 Hz. Vibra-
tion isolation for the holographic system is afforded by the use of a massive structural steel support
and independent suspension of this support.

ACTIVITIES OF CONTRACTORS

Ames’ activities in holographic instrumentation have been strongly augmented by contracts
with two groups outside of the center, the Graduate Institute of Technology of the University of
Arkansas and TRW Systems Group. Both groups have been actively investigating many fields of
holographic instrumentation; only a few of the highlights of their activities and their implications
are discussed here.

The University of Arkansas

Some of the topics of interest considered, or under consideration, by this group, are listed
below. Of course, in these activities and in those of the TRW Systems Group, as in all research type
activities, not every investigation provided fruitful results.

1. Double reference beam holography
2. Investigations of recording media
a. Film grain noise
b. Unconventional image storage and processing
(1) New photo-recording techniques
: (2) New processing techniques for silver halide emulsions
Subfringe enhancement techniques
4, Assorted topics
a. Acoustic holography
b. Analog transmission of holographic data
c. Hologram aperture utilization

w

A very important and interesting development by Dr. G. J. Ballard, University of Arkansas,
involved the use of separate reference beams for each of the two exposures in a double-exposure
hologram intended to be used for interferometry (ref. 1). This technique allows for separation of
the reconstructed scenes from each exposure, as well as for greater flexibility in the reconstructed
interferogram presentation. Zero-order or finite fringe interferograms may be produced by varying
the angle between the reconstructing beams, and the introduction of phase shifts into one of the
reconstructing beams allows the fringes to be optimally displayed, especially for subfringe interfer-

“ometry. Since each scene may be reconstructed independently, schlieren photographs may be made.

Another important set of investigations concerns the recording medium, the photographic
plate. Consideration has been given, for example, to high-resolution, non-silver halide processes and
various matrices, other than gelatin, for holding the photosensitive materials. The size and irregu-
larity of the developed and background grains, inhomogeneities in the thickness of regions near
developed grains, and large “macromolecules” in the gelatin cause scattering, phase errors, additional

5



noise, and degradation of the reconstructed images. Unfortunately, to date at least, none of the
numerous candidate substitutes possesses the necessary sensitivity, resolution, and stability to

qualify for holographic applications. Extensive measurements of the noise introduced by various
photographic recording media have been compared with techniques of unconventional image storage ,
and processing. For example, commercial color recording films have been tested as candidates for
suitable phase hologram media, as have also new bleaching and “wash-off"’ relief methods of pre-
paring photographic plates for ““phase’’ holography. .

Phase holography using holograms made by “’bleaching” of the silver grains and wash-off relief
processes increases the brightness of the reconstructed scene or the interferogram derived from
multiple exposures. The brightness characteristics of such holograms have been studied as a function
of the recording medium and the bleaching and wash-off relief process used. The brightness of the
reconstruction is also affected by the recorded spatial frequency and the exposure received. All these
variables interact in achieving a given holographic result. For example, effective emulsion speed may
be increased for short exposures by using a treatment involving commercial laundry bleaches.

Subfringe interferometry is also a subject of great concern because of the interest in low-
density flow measurements. With further development, the separate reference beam double-exposure
technique discussed earlier is capable of resolving up to 1/60 of a fringe in environments that are not
excessively noisy. A very clever device for improving the sensitivity of measurement to at least
1/300 of a fringe is described in Section 10.

A number of other topics have also been considered by the Arkansas group, including the
simulation of transmission losses in relaying holograms from one location to another using com- .
munication links, and acoustical holography.

The TRW System Group
The group at TRW Systems has been very active in a number of areas. Some of the topics
investigated in the past and under continuing investigation are listed below.

1.  lmprovements in holographic quality

2. Low-density chamber tests

3. Increases in interferometric sensitivity
a. Ultraviolet interferometry
b. High-order and multiple-pass interferometry
c. Four-beam interferometry

4. Double-exposure schlieren system
b. Single pulse~—double frequency ranging and contour studies R
6. Assorted topics

a. Comparison of holographic and conventional photography
b. Gas cell phase shifters

¢. Location of finite fringes on test subject

d. Studies of pulsed laser single-wavelength operation



A number of continuing small improvements in holographic technique have resulted in much
improved picture quality. These include painting of back sides of hologram plates before exposure
with flat black paint to prevent reflection from rear surfaces, obtaining better uniformity of scene
lighting by paying more attention to diffusing techniques, improving coherence of lasers, and using
‘better path-matching techniques to achieve higher brightness and contrast.

N A technique attempted for measuring the subfringe interference patterns caused by very small
phase disturbances used a gas cell phase shifter to produce a half-wavelength shift between succes-
sive double exposures. This should result in a dark field background for the reconstructed interfero-
gram, except where small phase variations occur. Unfortunately, in a nonlaboratory environment it
is extremely difficult to obtain complete cancellation due to ambient vibration levels, air currents,
or other environmental perturbations.

One simple way of increasing the sensitivity of systems to small phase changes is to produce a
greater number of fringes for a given phase change. This can be done by reducing the wavelength of
the incident light used for holography, say, to ultraviolet wavelengths. The TRW group demonstrated
the feasibility of this technique by means of second harmonic generation in a KDP crystal irradiated
with red light for a Q-switched ruby laser. The output power was low but sufficient to demonstrate
feasibility, and this technique may have some application for the future.

A most important series of experiments involved fnvestigation of high-order and multiple-pass
interferometry to increase sensitivity to small phase changes. Thus far, increased sensitivities by
about a factor of 4 have resulted from higher-order interferometry. Multipass interferometry has
smany difficulties associated with wind tunnel application, chiefly involving the multiple passes
through window boundary layers, but may find application to situations involving other types of
test facilities, for example, ballistic ranges where each pass increases the sensitivity of the measure-
ment. Of course, practical limitations occur due to resolution degrading effects, and some of these
were investigated in the study. System aberrations limited the practical number of passes to about
10 in one experiment.

The accidental discovery of contour fringes in a single pulse hologram was attributed to the
fact that the output of a typical pulsed laser used in holographic work often contained at least two
wavelengths. This effect has now been investigated in some detail and has led to a technique for
producing accurate contour measurements on irregular surfaces.

Comparisons of the light needed for producing a hologram of a scene and the amount of light
necessary to produce a conventional photograph have shown that over distances of the order of a
‘meter, the recording of a scene by holographic techniques is more economical (in light required)
than conventional techniques.

Finally, another attempt to view very small phase shifts involves a new method that uses a
“four-beam’’ interferometer and shows some promise of being capable of evolution into a device
capable of self-alined subfringe interferometry (see Section 7).
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2 HOLOGRAPHY IN THE TEST AND EVALUATION
DIVISION AT GODDARD SPACE FLIGHT CENTER

Michael W. Michalak
Goddard Space Flight Center

The Test and Evaluation (T & E) Division at GSFC has been involved in holography for a little over a year. |nitial
research efforts have been directed toward applying holography to thermal distortion analysis. These efforts have
led to studies involving real-time and double-exposure holography, effects of vacuum on recording materials, con-
tamination possibilities, and feasibility of multiple exposures. Real-time and double-exposure capabilities have
been demonstrated. Tests indicate that vacuum (108 torr) has little or no effect on holographic image quality
and that contamination due to plate outgassing is not significant. Research is being carried out to determine opti-
mum parameters for multiple-exposure holography. Up to ten images have been recorded on a single plate.

Future application projects include vibration testing, three-dimensional data display, and optical processing
of certain types of data.

The T&E Division of the Systems Reliability Directorate, Goddard Space Flight Center, has the
mission of testing and evaluating the performance of unmanned spacecraft and their subsystems in
simulated launch and space environments. Holography is being investigated as a new technique for
. application to testing by the division’s Instrumentation Section.

In mid-1968, a task was established to investigate holography as a means of measuring small
displacements in thermal and vacuum environments. Since that time, we have been formulating the
techniques necessary, determining the materials needed, and gaining experience in the field. These
efforts have been divided into two related areas: holography and holographic interferometry. We
have been investigating two different types of holograms: transmission and white-light Bragg-
Lippmann reflection types. We have also looked into three different types of recording media and
tried some bleaching. At the present time, we are experimenting with density storage to use our
plates to their fullest advantage. We have studied both real-time and double-exposure holographic
interferometry. Now that a certain amount of experience has been gained, the conclusions drawn
from these studies will point the way to more detailed research, eventually leading to the design and
fabrication of an operational distortion-measurement system.

At first, we started making holograms on a laboratory bench using rather crude apparatus. New
equipment and a granite slab soon put transmission holograms on a scientific rather than an artistic
basis. An interesting technique also tried was local reference-beam holography, first described by
Caulfield at Texas Instruments (ref. 1). This method utilizes the object itself as the reference beam.
Illumination from the object is broken up into two parts. One part goes directly to the plate; the
second part is focused to a very small image and used as a “’point source’ reference. We focused the
object to about a 3.5-mm image and obtained a hologram. The holographic image was barely visible
and noise was extremely high, but the technique may be worth investigating in more detail. Local
reference-beam holography indicated the possibility of developing a holographic box camera, which
would be most useful in an operational system.
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Reflection holograms of the Bragg-Lippman type were tried, using both Kodak 649F and Agfa
Gevaert 10E70 plates. The Kodak emulsions were about 16 u thick as compared with 6 u for Agfa
The Agfa plates were unproductive, probably because of insufficient emulsion thickness. Fairly
good results were obtained from the Kodak plates. Resolution was poor, since the reconstruction
source was about 3 mm in diameter. This type of hologram would be useful for dissemination of 2
holographic data where no coherent source is available for reconstruction.

The photographic fog on holographic plates is often detrimental to subsequent analysis of holo-
graphic images. Bleaching appears capable of reducing or eliminating this problem. A bleach using a
5 percent solution of mercuric chloride was tried, which reduces, but does not eliminate, the fog.
The image brightness was found to be definitely improved, but other bieaches such as potassium fer-
rocyanide are reputed to be better. Further investigation into bleaching and phase holograms is
expected to determine the optimum experimental parameters necessary to take full advantage of
this technique.

There are many types of recording media available to the holographic engineer. Among these
are silver halide emulsions, photochromics, and thermoplastics. These media were surveyed to deter-
mine whether or not a material other than silver halide emulsions would be practical in an opera-
tional holographic system. Thermoplastics may be written on by placing a set of static charges on
the surface of the material. When the material is heated, deformations develop due to the forces
exerted by the charges. Because of the complications involved in setting up the associated elec-
tronics, this medium was discarded as an alternative to silver halide emulsions.

Samples of several types of photochromics were obtained from American Cyanamid and Corn-
ing Glass. The samples were on squares of plastic film and in glass plates. They were activated by
ultraviolet light and written on by bleaching with a laser beam. The activation time was about 15
min or more, and the bleaching time was between 5 and 10 min, depending on the strength of the
bleaching source. Because of the long preparation and exposure time, this material was also dis-
carded. Since this study, other materials, in single crystal form, have been shown to produce better
results than the photochromics with which we experimented; notable examples are lithium niobate
and barium sodium niobate. Also, researchers in England report exposure times of 1 to 6 min, using
an argon laser and sensitized lead iodide layers evaporated onto a glass substrate (ref. 2). It seems
only a matter of time before photochromic technology becomes competitive with silver halide emul-
sions in some types of holography.

There are several acceptable emulsions on the market today, but the two in common use at the
time of this study were Kodak 649F and Agfa Gevaert 10E70. These films are comparable in reso-
lution but the 10E70 is considerably faster than the Kodak film. Except for the Bragg-Lippmann .
type of holograms, for which the thicker 649F is best, we have used Agfa film almost exclusively.

The next problem was that of vacuum operation. Wouid prolonged exposure to hard vacuum
(107¢, 1077 torr) cause film resolution to deteriorate enough to make holography difficult or impos-
sible? Also, would material outgassing contaminate spacecraft components, in particular, optical
components? Holograms were taken in a vacuum chamber at Goddard at ambient pressure, after a
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48-hr soak at 107¢ torr, and again at ambient pressure. There was no noticeable difference among
the three images, indicating that pressure is no barrier to high film resolution. To estimate contam-
ination danger, an unexposed plate was subjected to 107 torr for 10 hr facing a magnesium
fluoride-coated mirror. Ultraviolet reflectance measurements before and after pumpdown showed
no measurable contamination of the mirror. These results confirmed that photographic plates could
be used safely for holography at low pressures. As further proof, we made mass spectrometer runs
of antihalation backed plates at 107 torr. There was no discernible difference in runs made with
the chamber empty and with the plate in the chamber. Thus, we concluded that a holographic sys-
tem can operate in a vacuum environment.

When planning a holographic system, the designer is often hindered by the necessity of remov-
ing a photographic plate after every exposure. The recording of more than one hologram per plate
greatly reduces this problem, thus increasing the efficiency and flexibility of the system. Experi-
mentation has led to the recording of ten holograms on a single plate. A rotation of the plate by
20° between exposures was used to spatially multiplex the images. To provide increased storage
capability, both the front and back of the plate were used. Further research is being carried out to
determine image quality as a function of plate angle and hologram density.

The second phase of our research in holography is to investigate specific techniques in holo-
graphic interferometry, namely, real-time and/or double-exposure methods. Work in real-time inter-
ferometry has been a feasibility study. Holograms of an object were recorded, processed, and
replaced. It was found that by using our own plate holders, without micrometer adjustments, we
could replace the plate to within five or ten fringes of exact superposition. A portable display unit
then was constructed for a demonstration in which the hologram was recorded and replaced in one
building. Then the setup was moved to another building, and the laser was realigned to produce the
same set of fringes. Thus, a real-time holographic interferometry setup was shown to be experi-
mentally feasible,

The second technique studied was double-exposure hotography in which an image of the
distorted object is superimposed on an image of the undistorted object. For analysis, this method
appears superior to the real-time method. In most cases, the object distorts continuously, and
measurements in the real-time method therefore are difficult to obtain. Furthermore, the analysis

derived by Haines and Hildebrand makes use of the third dimension available to holographers to
measure the distance from the object to the fringes; a two-dimensional picture of the real-time data
would be ineffective in determining this parameter. A three-dimensional double-exposure sequence
would have the advantage of retaining three-dimensionality in a form amenable to analysis.

! For the future, we look to a more detailed investigation along the avenues generated by our
previous studies. We will be doing research in holocameras, making use of local reference-beam
polography or perhaps optical delay lines. Until photochromics are perfected, we will be using
photographic emulsions and trying to take full advantage of density storage. We will be experiment-
ing with bleaches to provide the best possible images for analysis and doing theoretical analysis of
holographic interferometry as a basis for designing, building, and testing an effective instrument for
measuring small distortions.

1"
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3 REVIEW OF HOLOGRAPHIC INSTRUMENTATION
AT JET PROPULSION LABORATORY

Robert V. Powell
. Jet Propulsion Laboratory

JPL is investigating nondestructive testing techniques utilizing optical, acoustic, and microwave holography.
Spray-particulate distribution measurements are being made to study the combustion process in liguid rocket
engines. Measurement techniques are also being developed to study heat transfer in arc lamps.

~JPL is developing holographic instrumentation techniques to measure mechanical vibrations
and deformations of structures as a means of flaw detection. In the field of chemical propulsion,
JPL is investigating nondestructive testing techniques utilizing optical, acoustic, and microwave
holography to determine the void distribution in solid propellants. In the area of liquid propulsion,
spray-particulate distribution measurements are being made to study the combustion process in
liquid rocket engines. Measurement techniques are also being developed to study heat transfer to
the anode of a high-powered xenon compact arc lamp.. Most of these on-going activities are reported
by their respective investigators in later sections.

Future plans for holographic instrumentation at JPL include optical processing of video imag-
ing data and the development of spacecraft memories utilizing holographic technigues.

A comprehensive review, “‘Optics at the Jet Propulsion Laboratory,” appeared in the special
"Optics in NASA-1" issue of Applied Optics.

CURRENT HOLOGRAPHIC ACTIVITIES

As a first impression, the work at the separate centers appears to be highly redundant, consid-
ered from the holographic point of view. However, the work being reported is the resuit of the
application of holographic techniques to many disciplines. From the applications point of view,
there is considerably less evidence of redundancy. Funding for these activities, at least at JPL, has
come largely from the discipline area where the holographic techniques are being applied. Certainly
consideration should be given to this applications orientation in any effort to consolidate a holo-
graphic program within NASA.

’ Current JPL activities in holography may be summarized as follows:
Flaw detection in structures

Nondestructive testing of solid chemical propellants

Combustion studies in liquid propellants

Heat transfer studies in xenon arc lamps

s~
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To pursue the development of vibration analysis and flaw-detection techniques, a laboratory
has been equipped and staffed, and the work is now in an exploratory phase. Some important appli-
cations of flaw-detection techniques under consideration are the inspection of solid propulsion sys-
tem components, microcircuits, and structures.

Figure 3.1 shows an application of dual-exposure holography to nondestructive testing of a
model of a solid propellant segment. Briefly, two exposures are made on the same film changing
the stress (i.e., temperature or pressure between exposures). The interference bands then indicate
the relative displacement in wavelengths resulting from the stress change. This observed displace-
ment must then be compared to an expected normal displacement to complete the flaw detection.

Holography in propellant stress analysis is carried on in-house and out-of-house by contract.
The work is oriented toward exploitation of the technigue in nondestructive testing. Work is under
way on two contracts, whose immediate objective is a feasibility demonstration of two dissimilar
techniques, both based on holography. The first contract is with TRW Systems, Inc., to develop an
acoustic-optical imaging technique suitable for the inspection of dielectric, highly attentuating mate-
rials such as solid propellants. In brief, the technique is similar to acoustical holography in that an
image s constructed by using coherent light to process the information in an acoustic signal that has
sampled a test specimen. |t differs from holography in that the acoustic wavefronts contain only
amplitude information and are projected from the first optical sideband of the laser beam as a two-
ditnensional image. g

p

The second contract is with Electro-Physics Corporation, Folsom, California, for the develop-
ment of a microwave holographic technique to inspect the same materials mentioned previously.
This technique is true holography in that the hologram it produces contains both amplitude and “
phase information from the sampling signal. The microwave work is treated in greater detail in
Section 12,

To ensure a high level of confidence in the reliability of the structural integrity of development
as well as flight solid propellant motors, present motor modeling programs at JPL depend heavily on
the use of photoelasticity. The extension of holography to photoelasticity has interesting applica-
tions, which we propose to investigate in-house. In the field of stress-freezing, it is believed that the
use of holography will permit the analysis of the photoelastic pattern without physically slicing or
destroying the model. This can be done by gating the focal plane to varying depths through the
model and constructing a hologram that can be reconstructed for each gated position.

Figure 3.2 illustrates a unique two-beam pulsed ruby laser holocamera developed by the TRW
Systems group under contract to JPL. The exciting thing about this development is that successful
holograms of reacting sprays in an operating liquid propellant rocket engine can be made. Some
obvious problems in the successful execution of such a design derive from the vibration, thermal,
and corrosive environment encountered in typical rocket test stand operations. In figure 3.2 the
faser is housed in the upper tube. The reference beam and scene beam derived from the laser beam
by the beamsplitter and optics in the black box on the left travel through the smaller center tube
and the cone-shaped section, respectively. The hologram is formed in the black box on the right.

14



Figure 3.1 Double exposure holographic interferogram of a model
of solid propellant under pressure stress

Figure 3.2 Ruby laser holocamera for rocket combustion studies
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Figure 3.3 Computer-processed Mariner VI photographs; (a) photo-
graph as received, {b) electronic noise to be removed, (c) scene with
noise removed, {d) scene with high-frequency components empha-
sized

B



The camera mounted on the right permits laser photography for comparison purposes. More will be
said about this unique holocamera design in Section 11.

I do not have an illustration of the heat transfer studies; however, you will find illustrations as
well as a more detailed coverage of the subject in Section 18. Briefly, flash holograms of the hot
gas paths around the outside surface of the anode will indicate which anode shapes are preferable in
terms of turbulent flow in developmental arc lamps.

by

FUTURE HOLOGRAPHIC ACTIVITIES

In addition to an appropriate continuation of the efforts described, JPL would like to initiate
an active development program in optical data processing using the coherent light techniques com-
mon to holography. Figure 3.3 illustrates some results of our present digital image-processing tech-
niques as applied to Mariner VI. The upper left picture is that of the unprocessed picture data as
received from Mars. The upper right picture is a map of the electronic noise in that picture as deter-
mined by Fourier transform techniques. The lower left picture is the result of subtracting the noise
mask from the unprocessed picture. The improvement in the lower right picture over the noise-free
picture, is largely the result of high frequency enhancement. Processing time may run as high as an
hour per 600- by 600-element picture. |f we are to handle the expected high volume of pictures
anticipated from future planetary missions, some method (e.g., optical processing) must be devel-
oped to permit the required high processing rates.

+  JPL also is very interested in the possible application of holographic recording techniques to a
memory with graceful degradation characteristics. Such a memory would have an important appli-
cation to the 10- to 15-year outer planet missions. '

P
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4 REVIEW OF HOLOGRAPHIC INSTRUMENTATION
AT MARSHALL SPACE FLIGHT CENTER

John R. Williams
NASA Marshall Space Flight Center

Investigations by this center into various areas of holographic technology include both basic and app!ied research.
The areas presently under investigation are: (1) hypervelocity holography; (2) holographic nondestructive testing
of honeycomb, epoxy joints, metal welds, etc.; (3) holographic stress analysis of solder joints and printed circuit
boards; (4} lifetime predictions of materials under cyclic loads by optical correlation; (5) velocity and size distri-
butions of particle fields; (6) holographic analysis of contaminate deposits on optical surfaces; and (7) testing of
large optics by holographic interferometry,

A review of both past and planned future work is presented, as well as the on-going projects. Personnel,
lab space, and equipment are briefly discussed.

Work in holography at Marshall Space Flight Center is primarily applied research combined
with the basic investigations necessary to completely understand and analyze the specific applica-
tion. The group conducting this research is in the Optical Physics Branch of the Space Sciences
Laboratory (SSL). This group consists of three full-time professional people, one part-time profes-
sor, one technician, and seven co-op students. At present we have almost 3000 sq ft of laboratory
space containing approximately $350,000 in equipment entirely devoted to various investigations
in the field of holography and Fourier optics. Areas under investigation include hypervelocity
holography, holographic nondestructive testing, holographic stress analysis, lifetime predictions of
materials by optical correlation, particle field studies, holographic analysis of contaminate deposits,
and testing large optics by holographic interferometry. In addition, this work has been comple-
mented by work performed under contracts with GCO, Inc., and the University of Tennessee Space
Institute. Some other areas of interest in which work is being initiated are image deconvolution,
computer-generated holography, long-range large-object holography, quantitative analysis of holo-
graphic interferometry by computer, and holographic analysis of integrated circuits.

HYPERVELOCITY HOLOGRAPHY

MSFC'’s first funded effort in this area was concerned with producing high-quality holograms
of projectiles traveling at hypervelocities. This effort is being conducted in conjunction with the
» Astrophysics Branch of SSL. The effects of impacting hypervelocity particles, namely meteors, are
simulated by accelerating various-sized projectiles at known hypervelocities and studying the impact
phenomena. By making holograms of the projectile, and thus adding the third dimension, a more
meaningful description of the projectile integrity can be acquired. Also, by making a hologram at
the instant of impact one can then measure the debris created and determine the projectile/target
fragmentation.

19
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The system used in the early stages of this effort was composed of a high-power pulsed ruby
laser, a helium-neon laser for alinement, and a small light-gas gun. Figure 4.1 is a photograph of the
ruby laser. The oscillator/amplifier head is shown on a granite slab with the control console off to
the left. This laser originally produced a 50 nsec pulse with 750 MW of power and a coherence
length of about 3 cm. Placing an aperture in the cavity and selecting a portion of the rod extended
the coherence length to at least 3 ft, which was adequate for the first shots. Figure 4.2 is a photo-
graph showing the light-gas gun used. This gun has a velocity capability of about 7 km/sec. Figure
4.3 is a photograph of the helium-neon laser used for alinement purposes. As car be seen in this
photograph, the optical system used was an off-axis one, instead of an in-line coi..iguration; even
though the first holograms were backlit, new techniques being investigated in this lab indicate that
frontlit holograms of hypervelocity projectiles are feasible. Figure 4.4 is a photograph of a holo-
graphic image of a hypervelocity projectile. Some details on this project were reported in the Febru-
ary issue of Applied Optics.

£

HOLOGRAPHIC NONDESTRUCTIVE TESTING

Holography promises to be an extremely useful technique in the area of nondestructive testing.
Since holography allows us to compare two different wave fronts at two different instants in time,
we can determine the effects of various loads on a particular subject. Both real-time and multiple-
exposure holography are being used in this project, but for simplicity in photographing the results
only multiple-exposure holograms are used in this paper. Figures 4.5 through 4.7 are examples.
Figure 4.5 is a photograph of an image from a double-exposure hologram of an epoxy joint sample.
The sample is the small metal strip shown C clamped to a larger steel block. There is a vertical .
epoxy weld just inside each C clamp. The one on the right is visible, while the one on the left, sand-
wiched between the metal strips, is not visible. It can be detected, however, by the irregular fringe
pattern just to the right of the left C clamp. This type of fringe pattern is being used to determine
the integrity of the joint. This type of joint is much more apparent in figure 4.6, also a double-
exposure hologram. in both figures, the load applied was a 1° C heat change. Figure 4.7 isa
double-exposure hologram of a honeycomb sample. Here again the load was a 1° C heat change.
An improper bond can be seen by noting the irregular fringe pattern in the cross-markings. Even
though this bond area is not void of cementing material it does indicate a nonuniformity between
the skin and the honeycomb. This topic is presented in more detail in Section 14.

+

HOLOGRAPHIC STRESS ANALYSIS

With both manned and unmanned spaceflights increasing in complexity and duration, it is
necessary that the components have longer and longer lifetimes. One problem that NASA has expe-
rienced along these lines is the failure of printed circuit boards. Since the individual solder joints
are so small, they do not lend themselves to standard stress analysis. Therefore, one cannot measure
or determine the stress introduced in the joint as it goes through the required number of thermal
cycles. The printed circuit board may be inspected with a microscope, but since cracks develop
from the inside and proceed outward to the surface of the board, only a go/no-go decision can be
made. No information is obtained that would aid in determining the lifetime of the solder joint -
and thus the board’s expected lifetime, Efforts are being made at MSFC to measure the stress in
the solder joints by holographic interferometry. By using double-exposure holography with tem-
perature as the load, one obtains an interferogram where the fringe spacing is indicative of the
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Figure 4.1 Pulsed ruby laser system

Figure 4.2 Light-gas gun
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Figure 4.3 Helium-neon alinément laser and optical configuration

Figure 4.4 Holographic image of hypervelocity projectile



Figure 4.5 Double-exposure holographic image of epoxy joint

Figure 4.6 Double-exposure holographic image of epoxy weld
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Figure 4.8 Holographic image of paint spray particles



physical movement. |f the relative movement of each constituent of the joint is known, then the
stress introduced can be determined. To facilitate fringe measurement, both a metalograph and
simple lenses have been used to magnify the joint.

LIFETIME PREDICTIONS OF MATERIALS BY OPTICAL CORRELATION

As indicated in the previous section the ability to accurately predict lifetimes of such impor-
tant components as printed circuit boards is vitally needed. The results from this effort are continu-
ally compared with the results from the previous effort using holographic interferometry.

As you are aware, the hologram can be used as a complex filter as well as a three-dimensional
imaging technique. In this technique, a Fourier transform hologram, or matched filter, is made of
the printed circuit board in an ‘“unloaded’’ state. The hologram is developed and placed back in its
original position. When the board is reilluminated and is unchanged, a correlation spot is produced,
which can be monitored with a photomultiplier. This correlation spot is monitored in this manner
as the printed circuit board is allowed to undergo a small, 1° C temperature cycle. As the board
changes temperature and the surface changes, then it no longer correlates as well with the hologram
so the intensity of the correlation spot decreases. In this manner, both temporary and permanent
surface changes can be monitored. This work is presented in more detail in Section 15.

PARTICLE FIELD STUDIES

This area of holography has not received as concentrated an effort as the rest of the projects
being conducted. Two specific problems provided the impetus for this work. One was the need to
know particle size and velocity of particles emanating from a rocket nozzle, and the other was the
need to know the sizes of particles exhausting from a smokestack. Since other locations such as
Jet Propulsion Laboratory and Arnold Engineering Development Center were producing informa-
tion similar to engine plume particle content, a large effort was not initiated in this area, The prob-
lem of particle content in smokestacks and similar combustion devices was, and is, of vital interest
in the field of air pollution. An effort was initiated to study particle fields with the problem of air
pollution as the application.

Various types of particle fields have been holographed, and figure 4.8 is an early holographic
image of a paint spray. In this effort, as with most areas of holography, one is interested in attain-
able resolution and magnification. Since, from a medical standpoint, one needs information not
only about the large particles but also about the very small ones, it is necessary to be able to con-
sistently detect particles of 5 u and less. An effort is continuing along these lines with resolution
and magnification the main points of interest.

" HOLOGRAPHIC ANALYSIS OF CONTAMINATE DEPOSITS

Space Sciences Laboratory has been given the primary responsibility to study the possible
problem of contamination of optical surfaces in space, and many new, as well as traditional, meth-
ods are being employed. One of these is the application of holographic interferometry to the study
of optical surfaces. Since there is considerable probability that waste dumps, engine exhaust, out-
gassed material, etc., will collect on orbiting optical equipment, the ability to study this deposition
real-time both in the lab and in orbit is needed. Since holography permits the use of interferometric
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systems without requiring extremely high quality optics, holograms can be made of an optical flat
while it is under vacuum. The flat can then be used as a reference for future surface inspection.
Once the hologram is made, developed, and replaced in its original position, the flat can be moni-
tored through the hologram. So long as the flat remains clean, no apparent change is seen, but
fringes begin to form when a material sample is heated and forced to outgas and plate out on the
flat. These fringes contain information about both the film thickness and uniformity. Various
experimental setups have been used in this effort and will be presented in greater detail in Section
14.

TESTING LARGE OPTICS BY HOLOGRAPHIC INTERFEROMETRY

In preparations for orbiting a diffraction-limited mirror as large as 3 m in diameter, numerous
problems arise. MSFC has been applying holographic interferometry in this area in an effort to help
evaluate some of these problems. Since most of these problems are manifested as a surface change,
the ability to monitor such a surface, very accurately, is a step in the right direction. Either double-
exposure or real-time holographic interferometry can constitute a technique for such detection.

Several different mirrors have been used in this effort; the largest has a 16-in. diameter with
the center 10 in. illuminated. Figures 4.9 through 4.11 are holographic images of double-exposure
holograms from the 16-in. mirror. Figure 4.9 had a rotation of about 100 urad between exposures.
Figure 4.10 had the temperature of one corner increased about 0.1° C, while figure 4.11 had the
temperature decreased by gaseous freon. These tests had the mirror illuminated with a 10-in. piece
of diffused glass. This provides the square background seen in the mirror. An experimental system
is being developed whereby the mirror surface can be altered by known amounts so that the accu-
racy and reliability of this technique can be determined. It is planned to incorporate an optical
transfer function system along with the holographic interferometer as part of the surface monitor-
ing effort.

LARGE-OBJECT HOLOGRAPHY

In several of the efforts described previously, the need for a large-object, high-speed holo-
graphy capability arose. This has been satisfied by the pulsed ruby laser shown in figure 4.12. This
laser produces a 50-nsec 1-J pulse, with a coherence length of at least 3 m. It is being used in sev-
eral of the projects where its particular capabilities can contribute. Figures 4.13 and 4.14 are holo-
graphic images made some time ago with this laser. They represent moderate coherence character-
istics. Figure 4.15 is a hologram of a 6-ft mannequin in an Apollo flight suit. Because of the cam-
era’s limited field of view, this photograph does not adequately show that the entire man, from
head to toe, is in the hologram. More recently, large-area bleached holograms of considerably
higher quality have been made, but photographs of these are not yet available.

NEW AND PLANNED MSFC ACTIVITIES

Several efforts in holography and Fourier optics have just been initiated or are planned for
future study. Some of these are image deconvolution, computer-generated holography, large-

distance holography, quantitative analysis of holographic interferometry by computer, and holo-
graphic analysis of integrated circuits.
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Figure 4.9 Double-exposure holographic Emage of physically moved mirror

Figure 4.10 Double-exposure holographic image of a mirror with 0.1° C temperature change
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Figure 4.11

Double-exposure holographic image of a mirror with extremely small temperature change

Figure 4.12 Ultracoherent puised ruby laser system



Figure 4.13 Holographic image of oscilloscope

Figure 4.14 Holographic image of a person
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Figure 4.15 Holographic image of a 6-ft mannequin wearing an Apollo suit



Work has just started in the area of image deconvolution. Studies have been conducted in
various types of optical filtering primarily to gain experience and experimental expertise. The prob-
lem presently addressed is concerned with X-ray negatives. Since X-ray devices do not possess true
point sources, their negatives, in the final analysis, are not truly focused. Filtering techniques are
being investigated to compensate for this condition.

In most optical filtering systems, a very accurate filter is needed if the goal is a pattern recog-
nition. |f a very accurate filter is used, scanning of other shapes or sizes requires a very large num-
ber of filters. The ability to form and erase such filters electronically would be an extremely impor-
tant contribution. Thus, an interest exists in computer-generated holograms.

The value of radar and long-range photography has been well established. It is not unreason-
able to consider their advantages combined with the added capability of holography. Numerous
applications await the system that can produce true holograms over large distances.

Holographic interferometry appears to be one of the most promising areas of holography. A
systematic approach to quantitative fringe analysis, therefore, is not unrealistic. An effort has been
initiated at MSFC to perform controlled experiments and tie the mathematical model of these
results, where applicable, with standard interferometry. There are many instances in holographic
interferometry, as in normal interferometry, where the computer can aid in the analysis.

Primarily because of MSFC’s experience in applying holographic interferometry and optical
correlation to printed circuit boards, an expansion of this effort to include integrated circuits is
being considered. In many respects the integrated circuit would be much easier to work with since
it is man-drawn and more defined than the typical solder joint.

These are a few of the areas being considered at MSFC. Many small studies are being con-
ducted along with the large projects to maintain a well-defined, up-to-date capability in the field.
A few of these ““small’” studies are magnification, resolution, developing techniques, bleaching tech-
niques, and improved technology procedures.

CONTRACT ACTIVITIES

At present there are two contracts from MSFC on holography. One is with GCO, Inc., while
the other is with the University of Tennessee Space Institute. The contract to GCO is on holo-
graphic techniques for the analysis of steady-state and transient vibrations. A report on this effort
is included in this publication as Section 6. The contract with the Space Institute is for the devel-
opment of optical data-processing techniques applicable to detection and study of meteor trails.
This effort has been in progress since September 1969.
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5 REVIEW OF HOLOGRAPHIC INSTRUMENTATION
AT LANGLEY RESEARCH CENTER

Joseph H. Goad — presented by Don M. Robinson
Langley Research Center

During the past four years, a small program has been carried out at Langley Research Center to examine potential
holographic instrumentation application areas. |nitial experimental results have been obtained in applications
involving interferometric flow visualization, dynamic particle sizing, interferometric measurement of displace-
ments by surface contouring or vibration mapping and nondestructive testing. Results of each application will

be summarized. One problem area in applying the above techniques to dynamic events is the availability of a
pulsed laser with a highly coherent output, a subnanosecond pulse duration, the ability to be synchronized or
slaved to the event, and a good pulse-to-pulse reliability. Areas of interest are outlined in which holography could
possibly provide more meaningful or unobtainable data.

During the past four years, a small program has been carried out at Langley to examine applica-
tion areas where holographic instrumentation may have potential. These include display holograms,
holographic interferometry for such uses as flow visualization, surface contouring, measurements of
displacements, vibration mapping and other nondestructive testing techniques, and dynamic particle
sizing. Initial experimental results indicate that some of these areas are promising for a near-term
faéility application (for example, a flow visualization technique to be described and a particle sizing
effort). Most of these areas of interest have been reported previously by various investigators; con-
sequently, Langley’s main objective for the holographic effort is to evaluate such techniques for
application in areas where this emerging technology may alleviate existing measurement problems.
To determine the applicability of holographic technigues to a given situation, one of three ques-
tions must be satisfied: (1) Can holography provide data more readily than other means? (2) Can
data with higher accuracy be obtained? (3) Can data be obtained that are not accessible by other
means?

FLOW VISUALIZATION

Approximately 40 percent of the work effort at Langley is in the field of aerodynamics. One
of the most valuable technigues for obtaining performance data in wind tunnel facilities is flow
visualization. Classically, the technigues of shadowgraph photography, schlieren, and interferom-
etry have provided valuable data. Many times, however, these conventional techniques fail to yield
the desired quality or quantity of data.

* Holographic interferometry has received attention at Langley as a means of alleviating some
of the problems with conventional systems. One technique applied at a Langley wind tunnel facil-
ity is a real-time flow visualization system using holographic moiré patterns. The system uses a
moiré principle in which a very fine system of fringes is magnified to produce real-time visible
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Figure 5.1 Holographic moiré interferometer system

interferometric-type fringes that can easily be recorded. These moiré fringes are produced by
superimposing two sets of straight-line interference patterns, or grids. Figure 5.1 is a diagram of the
experimental setup used to record these fringes. This arrangement is similar to an interferometer in
that the two coherent beams are superimposed, thus producing an interference pattern. The first
set of fringes is recorded on a photographic plate with no disturbance in either beam. This holo-
gram is then replaced in its original position, and a second set of live straight-line fringes from this
system is superimposed upon the first set. If the hologram now is rotated slightly, a magnified set
of fringes, called moireé fringes, results. A disturbance in either of the beams causes the moiré
fringes to be displaced as in an interferometer, indicating the real-time flow or disturbance. Figure
5.2 illustrates interferometric data obtained with this system. Interferograms of a burning candle .
are shown for an infinite fringe setting and for a finite fringe setting of the system. This system is
easier to set up and adjust than a conventional interferometer and does not require high precision
optics. Other advantages of this system are real-time observation of the flow for rapid interpreta- -
tion and real-time photography of the flow. The technique will be applied for flow visualization
where interferometry is desired but difficult to set up.

finite fringes infinite fringe “

Figure 5.2 Real-time flow visualization using holographic moiré patterns
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SMALL PARTICLE HOLOGRAPHY

Another in-house effort has been the investigation of the use of single-beam, far-field holog-
raphy as an imaging technique. To date, experimental work has confirmed theory developed on
small particle imaging and magnification, and a theoretical investigation has been made to determine
the available reconstruction resolution by measuring the number of fringes on the hologram.

The final goal of this work is the holographic reconstruction of particies 50 u in diameter hav-
ing velocities of up to 20 km/sec. The intended application here is in a small-particle accelerator
being constructed for use in simulated micrometeoroid impact. A record of the particle will provide
data for accurate velocity measurements and particle integrity data. |f a sufficiently coherent
pulsed laser is available, particle sizing will be possible.

A holographic approach to the photography of these particles was tried because of the prob-
lems that are encountered with conventional photographic techniques. One of the most significant
problems is the limited depth of focus in a conventional imaging system. This can be a serious prob-
fem if the exact position of the particles is unknown, as is the case for the simulated micrometeor-
oid impact. This uncertainty of exact particle location is, in fact, one of the main reasons for using
holography to photograph these particles, since depth of focus can be increased.

Scale: 100 micromns/div. |

' (a) Hologram

Figure 5.3 Hologram and reconstruction of 100- to 150-u-diameter particles in a single plane. z is about
1.5 cm. Magnification is 33X. The scale is superimposed on the photograph to indicate size
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To demonstrate laboratory feasibility of the holographic approach, experiments were con-
ducted in two phases. The first phase consisted of hologramming objects from 250 u down to 25 u
in size under static conditions, and the second phase simulated dynamic conditions in which accel-
erated particles were hologrammed using a Q-switched ruby laser. Figure 5.3 shows an example of
a hologram and reconstruction taken with a helium-neon laser of some granular particles on a micro-
scope slide. The reticle spacing shown in the figure is 100 u per division from which size informa-
tion can be obtained. Similar results were obtained with other object distributions using both a
helium-neon and a Q-switched ruby laser. An example of some data gathered in the dynamic phase
of the experiment is shown in figure 5.4. This fiberlike object was holographed with a Q-switched
ruby laser and reconstructed with a helium-neon laser using a TV vidicon/monitor type readout. It
was intended in this experiment to measure the size of individual particles (approximately 100-u
mean diameter), which were shot by a 220-caliber rifle/sabot type accelerator to a velocity of about
2.5 km/sec. However, due to the grouping of the particles as they passed through the test chamber,
the distribution was generally of the shape shown in figure 5.4. Individual particles have been mea-
sured, however, in an experiment in which a 2.5-km/sec projectile impacted a target and the particle
spray was holographed by this technique.

Figure b.5 is a diagram of the proposed system to construct holograms of particles accelerated
to hypervelocities. The particle is detected by a reflected-light technique at the velocity-measuring
stations. This detection provides information so that the velocity calculator can provide Q-switch
laser synchronization with the particle arrival at the holography station. One problem area in apply-
ing the above technique is the availability of a pulsed laser with a highly coherent output, a sub-
nanosecond pulise duration, the ability to be synchronized or slaved to the event, and a good

Figure 5.4 TV reconstruction of “‘object” moving through chamber at
about 2.6 km/sec. Fiberlike character of the reconstruction indicates
the object may be grease or cotton strands. Magnification is 35X
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Figure 5.5 Proposed system for measuring the velocity and
holographing hypervelocity mil-size particles

pulse-to-pulse reliability. Two possible laser configurations are the mode-locked ruby laser and the
reversed pumped Raman laser. The Raman laser appears to be the best candidate from the stand-
point of reliability and synchronization. A mode-locked ruby laser uses a saturable dye, which
introduces a timing uncertainty in synchronization. The synchronization of the Raman laser
depends on the switching of the ruby pump source, which can be controlled with a Pockels cell. A
reversed pumped H, Raman laser compresses the nominal 20-nsec pump source duration to an out-
put pulse in the order of 0.3 nsec. For a 50-u particle accelerated to 20 km/sec, a pulse duration of
0.3 nsec will produce about a 6-u particle movement during exposure. Construction of a far-field
hologram with 10 percent particle motion should provide a reconstruction containing sufficient
information to increase our knowledge of micrometeoroid impact phenomena.

SURFACE CONTOURING, NONDESTRUCTIVE
TESTING, AND VIBRATION MAPPING

Several applications in structural analysis and dynamic loads have generated a need for holo-
graphic surface contouring, nondestructive testing, and vibration mapping. Very precise

Figure 5.6 Uniform angular deflection of metal bar
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measurements are needed to validate many static and dynamic mechanical structure theories.
Measurements with holographic techniques provide the required accuracy for an experimental
versus theoretical evaluation. Figure 5.6 is a surface contour of a simply loaded beam taken by
a double-exposure technique. Each fringe indicates a one-half wavelength deflection from the
undeflected position. Distortion of a C clamp compressing a metal ring is shown in figure 5.7.
Surface contouring has also been used to determine base plate distortion of a small vacuum
chamber.

A contract (NAS1-8361) with TRW Systems was initiated by Langley to establish the feasi-
bility and usefuiness of holography as a research tool to advance the state of the art in experi-
mental dynamic mechanics. The contract covered three task areas where theoretical data could
be compared with data obtained from holographic techniques:

1. High-frequency vibrations of beams and plates

2. Transient response of a cantilever beam

3. Transverse wave propagation in a beam

Experimental techniques used in this research contract were time-average holography, stored-beam
holography, and stored-beam holography combined with a high-speed motion picture camera. The
vibration studies extended structural dynamic data to frequencies virtually unexplored until now.
In all cases, the data obtained show good agreement between theoretical and experimental response.
This agreement serves to illustrate the high accuracy obtainable by holographic techniques. An
example of some results from this contract where holography provides data unobtainable by other
techniques is illustrated in figure 5.8. This particular interferogram shows a simply supported metal

Figure 5.7 Distortion of C clamp compressing metal ring
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Figure 5.8 Holographic mode shape of 8- X 10-in. plate

plate vibrating in the fundamental mode. From the fringes, the displacement of the plate can be
measured and compared to the results indicated by theory. The agreement between theory and
experiment is shown in figure 5.9

Some in-house work has also been conducted that is related to the above techniques for
determining contour maps of various vibrating surfaces. Figure 5.10 is an example of the use of
a time-average approach to holograph a headphone diaphragm vibrating at various frequencies;
different modal patterns of a vibrating 35-mm film can are illustrated in figure 5.11.
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Figure 5.9 Calculated and experimental mode shape (first mode)
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Figure 5.10 Interferograms of vibrating headphone diaphragm
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Figure 5.11 Interferograms of resonating 35-mm film can
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6 HOLOGRAPHIC TECHNIQUES FOR THE ANALYSIS
OF STEADY-STATE AND TRANSIENT VIBRATIONS

Charles F. Jacobson and Peter A. Hubbard
GCO, Inc.

GCO has investigated the use of holography as a tool for the analysis of vibration and shock. Steady-state vibra-
tions have been investigated using both time-average and real-time holographic interferometry. Techniques have
been developed for determining the phase of the mechanical vibrations using modulated reference or reconstruc-
tion wavefronts as well as strobed illumination in a real-time holographic interferometer. For situations such as
shock, flutter, and transient phenomena, where sinusoidal single-frequency analysis is not possible, techniques
for the instantaneous observation of interference fringes have been developed. Specifically, real-time fringes were
photographed with a high-speed motion-picture camera.

Holography is proving to be a valuable tool for structural engineering. Through holographic
interferometry, very small displacements and deformations can be measured, and vibration charac-
teristics can be determined. There are three types of holographic interferometry:

1. Time-average holographic interferometry of sinusoidally vibrating objects (such as sonar trans-
ducers), where the interference is approximately between the peak displacement positions of
the image.

2. Real-time holographic interferometry, where the interference is between the image and the
object.

3. Double-exposure holographic interferometry, where the interference is between two slightly
displaced images.

TIME-AVERAGE HOLOGRAPHY

Consider first time-average holography. Powell and Stetson (refs. 1 and 2) demonstrated the
potential of holography as a tool for interferometric measurement by their dramatic experiments
with a vibrating can. Nodes and antinodes were clearly indicated. The fringes of constant phase
difference could be used to calculate the amplitude of vibration as follows.

Figure 6.1 is a two-dimensional representation of the recording geometry for holographic
interferometry of a vibrating object, a sonar transducer in this case.

The active face of the transducer defines the principal plane of the XY axes. Its amplitude dis-
tribution is assumed to be normal to the planar surface, and the instantaneous displacement is
given by:

displacement = m(x,y) sin wqt

where .
wg = acoustic frequency
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AMPLITUDE = m (x,y) sin wqt

REFERENCE

LENS
PINHOLE

PLATE

Figure 6.1 Geometry of holographic interferometry
for vibration analysis

The transducer is illuminated from the right with a spherical wavefront from a laser. The propaga-
tion vector k,, from the pinhole to the point (x,y) on the face of the transducer, makes an angle 9,
with respect to the normal to the transducer. The observer looks at point (x,y) at an angle 6, with
respect to the normal. It can be shown that, if the reconstructed-image intensity of the undriven
transducer is represented by |G i 2, then with continuous-wave laser illumination and steady-state
vibration, the reconstructed-image intensity of the vibrating transducer is given by

1G, |2 =Js%(kA)| G2

where the term J, is the zero-order Bessel function of the first kind, and where the argument (kA)
of the zero-order Bessel function is

kA = (27/X) [m(x,y)(cos 8, +cos ,)]

Note that A is the optical-path difference between peak and zero displacement.

Dark fringes occur at the roots of J,? (kA). (It is helpful to consider that the static image is
modulated by a characteristic function, such as this one in the case of time-average holography.)
From the geometry, cos 8, and cos #, can be calculated. With a table of the roots of the zero-
order Bessel function, one can solve for m(x,y).

If the i™ rootof J, isdenoted as p;, then
' 2m(cosf,; +cosb,) “

Because of the two cosine terms, which we call the obliquity factor, the fringes observed for thegen-
eral case are fringes of constant phase difference. In other words, the fringes observed depend on the
direction of the illumination beam, the observation direction, and the orientation of the transducer.
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Figure 6.2 shows the reconstructed image of a square plate in several vibrational modes.
Figure 6.3 shows the amplitudes of vibration for one case. Note that the phase is reversed on oppo-
site sides of the nodes. The value of displacement was obtained easily from the values of the argu-
ment of J, at its various roots, the first dark fringe corresponding to the first root of J, and so on.

REAL-TIME HOLOGRAPHIC INTERFEROMETRY

In real-time holographic interferometry, a hologram is made of the object in its static position.
After development, the hologram is replaced in its original recording position, and the interference
between the holographic reconstructed image and the illuminated object is observed. Now the
experimenter drives the object acoustically while observing the interference fringes. At resonances
the static fringes tend to wash out, and the observer notes a dim fringe system characteristic of the
modes of vibration. Under ideal circumstances the real-time characteristic function is

1+ cos ¢, Jo(kA)

where the term cos ¢, describes the static fringe system without vibration. Note that the fringe
visibility decreases rapidly for increasing (kA).

*

(d) 1300 Hz (e) 1972 Hz (f) 2450 Hz

Figure 6.2 Time-average holographic fringe patterns of square aluminum plate in several vibrational modes
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Figure 6.3 Dark fringes on this time-average holographic interferogram of a sonar trans-
ducer are amplitude-displacement contours, in Min.

This real-time method is useful for quickly finding resonances of the object. After the experi-
menter determines resonance frequencies by real-time interference, he can record a time-average
hologram at each resonance for amplitude measurement.

As with many observed phenomena with poor visibility, the visibility or detectability of real-
time vibration fringes is enhanced by dither of either frequency or amplitude.

STROBE HOLOGRAPHIC INTERFEROMETRY

The technique of strobe holographic interferometry offers the ability to measure phase and
amplitude in real time. Ennos and Archbold (ref. 3) described a novel system using mechanical
strobing. Johnson and Schienkov! achieved very nice results by shuttering a CW He-Ne laser with a
Pockels cell while recording the hologram.

lUnpublished report from Office of Naval Research, Code 468, Oct. 1968, by C. Johnson and P. Schienkov.
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At GCO, a Pockels-cell modulator was used with an argon laser, which gave sufficient light for
real-time observation. If optimum conditions are achieved (fringe visibility of 1), the characteristic
function is

(wAt/27) [1 + cos(d, - kA sin wqt)]

where wAt/27 = duty cycle of strobe, and ¢, describes the static real-time fringe system. If strob-
ing coincides with the vibration peak, the characteristic function reduces to

-

(wAY/2m)[1 + cos(g, + kA)]

This peak can be found by observation. Fringe contrast can be very good.

Figure 6.4 is a block diagram of the system. An argon laser with wavelength-selecting prism and
coherence-extending etalon was used. A horizontal Glan air prism increased the degree of linear
polarization. The light was modulated to vertical polarization with a Pockels-cell modulator driven
by a high-power pulse generator. A vertically alined Glan air prism passed only vertically polarized
light. The pulse generator was synchronized to an audio oscillator with a variable-phase output.

The fixed-phase output was amplified to drive the object. '

Examples of strobed, real-time holographic interferometric fringes of a vibrating aluminum
panel are shown in figure 6.5.

PHASE MEASUREMENTS

Phases of vibration of the antinodes on several vibrating plates were measured holographically
with the shuttered argon laser system. The peak displacement at each antinode was maximized
u‘sing the phase-shift control on the oscillator {Hewlett-Packard model 203). The error of measure-
ment is estimated to be less than +5°.

On all panels except a round one, the peak maximum dispiacements of the antinodes were
either in phase or 180° out of phase. The exception is illustrated in figures 6.6 and 6.7.

172 WAVE GLAN AR PRISM KD%P POCKELL'S
PLATE (HORIZONTAL )
CW_ARGON TO HOLO
LASER (514.5nm) L — SYSTEM
VERTICAL 100:I 50,000:1
’ GLAN AIR PRISM
POLAI(?:DZ)ATION HORIZONTAL (P) (VERTICAL)
POWER
PULSE
& GENERATOR

i

VARIABLE AND
0SC FIXED —
¢ OUT

ACOUSTIC
TRANSDUCE

Figure 6.4 Shuttered-laser system for strobed real-time holographic
interferometry of vibrating objects
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Figure 6.5 Strobed real-time holographic interferometric fringes of vibrating panel

Shown in figure 6.6 are photos of real-time hologram reconstructions of a circular plate
vibrating at 670 Hz in a (1,1) mode. The measured phase difference between the two antinode peaks
is 205° (instead of 180°). This same plate had a second (1,1) mode at 700 Hz, as shown in figure
6.7, with two antinodes also vibrating 205° out of phase with each other. However, the fringe sys-
tem in figure 6.7 is angularly displaced by 90° relative to the system in figure 6.8.

Figures 6.6(e) and 6.7(e) are photographs of the plate with no vibration. The four static
fringes were obtained by very slightly tilting the top of the plate-holding fixture back away from
the observer, Before the tilting, two or three circular fringes were roughly centered on the disc. The
tilt shifted the fringes down and somewhat to the left.

These static fringes can be used to resolve the 180° phase ambiguity that occurs with more
than one antinode. Note in particular in figure 6.6(e) the fringe that arches over from 10 o’clock to
4 o’clock. In (a) and (b) this fringe is not too greatly changed, but it is pushed down by the top
right antinode, indicating that the top right antinode has moved away from the observer while the
bottom left antinode has moved toward the observer. In figure 6.6(c) and (d) this same fringe .
swings up and around the top right antinode, indicating that this antinode is now closer to the
observer (i.e., in the direction of its position before tilting). Similar observations can be made about
figure 6.7. *

We believe that the existence of a (1,1) mode at two distinct frequencies is due to anisotropic
physical properties of the aluminum plate induced during the rolling processes. The phenomenon of
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Figure 6.6 Real-time holographic interferometric phase measurement of vibrating plate
(phase measured at antinode peaks)
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Figure 6.7 Real-time holographic interferometric phase measurement of vibrating plate
(phase measured at antinode peaks)
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Figure 6.8 Holographic transducer analyzer

adjacent antinodes not being 180° out of phase may be due to a nonlinear effect. Figures 6.6(f) and
6.7(f), time-average reconstructions of these two modes, show more clearly the absence of a node
between the two antinodes and indicate the presence of a fundamental component.

INSTRUMENTATION

To facilitate fringe interpretation, GCO has demonstrated and instrumented a technique for
making cos 0, and cos 8, approximately equal and their sum equal to 2. The requirements for a
holographic vibration analyzer are:

Versatility

Operating simplicity

Ability to operate in a normal environment

Isolation from seismic disturbances

Fixed setup to aliow for comparison experiments—several years apart if necessary

oL~

Figures 6.8 and 6.9 show the holographic transducer analyzer built for the USN Underwater
Sound Laboratory. A light-tight hood allows operation in a lighted room; it opens easily to allow

general access, and the end panel may be removed for observation and for photography of recon-
structions.

Figure 6.8 shows schematically the layout of components on the holographic vibration
analyzer. The laser shown is a Spectra-Physics Mode! 125. For more power, an argon laser can be
Gsed. A variable attenuator denoted as A is useful for adjusting fringe visibility. A large beamsplitter
(BS,} in the object beam allows us to virtually superimpose the observation and illumination points,
making 8, and 6, equal at every point on the object. Although this use of the beamsplitter appears
to make inefficient use of the laser light, when a special retroreflective coating is used on the
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Figure 6.9 Optical components of holographic vibration analyzer

transducer face, the light efficiency is actually increased by more than 35 times over direct illumi-
nation of an object painted flat white. If a flat object is located at least 3 times its maximum dimen-
sion from the plate, then the error in assuming cos 8, + cos 6, constant (and equal to 2) is less than
2 percent (if the object is assumed to be vibrating normal to its surface}.

All the components are mounted on a cast-Meehanite surface plate that has been ‘‘normalized™
for maximum stability. The surface plate is mounted on a pneumatic isolation system, which pro-
vides isolation from seismic vibrations. The surface plate is 4 ft by 8 ft by 6 in. thick, with a ribbed
structure, and weighs about 3000 Ib without components. The load capacity is 2000 Ib. All com-
ponents have been designed to be interferometrically stable, and all except the transducer and the
optical rail with mirror M, are bolted in place. Because the components are fixed in place it is
possible to test an object, put it into service, bring it back years later, and retest it for comparison.

HIGH-SPEED HOLOGRAPHIC INTERFEROMETRY FOR SHOCK,
FLUTTER, AND TRANSIENT PHENOMENA

Determination of the optimum system for high-speed holographic interferometry presents
more of a problem. The major decision is which type of laser to use. The following discussion deals
with this question and shows why we decided to use a shuttered, CW laser with real-time holo-
graphic interferometry. X

How much data is required? In some classes of shock tests a simple double-exposure hologram
or a single frame of real-time holographic interferometric data would provide sufficient informatiop
to analyze the event. Generally, however, multiple frames of holographic interferometric data are
needed, possibly hundreds or even thousands, depending on the experiment. Therefore, high-speed
photography of real-time holographic interferometry is desirable.
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We estimated that in a normal system, a photographic film with an ASA speed of over 1 million
would be needed. The fastest available is Kodak 2485 with a speed of only 10,000.

The system for steady-state analysis uses a CW helium-neon or argon laser. Strobing or high-
speed photography would be achieved by shuttering. Thus only a fraction of the laser power output
would be used. A pulsed laser would be preferable, if one were available with appropriate capabilities.
One can consider recording a sequence of high-speed holograms, which offers the advantages that the
stability of the holographic system and environment is not critical and that fringe visibility is very
good. But to be useful, each hologram would have to be a double exposure of two different but
undetermined positions and would require about 1 J/pulse. Therefore, the real-time approach
seemed best.

The original static object position is the reference for all measurements and interferometric
data. A laser was needed that could be pulsed at least 10 kHz (100 kHz desirable) with an energy of
10 ud/pulse, pulse length less than 1 usec, pulse jitter0.5 percent of prf, light coherence length of
1 m or longer, and visible radiation. Since no such laser is available, we looked at possible ways to
improve the light economics, using CW lasers.

Investigations of improved reflection efficiency of the object revealed that the 3-M Company’s
Scotchlite is very well suited. This material is very directive—approximately 3° between 3 dB points.
Therefore, to use it properly, we must use a beamsplitter, which discards much of the light. Even

so, the efficiency of this reflective coating is so great that a net overall improvement by a factor of
35 was realized.?

Consider next the hologram. The optimum exposure for an amplitude hologram results in a
density of 0.6—an intensity transmission of only 25 percent. Bleaching a real-time hologram pro-
vides two benefits: (1) a much brighter reconstructed image, and (2) a higher transmissivity of the
object beam. To implement the use of the bleached emulsion, we used a technique similar to
Pennington and Harper’s (ref. 4) except that we exposed, developed, bleached, and reconstructed
in-place in a liquid gate. This processing technique eliminates the concern over residual stress in the
emulsion. The procedure was to soak the hologram plate in a prehardener, expose in prehardener,
develop in D-19, fix, wash, bleach using Kodak Etchbleach-2, and rinse and reconstruct in water.
The transmissivity of the bleached (phase) hologram was at least 75 percent, so object brightness
was increased by a factor of 3; and the reconstructed-image intensity also improved by a factor of
2.5. No specific attempt was made to optimize the process.

Finally, at some sacrifice of fringe visibility we concentrated the reference-reconstructing
beam by means of a longer focal-length lens in the reference beam, thereby further increasing the
brightness of the reconstructed image.

ZPrivate communication with Verne Costich at Spectra-Physics indicates theoretical improvement of nearly four
times by the use of a beamsplitter with high polarization sensitivity. A beamsplitter with high reflectance for polar-
ization in the plane of incidence and high transmittance for polarization perpendicular to plane of incidence (or

vice versa) could be used with a quarter-wave plate to decrease the light-intensity loss in the beamsplitter from 75
percent to less than 10 percent.
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The system used is shown schematically in figure 6.10. It is a standard holographic system
except for the use of a liquid gate for a plateholder and a high-speed camera. The camera was a Hi-
Cam camera with an /2.8 lens and a 400-ft reel of 16-mm film.

Several runs were made at various speeds from 1000 to 5000 FPS. Kodak 2485 film, with a
rated ASA speed of 10,000, was tried first, but this film has a very high contrast and is quite grainy
and noisy. We then tried Kodak 2484, which nominally has a maximum ASA speed of 2000. It
worked quite well. We estimate that our fastest exposure was at an effective ASA speed of 6000,
and while the image is somewhat thin, it is usable. Our best results were obtained using Accufine
developer at room temperature. The laser was operating at 514.5 nm with an output power of
250 mWw.

Figure 6.11 shows 20 sequential frames of data from one high-speed sequence. The first frame
is just before impact; the second frame is at or just following impact. Notice that the vibrations
build up rapidly and that by the fifteenth frame they are changing too rapidly to follow in detail.
The frame rate was 5000 FPS, and the shutter speed 20 usec. The 20 frames represent a time span
of 4 msec. The object is a thin-walled cylinder 27-in. high, 18-in. diameter, with a 0.020-in.-thick
wall.

Consider now what is the best one can do today. Using the previous data as a reference, we
can consider the following improvements: ’

1. More powerful laser

a. CWgas, 25W 10X

b. Pulsed solid state ?
2. Smaller area (1 sq ft) 4X
3. Improved technique

a.  Higher diffraction efficiency 2X

b. Miscellaneous: higher efficiency object-illumination optics 3X

Total improvement 240X

(equivalent to framing rate of 1.2 x 10¢ FPS)

LASER (He-Ne 6328 A) M

SURFACE PLATE opTICAL  SFy SF,
FLEC RAIL & LK

| TRANSDUCER

CAMERA

Figure 6.10 Optical layout for high-speed photography of real-time
holographic interferometry
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Figure 6.11

17 18 19 20

Real-time holographic interferograms of cylinder photographed by high-speed camera
{56000 FPS) after shock event
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Let us now look at requirements. The maximum frame rate may be determined by the rate of
change of phase shift in the real-time holographic interferometer if we want a complete histogram.
The instantaneous phase is given by

¢(t) = 2m(cos 6, + cos §,) m_(x)_\,_xg sin (wt)

The instantaneous frequency (f) is given by

f = 1_ ° (_jQ
2n dt
and the frame rate (FPS) must be at least twice the maximum frequency (2f.). Therefore,
FPS = 8n'f,
For example, consider the following cases. Assume a highest frequency component of 200 Hz.
Normalized amplitude (m/\) Camera speed (FPS)
5 2.5x10°
50 2.5x10°
2000 10 x10¢

However, in other cases it may be sufficient to sample at a slower rate, if the shutter time is
short enough to stop the fringes. For example, if one were interested in vibration-amplitude distri-
butions or mode shapes under a random excitation then one would only have to sample at several
times the maximum expected acoustic frequency. For the examples given, the shutter times would
have to be as follows:

Normalized amplitude {m/\) Shutter speed (usec)
5 40
50 4
2000 0.1

By extrapolation, it would be state of the art to decrease exposure to 83 nsec—a decrease by a
factor of 240 from the exposure used to make the high-speed motion picture at 5000 FPS.

LIMITS

Our best estimate of the limits of performance, based on current state of the art, are as follows:

Displacement accuracy: A/40 (visual)

A/400 (densiometric)
Maximum amplitude: 500 A (0.25 mm)
Minimum amplitude: \40
Maximum area: 250 sq ft
Minimum shutter time: 83 nsec

CONCLUSIONS

Several new technigues—inciuding strobing, phase measurement, and high-speed motion-picture
photography—have been developed for the application of holographic interferometry to vibration
analysis. They allow the analysis of both steady-state and nonsteady-state vibrations. In many cases,
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it is well within the state of the art to do vibration analysis on engineering objects by using CW gas
lasers and real-time holographic interferometric techniques.

Data reduction of the holographic information for complex three-dimensional objects needs
“further attention.
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7 HOLOGRAPHIC INSTRUMENTATION STUDIES

L. O. Heflinger and R. E. Brooks
TRW Systems Group

This program is an investigation of holographic techniques applicable to NASA's instrumentation needs. A num-
ber of interferometric and schlieren systems have been devised, analyzed, and tested in the quest for a system sen-
sitive enough to enable flow visualization at reentry simulation pressures. Some of the systems are described,

such as subfringe interferometry, high-order interferometry, multipass interferometry, and double-exposure
schlieren.

Techniques have been developed for improving the usefulness of pulsed ruby lasers for front-lighted holo-

graphy and interferometry. The production of pulsed ruby holographic contour maps, achieved by two-frequency
operation of the pulsed ruby laser, is briefly described.

A number of interferometric and schlieren systems have been examined in the quest for a sys-
tem that would make visible aerodynamic flows in very low-density gases, such as those used for
reentry simulation. The magnitude of the optical perturbations created by such flows is less than
> 1/100 wave. Combinations of systems have not been experimentally explored, but the reader will

observe that some of the techniques outlined are compatible in principle with others, yielding the
- possibility that a combination system could yield a gain in sensitivity equal to the product of the
~ sensitivity increases achieved by each individual system.

Several other experiments were performed relating to the use of pulsed lasers for front-lighted
holography and holographic interferometry. One promising outcome of these experiments is a tech-
nique for producing contour maps via front-lighted pulsed ruby laser holograms.

FLOW VISUALIZATION TECHNIQUES

Restrictions Set by the Intended Application
The goal of visualizing aerodynamic flows where the optical phase perturbation is less than
1/100 wave, together with the goal that a useful system be applicable to large test facilities, restricts
the search to systems that are self-compensating. Thus, consideration is not given to systems requir-
ing 1/100-wave flatness of the windows and optical components, but only to systems that somehow
have a built-in insensitivity to window imperfections, etc. However, this does not exclude systems
. that require conventional high quality optics such as quarter-wave windows.

One of the most favorable applications for high-sensitivity systems is the ballistic range. This
- application permits double exposures to be made with only 100 usec separation, thus eliminating
many problems of stability and vibration. The addition of counterflow to the ballistic range com-
plicates the problem with a turbulent boundary layer at the windows. A technique for circumvent-
ing this turbulence is described below. The most difficult application is to the steady-state wind
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Figure 7.1
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Double-exposure holographic interferograms at various chamber pressures



tunnels where vibration poses a major problem. Full self-compensation in such applications proba-
bly requires the ability to make adjustments during the readout process that compensate for vibra-
tional displacements during the sarpling exposures.

Figure 7.1 illustrates the need for high-sensitivity systems as the operating pressures are
reduced. Straightforward double-exposure holographic interferograms are shown of a Mach 3 bul-
let in flight with various operating pressures in the flight chamber. The first picture shows operation
at atmospheric pressure where an adequate number of fringes are available for even quantitative
flow analysis. As the pressure is reduced, the number of fringes diminish until in the 6-mm Hg shot
only a faint residual of a portion of the shock front is visible. The desired region of operation for
certain simulations is nearly two orders of magnitude below the 6-mm shot. Thus, great gains in
sensitivity over standard holographic interferometry are required.

The Capability of Holography for 1/100-Wave Fidelity

A basic question is whether holography is capable of reproducing waves with 1/100-wave accu-
racy. It is obvious from stored-beam or live-fringe holographic interferometry that a hologram is
capable of fractional wavelength accuracy. A simple experiment can illustrate tocal wave fidelity far
in excess of 1/100 wave in the reproduction of optical waves by a hologram.

Consider as subject for a hologram two B
points A and B, shown in figure 7.2. Point B : \ VT
is very dim compared to A and is displaced \ [ v
from A by a small angle. A reference beam
is tacitly assumed.

If one represents the electric field at the / /
hologram from the point A by the phasor a Hologram / f
and that from B by b in the figure, then the
total subject field at the hologram is repre-
sented by the vector sum of these. Because -~
of the small angular difference between Resultant
points A and B, the small phasor b rotates
slowly relative to a as one moves across the
hologram, the resultant oscillating slightly in Phase pertubation
phase and amplitude relative to a. The mag-
nitude of this phase perturbation caused by

Figure 7.2 Configurations involved in an experi-

_the point B is /lg/15 rad and the relative mental measurement of a holographic wave front
fluctuation in amplitude is / 15/1, . Detailed reconstruction fidelity
consideration of the experimental results leads to the conclusion that the phase perturbation is at
- least as significant as the amplitude perturbation in forming the reconstructed image. Thus, the

reconstructed image of point B is evidence of the hologram’s ability to detect phases of v/ Ig/l4
rad. Holograms were made with various intensity ratios between the two subject points B and A,
Upon reconstruction, point B was still visible when its intensity was 107° that of point A, for which

® Reference
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the corresponding amplitude of the phase modulation was only 1/6000 wave. When the intensity
of B was 1077 that of A, its reconstruction was not visible to the unaided eye but could be made
visible by the use of a telescope that increases the area of the hologram sampled.

We conclude from this simple experiment that holograms are easily capable of detecting 1/100;
wave phase-shift information when the information is appropriately presented and when the sampl-
ing area is as large as the observer’s eye pupil.!

&

Subfringe Interferometry

The principle of subfringe interferometry is simply to shift the phase of the subject beam 180°
between the exposures of a regular double-exposure holographic interferogram.? The reconstruc-
tion reproduces the algebraic sum of the two exposing waves, and therefore should be a completely
dark field except where the subject perturbation has upset the exact 180° relation. Thus, small sub-
ject perturbations make themselves visible as brightenings on the dark background.

The 6-mm shot of figure 7.1 is a sort of accidental subfringe interferogram in that some extra-
neous air current or motion created a near 180° phase shift in the portion of the scene where the
shock is faintly visible.

Figure 7.3 Subfringe interterogram of air surrounding a heated resistor. Path change at resistor is 1/3
wavelength, and copy exposures of 1, 5, and 20 sec show range of brightness of the holographic image

Figure 7.3 is an example of subfringe interferometry. The subject is a heated resistor, which
creates a 1/3-wave change in optical path length in the air adjacent to the resistor. In the copy

1 This experiment is also of interest in that it shows the dynamic range of hologram recording. The limit of 107 -
was the same whether subject A was a point source or a sizable ground glass. Note that the reconstruction output

is not necessarily linear over this entire range.

2 Detailed analysis shows that a phase shift slightly different from 180° produces maximum sensitivity, but this
refinement will not be included here.
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photographs, three different exposures were used to show the brightness range in the holographic
reconstruction. It is estimated that perturbations at least as small as 1/10 wave are visible.

Figure 7.4 Finite fringe holo- Figure 7.6 Subfringe interferogram of same heated resistor with slightly
graphic interferogram of different background phase shift. Copy exposures are in ratio 1:4
heated resistor

For comparison, figure 7.4 shows the same subject viewed by a finite-fringe holographic inter-
ferogram. Examination shows 1/3-wave shift at the resistor.

Figure 7.5 shows another subfringe interferogram taken under nominally the same conditions.
This photo shows two significant properties of subfringe interferometry. The first is the sharpness
in terms of phase of the black interference fringe. The phase shift required to move from one side
of the fringe to the other is less than 1/6 wave. This narrowing of the dark null stems from the high
contrast of the holographic recording medium. A truly linear film characteristic would exhibit a
broader null. This is a desirable effect, for it increases the phase sensitivity of subfringe interferom-
etry. This null sharpening effect is expected to occur only when no diffuser is used in the subject
beam, as is the case in the above pictures.

The second important property shown by figure 7.5 is the experimental difficulty of obtaining
precise 180° phase shifts. The ultimate sensitivity of the system can be no better than the precision
of the 180° phase shift. Moreover, nearly precise equality of the two exposures is also required for
high sensitivity. This latter requirement is particularly difficult to satisfy with pulsed lasers. Fig-
ures 7.3 through 7.5 were made with a gas laser where exposure equality is easy to achieve but
vibration and air currents make the phase shift uncertain.

Figure 7.6 shows another instructive and useful property of subfringe interferograms made
without a diffusing screen; in this case, subject and reference were both collimated beams. Such a

-subfringe interferogram is essentially a diffraction grating wherever the subject phase shift has upset
the 180° conditions. Where the subject is absent, the exposure is a uniform grey and thus does not
diffract. Thus, by simply holding the hologram so it diffracts light from the overhead white lights,
as shown in figure 7.6, one may observe the subject phase shifts.
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Four-Beam Interferometry

An interferometer has been devised that the-
oretically reduces the phase shift and exposure
equality requirements to second-order effects.
By eliminating the precision required of these
settings, the interferometer should be capable of
more sensitive performance than the subfringe
interferometer. The readout presentation
appears similar to that of subfringe interferom-
etry, namely, a dark field with brightening
where subject phase shift exists.

This four-beam interferometer is shown in
figure 7.7. 1t consists essentially of subject and
reference beams separated by a large angle. Both
subject and reference beams are each composed
of two beams, separated by the same small angle. Figure 7.6 Readout of subfringe interferogram
At the hologram on the first exposure, these with overhead white lights
four beams produce a grating of fine fringes,
intensity modulated at a low spatial frequency corresponding to the small angle. On the second
exposure in the absence of a subject perturbation, a similar pattern of fine fringes is produced, but
due to the 180° phase shift, the low-frequency intensity modulation is complementary to the inten-"
sity pattern of the first exposure in the sense that cos? is complementary to sin?. Thus, in the
absence of a subject perturbation, the two exposures result in nothing more than a uniformly
exposed (sin? + cos? = 1), high-frequency grating.

Laser

50-50

50-50

180° Phase
Shifrer

Reference Beam

Hologren

Figure 7.7 Four-beam interferometer Figure 7.8 Test setup for four-beam interferometer

However, in regions where the subject perturbation has disturbed the phase on the second
exposure, the resulting high-frequency grating produced by the two exposures will be phase-
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modulated at the low spatial frequency with the peak-to-peak amplitude of the phase modulation
equal to the subject phase perturbation. The intensity of the grating is still uniform.

The resulting hologram is illuminated with a single beam for readout. The high-frequency grat-
. ing strongly diffracts light into what we shall call the primary order. Where the subject has intro-
duced the phase modulation, side orders of diffracted light will appear at the small angle away from
the primary order. The light of one of these side orders is selected by an aperture and constitutes
the viewing light. '

Figure 7.8 shows the experimental assembly with
6-in.-diameter optics used to test the concept, and fig-
ure 7.9 shows the readout of one of the holograms.
The subject again is the heated resistor, but this time
the perturbation at the surface of the resistor is only
1/6 wave. While the 1/6 wave is easily visible, it is far
short of what we ultimately expect of the system.

Note the similarity between the structure of the
hologram in this four-beam interferometer and the
structure of the hologram in the tests used to see if
holograms were basically capable of 1/100-wave sen-
sitivity. Those tests were performed so as to bear a
close relation to the four-beam interferometer and
hence show the potential performance of the four-
beam interferometer when all the practical problems
are conquered. Readout of the sensitivity test holo-
grams in the configuration of the four-beam readout

Figure 7.9 Readout of a four-beam inter-

s ) ’ ) ferogram. Phase shift due to resistor is
yielded the same limits mentioned in the direct view- 1/6 wavelength.

ing tests above.

One practical problem evident in figure 7.9 is imperfect optics and alinement, which create the
horizontal banding. In the absence of alinement to within 1/8 wave or so, it can be shown that the
four-beam arrangement is not superior to the subfringe arrangement. Present optics do not permit
such alinement.

Doubled Ruby Holographic interferograms

A technique yielding a factor of 2 gain in sensitivity is simply to shorten the wavelength of
light by running the output of the pulsed ruby laser through a doubling crystal. (See ref. 1 for a
more complete description.) Figure 7.10 shows an interferogram made in this way. An interesting
property is that two interferograms can be obtained simultaneously—one red and one in the near
ultraviolet—by letting both the direct and doubled light fall on the hologram. These can be read out
individually from the hologram. This technique may be applicable to the study of dispersive media.
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Multipass Holographic Interferometer

Figure 7.11 shows a multipass holographic
interferometer. To understand the operation of
this interferometer, begin with the subject light
passing to the right through the small lens. This
subject arm light is brought to focus by the small
lens, passes through the aperture, and is recolli-
mated by the larger lens. The light then passes
into the subject cavity tt >ugh the partial mirror
where it undergoes many reflections and passes
through the subject many times. On each reflec-
tion at the partial mirror, a fraction of the light
exits the cavity and is brought to a focus at the
aperture plate by the larger lens. However,
because there is a small angle between the par-
tial mirror and the end mirror, these focus spots
are displaced at the aperture plate. The arrange-
ment is adjusted so that as the pass number increases, the spots first move farther away from the
entrance aperture, then they turn around and move closer to the entrance aperture with a selected
pass—and only that one—falling back through the aperture. This selected pass is then recollimated
by the small lens and used as the subject beam for a double-exposure holographic interferogram.
in the arrangement shown, the reference beam for the hologram is displaced at a very small angle
from the subject beam, permitting the use of high-speed films to compensate for the small fraction
of light returning from the selected pass. The beamsplitter and reference arm mirrors achieve this
small reference angle conveniently,

Figure 7.10 Simultaneous red and ultraviolet inter-
ferograms of heated filling gas of a lamp

HOLOGRAM - ROLL FILM CAMERA BACK Sgg{/ Elﬂ
BEAM SPLITTER
/! S COLLIMATING LENS =7 e Ncummns,
LASER APERTURE PLATE ~ N
BEAM \\»a/ f Y I -
INPUT I
LENS - .
— PARTIAL
] MIRROR
” - END MIRROR
- REFERENCE ARM - ADJUSTABLE LENGTH

Figure 7.11 Multipass holographic interferometer

Note that because this is really a double-exposure holographic interferometer, it has self-
compensation for imperfect optics. The optical quality is determined by the requirement that only
the desired pass fall through the aperture, which still sets fair demands on quality. Figure 7.12
shows the quality of the optics used in the experiment. The photograph was made with 20 passes
by adjusting the reference arm for zero offset.
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Figure 7.13 shows the heated resistor at differ-
ent temperature rises with 10 passes. A finger is
shown in (f) and finite fringe presentations at 10
passes are shown in (g) and (h). The ultimate sensi-
tivity of this technique is related to the required

"resolution at the subject because the beam walks
sideways as it passes back and forth between the
.mirrors.

Another scheme utilizing coherence sorting
rather than spatial sorting of the desired pass has
been devised that does not suffer this resolution
restriction. This scheme has not been tested.

High-Order Interferometry

Still another approach to increased phase sensi-
tivity utilizes the fact that readout of a hologram
in the nth order yields n times the phase sensi-
tivity of first-order readout.

Figure 7.14 illustrates the basic principle.
For example, a 1/10-wave phase shift will shift
"the position of the fringe lines by 1/10 d. Read-
out in the first order shown in (a) will yield just
a 1/10-wave shift in the readout wave, whereas
“readout in the nth order shown in (b) will have
a phase shift of n x 1/10 wave.

In order to use this principle in a self-
compensating system so that perfect optics are
not required, the following scheme has been
devised and tried. The arrangement consists of
equal strength collimated subject and reference
beams impinging on the hologram at a very small

angle. A first hologram is made of the empty scene
with a very heavy exposure. Thus, the developed
hologram consists of a grating of very narrow clear
lines at the nulls of the interference pattern. A
-second hologram is made on a second photographic
plate with the subject present. A kinematic jig is
used to secure reproducibility of plate positions.
“A double-exposed contact print is made with one
exposure from each of the developed holograms.
The contact print is then illuminated with a colli-
mated beam and read out in the nth order.

Figure 7.12 Interferogram showing optical

quality of multipass interferometer

(a) 0° rise

(c) 16.3° C (@) 30° ¢

(e) 45° ¢C (f) 2°¢

(g) 16.3°¢C (h)

Figure 7.13 Examples of 10-pass operation
of multipass interferometer
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Figure 7.15 shows the result in which the subject

is a wedge that entirely fills the scene, Readouts of \[N X

first through fourth order show the expected increase v
in the number of fringe lines. @

Incident Light J{

Incident Light

The results are not particularly encouraging. k[ d l
While in accompanying experiments light has been 4 '
detected at the 100th order of special holographic
gratings, the complexities of the process and the
strong dependence on nonlinear emulsion properties
(Kodalith plate was used) pose substantial diffi-

culties in the actual use of very high orders. Figure 7.14 Principle of high-order
interferometry

[C))

Double-Exposure Holographic Schlieren

Figure 7.6 illustrates a technique for double-exposure holographic schlieren that has been
devised and given a cursory test. This double-exposure schlieren is self-compensating for optical
imperfections in the subject path, in contrast to the more familiar single-exposure holographic
recording of a schlieren output beam, Like the latter, the double-exposure technique permits
adjustment of the knife edge during readout.

The recording steps are shown in figure 7.16 (a) with the subject and reference beams incident
on the hologram. Note that were it to pass on through the hologram, the reference beam would
converge to a point. The first exposure is shown by the solid lines. For the second exposure, the

Figure 7.15 Readout of high-order interferogram in orders 1 through 4
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Figure 7.16 Process of Figure 7.17 Configuration used for low-angle
double-exposure schlieren double-exposure schlieren tests

Figure 7.18 Double-exposure schlieren readout
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subject perturbation is introduced and the reference
beam direction is changed by a small angle as shown
by the dotted lines.

After development the plate is read out as shown
in figure 7.16 (b). The readout light source is focused
to a point at O duplicating the reference beam; this
also reconstructs the subject beam, but the recon-
structed subject beam is not used. Reconstructed
beams appear at the reference beam offset angle from
the reconstruction beam. These beams arise from non-
linearities of the recording plate and carry the informa-
tion about the subject perturbation in the manner of
a conventional schlieren beam. One of these beams
is used for schlieren viewing by inserting a knife edge
at its focus.

Analysis indicates that it is only the subject per-
turbation that affects the readout beam. Thus, even
the recording reference beams need not be perfect, so
long as the imperfections are the same for the two
exposures. This suggests the technique may be use-
ful where recordings are made with imperfect pulsed
lasers.

Because the technique depends on the nonlinear
behavior of the emulsion, it was first tried in the
narrow-angle configuration shown in figure 7.17. The
readout is shown in figure 7.18 for different knife-
edge settings. The upper and lower left-hand pictures
show the expected schlieren asymmetry for the knife
edge on opposite sides of the beam. However, there
is much extraneous darkening of unknown origin in
these pictures. It may be due to motion of the candle
flame during exposure. This cursory test should not
be regarded as an evaluation of the technique’s
potential.

Finite Fringes in Three-Dimensional Interferometry

Figure 7.1¢ Test of placement
of finite fringes

One of the most useful techniques in classical interferometry for the detection of small phase
shifts is the finite-fringe technique wherein the subject causes a displacement of the background
fringe grid. Because of the three-dimensional nature of holographic interferograms in which a
ground glass is used behind the object, simple attempts to produce finite fringes usually result in the
fringe grid appearing in some plane other than that of the subject. Thus, when the hologram is

photographed, either the subject or fringe grid is out of focus.
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To overcome this problem, a formula was derived that describes how the ground glass itself
may be given a slight rotation about a specified point so that the finite-fringe grid will appear in the
same plane as the subject. To verify the concept, a gas laser was used to make a hologram of three
~ vertical wires spaced 1 in. apart in depth. Figure 7.19 shows three photographs of the holographic
image with the camera focused successively on each wire. The fringes are located in the plane of the
closest wire (c) and are progressively out of focus in (b) and (a).

An interesting possibility stemming from the three-dimensional nature of diffuse holographic
interferograms is to develop a precision fringe-position measuring system operating directly on the
holographic image. Because neither the diffuser nor the hologram:is in the plane of the subject, the
quality of the fringes at the subject should be very high and free from imperfections arising from
dust, etc. Moreover, because the background fringes arise from the rotation of a rigid body and not
from optical perfection, they can be extremely straight, permitting the detection of minute depar-
tures due to subject perturbations. The sensitivity possible should be set by the well-behaved statis-
tics of laser granularity; the resolution, which sets the area over which one can average; and the per-
mitted angular viewing aperture, which is set by the nature of the subject itself.

Viewing through Turbulent Boundary Layers

Another potential application of diffusely illuminated three-dimensional holographic interfer-
ograms is exemplified by viewing through turbulent boundary layers on the windows of tunnels.
Essentially, the ground glass used to illuminate the subject provides light traversing the subject from
many different directions. |f the subject possesses sufficient axial symmetry that the interference
patterns for different directions are effectively the same, then the interference patterns appear to

Figure 7.20 Interferogram of candle flame viewed through turbulent boundary layer with
(a) wide aperture, and (b) narrow aperture showing boundary layer
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focus at the center plane of the subject when viewed with a large-aperture lens. However, contribu-
tions from the boundary layer turbulence affect each direction of view in a different way. If a suf-
ficiently large aperture is used so that a large sample of the random boundary layer is averaged, a
true view of the subject interferogram is obtained. The effect of the turbulence is to reduce the con-,
trast of the subject fringes but it does not displace them.

For a boundary layer giving a gaussian variation in boundary layer optical phase shift, the sub- .
ject fringe visibility (I, = Iin)/ (I nax + Imin) is given by €™ 2/2, where o is the rms fluctuation of
the boundary layer optical path in radians. The interpretation of this formula is that the technique
is useful when the boundary fluctuations create less than one wave of optical path excursion, while
for greater excursions the fringe contrast is too low to be useful.

Figure 7.20(a) shows an interferogram of a candle flame copied with a large-angle aperture
(~f/4) so the boundary layer is averaged out and copied at a small aperture, figure 7.20 (b), /45,
so the boundary layer shows. For this hologram the boundary layer was created by a heat gun blow-
ing through a plexiglas channel in front of the hologram.

FRONT-LIGHTED PULSED LASER HOLOGRAPHY AND HOLOGRAPHIC INTERFEROMETRY

Pulsed Laser Two-Frequency Contour Mapping

In the course of making front-lighted holograms, it was discovered that the ruby laser readily
operates at two frequencies simultaneously. If operated with an output reflector consisting of a -
dielectric slab of proper thickness, this effect can be controlled and rendered usefui for making
range contour pictures (ref. 2).

Figure 7.21 (a) shows a range contour picture made from a single pulse of the ruby laser. The
contour spacing of 23 mm is equal to the optical thickness of the resonant reflector. When the
thickness of the reflector is decreased, the contour interval is shortened as is shown in figure 7.21(b)

(a) (b)

Figure 7.21 Two-frequency pulsed ruby contour maps
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where the contours are 8 mm. This tech-
nique appears to have application to such
problems as the testing of large paraboloid
antennas. Thus far, contours of about 1/2
* cm and larger are producible.

One interpretation of the holographic
image is that its intensity versus range is a
pictorial presentation of the classical Michel
son fringe visibility function and as such is
useful in the study of the laser’s spectral
composition. Figure 7.22 illustrates a case
in which more than two spectral compo-
nents were operating, as revealed by the
more complex intensity pattern.

Figure 7.22 Multifrequency laser operation
Front-Lighted Pulsed Laser Interferometry

For unambiguous interpretation of holographic interferograms, the laser must operate at the
same (single) frequency for each pulse. Otherwise, where optical path variations occur over the sub-
ject, the fringe pattern is created by both physical changes between pulses and optical path contours,
since the production of two frequency contours is independent of whether the frequencies occur
- simultaneously or sequentially. This is a particularly severe requirement for front-illuminated sub-
jects because of the large possible optical path variations.

Figure 7.23 shows single-frequency operation produced by the well-known dye cell Q-switching
technique. The sloping 1.5- by 2-ft card would readily reveal multifrequency operation as contour-
ing. Figure 7.24 shows double-exposure interferograms made with the same laser conditions as in
figure 7.23. In figure 7.24 (a), one observes a basic 8-mm contour pattern distorted by the sagging
of the cardboard between the two expo-
sures. In figure 7.24 (b), the two fre-
quencies produced on the successive
exposures are much closer together but
not necessarily identical, resulting in
coarse contours distorted by the card
sag. From such a picture, it is not possi-
ble to quantitatively unravel how the
displacement fringes have been altered
. by the unknown frequency shift. The
point to be emphasized here is that one
should use care in the interpretation of
front-lighted pulsed interferograms.
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8 INVESTIGATION OF OPTICAL MEMORY TECHNIQUES

Albert A. Friesem and Howard N. Roberts
Electro Optics Center
Radiation, Incorporated

An investigation is under way of the feasibility of using holographic techniques for a read/write optical memory,
having no moving parts, which is capable of storing 10'° to 10!? bits. The emphasis is to evaluate various holo-
graphic techniques and determine what storage material is most suitable, Other components of the system such
as the input array, output detector, deflection and scanning systems, and light sources are also being explored.
The results of these investigations should enable NASA personnel to determine the requirements for the storage
materials and to specify the performance bounds of the system.

A number of techniques exist for implementing medium- to large-scale bulk data-storage sys-
tems. Some of these techniques are highly developed (for example, disks and cores) and are in com-
mercial use; others (ferrites, integrated circuits, thin films, etc.) are under development and hold
" promise for future use in applications requiring small, high-speed memories. However, if the storage
requirement exceeds 10° or so bits, the storage density and the interconnection problem of these
memories become limiting factors, and it appears that only memories using optical techniques are

feasible.

It has been known for some time that vast quantities of data can be stored through optical
storage techniques using photosensitive materials. For example, it is conceivable that 10® bits of
information could be stored on a square centimeter of high-resolution film. However, using con-
ventional optical techniques at these storage densities requires, among other things, great precision
in the readout optics, storage material with virtually no surface defects, and great care in the handl-
ing of the stored data, since dust and scratches could easily obscure portions of the recorded data.
Thus, these conventional optical storage techniques have found little practical use.

Holographic storage techniques, on the other hand, can have the high storage capabilities asso-
ciated with conventional optical techniques without the problems stated above. The advantages to
be gained from the use of holography in optical memories are:

. 1. Each hologram, if properly illuminated, will project a real image, which can be detected with-

out the use of imaging optics. Each hologram can be considered as storing jointly an array of

data and possessing the optical properties of a high-powered magnifying lens.

- 2. A large number of holograms can be stored in such a way that the real image from each holo-

gram will appear in a prescribed position. For the case where each hologram is read out separ-
ately, only one detector array is required and the need for mechanical transport of the stored

data is eliminated.

73



3. Image resolution can be as good as the diffraction limit imposed by the size of the hologram.
The aberrations that occur with magnifying lenses can be avoided in hologram imaging.

4. Since information stored in the hologram is not localized but can be unfocused, diffused, and
distributed, the hologram record is relatively insensitive to dust or scraiches., Distribution of
the stored data implies redundancy and, with it, tolerance in registering a hologram with the
readout beam.

5. The form of the hologram need bear no relation to the form of the stored data. Thus, the data_
can be stored at high density while the readout can have a relatively low density to alleviate the
readin/readout array problems,

6. The hologram may be formed on nonabsorbing material without the necessity of using schlie-
ren imaging techniques.

7. Holograms may be superimposed unambiguously by forming them in thick media, thus increas-
ing the capacity of the memory.

8. The information stored can be three dimensional; phase and color information can be stored
as well.

These are compelling reasons to study the possibility of using holographic techniques for an
optical memory. However, full use of these advantages requires a careful system design since vari-
ous holographic parameters must be carefully controlled to realize optimum performance.

k4

The presentation that follows is an overal! view of the optical memory system under investiga-
tion. The various components of the system are considered, and their influence on the behavior of
the optical memory is described.

INVESTIGATION OF SYSTEMS CONCEPTS

One of the objectives of this study is to investigate system concepts and approaches useful for
implementing a workable configuration of a 10!°- to 10'2-bit read/write memory. Although the
main emphasis is to study potential read/write materials and various holographic recording tech-
niques, these studies can be guided by an investigation of the overall system requirements that
affect available tradeoff parameters. The parameters associated with both the input and output
interfaces of this data-storage and -retrieval system are not completely defined. We can, however,
analyze some of the system components to see how they influence the overall system design.

Figure 8.1 is a block diagram of a possible optical memory system, whose basic components
are (1) the input interface, including a data composer, which converts an input electrical signal to
an optical signal; (2) a read/write storage material; (3) devices used to deflect the reference, signal,
reconstructing, and erasing beams; and (4) the output interface, which includes a detector array
used to convert the optical signal from the memory to an electrical signal.

The Input Interface

A holographic memory with a rapid data-access capability can be designed by using a block
data-transfer (or paging) configuration. In this case, the memory input format is a planar array con--
taining 10* to 10° bits. The input data, which may originate from a number of primary sensors,
may conceivably be incompatible with such a block format. It therefore is necessary to consider
a buffer that organizes and temporarily stores the information for forming the block input. This
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Figure 8.1 A system approach to the design of a high capacity
erasable read/write holographic memory

information can then be rapidly transferred to the optical memory for storage. Since the character-
istics of the incoming data are not known at this time, it is premature to discuss the details of the
buffer store. For the moment, we shall assume that the input data originate with some sensor
whose electrical output can be coupled to an x-y deflection system used to form the desired input
to the optical memory, '

The first step is to prepare the appropriate size data blocks for recording in the holographic
storage subsystem. To do this, some means for spatially modulating a coherent beam of light with
the information must be provided. The modulation can be in amplitude, phase, or polarization. In
principle, continuous tone (analog) modulation is possible, but it is more likely that a binary (digi-
tal) coding will be used. We expect that in the final design the input format will be a planar array
of bright and dark areas with the presence of a bright spot in a bit storage location indicating a *1”
and the absence indicating a ‘0.”"

A number of materials can be used as a data composer component. Some possible configura-
tions are described below.

Ferromagnetic materials. Curie point writing on thin ferromagnetic films (e.g., MnBi) is a candi-
date for spatially modulating light; a possible configuration is shown in figure 8.2(a). The data
block is composed by scanning a focused light beam over the film surface. The light modulation is
controlled by the data to be stored: a ‘1" would turn the beam on and a *’0"" would not. The
intensity of the focused spot is adjusted to locally raise the temperature of the MnBi above the
Curie temperature (360° C), altering the sense of the original magnetization of the material. Con-
sequently, at these points, the polarization of a linearly polarized light beam transmitted through
or reflected from the film is rotated relative to the remainder of the film. An analyzer is oriented
o pass light from regions that were magnetically altered by the scanned light beam. The result is a
spatially modulated light wave, which forms the block of data to be stored. The beam-scanning
function can be accomplished with an x-y deflection device, and the beam modulation can be
accomplished with standard optical and electronic hardware capable of 100 MHz bandwidths
(electro-optic light modulators).
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The resolution of MnBi films can be as high as 1000 lines/mm, so that spot sizes couid
approach a few microns. Since the available input area will probably be 2 or 3 ecm? for an input
format of 10° bits, each bit will occupy a 25- x 25-u region.

. The MnBi film can be erased and used to prepare a subsequent block of data by applying a
magnetic field of a few thousand Oersteds over the entire input area. Although localized erasure
can be accomplished by applying a weaker field in the presence of a pulse of light at the position to
“be erased, we expect that block erasures will be used in the final design. v

Photochromic materials. Photochromic materials change transmittance during an exposure and
thus also can be used to form the data blocks for input to the hologram memory. Real time opera-
tion is then possible because this change in transmittance is concurrent with the exposure process
so that no developing procedure is required. In addition, this change of transmittance can be
reversed by illuminating the photochromic material with light of a different wavelength.

Figure 8.2(b) is an illustration of how such materials can be used as a data composer. The
information is recorded on the photochromic material by a modulated scanning beam, which gen-
erates an array of transparent or opague dots used as the input data to the optical memory. Since
typical resolution values of photochromic materials are in excess of 3000 lines/mm, the expected
108 -bit input array can be readily recorded in a 2- to 3-cm? area. The information stored in the
data composer can be erased by illuminating the photochromic material with a uniform beam of a

_different wavelength; the data composition process can then be repeated.

KDP materials. The change in the indices of refraction of KDP or KD*P crystals as a function of
the applied electric fields can be used to spatially modulate a beam. Figure 8.2(c) is a sketch of

" how such a device could be used in a data composer. The face of a cathode ray tube can be modi-
fied to permit a scanned electron beam to generate a pattern of charged spots, on the target layer,
corresponding to all the ““1”s in a binary data block. A thin layer of KDP or KD*P crystal is placed
close to this charge pattern. The crystal orientation can be adjusted so that the changes induced in
the refractive indices by the E field, due to the charge pattern, rotate the polarization of a light
beam reflected from the KDP or KD*P. The electron beam, modulated by the incoming data, is
scanned to generate charge deposits only in regions where a *“1”’ is indicated. |If the charge decay
or “spreading” time constants are long compared to the interval required to write a data block and
read it optically, this device performs as a spatial beam modulator when used with a polarization
analyzer, as shown in figure 8.2(c). However, mosaics of KDP or KD*P crystals may be needed for
successful implementation of this device.

Polarization rotation angles of a few degrees can be achieved in such a configuration. The
. charge decay and spreading effects place definite bounds on image persistence and resolution.
These aspects must be examined in some detail to determine the usefulness of such a device in the
system.

" Comments. The schemes proposed for the input interface could have poor contrast, resulting in
poor discrimination between 1" and “0.”" It is relatively easy to enhance the contrast by spatial
frequency filtering if Fourier transform holograms are used; in fact, such enhancement is achieved
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by using the nonlinearities of the recording film. Contrast enhancement is less easily obtained when
Fresnel holograms are used, although the recording scheme can be modified to include it.

Other factors that must be examined in a more detailed evaluation of input interface systems
include (1) the light efficiency of the modulating device and the power level required to modulate -
the beam; (2) the cycling rates and the total number of cycles possible; (3) the electrical drive level
requirements (powers and voltages); (4) the hold times of a stored bit and required refreshing rates
(if needed); (5) the optical dispersion effects if wavelength changes are used in the holographic
storage scheme; and (6) the physical dimensions and the layout of optical and electrical components.

The Beam-Deflecting Functions

Laser beams must be deflected at several places in the system. The beam deflecting schemes
may have to operate at several wavelengths and over a wide range of beam intensities. For either
the data composer or the holographic storage media, the number of randomly accessible positions
will be in the 10* to 10° range over a two-dimensional format. |If the angular sensitivity of a thick
holographic storage medium is used to increase the storage capacity of the memory, beams must
arrive at each hologram location with several controliable incident angles.

Laser-beam-deflection techniques pertinent to this application will probably involve electro-
optic or acousto-optic approaches or both. Both approaches require random access times of the
order of 0.1 to 10 usec for deflection to any one of 10* to 10 accessible positions in a two-
dimensional format.

Electro-optical deflection schemes typically require an electronic driver capable of supplying
a programmed set of high voltage (1 to 60 kV) pulses. Random access rates are limited primarily -
by heating effects in the crystals due to the power required to switch the crystals. Acousto-optic
deflection schemes require radio frequency signals in the 15- to 150-MHz range at 1- to b-W power
levels. Random access rates are limited by the time required for an acoustic wave to propagate
across the optical aperture of the device, and the ultimate resolution (number of resolvable posi-
tions that can be accessed) is limited by the aperture size or the permitted radio frequency drive
bandwidth.

When acousto-optic deflectors are used for positioning both the reference and signal beams,
the deleterious effect of frequency shifts introduced by the traveling acoustic waves must be elimi-
nated. If a large enough frequency difference exists, the intersecting beams at the holographic
storage location will not form a sharp hologram. However, if the required exposure time is a small
fraction of the difference frequency period, a sharp hologram can be formed.

A beam-deflection system may also be required if, for example, a photochromic data-storage )
material is used, and the local erasing is accomplished by absorption of ultraviolet energy. There

are electro-optic and acousto-optic materials that operate at ultraviolet wavelengths.

There are other problem areas of concern in studying beam-deflection devices for holographic
optical memories. For example, it may be necessary to design deflection devices to accommodate
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several laser wavelengths. For the electro-optic devices, some compensation can be made by chang-
ing the drive voltages. For acousto-optic devices using Bragg diffraction, more compiex adjustments
are necessary to compensate for the effects of wavelength variations. Also, more complex deflection
devices will be needed to take advantage of the high angular and wavelength selectivity of thick stor-
* age materials. For example, a beam-translation device must be added to an x-y angular deflector to
provide variation in angle of arrival at each hologram position.

Other parameters that must be considered are the stability and positional repeatability of the
deflected beams, light efficiencies, power consumption, and thermal dissipation in the interacting
material.

The Holographic Storage Format :

For the optical memory under consideration, we have confined the investigation to two basic
hologram formats: Fresnel and Fourier transform holograms. The fatter has the advantage of
requiring less space-bandwidth product for the recording medium, and it generates less aberration in
the readout wavefront; to offset these advantages are the more severe effects of the film nonlineari-
ties. Before discussing the properties of these basic holograms in detail, it is instructive to consider
some possible configurations and determine their effect on other components of the system, espe-
cially the beam-deflection components, Figure 8.3(a) illustrates a scheme to store and retrieve near
Fourier transform hologram arrays. An angularly deflected beam acts as both the reference and
readout beam with appropriate shutters (not shown) permitting the desired mode of operation.
The retrieved data are projected toward the input data array, but the beamsplitter directs a fraction
of this energy toward an array of output detectors. A similar scheme for storing and retrieving dif-
fusely illuminated (Fresnel) holograms is depicted in figure 8.3(b). Figure 8.3(c) shows a combina-
" tion of translation (electro-optic) and angular (either electro-optic or acousto-optic) beam deflec-
tors. This combination can produce changes in the angle of arrival of the reference or the readout
beam at the hologram array for angularly sensitive storage. A multiple-wavelength-sensitive readin
and readout can be accomplished with such an arrangement.

The Light Sources

One or more monochromatic light sources will be required to store and retrieve the blocks of
data in the hologram memory. A separate source might be needed if an optical modulating scheme
is used to compose data blocks. Ancther light source might be required for the erasing function.
The data readout illumination will probably be derived from the source used to record the corre-
sponding data block, but means of adjusting the power level of the readout beam may be needed.

The specific characteristics required of these light sources depend on other system parameters,
such as the sensitivities and efficiencies of the page composer, the beam-deflecting devices, the holo-
gram material, and the output detector. |f wavelength selectivity is used for holographic storage on
a thick medium, laser lines must be sufficiently spaced in wavelength to avoid intermodulation
effects; an electrically tunable laser would be highly desirable. The degree of temporal and spatial
coherence required to permit full use of the space-bandwidth product and dynamic range available
from any storage material must also be considered. The choice of pulsed, CW, or hybrid modes of
operation must also be considered. Several other factors are involved in determining a source
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suitable for the optical system; these include the electrical (or chemical)-to-optical conversion effi-
ciencies, and wavelength and intensity stability.

The Readout Detector

The readout function also influences the system design. The size of each stored block of data
‘must be matched to the dimensions and resolution of the output detector {(or detectors). The inten-
sity of the beam projected from each hologram must be sufficient to permit positive detection at
each bit location in the detector. The signal-to-noise ratio (S/N) in the projected image of each
block of data must be consistent with permitted error rates. The detectors must respond to all
wavelengths used for readout, and their read rates must be consistent with the capacity of any sub-
sequent system such as a data-link computer. If in the readout the data array is erroneously dis-
placed by a significant fraction of a bit dimension, a preread positioning code may have to be sup-
plied in the image from each stored hologram to calibrate the absolute position of each image.

A typical vidicon will respond to about 10!2? photons/sec/cm? with a S/N of about unity.
Suppose that each bit is 0.1 mm x 0.1 and that 10° bit locations are distributed uniformly over the
vidicon face with roughly half on and half off. Then each bit requires 103 photons/sec/bit to render
it detectable at S/N = 1. With a 0.5 duty cycle, this calls for 5 x 10'? photons/sec/hologram. If
A = 5000 A, the energy per photon is E;, = 4 x 107!° J photon. Then the minimum required power
level of the readout beam, for an assumed diffraction efficiency of 1072, is P = 40 x 107 (W/holo-
gram).

Laboratory measurements indicate that this estimate is of the right order of magnitude. For a
10°-bit image array and a more reasonable S/N, the readout beam power level should be closer to
1 mW. Lower diffraction efficiencies can be offset by increasing the incident laser power leve! or
employing a more sensitive detecting device.

Other potential detectors include a vidicon with a silicon target, an array of photodiodes, or an
array of phototransistors. The silicon-vidicon tube offers the prospect of a space-bandwidth prod-
uct of 10%, but it is limited to one readout channel and, therefore, to relatively low readout rates
unless multiple electron beams are used. Planar arrays of photodiodes permit simultaneous interro-
gation of all output positions {multichannel outputs), thus offering the potential for much higher
readout rates. Phototransistor arrays offer multichannel readout plus memory capabilities that can
permit the array to function as an output buffer.

HOLOGRAPHIC STORAGE MATERIALS AND TECHNIQUES

Several kinds of materials are potential candidates for the erasable storage medium. These
include photochromigs, lithium niobate and similar crystals exhibiting refractive index changes in
fesponse to strong optical fields, photoplastics, and ferromagnetic materials. The required laser
output power levels and wavelengths for readin and readout will be determined in part by the sensi-
tivities of these materials and by their holographic diffraction efficiencies. The physical dimensions
of the storage medium will be determined primarily by the resolution of the material (space-
bandwidth products) and allowed geometrical factors (thickness). The recording linearity and the
light-scattering property of the material will affect the S/N of the readout data. The useful life of

81



the entire system will be determined in part by the available number of write/read/erase cycles. The
length of time the data can be stored in the material will affect the rate at which it must be retrieved
and relayed to more permanent ground-based data-storage terminals. The effects of some of the
above properties on the performance of the optical memory with conventional recording media are
being examined; photochromics, lithium niobate crystals, and manganese bismuth also are being -
investigated.

.

The error rates that can be achieved with any holographic storage material must be established
as a basis for determining the usable capacity of the system. We performed a theoretical analysis of
the error rates in a holographic memory system with photographic film as the recording medium.
To facilitate the study of this problem, it has been assumed that (1) the noise samples from the
scattering of the granular structures of the film are statistically independent Gaussian random vec-
tors; and {2) the noise is coherently additive. From such a model, the error rates have been calcu-
lated for a holographic system as a function of S/N and input data formats. We found that the
storage capacity is limited by the S/N needed to achieve a certain error rate. For example, for an
error rate of 8.6 x 10”7 and S/N of 100, the storage capacity is 3.5 x 10° bits/mm?2. Error-
correction codes are being investigated as a means of improving these rates.

Two-Dimensional Recording Materials

Two-dimensional recording materials are simpler than three-dimensional materials in two
respects: the analysis of their behavior, and their utilization in a system. For both reasons, a sys-
tem based on storage in only two dimensions can be realized more readily in the near future. -

The storage format in a two-dimensional medium is fairly straightforward. Each data block
will likely be stored as a Fresnel or a Fourier transform hologram. The factors that should be deter-
mined for any particular system are the spatial extent of each hologram, the spatial-frequency range
to be accommodated, and the number of overlapping holograms present on any region of the mate-
rial. Also, the manner of division of the material into blocks corresponding to the various beam
deflection positions must be examined. The format is determined by such factors as the dynamic
range of the material and the capabilities of the record and deflection systems.

We are investigating holographic data storage in a series of experiments in which digital data
are recorded (regularly and randomly spaced array of transparent dots in a black background) in
both Fourier transform and Fresnel holograms. The holograms were recorded on conventional
photosensitive emulsions and dichromated gelatin materials. The emphasis in the experiments is on
determining (1) the best format of the digital data, (2) the effects of nonlinearities due to the
recording media, and {3) the noise level in the reconstructed image.

We recorded Fresnel holograms with various reference-to-signal beam ratios to determine the
effects of the nonlinearities in the recording material on the reconstructed image. The noise level,
as well as its form, depends on the number of active elements in the digital data, the duty cycle,
and the severity of the nonlinearity. |t was observed that the noise due to the nonlinearity of the
recording medium generally decreases as the number of active elements in the data increases. Using
a vidicon and an oscilloscope, we estimated a S/N of 12 for the reconstructed image of a 1.6 x 10°
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array; this value is close to that predicted by theory. When the Fresnel holograms of the digital data
are recorded on dichromated gelatin plate, the diffraction efficiency of the holograms is improved
significantly. However, the noise level also increases as the diffraction efficiency of the hologram
increases. No significant change in the noise level was noted when a jittered array was used in place
of the regular array as an input signal for Fresnel holograms. For the Fourier transform type holo-
grams, an improvement in the S/N was noted for the jittered array. This result is expected because
such an array produces a more uniform spectrum, thus reducing the effects of the nonlinearity of
the recording film,

An example of the effect of hologram aperture size on the S/N for Fresnel type holograms is
shown in figure 8.4. The various photographs depict the reconstructed image of a binary signal of

1.5-mm aperture 1.0-mm aperture

0.5-mm aperture . 0.2-mm aperture

Figure 8.4 Magnified reconstructed images of 10% bits from a Fresnel type hologram
showing the effect of aperture size on resolution and noise
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10% bits, with four different hologram aperture sizes. As expected, the reconstructed image is best
with a large aperture, but acceptable results are achieved with an aperture of only 0.5 mm. This
aperture is approximately twice the theoretical value, which was found by using the following calcu-
Iationso. The minimum hologram aperture, A, required to resolve the bits equals 2Azv, where A =
6328 A; z, the distance between object and hologram, was 50 mm; and the spatial frequency, v, was
4 lines/mm for the array of 10 bits. From these parameters, we find that the minimum hologram
aperture is 0.24 mm. A redundancy of 2 or greater is required for a reasonable signal-to-noise level

in the reconstructed image. -

Three-Dimensional Recording Media

Holograms recorded in three-dimensional media have distinctive properties when compared
with conventional planar holograms: (1) the inherent high angular and wavelength sensitivities pro-
vide high data storage capabilities, and (2) appropriate choice of thickness allows high diffraction
efficiencies. The interference effects are recorded as surfaces within the recording medium forming,
in effect, a three-dimensional grating. The diffraction process from such a structure is analogous to
X-ray diffraction from crystals, and it is being studied in this context to determine the response of
simple hologram gratings. These studies provide information about diffraction efficiency, as well as
angular orientation and wavelength sensitivities of thick holograms.

A variety of three-dimensional recording media are under investigation, including thick photo-
graphic emulisions, lithium niobate crystals, and photochromic materials. The last two offer particu-
lar advantages in data storage because of their relatively high thicknesses and excellent resolution
capabilities. For example, a 1-cm cube of photochromic glass or lithium niobate crystal with reso-
lution elements of 1/3000 mm contains 27 x 10!? resolution cells. The major problem is how to
effectively utilize all or most of these cells.

The wavelength or the direction of incidence of the readout beam may be varied with a cor-
responding change in diffraction intensity from a hologram. Both of these parameters therefore
can be effectively used to construct a hologram that stores a great multiplicity of images, each
stored uniformly throughout the recording medium and separately reconstructable.

An illustration of the excellent angular discrimination capabilities for photochromic materials
is shown in figure 8.5, where three photographs depict a representative sample of the reconstructed
images from a multiple-exposed hologram. One hundred relatively complex diffraction patterns
were recorded in this hologram. The patterns resulted from the interference between the plane
wave of the reference beam and complex waves from the signal beam. A sequence of 100 diffusely
illuminated transparencies was used as objects, each having a bandwidth of approximately 150
lines/mm. Exposure times for each recording ranged from 2 to 3 min, and angular orientation
(between reference beam and hologram) was changed by 4 min of arc to separate each recording.  *
Finally, the reconstructed image of each recording was investigated. The three shown in figure 8.5
are the 61st, 62d, and 63d reconstructed images. There is very little, if any, interaction between
recordings.

We performed an experiment to demonstrate the effectiveness of holographically storing a
multiplicity of signals in thick material by means of wavelength variation. The illumination source

84



(a) Image from Sixty- (b) Image from Sixty- (c) Image from Sixty-
First Recording Second Recording Third Recording

Figure 8.5 Reconstructed images from a multiple-exposure hotogram of 100 recordings illustrating angular
discrimination capabilities. Angular separation between each recorded image is 4 min of arc

was an argon laser with a wavelength selector that incorporates a convenient adjustment for obtain-
ing five discrete wavelengths from the laser.

Figure 8.6 shows the five different 35-mm photographic transparencies that served as input
signals. Each of the sngnals was dlffusely illuminated Wlth a different wavelength (A, = 4579 A
A, =4765 A A; = 4880 A Ay = 4965 A As =5145 A) and holographically recorded in a silver
halide photochormic glass ( = 1600 u thick). Five superimposed recordings were made sequentially
and arranged so that on reconstruction, each image was formed in the same location.

The composite hologram was then illuminated successively with five collinear reconstructing
beams, each of a different wavelength (as in recording). Two examples of the reconstructed imagery
are shown in figure 8.7. These images are of high quality and, if the recording and readout arrange-
ments are identical, each can be observed only when it is illuminated by the same wavelength that
was used in recording it. The ghost images and attendant detrimental effects are completely sup-
pressed by the effect of the thick recording medium. For comparison, the same experimental setup
was used to construct a similar composite hologram with relatively thin photographic plates (6 u
thick). As shown in the two photographs of figure 8.8, each reconstructed image contains four
spurious images. These defocused images overlap the desired image, producing a relatively poor
reconstruction.
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Figure 8.6 Original signals. Each signal was illuminated with a different wavelength, A
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(a) lllumination wavelength A, (b) Hlumination wavelength A3

Figure 8.7 Reconstructed images from silver halide photochromic glass thickness =~ 1600 u

. (a) 1Humination wavelength A, {b) 1llumination wavelength A3

Figure 8.8 Reconstructed images from thin photographic emulsion
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9 APPLICATIONS OF HOLOGRAPHY TO APPLIED MECHANICS

By Robert Aprahamian and David A. Evensen
TRW Systems Group

This paper summarizes the efforts of TRW Systems to demonstrate the applicability of continuous wave and
pulsed holography to applied mechanics. Three specific areas are considered, namely, transverse vibrations of
beams and plates, transient-transverse response of beams under impulsive loads, and transverse-wave propagation
in beams resulting from impuisive loads.

Continuous-wave, time-average holographic interferometry was used extensively to determine the transverse
vibrations of vibrating beams and plates at frequencies as high as 20 kHz. In addition, several selected modes as
high as 100 kHz were recorded. A comparison is given of experimental and theoretical values of (1) mode num-
ber relative to frequency and (2) mode shapes.

The transient response of a cantilevered beam was recorded using stored-beam interferometry. A high-
speed motion-picture camera placed behind the hologram was used to record the resulting motion of the fringes.
Analysis of the images on the motion-picture film provided the transient response, which is compared with the
analytically predicted response. The results show excellent correlation.

Holograms were made of transverse waves propagating in a long beam clamped on both ends. The trans-
verse waves were introduced by striking the beam at its center with a ballistic pendulum. Three double-exposure,
interferometric holograms are shown for the beam 12.5, 25,, and 50 usec after the ballistic impact.

The study of vibrating plates and beams is not new. Until recently, however, it has not been
possible to make simultaneous measurements of the motion at all points of a vibrating structure.
Devices such as strain gages or capacitive displacement sensors are limited to measurements at a
single point; the Chladni sand technique can determine the location of nodes of vibration over a
large area (ref. 1), but is limited in its applications.

In 1965, Powell and Stetson (ref. 2) first introduced vibration analysis by holographic inter-
ferometry, and it has since been applied by others (refs. 3, 4). Several types of holographic inter-
ferometry—double-exposure, time-average, and stored-beam—have been used to make measurements
of the motion of vibrating objects.

The purpose of our investigations was to demonstrate the feasibility of the experimental tech-
nique in quantitatively studying the vibration modes of beams and plates. The results of the study
‘show conclusively the high potential of holography (both continuous-wave and pulsed) to become
a basic measurement technique in the study of problems in applied mechanics.

"“TRANSVERSE VIBRATIONS OF BEAMS AND PLATES

While it is well known that the Chladni sand patterns can be used to obtain the nodal lines of
beams and plates (ref. 1), they cannot be used to obtain the mode shape; nor can they be used at
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Figure 8.1 Apparatus used to make holograms of the cantilever beam

high frequencies where the amplitudes of motion are small. Holographic interferometry can
solve both of these problems.

Figure 9.1 shows the experimental arrangement used to study the transverse vibrational modes”
of the cantilever beam. The cantilever, constructed of 6061-T6 aluminum, is 30-in. long, 1-in. wide
and 1/4-in. thick. As is shown in the figure, the light emitted by the laser is directed to a beamsplit-_
ter, BS, by means of mirror M1, Three beams of light, designated as 01, 02, and R, are formed at the
beamsplitter. Beams 01 and 02 are used to illuminate the cantilever specimen. They are directed
by mirrors M2 and M3, respectively, through diffusers D1 and D2 onto the cantilever. The third
beam of light, R, is due to internal reflections in the beamsplitter. |t is weak in intensity compared
with 01 and 02 and is ideal to use as a reference beam. - Mirrors M4 and M5 direct it to a spatial fil-
ter, SF. The spatial filter consists of a 60X lens and a 6.8-u pinhole. This light is then collimated
by lens L1, and the collimated light is directed by mirror M6 to strike a high-resolution photo-
graphic plate, H.

The optical equipment and the cantilever beam were placed on a large granite table (~ 8000 1b)
that was shock-isolated from laboratory surroundings. The test procedure was basically to excite
the cantilever beam to resonance. When a resonant response was reached, a time-average hologram
was made. |t was excited by a piezoelectric crystal transducer driven by a standard oscillator-
amplifier setup. The driving transducer was cemented to the tip of the beam, and a similar pick-up -
transducer was mounted near the root. The pick-up transducer, connected to an oscilloscope, moni-
tored the response of the beam and detected the resonance condition.

Figure 9.2 shows a typical beam mode recorded in this fashion. The vertical white stripes iden-
tify nodal positions. The dark fringes can be interpreted to give amplitude information. The shape

corresponding to this beam mode is plotted in figure 9.3. As shown in this figure, the mode shape
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Figure 9.2 Fringe pattern from a time-average hologram of a cantilevered beam 30 in.
long vibrating in its twenty-first mode {10, 121 Hz)
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predicted by the Timoshenko beam theory shows excellent agreement with the experimental results.
The discrepancies near the free end of the beam and near the support are attributed to the presence
of the two transducers. Figure 9.4 shows natural frequency relative to the mode number, n, as pre-
dicted by the Bernoulli-Euler and Timoshenko theories and the results of this study. |t appears that
the simple Bernoulli-Euler theory is valid to approximately the fifteenth mode. Above that, the °
more sophisticated Timoshenko theory, which includes rotatory inertia and shear, seems to be more
accurate. _

The vibration phenomenon may also be related to traveling waves in an infinitely long beam.
We compared the wavelength needed to generate the standing-mode pattern with those predicted
from the simple Bernoulli-Euler and Timoshenko theories; figure 9.5 shows the results. It is obvious
that the Timoshenko theory should be used when the wavelength of the oscillation approaches five
times the thickness of the beam.

Holography can be applied to the study of plates as well as beams. Figtire 9.6 shows the exper-
imental arrangement used to study the transverse vibration modes of a simply supported plate of
aluminum 8-in. wide by 10-in. long by 1/16-in. thick. The plate had a fundamental vibration of
162 Hz. As is shown in figure 9.6, light from the laser is filtered and illuminates both a mirror and
the vibrating panel. The mirror reflects the light to the hologram plane. Attached behind the
simply supported plate is a small piezoelectric-crystal used to vibrate the specimen. An oscillator
provides a signal to control the frequency and magnitude of the vibration. This signal is monitored .
by an electronic counter to accurately determine the freguency.

The test procedure was somewhat different from the case of the cantilever beam. First, a holo-
gram was made of the plate in the ambient state. Next, an observer looking through the stored-beam
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Figure 9.5 Phase velocity relative to wavelength
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Figure 9.6 Apparatus used in the plate experiments

hologram adjusted the driving frequency of the crystal until a fringe pattern was seen that corre-
sponded to a resonant mode. While the plate was oscillating in that mode, an unexposed plate was
placed in front of the stored-beam plate and exposed to form time-average hologram. More than
-100 modes were recorded using this technique with frequencies as high as 30 kHz. In addition,
modes at frequencies as high as 76 kHz were recorded using time-average holograms. Figure 9.7
shows a typical holographic reconstruction of a plate mode. The data from the photographs are
“plotted in figure 9.8. Again, excellent agreement is shown. Figure 9.9 shows the modes identified
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Figure 9.7 Holographic interferogram showing fundamental
mode of a simply supported plate

93



50 T T T T T T T T ¥
gaot :
3
530t J
% ® THEORY
fe20f .
|
&

2 ol EXPERIMENTAL ]
1 1 1 1 | I3 1 i i
0 i 2 3 4 5 6 7 8 9 10
Y, in.

Figure 9.8 Calculated and experimental fundamental mode shape

by this technique. Figure 9.10 is a plot of the flexural-wave velocity C. This flexural velocity
divided by the shear-wave velocity, C,, is a linear function of the plate thickness, h, divided by
mode wavelength, A, as predicted by classical plate theory and Mindlin’s plate theory that includes
shear and rotatory inertia. Data obtained from our study are also plotted in figure 9.10. As is seen,
classical plate theory may be used with h/A = 0.06. Above that value, shear and rotatory inertia
begin to be important.
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beam was struck at its tip by a ballistic pendulum,
the holographically formed interference fringes
were recorded with a high-speed camera. From an
analysis of the motion of the fringes, the deflection-
time history of the beam was determined. Compar-
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Figure 9.10 Experimental data of classical plate
theory and Mindlin’s plate theory

through a converging lens, L. The light is brought to a focus at mirror M; leaving the mirror, it
expands and is passed through collimating lens CL.. The light is split into two parts at the beam-
splitter. The light reflected at point A by the beamsplitter is directed by mirror M; to the canti-
lever beam at point B. Since the cantilever is highly polished, it reflects the light back along its

path to point A. A portion of the light passes through the beamsplitter and strikes the hologram at
point H. This light forms the object beam for the hologram. At the same time, the light that origi-
nally was transmitted by the beamsplitter is reflected by mirror M} and is also directed to point H.
This light constitutes the reference beam for the hologram. Distance A-M) was adjusted to be within
* 1in. of the length A-M, -B so that the path length difference between the object and reference beams
would not exceed the coherence length of the laser.

The light paths just discussed were sufficient to illuminate a region nearly 2-in. long at the tip
of the cantilever. Similar arrangements were made using mirrors (M2, M2'}, (M3, M3'), and (M4,
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i e
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H A TM|
B [
HIGH - SPEED I CANTILEVER BEAM ”*g
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U 19 in————
SF L
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Figure 9.11 Optical arrangemem,.tﬂfbr fransient-response test
A RN
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M4') to illuminate 1-in.-long regions of the beam at the respective distances of 16, 12, and 10 in.
from the root. Stored-beam holograms that showed these four illuminated regions of the cantilever
were made with this optical arrangement. This method of illumination was chosen because the laser
output was insufficient to give a continuous view of the entire cantilever beam.

To excite the transient motion, a ballistic pendulum was used to impart an impulse to the

beam. A small (0.016-g) steel ball was suspended on a 10-in. human hair to form the ballistic pendu-

lum. The initial height of the ball was measured using a machinist’s scale. A latch mechanism was
used to release the ball without giving it an initial velocity. The pendulum ball struck a piezoelectric
crystal that was mounted on the beam 0.5 in. from the tip. By monitoring the output of the trans-
ducer with an oscilloscope, the force-time history of the impulse was determined. The height to
which the pendulum rebounded (after striking the beam) was recorded using a camera that had the
shutter held open. The rebound height was determined from a scale that was photographed in the
background of the photo.

A stored-beam hologram was made using the configuration of figure 9.11. A high-speed
motion-picture camera was placed behind the stored-beam hologram. The camera was then set to
run for about 1 sec, and after it reached full speed, the ball was allowed to fall and strike the beam.
Approximately 1.5 sec later, the supply of film in the camera was exhausted and the test concluded.

Figure 9.12 shows the first five frames of the movie film that recorded the transient response
of the cantilever beam. Frame 0 in figure 9.12 shows the interference fringe pattern just before the
impact. The rectangular areas in figure 9.12 correspond to those portions of the beam that were
illuminated in 1-in. squares located 10, 12, and 16 in., respectively, from the root and the 2-in.

illuminated region at the tip of the beam. The left-most illuminated square correspondsto x=10in.,

and the right-most illuminated area corresponds to the 2-in. region at the tip. The small circular
indentations visible in the figure were made in the beam surface to identify particular points.

Before impact, some fringes were evident in the picture (see frame 0) due to misalinement of
the hologram. When the impulse was applied at the tip of the beam, the fringe pattern shifted in
response to the beam motion. Frames 1 through 4 show that the fringes at the tip of the beam
moved toward the right (i.e., off the tip of the beam), which indicated the beam had moved toward
the movie camera. |f the location (along the length of the beam) of two adjacent fringes is known,
the transverse displacement of a point on the beam between the two fringes can be computed using
interpolation. Such an interpolation procedure was applied near the tip of the beam to determine
the transverse displacement corresponding to each frame of the movie film. Timing marks on the
edge of the film made it possible to associate a time (from the initiation of impact) with each film
frame. The data-reduction process is discussed in greater detail in reference 5.

A typical displacement-time history obtained in this fashion is shown in figure 9.13. The calcu-

lations, provided by J. S. Mixson of Langley, used the first ten Bernoulli-Euler beam modes of a
20-in. cantilever; the response was computed for a delta-function impulse applied at the tip of the
beam. Data were scaled by the measured impulse imparted by the ball bearing to correspond with
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Figure 9.12 Photographs showing motion of the
fringes just after ballistic impact

“the analysis. Figure 9.13 shows the generally good agreement between theory and experiment
for the transient response.

Although other areas on the cantilever (besides the tip region) were illuminated, they did not

produce closely spaced, well-defined data points. This lack of resolution in the data for 10, 12, and
16 in. occurred because the illuminated areas contained only one fringe at a time (instead of two),
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Figure 9.13 Comparison of theory and experiment for transient
response of a cantilevered beam experiencing an impulse at its
free end

which prevented interpolation between fringes. This difficulty in data reduction and other exper-
imental considerations are discussed in reference b.

TRANSVERSE-WAVE PROPAGATION

The propagation of transverse waves in beams was studied using double-exposure, pulsed holog- «

graphy techniques. The results show for the very first time the spatial nature of a bending wave in
a beam.

IMPLUSE ~
BEAM SPECIMEN R
~J N
i MIRROR M2
NEGATIVE L HOLOGRAM H
REFERENCE BEAM
LASER MIRROR MI

Figure 9.14 Apparatus for transverse-wave experiment
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Transverse-wave propagation in a cantilever beam was recorded using double-pulsed holographic
interferometry. The beam used in these tests was 0.25-in. thick, 1-in. wide, and 6-ft long. A ballistic
pendulum was set up behind the beam; when the ball was released, it struck the beam at its center.
Figure 9.14 shows the experimental arrangement. As shown in the figure, the light from the pulsed
laser strikes the negative lens and expands to illuminate the beam. Reflected light from the first sur-
_face of the lens is directed by mirrors M1 and M2 to illuminate the hologram, H. Three separate
tests were recorded using this technique. The state of deformation of the beam was recorded 12.5,
25, and 50 psec after impact. Figure 9.15 shows the reconstructed image of three holograms
-obtained in this manner. At 12.5 usec after impact, the beam acted as a plate; that is, it bulged at
its center. Later a bending wave is seen to propagate down the beam. The deflection in relation to
the distance from the struck center, as deduced from the hologram, is shown graphically in figure
9.16.

CONCLUSIONS

Holographic interferometry has been applied to study the transverse vibrations of beams and
plates, to determine the transient response of a cantilever beam, and to determine the transverse
deflection of a beam under impact. The vibration studies resulted in the determination of beam
and plate modes at frequencies virtually unexplored until now. Photographs from time-average
holograms have been presented which illustrate that the time-average holography technique
described in this paper yields results even more descriptive than the well-known Chladni patterns.
Both pure modes and compound modes can be detected with holography.

12,5 microseconds (after impact)

Y

25.0 microseconds

50.0 microseconds

Figure 9.15 Holographic interferograms of a bending wave in a clamped-ciamped beam



The transient-response studies demonstrated
the feasibility of using stored-beam holography to

produce displacement-time histories. The close 0
agreement between the theoretical and experi- N
mental responses indicates the accuracy of this ~ 80
new procedure. (Experience shows that it is ‘PE \
advisable to illuminate enough of the structure E 2 50
to allow interpolation between adjacent interfer- g ; \
ence fringes.) %%f'm 40 \
a2
Th.e Pulsed-holography techn!que applied to § % 30 S —
determining the transverse deflection of a beam g o 50 pLs€C
under impact demonstrates the feasibility of b § 20 /
pulsed holography to record transient events. § i N \/25,11-sec
No other technigue is known by which the spa- % E \\/A
tial deformation can be obtained under these F o ° \ [\ 125 psec
conditions. 3 . \{ \ .
Based on these three tests, it is felt that K/
holography has considerable potential in areas ’ -10, | . 3 2 5
of applied mechanics that are still unexplored. DISTANCE FROM CENTER OF THE BEAM, in.
For example, the techniques of holography can
be adapted to the study of such problems as Figure 9.16 Transverse displacement of
flutter and high-temperature effects on bending wave relative to position
structures.
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10 INSTRUMENTAL HOLOGRAPHIC TECHNIQUES

G. S. Ballard and M. K. Testerman
University of Arkansas Graduate Institute of Technology
Little Rock

A method of dual-exposure holographic interferometry is described that uses a separate reference beam for each
of the two exposures. The application of this method for the comparison of optical components and for the
measurement of small phase deviations is discussed.

A number of photosensitive processes, other than the silver halide gelatin emulsion, are being investigated
in this laboratory as to their possible application as a medium for hologram recording and data storage. This
work and the associated spatial noise considerations are summarized, and several instruments built to aid in this
investigation are described.

DUAL-EXPOSURE HOLOGRAPHIC INTERFEROMETRY
WITH SEPARATE REFERENCE BEAMS

A variation of the dual-exposure method for recording holographic interferograms has been
devised that retains the advantages of the typical double-exposure technique while offering the same
flexibility of fringe presentation associated with real-time laboratory-type interferometers. The
fringes obtained can be shifted for improved visibility, and finite fringe patterns can be obtained
from a single hologram. This method can be used in recording interferograms of transient phenom-
" ena, for real-time interferometry, for comparing optical components, and as the basis of a technique
for the quantitative measurement of small phase variations in an optical field. The method requires
that each of the two hologram exposures be made with a separate reference beam,

A method for recording this type of hologram is shown in figure 10.1. Three collimated beams
are formed, with R, and R, serving as the two separate reference beams. Robj is the beam in which
some test scene occurs; it is the beam that will be reconstructed, both with and without the test
scene present, to obtain the interferogram.

To record a hologram of some test scene using this method, the test object is placed in the
central beam, R,;. A hologram of the scene is then recorded using beam R, as the reference.
Beam R, is stopped and is not incident on the hologram recording plate during the first exposure.
The dual exposure is completed by removing the test scene from beam Robj and recording a holo-
gram of R, using beam R, as the reference. During the second exposure, R, is stopped and is not
incident on the hologram recording plate.

The only difference between this method and the well-known double-exposure technique is in
the use of a different reference beam for each exposure, which allows two distinct holograms of R
to be formed in a single emulsion, one hologram with the object present and one without.

]
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Figure 10.1 Recording a double-exposure hologram with separate reference beams

After processing, the hologram can be replaced in its original position. If it is illuminated with ~
beam R, alone, the original test scene will be reconstructed. This reconstruction can be used for
obtaining shadowgrams or schlieren photographs, or for any other purpose to which holograms may _
be suitable. If the hologram is reconstructed using only beam R,, then Rob; Without the test scene
will be reconstructed. Hlumination by both R, and R, simultaneously will result in reconstruction
of Rp;, both with and without the test scene present. These reconstructions are coaxial, and, if
mutually coherent, interference pattern due to the test object will be observed.

(a) (b)

Figure 10.2 Reconstruction of a holographic interferogram showing the effect of changing the
phase in one reconstruction beam; {a) 0° phase shift, (b) 180° phase shift
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{a) {b)

Figure 10.3 Reconstruction of the hologram in figure 10.2 showing the effect of a change in the
angle of the reconstruction beam; (a) small horizontal change, {b) small vertical change

A hologram was recorded using the above procedure with a microscope slide as the test object.
Figure 10.2(a) shows the interference pattern of the object obtained when the hologram is recon-
structed with both R, and R,. In figure 10.2(b), the phase of R, has been shifted approximately
180° during reconstruction. This resulted in a corresponding phase shift in the beam reconstructed
by R,, but did not alter the phase of the beam reconstructed by R,;. The resulting change in the
interferogram can be seen, and some portions of the fringe system are now shown to better advan-
{age.

A finite fringe presentation can be obtained by altering the angle at which either R; or R, is
incident on the hologram. The effect of a small horizontal change in the reconstructing angle of R,
is shown in figure 10.3(a). In figure 10.3(b), a vertical change has been introduced. The result is the
same as if one mirror in a laboratory-type interferometer were tilted slightly.

(a) (b)

Figure 10.4 Reconstruction of uniform field; (a) no object in
reconstruction beam, (b) test object in reconstruction field
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For real-time interferometry, a hologram is recorded with no object in Robj for either exposure.
Figure 10.4(a) is the uniform reconstruction of such a hologram. The placement of an object in
either reconstructing beam will result in a phase alteration of not only that beam but also the beam
it reconstructs. Figure 10.4(b) is identical to figure 10.4(a), except that the same slide used as an
object in previous figures has been placed in R, during reconstruction.

In Figure 10.5 the object was placed in R; when a hologram was recorded and moved to R,
during reconstruction. Thus, both reconstructing beams have been altered by equal magnitudes but
in opposite directions: R; when the slide was removed and R, when the slide was added. The
result is an interferogram with the number of fringes doubled.

For comparing different objects such as optical components, a hologram could be made using
no object but with a “standard” in R, or R,. Replacement of the standard with the component to
be tested during the reconstruction will produce an interferogram showing the difference between
the two components. For illustration, the hologram of figure 10.4(a) was reconstructed after the
collimators used to form R; and R, were exchanged. In this case, the pattern of figure 10.6 actu-
ally shows the difference between the two collimator wavefronts with double sensitivity, as both
reconstructing beams have been altered. If the wavefronts had been identical, no fringes would have
been formed.

The double-exposure hologram with separate reference beams is the basis of a method for
guantitatively measuring small phase variations in an optical field, whether the field exists in real
time or is holographically stored. Figure 10.7 is a schematic of the technique now being investi-
gated. This figure illustrates the reconstruction of a hologram recorded as in figure 10.1. A
multiple-pass variable fow-pressure chamber has been placed in R, just prior to collimation. As the
pressure in this chamber is decreased, the optical pathlength of R, decreases, resulting in a continu-
ously varying phase relationship between R; and R,. The fringes in the reconstructed interference
pattern will appear to move across the reconstructed scene. The output signal from each of the two

Figure 10.5 “Double-pass’’ interferogram Figure 10.6 Interferogram showing
difference in optical components
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Figure 10.7 Method of measuring small phase deviations in a holographically recorded interferogram

Figure 10.8 Hologram-recording and -reconstructing apparatus
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Figure 10.8 Film plate holder with detector in
reconstructed beams

detectors shown in the figure will approximate a sine wave as alternate conditions of constructive
and destructive interference are experienced. These electrical signals will vary in phase by an
amount equal to the difference in optical phase between the two points in the reconstructed field
at which the detectors are located. The frequency of the detector signals is determined by the rate
at which the pressure inside the variable-pressure chamber is decreased.

If the two detector signals are introduced into an electronic phase meter, the optical phase
relationship of the two points can be quantitatively read. A phase map of the entire field can be

Figure 10.10 Signals produced when measuring phase shift
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obtained by fixing one detector at some point in the field as a reference and moving the second
detector throughout the reconstruction.

Figure 10.8 shows the actual experimental arrangement now being used. The three collimators,
- from left to right, form R,, Ry, and R,,;. The large cylindrical object in the upper left of the figure
is the phase-shift chamber. Figure 10.9 is another view showing a hologram in place with two detec-
tors in the reconstructed beams. A typical output from the detectors is shown in figure 10.10. This
" figure illustrates the signals obtained when the detectors are placed at points in the reconstruction
that are approximately 180° out of phase.

The detector signals have not yet been introduced into the phase meter, which requires a signal
of at least 2 V for cperation. This will be accomplished as soon as two matched amplifiers of suffi-
cient gain and bandwidth are completed. It is hoped that the ultimate precision of the phase mea-
surements will be limited by the precision of the phase meter, which is £1°, thus providing optical
path measurements down to 1/360 wavelength,

UNCONVENTIONAL PHOTOGRAPHIC STORAGE AND PROCESSING

In holography, the use of off-axis reference beams and the requirements of extreme stability
during exposure make a high-speed/high-resolution recording medium very desirable. Unfortunately,
high speed and high resolution are not compatible characteristics in a silver halide emulsion. High-
resolution silver halides are notoriously slow, while fast emulsions suffer from poor resolution capa-
“ bilities. The reason for this conflict is that silver halide emulsions are characterized by a poor
photon efficiency, never greater than 1 percent and usually nearer 0.1 percent. To overcome this
inefficiency, fast emulsions must have large grains, increasing the probability that enough photons
" will be absorbed by a grain to form the latent image. The presence of these large grains makes the
recording of high spatial frequencies impossible. Conversely, high-resolution emulsions must have
small grains, which reduces the probability that a grain will absorb a sufficient number of photons
to form the latent image. Thus, the high-resolution emulsion is by necessity slow. The property
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Figure 10.11 Contrast amplifier optical processor
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that has made silver halides popular is not photon efficiency, but is an internal “‘gain” that aids
image contrast. Upon development, a grain that has absorbed encugh photons to form a latent
image is completely reduced to metallic silver.

Many known photosensitive processes exhibit photon efficiencies approaching 1. These pro-
cesses record photo information on a molecular scale. Thus, they would seem to be idea! for high-
speed/high-resolution applications. These processés have not been popular because they lack the
contrast gain of the silver halides. The purpose of our investigation is to determine the feasibility of -
using these processes for high-resolution/high-speed applications and achieving the contrast gain
externally, if necessary.

Poor contrast is the result of information being recorded on an emulsion with only low optical
density and with little difference in density between areas of the emulsion exposed to various light
intensities. The effects of this lack of contrast are quite different, depending on whether the infor-
mation recorded is a conventional image or a hologram.

For the case of a conventional image, light transmitted by the recording medium has a large dc -
bias superimposed on it. This bias is caused by the low overall density of the emulsion. One
method of removing this bias is illustrated in figure 10.11. Due to the low optical density, most of
the light incident on the emulsion is transmitted. A small portion of the incident light is diffracted
by the information recorded in the emulsion. An attenuator, placed at the focal point of the imag-
ing lens, will remove the large dc bias but will have no effect on the diffracted light. It is not desir- -
able to remove all of the dc component, as part of this is fundamental to image formation; with no
dc at all, a schlieren photograph would be obtained. It is desired to remove only that part of the dc
associated with the low optical density of the emulsion. The image processed in this manner would -
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Figure 10.12 Schematic of a laser goniophotometer
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exhibit the proper contrast, but would be very dim. Any low-contrast emulsion considered for use
must possess extremely good noise characteristics, for scattering arising from any source within the
emulsion will be amplified along with the recorded information and degrade the processed image.

For a low-contrast hologram, no contrast processing is necessary. In fact, linear recordings on
present silver halide emulsions are low contrast, and pure-phase holograms exhibit no contrast at all.
These low-contrast recordings reconstruct images possessing the proper contrast because the high dc
bias is automatically removed from the image during reconstruction. Typically, the image is formed
at an angle from the illuminating axis, while the bias light is transmitted straight through. Thus, the
hologram recording geometry itself accomplishes the bias removal, without recourse to a processor
similar to that required for a conventional image. Since the hologram may reconstruct a dim image,
it is stil important that the emulsion exhibit low noise properties. Excessive light scattered by the
emulsion can degrade the reconstructed image. The suitability of any high-resolution/high-speed
low contrast recording medium depends on low noise characteristics, whether the information
recorded is a hologram or a conventional image.

An instrument has been constructed that makes it possible to measure quantitatively the iten-
sity of light scattered by an emulsion at angles from 0° through +90°. Figure 10.12 is a schematic
of this instrument. The main feature of the instrument is that the lens, pinhole, and detector are
mounted as a unit on an arm that rotates about an axis passing through the sample being analyzed.
Only light scattered at an angle A will be focused by the lens through the pinhole and then be
detected. The entire spectrum is scanned as the lens-pinhole-detector assembly rotates from 0° to
+90°. This arrangement allows scattering at large angles to be measured using only a simple lens
corrected for minimum spherical aberration, because problems of coma and curvature of field are
avoided. Figure 10.13 shows the actual laboratory instrument. Figure 10.14 is a closeup of the

Figure 10.13 Instrument for obtaining light scattering data
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Figure 10.14 Collimator, sample holder, and focusing
lens of laser goniophotometer

Figure 10.15 Drive motor, pinhole mount, and detector
assembly of laser goniophotometer
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collimator, sample holder, and focusing fens. Figure 10.15 shows the pinhole mount and detector,
with provision for a shutter and suitable filters. The motor that powers the movable arm when a
spectrum is obtained is also visible.

Two test emulsions have been chosen for preliminary work. These are a filtered gelatin emul-
sion and a polyacrylamide emuision, to which ferric ammonium citrate has been added. The scatter-
ing spectrum of each of these emulsions has been run using the instrument just described; these
" spectra are shown in figure 10.16. No significance should be placed in the shape of these curves, as
a considerable amount of instrumental noise was present. The sources of this noise are now being
located and eliminated. What is significant is that there was no detectable difference between the
scattering of the filtered gelatin emulsion and a plain, uncoated glass substrate. The polyacrylamide
appeared to be more noisy at angles below 11°, but above this angle there was no detectable scatter-
ing. For comparison, Kodak 649-F and Agfa 10E70 emulsions were also run. They produced iden-
tical spectra, also plotted as the curve labeled “'silver halide.”” These preliminary results indicate
that the two test emulsions chosen do exhibit the required low noise characteristics.
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Figure 10.16 Light scattering spectrum
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Figure 10.17 Optical processor for contrast amplification of conventional image

Figure 10.18 Light source, pinhole mount, and collimating
lens of contrast amplifier optical processor
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An instrument has been built, similar to that in figure 10.11, for contrast amplification of con-
ventional images recorded on these materials, and is shown in figure 10.17. Figure 10.18 shows the
lamp housing, pinhole mount, shutter, collimating lens, and autotransformer used to vary the inten-
sity of the lamp. Figure 10.19 illustrates the focusing lens and zero-order attenuator. The attenua-

. tor is an accurately positioned photographic image of the pinhole. The instrument actually utilizes
multiple pinholes rather than just one. This quasi-diffuse illumination should tend to minimize
local imperfections in the optical system of the instrument.

The feasibility of utilizing these and other high-speed/high-resolution processes for recording
both holograms and conventional images will be determined, using the instruments described as
tools.

Figure 10.19 Focusing lens and zero-order attenuator used for contrast amplification
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11 APPLYING HOLOGRAPHY TO REACTING-SPRAY STUDIES

Richard M. Clayton
Jet Propulsion Laboratory

and

Ralph F. Wuerker
TRW, Inc., Systems Group

Holographic techniques for studying liquid rocket combustion processes are discussed. Feasibility studies of the
technique for recording reacting-spray particle-size information were implemented through JPL contracts with
TRW Systems, which included the design and construction of a two-beam, pulsed ruby laser holocamera,
and its operation at a JPL test facility. The resulting holocamera was used to record confined reacting sprays
occurring inside 3- and 18-in.-diameter windowed rocket chambers, as well as unconfined {atmospheric pressure)
sprays. The holographic apparatus is described, and some of the pertinent results are presented. It is concluded
that holograms of reacting sprays are feasible, but that the technique needs further development if information
elucidating spray-combination phenomena is to be obtained.

Conceptually, the liquid rocket combustion process is straightforward, requiring only that the
reactants (fuel and oxidizer) be brought into intimate contact within the combustion chamber and
that the chemical reaction be completed within the chamber, producing the high-temperature prod-
uct gases for thrust production by a nozzle-expansion process. Complications arise, however, when
it is also required that the reactions be completed in a minimum-sized combustor for flight propul-
sion applications.

For most of the contemporary liquid propellants, the primary heat release takes place in the
gas phase and occurs very rapidly, assuming that the component reactants are well mixed. Thus,
reaction times are rarely combustion-rate controlling, and the evaporation and mixing rates become
the limiting processes. Closely associated with both of the latter are the fineness of the atomization
and the degree of mixing achieved in the formation of the droplet sprays of liquid reactants. There-
fore, if combustor size is restricted, optimization of these processes is necessary to yield high per-
formance efficiency.

A number of injection schemes to perform atomization and mixing are possible, a few of which
are depicted in figure 11.1. Of those illustrated, the impinging jet configurations have been shown
to be the most effective for liquid rocket applications. An example of the spray produced by the
. so-called “unlike-impinging”’ element, flowing water, is shown in figure 11.2. Note that a field of
spray is produced, having a definite spatial distribution of fluid mass and particle sizes.

A group of elements combined into an injector assembly forms the injection scheme for a typ-
ical conventional rocket engine. Figure 11.3 shows the composite spray (water) produced by the
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47 elements of an 11-in.-diameter injector uti-

lized for JPL combustion research; note the
high number density of liquid particles that,

under combustion conditions, must be evap-
orated and the vapors reacted before leaving
the combustion chamber if high performance

efficiency is to be achieved. For reference,
the length of the chamber utilized with this
engine is approximately 16 in., about the
relative distance to the lower edge of the
photograph.

As discussed above, combustion rates
are closely related to the initial atomization
processes and understanding these processes
and characterizing the mass and particle dis-
tributions produced is basic to specifying
engineering design criteria for injectors.
Unfortunately, reacting sprays are very dif-
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Figure 11.1 Typical rocket injector elements

ficult to study because of severe combustion environments. Hence, most studies have utilized non-
reactive fluids. Combustion results, however, do not always correlate well with the nonreactive
results; therefore, the most obvious need is to correlate nonreacting- and reacting-spray properties.

To this end, holography appears to offer great potential because of the technique’s ability to

record a three-dimensional scene faithfully for later analysis. Therefore, a complete particle size and
spatial distribution conceptually can be recorded at one instant using a high-power, pulsed-laser light

source. Also, holography appears to have the resolution potential to record sizes down in the 10-u
range, which also is required for spray-combustion studies. Finally, the high light intensity of the

Figure 11.2
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laser seems well suited for penetrating the
dense optical path through the combustion
environment. Thus, a program was launched
to test the application of this technique for
studying reacting sprays.

The program was implemented via two
consecutive contracts with TRW Systems,
which evolved into five phases of effort:

1. Design and fabrication of holographic
apparatus suitable for operation at a
JPL rocket test facility and for use
with any of three JPL rocket combus-
tion devices.

2.  Producing holograms of nonreacting
and reacting sprays in the open atmo- Figure 11.3 Spray from a composite 11-in.-dia injector
sphere.

3. Producing holograms of reacting sprays of single elements operating in a 3-in.-diameter com-
bustor (transparent walls).

4. Producing holograms of the composite reacting, sprays of the 11-in.-diameter injector (fig.
11.3), operating with an 18-in.-diameter combustion chamber (windowed walls).

5. Analyzing the holograms taken in (2), (3), and (4) for particle size and other combustion

information.
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Figure 11.4 Schematic of the JPL pulsed ruby laser holocamera
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HOLOGRAPHIC APPARATUS

As noted above, the holographic apparatus was required to function with three different com-
bustion devices. The 18-in.-diameter combustor established the required scene volume dimensions.
In addition, the equipment had to function in the environment of a liquid-rocket test stand, which
imposed corrosive gases, high-temperature exhaust products, vibration, and random variations of
climatic conditions on the camera. Further complications arose from the necessity of synchronizing
the holographic operations with short-duration rocket firings (about 1 sec) from a control center -
located about 500 ft away. These requirements obviously took the holography technique ‘‘out of
the laboratory.” Ultimately, the holocamera shown in figure 11.4 was designed and fabricated.
Figure 11.5 shows the equipment installed at the test stand, straddling the 18-in. engine.

Holocamera Design

The holocamera was built around a 6-in.-diameter, 6-ft-long aluminum pipe. An enclosure at
one end contained a telescope, beamsplitter, and beam-directing components. At the other end was
an enclosure containing the terminal optics, a shutter, and the hologram plate holders. The ruby
laser illuminator was mounted on the top of the holocamera in a nitrogen-pressurized tube. This
served to protect the laser components from the external environment. Mounted on the laser enclo-
sure were an alinement telescope and a 1-mW helium-neon alinement laser.

Figure 11.5 The laser holocamera straddling the 18-in.-dia engine
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The ruby laser illuminator was from the Physical Electronics Laboratory of TRW Systems. |t
was a Kerr-celi Q-switched oscillator with a power amplifier stage. The ruby was 1/2-in. diameter by
3-3/4-in. long. The crystal was doped with 0.05 percent Cr*** and cut with the “/C’* axis of the crys-
tal at 60° to the optical axis. The oscillator cavity was 1.5-m long. The rear reflector was a dielec-
tric mirror with a reflectance greater than 99 percent, while the output reflector was a 1/8-in.-thick
sapphire resonant reflector. The Q-switch consisted of a nitrobenzene-filled Kerr cell and a calcite
polarizer. The amplifier stage was used to boost the power emitted from the oscillator to a usable
level. It consisted simply of a laser head containing a ruby similar to that used in the oscillator. The
laser emitted a 50-nsec pulse of 694-nm light. The energy in the pulse was 1 to 3 J. Except for the
long cavity length, the laser was quite conventional. No special precautions were taken to improve
or control the coherence of the laser.

The light emitted by the laser was expanded to 5-in. diameter by a Galilean telescope and
directed onto a glass wedge, which served as a beamsplitter. Six percent of the light was reflected
from the first surface and became the reference beam, while about 88 percent of light was trans-
mitted by the beamsplitter and became the scene beam.

The reference beam was directed down the center of the main support column onto a pair of
mirrors at the far end of the holocamera and then onto the hologram plate at an angle of 45° to the
scene beam. The hologram was canted so that its normal bisected the 45° reference-scene angle.

‘ This orientation was chosen so that the interference ,pattern would lie perpendicular to the surface

of the hologram emulsion, thus minimizing the effects of emulsion shrinkage.

The light that passed through the beamsplitter was directed onto a pair of mirrors arranged as
a roof reflector. These mirrors served to invert the light so that it could later be spatially matched
to the reference beam. The light was then directed onto a “prism plate’” that refracted the light
by 45° into the scene-beam tunnel. A pair of large condensing lenses at the end of the tunnel
focused the prism plate onto the hologram. To allow the reference beam room to impinge on the
plate at 45°, it was necessary to set the hologram plate 10 in. away from the scene volume. Because
of the added path, this caused some reduction in the resolution of the system.

A 4 X 5-in. focal plane shutter, taken from a 40-year-old Graflex camera, was adapted as the
shutter in the holocamera. The maximum speed of the shutter was 50 msec. A cam and micro-
switch were added to fire the laser when the shutter was in the open position. The shutter was
released by a solenoid actuated by the sequence timer that controlled the firing of the various com-
bustion devices.

To further suppress ambient light, an 8 X 8-in. colored glass filter (Corning Glass CS-2-64),
transparent at the ruby wavelength but opaque throughout the rest of the visible spectrum, and a
sheet polarizer were mounted over the port nearest the hologram. For short periods of time, this
was adequate; however, for long periods, there was enough light transmitted by the filter and the
focal-plane shutter to fog the Agfa 8E75 plate. Fogging was eventually eliminated by the addition
of a Harvard Electric capping shutter over the port.
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Because the coherence of the laser was not very good, compensation technigues were necessary
to make the hologram. The laser light has two coherence properties, spatial coherence and temporal
coherence. To satisfy the spatial coherence condition, the 15-in. condensing lenses were used to
image the prism plate diffusers onto the hologram. The light in the reference beam was directed to
the hologram so that the scene and reference light at any point on the hologram could be traced
back to the same ray leaving the Galilean telescope. In order to do this, an alinement procedure

&

was established using the gas laser. Working in the dark so that the low-powered light was visible, a

wire cross was inserted before the Galilean collimating lens. This threw a shadow of light into each
beam. By use of the mirrors in the reference beam leg, the crosses were manipulated so that they
were superimposed at the hologram plane. They were also adjusted by the use of neutral density
filters and additional diffusers in the scene beam leg to give an intensity ratio of 1:1. This arrange-
ment apparently yielded the best and brightest holograms.

The other compensating feature of the holocamera was its temporal matching property. This
was realized by placing the optical elements so that the corresponding rays of scene and reference
light traveled equal distances from the beamsplitter. Because of the 45° reference-to-scene beam
angle, the length of the reference beam increased progressively from the top to the bottom of the
hologram. To compensate for this change in length, the scene beam was directed into the back of
the prism plate at the same angle. Because the prism plate is essentially a Fresnel prism, this
arrangement provided good holograms even thqugh the coherence length of the light was not great.

The prism plate was fabricated by machining a fine, precalculated sawtooth pattern in two
pieces of plexiglas. These plates were mounted in the holocamera with their machined surfaces
facing each other and were canted so that they would be imaged onto the hologram. Ground glass
diffusers were mounted at the prism plate location to diffuse the light.

After a hologram was exposed, it was taken in a sealed cassette to a darkroom where it was
developed. The developer was a 1:4 solution of Eastman Kodak HRP. After being developed and
rinsed, the plate was fixed in'a 1:4 solution of Eastman Rapid Fix. The plate was usually examined
then by reconstructing the holographically recorded scene to see if it was acceptable. Afterwards,
it would be washed and ailowed to dry in still air.

When the holocamera was correctly adjusted, the reconstructions were as bright as those made
with a gas laser, showing that the coherence of the ruby laser was adequate. Dull or foggy recon-
structions indicated a mismatch in the scene-reference optical path. 1t was found that thick win-
dows added to the scene path were sufficient to degrade the holograms if the reference beam was
not compensated by the addition of an equivalent path length. Further details concerning this
holocamera can be found in Wuerker et al. (ref. 1).

Holocamera Resolution Test

Because of the necessity of high resolution in the measurements of droplet sizes expected in
the tests of rocket combustion, the holocamera was set up in the TRW laboratory for measurements
of its resolution capabilities. The camera was arranged with a transparent resolution chart (USAF
1951 pattern) mounted in the test volume, 45 cm from the hologram. A 4 X 5-in. bellows-type

122

@



copy camera was mounted behind the hologram plate location and focused on the resolution chart.
The normal, wooden plate holder was removed and replaced by one which could assure that a devel-
oped hologram could be replaced in the same position as it was recorded. Pictures were made of the
test chart as illuminated by incoherent white light and by the laser light in the scene beam, as well

* as of the reconstruction of the test chart produced by the hologram (fig. 11.6). A high quality
enlarging lens and Kodak S0243 film, with a resolution of at least 200 line pairs per mm (lp/mm)

_were used. The left photograph in figure 11.6 shows the resolution chart with the diffuser of the
holocamera back-iluminated by a light bulb. The minimum resolvable spacing is 80 lp/mm, or a
spatial period of 12.5 u. The middle photograph is of the same chart using the emission from the
ruby laser. This is a direct ruby laser photograph of the scene under identical conditions as before.
An important difference between the two is the granular field, or speckle, which is due to the laser
coherence and definitely limits the resolution of the photograph. The limiting resolution is now
about 40 lp/mm, or a spacing of 25 u. A difference of a factor of 2 in the resolution of a scene
seems to be a rule of thumb for incoherent vs coherent illumination.

The right photograph in figure 11.6 shows the reconstruction of a hologram made under con-
ditions identical to those above. It was developed in the regular manner, dried, and replaced in the
holder. The photograph was taken by blocking the scene beam of the holocamera and using the
reference beam to reconstruct the wavefront. The reconstruction can be read only to 20 Ip/mm, a
spacing of 50 . Thus the resolution of the reconstructed hologram is seen to be a factor of 4

. poorer than a white light photograph, and a factor of 2 less than a directly illuminated photograph.
Even under optimum conditions, this limits the positive identification of particles to those of 25 u
diameter or greater. Further details on these evaluations are described in Wuerker et al. (ref. 2).
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Figure 11.6 Three photographs of a 1951 resolution chart taken in the JPL 45° holocamera at 45-cm
distance under identical conditions. Left picture is a photograph with white-light illumination, center
picture is a photograph with ruby laser illumination, right picture is a photograph of a holographic
reconstruction. The resolution was 80, 40, and 20 line pairs per mm, respectively
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HOLOGRAPHIC RESULTS

Open-Atmosphere Sprays

Figure 11.7 shows a typical example of the reconstruction of the hologram of an open-
atmosphere reacting spray. The two views were obtained by varying the angle of the copy camera
and can be viewed stereoptically. Flow from the unlike-on-unlike impinging jets (jet diameter =
0.173 in.) is from right to left. The reactants are nitrogen tetroxide and a fuel blend of 50 percent
hydrazine and 50 percent unsymmetrical dimethylhydrazine. The overall oxidizer-to-fuel ratio is
1.25:1 and the average velocity of the streams prior to impingement is ~ 123 fps. The sharply
defined object extending across the scene is a steel bar supported in the plane of the impingement
and contains 1/4-in.-diameter holes on 1-in. centers.

Comparison of the hologram reconstruction with the right-hand view of figure 11.2 (taken by
backlighted flash photography) indicates an overall topological similarity between the nonreacting
and reacting sprays, but the definition of individual spray particles is obviously reduced in the holo-
gram reconstruction.

This lack of definition was observed in all the holograms and has yet to be satisfactorily
explained. The effect seems to be more than the difference in optical resolution between incoher-
ent and coherent illumination, expected as a result of the resolution tests described above, since
microscopic examination of the holograms revealed that relatively few distinct drops of any size
could be discerned. Rather, the regions of the spray where drops are expected gives the appearance
of a fine, lacy pattern. A few particles were identified only in the periphery of the spray. It is not

Figure 11.7 Stereo-photographs of the reconstruction of an open flame hologram
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clear at this time whether this appearance of the reacting spray is real or reflects some limitation of
the holographic technique for use with the temperature and density gradients encountered in such
combustion fields.

Confined Sprays in the 3-in.-diameter Engine

For these experiments, a single unlike-impinging element was connected to a 3-in.-diameter
acrylic combustion chamber. The jets were 0.099-in. in diameter and the fuel was unsymmetrical
dimethylhydrazine with red fuming nitric acid oxidizer. The fuel:oxidizer mixture ratio was 40:1.
The combustion chamber, 6-in. long and with 0.40-in.-thick walls, was fitted with an exhaust nozzie
to produce approximately 100-psia chamber pressure. The entire engine was mounted within the
scene volume of the holocamera (fig. 11.8).

Initial attempts to produce holograms of these firings failed because of the light absorption of
the combustion field and the erosion of the acrylic chambers. The absorption effects were ulti-
mately overcome by adjustments of the scene/reference intensity ratio; however, the erosion always
degraded the holograms by introducing distortion and light diffusion. The marginality of these

Figure 11.8 The 3-in. engine in the scene volume of the holocamera
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chambers was suspected from the incep-
tion of the project, but it is felt that they
at least served to test the applicability of
the holographic technique.

Reconstruction photographs of one
of the better holograms are shown in fig-
ure 11.9. The views differ by a change of
focus of the copy camera, going from the
near to the far wall of the chamber for
the bottom to top views, respectively.
The two center views correspond to best
focus around the spray fan.

Microscopic examination of several
holograms of the 3-in.-diameter engine
firings failed to reveal any distinct drops
of spray. The lacy structure noted previ-
ously for the atmospheric sprays was
even more pronounced in these holo-
grams. While the poor optical quality
of the acrylic chambers undoubtedly
degraded the clarity of the holograms,
comparison of figure 11.9 with figure
11.7 (where no window effect is present)
reveals a definite similarity in the gross
appearance of the spray, suggesting that
the appearance is not entirely the result
of the acrylic.

Other attempts to obtain holograms
of reacting sprays using improved win-
dows and a different holocamera (ref. 3)
have produced somewhat higher resolu-
tion results and even shown that a few
particles can be observed under combus-
tion conditions similar to those in the
present experiments. However, it is the
opinion of the senior author that these
later results do not show a major differ-
ence from those reported herein., Thus,
the question of the effective resolution
of holography under combustion condi-
tions remains.
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Confined Sprays in the 18-in.-diameter Engine

The holographic arrangement for the 18-in. engine experiments is shown in figure 11.5. This
engine utilized the injector shown in figure 11.3; and in view of the results of the atmospheric and
3-in. engine experiments, prospects for obtaining spray holograms of this complex combustion sys-
tem clearly were marginal. However, a total of six reconstructable holograms were obtained after
considerable efforts to isolate the holocamera from mechanical vibration imposed by the engine.
The holograms were of relatively poor quality compared to the results previously shown, and cer-
tainly showed no particles, although the entire 18-in. distance across the combustor could be dis-
cerned. This certainly demonstrates the penetrating power of the pulsed ruby laser. No reproduc-
tion photographs are shown here because of the weak reconstructions.

HOLOGRAM ANALYSIS

After obtaining the holograms described above, a detailed evaluation of their combustion infor-
mation content was made. The procedures employed in this evaluation are described in Wuerker et
al. {ref. 2). The best of the atmospheric-spray holograms were chosen, and photographs of their
reconstructions were examined by manually scanning them with a measuring microscope of 15X to
30X magnification. The overall results have been noted above concerning the absence of identifiable
liquid particles in the region of the significant mass flux of the spray; however, droplet counts were
possible in the peripheral regions. Interestingly enough, no drops of less than 100 u were found.

It was determined that for those regions where droplets could be discerned, quantitative size
distributions couid be obtained from the miscroscope measurements, These limited samples yielded
distributions reasonably close to those measured in nonreactive sprays, considering that it is prob-
able that the smaller particle sizes were not visible. Whether this resuit adequately characterizes the
reacting spray is doubtful, however, due to the small samples measured. But as the first step in test-
ing the application of holography to spray studies, these results are encouraging.
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12 OPTICAL PROCESSING OF MICROWAVE
SIGNALS FOR NONDESTRUCTIVE TESTING

Robert W. Cribbs
Electro-Physics Company

A research program is being conducted to analyze microwave nondestructive testing data with optical computers.
The program objective is to scan large dielectric objects {for example, large solid propellant grains) with a micro-
wave beam and produce a picture of any discontinuities within the structure. Resolution along the scanning direc-
tion is achieved by recording and processing a microwave hologram. Resolution along the microwave beam is
achieved by a Fourier transform of a full waveguide band microwave sweep. This depth resolution is unlike the
ordinary holographic depth perception in that this resolution is independent of the distance from the scanning
plane to the object.

Past attempts at making microwave-reflection holograms and reconstructing them with laser
light have yielded results unsuitable for nondestructive testing (NDT). If the types of microwave
.beams used are of the type used for light holograms, the main problem is that objects in the micro-
wave hologram scene act as mirrors. With light illumination, most objects can be seen regardless of
the angle at which the light strikes the object because the object is a diffuse reflector. With micro-
-wave illumination, most common objects can be seen (or recorded on a hologram) only if the angle
of illumination equals the angle of observation. This fundamental problem also limits the useful-

ness of ultrasonic inspections.

The research effort described in this report is to make microwave holograms of the internal
structure of large dielectric objects. Specifically, flaws in very large solid propellant grains should
be detected and displayed in a concise, pictorial form. Since the flaw must be detected and mea-
sured independent of its shape or orientation, the “‘ideal mirror’’ problem must be overcome.

If useful microwave holograms are to be made, the concept of holography must be expanded
to include both the formal techniques of light holography and the techniques of coherent optical
processing. Very wide microwave bandwidths are used. There may be a general reluctance to call
the several techniques described in this report “‘holograms.” This reluctance will, | think, be tempo-
rary. With the swept-frequency lasers now available, the techniques described in this report can be

“applied to “‘generalized light holography”’ with spectacular results.

TECHNICAL APPROACH

-

The technical approach takes advantage of two recent advances: the achievement of high angu-
lar resolution with synthetic aperture radar, and the processing of full-band microwave signals for
very high depth resolution. In ordinary holography, the lateral position of a point is recorded by

i
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the lateral position of its interference pattern on the hologram. The distance between the hologram
nlane and the object is deduced from the position at which the object comes into focus. Most
objects do not have sufficiently coarse surface texture to permit the eye to focus on microwave
image. The achievement of depth resolution by generalized holographic techniques obviates the
need for diffuse reflectors: the readout is a cross-sectional picture. -

Figure 12.1 shows the types of display commonly used in NDT work. The A scan gives depth
information under one point on the surface of the object being inspected. The B scan reguires one )
scan of the transducer. The transducer transmits a narrow beam, so the lateral position of reflectors
is determined by the lateral position of the transducer when the echo is received. C scans are made
by gating the return echo at a single depth and making a series of scans. Two limitations of these
scans are apparent. None of the scans gives information over the whole volume of the object being
scanned. In addition the objects must have surfaces normal to the beam to be detected.

Figure 12.2 illustrates how one of these limitations can be overcome. The conventional nar-
row beam can be replaced by a broad beam and the transducer positioned to produce a beam strik-
ing the object normally. Curved surfaces produce a weak reflection. With the broad beam, this '
weak reflection is received over a large portion of the scan for spherical objects. |f the broad-beam
scan were processed the same way as the narrow beam, the display would be confusing and difficult
to interpret. For example, all spherical objects would be detected and recorded at al! positions of
the scan.

CONVENTIONAL HOLOGRAPHY

Holographic processing provides a means of reconstructing the lateral position of spherical
objects. The equipment required is shown in figure 12.3. The backward wave oscillator (BWO)
generates a microwave signal at a single frequency. The BWQ is on a table that scans past the scene.
The microwave detector detects the interference between the transmitted and received microwave
signal. This is amplified and used to modulate the intensity of a cathode ray tube (CRT). They
axis of the CRT is synchronized with the position of the table. The microwave equipment is shown
in figure 12.4. For one-dimensional processing, the x axis is free running.

The CRT face is photographed to provide the hologram transparency required for the optical
reconstruction. A one-dimensional pattern from two cylinders is shown in figure 12.5. The inter-
ference pattern causes the beam of the optical computer depicted in figure 12.6 to converge at the
lateral position of the cylinders.

If the negative is placed directly in the laser beam, the image of the scene is superimposed cn
background light. (This background is called the ““dc term’’ in optical computer work and is equiv-~
alent to the reference beam in holographic work.) The electrical signals from the detector swing
positive and negative, whereas the photographic density recorded must be positive. In recording
the hologram on film, therefore, an offset in light intensity must be added to the CRT displiay.

To separate the image from the background light produced by this offset, the film must be
processed as shown in figure 12.7. Basically, the image is projected onto a grating and
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Figure 12.4 Microwave equipment

Figure 12.6 One-dimensional hologram
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photographed. The new photograph will now defract the image, but it will also defract the dc terms.
To avoid this, the grating is translated 180° (the width of one line) and the film exposed to its aver-
age density. This new exposure defracts the dc term 180° out of phase and hence cancels the dc
term defracted by the first exposure.

A one-dimensional reconstruction is shown in figure 12.8. The two cylinders show as two
lines. The contrast in the prints available for this report are lower than that of the image created by
the laser beam, and some degradation will no doubt occur in printing. Most of the improvements
required for this technique are in the photographic processes.

The process described above for laterally separating reflections is formally the same as light
holography. There is one important difference: The plane wave illuminating the scene in optics is
synthesized by scanning a point source. Many objects that would not reflect a plane wave back into
the recording plane will reflect signals synthesized by the point source, thus alleviating the “perfect
mirror” problem.

A series of scans with the vertical position of the scan synchronized with the x axis of the
scope (fig. 12.3) yields a two-dimensional hologram capable of three-dimensional imaging. The
depth axis is greatly increased in the reconstruction. This exaggerated depth provides the means-for
locating the third-dimension—the distance from the scanning plane—which is determined by the
position of the object when it comes into focus. The process is similar to locating particles in a
drop of water with a microscope. The microscope is first focused on the top of the drop, then
scanned to the bottom with the focus control.

This type of hologram has limited application in NDT work. Defects in the dielectric that
would escape detection in this type of hologram are those without well-defined boundaries. For
example, a plane laminar separation extending over a large area would have no features on which
the eye can focus. The boundary of the separation is a feature, but if the separation closed gradu-
ally, the boundary could easily be missed. A worse case is when the separation extends over the
whole area inspected; it would be missed completely. This is another “‘perfect mirror” problem.

GENERALIZED HOLOGRAPHY

To circumvent the problem outlined above, a new type of hologram was developed. A conven-
tional hologram is processed in one dimension of the photographic film and depth information in
the other. The resulting picture is similar to that obtained with the side-looking radar, that is, a
cross-sectional picture. The intermediate steps in producing the picture are considerably different.

The picture is in the cross section of the B scan in figure 12.1. The display differs from the
B scan in two important respects. First, the lateral resolution is much higher. Although the trans-
ducer sends out a broad beam, the holographic processing synthesizes the resolution of a narrow-
beam technique with a transducer the size of the entire distance the broad beam transducer trav-
eled. Since it would be impractical to use such a large transducer for narrow-beam inspections, the
resolution required is obtained with the scanned broad-beam technique. Second, defects need not
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be normal to the beam to be detected. Curved and irregular surfaces will be shown. Thus, the dis-
play will have the characteristics of a picture of the cross section.

The depth information is obtained by swept-frequency rather than short-puise technique. The

* swept-frequency technique requires a Fourier transform, and taking Fourier transforms is an ideal

problem for the optical computer.

The signal processing for the depth information is illustrated in figure 12.9. The microwave
transmitter sends a signal with a frequency linear with time. The heterodyne between the trans-
mitted and reflected wave is used to modulate the film density. !f the object is close to the trans-
ducer, it produces a low heterodyne frequency that defracts the beam through a small angle.
Defects farther from the transducer produce higher frequencies, which defract the beam at a higher
angle.

The model used for depth-only optical processing is shown in figure 12.10. Cardboard sheets
were inserted into the sand to simulate defects. The plexiglas front matched the sand, so with no
defects, only the plexiglas-to-transducer interface reflected. Figure 12.11 shows some preliminary
results from a reflector 3/4 in. and 1-1/2 in. from the front surface. The final transform shows two
simulated defects in the beam.

The special optical lens for two-dimensional probessing was not available for these preliminary
experiments. However a conventional B scan could be made. The equipment for B-scan generation
and readout is shown in figure 12.12; the model used is shown in figure 12.13. Two cardboard
sheets and one metal reflector were used. The hologram is printed in figure 12.14 and the processed
scan in figure 12.15. Again, the printing does little justice to the results, but the front surface and
three defects can be seen.

The experiments conducted to date are preliminary, and intended to demonstrate feasibility
and uncover problems. The principal problems are background signals from nonlinearity in the
oscilloscope x, v, and z axes and the photographic processes. In addition, aperture defraction of
some parts of the optical system produce background indications. All these problems should be
readily overcome with improvements in technique.
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13 HOLOGRAPHIC INTERFEROMETRY AS A MEANS OF
MEASURING SMALL LINEAR AND ANGULAR DISPLACEMENTS

Barton J. Howell
Sperry Rand Corporation
Space Support Division

Responsibility for optical alinement measurements and calibration at Goddard Space Flight Center requires that
methods for improving the accuracy of angular measurements be sought. Double-exposure and real-time holo-
graphic interferometry have been studied experimentally and theoretically to determine the accuracy with which
displacements can be measured. Results for angular motion and lateral shifts of a diffuse target block are shown.
A general theory is developed that accounts for both angular and linear motion. An error model treats the accu-
racy of linear and angular measurements considering the two largest sources of error: (1) measurements of fringe
spacing and (2} measurements of experiment geometry.

It has been observed by many that a very slight displacement of a subject between exposures
. of a hologram produces a series of dark bands on the reconstructed image. The dark bands are, of
course, interference fringes formed between the two coherent subjects. The same general effect can
be achieved on a real-time basis by interfering a displaced subject with the reconstructed image of
- the subject. In the latter case, there is usually less fringe visibility than in the double-exposure case.

Since interferometry has application in the measurement of small displacements to a high
accuracy, a study was made of the accuracy with which small linear and angular displacements
could be measured using the techniques of holographic interferometry. Both double-exposure and
real-time methods were used. The experimental work included rotation of the subject about an
axis lying in its plane, and translation of the subject in its plane.

Mathematical analyses have been performed for the case of rotation about an axis lying in the
plane of the subject and transiation in the plane of the subject, and rotation about an axis perpen-
dicular to the plane of the subject.

EXPERIMENTAL WORK

The arrangement of apparatus to make double-exposure holograms is shown in figures 13.1
“and 13.2. The beam from a model 112 Spectra-Physics helium-neon laser is diverged through a spa-
tial filter, folded, and directed onto a mirror and subject block, which are side by side. The portion
,of the beam that falls on the reference mirror is attenuated by a linear polarizer to obtain a proper
balance between reference and subject beam. The subject is a block of aluminum that has been
sandblasted by Black Beauty #80 grit. The block is mounted so that the axis of rotation lies in the
face. Behind the subject block is a Hilger & Watts model TA-3 autocolliimator, which monitors the
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Figure 13.1 Double-exposure holography setup

Figure 13.2 Subject block, monitoring theodolite, and plateholder in double-exposure holography setup



position of a small flat mirror mounted on top of the subject block. The photographic plate is
mounted in a camera back shown in the lower left of figure 13.2.

In making the rotation measurements, the autocollimator was nulled on the flat mirror, and
" then offset by the desired rotation. Between exposures, the Hilger & Watts model TB-35 clinometer
supporting the subject block was turned until the autocollimator was again nulled. The plate was
» returned to the holder after processing, and the photographs were made by photographing the recon-
structed double images against a black background.

The fringes formed by a 1-arcsec rotation are shown in figure 13.3, and those formed by a
15-arcsec rotation are shown in figure 13.4. A scale is inscribed directly on the face of the subject
block, and because the fringes formed by rotation about an axis that lies in the plane of the subject
are also in the plane of the subject, the scale gives a direct measure of the fringe spacing without
having to scale the photographs.

A real-time holographic setup was used for the lateral translation measurements (fig. 13.5).
The subject block and clinometer base were mounted on a Unertl mirror mount base with the face
of the subject block parallel to the ways of the base. The motion of the base was monitored by dial
indicators. The real-time capability was achieved by exposing and processing the plate in the cell
shown in figure 13.6. Fringe patterns formed by translations of 0.001 in. and 0.002 in. are shown
. in figures 13.7 and 13.8, respectively.

MATHEMATICAL MODEL

A mathematical model was developed to facilitate analysis of the accuracy of measurement of
motion. The subject block is treated as an array of very many facets or minuscule mirrors, oriented
in a random distribution. Therefore, in a given viewing direction, one can always find a facet ori-
ented so that reflection directs the light from the source to the observer. When the facet is moved

~ from one position to another through a small displacement, the result is an optical path length
change, and the two sources interfere with one another in a manner dependent on the phase differ-
ence. [t isimportant that the displacement have a lateral component (perpendicular to the line of
sight) that is not sufficiently large for the two facet sources to be resolved. [f they were resolved,
the positions of constant phase difference would form a random pattern, rather than fringes.

Lateral Motion

The motion X of the subject plane is a vector in the plane of the subject (fig. 13.9). The vector
N is a unit vector normal to the facet being considered, the angle T is the sum of the angles of inci-
dence and reflection, and the angle S is the angle between the reflected ray and the face of the plate.

"

From studies of optical system tolerances (refs. 1, 2)
P=X:N(ncosi- n'cosr) (1)

where P is the optical path difference, X is the displacement vector, N is the unit vector normal to
the surface being displaced, i is the angle of incidence on the facet and r is the angle of refraction, n
is the index of refraction of the space preceding the surface, and n' is the index of refraction of the
space following the surface. The law of refraction implicit in equation (1) becomes the law of
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Figure 13.3 Fringe pattern formed by 1-arcsec rotation; marks are 1 cm apart

Figure 13.4 Fringe pattern formed by 15-arcsec rotation; scale is mounted on block
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Figure 13.5 Real-time holography setup

Figure 13.6 Plate cell used for exposure and processing in real-time holography
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Figure 13.8 Fringe pattern formed by 50-u lateral translation
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Figure 13.9 Vector relationships in effect in lateral translation

Figure 13.10 Angle relationships between two consecutive fringes in lateral translation
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reflection by making the substitution n’ = -n =-1. Since i is numerically equal to r for reflection,
the expression for optical path difference becomes

P=X'N(2cos —2-[) (2)
where
XN = X cos(S + %) (3)

Upon shifting the facet by an amount X from position 1 to position 2, a series of fringes is formed.
The positions of two consecutive fringes are viewed at angles S; and S,, as shown in figure 13.10.

T T;

P, = 2X cos(S; +?)cos—2— (4)
T T

P, = 2X cos(S, +—21-) cos 72 (b)

Because the two fringes are consecutive, P, — P; = A, the wavelength of the light used. By using the
definitions

T,
A=82 +—2—“
T,
B=-=
2
_Tz - Tl
5 -

the expression for P, - P, becomes
P, - P, = 2X(cos A cos B - cos (A + C) cos (B - C)) (6)

or

_ A
X 2({cos A cos B - cos{A + C) cos(B -~ C)) 7

The angles S and T can be measured with theodolites. To aid in these measurements, a mirror was
attached to the subject block, as shown in figure 13.5. There was uncertainty in the measurement
of these angles, and in the value of the wavelength of light. The larger source of error was in the
measurement of the angles. Assuming a typical configuration:

S, =45° S, =55° T,=60° T,=50°
A =80° B =25° ¢ =-5° A =632.8 nm
the displacement is found to be 4.7388 p. Assuming various errors in each of the four terms in the

denominator of equation (7), always in a direction resulting in worst-case conditions, the errors in
the measured value of X are found (Table 13.1).
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Table 13.1

ErrorinA,B,A+C,B-C X (1) Error in X (u)
0 4.7388 -
2 min 4.6606 .079
10 min 4.3710 .36
30 min 3.7835 .97

Rotary Motion

For rotation about an axis that lies in the plane of the subject, the individual facets do not all
translate the same amount as in the lateral translation case, but the motion is a function of the dis-
tance from the axis to the facet, as shown in figure 13.11. Here the points K and L are located one
fringe apart; the displacements X; and X, are taken as the arc formed by the product of the dis-
tance from the axis O and the angle G. The angles S and T are defined as in figure 13.10. We find
the following relationships:

T T

P, = 2X, cos(S; +—21—+90°)cos7l (8)
T T.

P, = 2X, cos(S, + 72 +90°) cos —21 ’ (9)

Because there is no displacement at O and therefore no fringe, and because the fringes are formed
symmetrically about O, the distance OK = F/2 and KL = F, where F is the fringe spacing.

In order to determine the angle G, we note:

=FG ,hd X, - 3FG : (10)

X
12 2

Subtracting equation (8) from (9), setting the difference equal to the wavelength A, and introducing
some trigonometric identities, we obtain

A
G= 11
F({-3sin A cos B +sin(A + C) cos(B - C) (1

where A and B are defined as in equation (6). From the following set of values

S, =95° S,=85° T,=40° T,=50° F=7.62cm
A =110° B =25° C =5° 2\ =632.8nm

we obtain the errors in G due to worst-case combinations of errors in the measurement of angles

" (Table 13.2).
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Figure 13.11 Angle and distance relationships between two consecutive fringes
in rotation about an’axis in the plane of the subject
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Table 13.2

ErrorinA,B,A+C B-C G {(sec) Error in G (sec)
0 1.005671 -
1 sec 1.005679 0.000008
2 sec 1.005687 0.000016
5 sec 1.006712 0.000040
10 sec 1.005752 0.000081
30 sec 1.005914 0.000243
1 min 1.006157 0.000486
2 min 1.006644 0.000973
5 min 1.008108 0.002437
10 min 1.010560 0.004888
30 min 1.020524 0.014852

The standard deviation of measurement of angles in the experimental setup was £13 min.
This results in an error of the angle being measured of 0.0066 sec. The largest source of error of
all those involved in the rotation measurements is the measurement of the fringe spacing F. The
standard deviation of measurements of F for different values of G, and the resulting errors in the
value of G are shown in Table 13.3.

Table 13.3
G (sec) Error in F (cm) Error in G (sec)
1 0.13900 0.01853
5 0.00539 0.01739
10 0.00390 0.05000
30 0.00821 0.94730

An interesting case with somewhat startling results is that of rotation about an axis normal to
the surface of the subject plate (ref. 3). This can be explained by reference to figure 13.12. The
coordinates of a point are the radius vector R and the angle C. The incoming reference beam is
represented by a unit vector at an angle B with respect to the reference axis and an angle A with
respect to the normal to the surface. The reflected ray is at an angle E with respect to the surface.
Taking the components of motion along the rays, just as in equation (1), we have

P=RG cos(B + C - 90°) (sin A + cos E) (12)

where P is the optical path difference, as before. Angle E is made 90° for convenience. Expanding
the cosine term, we have

P = RG (sin A cos B sin C + sin A sin B cos C) (13)

Plotting the loci of points of constant P gives a series of parallel fringes, running across the plate in
the same direction B as the incoming beam. Although the fringes are formed at infinity, they may
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be photographed superimposed on the plate by stopping down the camera lens. By measuring the
fringe spacing perpendicular to the fringes we obtain, for that value of C, two different values of R,
where the optical path difference P for each R differs by the wavelength of light X. Because the
fringes are parallel to the projection of the incoming beam on the plate, B + C = 90° and cos B = sin
C and sin B = cos C.

P, =R; Gsin A(sin? C + cos? C) (14)
P, =R, Gsin A(sin? C + cos? C) (15),
and N
P, -P,=GsinA(R, -R;})=A ' (16)
A = A ‘ (17)

“snA(R,-R;) FsinA

The Iérgest source of error in measurement of rotation about the normal axis is the measure-
ment of the fringe spacing F. For A = 30° and G = 10 sec, the fringe spacing is 2.61 cm. The error
in G for various errors in fringe spacing measurements is found to be

error in G = 3.830741 x error in F . (18)

and is given for some values of error in F in Table 13.4.

Table 13.4
Errorin F (cm) : Errorin G (sec)
0.13900 0.56320
0.00539 0.0206
0.00390 0.0149
0.00821 0.0315

CONCLUSIONS

Holographic interferometry provides a useful tool for making accurate measurements of static
displacements, both translational and rotational.

The case of translation normal to the surface produces a fringe pattern the same as found in a
Michelson interferometer, and the accuracy expected is approximately 1 x 107° in., the same as
shown in Table 13.1 for lateral translation.

The case of rotation about an axis parallel to, but not within, the plane of the subject plate
gives fringes similar in appearance to those produced by either lateral translation or rotation. This -
raises the important question: what does one do to interpret the fringes if the location of the axis
of rotation is not known? The location of the fringes in three dimensions will give the answer to
what type of motion is involved. This study has not treated the complex cases of compound
motion. The objective was to assess the accuracy with which the motion of laboratory standard
angle generators can be measured. In these applications, the axis of rotation is very well known.
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With refined fringe-space measurin'g techniques, such as the use of a microdensitometer, the
accuracy can be improved to a point where the method could be used to calibrate laboratory stan-
dards. By extending the theory to three dimensions, complex static displacements of components
of space vehicles could be measured to a high degree of accuracy compared to present optical tool-
ing methods.
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14 NONDESTRUCTIVE TESTING BY HOLOGRAPHIC INTERFEROMETRY

John R. Williams
Marshall Space Flight Center

Numerous nondestructive testing techniques have been in use for guite some time, but there are particular test
specimens that do not lend themselves to these techniques. With these problems in mind, several research
efforts are being conducted by this laboratory in the field of holographic nondestructive testing.

Both real-time and double-exposure holographic techniques are being investigated. Basically, these con-
sist of recording, in the form of holograms, the condition of the test specimen under a known load and com-
paring this recorded information with that obtained when the load conditions are changed. “‘Faults’’ show up
in the interference patterns produced. Results using these techniques on printed circuit boards, honeycomb
structures, metal welds, and deposits on optical surfaces are presented.

One of the most promising areas of holography is that of holographic interferometry. The
ability to compare wavefronts interferometrically produced at two different instances in time is
.an extremely valuable tool. This paper deals with the application of this technique to four dis-
tinct problems: printed circuit board analyses, honeycomb structures, metal welds, and deposits
on optical surfaces. Both real-time and multiple-exposure holography are being used; for the
-purpose of photographic presentation all of the holograms shown are multiple exposure.

HOLOGRAPHIC NONDESTRUCTIVE TESTING OF METAL WELDS

One of the most obvious test cases for holographic nondestructive testing is the metal-to-
metal weld. Since a potential “flaw” in such a weld can have any one of a large number of
causes, such as inclusions, fractures, poor metal-to-metal adhesion, etc., its complete analysis is
not always simple and reliable.

Since the holographic interferometer measures only the surface movement, a potential prob-
lem area within the weld would have to perturb the surface enough to be measured. As this
movement would normally need to be on the order of a microinch, it would appear that the
thicker the sample becomes, the greater the difficulty of “‘seeing’ an internal problem area.
Investigation of numerous metal-to-metal welds substantiated this conclusion. However, since
this technique is extremely test-sample dependent it cannot be completely written off for thick
“samples. Figure 14.1 is a normal photograph of a metal-to-metal weld between two pieces of
titanium. This sample is 1/2-in. thick and the distance between numbers 1 and 2 on the photo-

_graph is 1 ft. This sample was X rayed and determined to be a perfect weld. Figure 14.2 would
“indicate otherwise; it is a photograph of a double-exposure hologram of the same sample.
Between the exposures, the temperature of the titanium plate was increased about 1° C. This
temperature change was induced at the extreme left side of the photograph and on the end of
the weld itself. The closed fringe structure on the weld in the center of this photograph would
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Figure 14.2 Double-exposure holographic image of titanium weld with 1° C temperature change



normally indicate a potential problem area. Further studies are being conducted to completely

substantiate this finding. Other techniques, such as optical correlation, are being combined with
the holographic interferometer in an effort to make this system a more useful and more reliable

testing device for this type of sample.

+ HOLOGRAPHIC NONDESTRUCTIVE TESTING
OF HONEYCOMB STRUCTURES

Honeycomb structures play a vital role in most airborne vehicles. As with other structures,
there are numerous types of honeycombs, and a device or devices capable of detecting faults and
prospective problem areas is badly needed. Holographic interferometry appears to provide the
capability necessary to more completely analyze such structures. Work thus far indicates that
this technique can identify such defects as separations between core and inner or outer skin,
separations between laminate layers, separations between skin and bonded structures, cell wall
separations, adhesive porosity, and debonds, between laminate layers.

3

Figure 14.3 is a normal photograph of the aluminum skin of a honeycomb panel. The core
of this panel is nonmetallic and, therefore, would present problems for other testing technigues
such as X-ray analysis. The area shown in this photograph is about 2 sq ft. Figure 14.4 is a
double-exposure hologram. A small uniform temperature increase was applied between exposures.
If desired, the load may be pressure, vibration, etc., rather than temperature. Most of our
applied loads have been temperature changes, because temperature is (1) relatively easy to con-

-trol, and (2) a prime test condition for flight qualification. Even though figure 14.4 is not a
good quality reproduction of the hologram, one can still see that there is a defect in the upper
center and in the center of the marked crosshairs. The closed circular fringes in the top center
-usually represent a lack of bonding between core and skin. This is one of the easiest and most
prominent types of fault. The distortion of fringes in the crossed area usually represents a thin-
ner than normal bond between core and skin. This represents a problem area that may show up
under extended use.

Holographic interferometry is developing into one of the most powerful tools known for
nondestructive testing, for it provides quick results that may be viewed real time and recorded
permanently from large areas, and a variety of defects can be detected simultaneously.

HOLOGRAPHIC ANALYSIS OF PRINTED CIRCUIT BOARDS

Probiems of printed circuit (pc) board failure have cost the government large sums of
money each year. The increasing duration of spaceflights for both manned and unmanned vehi-
cles places more stringent conditions on pc board lifetime, and no good technique for predicting
lifetime has yet been developed. It is not too difficult to determine if a solder joint is cracked,
‘but it is very difficult to run a small number of thermal cycles and from these test data be able
to predict the solder joint lifetime. The primary objective of this effort is to develop a tech-
_nigue whereby the lifetime of a solder joint can be accurately predicted from a relatively small
amount of test data. Of course, the ability to detect cracked or otherwise defective joints is a
necessary and useful side effect.
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Figure 14.4

Double-exposure holographic image of aluminum honeycomb skin



In an effort to become better acquainted with our test object, high-quality holograms were
made of the entire pc board. Figure 14.5 is a photograph of the reconstructed image from one
of these holograms. As can be seen from this photograph, the reconstructed image can be used
for analysis, instead of the real object, with very little, if any, loss in available information.
Holograms of the entire pc board may not show the desired joint detail, but they can be used to
demonstrate faulty joints and irregularity in material composition. Figure 14.6 is a photograph
of the image from a double-exposure hologram. This sample was a flight pc board where differ-
ent component spacers were inadvertently used around one joint during construction. Due to
the different thermal properties, this could create problems. Also, by visual and standard inspec-
tion techniques it was impossible to determine which joint had the different spacers. As can be
seen in figure 14.6, the joint was easily found by holographic interferometry. The joint F, from
which the circular fringes appear to be emanating, was found to be the joint in question.

By holographing the entire pc board, several valuable pieces of data could be determined,
but not enough to analyze each solder joint. Since the individual solder joint is the “bad
offender,” it must be analyzed to determine the lifetime of the board. One badly needed piece
of information is the stress introduced in each joint by the thermal cycling. The size, complex-
ity, and irregularity of the joint preclude standard stress measurements. Since the technique of
holographic interferometry measures extremely small movements very accurately, it appears to
provide a way of determining the stress in the joint. For example, consider the cross section
shown in figure 14.7. A double-exposure hologram of this joint will show interference fringes
indicative of the physical movement induced by the thermal cycle applied between exposures.
Therefore, the fringe spacing on each constituent of the joint will indicate relative movement
from which the stress can be calculated. To aid in producing and measuring this fringe param-
eter, the joint was enlarged by several techniques. To provide a relatively large magnification,
50X, a metallograph was incorporated in the holographic system (figs. 14.8 and 14.9). The
metallograph simply enlarges the desired joint and images it on the photographic plate. This
image is then used as the object wavefront for the holographic system. Several minor problems
were encountered such as long exposure times (20 sec) and lack of depth of field for fringe anal-
ysis, and the system is being redesigned to correct them.

Since, for many tests, the magnification need only be from 2X to 6X, holograms using
diverging beams and incorporating lenses in the object wavefront were made. By placing a
simple lens in front of the pc board in a normal holographic setup, one can view various por-
tions of the board with relatively small magnification. Figure 14.10 is a photograph of an image
from a double-exposure hologram as viewed through the lens.

HOLOGRAPHIC ANALYSIS OF CONTAMINATE DEPOSITS

The Space Sciences Laboratory at MSFC has been given the primary responsibility for
investigating the possible problem of contamination in space. Dr. James B. Dozier, ATM project
scientist, is in charge of the entire contamination program, which is concerned with the possible
problem of contamination, both as vapor and as deposits degrading scientific experiments in
orbit. This contamination may be from outgassing material, waste dumps, etc. Any cloud or
particulate matter around the spacecraft would produce scattering and reduce “‘seeing,” while
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Figure 14.6 Double-exposure holographic image of printed circuit board
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Figure 14.9 Experimental holographic interferometer utilizing metatlograph

Figure 14.10 Magnified holographic image of printed circuit board
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any contaminate deposit on optical surfaces would degrade the instrument. In connection with
this program, we are investigating holographic interferometry as a tool for analyzing optical sur-
faces real time while under vacuum. Since very few simulations are as good as real-time analysis,
this technique is being evaluated for future use as part of a real-time contamination monitor.

Some of the groundwork for this effort was laid in various reaction control system (RCS)
engine tests. Optical flats were photographed and holographed, sent to MSC, Houston, placed in
chamber A during RCS engine tests, and then returned and photographed and holographed again.
Figure 14.11 is a drawing of the system used to produce dark field photographs, normal photo-
graphs, and holograms of each sample. All three pieces of data could be obtained simply by
rotating the sample holder. This holder is shown in figure 14.12. With the camera to the left
and the photographic plate to the right, both a photograph and a hologram were made with laser
light. A comparison of a normal photographic image and a holographic image can be seen in
figures 14.13 and 14.14. Figure 14.13 is a normal photograph of a contaminated optical flat,
while figure 14.14 is a hologram of the same flat. These tests demonstrated the extremely good
storage capabilities of the hologram in that no difference was seen between the normal photo-
graph and the photograph of the hologram. The image on the hologram also, of course, could
be reconstructed and measured directly. More information on this aspect of this effort can be
found in reference 1.

In continuing the holographic analysis of contaminate deposits, an extremely simple system
{fig. 14.15) was used. Figures 14.16 through 14.20 are examples of the holograms made with
this system. Figure 14.16 is a double-exposure hologram where the first exposure was made
without any sample in either beam and the second exposure with the 1-in. optical flat in one
beam. This presents the characteristics of the optical flat just as one would get in a normal
interferometer. Figure 14.17 is a triple-exposure hologram, the first exposure without a sample,
the second exposure with the sample, and the third exposure with a thin film of oil on the
sample. The oil film can be seen running down the center of the optical flat. This represents
very gross contamination and how it would appear in a normal interferometer if, indeed, it could
be seen at all. Figure 14.18 is a double-exposure hologram where the flat was present in the
first exposure and the oil film applied for the second exposure. This, of course, accents the oil
film and considerable fringe detail can be seen. Figure 14.19 is a photograph of an enlarged por-
tion of the fringe structure. Figure 14.20 is a double-exposure hologram made to show a sim-
pler fringe system. The sample in this test was a standard Perkin—Elmer 2-in. flat with an anti-
reflection coating in the center, By making the first exposure without the flat and the second
exposure with it, one can obtain the thin-film parameters.

Since the tests presented thus far represent such gross contamination, they do not produce the
needed data. In order to produce contamination and allow it to deposit on an optical surface, it was
necessary to incorporate a vacuum system in the holographic setup. Figures 14.21 and 14.22 are
drawings of arrangements used to produce both reflectance and transmittance holograms of optical
flats while under vacuum. Each technique has its advantages and disadvantages. For instance, the
reflectance hologram gives more detail surface information for particulate matter, whereas the
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Figure 14.11 Optical layout for producing normal photographs, dark field photographs, and holograms
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Figure 14.12 Optical sample holder and photographic equipment

Figure 14.13 Normal photograph of contaminated optical flat
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Figure 14.14 Holographic image of contaminated optical flat
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Figure 14.15 Transmission holometer
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Figure 14.16 Double-exposure holographic image of clean optical flat

Figure 14.17 Triple-exposure holographic image of contaminated optical flat
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Figure 14.19 Fringe enlargement of figure 14.18



Figure 14.20 Double-exposure holographic image of thin film
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Figure 14.22 Double-exposure holographic image of thin film

Figure 14.23 Experimental holographic interferometer
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Figure 14.26 Reflectance/transmittance holographic image of contaminated optical flat
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transmittance hologram gives more information about the thin film. Since it is not known
exactly what the orbiting environment will produce, the ability to produce both reflectance and
transmittance holograms is needed. Figure 14.23 is a photograph of the system being used. The
vacuum system is a specially designed multiport chamber with an ultimate pressure less than
107!2 torr. Since it is advantageous to produce both reflectance and transmittance holograms, a
new system was designed. As shown in figure 14.24, the object beam comes in from the back
of the photographic plate and strikes the optical sample. The surface of the flat reflects part of
~the light back to the photographic plate, producing a reflectance hologram on a portion of the
film. The rest of the light passes through the flat, strikes a mirror, and is reflected to the film.
This forms a double-pass transmittance hologram on another portion of the film,

A material sample is forced to outgas by heating it with a small heater inside the vacuum
system. This outgassed vapor then deposits on the optical flat. This deposit is very seldom uni-
form in that the material sample is not vaporized as one would do, for instance, in coating a mirror.
Figure 14.25 is a photomicrograph made at 50X, of one of these outgassed deposited films. Figure
14.26 is a double-exposure hologram of a contaminated optical flat. The top photograph is a trans-
mittance hologram, while the bottom photograph is a reflectance hologram. Both photographs were
made from the same photographic plate in the system shown in figure 14.24.

All of the tests on this effort, thus far, have utilized double-exposure holography. Preparations
are under way to record deposited films real time as they form. Quartz crystal microbalances will
“"be placed in the vacuum system to produce deposited mass data to be correlated with the data
obtained from the holographic interferometer, The phase of the reference beam is being rotated to
“increase the sensitivity of the system. This and other techniques are being used to determine just
“how thin a film the system will detect.

REFERENCE

1. Arnett, G. M.: Lunar Excursion Module RCS Engine Vacuum Chamber Contamination Study. NASA TM
53,859, 1969.
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15 NONDESTRUCTIVE TESTING BY OPTICAL CROSS-CORRELATION

Rodney W. Jenkins
Marshall Space Flight Center

Since reliability is a crucial factor in space systems, it is desirable to be able to predict the lifetime of the compo-
nents of that system under the performance environment. A newly developed technique using optical cross-
correlation shows promise as a method of nondestructively testing and predicting the lifetime of printed circuit
boards (and other materials) under an environment of thermal cycling.

The technique uses a Fourier transform hologram of the printed circuit board as a matched filter. Since the
amplitude of the output from the matched filter is related by a cross-correlation integral to the deformation of
the printed circuit board due to thermal cycling, an estimate of the lifetime of the printed circuit board under
thermal cycling can be obtained.

The permanent deformation suffered by a component under repeated exposure to load
(whether heat or vibration) usually is the factor that ultimately limits the lifetime of the component.
For this reason, measurement of the deformation occurring, when compared with other data, can
lead to an estimate of time to failure.

Holographic interferometry is one way to measure deformation occurring in materials. How-
ever, measuring the deformation quantitatively by fringe analysis is at best tedious and complicated.
A more simple way to measure the deformation or change occurring is by optical cross-correlation.
Instead of adding the two functions associated with the component before and after deformation,
as in interferometry, the cross-correlation of the two functions is performed. The amplitude of the
cross-correlation integral evaluated at the origin is a measure of the difference between the two
functions.

THEORY

Figure 15.1 is a block diagram of an optical data-processing system whose cutput amplitude is
a measure of the deformation that has occurred in the test material. The first component of the
system is a light source with the necessary optics to illuminate the test material (component). A
requirement of this particular system is the use of a highly coherent and relatively intense light
source; for this reason, a laser is used. The wavefront backscattered off the test material is called
the optical input. Its amplitude and phase can be described by a complex amplitude distribution
h{x,y), where the x-y plane is parallel to the face of the test material. By the use of a lens, the
. function h(x,y) is operated on by a Fourier transformation. Then, with a matched filter, the Fourier
transform of h(x,y) is multiplied by the complex conjugate of the Fourier transform of the complex
amplitude s{x,y), where s{x,y) is the value of the input when the material is unstressed. Using
another lens, a Fourier transformation is performed on the product. By the cross-correlation
theorem, this is equal to the cross-correlation of h(x,y) and s{x,y), which is described by
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By the use of an aperture (50-u pinhole) placed at the origin of the x-y plane (i.e., along the optical
axis), the values of x and vy are set at zero. This integral is the final optical output, whose properties
are that it is greatest when h(x,y) is equal to s(x,y) (i.e., when the test material is unstressed), and -
it decreases rapidly as h(x,y) becomes increasingly different from s(x,y). The final optical output is
converted into an electrical output by a detector such as a photomultiplier tube.
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To realize such a system is not difficult, the greatest problem lying in the synthesis of the
matched filter with the correct amplitude transmittance. This is accomplished by making a Fourier
transform hologram of the unstressed test material.

MATCHED FILTER SYNTHESIS

The Fourier transform hologram is recorded using the configuration shown in figure 15.2. If
the complex amplitude distribution at the photographic plate due to the reference wavefront is
R(x,y) and the distribution due to the signal wavefront is the Fourier transform of s(x,y), then the
intensity, 1{x,y), at the plate will be

Hx,y) = |R(x,y)+F {s(x,y)} |2
= |Rixy) |2+ |F {s(x,y)} |2+ R*(x,y)F {s(x,y)}
+RIXYIF* {s(x,y)}

If the emulsion is to respond linearly to the amplitude diétribution of the signal wavefront,
’F {s(x,y)} I must be much less than [R(x,y) |and lR(x,y)l must be such that
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Figure 15.2 Configuration for recording the Fourier
transform hologram
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IRxy) |2+ |F {s(x,y)} |2 =;[—Q
where (E,,T,) is a point that falls in the middie of the linear section of the amplitude transmittance
versus exposure curve of the emulsion (E, being the mean exposure). In this case, the transmittance .
modulation will be linearly proportional to the intensity modulation. Therefore, the amplitude
transmittance, Ta(x,y), of the plate can be written

Talx,y)=T, + Bt [R*(x,y)F {s(x,y)} +R(x,y)F {s(x,y)}]
where B is the slope of the curve at (Eo'To)' and t is the exposure time.

If the plate is illuminated with the complex amplitude distribution F {h(x,y)} (fig. 15.3), the
transmitted amplitude can be written F {h(x,y)} T,(x,y). If the reference wavefront is a plane-
parallel beam of constant amplitude inclined at an angle 8 with respect to the optical axis, it can be
written

Rix,y) =Aexp - 7\

i27 sin<9y>
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Figure 16.3 Configuration for measuring the deformation
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Then, the transmitted amplitude will be

F {h(x,v)} T,(x,y) = BtAF {h(x,y)} F* {s(x,y)} exp - 127 Sm(%%) o
where the other terms are separated by angle from the first term because the exp [-i27 sin{6y/\)]
term serves to incline the desired transmitted amplitude off axis. Dropping the exponential term
and the constants, the {(off axis) transmitted amplitude is written

F {h(x,y)} T,(x,y)=F {h(X,y)} F*{S(X,V)}

Effectively, the amplitude transmittance of the developed photographic plate (hologram-matched
filter) is F* {s(x,y)} , which is the desired value.

EXPERIMENTAL RESULTS

Some preliminary work has been done to predict the lifetime of printed circuit (pc) boards
using the cross-correlation technique. In the case of pc boards, failure is usually due to joule heating.
Different types of solder joints have different life spans (time to failure) depending on the materials
and configuration used. A typical solder joint configuration is shown in figure 15.4.

To test the cross-correlation technique, an experiment was set up to monitor three solder
joints, each of a different type. The purpose was to predict which solder joints would fail first in
normal use. The solder joint whose cross-correlation amplitude dropped fastest when plotted versus
thermal cycles would be said to be undergoing the greatest permanent deformation and therefore be
) likely to fail before the others.

The experiment was performed using a cold cathode 70-mW HeNe laser. The laser was allowed
to stabilize 1 hr before any exposures or tests were made. The entire setup was mounted on a heavy
granite table supported by three large airmounts to stop most of the building vibration (fig. 15.5).
The photographic plate (Agfa 8E70) was held by a precision plate holder with A/10 x-y adjustment.
The plate holder was also mounted such that it could be given a coarser x-y adjustment. The laser
beam directed toward the pc board was split into three separate beams, each directed to one of the
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Figure 15.4 Cross section of typical solder joint configuration
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Figure 15.5 Photograph of laboratory setup

three solder joints being tested. One Fourier transform hologram was recorded for all three solder
joints. After placing the developed plate back in its original position, the reference beam was -
blocked and the plate was adjusted for maximum autocorrelation intensity. Then, by blocking two
of the three beams illuminating the pc board, the cross-correlation for each solder joint could be
recorded and plotted versus the number of thermal cycles undergone by the pc board. The thermal
cycling of the pc board was done without moving the pc board. Using a heat lamp, the temperature
was raised from 24° C to 39° C and then allowed to cool down to 24° C each cycle. To obtain
repeatable and meaningful results, the hologram and the 50-u pinhole aperture were adjusted for a
maximum detector output for each reading.

Typiéal results obtained from this procedure are plotted in figure 15.6. The type B solder joint
had the steepest slope, and the type A joint had the least decrease in cross-correlation amplitude.
Therefore, it was postulated that type B was the worst of the three and type A was the best. These
predictions were found to agree with results obtained from destructive testing of the same type
joints.

The destructive testing procedure was to cycle the pc boards from —50° to 80° C and back to
-560° C many times, counting the number of joints that showed effects of strain, suffered simple
cracks, or contained an isolated crack. (An “isolated crack’’ is defined to be a 360° C crack about
the lead; this is a case of complete failure.) The results of these tests are shown in figure 15.7. It
was found that, as was predicted by the cross-correlation measurements, type B solder joints were .
by far the worst tyr of the three joints; this type of joint was the only one that went to isolated
cracking. Also in agreement with prediction, type A solder joints were the best of the three.

(While the destructive testing procedure does not duplicate the thermal cycling due to joule heating,
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results from extensive destructive testing were found to agree with data from solder joint failure in
actual use.)

CONCLUSION

The experiment shows that it may be feasible to nondestructively test pc boards for bad solder
joints and to assign lifetime predictions based on the slope of the cross-correlation versus thermal
cycles curve.

The limitations of the cross-correlation technique relate to the stability required for recording
the matched filter and for obtaining the cross-correlation measurement. The system must be isolated
from vibration and the test material must be rigid. Materials that are too large and flexible will
deform under their own weight, making the cross-correlation measurement almost meaningless.

For rigid materials, however, there are several advantages. In most other nondestructive
testing, the faults must be fairly large before they can be detected. In this sytem, the faults are
detected before they occur, and the material needs to be only barely stressed to detect material
fatigue. Thereby, the integrity of the material is maintained.
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16 ONBOARD OPTICAL PROCESSING

James P. Strong, 111
Goddard Space Flight Center

As spacecraft experiments get more complex, onboard data processing becomes increasingly important. For
example, such processing will be required for outer planet missions, where there simply are not enough bits to
send back all the data. Onboard processing allows one to extract parameters from raw data and send back param-
eters, effecting a large bit saving. Optical processing is a very efficient way of doing the complicated mathematical
operations necessary to extract parameters from both scientific and pictorial data using a computer with a very
low “parts count.”

ONBOARD OPTICAL PROCESSING

As spacecraft ranges and the quantities of experimental data increase, onboard processing
techniques must be utilized to reduce the amount of data telemetered back. Optics can handle large
quantities of two-dimensional data far faster and easier than digital computers. For example, at
GFSC, electromagnetic whistlers have been detected and classified using optics. Cloud-cover pic-

. tures have been classified as overcast, broken, or as cbntaining frontal patterns. We also have devel-
oped a unique sensor that detects radius and angle information from the Fourier transform plane
and have used it in the cloud-cover analysis. Plans for an onboard spacecraft data system consist of
- an optical system compiemented with a digital computer. To connect the optical system with the
digital system, interface devices must be evolved.

Basically, there are two techniques for optical processing. The first, where the Fourier trans-
form of an image is analyzed, can detect such parameters as curvature of lines, slopes of straight
lines, average size of objects, and the existence of parallel-line structure. |t can also give a statistical
analysis of the gray levels in the image. The second type of processing, where the image is recon-
structed through a spatial filter, can pick out regions containing particular spatial frequencies.
(Broken cloud regions in cloud-cover pictures have been detected using band-pass filters.) If the
spatial filter happens to be the Fourier transform of another picture, the reconstructed image will
be the cross-correlation of the two images.

An onboard system that can do optical processing and analysis is shown in figure 16.1. The
first lens takes the Fourier transform of the input made by an image generator. In the Fourier
transform plane, a detector can extract parameters about the Fourier transform and can input
these data to the digital computer for digital processing. The digital computer might then change
the image for further analysis. |f a spatial filter is placed in the Fourier transform plane, the second
lens will take the inverse Fourier transform, forming a filtered image in the reconstructed plane. A
detector in this plane can input the reconstructed image to the computer, allowing feedback from
the input to the output. As an example of how this feedback might be used, consider the
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Figure 16.2 Two cloud-cover pictures and their Fourier transforms
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cloud-cover picture where spatial filtering detected the broken regions. The computer couid blank
out all other regions in the input image, and an analysis could be made of only the broken regions.

The development of this spacecraft system at GSFC is proceeding along two channels. First, a
detector in the Fourier transform plane has been developed; and second, an image generator has
been planned and a contract will soon be let to construct one.

To see how a detector in the Fourier transform plane can detect useful parameters about an
image, consider figure 16.2. Here are two cloud-cover pictures and their Fourier transforms. By
measuring the distance at which information lies from the center of the Fourier transform, one can
tell whether a picture is made up mostly of small scattered clouds or mostly of large clouds. Small
scattered clouds have Fourier transforms that are more spread out than the Fourier transforms of
large cloud masses, which are more concentrated toward the center. Pictures having frontal patterns,
such as the top picture, produce information concentrated along a line in its Fourier transform.
Figure 16.3 shows a graphic type of image. Here are two spectrum analyses of electromagnetic
whistlers. Information in the Fourier transforms of these curves lies primarily along lines perpen-
dicular to the curves. The Fourier transform of the top whistler contains a component at about 45°,
corresponding to the bottom of the whistler curve. The last two graphs of figure 16.3 show the
amount of light lying in a 10° angle rotated around the Fourier transform plane. The top curve is
different from the bottom curve, indicating the information at 45° in the top Fourier transform.
The digital computer could distinguish between the top and bottom curves, and a simple “0" or

. 1" distinguishing the two could be sent back. Thus, a detector that can detect radius information

in the Fourier transform and can detect angles along which information is concentrated can tell a
great deal about the original picture. Some detectors designed for this purpose are shown in figure

- 16.4; they were etched in a silicon solar cell. An example of their outputs is shown in figure 16.5.

On top are the two pictures used. One is mostly small scattered clouds, and the second is mostly
overcast with frontal patterns. The angle detector output corresponding to the picture with frontal
patterns is more peaked than the one corresponding to the small scattered clouds. The output of
the radius detector corresponding to the scattered clouds is higher at the outer radii than the output
corresponding to the overcast picture, indicating the high spatial frequencies of the small clouds.
The output of these detectors showed that the patterns could detect the parameters in the Fourier
transform plane. However, they would not give a true indication of the total amount of light falling
on each area. Yale University is currently working on materials for detectors with a more linear
response,

The image generator, the ““front end”’ of the optical processor, has been a rather elusive item
because of the necessary high contrast, high resolution, and the need for memory (since the entire
image must be present at any one time to get the Fourier transform)}. A contract is under negotia-
tion for an image generator utilizing Kerr rotation. This device will be a matrix of 64 X 64 elements
with just black and white intensity levels.

To ensure the usefulness of such a device, some tests were made, as illustrated in figure 16.6.

At the top is the gray level picture with its Fourier transform; at the bottom is the 64 X 64 binary
level equivalent picture with its Fourier transform. The Fourier transforms are very similar. One
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problem occurred when the image was of a large white area, illustrated in figure 16.7. The dark
areas in the top picture are of interest; the Fourier transform of this image, however, is obscured by
the effects of the large white area. A solution to this is to use the negative of the image as shown

at the bottom of figure 16.7. Here the Fourier transform is far more apparent. Generating the
negative will be easy with the computer-controlled image generator. When the image generator is
completed, it will be connected to a computer to begin simulation of an onboard system.

CONCLUSIONS

Optical data processing can be used to extract parameters, which can be transmitted back to
Earth to provide useful information about the spacecraft data. With the image generator and the
Fourier transform plane detector, a spacecraft optical processing system can be simulated. Such a
system will allow the experiments necessary for developing an optical-digital computing system.
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17 FRINGE STABILIZATION FOR HOLOGRAPHY

Richard M. Brown
Ames Research Center

Motion of the standing interference fringe pattern during exposure of a hologram is known to degrade the bright-
ness of the holographic reconstruction. Sinusoidal motion is more damaging than linear motion in this respect.

A device has been built that stabilizes the fringe pattern in a holographic system in the presence of component
vibration and drift. Some design considerations are discussed and the experimental results explained, The system
is shown to compensate for large path-length changes at frequencies up to several hundred Hz and to operate
down to dc. This system, when applied to holography, makes it competitive in many cases with pulsed laser
holography.

When making holograms with low-power, continuous-wave lasers, a prime requirement for suc-
cess is that the interference fringe pattern remain stable during the time necessary to properly
expose the hologram. The stability of the fringe pattern can be determined by observing the holo-
graphic reconstruction. A bright reconstruction will be indicative of a stable fringe pattern and a
dim one will indicate motion of the pattern, all other parameters being equal. Generally, people
try to stabilize the fringe pattern by preventing all motion-inducing disturbances from affecting the
holography system. This requirement for isolation generally limits the usefulness of the holographic
process to projects that can be done ““on the granite slab’—that is, under strict laboratory condi-
tions. However, to expand its applicability, the process must be freed from dependence on the mas-
sive optical supports generally used. The purpose of the fringe stabilization system described here
is to prevent motion of the fringes and therefore provide good holograms, even in cases where some
of the optical components are not completely immobile.

SOURCES OF FRINGE MOTION

Fringe motion can be generated by several sources. One of the least troublesome is a shift in
the wavelength of the laser, but even this small effect can become significant if the path-length dif-
ference between the signal and reference beams becomes appreciable. For example, the representa-
tive of one major manufacturer of argon ion lasers states that his laser, when operated with an intra-
cavity etalon, will stay in a particular mode for periods greater than 5 min (private communication
from Richard Fohr, Coherent Radiation Laboratories). The mode hop, when it occurs, is a jump of
108 MHz. The manufacturer also quotes (ref. 1) coherence lengths ““in excess of 10 yards.” Now,
if a holographic setup using this laser with a 1-m path-length difference were to mode hop half-way
through the exposure, the fringes would shift by about 0.5 times their spacing! This motion would
almost completely destroy the hologram.

In similar ways, small changes in the air density caused by pressure or temperature shifts will
also affect the location of the fringes, if the optical paths are of different lengths. Of course, any
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change in the air density in one path that is not compénsated by a similar change in the other will
have the same effect, even if the path lengths are equal. This might come about as a result of con-
vection currents or wind caused by air conditioners or by motion of people.

Probably the main cause of fringe motion can be traced to mechanical changes in the structure
holding the optical components. Thermal drift is a common problem. Another, the cold flow of
stressed or soft material, is sometimes overlooked. The major cause of mechanical motion, however,
is the vibration of components excited through their supports or through the air. 1t is this problem, .
more than any other, that leads to the heavy granite tables and pneumatic supports that are so typi-
cal of holography labs.

While all the above problems can be alleviated by various methods, the usual result is a system
too awkward or bulky to take out of the laboratory and put into the real world. There are two pos-
sible exceptions to this: either the hologram can be made using a Q-switched laser so that there is
essentially no motion during the exposure time, or the system can be actively servostabilized so that
problems of component motion may be ignored.

In choosing between these possibilities, several factors must be considered. The prime consid-
eration, of course, is the nature of the subject. If it is transient, such as the shock wave from a
detonation, the pulsed laser is mandatory. If a time-averaged hologram of a slowly moving panel
is desired, the CW laser is required. Of course, there is a wide range of objects that could be
recorded by either method. In this case, other parameters must be considered, for example, the .
equipment available or the economics of the system. The question to be answered in this latter
case is: Is it better to buy an expensive pulsed
laser and pay little attention to system stabili-
zation, or to buy a less expensive gas laser and
put some effort and money into the stabiliza-
tion of the structure?

FRINGE MOTION EFFECTS

To see how well a holography system
must be stabilized, consider figure 17.1. This
is a plot of the relative diffraction efficiency of
a hologram as a function of the visibility of the
fringe pattern recorded on it. Diffraction effi-
ciency can be considered a measure of the
brightness of the holographic reconstruction.
These curves show the effect of linear fringe
motic_m-that is, frir!g? motion with constant 0 P 4 6 8 I
velocity—on the efficiency. These data are- cal- INSTANTANEOUS VISIBILITY
culated (ref. 2) and assume that the recording OF FRINGE PATTERN
medium has a linear relationship between the
exposure and the amplitude transmittance. For

RELATIVE DIFFRACTION EFFICIENCY

Figure 17.1 Relative reconstruction efficiency of
holograms. The parameter indicates the frac-

tional wavelength linear motion of the fringe
correlate well with experimental data (ref. 2). pattern during the exposure
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The ratio of the efficiencies of motion-blurred holograms to static fringe holograms depends
on the type of motion involved. If the fringe system is moving at a constant velocity, the visibility
of the recorded pattern is degraded by a factor of sinc(#f), where f is the fraction of a fringe spacing
traversed during the exposure. Since the curve in figure 17.1 shows a quadratic relationship between

. efficiency and fringe visibility, the efficiency in the case of linear motion will go as sinc? (#f). In
the case of sinusoidal motion of the fringe pattern, however, the efficiency will go as Jo?(2xf) where
Jo is the zeroth order Bessel function, and f is the peak-to-peak motion of the fringe pattern mea-

“sured in units of the fringe spacing (ref. 3). The relative diffraction efficiencies for the cases of
linear and sinusoidal motion are shown in figure 17.2. This curve indicates that for small motions,
sinusoidal fringe motion is more troublesome than linear motion. Since the servocontrol system
described below has a sinusoidal residual error, the curve of sinusoidal motion in figure 17.2 is of
particular interest.,

Criteria must be established for determining when a vibration compensation system is perform-
ing adequately. Looking at figure 17.2, we see that if the peak-to-peak residual motion of the
fringes is less than 0.1, corresponding to an optical path difference change of 0.1 wavelength peak
to peak, the efficiency of the hologram will be better than 80 percent of the case where the fringe
pattern is steady. Therefore, a success criterion will be chosen stating that residual fringe motion
is less than 0.1 wave.

FRINGE MONITORING

Figure 17.3 shows one form of the fringe position monitor. In this case, the fringe monitor is
behind the photographic plate, sampling the light that passes through the semitransparent holo-
_graphic emulsion. The beam combiner in figure 17.3 superimposes the point source in the upper
beam with the one in the lower beam. Because the path lengths are matched in this system and
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Figure 17.2 Effect of fringe motion on reconstruction efficiency
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Figure 17.3 Servosystem showing fringe monitor

because each beam is coherent with the other, a fringe pattern will be formed at the detector plane.
The large fringe spacing at this location allows ys to sample a small fraction of a fringe. Therefore,
the output of the photodetector can be related to the position of the maxima and minima in the
fringe pattern.

Because all the components used in the holography system are also used in the fringe monitor- ,
ing interferometer, motion that affects the fringes forming the hologram will also affect the fringes
being observed. Except for a single optical element, the beam combiner, the converse is also true.
Therefore, if this component can be fixed in place, stabilization of the fringe pattern being moni-
tored will ensure stabilization of the pattern forming the hologram.

FRINGE STABILIZATION

Fringe stabilization is accomplished by
the use of a piezoelectric crystal in one leg of
the holography system. Charge is placed on
the crystal to change its length and hence the PREAVECTER T

1
|
|
|
|
|
|

length of the beam reflecting from the face of

the piezoelectric crystal. s

AMPLIFIER

DC BIAS

The electronics package is designed to

affect the crystal in a manner such that the

active path of the interferometer will change PEZOELECTRIC
to match the path-length changes in the other MIRROR. MOUNT
{or passive) path. Still in its early stages of

development, the servoelectronics subsystem

(fig. 17.4) uses operational amplifiers. The Figure 17.4 Servoelectronics diagram

1
POWER ‘
AMPLIFIER l
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input signal from the photodetector is amplified, and a bias signal equivalent to the average inten-
sity of the fringes is subtracted from it in a differential amplifier. The output of this amplifier is
inserted into an operational integrator, followed by a high-voltage operational amplifier, which
drives the piezoelectric crystal. Motion of this crystal will change the relative path-length difference
between the legs of the interferometer, and hence, the location of the fringes, thus closing the loop.
Because of the nature of the interference pattern, the system will always be operating with negative
_ feedback; therefore, the path change will be in a direction to drive the output of the differential
amplifier to zero. The net effect is to stabilize the fringe pattern at the photodetector location.

The extent of stabilization depends on the nature of the motion to be compensated. Linear
motion can be compensated equally across the whole field, while rotational motion is stabilized
exactly only at the photodetector location. Positions away from this point are stabilized to a
degree dependent on the distance from the stabilized point.

EXPERIMENTAL RESULTS

The amount of stabilization depends on the amplitude and frequency of the disturbing motion.
With the system presently in use, stabilization at very low frequencies (less than 10Hz) to about
1/60 of a wavelength has been demonstrated for unwanted path-motion (noise) amplitudes greater
than 1 wavelength. Figure 17.5 shows the results of a recent measurement of the system response.
It shows that, using the 0.1-wavelength criterion for success, 1-A\ noises can be stabilized with fre-
quencies up to 200 Hz. ’

Motions greater than 4 wavelengths peak to peak can be successfully stabilized at frequencies

., up to 60 Hz. Figure 17.6 shows motion of a fringe pattern with a disturbance magnitude of 4.25
waves peak to peak. On the left side, the servoloop is not in operation.- A hologram made with this
magnitude of vibration would have only 0.0475 the efficiency of the static case. On the right side,
the servoloop has been activated, and the system is stabilizing the fringes to 1/10 of a wave. The
brightness of the hologram resulting from this motion will be 0.95 of the reconstruction brightness

P-P RESIDUAL ERROR, wavelengths

0 100 200 300 400 500
FREQUENCY, Hz

Figure 17.56 Compensation for 1-wavelength noise
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Figure 17.6 Control of large amplitude 60-Hz vibration

that a static fringe pattern would provide. Therefore, for this vibration input, the servosystem
gives a 20-fold increase in brightness.

Of course, as the amplitude and frequency of the disturbance increase, the servoaction becomes
less efficient. Figure 12.7 shows the effects of stabilization at 60 Hz and 250 Hz for different dis-
turbance amplitudes. A linear relation is seen, as expected. In its present form, the system cannot
continuously stabilize for excursions larger than about 6 wavelengths, but it is hoped that modifica-

tions to the present design will remove all limitations on the maximum excursion that can be sta-
bilized.

CONCLUSIONS

The results shown here indicate that active fringe stabilization is a useful complement to
vibration-isolation systems when attempting to improve holographic systems employing CW lasers.
The vibration-isolation technique works best at high frequencies, while the servotechnique is most
effective at low frequencies. Changes made to the system described here will improve its perfor-
mance, and | feel that servo-stabilized holography using a low-power gas laser must be seriously
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considered as an economical alternative to pulsed laser holography when attempting to apply

holographic techniques under difficuit ambient conditions.
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18 FLASH HOLOGRAPHY APPLIED TO
FLUID HEAT-TRANSFER PHENOMENA

Charles G. Miller and James B. Stephens
Jet Propulsion Laboratory

JPL is conducting a program of studies concerning fluid heat transfer at the anode of a high power xenon compact-
arc lamp. Flash holograms of the hot-gas paths around the outside surface of the anode indicate the particular
anode shapes that give turbulent or laminar flow when used in developmental arc lamps at JPL.

Another aspect is the nucleate boiling of the water-cooling medium in the inner surface of the anodes. Flash
holograms will be made of the inside of an anode surface to study the development of nucleate boiling processes
in relation to surface material and condition.

A program of studies is under way at JPL in connection with the environmental testing of
spacecraft and testing of major spacecraft systems concerning two areas: fluid flow phenomena, and
surface deformation due to imposed stresses.

Among the fluid flow interests are fluid heat-transfer phenomena, which deal with convective
gas paths and surface turbulence in a flowing gas; bubble formation in incipient nucleate boiling at
water-cooled surfaces, where cooling is by liquid-to-gas phase change; and the design of a suitable
expansion throat for a high-power puised CW CQO, laser. Surface deformation studies of interest
involve measurements of physical displacements of a surface due to metal creep and detailed exam-
ination of surface deformation as gas is sorbed and diffused into a cryogenic pumping surface. All
of these problems are capable of being studied by means of double-exposure holographic interfer-
ometry.

HEAT TRANSFER STUDIES

Our earliest application of flash holography has been to studies of fluid heat transfer in xenon
compact-arc lamps. These are dc-arc lamps used as light sources for simulating solar heat loads on
spacecraft. They are contained in quartz bulbs, in which the gas pressure is 180 psi and the lamp cur-
rent of 450 amp is maintained by a potential difference of 45 V. For highest luminous output and
brightness, the lamps are operated near the materials and structural physical limits, so it is necessary
to cool them by fluid heat transfer. The fluids involved are the pressurized xenon gas, which trans-
fers heat convectively, and water flow, which cools the interior of the cathode and anode of the
lamp. Heat fluxes at the anode of an operating lamp are high, up to several times 107 Btu/hr-F-ft2.
Such high rates can be permitted only with knowledge of the mode of action of gasious conventive
cooling and of liquid heat transfer inside the water-cooled elements of the lamp.
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Figure 18.1 shows the lamp whose operation is under study. The holocamera has been partially
disassembled for this picture. Figure 18.2 shows the anode of the lamp in more detail. The point
under study is the nature of the convective flow of gas over the anode during operation, particularly
the relationship of the shape of the tip of the anode to laminar or to turbulent flow and efficiency
of heat transfer. A holographic interferogram of the area around the anode tip will disclose the
fringe shifts in the gas layers adjacent to the anode surface that are clues to the nature of the gas
flow. Figure 18.3 is a drawing of the complete holocamera in place; figures 18.4 and 18.5 are photo-
graphs of the camera in place. .

The experimental difficulty is that we wish to see the gas-flow pattern during operation of the
flamp in spite of the bright emission from the arc discharge. The problem of high background light
interference is unique here because of the high luminance of the arc stream—a luminance equal to
that of a black body at over 5000° K. This problem is being handled by the use of especially narrow-
band interference filters, heavy Wratten filters for the wings of the spectrum, and the use of a large
leaf shutter and a focal plane shutter in combination as a capping shutter. Figure 18.6 shows a
representative holographic interferogram of the gas-flow pattern in an operating high current arc.
The pointed cathode and the rounded anode show no signs of turbulent flow under the operating
conditions.

In order to study the cooling processes on the inside of the anode and cathode structures, we
intend to make flash holograms of the development of nucleate boiling on the anode surface. Since
this cannot be done in the operating lamp, it will be necessary to simulate the incident heat load.

Besides the above studies, we are examining the potential of flash holography for the visuali-
zation of other types of plasma flow to get a better understanding of them. For example, another
plasma-flow problem to which this technique is applicable is the study of coaxial free streams of
gases in which only the inner stream is active in the arc process. Examination of the boundary
between these streams might give some insight into the process of heat transfer across the boundary
and therefore shed light into the usefulness of cooling gases. Such streams are presently being studied
by simulating the process using coaxial streams of acetylene and oxygen and examining the turbu-
lence apparent at the burning interface. The usefulness of such simulations is limited, however, by
the relatively low temperature of the oxyacetylene flame, and fI‘ash holography is expected to
enable a better interpretation of the actual gas-flow conditions.

OTHER FLUID FLOW STUDIES

Flash holography appears to have application to other areas of fluid dynamics. We are studying.
the possibility of its use in examination of the expansion throat of a CO, gas-dynamic laser, flow
visualization of hypersonic free-flight ballistic models, and studies of nonthermionic cathodes such _
as that in an ignitron. In this latter case, the high brightness and random motion of the cathode
spot in a pool of mercury have hampered investigation of the processes involved. The techniques
perfected for looking at high-luminance xenon arcs should be applicable here.
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Figure 18.2 Compact-arc lamp showing electrode arrangement
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Figure 18.4 Lamp with protective enclosure in place
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Figure 18.5 lsolated filmholder and capping shutter
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CRYOGENIC STUDIES

Interests other than those concerning fluid flow are being pursued in our laboratory. Other
applications of flash holography under study include the physical sag of a vertical face of solid
metal and the detailed mode of action of the cryopumping process. Mr. A. H. Wilson of JPL is
interested in the application of holography to the study of metals collected on a cryogenic surface.
Of particular interest are the type |} metals such as mercury, tin, or bismuth, which are candidates
for tests of ion engines for space use. In free space, these ions are discharged from the spacecraft
and have no further interaction. In laboratory tests, however, such ions must be captured on cryo-
genic walls and frozen into massive metal. If the metal sheets sag due to creep, measurements might
be affected, so the laboratory experimenter must be prepared to accommodate such action. The
holographic tests would determine the degree of creep.

-

The cryopumping of gases is being studied in connection with a similar problem. The pumps
in the vacuum chambers used to simulate the space environment must maintain a vacuum in the
107!'-Torr range, even while gas is being discharged into the volume from small rockets (hot gas) or
compressed gas storage (cold gas). The aspect of the cryopumping action being studied is the surface:
change as a titanium- or CO, -covered surface absorbs gas. To be useful, the titanium or other
absorbing material must absorb the incident gas into its interior. The relative contributions of bulk
diffusion, compared to diffusion along channels and microcracks, can be studied by holographic
interferometry and provide useful design information on cryopumping surfaces.
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19 A HOLOGRAPHIC FLOW VISUALIZATION SYSTEM

Richard M. Brown
Ames Research Center

There have been many attempts to apply holographic interferometry to the examination of fluid flow fields. To
investigate the application of holography to airflow studies of particular interest to Ames Research Center, a sys-
tem is being built that can be used to make holograms in an extremely noisy wind tunnel environment. Details
and features of the system are examined; for example, the advantages and disadvantages of diffusers are discussed.
A variable ratio beamsplitter is described that makes efficient use of the laser light.

The use of holographic interferometry as a practical technique began when a group at TRW
Systems accidentally! produced a double-exposure hologram while attempting to holograph a
.22-caliber bullet. Their pulsed ruby laser fired twice, once when the projectile was in the field of
view and once when it was not. The holographic reconstruction showed a pattern of fringes sur-
rounding the slug that proved to be an interferometric map of the flow pattern. This experiment
* started a deluge of work in interferometry. The fact remains, however, that flow visualization must
be considered the classic use of double-exposure holographic interferometry.

After the TRW Systems group had published {ref. 1), our interest grew in holographic inter-
ferometry for flow visualization at Ames Research Center. The earlier work of Horman (ref. 2) had
suggested that holographic flow visualization had possibilities, but the technique he proposed
appeared to have some serious difficulties in practice. The double-exposure holographic form of
interferometry seemed to solve most of the practical problems, so a second look was in order.

Early experiments at Ames Research Center using CW lasers to examine the flow patterns of
small free jets and supersonic nozzles were described in a previous paper reviewing the holographic
activities of Ames (ref. 3). Double-exposure holograms, with exposures on the order of 0.5 sec,
were made under laboratory conditions. The reconstructions of these holograms are shown in fig-
ures 19.1 and 19.2. The holographically determined pressure ratios in the throat of the nozzle in
figure 19.2 matched the theoretical values very closely, providing strong encouragement to the
hypothesis that CW flow field holography was feasible. Therefore, an instrument system was
- designed to work reliably in a full-size wind tunnel and produce useful data concerning aerodynamic
flow.

TUNNEL CONDITIONS

The only readily available and convenient tunnel at Ames with the proper flow regime is a
small blowdown tunnel, which is a part of the Unitary facilities. The tunnel works at a reasonably

1 R. F. Wuerker, private communication.
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Figure 19.1 Double-exposure holographic interferogram of airflow
from a free jet

Figure 19.2 Interferogram of airflow in a supersonic nozzle

214



high density, with Mach numbers from 2.5 to 4 and atmospheric exhaust. The test area cross sec-
tion is 8 in. square. This size is convenient for two reasons. First, it is small enough that the optical
path length change due to shocks and other flow details is a convenient number of fringes in depth,
thus facilitating fringe interpretation. Second, tunnel size and available room make design of the
mechanical structure for the holographic optics convenient. The main disadvantage with this tunnel

“is its very severe vibration environment—both structure-borne and acoustic—which will provide a
stringent test of the concept of CW holographic instrumentation in wind tunnels.

OPTICAL SYSTEM FOR FLOW FIELD HOLOGRAPHY

The basic optical system for holographic flow visualization is shown in figure 19.3. The system
has two features not generally found in holography systems. The first, a servocontrol system,
described in Section 1, is used to stabilize the holographic fringe pattern. The second innovation is
the use of a variable ratio beam splitter that is highly efficient in its use of light. This device, a com-
bination of a Rochon prism and a half-wave plate, can be used to provide beam intensity ratios from
about 107* to 10* using the normal output light from a helium-neon laser.

After being split into the signal and

reference beams, the light is passed LASER )
through the test section. The signal X pLATE

beam passes through a Porro prism for 2 SER‘&C}R%“}\,TRO'-
spatial matching and then through a “\ROCHON ) HOLOGRAM
-polarization rotator, which changes the % B B ’ PLANE
polarization of the signal beam light to s " S _BEAM

- COMBINER

the same plane as that of the reference N | Ul g
% PLATE PHOTO DETECTOR
beam. A standard telescope arrangemen t

is used to enlarge the beam diameter to ‘4’%? EE&%&

about 13 cm. This beam then passes

through the test section and, after being Figure 19.3 Optical schematic of holographic flow
refocused, impinges on the hologram plane. visualization system

At the same time, the other beam is passed through the test section above the airflow distur-
bances. After reflection from a piezoelectric servocontrol mirror, it passes through a spatial filter and
becomes the reference beam. Because of the particular nature of the beam combiner used for fringe
stabilization, it is important that the distance to the beam combiner from the focal points of both
the signal and reference beam be approximately equal. The use of the beam combiner and piezo-
electric mirror for fringe stabilization was described in Section 17.

MECHANICAL STRUCTURE

Because of the severe vibration environment to be encountered, special attention was given to
the design of the mechanical support structure. The main structure fits over the top of the tunnel
in-a “U"” or ““C""-like shape as shown in figure 19.4. 1t has the appearance of a bridge in that the
“structure is made of 2-in. box beams, with much cross-bracing. The triangular cross section of the
structure increases stiffness and stability in the horizontal plane. The bridgework elements are kept
short to keep their resonant frequency high and there are no large panels, which would act as drum
heads and resonate under acoustic loadings. The basic consideration has been to design a structure

"
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with maximum stiffness and stability, and the smallest possible interaction with the acoustic and
structure-borne vibration that would tend to destroy the holograms being made. Isolation from the
vibration environment is accomplished by a spring-mass support system; the open structure limits
the cross section for acoustic excitation; and the stiffness of the members keeps mation at levels that
the servocontrol system can compensate. The optical supports have a low profile in that their cen-
terline is only 2 in. above the optical bench. This avoids the cantilevered arrangement, which tends
to introduce mechanical vibration.

-

N\

NANANNRNANANN

TEST AREA CROSS SECTION

Figure 19.4 Support structure for holographic flow visualization system

VARIABLE RATIO BEAMSPLITTER

Because this system is designed to be used with a low-power gas laser, and because of the prob-
lem of vibration, every effort must be made to conserve the available light and thus provide the
shortest possible exposure time. The experimental nature of the equipment dictates a variety of
beam-intensity ratios, and due to the stringency of the energy conservation requirement, the use of
attenuators was considered to be ill-advised. Therefore, a birefringent device, which has very low
attenuation and a continuous range of
available beam ratios, has been incorpo-
rated into the design. As mentioned
above, it consists of a combination of a LASER
half-wave plate and a Rochon prism. The

linearly polarized light emitted by the
HALF

laser is separated into orthogonally polar- WAVE ROCHON OBUECT
ized components by the Rochon prism PLATE PRISM /’ BEAM
(fig. 19.5). Rotation of the half-wave \

H

.
Y

plate about the optical axis rotates the / g" &\ ALF WAVE

plane of polarization of the light inci- PLATE

dent to the prism. Since the horizon- |ﬁ,\ @

) REFERENCE
tally polarized component of the light BEAM
wave amplitude is passed straight

through the prism, while the vertical Figure 19.5 Variable ratio beam splitter
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component is refracted downward, the position of the
half-wave plate can be used to control the amount of
light entering either beam. Except for the small
amount of light lost through surface reflections, all
the light enters one or the other beam. This accounts 103
for the high total transmittance of the birefringent

beamsplitter. 102
— 10
Although the beam-intensity ratio is now con- '§
trollable, and the beams can be independently man- -;_) !
ipulated, one more element is necessary when using S0
this device for making holograms. As shown in fig-
ure 19.5, the subject and reference beams are 102
orthogonally polarized, while beams of the same 10-3
polarization are required to obtain the interference osal L
effects necessary for holography. This is provided 5 5 25 35 45
by the introduction of a polarization rotator, a HALF WAVE PLATE ANGLE, 6 deg
half-wave plate with axis at 45° to the plane of the
incident light, which turns the plane of polariza- Figure 19.6 Range of beam ratios available

tion of the light by 90°.

Figure 19.6 shows the results obtainable with this beamsplitter arrangement. Rotation of the
light control half-wave plate by 45° provides a beam ratio range extending almost eight orders of
magnitude. The predictions shown here have been confirmed experimentally. An interesting point
is that although no external polarizer was used to ensure that the incoming light from the laser was
truly polarized, measured beam ratio ranges extended from over 5 X 103 to less than 2 X 1074,

SYSTEM CONFIGURATIONS

While a wide range of beam ratios generally is not needed in a holography system, it is con-
venient in this case because of the variety of system configurations desired, and because of the light
problem. For example, in some cases it will be desirable to use a ground-glass diffuser in the signal
beam. In this case, most of the light should be in the signal beam to compensate for the large light
losses introduced by this scatter. On the other hand, there will be times when no diffuser is used,
and most of the light should then go into the reference beam. Figure 19.7 shows how the system
would look with no diffusers in the path. There are several advantages to this type of operation.
First, the hologram itself resembles a shadowgraph, so that one can look directly at the hologram
and see the model and some flow details without need for reconstruction. This is often convenient.
A second advantage is that the reconstructed real image can be used for schlieren work, although
the generally poor optical properties of the emulsion and glass substrate cause some real problems
here. The third advantage is that the light economics of this system are much better than in any
system using diffusers, since no light is being thrown away. This means that the exposure time is
shortest, and problems of flow instability during exposure are minimized. This arrangement, how-
ever, also has some shortcomings. For example, it is quite difficult to view the reconstructed image.
An auxiliary optical system with an aperture of 3- or 4-in. diameter is required to see the whole
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Figure 19.7 Flow visualization with a clear beam

TEST SECTION/

field. A second problem is that the viewing direction is restricted to the original beam direction,
thus precluding parallax viewing and the determination of the three-dimensional properties of the

flow.

The standard way of avoiding these problems is to use a diffuser in the signal beam, as shown
in figure 19.8. Use of a prediffuser lying beyond the test area as seen from the hologram avoids the
two main objections to the clear-beam operation. The entire test section may be observed with the ~
bare eye, and various viewing directions, with resulting parallax, are available. With this arrange-
ment, however, all flow visualization must be via interferometry. If the test model is not axisym-
metric, the interference lines may not be located in the same plane as the model, thus making the
field hard to photograph.

\
\
= ¥

.
\
Y
/4
DIFFUSER HOLOGRAM PLANE

TEST SECTION

Figure 19.8 Flow visualization with a prediffuser
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To avoid this problem we can use the postdiffuser arrangement shown in figure 19.9. in this
case, the ground glass is interposed between the tunnel and the hologram plane. No view of the test
section is now possible, but a shadow of the test area, including a shadowgram of the flow, can be
seen on the ground glass. Interferometry may also be used, and the fringes are located on the plane
‘of the model shadow. Because the light passes undiffused through the tunnel, no parallax is possi-
ble, and the quality of the tunnel windows must be at least of shadowgraph quality.

-

.\\_ .

<

[ T

L

TEST SECTION DIFFUSER HOLOGRAM PLANE/

- Figure 19.9 Flow visualization with a postdiffuser

In studying the flow fields around supersonic models, any or all of the above techniques may
be required. The device described here can accomplish all of these, with minor modifications, and
is expected to be a good first step toward a useful, reasonably inexpensive, flow visualization system.

REFERENCES
1. Heflinger, L. O.; Wuerker, R. F.; and Brooks, R. E.: Holographic Interferometry. J. Appl. Phys., vol. 37,
1966, p. 642.
2. Horman, M. H.: An Application of Wavefront Reconstruction to Interferometry. Appl. Opt., vol. 4, 1965,
p. 333.
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20 INTERIM TESTS ON A HOLOGRAPHIC TECHNIQUE
FOR PHOTOGRAPHING HIGH-SPEED MIL-SIZE PARTICLES

Don M. Robinson
. : Langley Research Center

A Pockel-cell Q-switched ruby laser was used to obtain single-beam, far-field holograms of 100- to 200-p-diameter
particles, which were accelerated to a velocity of approximately 2.5 km/sec. Both collimated and diverging illu-
mination of the particles was used; however, due to the physical constraints of the test apparatus, the best results
were obtained by forming the holograms at a magnification of 2. The reconstruction of the far-field holograms
was accomplished with a helium-neon laser and a television camera/monitor type readout. This type of recon-
struction enhances the signal-to-noise ratio of the process by the use of brightness and contrast control in the
readout.

The use of small, high-speed particles to simulate micrometeoroid impact has been in progress
for several years at Langley Research Center, Attempts to extend impact damage data to the mil-
size (25 u), hypervelocity (20 km/sec) range have encountered instrumentation problems in deter-
“mining such parameters as particle velocity and integrity (size) prior to impact. Conventional tech-
niques {such as light reflection from the particles or conventional type photography) for determin-
ing these parameters are inadequate because of unreliability or other limitations (for example, depth
“of field). One technique under investigation at Langley is the use of Fraunhofer or far-field holog-
raphy to photograph these particles. Preliminary work on this technique for both static-particle
distributions and low-velocity applications indicates feasibility from the standpoint of simplicity
and reliability within the tolerances desired.

The experiment described in this paper represents the first attempt to apply this technique to
a dynamic sizing problem at the Langley impact and projectile range. Tungsten and glass particles
from 100 to 250 u in diameter were accelerated by a 220-caliber rifle/sabot mechanism down an
evacuated tube at a velocity of approximately 2.5 km/sec. Before target impact, the particles passed
through a test chamber where a single-beam, far-field hologram was made of the projectiles with a
Pockel-cell Q-switched ruby laser. The holograms were later reconstructed with a helium-neon laser
from which the particle distribution in the test chamber was determined.

EXPERIMENTAL PROCEDURE

5

Synchronization
Even though the particle velocity used in this experiment was much less than the ultimate goal
~of 20 km/sec, a synchronization procedure was required to time the laser pulse properly relative to
the particle’s position. The technique used for this test is shown in figure 20.1. Signals from the

two SGD-100 photodiodes indicate the particle’s position at the start and just before entering the
test chamber. These signals are fed into a system of scopes and preset time delays so that the Pockel
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cell is triggered at the desired time. An example of the scope trace for this procedure is shown in
figure 20.2. This trace indicates the particle position just before entering the test chamber (dia-
phragm), the laser pulse while particles are in the field of view, and the target impact downrange.

Optical Technique

The optical geometries used for single-beam Fraunhofer holography are generally either the
collimating or magnifying type, depending primarily on the physical constraints of the experiment.
A common method for recording the holograms at a known magnification is shown in figure 20.3.
The particles or objects to be holographed are defocused a distance z from the focused position, )
which satisfies the far-field condition (z > d2/X\, where d = mean particle diameter and A is wave-
length of illumination). The far-field diffraction pattern is then imaged on the photographic plate
at a known magnification. Reconstruction of holograms taken with this gecometry is obtained by
using this geometry in reverse, as is shown in figure 20.4. If the same wavelength is used for both
the recording and reconstruction, the system represented by figures 20.3 and 20.4 is symmetric (for
minimizing aberrations in the process). Figure 20.5 shows a hologram and reconstruction of a
calibration reticle having 100-u divisions; figure 20.6 shows a distribution of opaque particles placed
on a glass flat. The reticle spacing is 100 u. The holograms and reconstructions shown in both fig-
ures 20.5 and 20.6 were made with a helium-neon laser. '

The initial optical arrangement used for the test range experiment was somewhat different
from that shown in figure 20.4. This system, shown in figure 20.7, used a collimated illumination
scheme for both the recording and reconstruction. Such a geometry is simple to set up and gives
good results, provided film resolution is not a factor and the film can be place sufficiently close to
the objects being holographed. For very small particles, however, the physical constraints of the
system may force the film plate to be placed at too great a distance from the particles to ensure
that good fringe contrast is obtained on the hologram. This is especially important for lasers of
limited spatial coherence. To date, we have obtained our best results by recording the holograms
at a distance of from 1 to 3 far fields (1 far-field distance is d?/A). Such a figure has also been indi-
cated in the literature. Hence, for the reasons outlined above, a magnifying geometry was used so
that a defocusing of slightly more than 1 far-field distance would be achieved for the particles clos-
est to the film in the test chamber and about 3 far fields for particles farthest from the film (hence,
about a 2 far-field depth of field was used. This is approximately 5 cm for 100-u-diameter particles).
The setup is shown in figure 20.8. With this particular optical geometry, the holograms of particles
in the test chamber were formed at a magnification of 2 with about a 5-cm field of view.

In order to determine what quality one might expect for a hologram formed through the test
section with the Pockel-cell Q-switch ruby laser, a static distribution of particles placed on a calibra-
tion reticle was used as the object. The results of this (fig. 20.9) indicate both relatively poor spa-
tial coherence and a high level of background noise in the system. This latter difficulty can be alle- ~
viated, however, by using a TV vidicon/monitor type readout of the reconstruction to suppress the
background noise, as shown in figure 20.10. In all these examples, the holograms were recorded on
Agfa-Gavaert 10E75 glass plate and reconstructed on Polaroid type 55PN using a helium-neon laser. ~
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Dynamic Tests

The techniques just described were then applied to photograph the 2.5-km/sec particles (both
tungsten and glass spheres). Results, however, were somewhat difficult to obtain due to several
problems. Since the technigue previously described made no velocity calculation for each shot
(until after the event), any variation in the powder charge used to accelerate the sabot containing
the particles produced an uncertainty in the velocity and, therefore, each shot became a **hit-or-
miss’’ arrangement. Second, such a powder-gun type accelerating mechanism produces ““dirty”’
shots, which create considerable background noise in the test chamber. This makes the hologram
recording difficult and also can make interpretation of the reconstruction uncertain if the back-
ground level is too high. A further problem encountered in these tests is shown in figure 20.11,
This example is a TV vidicon/monitor type reconstruction taken with a helium-neon laser of the
particles as they passed through the test section. Results of this type were obtained on several other
shots and indicated that the particles were grouping together to form a large fiberlike object. This
could be due to either a natural tendency for the particles to “bunch” or some adhesive contami-
nant in the firing process (for example, the vacuum grease or cotton sabot-packing material used).
Because of this grouping characteristic, sizing of individual particles was not possible. However, one
alternative test was conducted that did produce a particle distribution from which sizing informa-
tion could be obtained. In this case, the sabot struck an aluminum target at a velocity of 2.6km/sec.
From the impact, a large volume of particle ““spray” was produced which individual particle frag-
ments could be identified. An example of the hologram and reconstruction obtained from this tech-
nique is shown in figure 20.12. Here, two individuai particles were chosen on the hologram from
the entire array recorded. These particles were sized at about 100-u mean diameter.

CONCLUSIONS

The static and dynamic results of this experiment and previous particle sizing experiments
indicate that sizing by the technique described can be performed to within the designed tolerances.
Other related problems, however, necessitate further testing before this system can perform in the
hypervelocity range. For example, there is always the problem of synchronizing the laser pulse to
the particle velocity. At present, it appears that this difficulty can be solved through the use of
suitable particle-detection stations and an automatic time-delay system; this remains to be con-
firmed through actual tests. However, one of the main problems involves the laser. |n addition to
having the laser operate as cleanly as possible to produce good holograms, there is also the require-
ment that the laser pulse fast enough to ““stop” the particle’s motion to a sufficient degree. A
relatively clean laser pulse can be obtained by use of suitable mode-control procedures; however,
the pulse-duration requirement remains somewhat in doubt. At present there are two ways of pro-
ducing the ultrashort pulse requirement. First is a mode-locking technique, which has received con-
siderable attention in the literature. This technique, however, is extremely difficult to reproduce
reliably under lab conditions, much less in the environment in which these tests will eventually be
made. For this reason, a second approach is under consideration that will produce pulses of a some-
what longer duration than the mode-locked case, but which is, hopefully, more reliable. This tech-
nique is the reverse-pumped Raman laser, which can generate pulses of about 0.3-nsec duration at
high brightness. At this pulse duration, the particles should still be sufficiently “stopped’’ for ade-
guate holograms to be obtained.
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Diaphragm

Figure 20.2 Scope trace showing the diaphragm penetration, laser pulse,
and target impact; sweep speed on both traces is 20 usec/cm
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Figure 20.9 Reconstruction of a hologram of 100- to 200-u
particles placed in a reticle located in the test chamber.
Magnification shown here is about 60X; the reticle spacing
is 100 u per division. The reconstruction was taken on
Polaroid type 55P/N film using a helium-neon laser
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21 OPTICAL DATA PROCESSING

Arnold R. Shuiman
Goddard Space Flight Center

Present and proposed satellites and space probes are sending back much more data than can be
processed by electronic computers. For that reason, optical data processing appears to have impor-
tant applications in the near future. A program has been under way for several years to examine
the possibilities and limitations of this technique. A large amount of effort has been invested in a
critical study of the whole photographic process and its relation to data processing. This has cen-
tered in two areas: photographic sensors and electro-optical devices. The physical properties of a
gelatin emulsion have been carefully observed, including the effect of shrinkage associated with an
image. Techniques for retarding the shrinkage, including tanning the emulsion and swelling the
untanned gelatin with triethanolamine, have been perfected. The development process has been
closely examined to determine the best techniques for extending the range, changing the contrast,
and improving the sensitivity of standard emulsions. The annealing process, in which the emulsion
is moistened and dried several times to relieve internal strains, has been found to reduce the scat-
tered light that appears as ‘““noise” in holography.

Another major area of concern is the development of electro-optical transducers to interface
electronic devices with optical computers. A system employing a photochromic storage tube has
been developed to serve as an input device for an optical computer. Systems using this tube are
ubeing developed for other NASA centers.
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22 REVIEW OF HOLOGRAPHIC INSTRUMENTATION
AT WALLOPS STATION

Frank E. Hoge
Range Engineering Division
Wallops Station

The interests and activities at Wallops Station in the realm of holography and applications have
thus far centered on the allied field of coherent optical processing. For our earth resources and
geodetic altimetry work, it is important that the “/ground truth” be accurately known. To this end,
we plan to apply the theory and techniques developed by Stilwell (ref. 1) for determining the sur-
face wave energy spectra from photographs. One of Wallops station’s aircraft has been fitted with
the proper cameras and preliminary arrangements have been made to have the initial data reduced
by the Naval Research Laboratory, Washington, D.C. These initial investigations, along with fur-
ther planned studies, will help to more fully delineate the role of holography and optical processing
at Wallops Station.

REFERENCE
1. Stilwell, Denzil; Journal of Geophysical Research, vol. 74, no. 8, Apri! 15, 1969, pp. 1974-1986.
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23 THE EFFECT OF OBJECT MOTION IN
FRAUNHOFER HOLOGRAPHY WITH APPLICATION
TO VELOCITY MEASUREMENTS

IS

William P. Dotson
) Flight Support Division
Manned Spacecraft Center

The in-line Fraunhofer hologram is analyzed under the assumption that the object moves a signifi-
cant distance during the observation time. An equation is derived which predicts the effect object
velocity has on the recorded fringe pattern. An analysis of the fringe pattern recorded on the film
will consequently yield the object velocity. It is also possible to reconstruct the resultant hologram
with the result that the path the object traveled during the exposure is reproduced; this knowledge,
coupled with the exposure time, yields the desired measurement of velocity. This work has been
published as NASA TN D-5515 under the above title.

y fmm
NG PACT BT ANT NAT T

NASA-Langley, 1970 —— 14 A-3643 241



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

WASHINGTON, D.C. 20546

OFFICIAL BUSINESS

FIRST CLASS MAIL

POSTAGE AND FEES PAI
NATIONAL AERONAUTICS .
SPACE ADMINISTRATION

4
e

- R g

. If Undeliverable (Section 1
POSTMASTER: Postal Manual) Do Not Ret

“The aeronautical and space activities of the United States shall be

conducted so as to contribute . .

. to the expansion of buman knowl-

edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

— NATIONAL AERONAUTICS AND SPACE ACT OF 1958 4

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS -

TECHNICAL REPORTS: Scientific and
technical information considered important,
complete, and a lasting contribution to existing
knowledge.

TECHNICAL NOTES: Information less broad
in scope but nevertheless of importance as a
contribution to existing knowledge.

TECHNICAL MEMORANDUMS:
Information receiving limited distribution
because of preliminary data, security classifica-
tion, or other reasons.

CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.

TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.
Publications include conference proceedings,
monographs, data compilations, handbooks,
sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and

g,

Technology Surveys. 1%

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMEN?STRAW@N
‘ W ashington, D.C. 20546





