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SECTION I

INTRODUCTION

Holography has found wide application in a variety of fields, yet
perhaps the most remarkable application of optical holography is the
interferometric comparison of diffuse wavefronts. Classical interfero-
metric techniques, such as the Michelson interferometers are restricted

to the comparison of wavefronts of simple geometric form, usually plane

or spherical from polished surfaces using high quality optics. Holographic

interferometry, however, can be used to measure the vector displacement

of points on diffuse opaque surfaces or through diffuse transparent

mediums of complicated shape. This is a consequence of the high informa-

tion content of holograms, which makes possible the faithful recording and

reconstruction of the optical wavefront scattered from such objects.

The subject of holography per se can be found in many good texts e.g.

"Optical Holography" by Collier, Burkhardt and Lin-Academic Press and
therefore, will not be discussed here. A knowledge of holography is
assumed for this report.

In this report we primarily consider an application of holographic
interferometry for which the object is a transparent medium with non-
homogeneous refractive index. This constitutes the foundation of
measurement techniques used in fluid flow visualization, aerodynamics.
heat transfer, plasma diagnostics and stress analysis of transparent
models. The technique is based on the analysis of the optical path
length change of the object wave as it propagates through a transparent
medium. Phase shifts due to variations of the speed of light within
the medium give rise to an interference pattern. The resulting inter-

ferogram can be analyzed to determine physical properties of the medium
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or transparent objects. Such properties include; mass density of fluids,
electron densities of plasmas, temperaéure of fluids, chemical species
concentration of fluids, and state of stress in solids. Each of these
properties can be related to refractive index, which is measured by
interferometry.

The optical wave used to probe transparent objects or mediums can be
a simple plane or spherical wave, or it may be a complicated spatial wave
scattered‘by a diffusing screen. When a plane object wave is used, the
holographic interferograms are quite simjlar to those produced by classi-
cal instruments such as Michelson or Mach-Zehnder interferometers. There
are differences, however, which are of considerable practical importance.
When a diffuse object wave is used, holographic methods are unique and
provide multidirectional interferometric data. Diffuse Tight holographic
interferometry of phase objects gives rise to fringe localization effects
similar to that found with diffuse opaque objects. In this report we
discuss methods of recording holographic interferograms of transparent
objects and of analyzing the formation and localization of interferometric
fringes.

Information about the structure of the refractive index distribution
is displayed in two ways or techniques in a holographic interferogram:

1) fringe number, position and spacing,

2) fringe localization/parallax.

Holographic interferometry can be, and is frequently used, to
measure vector displacements of points on diffusely reflecting opaque

objects. This theory of fringe analysis is reasonably well developed
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and localization/parallax plays an important role, While there is an
analogy between the fringe localization thzury of opaque bodies and that
for transparent (phase) objects, the anaiysis of holographic interfero-
grams of transparent media, on the other hand, has trnus far virtually
been based exclusively on fringe number, position and spacing. The role
of localization has been largely ignored.
Fringe analysis in the case of transparent mediums are quite complicated

because fringe shifts are associated by path integrals through the object

rather than with a single phase shift due to reflections at a single object
point. As a consecuence of this, the determination or computational recon-
struction of a refractive index field based on fringe number, position and
spacing, requires thzi the object field be viewed from a large number of
viewing directions, {deally over a 180° range of angles. This required
range can be reduced if the object field nas known symmetries. It is
important, therefore, to develop a theory of fringe localization in dif-
fusely illuminated transparent media, to see if it augments conventional
fringe analysis in useful ways. At the very least, fringe localization
must provide information which is useful for approximate reconstruction
of refractive index fields when the range of viewing angles is restricted
to less than 180° (the usual case in practice). Ultimately, a new recon-
struction theory could result. Either result would be extremely useful.
The phenomenon of fringe localization is always useful in the sense
that it discloses symmetries of the field, assists the viewer in Tocating
the field in space, and helps one to form a qualitative impression of the

structure of the field.
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A distinction should be drawn between two separate and related

localizatinn problems.

1. The forward problem: Given a refractive index distribution,

determine the fringe localization surface for a specified viewing

direction.

2. The inverse problem: Using the measured fringe localization

surface for a specified viewing direction, determine the refractive index
distribution (or use the measurements to augment reconstruction based on
fringe number, position and spacing). Of course, the inverse problem is
the most formiauble. We treat both problems in this report.

Section II of this report discusses a review of the l1iterature, and
Section IIl provides a determination of the feasibility and application
of localized fringes to the Holographic Optical Schlieren System (HOSS).
Section IV of this report provides the theoretical models for fringe
formation - both problems, while Section V treats the application and
implementation of localized fringe formation model to density/refractive
index changes 1in a transparent medium. Conclusions and recommended areas

for further study constitute Sections VI and VII respectively.
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SECTION II

REVIEW OF LITERATURE

Since its introduction in 1965 the field of holographic interfero-
metry has become somewhat confused by the very large number of papers
published on the problem of interpreting the fringe patterns observed.
Most of the papers have dealt with the fringe patterns created by dif-
fusely reflecting opague bodies [1-111]. Only a relative few papers
have dealt directly with the reconstruction of refractive jndex fields
from multi -directional interferometric data of diffusely illuminated
transparent media. Because of the similarity of the two problems, much
of the theoretical model development for holographic interferometry of

opaque bodies provides a good analogy for the theoretical model develop-

ment for refractive transparent media.

Contributions of the Seventies

The past ten years have produced a steady stream of papers on holo-
graphic interferometry, many of them dealing with the problems of
interpretation. Emphasis has remained centered on the zero-order fringe
(ZF) technique [39] using a multiple-hologram approach. The three-
hologram technique was described in detail by Shibayama and Uchiyama [112],
Hecht et. al. [113], and Eweres et. al. [114]. A vector approach was
used by Ma&akové [115] to obtain the direction and magnitude of the dis-
placement from a single hologram. Bijl and Jones [116, 117] used a tensor
approach to obtain three-dimensional strains from three separate holograms.
The problem of establishing a common datum point between the separate
holograms in the multiple-hologram was overcome by Abramson [118], who

used a length of elastic rubber strip fixed at one end to the object
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and at the other end to the (stationary) holographic bench. Using the
same technique, after measuring fringe positions to an accuracy of A/100,
the rubber strip idea was also used by Hung et.al. [120] who suggested
that an alternative to using three separate holograms was to use a
single hologram plate and to record three double-exposure holograms on
it using three different i]lumination directions. This technique avoids
the need for fringe projection inherent in the original three-hologram
method, since all the fringe patterns can be photographed from the same
viewing direction. The need for some simplification of the analysis if
holographic interferometry is to become a widely used engineering tool
was stressed by Hansche and Murphy [12,1227, who showed that if the
geometry of the object and the expected direction of the displacement
are known a priori, then the analysis from first principles can be very
straightforward. Specific applications of the ZF technique have been
described by several authors [123-126]. Comparisons of the ZF technique
with the fringe counting (FC) and fringe localization (FL) techniques
were made in papers by Sollid [127] and Hansche and Murphy [121]. The
combination of the ZF technique (to measure line-of-sight displacements)
with speckle interferometry (to measure in-plane displacements) has been

suggested by Velzel [128] and by Adamas and Maddux [129].

The fringe counting (FC) technique, introduced originally by
Aleksandrov and Bonch-Bruevich [29], has also been developed in recent
years . Kohler {130] proposed the use of cut-out masks in the hologram

plane to dictate the way in which the viewing direction is changed.
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l.andry and Wise [131] proposed a semi-automatic method of data analysis
for the FC technique, and a similar scanning method, but usging the real
image from the hologram, was suggested by Bellani and Sona [132]. A paper
by King [133] combined the advantages of the multiple-hologram methods

(the accurate measurement of all the components of motion) with the sim-
plicity of the FC technique. He used two holograms mounted perpendicularly
to each other. The FC technique has been compared with the ZF (zero-order
fringe) and FL (fringe lccalization) techniques by several authors,
including So11id [1277 and Hansche and Murphy [1217.

The fringe localization (FL) technique, pioneered by Haines and
Hildebrand [10], has also had its adherents. Dubas and Schumann [134]
used the criterion of maximum fringe visibility to define the plane of
localization of the fringes. The FL method was also used by Ashton et.al.
[135], and was discussed in two papers by Stetson [136, 137]. Hansche
and Murphy [121] compared the technique with the fringe counting (FC)
method.

The Haidinger fringe/hologram fringe (HF) technique, first proposed
by Tsujiuchi et.al. [71, 99] and Gates [74, 98], has been taken up and
developed by other workers, notably by Boone and DeBacker [138, 139].

The problem of fringe localization has continued to attract atten-
tion, with contributions from several authors (134, 136, 137, 140-143].

The application of moire techniques to holographic interferometry has
generated some considerable interest. Twin apertures in the hologram
plane were used by Velzel [128] to produce moiré fringes which are contours
of equal in-plane displacement, while Der et. al. [144] used a four-exposure

i
technique to obtain moire fringes which gives the difference between two

~J
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displacements of the object. Moiré fringes were also used by Hariharan

and Hegedus [145] in a method designed to eliminate the effects of spurious
movements of the object and to record only symmetrical deflections. Moiré
fringe theory has also been used to explain and interpret holographic in-
terferograms - the images can be regarded as moiré fringes between the two
complex gratings making up tiie two holograms. This Tline of approach has
been developed by such authors as Abramson [146-148] and Gori and Mallamace
[19].

Abramson has developed his holo-djagram technique in a series of
papers [118,148,149] and has also introduced an ‘'analogue computer' based
on the holo-diagram and stretched strings to facilitate the interpre-
tation of holographic interferograms [118,148]. The use of the holo-
diagram has been extended to time-averaged holography and the study of
vibrations by Bjelkhagen [150]. An interesting set of photographs of
holographic interferograms was also published by this team [151].

A detailed account of vibration analysis by time-averaged holography
is outside the scope of this paper, but it should perhaps be recorded
that a considerable amount of work has been put into this branch of
holography. The reader is referred to the literature for further details
of this topic and particularly to the contributions of Wilson [152-154] on
vibration mode patterns. Stetson [155-168] on non-sinusoidal vibrations and
higher-order fringes, Bjelkhagen [150] on the use of Abramson's holo-
diagram, and Vikram on vibrating objects undergoing constant acceleration
[159] and on a technique for extending the range of time-averaged holography

[160].
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Several techniques using two or more separate holograms, instead of
either one double-exposure hologram or a single-exposure hologram and the
original object, have been proposed. Havener and Radley [18] called their
method, which was used with phase objects, 'dual-holoaram interferometry'.
A similar approach. also using rhase objects, was described by Gori and
Mallamace [19]. A multiplex “eciirique, in which several images of the
object in different states are recorded either on separate hologram
plates or on different parts of the same plate, was described in a paper
by Hariharan and Hegedus ([20]. Finally, a novel approach by Abramson
[21, 161] uses two holographic plates sandwiched together; the holograms
can be manipulated either separately, or together as a single 'sandwich
hologram' as an aid to fringe interpretation.

Other contributions to the field of holographic interferometry during
the past few years have included the further development by Stetson [136,
162, 163] of his generalized mathematical theory of fringe formation, the
use of projected fringes to reduce the sensitivity of holographic inter-
ferometry [164], the use of temporally modulated illumination [165], the
use of a double pulsed laser for work with impact-loaded objects [166],
considerations of errors and accuracy attainable in holographic inter-
ferometry [119. 167],the use of a small frequency shift to achieve
fringe interpretation down to better than A/100 [168], a Fourier trans-
form method of analysis [169], and the application of holographic inter-
ferometry to a wide variety of problems. such as the stretching of rubber

[135]. stresses in rigid pavements subjected to simulated traffic loads,
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the monitoring of plant growth and other apptications [172-176].

e e s

In general, the many techniques proposed for the interpretation of

holographic interferograms can be classified according to four main groups

of techniques as defined by Briers. These are:

1) The fringe localization techniques (FL)

Historically this technique was the first reported technique for
interpreting holographic interferograms. The technique utilizes the
fact that for certain types of motion or optical pathlength change, the

fringes are Tocalized at some distance from the image. In calculations fj

this distance is used as a parameter. The method is powerful in deter-
mining the in-plane component of motion or optical pathlength change (the -]
component in the plane perpendicular to the line of sight). The other
components of displacements can be found, in principle, by repetitive
measurements of fringe spacing and localization from different obser-
vation directions. Nevertheless, the effectiveness of the procedure is
limited by the normally small size of typical interferograms. Usually for
asymmetric conditions the range of angles to be covered by the hologram
recordings are iQOO. So the components of motion, with the exception of the j
in-plane one, are very difficult to measure with some accuracy. Another
disadvantage of the FL technigue js the difficulty to locate the plane of

fringes to some accuracy.

This method is one of the primary subjects of this report and will be
treated in detail below.

2) The fringe counting technique FC

This technique, [29,74] also makes use of the fact that the fringes

10
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are, in general, located at some distance from the surface of the recon-
structed image. The optical system used for viewing the fringes is focused
on the image and is stopped down until the fringes are clearly visible.
The surface point under consideration is viewed continuously from different
directions and then the displacement component is determined by counting
the number of fringes passing across the image point. The method gives
the component of translation of the point in a direction perpendicular to
the bisector of the two extreme 1ines of sight and in the plane containing
these lines of sight. Other components of motion can be measured to a
limited accuracy as in the case of the FL method. In spite of its rather
convenient application in determining a complex object motion, the FC
method does not suit measurement of the three-dimensional motion to the
accuracy required by the industry. Due to its relative simplicity the
FC technique remains a very useful holographic method even in its original
form and the more so with improvements and developments especially for the
rapid, semi-quantitive interpretation of interferograms.

This technique is also known as the parallax method and is a function
of the size and geometry of the viewing aperture used.

3) The hologram or Haidinger fringe technique (HF)

The FL and FC techniques both use the fact that the fringes are
localized in a plane remote from the image to measure the in-plane com-
ponents of translation of the object. They interpret any fringes local-
jzed at a distance from the image as being due to a displacement with an

in-plane component. However, it has been reported by several authors that

11
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pure line-of-sight translation (i.e., displacement along the z-axis) also
gives rise to fringe patterns with similar localization properties. Gates
[74] described such fringes as ‘curved bands', while other authors were
more specific and reported them as concentric circles centered on the line
of sight [62,64,71]. These fringes can be used to measure the Tine of sight
translation that produced them.

The explanation of these fringes is that they are Haidinger fringes
(fringes of equal inclination) and are due entirely to the variation in
path difference across the object caused by the change in angle of view.
They are identical to the fringes seen in the Michelson interferometer in
diverging light. Although their origin is easy to explain, and they can
be used to measure rigid-body translations along the line of sight, one
might think that they would be a possible source of error when using the
FL or FC techniques to measure in-plane displacements. However, this is
unlikely to be the case since the holographic system is much Tess sensitive
to rigid-body translations along the line of sight than it is to in-plane
displacements. (This becomes less valid at Targe angles of view, but for
an angle of view as large as 45° there is still an order of magnitude
difference in sensitivity.) Secondly, the curvature of the fringes will
indicate that some line-of-sight displacement has occumred. If the fringes
are concentric circles centered on the Tine of sight, the displacement is
entirely along the line of sight. If the center of the fringe system is
off-axis (possible out of the field of view), the displacement has com-

ponents both along and perpendicular to the line of sight. For the present,

12
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however, we would point out that if the curvature of the fringes is not

too great, the FL or FC techniques will still give the in-plane component

of the displacement.

4) The zero-order fringe (ZF) technique

The zero-order fringe method was first described by Ennos [39]. althouah

it is really the direct application of classical interferometry techniques

to holographic interferometry. It is based on the first-principles argument

that the change in optical path from the source to the observer (the
fringe order, m, can only be determined absolutely if a known zero-order
fringe is in the field of view. In many cases it will be known that a
particular point on the object has remained stationary between the two
holographic exposures, and the fringe order can be determined by counting
fringes from such a point. A technique which has been used by several
authors [118-120,126] consists of fixing one end of a strip of rubber to
a point on the object, and fixing the other end firmly to the holographic
bench; fringe counting can then be commenced from the latter point, which
is known to have undergone zero displacement. Ennos [39] and Sollid [72]
suggested that a zero-order fringe could be identified from the fact that
there would be no parallax between it and the image; this approach must be
adopted with caution. However, we have already seen that rotations about
an axis in the plane of the object produce a system of parallel fringes,
all of which display no paraliax with the image.

Once the fringe order at all points on the image is known, the prob-
lem then becomes one of pure geometry - relating the change in optical
path for each point to the actual displacement of that point. There are

two schools of thought regarding this problem. One approach is to consider
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the general case of arbitrary illumination and viewing conditions and to
derive a set of equations from which the three components of the displace-
’ ment can be calculated. Other authors have taken the view that the result-
' ing expressions are so complex for the general case that it is better to
b treat each case on its own merit and to devise an experimental arrangement
which will simplify the calculation of the displacement from first principles.
Considering the generalized approach first, it should be pointed out
that, in general, three separate holograms will be required if all three
components of the displacement are to be measured. Each hologram gives
the component of the diplacement parallel to the bisector of the illumina-
tion and viewing directions [39]. Most authors have used vector analysis

methods to derive equations connecting the displacement components of each

T e T o T e T R TR R e S

point on the object with the path differences calculated from the three
holograms. In his original paper on the technique, Ennos [39] predicted
that this would be a 'formidable task' in the general case, and this has
certainly proved to be so. The problem has been attacked by several
authors, among whom we might mention Sollid [72], Stetson [60], Shibayama
: . and Uchiyama [112], Hecht et.al. [113] and 8131 and Jones [116,117] but
the resulting equations are usually very complex, and either difficult or
tedious to apply in practice. The equations become more manageable, at
] the expense of some loss of generality, if the viewing directions, (i.e.
the positions of the three holograms) are specified in certain ways. For
example, Sampson [76], in a paper which perhaps deserves to be more

widely known than it is, described a technique in which the object under
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test is rotated about specific axes for the second and third holograms,

the illumination and viewing conditions remaining fixed.

Relation Between Localization of Interference Fringes in Classical and

Holographic Interferometry [177,178]

W. H. Steel [177]provides a descriptive account of both classical and
hologram interferometry which shows many common features. In each, the
position of fringe localization is found by a similar ray construction and
the fringe visibility is derived from the amplitude distribution in a
diffraction pattern near focus. Steel maintains that the van Cittert-
Zernike theorem leads to the useful result that the theory of fringe
visibility in an interferometer with an extended source is the same as
the theory of diffraction of coherent radiation. Since the technique of
hologram interferometry is an example of the diffraction and interference
of coherent waves, it might be expected to have a theory equivaient to
that of classical interferometry. The descriptive treatment given by Steel
points out an equivalence and shows that the results obtained by other
more mathematical theories can be derived, or at least made plausible, by
a simple physical argument.

M. Meler [178] demonstrates graphically and experimentally that the
localization of interference fringes in classical interferometry is a

special case of the localization in holographic interferometry.
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Fringe Localization and Holographic Interferometry of Transparent Objects

in Refractive Index Phase Fields [179-204]

Optical interferometry can be used to determine or reconstruct the
refractive index field of a transparent medium by measuring changes in
optical pathlength of 1ight rays due to their passage through the medium.
Because refractive index is a function of other physical properties of the
medium such as temperature, density, or state of stress, interferometric
measurements are useful in a number of scientific and technological
applications. Classical interferometers display the phase variations of
a single plane wave that has passed through the test object. This provides
sufficient information to reconstruct only those fields that are axisymmetric
or those that have no variation in the direction of the optical axis. Ho-
lographic interferometry provides a practical technique for simultaneously
recording phase variations in many wavefronts that traverse the test object
in a variety of directions. Data obtained by such multidirectional inter-
ferometry consists of the optical pathlength changes of a collection of
rays due to their passage through a refractive index field.

The pathlength ¢ of a ray that can be determined by interferometry
is defined by
ff (x,y,2)dsj = ¢, (1)
S

where f (x,y,z) =n (x,y,z) - ny is the refractive index relative to some
reference field ny and where the path integral is evaluated along the ray
path s;. Equation (1) can be considered to be a functional equation from
which Tocal values of the real scalar function f (x,y,z) can be determined

when ¢; is given for a large collection of rays.
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In general the light rays passing through n (x,y,z) are refracted
and follow a curved path. In many interferometric applications, however,
ray curvature is minor and the integral in Eq. (1) can be evaluated along
straight lines. In this refractionless limit Eq. (1) is Tinear [205].

Note that in the refractionless 1imit a two-dimensional field f(x.vy)
can be considered without loss of generality, since any arbitrary plane
within a three-dimensional field can be studied. This is verified by the

analysis of Berry and Gibbs [206]. It is convenient, then, to rewrite Ea. (1)

in the form

sff (x,y)ds = #(p,8), (2)
where ds is a differential element of the geometric ray path and ¢(p,8) is
the pathlength of the ray specified by the polar coordinates (p,8). All
possible rays are included in the range -90°<e§90°. The range of 9 over
which data is actually collected is referred to here as the angle of view.
In practice it is often less than 180°. For example, in holographic inter-
ferometry utilizing diffuse illumination, the angle of view is determined
by the aperture of the hologram, the angular aperture of the illuminated
diffuser, and the extent of the test object.

Only a few previous papers have dealt directly with the reconstruction
of refractive index fields from multidirectional interferometric data.
Rowley {207] was apparently the first to consider the solution of Eq. (2) in
this context. Assuming the value of ¢(p,8) to be known for all possible

straight rays through the object in a given plane, he derived an expression

for the two-dimensional Fourier transform of f(x,y). Alwang et.al,[208] reported

that A. Pal had obtained the solution for f(X,y) as a function of #(p,2).
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To avoid a troublesome singularity in an integrand, he dintroduced a
resolution parameter the optimum value of which is dependent upon the
structure of the field being studied. This method was used to measure
the density distribution in a slot flame. This same solution has also
been derived by Junniger and van Haeringer [2097, who proposed using a Taylor
series expansion of f(x,y) to determine the principal value of the inte-
gral. Tanner [210] showed that the principal value of the integral should
be finite in practical applications. Alwang et al [208] also discussed a
discrete element technique in which the phase object is considered to
be divided into N finite grid elements, each of which has a uniform refrac-
tive index. Equation (2) is then replaced by a system of N simultaneous
Tinear equations in N unknowns (the refractive indices of the grid
elements). This technique was found to be extremely sensitive to such
factors as grid size. Although Tittle detail regarding this technique
was presented, it was apparently not too satisfactory.

Matulka and Collins [211] considered a different approach to the
problem. Their analysis technique is based on earlier work by Maldonado
and 01sen [212] on plasma emissions. In *his approach f(X,y) is ex-
panded in the mean sense in terms of a complete set of orthogonal
functions within a circular region outside of which f(x,y) is assumed to
vanish. An important criterion for selecting the set of expansion functions
is that they be invariant in form to a rotation of coordinate axes in
order to avoid algebraic complexity when the path integral in Eq. (2) is
evaluated for various ray directions. Such a set was developed by Maldonado

[213]. The coefficients of this expansion can be determined by substituting
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it into the integral equation and orthogonalizing the resulting equations.
Matulka and Collins [211] showed this inversion technique to be capable of
generating quite accurate results, although convergence was not always
rapid (a 1700-term expansion wa: required in the case of an axisymmetric
distribution with a severe discontinuity). This method of analysis
requires that in the absence of symmetry, data must be obtained over a

180° range-of-viewing angle in order to carry out the necessary
orthogonalization. This technique tends to be efficient when the distribu-
tion is nearly axisymmetric, particularly when the distribution is

Gaussian or nearly so. The paper by Matulka and Collins [211] is especially
noteworthy because their scheme was reduced to practice; experimental
measurements were made of the density distribution in both axisymmetric

and slightly non-axisymmetric (110 of tilt), free-air jets.
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SECTION III

DISCUSSION OF SIMULATED HOLOGRAPHIC OPTICAL SCHLIEREN SYSTEM (HOSS)

In this section we seek to determine the feasibility and to demonstrate
the application of localized fringes in holographic interferometry using
transparent objects in aeneral and in fluid visualization via the HOSS in
particular. To this end holographic data has been obtained experimentally
from two different holographic arrangements and several different test objects
which were immersed in a transparent fluid of known constant index of re-
fraction or known variation of index of refraction. The two holographic
arrangements are; a typical off-axis sideband configuration, and a scaled-
down version of the original HOSS, which we here call the "simulated HOSS".
Scnematics of both of these systems are provided and discussed below.

We intend first to determine the feasibility of fringe localization via
holographic interferometry using two different holographic arrangements and
secondly to demonstrate the application of these localized fringes to the

quantitative analysis of fluid flow visualization via the simulated HOSS.

Feasibility Demonstration of Holographic Fringe Localization

Figure 1 provides a schematic of the first holographic arrangement used
to determine and demonstrate the feasibility of fringe localization. The
system employed an argon laser which operated at 514.5 nm wavelength and
after expansjon and spatial filtering the object and reference beams were
both rendered parallel prior to being incident on the test cell and holo-
gram respectively. The object beam was incident on a diffuser glass,
prior to entering the cell, so as to satisfy the extended source require-

ment necessary for the localization of fringes. Upon passage throuah the
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cell, the object beam interfered with the reference beam to form the
hologram record. The Palaroid film holder is useful for recording the
holographic real image upon reconstruction.
Figure 2 provides a schematic of the test cell which was constructed
of acrylic with 6.5 mm wall thickness. The cell dimensions were 104 mm
depth x 280 mm width x 152 mn height. The diffuser glass was 130 x 130
mm and was centered on the 76.2 mm diameter object beam. (See top of
figure 2.) Two hollow acrylic cylinders were placed at either end of the
test cell and centered in the object beam. Each cylinder was 25 mm in
diameter. Regular tap water was now poured in to fill the test cell.
A double exposure (frozen fringe) hologram was recorded through the test
cell as shown in bottom of figure 2. The first exposure was taken of the
test cell with the water at ambient temperature. Prior to the second ex-
posure small pieces of ice were introduced into each of the hollow acrylic
tubes. This provided a temperature or density gradient in the volume of
each hollow cylinder. Upon taking the second exposure and properly
processing the hologram, the real images were reconstructed in several
planes and recorded using the Polaroid film back. In this reconstruction
the Polaroid film could be placed along any plane in the reconstructed
three-dimensional real image. The relatively large aperture of the
system allowed for critical focusing (fringe localization) in the real
image.
Figure 3 displays the seven planes in the real image at which photo-
graphs were recorded. The photographs of the real image taken at these

seven locations are shown in figure 4 and are numbered corresponding to
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the planes of their location as shown in figure 3. Photograph number 1
is at the back of the test cell adjacent to the diffuser, number 7 is

at the other end of the test cell closest to the hologram. These seven
photographs readily display that the various fringes are indeed localized
discretely throughout the cell.

A second double exposure was taken using the same identical procedure
except a third hollow, acrylic cylinder was added slightly off-center
from the first two as shown in figure 5. Upon reconstruction of the real
image as before, we display in figure 6, photographs of eleven different
planes recorded throughout the volume of the real image. The numbers of
the photographs of figure 6 correspond respectively to the numbered planes
indicated in figure 5, as before. Again the fringe localization is
apparent with position.

In both of the previous cases the reconstruction aperture was large.

This was necessary if the fringe localization was to be critically positioned.

Using the same off-axis hologram arrangement and the same test vessel
filled with water as before,we employed a different test object with a
different means of creating density variations within the cell.

In this case twelve precision resistors of twelve ohms each were soldered
together to simulate a crystal boundary during growth. The input and
output for the voltage source was taken across the volume diagonally as
shown in figure 7. The cube so formed was 12.7 mm per side.

First a real-time (live fringe) hologram was employed in order to

observe the response of the resistor cube to current. It was found that
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approximately 5 volts provided enough power to the circuit to cause ob-
servable heat flow in the water in which the cube was submerged. The
resistance of the water across the volume diagonally was about 500 ohms,
thus making a short circuit of the resistors by the water improbable.

Next,a double exposure (frozen fringe) hologram was now taken of
the test cell and cube, first with ambient conditions and second with
power on the cube. As before, the real image of the double exposed holo-
gram was reconstructed with a large aperture beam and photographs were |
recorded in five planes of the real image of the test cell volume as
shown in figure 8. Figure 9 displays photographs of the real image
corresponding to the planes located as shown in figure 8. Again the
Tocalization of fringes is very apparent.

Therefore, as stated in the literature and demonstrated above,the lo-
calization of fringes in a diffusely illuminated transparent medium via
holography is a very real and predictable phenomenon, and simple feasibility
is verified.

We now describe the second holographic arrangement employed experi-
mentally, the simulated HOSS arrangement.

Figure 10 presents the schematic of the present HOSS configuration.
Figure 11 presents a schematic of our scaled-down version of the HOSS.

A11 HOSS parameters were satisfied except we employed half-size optics
mirrors and worked with a three (3) inch optics instead of a six (6) inch
as in the HOSS. Data taken with the scaled-down HOSS compare sufficiently
well with that from HOSS. A modification of this sceled-down version of

HOSS was then made to conveniently allow localized fringe holograms to be
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made using diffuser glass illumination of the test cell. This modified
HOSS or simulated HOSS is shown schematically in figure 12.

We have stated at the outset that two different holographic
arrangements were employed. There is, however, no real difference in
that both are forms of off-axis sideband arrangements. However, the
physical geometric parameters are different and this is of importance
in that we can quantify them and that the remaining data will be from a
geometry essentially identical to the HOSS system of NASA.

Therefore, using the holographic arrangment having the geometry of
the simulated HOSS of figure 12 we investigate various objects in a trans-
parent medium using diffuse illumination. The cell employed was identical
to that described earlier. The object in the experiment was two heating
elements.

Two soldering pencil heads were inteqrated into the base of the
test cell. Each possessed a female threaded core which normally served
to receive the soldering pencil tip. In the various cases discussed be-
Tow, this served as a mounting for the various objects used.

The two heating elements so mounted in this experiment were: a
simple soldering tip and a 25mm diameter cup-shaped disc. Figure 13
displays the location of both the large and small heating elements in
the test cell. Three separate double exposure holograms were recorded
with the object, each allowing a different magnitude of heating to occur

between the first and final exposure. The first exposure was in all
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cases taken at ambient conditions. The second exposure was at: 30 sec
after first with heat on, 60 sec after first with heat on, 90 sec after
first with heat on. The photographs of the real image of each of these
are shown in figures 14, 15 and 16 respectively with the locating plane
of each photograph identified as shown in figure 13.

In further support of the demonstration of localized fringe feasi-
biTity we will briefly present the results of another experiment. With
the holographic arrangement as before, the object this time was a small
aluminum cube, approximately 15 mm per side, attached to the heating
element closest to the diffuser and immersed in water in the test cell.
After completion of the required double exposure the real image was
reconstructed and photographs were taken in four planes of the real image.
The location of the planes is shown in figure 17, the four respective
holograms are displayed in figure 18. It will be noted for this case the
plane of best focus (localization) occurs at position 2, the center of the
cube.

From the foreqoing it is obvious that it is quite feasible to produce
localized fringes using diffuse illuminated holographic interferometry.

It is not so obvious how easily or how accurately one can quantitatively
specify where this localization physically occurs. This will be the sub-

ject of the section on theory to be discussed below.

Demonstration of Localized Fringe Application

We have previously alluded that the fringe localization is a function
of the geometric parameters of the holographic arrangement employed. We

have determined, and the literature states, that the localization of
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fringes is a critical function of the aperture size and geometry used for
the reconstruction of the holographic real image. We have further seen
from the Titerature survey that the fringe localization technique (FL)
and the fringe counting technique (FC) i.e., parallax technique, are
closely related. We wish now to present the results of an experiment
which verify this and which demonstrate the utility of both of these
methods and which further exhibit the discreteness of localization
of the fringes as well as illustrate the dependence of the localization
on still another parameter - the geometric perspective or viewing angle.
As additional parameter dependence is unfolded in this manner, it be-
comes clear that the theoretical description of the phenomena of local-
ized fringes is indeed a complex one.

For this experiment two heating elements of the same size were em-

ployed in the localized fringe mode as before, except now we have positioned

an accurate temperature probe within the test cell to provide quantitative
magnitude of the temperature field. (Quantitative information will be ex-
tracted from this hologram in Section V.

A double exposure was recorded with the first exposure at ambient
conditions and no heat flow. Both heating elements were energized for
thirty(30) seconds and a second exposure recorded. The temperature probe
was located near the edge of the heat plume closest to the hologram.

Upon proper development the real image was projected out and Polaroid
photographs were recorded.

Figure 19 displays a schematic of the hologram real image projection
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technique for fringe localization and parallax demonstration. The holo-
gram was positioned so that the Tine passing through the center of both
heating elements intersected the hologram one inch from the right-hand
side (see 1ine A and insert A, fiqure 19).

With appropriate adijustment of the Polaroid film plane in the real
image, photographs 1 and 2 of figure 20, were recorded with this "A" per-
spective. The fringe Tocalization is most evident. Photo number 1 shows
the fringes localized in the vicinity of the heating element furthest from
the hologram. Note the out-of-focus temperature probe. Photo number 2
shows the fringes localized in the vicinity of the heating element nearest
the hologqram. Note the temperature probe in-focus.

If the reconstruction beam is shifted to the other side of the holo-
qram, we then have the perspective "B" of fiqure 19. With appropriate
adjustment of the Pnlaroid film plane in the real image, photographs 3
and 4, figure 20, were recorded with this "B" perspective. Again, the
fringe localization is most evident. Further, the parallax now is most
striking. Photograph number 3, analogous to number 1, shows the fringes
localized in the vicinity of the heating element furthest from the holo-
aram (temperature probe out-of-focus). Photograph number 4, 1ike number
2, shows the fringes localized in the vicinity of the heating element
nearest the hologqram (temperature probe in-focus).

Comparison of photogr=phs 1 with 3 and 2 with 4 dramatically
demonstrates the fringe localization and parallax and how the presence

of one plume can obstruct the contrast of another set of fringes.
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The phenomenon of localized fringes as generated by the diffuse
illumination of a transparent medium also allows for the viewing of fringes
from different directions within the Timitations of the hologram's
aperture. In the situation where there are two or more disturbances in
the test cell, it appears advantageous to be able to choose a viewing
direction where the light passes only through a single disturbance and is
not affected by the other disturbances in the cell. On obtaining a photo-
graph (or image) where the fringes are due only to a single radially
symmetric disturbance, the index of refraction and thus the temperature
within the disturbance can be calculated in two ways. The first is a
quick and easy way of obtaining the average temperature readings across

1ines through the disturbance, the second generates a fairly detailed map

of index of refraction in a cross section of the radially symmetric disturbance.

Both of these will be discussed and pursued in Section V.
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SECTION IV

MAIHEMATICAL THEORY ON THE FORMATION AND ANALYSIS OF LOCALIZED FRINGES

IN A TRANSPARENT MEDIUM

General Background, Model Formulation and Fringe Interpretation

The process of holography provides an interferometric tool which is
linear in time, in the sense that two or more object wavefronts can be
recorded sequentially in time and later both wavefronts can be reconstructed
simultaneously with interferometric comparison. For example, consider a
typical off-axis sideband arrangement similar to that used earlier in
Section I with slight modification. Fiaure 1 displays our intended con-
fiquration. The phase object could be a transparent solid or a trans-
parent solid in a transparent fluid, etc. In any case, consider the
refractive index distribution within the phase object to be aiven by
n, (x,v,z), during an initial holographic exposure and na (x,y,z) during
the final holographic exposure of a double exposure hologram. On proper

development and reconstruction of this hologram, two waves are reproduced

simultaneously

ol

ol

=a,(%y) exp [i ‘Z}l <=3 Cx,k)ﬂ

U, = a, (uyhexp L5 E.00)]

02

where ¢ = U/Bds,
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The irradiance becomes

I (x,j) =2 {i +20S 3% [@z(":‘/) - ﬁ“’ﬁfﬂ} (1)

where we have assumed that a;(x,y) = a,(x,y) = uniform unit amplitudes.
If, as in most practical cases, the refractive index during one ex-

posure is uniform and constant, No s then the fringe pattern is

) (2)
23
I(x)@ = 2 [j_ + cos( Y A@ (%,j\ﬂ
wher
€ Aé()‘\j) =‘/"Lﬂléx.bj’2\'no] ds
is the optical path difference, and the equation representing a bright
fringe is
(3)

Aéu,@ =f[n(x,c_(,z\-mﬂ ds = N2

For the simple case where the refractive index ni(x,y,z) varies
only in the y direction, i.e., n{(x,y,z) =n(y), then the integration in

equation (3) is easily performed and the optical pathlength difference is

AB (xq) = n(q)-ne] L

where 1 is the total length of the phase object.

The fringe spacing, of the holographic interferometric fringes, is

determinad by the product of n.
If the refractive index n(y) varies linearly as
n (y) =ng+n'y
the fringe pattern produced is a series of equally spaced parallel

fringes, and
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AE (x,9) = [ngrn'() = ng] L= N

with

y=N AL N= 1,23,
If, however, the refractive index, n(x,y,z) is a distribution
similar to that which occurs in the measurement of thermal boundary

layers, then
Nn(y)=n,-n,exp(-ay)

and the fringes are parallel straight lines with variable spacings, and

A%(x;“p = f_no'nle-all"nl)]i: N

NA
Sk b(B) wenna

The spacing is large in regions of small gradient and small in

with

regions of large gradient.

There is another class of index of refraction distribution of
great practical importance in aerodynamics, heat and mass transfer and
plasma diagnostics. It is the radially symmetric distribution and is
found in radjally symmetric phase objects.

We provide the first exposure to it here and treat it in depth
later during fringe analysis along with experimental evidence of its

behavior with regard to localized fringes.
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Figure 2 provides a schematic of a radially symmetric phase object
n(r) and allows the definition of notation necessary for discussion. A
plane wave traveling in the 2z direction is used to interrogate the
object. This is indicated by the typical ray shown in the figure.

The optical path difference, A¢(x), for a two-exposure hologram is

determined via equation 3, with dz = (r? - xz)'%r dr to be

R -
AFB o) = 2 [N -0l rde

(r2-x%)"2

The integral in equation 5 is the Abel transform of [n(r)-no] and
is found to be quite instrumental in the evaluation of fringes of
radially symmetric phase cbjects. The interferogram displays contours
of the Abel transform of a radially symmetric object. We address this

subject in some detail in later sections.

As stated at the outset, holographic interferometry is differential

in time, that is the two waves constitutina the first and second exposure

object wavefronts are separated temporally rather than spatially. For

example, in a Mach-Zehnder interferometer, only one wave passes through
the phase object. This wave then interferes with a plane comparison

wave which is separated in geometric space and has traveled a different

path through the interferometer.
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In a holographic interferometer, however, both the object and comparison
waves travel across and through precisely the same object space, but at
different times. Holographic interferometers are then single path inter-
ferometers. This important feature is what permits the use of test
sections with windows of rather poor optical quality.

In classical interferometry, if a test section window is not
optically flat and homogeneous, it will introduce a pathlength error or
noise term A¢p(x,y) into an optical wave passing through it. Let A¢(x,y)
represent the pathlength difference due to the phase objects inside the
test section and remember that it is the contours of this A¢(x,y) which
we desire the interferometer to display as a fringe pattern.

In a Mach-Zehnder interferometer, the fringe pattern for this test

section and phase object would be:

ICX,%\ = 2{1 t €09 EXTL[A§(*:‘Q + Aén(x)‘jﬂ}
Thus the presence of the noise term A¢n(x,y) due to the poor quality
windows produces pathlength variations leading to errors in the fringe
pattern which can be eliminated only by the use of optically flat homo-
geneous windows so that A¢n(x,y) is a constant.

In holographic interferometry, only changes in pathlength between
exposures are displayed. Therefore, since the same test section, windows
and phase objects used above are present during both holographic exposures,
the effects of Ad,(x,y) are cancelled and the expression for the holo-

graphic fringes is given by equation (2) as:

I(x,lﬁ = 2{_’1_ + C0S %%T- A (x,kp}
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It sheculd be noted, however, that errors due to refraction by curved
test section windows occuring between exposures are not cancelled and
must be accounted for in quantitative measurements.

An interferogram described by equation (2) above is called an

infinite fringe interferogram. This means that an infinitely wide

fringe results when Ad(Xx,y) = 0. Further, this type of interferogram

displays contours of constant value of Ad(x,y). There is a sian

ambiauity in such interferograms, however. because + Ad(X,y) and -Ad(x,y)

yield the same fringe pattern. This is a result of the cosine being an

even function. Because of this, interpretation of the fringes from such

an interferoqram is ambiguous. That is, we cannot determine if the
optical pathlength increases or decreases from one fringe to the next.
This sian ambiquity can be removed by the use of a priori knowledge of

the specific experiment and by introducing reference fringes into the

interferogram. These fringes are most commonly parallel, straight,
"wedge fringes" with equal spacing corresponding to & constant phase

gradient of known sign. The resulting interferograms are called finite

fringe interferoarams and are commonly used in classical interferometry.
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Fringe Localization in Transparent Media: Development of Basic Equation+

Holographic interferometry can be used to visualize and measure re-
fractive index fields in transparent media. If the medium is a liquid,
knowledge of the refractive index distribution enables one to calculate
the spatial distribution of density throughout the field. If the object
(transparent medium) under study is illuminated with diffused 1ight, such
as that scattered by a ground glass screen placed between the source and
the object, the fringes of holographic interferometry have a distinct
three dimensional nature. They exhibit spatial localization, i.e., they
are localized. To the observer they appear to be suspended in space in
the object location or perhaps in front of or behind it. As the observer
changes viewing direction, the fringes appear to change form, shift about
and change position of localization.

Information about the structure of the refractive index distribution
is displayed in two ways in a holographic interferogram:

(1) Fringe number, position and spacing

(2) Fringe Tocalization
As mentioned earlier, holographic interferometry can also be used to
measure vector displacement of points on diffusely reflecting opaque
objects. In the case of opaque objects, fringe localization plays an
important role, either directly or indirectly, in the analysis of holo-
graphic interferograms and further, the theory of analysis for these
objects is well developed. The analyses of holographic interferograms of

transparent media, on the other hand, has thus far been based almost ex-

+Appreciation is gratefully acknowledged to Dr. Charles Vest of the
Unjversity of Michigan for his consultation on the theory development
for this section.
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clusively on fringe number, position and spacing and the role of
localization has been largely ignored. Fringe analysis in the case of
transparent media is quite complicated because fringe shifts are

associated with path integrals through the object rather than with a

single phase shift due to refiection at a single point as in the case of

opaque objects. As a consequence of this complication, the determination

or computational reconstruction of a refractive index field has conven-

tionally been based on fringe number, position and spacing which requires
that the object field be viewed from a large number of viewing directions,
ideally over a 1809 range of angles. This required range can be reduced
if the object field has known symmetries. It is important, therefore, to
develop a theory of fringe localization in diffusely illuminated trans-
parent media to provide augmentation of conventional fringe analysis
in useful ways. At the very least, this additional information of fringe
localization must provide information which is useful for approximate
reconstruction of refractive index fields when the range of viewing angles
is practically restricted to less than 1800 (the usual case in practice).
At best a new reconstruction theory might ultimately result. Either re-
sult would aid the present conventional method of analysis.

There exist two distinctly separate but related localization problems
which are defined in terms of what we know and what we desire to determine
from a given holographic interferometry experiment. We draw the following

distinction:
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(1) The Forward problem: Given a refractive index distribution,

An, determine the surface in which the fringes appear to localize when

viewed from a specified direction, i.e.,

An —> f (Loc)
known calculate

(2) The Inverse problem: Using physical measurements of fringe
Jocalization, f (Loc), determine the refractive index distribution, An,
or use the measurements to augment reconstruction based on fringe

number, position and spacing, i.e.,

An <——= f (Loc)

calculated meas.

Our first task here is to set forth a theory for the forward prob-

lem, which will form a basis for subsequent exploration of the role of

fringe Tocalijzation in the inverse problem. Finally, in this section we

provide an application of the theory to the analysis of localized fringes.
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Model for Fringe Formation in the Forward Problem

Ideally the description of formation of interferometric fringes in
diffused light should be developed in the context of diffraction theory;
however, this approach is more complicated and mathematically cumbersome
than is necessary to meet the objectives of the current task. Therefore,
a simplified model, which has been satisfactorily used to develop a
compiete and practical theory of fringe formation and interpretation for
opaque objects, will be used. This model is modified to address an ideal
case of the diffuse illumination of transparent media. In this section
we present and explain this model.

Figure 3, drawing on the treatment for opaque bodies (Section I,
ref. [1-111]), presents the optical elements which are considered in a
discussion of the fringes of holographic interferometry for a transparent
medium. At the Teft is a diffuser, illuminated from behind by a column
of laser light. Light transmitted and scattered by the diffuser then
passes through the object space. During an initial holographic exposure
the refractive index in this object space is known to be Ngs which often
is uniform throughout the reqion. During a second exposure (or observation
in the case of real time interferometry) the distribution of refractive
index throughout this object space is n (x,y,z).

Qur objective is to study this difference of refractive index:

f (x,y,2) = n (x,y,2) - n, = 4n
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These wavefronts in turn pass to the hologram where each is recorded,
processed and later holographically reconstructed. On reconstruction the
optical field transmitted through and diffracted by the hologram (shown
to the right of the hologram in figure 3) is accessible to the observer
who may form an image on a screen, photograph the interferogram with a
camera, or visually observe it with an unaided eye. Any viewing system
used by the observer to investigate this image has a particular, finite
entrance aperture. Such an aperture is indicated schematically in
figure 3.

For convenience, consider the diffuser to be a plate of ground glass
whose front surface has some random microscopic variation so that the
phase of light scattered by it varies randomly in phase from point to
point. Let P and M be two typical points on the diffuser surface.

The effect of the change in the refractive index field f (Xx,y,z) is to
slightly distort the optic2] wavefront which passes through it at the
time of the second exposure, relative to that which passed through it

at the time of the first exposure. If, as in many practical cases, this
distortion is very small, we can, to a satisfactory degree of approx-
imation, describe the effect of f (x,y,z) as a phase shift of light

rays whose path direction through the field remains unchanged. We

refer to this as the refractionless 1imit and say that f (x,y,z) is a

phase object. The errarsand effect of such an approximation will be

treated later in this paper.
To fix ideas in relation to figure 3, we can also think of f (x,y,z)

as causing a very slightly distorted and displaced image of the diffuser.
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This idea is shown schematically in figure 3. P' and M' are the new
apparent location of the points P and M respectively.

Because the interferogram is formed in diffuse, coherent light,
it will include laser speckle - a small-scale random interference pattern.
This is indicated schematically by the finely spaced irradiance variation
falling under the cosinusoidal envelope of the holographic interferometry
fringes in the observation plane of figure 3. The scale of the speckle

is controlled by the size of the aperture. If the aperture is large, the

speckle size will be small; if the aperture is small, the speckle size will

be Jarge. Specifically if, bs' is the typical speckle size, it is given

in terms of fiqure 3 by

o
il

s 1.22 ADZO

where \ is the wavelength of 1ight employed and D is the aperture diameter.

In the reconstructed image of the hologram, and as a result of the
first exposure, light is scattered by the diffuser at and in the neighbor-
hood of P and yives rise to a complex amplitude of light, U, (x,y,z) in
the observation plane a distance, z, from the diffuser. The corresponding
irradiance I (X,y,z) observed through the aperture would be recognized as
a speckle pattern. In holographic interferometry, as a result of the
second exposure, a second optical wave is present and can be thought of
as scattered by the diffuser at and in the neighborhood of point P' on
the effectively distorted and displaced diffuser. The corresponding
complex amplitude, Tjg%x,y,z) differs in fine detail from U, (x,y,z).

If we could compare the corresponding speckle patterns IO (x,y,2) and
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IO' (x.y,z) they would be uncorrelated at an arbitrary plane z = constant,

that is their fine structure would be completely different. However, there

exists one special value of z, where for a given observation direction,

U, (x.y,z) and 'EL'(x,y,z) will be nearly identical, except for a small

relative displacement and a variation in phase whose spatial scale is

large compared with the value of bs' The irradiance pattern of this

particular value of z consists of a speckle structure modulated by a
broad. cosinusoidal variation which is the pattern of fringes of holo-
graphic interferometry. The fringes are localized at this special value
of 2z for this particular viewing direction. In the next segment of
this section, equations are derived for determining this localization
distance, z.

The localization equations will be based on the assumption that for
purposes of fringe pattern computation, we need only consider the change
in optical pathlength, Aé¢, discussed earlier, of light scattered by
apparent corresponding points such as P and P', and that the light from
P and P' will travel to a point in the observation plane along nearly
straight, coincident rays. The equivalent model for fringe formation
with opaque objects successfully predicts all important phenomena. The
present model will be indirectly verified by experimentally checking
predictions of the theory. These results will be presented Tater in
this document.

As this model is pursued, we conclude that fringe localization

occurs where U, (x,y,z) and TJ;%x,y,z) are most nearly matched. Near
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such locations, I5(x,y,z) and I5'(x,y,z) are most nearly matched and
overlap. This position will be calculated by using simple geometric
optics and by requiring the optical pathlength change A¢ between 1ight
scattered by the apparent points P and P' to be equal to that of Tight

scattered by pairs of matched apparent points M and M'.
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Derivation of Fringe Localization Equations in the Forward Problem

Consider a refractive index distribution backlighted by a laser
illuminated diffuser as in figure 3. It is convenient to redraw the
configuration as shown in figure 4. Using the model of fringe formation
introduced above and assuming the refractionless 1imit to apply, it is
useful to imagine a field f(x,y,z) to be located in front of the diffuser

where

fOngE) = n(ny, ) -, (9)

is the change of refractive index under study. It is unnecessary to
explicitly consider the hologram per se in this analysis. The function
of the hologram is merely to make the two wavefronts, passing through Ny
and n(x,y,z), from the first and second exposures respectively, simul-
taneously accessible. In some cases it will be convenient to use vector
notation to locate a point in the object field, which in this notation

will be

~10(?\=1C("L\x+?y+f<\z)

The coordinate system may be arbitrarily positioned in space, but for
our purposes it is helpful to imagine it attached to the diffuser.

An observer looking toward point YD(Xp‘ﬂp,0> receives a small cone
of ray pairs with a mean propagation vector of 12; . Each of the ray
pairs necessary for comparison originate at the same point on the diffuser.
The pairs result from the first and second exposure and are designated in

figure 4 by solid and dotted Tlines. Note that there are two pairs shown
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in the cone. Each pair consists of one solid and one dotted Tine
respectively. Each pair in this case represents a point in the neighbor-
hood of P (xp,yp,o) on the diffuser. The two pairs so represented could
be thought of in terms of our P and M discussed earlier., To carry it
further consider the uppermost pair in figure 4, let this solid line repre-
sent the wavefront resulting from P of the first exposure, let the dotted
Tine of this pair (uppermost) represent the wavefront resulting from P
(call it P' ) of the second exposure. Repeat this analogy for the lower-
most pair (one dotted one solid) and call it M and M' . Observe though,
that here we say, P and P' are the same point and their respective
wavefronts are altered as a result of one exposure through a field n

03
and a second exposure through a field n(x,y,z). They are related through

a change in refracture index distribution of

‘CC?}: néx’tj)z‘g')—ﬂo

Now for such a ray pair the optical pathlength difference is

(11)
AE = [P(7)ds - NA
where ds is the differential distance along the ray in question. This
A
ray is in the direction specified by K, the unit vector coincident with
R;_. Recall that
(12)
'?:"87(+?q+ﬁz
and note that
— A
= ¢ + (13)
fp=tXpt 1Y
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so that we can write

(14)
4B = [B (7, Ros) ds = NA

With this the optical pathlength change can be determined by the usual

fringe counting procedure as shown at the first of this section.

In order to understand localization, we must recognize that the
imaging system is focussed on some plane, ncrmal to';;, which contains
the point Q (X,Y,z) shown in figure 4. The location of Q and the
aperture of the imaging lens determine the extent of the cone of ray
pairs. If Q is located at an arbitrary position in space the optical
pathlength difference,Ad, will be different for each ray pair in the
cone. In this case the observer will not see the desired interference
fringes, he will only see a speckle pattern. However there will be a
specific location of Q (X,Y,z) at which A¢ 1is nearly identical for each
ray pair in the cone. This is the precise position of fringe localization,
at this Tocation the observer will see very distinct holographic inter-
ferometry fringes.

Analytically, we determine localization by seeking the points Q
along all rays propagating parallel to 3:; for which the change of A¢
with small changes in viewing direction is zero. It is convenient to
describe changes in viewing direction by changing the location of the
point P (x,,y.,0) . (It should be emphasized that it is the change in

PP

direction which is important, introducing X, and yp is merely an

p
algebraic convenience.)

From vector algebra the limiting value of A¢ along s employs the

directional derivative of A% and with the above we can write the condition
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for localization as

J(A§)=%@?3dxp+ %&Q dy, =0
’ P

We wish to evaluate the two partials on the right-hand side of
equation (15).
Recall from equation (11) that

Ad =j-P('F) ds

taking the partial derivative with respect to xp first, we have

_d(ad)
\ 7\9

= %ﬂp (f{l (F)ds)

If we maintain that f(?) decays smoothly to zero and is zero outside
of some finite region we can integrate over the limits zw, In this case

we can take the derivative operation inside the integral and

V(A :fwi}_

\bKP Z oo kxl’

£(¥Vds

The integrand of equation (17) can be written as

O3 F 4_B$.§i_+é@ Nz
EX. }KF B"j AXP B':‘:" }Xp

Y F(F)
N Xp

The first factor in each product on the right in equation (18) depends
only on the index distribution, f, and on the coordinates of the point P,
at which the derivatives of f are evaluated. The second factor in each

product is independent of f and depends only on the direction in which
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the derivative is being computed. This observation suggests that 5£§XP
can be thought of as the dot product of two vectors, one depending only
on f and the coordinates of P, the other depending only on the

direction of AXP and in fact we can write

A

—
Since ¥V = X +7-1+2l< we have

MY _ /A 3R 4 N fz>.,§£
S Ap 3% 3 2

Now the quantity in parenthesis is just the gradient of f and we have

B‘QC }, \‘ (19)
% = V+- Sy
Substitution of equation (19) into equation (16) produces
Y(AD) :/1\_/,4:_ dY 4o (20)
N Ap _ Axp

By analogy, the second partial on the right-hand side of equation (15),

3 (a8 ~f"°° AT
B%P -_oc Ve Bljf’ ) e

becomes

We now wish to evaluate the partials in the integrand of equations (20)

and (21). We start with that of equation (20), EJQQXF;
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Recall that from equations (12-30),

then

2
3

using equations (23) and (2

S
MP

7, +%es]

4) in (25)

3T
kxp

:2‘ + BK“‘? + 3Ky r,;'\+—-—-—éK7'* Q}S
37\9 §XF

VKp

By analogy the partial of equation (21), becomes

§(A§\ f.c "/'\ (é Kox A AK,, A JK ]
vi T+ {4 —2f 22 R
B)QP - — AXP BXP 1+AXP >S C]ﬁ
s (et a1 2l
~o0 - EVP kyp 3 Yp

e o R i e e e ath i o s SN S T ST
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We pause now to define a specific shorthand notation for the expression

of the partjal derivatives, e.qg.

DK Xp . 3oy KYP
—_—l X K =
I Xp 2% 7 dye 2%
(30)
éKz = K:P » }Kz\l KVP
d Xp f Y Yp 2y
DKoz - K‘P ; sKzz Yp
- = ’ = K
A Ap 2% 3Yp 22

These will be used throughout the remainder of this derivation.

Let's rewrite equations (28) and (29) in terms of this shorthand

notation

é(;&i) _J V-P [L .;.<KXPA 1;'\ K, R Jc\s(31)

\A J =/‘\ VAR [4+(K T '+KZ§Q)S]&5

—

—

32)

We now address the integrand of equation (31) and perform the indicated

operation.
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B‘P Py Rp B—P 3.[.‘
= 3% tag Kax S -A—Y—K "9+ szzs (33)

Using another addition to the shorthand notation

Ef// = 4‘” etc., equation (33) becomes
T[T+ (Kt s 4+Kza@)5]
= p* wsx"w@ sx + 75 (34)

By analogy the integrand of equation (32) becomes:

v [T+ (650 e 17T + ks R)s]

= Plgy e ++"+NSK s s k)T (35) |

Substitution of equation (34) into equation (28) and substitution of

equation (35) into equation (29) finally produces the evaluation of the

partials of interest from equation (15). Therefore equation (28) becomes

A(Aé\ - [(j_w«; S)F +KxP$YS+?‘,F<:;§j32 (36)

B Ke
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and equation (29) becomes

(Aéi"? /‘ [K PRs 4 (1+ KZ"Y” 5)#7 + KT %‘ESJ ds

With equations (36) and (37

) the localization condition, equation (15)
becomes |

d (4&) f[(1+K S+ Ky £YS 4 K, s]ds dx

gTKzﬁ’p*er(imj;s)? Kip £%s]dsdy, =0

If the viewing aperture is of roughly the same aimension in all
directions, i.e., a symmetric aperture like a circular or square aperture,

then c{xP and c‘yP can be varied independently in equation (38) above,

which is the equivalent of the original equation (15), the localization

condition. Therefore the two integral terms above in equation (38) must

vanish independently, i.e., can be set independently equal to zero.

Therefore we have that:

J[{i«‘ K::S)PX+K:; NS +KZ§ 5] ds =0
£

Lfsss el goronznd b

In order to render the above equations for the localization condition

into useful form, it now remains to determine expressions for the various
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components of K, and their respective derivatives.

To this end we direct attention to figure 5 which reproduces a part
of figure 4 with certain modifications.

As shown in figure 5 the vector —}Z?_ points from P (xp,yp,O) to
the observation point Q (X,Y,z) which is held fixed while the derivatives
are taken. The distance PQ is denoted by p. The various components of

—n

vector K, are as follows.

PG« g [(Kxe) + (Y -y )7 2] "

and

X =%
Kox*® ’?‘B

Kz\/ = ‘:(—%J'E— (42)

z
V\zzz—f

taking the partials of these compcnents, noting that X,Y,z are parameters

(held fixed) and not functions of X, and Yy » We find:

I

Kar = (? 35 (ko) - (o2 35 ) 5
[‘ﬁi - (X-%p) <_1£[(x-,\%1+<\{_yp)z+ zj%’Z(X’x?)(-i)] f-z

/ i
e \X‘XPy —g
= § l:i‘*‘“——-'“g. _l

1

?f sz: _ __%_}__ (i ) Ku,?.> (43)
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Since K, is a unit vector, we can write
2 z 2
sz\ + KZ\; + Y\Lz = ﬁ_ (44)
Also from the third line of equation (42), we have
=
- (45)
S =
Using equations (44) and (45) equation (43) becomes:
Ko Koz z 2
Ko = 22 (4= (1 "2y ez >>
= " .
-K
= B <1 + sz + K, )
or
Kox = ""E”“‘ sz Kzf\) \ (46)

—

A11 the other derivatives of Kz components can be evaluated in this

way to give:

X ZX

XP - "Kzz. 2 2, . \/P Kq
K*x = -3 (sz "‘KZEj ) K = 5;,'-3- KZUEKZY

Xp Koz , ve  -Kioz 2 2

sz = = sz Kl‘/ 3 Kz/ = 21 (sz +Kzz—> (47)
A K Y -

Kz.‘: = ;_E Kax K?-‘/ ) Kz.::-}%;‘“ sz Koz
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Substitution of the appropriate expressions from equation (47) back

into equations (39) and (40) provides the criteria for fringe localization.

Jo [i -'%f (szz*‘ Kzzz)s_:[wox + -%&i Kz,KZYNS

+ 22 Ky ipq £% 5} ds =0 (48)

‘/O\TKQE Kax KL{J:KS +[_1 -fzig;( szz+Kzza> S_—}‘py

K 2
+_'ZZ"“¢%‘ KZ\/ Kaa'p S}C{S =O

Here the subscript. 1, has been introduced to emphasize that Zq is
the =z coordinate of the point of localization along the ray in question.
Such localization tends to form near steep gradients of refractive index.

These equations (48) and (49) relate the surface of fringe localiza-
tion to the distribution of refractive index change and the geometry of
the holographic system.

In the above equations the distance s, is the distance from P to Q
along the ray whose specific length we seek. If this distance s is

measured from the diffuser, in figures 4 and 5, that is the plane z=0 then

i
@
2

[-ag
D =

X

22
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Incidentally recalling equation (45) we see that

7
S =KL = S

and one value of S 1is the directed distance PQ .

Expanding equations (48) with substitution of equation (50) we have:

Z?"ds ‘:/\ K“‘( sz +K,\2ﬁ)"‘~ 10 ds +/’ Kza K,x Knﬂ”""‘q‘s

+f KZZE szKz_e'pg £ AS =0

- Kzz

Jow;"as —f7szz+Kzaz) 2f"ds +/WK2*K21‘NE_JS

e Eﬂ. e Z.i

o ks Kufz ds = 0

-

Transposing

LTds < U ttar) s [ Toted 2 4o o[ Feakia ey,

Z3
Crossmu]twp]ywng 23 ﬁv/n P s and perform1ng the same operations

on equation (49) we have: )

s X y z
21 g} ~_/.,/° [(K}_y Z+ KZEZ>£' - sz Kz\/‘p - sz KZE-PJZ ClS (51)
S ftds
»J;[" K2%K2Y7CX+(Kz;*KzYZwPY‘KZY KZE-P:ﬂZ?‘C(S (52)
Z = ,/Haoa
1 AL Mds
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This is the general localization criteria which is referenced to the

coordinate frame in the plane of the diffuser. Once a specific field of
refractive index, f(x,y,z), has been substituted into equations (51) and
(52), each equation represents a surface in the object space. The inter-

section of these surfaces is the curve of localization. The curve of

localization is the locus of all points of fringe localization when the
entire object field is viewed in a single observation direction, :§; . (If
the object field is relatively wide this may require the use of a telecentric
telescope, consisting of two lenses separated by a distance equal to the sum
of their focal lengths, and having a small aperture at the center of the
focal plane between them.)

(It should also be noted that if one wishes to write the equation of a
surface or curve of localization in the (X,Y,z) coordinate system of figure
4, the following transformation must be made.)

X:x—-———&-‘él )z

22
- (i)
22
Insight into the significance of the localization condition can be
gained by considering the case in which the interferogram is viewed along

the z axis. In this case 722='R, and equations (51) and (52) become

J_; Mz da (53)

= re

L T s
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and

-A:ffpyaz dz
T T de

Z

Thus in this perspective, directed along the z axis, the fringes

localized where the first moments of R and & vanish, that is where the

rate of change of the gradients in the x and y direction is zero.

The question now arises: Can this interpretation be extended to

arbitrary viewing directions? Of course it can because the orientation of

the original (x,y,z) coordinate axes is arbitrary. However once the

coordinate axes are fixed, the equations can still be written in a compact

form in terms of Vf for an arbitrary viewing direction K,. To do so, we

A

N A
introduce two unit vectors Kh and K, which are the projections of i and

? respectively onto the observation plane which is normal to K

.- The
FaN — s . . a—
vector Kh, is normal to K,, is a unit vector, and is coplanar with K,
A
and ¢ :

A = A
Kh'KZ'k:O
A

w—
Similarly, Kyis normal to K, , is a unit vector, and is coplanar

with
— A
K, and { :
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R, K, =0
'{m: 1

Kk g= 0

The solution of these equations is

N
Comparison of the comoonents of K, with the coefficients in the numerator

of equation (51) indicates that the first localization condition can be

A A
& _ ?(szz*“(z;> "‘;(\&zy\Kl\(— K KynKaz
h - 2 2
(KZY +K22 )17/2-
A

A A A
- "t szsz+’f<_K2xz+‘x’\z\[2 -K Kz\{KZE

x
<
I

(Kz:/\z ¥ Kzzzy‘i

written as

:(KZYZ+K122>J:Nﬁh.V$ Zd=

Z, o~
J; £ 4z
However
Z=K,25
dg < K, ds
so
2 2 v, NTR
. Kas KH+KZ;)2£ K, VEsds
4 Kzzl $7ds
68
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Finally, we note that

z %
Khxz(K +Kzz>
SO
Z Koz 8 L /Rh'VF s ds
il e
and
z, - Koz KVY_J:O Ke* V& s ds
%ﬁ EAPE

(67)

In summary, equations (51) and (52) are the solutions of the forward

problem of fringe localization,

curve of fringe localization,

For a given f(x,y,z) they describe the

These two equations can also be written in

the more compact, but not necessarily more convenient form of equations (67)

and (68).
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SECTION IV (Continued)

Investigations into the Reconstructios of Refractive Index Distribution -
The Inverse Problem - Fringe Analysis

We have presented a detailed discussion of the forward problem. This
process carried us figuratively from inside the phase object out to the
hologram and the effects of the phase object determined the pattern of tne
fringes in the subsequent interferogram.

The problem to be addressed here is the inverse of the forward problem
and this process attempts to take us back in time, as it were. That is we
must take what the interferogram has to offer and walk, figuratively, back
through the holographic process and seek to determine what refractive index
distribution of a phase object could have existed to cause or create our
given interferogram,

We will see that in the general asymmetric case this is indeed a
formidable problem. We will, however, present, sometimes only in outline
form, what represents the current state of existing knowledge on the subject.
Much of this section is drawn from various sources and as such will be
appropriately referenced. The basis for most of this section closely
follows that of C. M. Vest of University of Michigan, which was done, for

this project, under a consultant arrangement by Vest with the TAI Corporation.

Inversion Techniques1

The pathlength change 49 for an interferogram can be evaluated, as

shown earlier by use of

Ai (X,\]’) 7‘/}‘/\[1’\(}\,\[‘,2) - no] dz = NA (68a)

This equation must then be inverted to determine [n(x,y,z) - no] . The

degree of complexity involved in the required inversion depends on the
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geometry of the holographic arrangement used, as shown earlier, but
depends primarily on the structure of the phase object. In practice we
are generally confronted with three cases.

(1) Two-dimensional phase objects, with no variation in the z
direction (direction of propagation).

(2) Radially symmetric phase objects.

(3) Asymmetric phase objects.

Each of these will be discussed in turn.

Two-Dimensional Phase Qbjects

Inversion of the above equation for this type of phase object structure

is relatively simple. Consider that the phase object of interest has a

length, L, in the direction of propagation of the illumination wave and let

this be along the z axis of a rectangular Cartesijan coordinate system. The

change in refractive index to be determined by inversion is then only a

function of x and y. In this case the above equation becomes

L
N (xp/))ﬁf [n(x,y.2)-no] dz
= [ﬂ(:\,y,z)—ﬂbl L

therefore

N (x,y)
L

An= n(xy2)-n.] =

This relation, though simple to determine, is often quite useful
because flow around airfoils, temperature distributions near long heated
cylinders and many other structures encountered in practice are two-dimen-

sional or approximately two-dimensional.
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Radially Symmetric Phase Objects

This particular structure is quite commoniy encountered in investiga-
tions of flow around cones, jets, thermal plumes, flames, plasma arcs, and
many other practical situations. We have mentioned it in a previous
section and we will use it again, in connection with analysis of original
experimental data, in the next section.

Objects of this structure may be either spherical, cylindrical or
cubic etc., dependent on how we orient them with respect to the propagation

axis. In either case its refractive index is a function of radius only.

For convenience Tlet
Fery= neey-n,
Figure 2, of the background subsection of this section depicts an

optical ray traveling in the 2z direction through a radially symmetric

phase object. Since

dz = d (rmx®) 2o (raty % r 4y

equation (68a) becomes

R
N () X = zf ff{\;)‘k\g

In order to conveniently treat equation (69) we must assume that the

phase obiect decays smoothly to zero at large radius, and has no included
discontinuities. However many phase objects encountered in practice behave
this way and the constraint is acceptable. It is convenient to rewrite

equation (69) as
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The right-hand side of equation (70) is the Abel transform of f(r)

The inversion formula for this is well-known, it can be derived by
classical methods2 or more conveniently by transform methods3. It is

given by

o
i%ﬂ j
qfér)—-},ﬁ? dx
= 2_ ¢\ V.
/ TR
From this we observe that an interferogram of a radially symmetric

phase object displays contours of constant value of the Abel transform of
n(r) - ny-
In the analysis of interferometric data the fringe order number, N{(x)
is known only at a finite number of discrete locations and must be inverted
numerically. Various inversion schemes can be used and must be based on
gither equations (70) or (71). Our first approach is to consider that the
phase object is divided into a specific number, I, of discrete annular
zones or elements of constant width, Ar, as shown in figure 6. The
objective is to determine I discrete values of f(r) from data consist-
ing of 1 discrete values of N{(x). To solidify what is actually happening
observe figure 6 and consider that the interferogram furnishes the discrete
values of the fringe order number for the position along the positive x
axis of figure 6. Our impending analysis will determine the discrete values

of f(r) from data for N(x) along this direction and for the I v>lues of

the annular elements. Since the structure is radially symmetric we can in
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effect rotate those values of f(r) so determined through 2w about the
y axis to fully generate the required concentric annular zones of values
of f(r).

Inversion methods based on approximating equation ( 70) lead to a system
of algebraic equations which must be solved. We consider that each annular
element has a uniform refractive index. The index of each annular element
is also discrete from that of its neighbor elements, yet it is considered
to be so closely matched that a smooth traﬁsition occurs with no real
discontinuity being present. Let fi denote the value of n - o for the

element r.

§ 2T 20y, where 1y = dAr . (This provides for the final

summation of the radial position.)

With this approximation equation (70) becomes

+1
N = Z—E pf“m{r (72)
(r*r, )
The integral in equation (72) has the value

(rkﬂ - ‘i >/2-—<Y‘ )V?—-: AY{[{K+1)Z_ .L'LJ l/z_(Kz_lZ.\)'/z.z
thus »
N;_/l = 22 'PK Ar {[CK*L\I-LZ}VZ_ LK:_Lz>Vz
Kzt

S0
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Where the coefficients Aki are

Ao ([t (5]
Equation (73) represents a set of simultaneous algebraic equatiens which
must be solved for the unknown values of fk . The solution is reduced in
complication since the coefficients Aki form a matrix of lower
triangular form, so that

AN

= A h
S ar -1 (1-2),iT-1) T(z-1)

A
2 Av N2y

= A(z-z),(x -2) 'Qx-z) * A(x-:!)-(I'-Q 10@‘1)

A -
2 Av N(I-S) - A‘I'?’),(T-S) ’[21’-3) + Au:-z),g-sy 'pa-z‘)

+ A(I"l\)’ (I*.i\) 'P T-1)

The outermost element, see figure 6, is located so that fI = 0. Each
value of f should be calculated in sequence starting at the outer radius
and working towards the center. The coefficients given by equation (74) have
been computed and tabulated by Hauf and Grigu114 up to I=25.

Alternative inversion schemes can be developed by using more complex
representations of  f(r) : each different representation yields a

different set of coefficients A, for use in equation (73) [ref. 5-17].
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To summarize, many methods are available, all based on the numerical
approximation of equations (70) and (71), for the analysis of the interfero-
grams of radially symmetric phase objects. The best method for any specific
application is, of course, dependent on the phase object structure,
orientation, data accuracy and data point density. A study by Ku]agin17
suggests that the method of Nestor and O]sen10 is the best general purpose
method and can be expected to give reasonable accuracy and have Tow sensi-
tivity to errors in the data. The safest procedure is to try severai
methods with known functions f(r) similar to the one expected to be

measured, and to compare the methods with regard to accuracy and sensitivity

to random errors in the data.

Asymmetric Phase Objects

Determination of an asymmetric refractive index distribution requires
analysis of a large number of interferograms, each recorded from a different
viewing directien. Holographic interferometry is ideally suited for
recording such data, which is termed multi-directional interferometric
data. However the determination of the necessary refractive index dis-
tribution from such data is at best a most complicated effort. Even though
this subject has been investigated only recently there are many approaches
to various inversion schemes. One fact stands out as common to most of
the inversion techniques and that is the role of still another transform,
the Radon transform. An interferogram of an asymmetric phase object dis-
plays contours of constant value of the Radon transform of n(r,¢) - n_ .

0
So we see that the Radon transfarm plays the same role for asymmetric
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inversion that the Abel transform plays Ffor the radiaily symmetric
inversion.

Various inversion methods are treated in the Titerature in references
18 through 34.

In this section we intend only to provide an outline of the analysis
of the inverse problem of fringe localization for the asymmetric phase
object. We classify it in two forms: First it is given in the spatial
domain. In this case the objective is to derive a set of algebraic equa-
tions which directly relates the urnknown refractive index to measured
values of fringe localization. Second, the problem is considered by using
the Fourier transform, because this approach is so useful for the analysis

of reconstruction from fringe order data. In each approach, we first

review the corresponding analysis of reconstruction from fringe order data.

Spatial Domain

*Reconstruction from Pathlength Measurements

Consider that the refractive index of an asymmetric phase object is

given by n{x,y,z) - n We address the problem of determining this

o
distribution in a particular plane z = constant. In this plane the

refractive index can be denoted in Cartesian coordinates by
flx,y) = n(x,y) - n,

and in cyiindrical coordinates as
f(r,e) = n(r,¢) - ng

both represent the same physical distribution in two different coordinate

systems, Figure 7 provides the notation for data recorded in a particular
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viewing direction. Using this notation the expression for optical path-

length difference is

N(P, e).xzjjp(r, #) STP-r win (#-8Y] dxdy

© specifies the given observation direction and N(P,4) is the fringe
order data read from the interferogram in the manner discussed throughout
this section. & s the Dirac delta function so the integral on the
right-hand side equation (77) represents the line integral of f(r,¢)
along a straight ray passing through the phase object. The limits as
before assume that the phase object decays smoothly to zero at the edges
of the field. The right-hand side of equation (77) is the two dimens‘anal
18

Radon transform of f(r,d) The inverse of equation (77) is

A AP
‘C<V, 7’5) ‘Zﬂzl/ r sin(#-6)-F
2 - O

19

This inversion was given by Berry and Gibbs™” and is a special case of the
inverse Radon transform discussed in references 18 through 23.
Interferometric data consisting of a set of measured values of fringe
order number N{P,®) must be inverted numerically. Inversion schemes
can be based on numerical approximations of either equation (77) or (78).
Methods based on approximating equation (78) lead to a system of algebraic
equations which must be solved. To this end consider the region occupied

by the phase object to be divided into discrete rectangular elements of

dimension Ax by Ay, where from figure 8,
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Consider that each rectangular element has a uniform index of refraction.
Let fk denote the value of refractive index change of the element
centered on the point X =mAX , andy = ndy , where m and n are

integers. The subscript Kk is related to m,n by

Ken(M+t) +m + 14
Let the fringe order number N, , be associated with the ith ray travers-
ing the phase object. This ray is specified by the coordinates P,® . If
Aki denotes the Tength of the segment of the ith ray which lies in the

kth element, the total optical pathlength difference for the ith ray is

given by

Where K=(M+1)(N+1) is the total number of elements. Equation (80) is a

finite sum approximation to equation (77). The coefficients can be deter-

mined geometrica11y24 as: Ak1=
~Ax|tan8
Ax sec 8 -Por'blSA‘{ Z‘anl
A
anA lfanQ\S—ExL
gt -
AN sec B For lb’ s Axhd';_( or

and \fAnG‘ > "%%Z
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< Dyeax|tan®] |
A

Por le] < .‘.5_233 and \-i:anelcoo

M

ax [tan8| +ay

O 'POY' ‘,b\ > 2

0 Por el > Ag“ and |‘é‘an9(=°°

Wheve
b=PsecB +maxtand - n Ay

and
Pemax fov G -=- 'g‘
C =
P+ max for 8 = %
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If the number I of pathlength measurements is equal to the number of
elements K, a system of K linear algebraic equations of the form of equa-
tion (80) can be generated and solved for K unknown values fk‘ This
approach to the analysis of holographic interferograms was introduced by

Alwang et. a1.2d

*Reconstruction from Localization Data

Earlier the equations describing fringe localization in holographic
interferograms of diffusely-illuminated transparent media were derived in
detail. We repeat the result of that discussion here in a notation convenient
for the present discussion. We assume that the region of interest lies in
the xy plane. Furthermore, we assume that the viewing telescope has a slit
aperture oriented parallel to this plane; then a single equation will govern

localization:

The denominator of equation (81) can be evaluated from the interference

pattern formed by rays traveling in the x' direction:

‘05; ’ d " /_ _C{j___ (
S aved [haendt

-

Since N is fringe order, dN/dy' = 1/Ay; where yi is the local fringe
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spacing. If the subscript i denotes the jth ray as in figure 9 it is

convenient to introduce the quantity

!
S X l) (83)
l?i A'( l/A‘f.;.
The quantity 9 is the product of the wavelength and localization position
divided by the fringe spacing. This will serve as the data from which the

refractive index change f{(x,y) is to be reconstructed.

We now must approximate the integral equation

-0

’OB‘P ! 1 (84)
f S«; x'dx' = Aq, = ch(P,e\

Using the notation of the preceding subsection, this can be written as

K
K% BK.L@:‘,) - 4q, (85)

where

k-4
1 (86)
By :(,Za & +2) At

[t is assumed that f = 0 outside the region of interest. Now we introduce

a finite difference approximation for afk/ay' , after noting that
AF M

-y SF
Sy;‘éx COSG"_éy S:f\e

For all interior nodes a central difference approximation can be used:

oF e
A N ot f
}y ( ZAXT\\ i,n cos 8 +( :ﬂ+Z|Axm‘n..1> SU’\Q

If an element 1ies on the boundary, the central difference cannot be used;
it must be replaced by an appropriate forward or backward difference.

Equations (83)-(85) together with the preceding definition of As
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constitute a set of linear equations which can in principle be solved for
the K values of fk.

In practice this procedure may be difficult to implement because it
involves using data which are 1ikely to have a rather high degree of
uncertainty, and because it involves finite difference approximations to
derivatives in the definition of Bki and in the evaluation of the deriva-
tive of fringe order. It may be that these equations can best be used as
ancillary equations to those discussed in the preceeding subsection, that
is as a way of increasing the number of available linearly-independent
equations. Solving both the optical pathlength and fringe localization

equations together might be particularly helpful when the range of viewing

angles is small, as it is likely to be in the subject experiments.

Fourier Transform Domain

*Reconstruction from Pathlength Measurements

Here we review the Central Section Theorem, which provides one of the
most fruitful ways to consider the reconstruction problem. In the notation

of figure 10,fringe order number is related to f(x,y) as

Loy de = angy (8)

The cne-dimensional Fourier transform of N(y') is

%{Nq’) -7\} =fo}\ NGy e T 'y;{y'

:ﬂ?(x',y') e " ly;fx'clt/’
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Now note the definition of the two-dimensional transform of (f(x,y):

- N czm(UxAVY)
Flu,v) J]ﬁ(x,y\e “ de&y (90)

Clearly,

F {A N(\/')} = A F(o,v) (91)

i.e., the one-dimensional transform of fringe order data read from an
interferogram yields the values of the two-dimensional transform of f (x,y)
along a radial line, u' = 0 in the transform plane. This result, known

as the Central Section Theorem is the basis of Fourier reconstruction
methods. Clearly if we build up the transform along a large number of
radial lines in the transform plane we can then take an inverse Fourier

transform to reconstruct f (x,y).

*Reconstruction from Localization Data

Here we ask the question, what is the analog of the Central Section

Theorem for localization data? Given

e 92)
NI W (
76) -ix éy'AX
The two-dimensional Fourier transform of the integral is

The one-dimensionai transform of g(y') is

. = mtamwVly o,
G- [ame™ Ny )

i s -iamvyl Y
- ‘16 dela ,= X,-——-—,
ﬂ%‘/ 7 }2{ éyjc v’
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Hence we have the result

5 ]

D}

u,o

Even though this result is simple in form, we have not been able to
deduce a reconstruction algorithm from it. One may not exist. Clearly
it could play a useful role in conjunction with Fourier reconstruction
from pathlength data in the following manner. The Central Section Theorem
applied to interferometric data leads to known values of the Fourier trans-
form along discrete radial lines. To use fast Fourier transform codes on
the computer the values must be known on a rectangular grid of points.
Hence it is necessary to interpolate from one format to the other. The

derivatives of the transform given by equation (95), if accurate, would be

useful for this interpolation.
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SECTION IV (Continued)

Some Tentative Conclusions on Reconstruction of f{r) from Asymmetric Phase
Objects

i. There are cases in which the refractive index field cannot be
reconstructed from Tocalization data alone. An obvious example is a
radially symmetric field; in this case fringes localize in the center plane
for all viewing directions. This does not provide sufficient data for
reconstruction.

ii. For the general case it is possible to formulate a linear algebraic
set of equations which relate refractive index to measured values of
localization position. As far as we can discern at this point in time
these can in principle be used to reconstruct the refractive index field,
except in special cases. In any event, these equations increase the
information available., For example if the localization methods are accurate,
these equations could be combined with the reconstruction equations based
on fringe order. This yields greater redundancy and should improve the
accuracy of reconstruction, especially when only limited viewing angles are
available.

iii. If Fourier reconstruction methods are used to invert fringe order
data, fringe localization data in principle provides useful information for
improving the accuracy on interpolation in the transform plane.

iv. Localization data could be used for iterative reconstruction from
fringe order data. That is, at each step one could calculate the fringe
lTocalization position based on the reconstructed field and check for agree-

ment with measured values of localization position.
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v. The phenomenon of fringe localization is always useful in the

e IR

sense that it discloses symmetries of the field, assists the viewer in
Tocating the field in space, and helps one to form a qualitative impression

of the structure of the field.
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SECTION V

QUANTITATIVE APPLICATION OF FRINGE LOCALIZATION AND INVERSION PROCESS

THEORY TO A PRACTICAL EXAMPLE IN A TRANSPARENT MEDIUM

It is the objective of this section to discuss various applications
of the theory presented in the last section. We provide a detailed dis-
cussion of the application of the theory of fringe localization (forward
problem) to the special, practical case of a radially symmetric field
withAtwo refractive index variations. We then provide confirmation of
this theoretical result using original experimentation from the simulated
HOSS system. We further present several other original experiments, using
the HOSS system, along with results and analysis of their data. Finally,
we provide a collection, or recoup, of the conceptual theory to fix
ideas, and provide a simplified computer code for analysis or inversijon
of data from the radially symmetric field using 9835A BASIC, with detailed

instructions for implementation.
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A Specific Application of the Theory of Fringe Localization

As shown earlier in Section IV, the optical pathlength difference

r\Ar

2)1

Ap (1) =

where x is normal to both the axis of symmetry and the viewing direction.

for a radially symmetric field is:
«[ (r*-

We have indicated earlier that the fringes localize where the moment of
the gradiznt of f (r) normal to the viewing direction vanishes, and for
the radiaily symmetric phase object, the fringes will localize in the
center plane of the object field. This is illustrated by original ex-
perimentation using the simulated HOSS system presented later in this
section.

For the moment, let's pursue the details of an hypothetical ex-
periment with regard to prediction of fringe localization. Then we will
produce the results of a similar experiment which supports our theoretical
conclusions.

Consider two radially symmetric phase objects, which are plumes of
heated water above small, identical electrical heating elements. This
experimental situation is displayed schematically in figure 1. Our view-
ing direction is along k,, so that the optical axis passes diametrically
through both heating elements. Because of symmetry, the moments of the
gradient normal to the viewing direction vanish in the plane midway be-
tween the two objects. If our viewing direction is along, say kz' of
figure 1, then again because of symmetry, the fringes due to each phase
object independentiy will separately localize in their respective center

pianes.
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Let's assume that the radial distribution of refractive index change of
our plumes of heated water is Gaussian. Then our plume (phase object)
which is centered at Z = Zy,, has a refractive index distribution fi(ri),

given by

] S \? 1
p; (r) “'poi exP[(m\] i)
Similarly for our second plume, which is centered at Z = Zy2, has a re-

fractive index distribution fa(r.), given by

b\ (2)
£y - By exp (2] 2

where fg1, and foo represent the maximum value of refractive index andg
rg1 and roa are the characteristic radii of the respective plumes of
heated water, i.e., phase objects.

Recall from Section IV that the equations of fringe localization for

e
an interferogram viewed along the z axis, where ki = k, are given by

) J:‘)z“z dz

Z, = =
L,o"dz

L

and

Ny
v/\ {\ 2 dz
7, o= =
_\ o0
S de
In our case where we view our interferogram along the z direction, ‘ocali-
zation is determined by the use of the first one of the two localization

equations above. The second equatizin is not used since & = 0 for our

case.
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Further, recall that in our notation of Section IV Y = 3f/ox. We

then must first evaluate the gradient of our refractive index distribution.

Mooy | K2+ (2 -2q)" |
D% Bﬁ 'P01 Exp - vz 1

0l

) X% (Z-2o )L
+-Pop_e’q>[’ *Y‘ZzJ

oz

£, L (22
= —2)«(—;‘?3 eXP£X+ Cf f"g ]

2 2
,Zx(ﬂz > exp % A +(§-sz) ]
For b2

o)

Substitution of equation (3) into the first of the localization integrals

and evaluation of this integral erquation produces the equation of the sur-

face of localization, i.e.
Zo, 'po'>exp[(___\l ( :7_1> eAPL._.\?-]

exp[E\J (Y i ex (..}]
0‘2.
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In our case rg1 = roz and fo1 = fo2, and

and the surface of localization for our case becomes

ZO' +202.

33

Using the simulated HOSS System, described earlier in Section III,

we performed an experiment, designed as closely a: possible to comply with

the characteristics of the above described hypothetical experiment. (A
similar, but separate, experiment has been presented and described
qualitatively in Section III.) Presented below are some of the results
of this experiment which are offered in support of the theoretical find-
ings on fringe localization.

Double exposure holograms of two heating elements were taken as
shown in Fig. 1. In the construction, the straight line bisecting the
centers of the heating elements was normal to the plane of the diffuser
yielding a hologram which showed the elements located "on-axis" in the
object beam. The distances used were Z,, = 0.5 in (1.3cm) and Z,, =
3.5in (8.9cm) = distance to plane b. The distance to plane a may,
therefore, be calculated from Equation & to be 2y = Zin(s.lcm).

Upon reconstruction of the holograms. photographs of the real
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images as projected using a %" x 2" vertical slit in the collimated re-

construction beam are shown in figure 2. The tcp row of pictures shows

the results of exposing the first half of the double exposure during

the quiescent state, then applying power to the heating elements for 30

seconds. Immediately after this 30 seconds of heat, the second half of

the exposure was taken. The bottom row was taken with a 60 second delay
between "heat off" and thke second half exposure. The right-hand column

of photos shows the image in plane b while the left-hand column displays

plane a which is the plane of localization as predicted by Equation 6.
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A Presentation of Several Experiments Using The Simulated HOSS System
With Quantitative Data Analysis.

On obtaining an interferogram where the fringes are due only to a
single radially symmetric disturbance, and with a temperature of the
test cell, the index of refraction and thus the temperature (or vice
versa) within the disturbance can be calculated in two ways. The first
way is a quick way of determining the average temperature over a specific
region of the disturbance. The second method (already presented in
theory of Section IV), generates a reasonably detailed map of refractive
index and temperature of a cross section taken through the disturbance.

In order to present the first of these methods, attention is di-
rected to figure 3 which presents an interferogram of a doubly exposed
hologram which has employed a diffuser in the object beam. The phase
object is a plume of heated water rising from a heater element during
the second exposure and has a temperature probe positioned in the plume
as shown. We seek to determine the average temperature in the region
of the temperature probe tip. The depth of the test cell (along the
object beam) was 10cm.

This method of analysis uses the concept of zeroth order fringe (ZF)
discussed in Section II.

As the heater element is turned on, between the exposures, the water
in the entire test cell begins to slowly heat up from the top down to the

bottom. This results in background fringes and provides us with the
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zeroth order fringe. We wish to calculate the temperature on the left - and
right-hand sides of the temperature probe.

From figure 3 there are only two bright fringes from the bottom up
to the level of the temperature probe tip. This provides information for
calculations of the temperature at the left-hand side of temperature probe
due to its level in the water bath. We call this left-hand side the out-
side of the temperature probe and the right-hand side the inside respec-
tively. In this way we refecence to its position in the plume. Usings =

10 cm for test cell depth and A = 514.5 rm in

NA
AN = 57

we find for the outside

-5
An==| %10

From CRC tables for water at approximately 209C a An of 1><10"5 corresponds
to a AT of 0.19C. Since the ambient temperature of the water bath after
the first exposure and prior to heating was 20.2°C, then the temperature
at the outside edge is
20.3°C = ambient temperature + AT

Because the sensor tip of the temperature probe was relatively large
(4mm), it senses an average of the temperature across it. We must now
determine the temperature of the inside edge of the probe.

On counting the fringes from left to right across the tip of the

probe, figure 3, we find N = 4. Again, using probe diameter of 4mm

NA  ax -4
AN ="g =m=S.OX\O
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From CRC tables a An of 5x10-4 corresponds to a AT of 5.3°C and the
temperature at the inside of the temperature probe is

25.69C = outside temperature + 5.3°C
The average temperature across the probe is then

20.3°C + 25.6°9C = 23.0°C
2

The temperature reading for this position sensed by the probe was
22.5°C.

We will now address the second, more detailed method and we will em-
ploy this method to the analysis of two distinctly different experimental
techniques of recording basically the same phenomenon. In one of these
experiments we employ a single exposure hologram and a single heater ele-
ment with no diffuser. This constitutes use of a collimated 1ight source
and classical interferometer for fringe production. In the second ex-
periment, everything remained the same except we employed a double ex-
posure hologram with the diffuser in the object beam and utilized localized
fringes. We describe and analyze the single exposure hologram experiment
first.

A collimated beam of 514.5 nm radiation was incident (without diffuser)
on the test cell of water after a single heater element had been turned on
for thirty (30) seconds to create a radially symmetric disturbance as the
phase object. A temperature probe was Tocated in the center of the heat
plume to provide a reference temperature determination. The ambient
temperature was 22.0°C and the temperature reading at the time of exposure

was 33.49c,
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The hologram was processed and replaced in position to generate an
interferogram using the simuiated HOSS system shown in figure (12} Section
III. The interferogram so genersted is shown in figure 3, which labels
the cross section under investigation. cross section number 1. This
cross section was analyzed using the Abel inversion technique already

described in Section IV under Inversion Techniques.

Using this technique, a computer code called "RINDEX", was produced
which was a prototype of that code offered for analysis at the end of
this section. This program provides for the mapping of refractive index
and temperature from interferometric fringe data.

The basics of the analysis procedure is to first calculate the re-
fractive invex of Hy0 at the ambient temperature of 22.0°C. This is done
via an expression from reference 1:

5

n - 1.337263 = - (2.8767T + 0.14825T%) x 10

1.33590.

This produced that ng
The An for each region or annulus of the disturbance is calculated
using the equations from Section III for the Abel inversion techniques.
This yields an annular map of the radially symmetric disturbance. The
An calculated for each sequential annuli in the map, starting from the
outside of the plume and reading in toward the center, are sequentially
added to the calculated value of ny. This yields the absolute index of
refraction, n, for each region of the annular map. The indices of re-
fraction for each region of the map are then converted to temperature

values (9C) for the map by using the expression above.
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Figure 5 shows an enlarged view of the selected fringe cross section
nwber 1, Note that the fringe order is negative if the density de-
creases as we go from outside, ng, toward the center of disturbance and
the fringe order is positive if the density increases toward the center.
(The reverse is appropriate for the temperature calculation and our
computer program accounts for this.)

Figure 6 displays a table of the values found for index of refraction
and temperature for the map of the first quadrant of the disturbance.

Figure 7 shows a plot of the temperature versus distance for the
radius of the disturbance,

We now describe and analyze the double exposure hologram experiment,
i.e., the second method. The double exposure experiment had the same
collimated object beam except this time it was incident on a diffuser
plate. The temperature probe was at a slightly different position in
the radially symmetric disturbance. The first exposure was at ambient
conditions with a temperature of 21.4°C. A single heater element was
again turned on for thirty (30) seconds and a second exposure was re-
corded. The temperature probe reading at the time of the second ex-
posure was 32.20C.

The doubly exposed hologram was processed and the interferogram
produced is shown in figure 8. The data from this interferogram was
processea by the same computer code, RINDEX, in the same way as before.
Figure 9 displays a table of values found for index of refraction and
temperature for the map of the first quadrant of the disturbance.

Figure 10 shows a plot of the temperature versus distance for the

radius of the disturbance.
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A Summary of the General Theoretical Cencepts Presented and Presentation

of a Useable Computer Code for Analysis.

In order to summarize the general concepts presented thus far on the
theoretical description of fringe localization and inversion of fringe
data we once again direct attention to the radially symmetric phase object.

Consider the interpretation of a diffusely illuminated holographic
interferogram of a radially symmetric phase object. To fix ideas, examine
figurell., Light is scattered by an input diffusef through a transparent
fluid medium which has a homogeneous refractive index, n,, at the time of
the initial holographic exposure, A phase object, for example a thermal
plume or a mass diffusion boundary layer, is then introduced and examined
by either real-time or double exposure holographic interferometry. This
object is assumed to be symmetrical about an axis, which for convenience,
is assumed to be vertical. We now address the question of how the
refractive index, n(r), of this field can be determined from the fringe
pattern. Heré, r, is the radial coordinate measured from the centerline
of symmetry.

Recall that two types of information are available from the inter-
ferogram.

(1) Fringe number, position and spacing.

(2) Fringe localization.

To determine the role of fringe Tocalization in this case, assume that we
view the object field (through the hologram) along the direction k2,
parallel to the z axis. Now consider the solution of the "forward

problem" which has been derived in Section IV and above in its simpiest

form as
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These equations were interpreted as indicating that fringes localize where
the first moments of the refractive index distribution, X and fy, normal
to the z direction (direction of propagaticr) vanish. In the radially
symmetric case if our viewing direction, ka2 , lies in the xz plane, the
numerators of the above fringe localization equations will vanish because
of symmetry, if the origin is located along the axis of symmetry as shown
in figure 12. Therefore the fringes for this case will localize in the
center plane of the object field. The orientation of the xz coordinates
is arbitrary, so this conclusion will be valid if we use any other viewing
direction k2  in the xz plane, as shown in figure 12. We therefore

conclude that for radially symmetric phase objects the fringes will

localize in the center plane of symmetry normal to any viewing direction

k, which is normal to the axis of symmetry.

Now Tet us determine what this result implies for the "inverse
problem". In Section IV this was approached in two ways: by finite
differences in the spatial domain, and analytically in the Fourier
transform domain. First consider the latter. The data, g(y') as was

given in Section IV is
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q(1) =) RTIL

where x' s along the viewing direction and y' 1is normal to it. We
have shown above that this is a constant for any given viewing direction
i.e., fringes localize in a plane orthogonal to the viewing direction.

When we use this fact in

ARG

4,0

of Section IV, the result simply indicates that the transform is radially
symmetric. This result is correct, but it does not contribute a
reconstruction.

Similarly the spatial domain formulation leads to « 2t of algebraic

equations which, from Section IV, we can represent as

S Crate = lﬂc

K=t
where the coefficients Cki are determined by geometry and the finite
difference representation of derivatives of f =n - no, fk are the

unknown values of f, and g; are the data of fringe localization

7\3L = A(%y¥'>

defined by
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from Section IV. For simplicity, assume that we locate our coordinate
origin at the axis of symmetry of the phase object. In this case

g; = 0, and the above equation will be homogeneous. Since there are no
unknown parameters to serve as eigenvalues, this set will have no
solutions. Again, the localization data cannot be inverted to determine
n(r). We conclude that:

‘The role of fringe localization in the case of radially symmetric
phase objects is to disclose whether or not the phase object does indeed
have radial symmetry. Radial symmetry is assured if, as the observer
changes viewing direction about an axis, he observes that the fringes
always localize in a plane which contains that axis and is normal to the
viewing direction.

‘By symmetry, the fringe pattern will be the same in any localiza-
tion plane.

*Once radial symmetry is recognized by the localization effect,
f(r) can be reconstructed by use of the Abel inversion technique to

interpret fringe order data.
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Inversion of Fringe Order Data

This section includes a 1isting of computer code, written in Hewlett

Packard 9835, BASIC, which enables the user to interpret fringes formed
by holographic interferometry of a radially symmetric transparent object
field. Given the fringe pattern, the refractive index as a function of
radius is computed. I¥ Iiffuse illumination is used to form the inter-
ferogram, the analysis applies to the fringe pattern in the plane of
localization. If collimated illumination is used, the analysis applies
to the fringe pattern recorded by a camera focussed on the center plane
of the radially symmetric object.

The computer code presented here is based on the discussion in the

subsection on Inversion Techniques discussed in Section IV of this

report (and applied via a prototype program above). Figure 13 depicts a
fringe pattern and indicates the manner in which fringe order would be
assigned to dark and bright fringes if the object has a refractive index
which increases from ng at the periphery to some maximum value at the
center, The numbering scheme, for the fringe order data, would be the
same, but all orders would be negative if the refractive index decreased
toward the center. (In either case only the sign would be different.)

The objective is to determine f(r) = n(r) - n_ in the horizontal plane

0
which contains the line aa in figure 13. The data are to be plotted

as shown at the bottom of this figure. Either graphically or by curve

fitting, the operator should fit a smooth curve to the data as indicated.

We assume that we deal with objects for which f(r) goes smoothly to zero

at some maximum radius R.
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To prepare data for the computer program, the x axis is divided
into a number of equal increments or widths Ax, and the values of fringe
orders, Ni’ are recorded at each point, x(i). The number of intervals
to be used cannot be specified by any rule. It depends largely on the
smoothness and amount or density of data. The best approach is to use
some exactly invertable function which is roughly similar to the object
under study and to ascertain accuracy of reconstruction and sensitivity
to data errors as a function of increment size prior to analyzing the
experimental data.

The approximate reconstruction of f(r) is effected by dividing the
region of interest into discrete annular rings or zones of width Ar

(which is identical to the width Ax of the data intervals along a&a).

Following the detailed development in Section IV, Inversion Techniques,

one can construct a linear system of equations relating the unknown values
of f(r) in each annulus to the discrete values of fringe order Ni' The
approximation made in this approach is that f(r) has a uniform value

throughout the annular ring r, <r <vr The set of equations can be

i i+ 1°

denoted symbolically as

I

man~

t )
2 AMR« = EK\») s

K=t

The coefficients are given by

Ay * [ [Gen=c] b ("
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fk is the vector of values of f(r) to be computed, A is the wave-
length of the 1light employed, Ar is the increment in radius and Ni is
the vector of data values.

The program fully prompts the user at each step. The procedure for
using the program is:

1. Read the instructions which appear on the output device, care-
fully noting that the outermost radius must be one for which fringe
order N = 0.

2. Enter "1" to continue execution.

3. The computer will prompt "How many data points will be entered?"
Enter the total number of data points including both the center of the

field and the outermost radius.

4. The computer will prompt "What is the radius of the outer fringe
(N = 0) in mm?" Enter this value.

5. The computer will prompt "What is the wavelength of Tight in nm?"
Enter this value in nanometers (e.g. 632.8 for He-Ne light).

6. The computer will prompt "Enter data as requested". It will
then ask for the fringe order at each required radius. The operator enters
each value, as read from the graph in figure 3, when requested.

7. The entered pairs of radius and fringe order are then displayed
on the screen. The operator is asked to review the data, and is given
explicit instructions for correcting any errors in the data and then

continuing.

8. To alleviate operator boredom, the values of the coefficients

Aki are flashed on the screen as they are computed.
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9. The computer will then pause as the system of equations is
solved. The coefficient matrix of this system is trijangular, so the
solution is by a very simple and fast back substitution.

10. The results are displayed in the format:

"at R=0, F= = =---- atR=.2,F= -----

at R= .3, F= === =~- etc."

11. If another data set is to be analyzed, the program is simply
rerun.

The BASIC program accompanying this report is of the simplest form
possible. It can be upgraded easily to carry out more sophisticated Abel
inversion algorithms if desired. Many other algorithms simply require
that more complicated coefficients Aki be used. Some other algorithms
may have better suppression of experimental error; however, if a suffi-
cient amount of smooth, accurate data are available, the accompanying

code should be adequate.
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SECTION VI
CONCLUSIONS

The phenomenon of fringe localization plays an important, fundamental
and practical role in the analysis of holographic interferograms of
opaque objects. An understanding of localization is important in all
but the most trivial quantitative analysis of holographic interferometry
in solid mechanics. This phenomenon of fringe localization also plays an
increasingly important role in holographic interferometry of transparent
mediums using diffuse backlighting arrangement. To date, however, its
role in this casehas been insufficiently pursued. The analysis carried
out by this effort suggests that there is a potentially important role for
localization in the interpretation of diffuse illumination holographic
interferograms of transparent media.

Information about the structure (that is, the spatial distribution)
of changes of refractive index is displayed in two ways in a holographic
interferogram:

(1) Fringe number, position and spacing,

(2) Fringe localization. ’

Traditionally, only data of the first kind has been used, however,
the analyses presented in this report indicate that data of the second
kind contain quantitative information about the object field which can
be used in conjunction with fringe order data, or possibly alone, for
the numerical reconstruction of refractive index fields.

It was pointed out in this report that there are two distinct local-

jzation problems:
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(1) The Forward Problem: Given a refractive index distribution,

determine the surface in which the fringes appear to localize when viewed

from a specified direction.

(2) The Inverse Problem: Using measurements of fringe localization,

determine the refractive index distribution (or use the measurements to
augment the reconstruction based on fringe number, position, and
spacing).

The forward problem was discussed in Section IV of this report. This
work was basically an expansion, adaptation and clarification of work con-
ducted by C.M. Vest, of the University of Michigan, under contract/
consultant to the TAI Corporation for this purpose. Section IV also con-
tains analysis of the inverse problem. To the best of our knowledge, this
was the first treatment of this problem. It i$ useful at this point to
review the conclusions of this report:

(1) The éo]ution of the forward problem is given by equations (51)
and (52) of Section IV. They describe the curve of fringe localization
for a given distribution f (x,y,z) =n (x,y,z) - ny. These two equations
can also be written in the more compact, but not necessarily more conven-
ient form of equations (67) and (68) of Section IV.

(2) There are cases in which the refractive index field cannot be
reconstructed from localization data alone. An obvious example is a
radially symmetric field, for which fringes localize in the center plane
for all viewing directions. This does not provide sufficient data for
reconstruction. However, it does provide sufficient data for specific

structure resolution and thereby indicates the inversion technique to
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be employed for reconstruction.

(3) Four the general case of asymmetric fields, it is possible to
formulate a linear algebraic set of equations, (see Section IV), which
relate refractive index change to measured values of localization
position. It appears that these can, in principle, be used to recon-
struct refractive index fields, except in special cases. In any event,
they increase the available information and might be combined with the
usual fringe order equations to improve accuracy and error suppression
when only a limited range of viewing angles is available.

(4) If Fourier reconstruction methods are used to invert fringe
order data, fringe localization data, in principle, provide information
for increasing accuracy of interpolation in the transform plane.

(5) Localization data might be used in an iterative reconstruction
scheme. That is, at each step one could calculate the fringe localiza-
tion position based on the field reconstructed from fringe order data and
check for agreement with measured values of localization position.

(6) The phenomenon of fringe localization is always helpful in the
sense that it discloses symmetries of the field, assists the viewer in
Jocating the field in space, and helps one to form a quantitative im-
pression of the structure of the field.

(7) An exhaustive Tliterature search was performed and the analysis
of this literature is provided in Section II.

(8) The simulated HCSS system,which was constructed during this
effort, was successfully employed to provide the determination of

feasibility and application of localized fringes. Muitiple holograms
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of various phase objects were constructed and their data and analysis are
included in this report.
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SECTION VII

RECOMMENDATIONS FOR FURTHER STUDY

This report has treated the problem of localized fringes in the
holographic interferometry of transparent media. In so doing it has
provided solutions to the two specific areas of what is called the

Forward Problem and the Inverse Problem. Treatment of the forward

problem was handled rather generally, but the general equations were
rather complicated. Treatment of the inverse probiem, of necessity,
was not as successful for the general case. However, use of the special
but important case of a radially symmetric disturbance did prove to be
successful, and quantitative analysis was performed for this case.

We feel that the general state of knowledge on this subject is
adequately represented in this report. However, we further feel that
this state of knowledge is itself inadequate for the appropriate
realization of the apparent potential that this subject holds for the
jnvestigation of fluid flow visualization. We further feel that the
effort spent on this investigation by the TAI Corporation personnel has
allowed us to specify areas in which further investigation should prove
most beneficial to the appropriate understanding and realization of the
potential of this area of knowledge and its application to the investi-
gation of fluid flow visualization.

Specifically the areas needing further investigation are:

(1) Write the equation for depth of Tocalization and relate it to
fringe spacing.

(2) Computer program for localized formulation.
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(3) Relation of localization to reconstruction theory.
(4) Effects on localization of refraction.
(5) What are the 1imitations due to fringe resolution.
(6) Difference between real and virtual images.
(7) Investigate absolute localization.
) The effect of aperture geometry and orientation on the
extraction of information from localized fringes.
(9) Further effort to attempt the simplification of the general

lTocalization equations.

(10) Pursue other approaches to the solution and simplification

of the general inverse problem.

We wish to thank the NASA for allowing us the opportunity to work
with them on this important problem and wish to request their sincere
consideration of the necessity for performing the further study indicated

above.
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APPENDIX I

Sample Problem

An artificially contrived test problem which can be used to check
the program user procedure is: Maximum radius = 1, No. of data = 11,

Wavelength = 1E6

DATA: X N(x) RESULTS: r f(r)
0 3000 0 2082.35
.1 2960.1 .1 2052.08
.2 2841.6 .2 1982.01
.3 2648.1 .3 1874.42
NG 2385.6 .4 1730.76
.5 2062.5 .5 1552.4
.6 1689.6 .6 1340.49
g 1280.1 .7 1095.17
.8 849.6 .8 813.018
.9 416.1 .9 477.259
1.0 0 1.0 0
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Fig. 1 Typical side band holographic arrangement used to show the feasibility
of fringe localization.
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Figure 2.

Schematic for radially symmetric phase object notation.

—
£
I




) S

, / F\
DIFFUSER < s

»

el APERTURE \\§ f‘("s
SN

OBJECT SPACE (DIAMETER D) i
of any viewing system A

'

v/

IRRADIANCE IN OBSERVATION PLANE

Fig. 3. Schematic diagram of fringe formation from phase object space.

[
4=
o




R Ty — T ——

x .
\ \ f(x,y,2z)

Q(x,v,z)

Imaging Lens

Observation
Plane

Fig. 4. Notation diagram for derivation of fringe localization equations.

146




—
//’ P(Xpe¥p:0)
/Y L3
L
- X ;
, 0 Source
//‘_
: Q(X,Y,2)

Figure 5. Nomenclature for analysis of fringe localization. Points P
and Q correspond to P and Q in figure 2. 0 is the illumina-
tion source.




JRgp——

e
I-1
[-2

Ray
N (x)

“1\

i
i=1 .
-2

Ar
R 2"\.':
1
N\

Figure 6.

crete annular elements of width Ar.

140
A0

Cross section of a radially symmetric phase object divided into dis-




B = T ™=

Figure 7. Notation for equations (77) and (78) . A typical optical ray is shown passing
through an asymmetric phase object f (r,$) and impinging on a particular ob-
servation plan¢e where an interferogram is recorded. Here & defines the ob-
servation direction, and p locates a probing ray oriented in this direction.
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