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SECTION 1
INTRODUCTION

This report describes the progress during Phase ! on Contract F49620-
82-C-0001 entitled "Use of Holographic Fringe Linearization Interferometry
(FLI) for Detection of Defects". The results to date are very encouraging and
show that the linear holographic fringes can be isolated on the surface of
interest by swinging the object beam. The holographic image exhibits a strong
first order in the Fourier Transform plan when noise is present. A filtered
image demonstrating the FLI technique for a simulated defect in a triple
exposure hologram has been obtained. The deformation analysis for simple
models has shown agreement with experiment,

In this report we first define the research objectives and delineate
the significant accomplishments to date. We then discuss the linear fringes
including the use of localization techniques and the design of the experimental
arrangement. The use of the apparatus for creating differential stresses with
static forces and the design of the spatial filtering system are given. A
simulation experiment designed to show the enhancement of defect location
utilizing the holographic FLI technique is discussed. Finally, the simple
static model and its agreement with experimental results is presented. The
results of the study to date are described. Plans for work to be performed in
Phase II are also outlined.

CONTRIBUTORS TO THE REPORT

The principal finvestigator of this study is George 0. Reynolds from
the Honeywell Electro-Optics Division. Donald A. Servaes from Honeywell is the
Project Experimentalist. John B, DeVelis, a consultant to Honeywell from
Merrimack College, has contributed to the holographic portion of the study.
Ronald A. Mayville, Peter D, Hilton and Daniel C. Peirce from Arthur D. Little,
Inc. performed mechanical designs and system analysis under a subcontract,
Joseph A, Russo from Arthur D. Little has assisted with the mechanical con-
figurations and controls.

8303-22 1-1




SECTION 2
RESEARCH OBJECTIVE

The objective of the research in this program is to prove the concept
of Holographic Fringe Linearization Interferometry (FLI) and determine its
degree of utility. In the FLI technique, linear fringes are introduced in the
formation step of double exposure holographic interferometry by utilizing a
beam deflector in the object beam between the two holographic exposures. A
subsequent spatial filtering operation is performed on the reconstructed image
from the double exposure hologram. The filter is tuned to the frequency of the
Tinear fringes. The purpose of the filter is to remove from the image the
random noise fringes which commonly appear in double exposure holographic
interferometry. These noise fringes occur due to the differential vibrations
which exist in the test subject at the two different exposure times. The noise
fringes are the prime cause of the difficulty in data interpretation of normal
double exposure holographic interferograms. The filtering step should remove
the noise fringes and enhance the presence of shifts in the linear fringes due
to subsurface defects. This enhancement is expected to simplify the process of
locating the defects.

The prime goal of this research program is the experimental demon-
stration of the FLI technique for detecting and locating (not necessarily
identifying dr classifying) subsurface cracks and defects in various struc-
tures. Since FLI is a large area inspection technique which is very compatible
with image processing, its success can ultimately simplify the Nondestructive
Evaluation (NDE) process for large military structures such as aircraft.

The initial experiments on this program were performed by Honeywell
EOD at the Advanced Concepts group's optical lab in Brighton, MA. Subsequent
experiments in Phase II will be performed on the NADC holographic system in
Warminster, PA,

2-1
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SECTION 3
PROGRESS, PRELIMINARY RESULTS AND PLANS

The program is scheduled to be a three-phase study over a three year
period of time., This report discusses the work performed and the results
obtained during Phase I.

The results to date indicate that the linear fringes can be placed on
the surface of interest by utilizing beam swinging techniques between holo-
graphic exposures. The filtering step to remove random noise, which should
enhance the ability of an observer to detect and locate a defect, has been
experimentally demonstrated with simulated defects and simulated linear noise
fringes which were oriented at a different angle than the linear FLI fringes in
a triple exposure hologram. These results illustrate that the FLI technique is
very promising. It has been determined that thermal loading and static
mechanical loading can be used to create repeatable and reliable out-of-plane
static stresses with our test fixtures.

In addition, we have obtained good agreement in counting fringes
between a simple bending model and experiments performed by hanging weights on
the test plate between holographic exposure.

In Phase II, we will transfer the experimental procedure to the
holographic system in NADC in Warminster, PA, and perform both static and
dynamic loading experiments aimed at locating subsurface cracks in controlled
test samples. In addition, the deformation analysis will continue in order
that we may better understand the mechanisms causing the fringe patterns in
holographic interferometry. This fundamental understanding will help quantify
our results later in the program,

8303-22 3-1




SECTION 4
TECHNICAL STATUS OF RESEARCH EFFORT

4.1 THEORETICAL CONSIDERATION OF LINEAR FRINGES
4.1.1 Creation of Linear Fringes

In Appendix I, we show that an angular shift of the object beam in a
double exposure Fourier transform hologram leads to linear fringes in the image
reconstructed from the hologram. A similar analysis was done by smith. In
Appendix II, we show that a similar effect exists in a sideband Fresnel holo-
gramz. This means that 1linear fringes can be produced in the NADC system.
However, the location of these fringes within the reconstructed image volume of
a sideband Fresnel hologram depends on the geometry of the beam-shifting
arrangement. Maximum contrast fringes on the object surface (fringe localiza-
tion) are realized by rotating the object beam by an angle, 88, about either
the x or y axes of the object, as discussed in Reference 3. This was accom-
plished in our experiments by moving the point source of a collimated object
beam. If the beam shifting is accomplished by rotating the mirror in a spheri-
cal wave, then the fringes will have maximum contrast at a position in the
volume other than the object surface. Preliminary experimentation indicates
that the linear fringes produced with a spherical object wave can be localized
on the object surface by moving the mirror in such a way that the apparent
source position rotates about an axis in the object. This localization is
discussed below.

4,1.2 Localization of Holographic Fringes

Fringe linearization interferometry can be easily visualized by means
of the following "Gedanken" experiment. Consider a test specimen that is
simultaneously in two states, one stressed and one unstressed. Further,
consider that two mutually coherent point sources are used to illuminate the

8303-22 4-1
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specimen. One illuminates only the unstressed test specimen while the other
illuminates only the stressed test specimen (i.e., a Michelson interferometer
with one stressed mirror). The light from these two surfaces will interfere
and the result is similar to the image from a holographic interferogram. If we
further slightly displace the sources, one from the other, the result is the
familiar interference pattern obtained from two displaced sources. The details
of the interference pattern for the thought experiment and the holographic
experiment will vary with viewing position.

ﬂ The NADC holographic system incorporates a negative lens to expand
H the ruby laser beam so that it will illuminate the test area. This is a normal
| method used to obtain a spherical wavefront. This is also the method we

planned for our simulation experiment. We planned to obtain the linear fringe
by slightly tipping the beam angle between exposures. However, when spherical

waves were used, the expected linear fringe pattern was found to exhibit a fre-
quency change and a slight curvature as a function of field position. As shown
in Appendix IIl, the few percent change in fringe frequency and fringe curva-
ture should not exceed the spatial frequency bandwidth of our spatial filtering
system and, ultimately, should not affect our results,

In addition, the problem of localizing the nearly linear fringes to
the test surface is difficult when spherical waves are used. vest® addresses
this problem. He points out that, if the test specimen is rotated between
successive exposures about an axis through the specimen front surface, then the
holographic interferometer fringes will be 1localized on the surface of the
specimen. This is equivalent to rotating the source along an arc whose center
of rotation is on the front surface of the test specimen, This condition can
be approximated (when the source is a focused laser beam spot) by the appro-
priate rotation of a mirror about some other center, as suggested in Figure
4-1,

Our experiments and analysis indicated that linear fringes can always
be localized on the surface with plane wave illumination. Therefore, most of
the simulation experiments were done with plane waves to avoid the problems
associated with spherical waves. In addition, use of a plane wave reference
beam yields both real and virtual images having unit magnification,

8303-22 4-2
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Figure 4-1.

TEST OBJECT v

Schematic Illustrating Proposed Mirror Location
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4,1.3 Illustration of Problems with Spherical Wave FLI

In order to illustrate the spherical wave problems, Figure 4-2 shows
the resulting virtual image obtained from a triple exposure hologram made with
spherical waves. The test specimen was stressed between the first and second
exposures and the spherical wave illumination source was slightly displaced
between the second and third exposures. This 1image illustrates that the
fringes are localized on the surface, that the fringes exhibit a slight curva-
ture across the field of the image due to the spherical waves, and that a fre-
quency shift results. The difficulties associated with fringe localization and
the problems of fringe frequency shifting and fringe curvature caused us to
abandon the use of spherical wave illumination, and plane wave illumination was
used in most of the experiments in Phase I. The use of spherical waves will be
reconsidered in the full field experiments at NADC planned later in this

program.
4,2 DESIGN OF EXPERIMENTAL FLI SYSTEM

The initial experiments performed at the EOD Optical Laboratories
were planned to show that linear fringes could be observed in the reconstructed
image from a double exposure holographic interferogram if the object beam was f
shifted between the two exposures. In addition, the enhancement of defects by
spatial filtering of the reconstructed image to remove the random fringe noise

was also planned as a demonstration experiment.

The experimental system chosen to demonstrate these effects was a
scaled-down version of the NADC holographic system. This system was chosen so
that experimentation can be shifted to the NADC system later in the program

with minimal changes.

The key parameters of the NADC system which were utilized in the
design of the holographic setup at EOD were:

- a 45° angle between object and reference beams, which

creates a 1200 c/mm carrier frequency,

8303-22 4-4 'i
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Figure 4-2. Reconstructed Image Resulting from Triple Exposure Holagram
[1lustrating Glue Near the Crack (to the Right of Circular
Plug) and the Random Noise fringes on the Left

8303-.22 4-5




- Agfa Gavert 8E75HD film which is red sensitive and capable
of resolving the 1200 c/mm carrier frequency,

- a three to one energy ratio between reference and object
beams at the film plane to optimize diffraction efficiency,
and

- a spatial filter in the laser condenser to create a nearly
uniform wavefront for constructing the holograms.

A schematic diagram of this experimental arrangement is shown in

Figure 4-3.

Prime differences between this experimental arrangement and the NADC

system are:

- low power He-Ne CW laser (6328 A) rather than Pulsed Ruby
Laser (6943 R)

- 1-5 s exposure times rather than the 10-100 ns exposure
times of the NADC ruby laser

- a field of view of 10 cm rather than 1 meter
- movable mirror in object beam to create linear fringes

-~ collimated object beam to allow localization of linear
fringes onto the object surface

collimated reference beam to give unit magnification

These differences in the lab system should be readily adaptable to
the NADC system. These adaptations will ensure that high-contrast, localized,
linear fringes exist in the object plane of the NADC system.

4-6
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4.3 LINEAR FRINGES IN THE FLI SYSTEM

The NADC system was used to estimate the linear fringe frequency
requirements. This linear fringe frequency was then used in the laboratory
experiments at EOD.

The hologram created in the NADC system is a sideband Fresnel
hologram with a 1200 c/mm carrier. Use of Equation 5-49 of Reference 2 shows
that the resolution cutoff is 1227 c/mm, when it is assumed that:

76 mm,

carrier frequency = sin a/A = 1200 c/mm,
wavelength = 6.943 x 10-* mm, (ruby laser), and
object distance = 2000 mm,

film size = 3 in.

This means that 27 c¢/mm is available to resolve the object detail in
the NADC system when a three inch diameter film is used to record the holo-
gram. A resolution of 27 c¢/mm at a distance of 2 meters corresponds to an
angular resolution of 54 c/mr. The angular resolution of the human eye (10
¢/mm at 25 cm) is 2.5 c/mr. Thus, the NADC hologram with a three-inch film has
approximately twenty times more object resolution than the human eye.

If we assume that the minimum defect width needed to be resolved by
the hologram is 0.1 mm, then the spatial frequency requirement of the system is
an object resolution of 5 c¢/mm or 10 c/mr at a distance of 2 m. This is
approximately four times better than the human eye. If we further assume that
our linear fringes are perpendicular to the crack, then, the number of sampling
fringes per length of crack varies for different crack lengths and fringe fre-
quencies, as shown in Table 4-1. Fringes of these frequencies requre tilt
angles in the object beam between 0.35 to 17.5 mr.

8303-22 4-8
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Table 4-1. NUMBER OF FRINGES ALONG VARIOUS CRACK LENGTHS FOR TWO
DIFFERENT LINEAR FRINGE FREQUENCIES

No. of Linear No. of Linear No. of Linear

Crack Length Fringes of Fringes of Fringes of
(mm) Frequency 0.5 ¢/mm Frequency 5 c¢/mm Frequency 25 c/mm

1.0 0.5 5.0 25.0

0.5 0.25 2.5 12.5

2.0 1.0 10.0 50.0

3.0 1.5 15.0 75.0

4,0 2.0 20.0 100.0
4.4 CONSIDERATIONS FOR FILTERING OF THE FLI HOLOGRAMS

4.4.1 Need for Intermediate Photograph

Initial experimentation showed that it is not possible to perform
spatial filtering directly in the reconstruction step of the holographic
process because the transform plane, which is the image of the laser source,
does not exist when the hologram is made in reflection. The reason for this is
that the real world objects of interest have rough surfaces which behave as
random diffusers to the laser beam. This scattering property of the object,
which allows for redundancy in the hologram and parallax in the reconstructed
image, also ensures the absence of a Fourier filter plane. This means that an
intermediate recording of the reconstructed image will be necessary to filter
the FLI holograms. In a positive vein, this removes the energy restriction
which was anticipated in the filtering step because an auxillary source can be
used in the filtering system. Also, the linear fringe frequency can be
increased by demagnifying the image. It will also be possible to use
incoherent lamps as filtering sources which reduce speckle noise in the
filtered image“.

4.4,2 Linear Processing of Intermediate Photograph

The intermediate photograph is a record of the intensity distribution
in x and y of the reconstructed hologram. A lens is used to image the virtual
image onto the film.

4-9
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The intensity transmission of the intermediate photograph is
T (x,y) = 10-D{x,y) . (4.1)

where D(x,y) is the photographic density distribution of the film,

The spatial filtering is done in a coherent optical system, which is
an amplitude transmission system. Intensity is defined as the square of the
amplitude, or, more exactly, I = AA*. Therefore, A - ¥ | and the amplitude

transmission of the photograph is

Talx,y) = 10-0(x.,y)/2 (4.2)
The film density, D(x,y), is given by
D(x,y) = v logl(x,y)t = vy logI(x,y) + v log t, (4.3)

where gamma (Y) is the slope of the H & D curve of the photographic process and
t represents the exposure time,

Equation (4.3) can be written
D(x,y) = v logI(x,y) + C (4.4)

where C is the constant vlog t = log tY.

The amplitude transmission is given by combining Equations (4.2) and
(4.4), i.e.,

00 - 10°072 - qg~(1/2)1091¥(x,y) (4.5)

where K is the constant tY.

Equation 4.5 can be more simply written as

Talxsy) = 177/2(x,y). (4.6)
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Equation (4.6) relates the amplitude transmission of the film to the intensity
distribution in the photographic image. The condition of linearity processing

is given by
Yy =-2-¢° (4.7)

various discussions of linear processing and recipes for realizing this

condition have appeared in the literature®*®+7.

Equation (4.7) means that the film must be processed as a positive.
The amount of tolerance from linear processing allowable on the photographic
process in the FLI technique will have to be determined experimentaily. Our
early experience on other experiments shows that a tolerance of a few per cent
is usually acceptable.

4.4.3 Additional Constraints

An additional constraint that the filtering step imposes on the FLI
system concerns the frequency of the linear fringes. The fringe frequency must
be great enough to realize a separation of a few millimeters between the
diffraction orders in the transform plane. This requirement is necessary to:
(1) avoid aliasing in the filtered image, (2) have a fringe contrast greater
than 50% or 60% on the intermediate photograph, and (3) create a reasonable
working region in the transform plane which eases the filter fabrication
probiems. For the 10 inch focal length lens used in our experiments, we found
that fringe frequencies of 25 c/mm gave separations between 3 and 4 mm, which
was reasonable., [t is also possible to double this separation by using spheri-
cal wave illumination in the filtering systema.

4.5 ANALYSIS FOR SPATIAL FILTERING OF FLI GENERATED IMAGES

This section will illustrate the advantage of the holographic FLI
technique over conventional double pulsed holography in detecting defects in
the presence of fringe noise,
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Equation (1.4) of Appendix I illustrates that the reconstructed image
in FLI is laced with linear fringes having a spatial frequency proportional to
the angular shift, go, introduced between the two object beams. Note: In
going from Equation (I.3) to Equation (1.4) in Appendix I, we assumed that
f(x',t) = f(x', t,), i.e., no differential disturbance exists between the two ;
exposures. ’

4.,5.1 Response of the Defect
In order to extend this analysis to include the response of the

defect to mechanical impulses, assume that the defect of interest causes a dif-
ferential surface stress, a¢(x'), (due to an impulse) between the two expo-

sures. Deformations caused by this stress behave as an optical phase function

in the hologram. Then a simplified analysis would assume

f(x'st)=1,

and

f (x', t,) = exp[ikag(x')]
in Equation (I.3) of Appendix I.

Under these conditions, the revised image of Equation (I.4) in
Appendix I would be

kxgX
idea) image = 2 + 2 cos[ + kA¢(x‘)] , (4.8)

i.e., the surface stress differential appears as a phase modulation of the
linear fringes and has a shape, size and location, ¢(x'), characteristic of the
defect. We call this the ideal image because of the simplifying assumptions
used in deriving Equation (4.8).

An interesting example illustrating this phase modulation is the
image hologram of the phase object "¢ phase" shown in Figure 4-4,
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Figure 4-4. The Object (Defect) in this Experiment is the Letter "4" and the
Work "Phase". The Image Hologram of the Object Shows That the
Phase Modulation of the Linear Fringes Reveals the Shape of the
Phase Deformation (Defect). (Fra%_Reference 2)

This simple extension of the analysis illustrates that spatial phase
distributions are indeed carried ¢s a phase modulation on the linear fringes.

4,5.2 Removal of Random Fringe Pattern

Now, consider the random fringe pattern that 1is associated with
double pulse holography, such as the complex fringe structure in Figure 4-5.
The simple O'Neill filter will remove this random fringe patterng’lo.

In order to show this mathematically, let

f(x',t1) = Fp(x',ty)exp| ikae(x')]

in Equation (1.3) of Appendix I.
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Figure 4-5. Complicated Fringe Pattern on a 48 by 25 Inch Panel Using the
Pulsed Holographic NDT Technique. The areas of stress corro-
sion cracking are indicated by fringe shifts in the boxed-in

areas (From Ref., 11).

This means that the random fringe displacement in a double exposure
holographic interferogram (e.g., see Figure 4-5) having amplitude Fp(x',t;)
is due to the change in surface stress between the first and second holographic
exposures and is all coupled into the term f(x‘',t;) for simplicity.

With these assumptions, Equation (I1.4) of Appendix I becomes

Image = 1 + [FR(x',tl)]2 + FR(X',tx) cos[ffgfl + kae(x')]. (4.9)

The image described by Equation (4.9) can be directly processed through a
Fourier processing system such as the one shown in Figure 4-6.
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Figure 4-6. Optical Spatial Filtering System

In this processing system, the image of Equation (4.9) is Fourier
transformed and passed through three pinholes in the filter plane (one located
on axis and the other two at the positions of the delta functions corresponding
to the linear fringe frequency). These pinholes (filters) are adjusted in size
so that the frequency information, A¢(x'), contained in the fringe shift
associated with the defects is passed, and the frequency information due to the
noise, Fp(x', t1), is blocked by the spatial filter,

Upon retransformation, the filtered image will be:

kxgx'
Filtered image = 2 + 2 M_ (x')cos 04 kag (x') . (4.10)
f

The Amplitude Modulation, M_ (x'), in the filtered image represents
the nonuniform intensity of the image. This modulation exists because the
random fringe distribution of Figure 4-5 has some energy in its Fourier trans-
form at the location of the pinholes. This gives rise to a nonuniform inten-
sity in the background of the filtered image. Experimental adjustment of the
pinhole sizes in the filter plane will minimize the effect of this nonuniform
background.

Comparison of Equations (4.8) and (4.10) shows that, when the back-
ground variation M_ (x') in Equation (4.10) is small, the output of the
filter is close to the ideal image. This is the effect that we are attempting
to demonstrate in our initial experiments.
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A similar analysis for the sideband Fresnel hologram of Appendix I!
also shows that random surface displacements behave as a phase modulation to
the linear fringes.

4.6 OTHER TYPES OF SPATIAL FILTERS

The intensity distribution of the Fourier transform of the linear
fringe pattern alone is schematically shown in Figure 4-7.

From Equation (4.10), we would expect the Fourier spectrum of the
noise fringes to be convolved about each of the diffraction spikes shown in
Figure 4-7. The 0'Neill filter just discussed should remove the random fringe

noise.

It is anticipated that cracks will produce sharp discontinuities in
the linear fringe pattern. Another possible filter to enhance the location of
this defect, in addition to the O'Neill filter, would be a pair of pinholes
separated by the appropriate distance to see the linear fringe frequency but
placed in the high frequency segment of the filter plane.

NORMALIZED
b INTENSITY

1.0

Figure 4-7. Cross-section of the Fourier Transform of the Linear Fringes
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The spatial separation of the first-order component fringe spectra is
given by
= fgrl , (4.11)

Mo

where

Z = focal length of the transform lens,
fo = grating frequency, and
A = wavelength of the radiation.

If we have a 25 c¢/mm linear fringe frequency, a 10-inch focal length
Tens, and a wavelength of 6238 A for the He-Ne laser, then we have a pinhole
filter separation given by
ro = 3.9 mm,
Clearly, this separation will change with different fringe frequen-
cies, focal length lenses, and system magnifications.

Another possible filter would pass the desired object information in
the filter plane and not pass the higher frequency speckle noise (i.e., a low
pass filter). An off-axis iris stop could be used in the transform plane to
achieve this effect. Still another filter could be an annular ring tuned ¢
the spatial frequencies of the phase shift caused by the defect. Varieus
spatial filters will be investigated during the remainder of this study.

4.7 DESIGN CONSIDERATIONS FOR TEST SPECIMEN AND FIXTURE FOR Pi:RFORMING
HOLOGRAPHIC FLI WITH STATIC FORCES

The purpose of the test specimen and fixture is to provide a config-
uration in which geometry and deformations can be controlled for the study of
the application of fringe linearization to holographic interferometry. Our
particular objective is to use the test specimen and fixture to establish the
capability and sensitivity of the holographic technique to detect cracks and
crack-1ike defects.
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There are several requirements for the test apparatus. Its primary
function is to induce some form of deformation between hologram formations so

that linear fringe shifts can be constructed. The deformation pattern must
result in a gradient of out-of-plane displacements which is large enough to
cause a series of shifts but which is not too large to make the fringes indis-
tinguishable. Because we wish to study the sensitivity of our holographic
technique, the apparatus must also provide interchangeability for specimens
containing cracks of different shapes and sizes, In another phase of this
investigation, we will use analytic techniques to calculate the deformations
characteristic of certain crack sizes and shapes. This will be done for the
purpose of studying the sensitivity of the fringe linearization method without
using specimens and to compare calculated, constant, out-of-plane displacement
contours to interferometric fringe patterns. Therefore, it is necessary to
know the boundary conditions for the test specimen with some accuracy so that

analytic predictions can be made.

Several different test configurations have been used to investigate
the detection of flaws with holographic interferometry. Vest, McKague and
Friesem'? investigated several methods but obtained the best results with a
configuration in which a bolt with a tapered shank was forced into a hole
between hologram constructions. Other methods that have been successful are

13, and the application
14

the use of thermally induced stresses and deformations
of a differential pressure to a thin plate acting as a membrane

Each of the test configurations described above has the common
feature that the boundaries of the specimen are fixed, which prohibits rigid

body displacements.

A1l of the methods incorporate interchangeability, but it is very
difficult to determine what the applied stresses or displacements are; that is,

the boundary conditions are unknown.
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4.7.1 Concept

In our test apparatus, we employ the interference fit concept used by
Vest, McKague and Friesem. Instead of using a mechanical method to insert a
bolt into the hole, we use thermal contraction and expansion.

The test specimen is a rectangular, aluminum plate with a circular
hole located at its center., The plate is clamped on any one or all three of
its sides in a fixture which is fixed to the optical table. A steel, cylin-
drical plug whose diameter is siightly larger than the diameter of the hole in
the plate is submerged in liquid nitrogen, which causes the plug diameter to
decrease enough to be easily inserted into the hole. The plug is inserted into
the hole after the first hologram is recorded. When the plug reaches room
temperature, which results in pressure on the inside of the hole, the second
hologram is made.

The stresses and deformations resulting from an interference fit of
this type can be approximated by using a solution from the theory of elasticity
for the shrink-fitting of cylinders. For the shrink fitting of a solid
cylinder in a cylindrical hole in an infinite medium, the solid cylinder having
a diameter which exceeds that of the hole by an amount &, the pressure at the

interface isls

-1

P [ 1-%h [ 1w ] : (4.12)
D Ey £2
where
D = the diameter of the cylinder and hole after shrink fitting,
Ei, Vi = Young's modulus and Poisson's ratio for the cylinder material,
E2, V2 = Young's modulus and Poisson's ratio for the plate material.

For example, for steel,

E; = 210 x 10° n Pa (30 x 10° psi) ; v, = 0.28,
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and, for aluminum,
E, = 69 x 10° n Pa (10 x 10° psi) ; V, = 0.34,

The difference, §, cannot be arbitrary. The plug diameter must be larger than
the hole diameter by only an amount which can be reduced by immersion in
liquid nitrogen to create a shrink fitting. After returning to room tempera-
ture, a sufficient pressure is provided so that controlled out-of-plane dis-
placements can be detected. The change in diameter, AD, corresponding to a
change in temperature, AT, is given by

AD = DaaT, (4.13)

where a = coefficient of thermal expansion. Liquid nitrogen has
a temperature of -196°C and for steel, a = 11,7 «x 10‘6/°C,
with 0 = 25 mm (1 in.).

aD = (25) (11.7 x 10-%) (20 - (-196)) = 0.0625 mm (2.5 x 10-3 in.)

Therefore, if we machine the plug so that its diameter is 0.0625 mm greater
than the hole in the plate, theoretically, we should be able to insert the plug
into the hole after immersing it in liquid nitrogen. In this case, § = AD. In
reality, some tolerance is required because it is impossible to insert the plug
with perfect alignment. This is accomplished by using a plug which, when
immersed in liquid nitrogen, has a slightly smaller diameter than the hole in
the plate (6<AD).

4,7.2 Test Specimen and Fixture Description

The test specimen designed for the FLI experiments is a 100 mm «x
100 mm x 3.125 mm (4 in. x 4 in. x 0.125 in,) aluminum plate which has a
circular hole located at its center. The diameter of the hole is 24.94 mm
(0.9976 in.). The steel plug that is used for the interference fit is made of
leaded steel to enhance the surface finish and maintain tolerances on the shank
diameter which is 24.98 mm (0.9992 in.). The shank length is 2.5 mm (0.100
in.). The end ischamfered to facilitate insertion, and the other end has a
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shoulder to ensure alignment. The difference in diameter is & = 0,04 mm (1.6 x

10-3 in.) which is less than the amount of contraction which occu = when the
plug is immersed in liquid nitrogen (0.0625 mm or 2.5 «x 10'3in.). This pro-
vides a sufficient tolerance to easily insert the plug into the hole. After
the plug is inserted, one must hold the plug until enough expansion has
occurred for it to retain itself; this takes about one minute. The entire sys-
tem returns to room temperature in about 10-15 minutes. Schematic drawings of
the specimen, without a crack, and the plug are shown in Figures 4-8 and 4-9,

100,16 mm
] FULL SCALE
3.125 mm THICK
- 100.16 mm —»
Figure 4-8. Aluminum Test Specimen Geometry
4.21
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Figure 4-9. Steel Plug Geometry

A sketch of the fixture is shown in Figure 4-10, It is made of alu-
minum with holes in the base for attachment to the optical table. The sides of
the fixture are designed to be very stiff to accommodate an anticipated experi-
ment in which a load is applied perpendicular to the plate to obtain direct
out-of-plane displacements as in the membrane method. The specimen can be held
by three clamping bars - one on each side and one on the bottom - which are set
by two thumb screws each. The specimen is inserted and clamped prior to con-
structing the holograms. The fixture is designed so that the specimen is
easily removed. In actuality, many different test pieces will be utilized
during this program,

After the plug has been inserted in the specimen and both holograms
have been made, the plug must be removed. This is accomplished by removing the
specimen and plug and placing these two on a hot plate. The two pieces are
heated until the-steel plug can be easily removed. This can be done because
the aluminum has a coefficient of thermal expansion twice that of steel.
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SPECIMEN |
THUMB SCREWS

Figure 4-10. Sketch of the Test Fixture With Specimen.

4.8 A SIMULATION EXPERIMENT USING TEST SPECIMEN TO DEMONSTRATE FILTERING
OF RANDOM NOISE FRINGES FROM FLI HOLOGRAMS

4.8.1 Initial Experiment

A simulation experiment utilizing stresses arising from static forces
was designed to demonstrate the filtering step of the holographic FLI tech-
nique. In this experiment, the test specimen having the cut in the plate
(through crack) emanating radially from the hole was used. A thin layer of
glue was placed over the cut in one of the holographic exposures to enhance the ~
expected out-of-plane motion of the crack. This glue behaves as a simulated
defect. Random fringe noise of the type anticipated in the dynamic 1loading
experiments was introduced with an additional holographic exposure, The

4-23
8303-22




R ah S e

simulated hologram was made by using separate holographic exposures with
spherical waves, as described below:

1st Exposure - A hologram was made of the specimen having a
layer of glue over the crack and thermally stressed by the cold
plug returning to room temperature.

2nd Holographic Exposure - The specimen was then loosened in its
fixture by unscrewing one of the six support bolts. This
creates large out-of-plane motions on the specimen near the
loose bolt. This motion simulates random noise fringes in the
reconstructed image of the type usually observed with dynami-
cally loaded double-exposure holographic interferometry (e.g.,
see Figure 4-5). These are the fringes which should be removed
by the spatial filter.

3rd Holographic Exposure - The glue is removed from over the
crack and the object beam tilted to introduce the linear fringes
(wp-5 c/mm) before this exposure is made.

The first and third exposures comprise the normal FLI system, with
the second exposure simulating the noise. An example of the image recon-
structed from this triple exposure hologram is shown in Figure 4-11. The
linear fringes are clearly observed on the right. The path length changes,
caused by removing the glue between exposures 1 and 3, allowing the simulated
defect (oblong glob to the right of the circular plug) to be seen.

In Figure 4-11, the linear fringes are in the vertical direction with
the high frequency simulated noise fringes in the horizontal direction (to the
left in Figure 4-11), low frequency noise fringes at an angle of approximately
15° to the normal (across the plug), and very low frequency noise fringes
(caused by loosening the bolt) in the vertical direction (to the right in
Figure 4-11). Since these low-frequency noise fringes are in the same direc-
tion as the linear fringes, they are difficult to remove with spatial filter-
ing.
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Figure 4-11. Reconstructed Image Resulting From Triple Exposure Hologram
I1Tustrating Glue Near the Crack (to the Right of Circular
Plug) and the Random Noise Fringes on the Left.
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A positive transparency of this image was placed in the filtering
system shown in Figure 4-12. A filter consisting of three pinholes was used in
the Fourier plane.

This filter was selected to pass the frequency of the linear fringes
and their high-frequency fringe shifts due to the glue but to discriminate
against the noise fringes which are diffracted in other directions in the
transform plane.

A photograph of the distribution in the transform plane is shown in
Figure 4-13. This photo shows the presence of the linear fringe frequency
(middle dot on the right-hand and left-hand sides of figure) and additional
spatially separable spikes due to the Moire fringes caused by the third
exposure.

In this experiment, the frequency of the linear fringes was chosen to
be resolvable by the human eye. This makes the filter fabrication difficult
because of the small size of the light distribution in the Fourier Transform
plane. The filter plane distribution at actual scale is shown in Figure 4-14.

LENS LENS
COLLIMATOR
— 0><O
HeNe LASER OBJECT FILTER IMAGE
PLANE

Figure 4-12. System for Filtering Doubly Exposed Simulated FLI Hologram
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of Linear Fringe Frequency

Figure 4-14, Light Distribution in

Transform Plane at Actual Scale
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The filter for this experiment was made by punching holes in the
photographic paper at the location of the linear fringe frequencies in the
transform plane. The center hole limits the image resolution to very low fre-
quencies; i.e., the edges were not sharp. The holes reject the frequency
information of the crack (i.e., 1ight in the perpendicular direction). We were
able to double the filter plane size by illuminating the object of the filter
system with diverging light, which located the filter plane at the second
transform lens while maintaining a 1x image. However, the filter plane distri-
bution was still too small to appreciably vary the filter geometry from the

small pinholes.

The results of the low-frequency linear fringe filtering experiment
(with pinhole filters) are shown in Figure 4-15, Some of the noise is rejected
because the filter is programmed to pass the linear fringes. However, this
filter also rejects the information concerning the simulated defect, and,
hence, the defect is not emphasized in the filtered image.

This experiment was very important for a number of reasons:

1. It showed that we could localize the linear fringes with §
spherical waves, although with great experimental diffi-
culty.

2. It demonstrated that spherical wave illumination placed a
slight curvature on the linear fringes, as explained in :
Appendix [II and Section 4.1. |

3. It demonstrated that a small frequency variation of the
linear fringes existed across the field when spherical

f waves were used.

4, It illustrated the difficulty of fabricating filters and
their inability to pass sufficient object information when
| low-frequency linear fringes (5 c/mm) are used.

5. It illustrated that filtering is possible when photographic
gammas not equal to minus two (-2) were used.
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Figure 4-15. Output Image Through Three-Pinhole Filter Which is Tuned
to the Linear Fringes

Even with these difficulties, we showed that the noise fringes could
be removed. However, the resulting image has low resolution, due to the small
pinholes in the filter, and linear fringes that have a ropey appearance, due to
the phase deformations caused by the spherical waves in the experiment.

4,8.2 Design of Second Experiment

In order to overcome these difficulties, the following changes were
made in the experimental system:

a. Collimating lenses were used to create plane waves. These
plane waves made the fringes easy to localize on the sur-
face and eliminated the problems of fringe frequency varia-
tion and fringe curvature across the field.
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b. The frequency of the linear fringes was increased to
approximately 25 c/mm by increasing the angle of the object
beam deflection between the exposures by a factor of five,
This higher fringe frequency increased the working area in
the filter plane by nearly an order of magnitude, which
made the filter fabrication easier and allowed the use of
larger pinholes. These filters increased the information
content of the filtered image.

The triple-exposure experiment was repeated with these system changes
and the results obtained are described below.

4,8.3 Results of Second Simulatijon Experiment

In this experiment, the test specimen with the circular plug and a
through crack emanating radially from the hole was used. The defect was
enhanced by placing an optically transparent material (glue or plastic strips)
above the crack. Fringe noise was added with an additional holographic
exposure. The simulated hologram was made by using the following three sepa-
rate holographic exposures:

1st Exposure - A hologram was made of the specimen with a 1-mil thick
mylar strip above the crack and thermally stressed by the cold plug
returning to room temperature,

2nd Exposure - The plastic strip was removed and the beam tilted to
introduce linear fringes (w, =~25 c/mm) before making this
exposure.

3rd Exposure - The specimen was linearly tipped in the 45° direction
to introduce a controlled noise fringe and the 3rd holographic
exposure was made.

The first and second exposures comprise the normal FLI system and the
third exposure simulates the noise.
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An example of the image reconstructed from this triple exposure holo-
graph is shown in Figure 4-16. The linear fringes are observable in the verti-
cal direction. The simulated defect (plastic) is visible above the crack and
the noise fringes are seen in the 45° direction.

A positive transparency of this image was made and placed in the
filtering system. A photograph of the distribution in the transform plane is
shown in Figure 4-17.

The linear fringe information is along the horizontal axis and the
simulated noise spectrum is located in the 45° direction above and below the
horizontal axis. A simple slit filter removed the noise and yielded the result
shown in Figure 4-18.

The noise fringes have clearly been removed and the large phase shift
at the position of the simulated defect remains. These results illustrate that
the FLI concept is experimentally feasible.

4.9 TESTING AND ANALYSIS FOR THE DETECTION OF FLAWS WITH STATIC
FORCES BY HOLOGRAPHIC INTERFEROGRAMS

4.9.1 Introduction

Initial holographic experiments with the 1.6 mm (0.0625in.) thick
specimen clamped on three edges in the fixture were unsuccessful in generating
fringe patterns. Nevertheless, Vest, McKague and Friesem's results(}?)
and our own subsequent experiments with a thicker plate described below showed
that fringes were generated for a plate with a circular hole loaded by internal
pressure, Since this method created fringes which made the crack visible,
effort has been concentrated on understanding precisely how the observed fringe
pattern arises, on qualifying the fringe pattern, and on determination of the
characteristics of the pressure Toading which generate a fringe pattern useful
for flaw detection.
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Figure 16. Reconstructed Image from Triple Exposure Hologram (Unfiltered)

Figure 4-17.
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Fourier Spectrum of Unfiltered Triple Exposure Holographic
Image and Scale

4-32




= e i

4

! [}
“(!!o;“‘:p¢

Figure 4-18, Filtered Image From Figure 1 Through a Slit Filter
4,9,2 Additional Specimen Fabrication

Three plate specimens were fabricated for these experiments. Each of
these plates had a thickness of 3.2 mm (0.125 in.) with the planar dimensions
reported in Section 4.7. One of the specimens did not contain a flaw but the
other two did; one with a through crack and one with a part-through crack. The
flaws extended from the hole at an angle of about 45 degrees to the vertical,

as shown in Figure 4-19.

The flaws were machined into the plates with a small circular saw
before the final 25 mm (1 in,) diameter hole was machined. For the part-
through flaw, the depth of the saw cut penetrated only 80% of the plate thick-
ness. The length of each flaw was about 25 mm (1 in.), as measured from the

edge of the hole.

An attempt was made to produce a sharp crack in a 7075 aluminum
plate tempered to its most susceptible condition for stress corrosion cracking
by immersing the plate loaded with a tapered plug in a 3.5% NaCl solution. The
method proved to be unsuccessful and was abandoned.
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FLAW

Figure 4-19, Flawed Specimen Geometry

4,9.3 Experimental Results

In these experiments, only the bottom edge of the specimen was
clamped and the specimen was positioned so that it did not contact the fixture
at the other two edges. The first hologram exposure was made before the plug
was inserted into the hole. The plug was then cooled in 1liquid nitrogen and
inserted and held in the hole by hand. After only a few minutes, the plug
expanded sufficiently to hold itself, but about 10 minutes were required for
the plug to return to room temperature at which time the second hologram
exposure was made,

By using a relatively thick plate clamped only on the bottom edge, it
was possible to reproduce the pattern observed by Vest, McKague and Friesem on
a number of occasions. One such pattern corresponding to exposures made before
and after insertion of the expanding plug for the uncracked plate is shown in
Figure 4-20. Unfortunately, this pattern could not always be produced. In
some cases, no fringes were apparent and, in one case, a different pattern of
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Figure 4-20., Fringes Caused by the Expanding Plug in the Unflawed Specimen

fringes was obtained, as shown in Figure 4-21. It was also possible to obtain
the same basic fringe pattern for the specimen with the through crack and,
furthermore, to render the crack visible, as shown in figure 4-22. Experiments
have not yet been conducted to determine if the part-through crack can be made
visible by use of an expanding plug.

An alternative type of loading was investigated, based on considera-
tions described in Section 4.9.4. below. The plug was left inserted in the
hole for both hologram exposures and a weight was hung from the holder used to
insert the plug to produce a bending moment on the plate, as illuctrated in
Figure 4-23; only the bottom edge of the plate was clamped. The weight was
chosen to produce about the same number of fringes in the upper part of the
plate, as observed for the expanding plug case shown in Figure 4-20. The
resulting interferogram for the through-cracked specimen loaded with a 300 g
weight at a distance of 50 mm from the plane of the plate is shown in Figure
4-24, Although the fringe pattern does not resemble the pattern caused by the
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Figure 4-21,

Other Fringes Caused by the Expanding Plug in the Unflawed
Specimen

Fiqure 4-22.
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Fringes Caused by the Expanding Plug in the Through-flawed
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Figure 4-23. Hanging Weight Configuration

Figure 4-24. Fringes Caused by the 300 g Hanging Weight
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expanding plug, there is a slight fringe shift across the crack line. This
indicates that an externally applied bending moment may be a useful type of
loading to study fringe linearization.

4,9.4 Analysis of the Deformation Mechanism

The elastic solution for the shrink fitting of a plug into a circular
hole in an infinite plate follows.

The pressure on the boundary of the hole is related to the inter-
ference fit by

5 1-v 1 +V -1
P = ____ [ 1, * Y ] (4.14)
p £ £,

The distribution of radial and circumferential stress components is

Or = - Og = - P(D/zr)zs (4'15)

where r is the radial distance from the hole center.

Therefore, the sum of g4, and og is constant throughout the
plate. This implies that the out-of-plane strains, and, consequently, the dis-
placements, are also constant throughout the plate. In other words, in the
absence of a crack, the analysis predicts that no fringes should be detectable
with the interferometric technique. The question arises as to what the cause
of the fringes in our and Vest, McKague and Friesem's experiments was, since we
employed a similar type of loading. One possibility is that the stresses and
deformations in a plate of finite dimensions clamped at one or all of its
boundaries differs considerably from those predicted by an analysis for an
infinite plate.

As it was expected that the finite dimensions of the actual plate
would affect the infinite plate solution and cause the occurrence of fringes,
a finite element analysis of the actual plate was carried out using the gr:.d
shown in Figure 4-25. This grid exploits the symmetry of an uncracked plate
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Figure 4-25. Finite Element Model of Half Specimen
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about its centerline; if the mesh is reflected through this centerline, the
asymmetric problem that arises when a crack emanating from the hole is intro-
duced may also be solved, For the uncracked plate, the lower boundary was held
fixed in accord with the experimental procedure., The plate was loaded by a
radial pressure of 8 psi applied outward along the inside of the hole. This
pressure is representative of that encountered experimentally. The finite
element results revealed that no out-of-plane displacements in excess of 0.02
microns occurs as a result of the in-plane loading of the expanding plug.
Since the wavelength used here is 0.6328 microns, the calculation described
predicts that no fringes at all may be detected. Therefore, because fringes
are observed (Figure 4-21), a deformation mechanism involving bending of the
aluminum plate was hypothesized.

If any eccentricity arises during insertion of the plug into the
aluminum plate, or, if either the surface of the hole or the plug have a slight
taper, the pressure at the hole boundary may not be distributed uniformly.
Schematic representations of two such circumstances are shown in Figure 4-26a.
Each configuration in Figure 4-26a results in the application of a bending
moment to the specimen, as idealized in Figure 4-26b., Such a bending moment
causes out-of-plate deflections in the specimen in a manner similar to the
deflections caused by the hanging weight.

For example, using the left-hand idealization in Figure 4-26b, one
may show that the deflection w{z) of the beam is given by

w(z) = Mz%/2El 0<z<L/2 (4.16)

w(z) = ML(2-L/8)/2E1 L/’2<z <L, (4.17)

where z 1s the vertical distance from the clamped edge, M is the bending moment
applied at mid span, E is Young's modulus, 1 is the area moment of inertia and
L is the length of the beam. The first equation shows that the deflection
varies quadratically with z for 0 < z < L/2, which implies that the spacing
between fringes decreases as z approaches /2, the midpoint of the beam. The

a-
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Figure 4-26. Hypothesized Out-of-Plane Loading Mechanisms
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second equation shows that the deflection is linear with z for L/2 <z <L,
which implies that the spacing between fringes is constant for this interval.
Both of these phenomena are observed in Figures 4-20 and 4-24.

The bending moment required to give a certain fringe spacing or
number of fringes per unit length can be calculated from the difference in out-
of -plane defiection between the beam midpoint and end, z = L., The difference
in deflection is

w(L) - w(L/2) = MLZ/4EI, (4-18)

Since one fringe is observed for every half-wavelength change in out-of-plane
displacement, the moment required to produce N fringes per unit length in this
interval is ANEI/L where ) is the wavelength of the light source. For ) =
6.328 x 10~ mm, E = 69 x 103N/mm2, I = 271 mm* and L = 102 mm, all correspond-
ing to the geometry and loading configuration of Figure 4-24, the moment
required is 146 Nmm. The applied moment in the experiment was actually 149
Nmm,

While this model calculation does not furnish enough detail to pre-
dict a two-dimensional fringe pattern, it clearly indicates that an out-of-
plane bending mechanism can account for the number of fringes observed in the
upper parts of Figure 4-20 (1.78 fringes/mm) and Figure 4-24 (1.26 fringes/mm).
In fact, with an interfacial pressure of 69.0 MPa (10 psi), the left-hand non-
uniform loading in Figure 4-26 can develop a moment of 150 Nmm with an eccen-
tricity, ¢, of only 17.2 ym, so that 2¢ is barely one percent of the plate
thickness. Future finite element calculations will permit a detailed predic-
tion of fringe patterns based on the hypothesized loading mechanism.

4.9.5 Continuing Effort

Finite element calculations are currently being conducted to verify
the suspected causes of the fringe pattern shown in Figure 4-20. If this is
successful, then an attempt will be made to determine if the fringe pattern can

be controlled and consistently predicted. Alternative methods of loading the
4-42
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specimen in addition to the hanging weight are being investigated. One possi-
bility is to apply a direct out-of-plane displacement to the plate with three
boundaries clamped; the fourth boundary cannot be clamped with the present fix-
ture. The displacement could be applied through a ring pressed flat against
the back of the plate and concentric to the hole. Choice of a suitable dis-
placement fixture would also permit the application of a dynamic (time varying)
displacement. Other methods of dynamic loading and analysis of resulting
deformations are also under consideration.
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SECTION 5
RESULTS TO DATE

The results achieved thus far in the program are definitely encourag-
ing. These results are that linear fringes can be placed across the object
plane during the holographic recording step and that fringe noise is separable
from the fundamental fringe frequency in the transform plane. In addition,
spatial filtering produced an image laced with linear fringes without noise and
also showed the presence of a known phase step in the triple exposure simula-

tion experiment.
Other results obtained in Phase I of this program include:

- Recognizing that the filtering could not be done directly
from the hologram of a reflecting object because of its
surface roughness. This problem was solved by photograph-
ing the image reconstructed from the hologram in an inter-
mediate step and linearly processing the film.

- Experimentally determining that fringe Jlocalization is
easily obtained with plane waves and difficult to achieve
with spherical waves.

- In addition, we determined that the FLI 1linear fringes,
when localized with spherical waves, exhibit slight curva-
ture over the field and a frequency shift across the field.

- Achieving reproducible holographic fringes by two methods:
- Vest's method of the expanding plug
- Hanging weights on the plate between exposures
| Both of these methods of stressing showed fringe shifts at
the crac. in the plate.
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- Finite element analysis showed that fringes are not caused
by deformations resulting from in-plane loading. This
suggested that loading with the expanding plug causes an
out-of-plane force component.

- Formulation of a model with a simple bending deformation
mechanism which predicted fringe shifts agreeing with those
measured in the laboratory when loaded by hanging weights

on a lever arm between the exposures.
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SECTION 6
6.1 FUTURE PLANS

During the coming year, we will further illustrate the FLI concept
(including filtering) with a double exposure simulation experiment and transfer
the experimentation to the NADC holographic system in Warminster, PA, where the
static experiment will be repeated. We will then implement a beam-deflecting
mechanism on the object beam of the NADC system and define a dynamic loading
technique for use on this system. We will then perform experiments aimed at
locating subsurface cracks in the test plates by use of the FLI concept. The
deformation analysis will continue with the goal of determining sensitivity of
the technique to the size, depth and location of cracks, and loading parameters
in controllied experimental samples.
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APPENDIX I
MATHEMATICAL DEVELOPMENT OF BEAM SHIFTING TO
CREATE THE LINEAR FRINGES OF THE HOLOGRAPHIC FLI CONCEPT

Smith! illustrates the principle of shifting the object wave between
exposures in double-exposure holographic interferometry to create linear cosine
fringes in the reconstructed interferogram. The fringes have a period, /54,
where g9 is the amount of angular shift between the object beams and ) is the
wavelength of the laser light. For example, a shift of 1 degree between the
beams results in a fringe pattern having a spatial frequency of 35 1line
pairs/mm, and a shift of 0.1 degree results in a spatial frequency of 3.5 line
pairs/mm. An alternate analysis utilizing Fourier transform holography of a
finite-size object is given below.

In this appendix, the Fourier transform configuration in Figure I-1
will be used, rather than the sideband Fresnel configuration of the system at
NADC, in order to simplify the mathematics and illustrate the principle of
linear fringes. Fourier transform holograms reconstruct by performing Fourier
transforms, rather than the more complicated procedure of focussing Fresnel
transforms, which is necessary for the sideband Fresnel System.

The irradiance in the hologram plane of Figure I-1 is
H(x) = [eikxsin(go/f) + .f(x,t)]z, (1-1)
where _ denotes a Fourier transform.

If a prism of angle go is used to shift the direction of the object
wave and another hologram is recorded on the same recording medium (note: in
double-exposure hologrphic interferometry, a different state of the dynamic
object, f(x, t,), is usually captured on the hologram), the irradiance of the
second hologram is:

1-1
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Figure I1-1. Schematic of Fourier Transform Hologram System for Double-Exposure
Interferometry Using a Lens of Focal Length, f.

where from the shift theorem of Fourier analysis xo = f tan (86).
Reconstruction of the two holograms described in Equations (I-1) and
(1-2) with a lens of focal length f results in a reconstructed image at the
position x' = Eo of the reconstructed image plane; i.e.:
image = [f(x', t) + F(x', ti) elkxox'/f]2, (1-3)

If f(x', t) = f(x', t,), then

[f(x', t))? |i+e“‘xox'/f'2

image =
= [f(x', t)]® (2 + 2coskxgx'/f), (1-4)
1-2
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i.e., the image of the object is laced with "linear" cosine fringes of
frequency

50
v = tan — .

Equation (I-3) shows that the linear fringes will be shifted at the
positions where the stress state of the object differed between the twq

exposure times.

This result illustrates that the normal fringe pattern of holographic
interferometry is phase-moduled onto the cosine carrier, which is created by
shifting the object wave between the exposures.
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APPENDIX II
MATHEMATICAL DEVELOPMENT OF LINEAR FRINGES IN A
SIDEBAND FRESNEL HOLOGRAM

The purpose of this appendix is to show that linear fringes can be
created in a double exposure sideband Fresnel hologram by shifting the object
beam between the exposures. The mathematical development will follow that
given in Chapter 3 of Reference 2.

The diffracted field emanating from an object illuminated with a
tilted reference wave in the second exposure is obtained by modifying Equation
3-36 of Reference 2 to give

2
R(x) = [-efkizicetkiX"/221] fo(€) exp(iki[£®/22, - &x/z1])
X etkiBoEge (11-1)
where 85 is the tilt angle of the beam striking the object and sin By 8,.

The intensity distribution in the sideband Fresnel hologram produced
by this wavefront is

1(x) = [kelki®x 4 R(x)]? (11-2)
where 0 is the angle between reference and object beams.,

If we consider only the term in Equation II-2 corresponding to the
real image, we obtain a modified version of Equation 3-81 in Reference 2.
Thus,

* % ik zy -ikg X2
Ip(x) =K' KC'e 121 =Tk X /Zz‘eiklaoxb*(x), (11-3)
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where

*y) = w(£)e-1ky (E2/22) - Ex/2) + BoE) 4 .
0*(x) = [, o D¥(E)erthu{E/2n o & (11-4)

When the distribution described by Equation II-3 is reconstructed
with a beam of wavelength X2, the amplitude in the reconstructed image is given

by:

a2
Yimr(e) = A [ e~k x%/2z, D*(x)eiklxeeikz(x-a)2/222dx’
13=0 (11-5)

where A includes all the obliquity factors. Substituting Equation [I-4 into
11-5, we obtain

2 _ 2

ikyEx/z1  ~ik1BgqE ix2 [k, Kk
N /21 e lo} exp __[_3-_1]! (11-6)
2 22 2

)( e1k1x9e1k2Xa/zz dx,

which is a modified version of Equation 3-84 in Reference 2.

Applying the focussing condition kyz2 = kpz) to Equation 11-6 yields

[I D*(£ )e
22=0L 2,=0

% etkiE(x/21-80) d&] elx(k10 - kaa/z2) 4 (11-7)

ikpa® /22, [ -ik €2 /223

vimR(a) = he

In Equation II-7, the & integral is the Fourier transform of a
Fresnel wavefront. This gives
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ik, /2z z
. (a) = Ae / D*(- +.__)e ! 1(8 - )
imR Mz o 2
2,=0
(<]
X mix[ — - :
e AL A2z dx, (11-8)

where tilda denotes a Fourier transform operation.

Making the change of variable

+ B /A (11-9)
Mz 0

=

X

and carrying out the Fourier transform operation indicated in Equation 11-8, we

get,

B8 82 af 7}
ikpa? /22, Zni( 0 -0
] (a) = Ae e A A222
imR
(11-10)

X (-xy2;) D* (a-zle)e-hi/ZZl)(u-zle)z .

A comparison of Equation [I-10 with Equation 3-89 in Reference 2 shows that the
only difference between the reconstructed image of a sideband Fresnel hologram
and one created with a tilted object wave is the linear phase factor (LPF) in

a, i-e-,

8 aBg2)
2 i(Bo y A A22 )
w
LPF = e 2e2 7/, (11-11)

Equation I1-11 shows that the phase factor resulting from the tip is linear in
a and has a frequency proportional to the tip angle 8,, the hologram con-
struction distance, 21, the reconstruction distance, z2, and the reconstruction

wavelength, Az.
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Thus, if a double exposure hologram were made in which the only difference was
a tilt of the object beam in one of the exposures, then the reconstructed image
would be laced with linear cosine fringes of the form,

8011 03021
1 + cos2n - ) . (11-12)
A1 A222

This shows that tilting the object beam in the hologram results in linear
fringes across the image. The analysis of the virtual image yields a similar

result.
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APPENDIX III
COMPUTER STUDY OF FRINGES PRODUCED
BY TWO COHERENT SPHERICAL WAVES

A. DISCUSSION

This study calculates the fringes produced on a one square meter
screen at a distance two meters from two coherent point sources. These dimen-
sions correspond to the physical arrangement of the NADC holographic system.
The specimen under evaluation is approximately one square meter at a distance
of two meters. The specimen is illuminated with a spherically expanding laser
beam pulse in the double exposure, holographic interferometer system.

The reconstruction of the double exposure hologram with the source
shifted between exposures priduces an image of the specimen with identical
fringes to those fringes produced when the specimen is illuminated by two
coherent sources, as in Figure II1-1,

In our experiments, we changed the optical path of the laser illumi-
nation by inserting a mirror in the beam. The mirror was tipped between the
two exposures with the result that the apparent source position changed between
the exposures.

The calculation of the fringe pattern requires only a calculation of
the optical path from each source to points on the screen, When the path dif-
ference, §p, is an even multiple of the half wavelengths, a bright point
results. When §p is an odd multiple of the wavelength, a minimum results. A
calculation of the change of path difference in an interval divided by the
wavelength is a measure of the number of fringes in the interval. The computer
study determines sp in 5 mm intervals each, 10 centimeters along a horizontal
1ine at the center of the test specimen and at the top of the test specimen,

I11-1

8303-22




SOURCES /
D, ,,//”’//”////’/// \\\\1F

SOURCES

Figure III-1, Coordinate System for Source and Screen

The results show that for a source, off-axis 0.4 meters, the fringe
trequency will change hy 24% from the center of one edge of the specimen to the
far corners. This may be a larger frequency shift than we can tolerate in our
filtering system, which will force us to implement the plane wave solution.
The computer program used to obtain this result is given below.
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PROGRAM FOR OPTICAL PATH DIFFERENCE COMPUTATION (Continued)
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