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ABSTRACT

ELECTRONIC SPECKLE PATTERN
INTERFEROMETRY AND APPLICATIONS IN
ENGINEERING MECHANICS

By

Xiaolu Chen

Holographic interferometry (HI) techniques have been brought to near perfection and
have solved a wide variety of practical problems. The techniques have, however, not
received the general acceptance in industry as their potential should indicate. The major
reluctance stems from the cumbersome and slow process of film recording and

development, and from the method’s sensitivity to environmental disturbances.

This paper describes the calibration and use of an Electronic Speckle Pattern
Interferometry (ESPI) system which is a combination of holography, video recording,
signal processing and computer technology. The major advantages of ESPI are fast
recording (1/30 s), real time correlation fringe display, and computer controlled speckle
pattern image processing with displacement calculation. ESPI also can display real time
modal shape of a vibrating object. The theory of speckle pattern decorrelation and actual
measurements obtained from ESPI are discussed in detail. Some results of using ESPI as
a nondestructive test tool for composite material are presented. Conclusions and

recommendations are presented.
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INTRODUCTION

With the advent of the laser in 1960 and the holographic recording process, a unique
technique which is called holographic interferometry (HI) was created to perform
interferometric measurements on objects. HI was first demonstrated by Powell and
Stetson [1] for vibration study. HI has many advantages as a measuring technique; as the
wavelength of the laser light serves as the measuring unit, it is a noncontact,
nondestructive method with very high sensitivity. In addition, the information is
presented as a three-dimensional image of the test object which is covered with a fringe
pattern. From the appearance of this pattern one can quickly determine the overall
deformation and the location of stress concentrations. HI applications have been
demonstrated by many authors[2-6]. In spite of these obvious advantages, industry in
general has been slow to accept this new technique. HI has been mostly confined to
research laboratories with some notable exceptions, e€.g. Rolls-Royce [7] in England,
Brown Boveri in Switzerland and in the tire quality inspection area. The reasons for this,
apart from the usual distrust towards new unfamiliar techniques, are in two aspects. First,
the stability requirement in holography is not readily compatible with industry
environments unless pulsed lasers are used. Second, the photographic recording process
and subsequent development introduce an annoying time delay which prevents on-line
inspection. Although self-developing and reusable recording media have been
developed, there still remains a time delay between the recording and observation of the
fringe pattern, and direct computer data processing is not applicable. In addition, the cost

for consumable material is fairly high.



The essential of a hologram interferometer is that it records the complete pattern of
waves emanating from the object, both in amplitude and phase, by combining it with a
so-called reference beam. To measure deformation, wave patterns are recorded when the
object surface is in its original and deformed states, and these are combined to give an
interference fringe pattern related to the deformation that has taken place. The
holographic process is used here only as an intermediate step in the acquisition of this
fringe data, and unnecessary information relating to the three-dimensional shape and the
surface reflectance of the object are included. The hologram stores far more information

about the surfaces than is really necessary for measuring surface displacement.

For this reason it is natural to investigate the use of television systems to replace
photographic recording materials and to use electronic signal processing and computer
techniques to generate interference fringe patterns. This technique is called Electronic
Speckle Pattern Interferometry (ESPI). The basic principle of ESPI was developed
almost simultanecously by Macovski et al (1971) [8] in the United States, Schwomma
(1972) [9] in Austria, and Butters and Leendertz (1971) [10] in England. The last group
especially has pursued the development of the ESPI technique vigorously in both
theoretical and practical directions. Later, another group in Norway headed by Ole

Lokberg also started successful research and development in ESPIL.

For speckle pattern interferometry, the resolution of the recording medium used need
not be that high compared with that required for holography, since it is only necessary that
the speckle pattern be resolved, and not the very fine fringes formed by the interference of
object and holographic reference beam. The minimum speckle size is typically in the
range S to 100 um, and it can be varied to some extent to suit the resolution limits of a TV
camera without losing phase information about the surface position, so that a standard
television camera may be used to record the speckle pattern. Thus, video processing may

be used to generate correlation friﬁges equivalent to those obtained photographically.



The major feature of ESPI is that it enables real-time correlation fringes to be displayed
directly upon a television monitor without recourse to any form of photographic
processing and plate relocation. Furthermore, the vibration isolation is relaxed (only need
1/30 s to record a frame of speckle pattern) and no dark room is needed. A computer is
used to control the entire process, to calculate the displacement and present results in

graphical form. The advantages can be summarized as follows:

1. Does not require the highly stable environment necessary for conventional

holographic interferometry.
2. System can be used in brightly lighted conditions, no dark room is needed.

3. Since no film and the processing of the film are needed, the material cost per

experiment is very low.

4. People with little background in optics can operate the system.

5. The safety hazard is significantly lowered.

6. Expanded experimental capability.

7. High efficiency, automatic data processing, real-time result presentation.
Comparison of ESPI and HI

ESPI and image HI are compared step by step in Figure 1. The recording mechanism
in holography is a film grain exposure which, after development, results in a proportional
amplitude transmittance of the reconstruction wave. In ESPI the equivalence consists of
a charge buildup which subsequently is transformed by the TV scan into a current
proportional to the exposure. After first exposure, for HI one simply places the

developed film ( hologram) back into the reference wave. The interference pattern
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stored in the hologram now acts as a complex grating sending some of the light into a side
order wave which is identical to the original object wave. Therefore we see a
reconstructed image of the object which, upon deformation of the object, will create an
interference fringe pattern. In ESPI we have to simulate the optical reconstruction by
electronic processing of the video signal. Correlation fringes are obtained by electronic
subtraction or addition and displayed on a TV monitor where we see the object covered
with exactly the same bright and dark fringes as in holography, except that the image looks
more coarse. Moreover, ESPI can calculate phase and displacement information and

present the results in computer graphics very rapidly.



Chapter 1

Laser Speckle and Its Role in ESPI

Laser speckle is used as the phase information carrier in an ESPI system. Knowledge

of its properties are very important for a good understanding of ESPI.
1.1 Speckle and Its Origins

Operation of the first continuous wave (cw) He-Ne laser in 1960 revealed an
unexpected phenomenon; objects viewed in highly coherent light acquire a peculiar
granular appearance. As illustrated in Figure 1.1, the detailed structure of this granularity
bears no obvious relationship to the macroscopic properties of the illuminated object, but
rather it appears chaotic and unordered, with an irregular pattern that is best described by
the methods of probability and statistics [11].

The physical origin of the observed granularity, which we now know as “laser
speckle”, was quickly recognized by the early workers in the field [12-13]). The surfaces
of most materials are extremely rough on the scale of an optical wavelength (0.6 microns).
This includes most surfaces other than those which are polished to high optical quality.
Speckle can also be produced by transmission through scattering objects such as ground
glass, opal glass or particles in liquid. When laser light is reflected or scattered from such
a surface, the optical wave arriving at any moderately distant point consists of many
coherent components or wavelets, each arising from a different microscopic element of
the surface. The distances travelled by these various wavelets may differ by several or
many wavelengths if the surface is very rough. Interference of the dephased but coherent

wavelets results in the granular pattern of intensity that is called speckle.



Fig 1.1

A typical image plane speckle pattern.



When the geometry is that of an imaging system, rather than the free-space
propagation, the explanation must incorporate diffraction as well as interference. Even
for a perfectly corrected (aberration-free) imaging system, the intensity at a given image
point can result from the coherent addition of contributions from many independent
surface areas. It is necessary only that the diffraction limited (amplitude) point-spread
function of the imaging system be broad in comparison with the microscopic surface
variations to assure that many de-phased coherent contributions add at each image point.

Thus speckle can arise either from free-space propagation or from an imaging operation.

In this paper the speckle considered is “Gaussian speckle”. The terminology
“Gaussian speckle” is derived from the fact that, as a result of the rough surface
approximation and the central limit theorem, the complex amplitude is a circular complex
Gaussian process. This results in a negative exponential probability density function for
the intensity. Within the limits of the necessary conditions, the statistics of a Gaussian
speckle pattern are independent of the nature of the scattering medium,; in particular, the
surface roughness does not influence the statistics provided that the surface roughness is
greater than the wavelength and that a large number (N) of scatterers contribute to the
intensity at any image point (patch). For most practical applications this is generally the

case.

On the other hand, if only a few independent scattering areas are present, then the
speckle statistics do contain information about the scattering medium. Such “small-N”
speckle usually has non-Gaussian statistics and hence the probability density function of

intensity is usually not of the negative exponential type.

In the experimental measurement of the intensity in a speckle pattern, the detector
aperture must of necessity be of finite size. Hence the measured intensity is always a

somewhat smoothed or integrated version of the ideal point-intensity, and the statistics of



the measured speckle will be somewhat different than the ideal statistics of the speckle

pattern.
1.2 Size of Speckle
1.2.1 Objective Speckle Size

The size of laser speckles, a statistical average of the distance between adjacent
regions of maximum and minimum brightness, is always related to the aperture angle that
the radiation subtends at the plane defining the speckle field. Thus, for example, the size
(diameter) Sy, of the “objective’ speckles formed on a screen H at distance L by
scattering of coherent light from a circular region of diameter D, see Figure 1.2, is given

by [14,15],
Sopy = 12250 (L.1)

where A is the wavelength of the laser light.

Object H
Observation Plane

Fig. 1.2 .
Formation of Objective Speckle
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1.2.2 Subjective Speckle Size

Alternatively, if the speckle field is formed by collecting the scattered radiation field
with a lens and focusing it onto the screen (Figure 1.3) a ‘subjective’ speckle pattern is
formed. The size S, of the individual speckles in this case is then related to the aperture
ratio F of the lens (the f/number) and the magnification M of the lens. The speckle size in

the image is then [16,17],

S,.,,=122(1+M)AF, (1.2)

sub=

From simple lens theory, the speckle size on the scattering surface (object) is given by

o F
1.22(1+M)7\.-M- , (1.3)

sub =

This is defined as the resolution element on object. Subjective speckle is the type that is

used in ESPI and most other speckle metrology methods.

Laser Source

Lens

Object
Image Plane

Fig. 1.3
Formation of subjective speckle
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1.3 The Brightness Distribution of Speckles

The speckle is itself an interference phenomenon. There are two different speckle
patterns. One called the ‘fully-developed’ speckle pattern develops only from interference
of light that is all polarized in the same manner. The speckle field itself will then be
similarly polarized. Surfaces at which polarized light is singly scattered, such as lightly
abraded metal, generally give rise to polarized speckle fields, as do also lightly-scattering
transmission elements such as ground glass. On the other hand, matte white paint
surfaces or opal glass, into which the light penetrates and is multiply scattered, depolarize
the light and thus do not generate a fully developed speckle pattern. The brightness

distributions of the two speckle patterns are markedly different from each other.

The distribution of brightness of a fully-developed speckle pattern is governed by the

negative exponential relationship [18]

p() = (i)cxP 1 , (1.4)
IO IO

where p(I) is the probability that a speckle has brightness between the values I and
(I+dl), and I is the average brightness. This relationship is plotted in Figure 1.4, and
it shows that the most probable brightness for a speckle is zero, i.e. there are more dark
speckles in the field than speckles of any other brightness. It is this property that is of the
greatest importance in distinguishing a fully-developed speckle pattern from one which is
partially-developed.
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Fig 1.4
Probability density functions of the brightness
distribution of a fully-developed speckle field
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1.4 Coherent Combination of Speckle and Uniform Fields

In a typical ESPI system, a uniformly bright field of coherent radiation, which is the so
called reference beam, is added to the speckle field. The addition of the reference field

will affect both the size and the brightness distribution of the speckle field.
1.4.1 Size

When a reference beam is introduced the size of a speckle will approximately double.
The reason for this involves the interference effect of adding a uniform strong wave to the
speckle pattern in the direction of the optical axis. The size of a speckle without the
addition of the reference beam corresponds roughly to the spacing of the interference
fringes generated by waves coming from the opposite ends of a diameter of the
speckle-forming pupil if an imaging system is used. When the strong reference wave is
introduced, the principal interference effects will take place with respect to this central
strong ray, so that the maximum angle between interfering rays is halved. The

interference fringe spacing is doubled as is the size of the speckle.
1.4.2 Brightness Distribution

Burch [19] has considered the statistical distribution of brightness when the uniform
field is added to the speckle pattern in varying proportions. A typical curve is shown in
Figure 1.5, which shows the distribution when the average speckle brightness is equal to

the reference field brightness. The mathematical relationship is expressed by

1
_ .2 1 1.2
B = (IT))exp[—(1+21—0)]Jo[2(2l—o) } (1.5)
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where J is the Bessel function of zero order with imaginary argument. The important
feature of this curve is that it does not differ greatly from the distribution curve for the

speckle pattern alone; in particular, the most probable brightness is still zero.

p(D)

Fig 1.5

Coherent Combination of speckle field and uniform field

1.5 Coherent and Incoherent Combination of Two Speckle Fields

An important class of speckle interferometers, particularly those for measuring
in-plane surface displacement, operate by the interference of two independent speckle

patterns. When this occurs, the size of the speckles does not change appreciably, but their
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brightness distribution may. In the case where the two original speckle fields are brought
together coherently, the result will be a third speckle pattern, differing in detail from its
two constituent patterns, but whose size and statistical brightness distribution remains the
same. However, if the two original speckle fields are combined incoherently, the

brightness distribution follows the equation [20],
1 1
p() = 4(—2)exp (27, (16)
Iy 0

This relationship is plotted in Figure 1.6. It is seen that now there is a very low
probability of a dark speckle occurring. Conceptually, this is not surprising, since when
two intensity speckle patters are overlaid physically, there is a high probability that the
bright areas of one pattern will be superimposed on to the dark areas of the other.
Surfaces that completely depolarize the light will give a speckle pattern having a
brightness distribution that agrees with the above equation, since any two orthogonally

polarized components of the scattered light are incoherent with one another.

Although there is a striking statistical difference between the brightness distributions
of coherently and incoherently summed speckle patterns, in practice it is not easy to

distinguish the two visually.
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p(D)

Fig. 1.6

Incoherent combination of two speckle fields.

1.6 Polarization Effects

Since phase information relies upon the formation of interferometric fringes formed by
the constructive and destructive interference between the object and reference beams, the

light in the two beams should have the same polarization. Laser beams polarized
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orthogonally to each other will not interfere. Most lasers are linearly polarized and this
can, in some instances, cause problems in recording speckle patterns. Although both
beams are derived from the same source, polarization changes can occur as a result of
reflections. Fortunately, most diffuse objects scatter light in randomly polarized fashion,
and there will always be components having the same polarization as the reference beam.
For example, in the study on composites (carbon fiber and glass/epoxy), we found that
they do not depolarize light; the light scattered has the same polarization as the reference
iight. Light scattered from white carton board will be partially depolarized. If a

polarization problem exists, it can be rectified by the following methods.

(1) Changing the surface properties of the object (e.g. paint it or spray with aluminum

paint).

(2) Rotating the plane of polarization in the reference or object beams to match each
other by inserting a half-wave plate into either beam and rotating it until the extinction

angle is the same for each beam when tested with a polarizing filter.

(3) Circularly polarizing the light as it emerges from the laser by orienting a quarter-wave

plate in the laser output beam.
1.7 Speckle Pattern Decorrelation

In the following discussion it is assumed that the illumination direction and the viewing
direction are parallel with the normal of the object surface . This assumption is close to

the real ESPI case. Refer to Figure 1.7 for the configuration used in this section.

In speckle pattern correlation interferometry, it is assumed that neither the
displacements which give rise to the phase variation causing the fringes nor other
displacements not contributing to this phase variation significantly alter the random phase

and amplitude of the speckle pattern in the fringe observation plane. This is, however, an
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Imaging system
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2 U I
| Detector

plane

Fig. 1.7
Diagram for speckle decorrelation analysis.

approximation which is valid only when the displacements involved are less than some
minimum value which depends on the kind of displacement involved and the viewing
geometry. For example, in the case of in-plane displacement interferometry, a body may
undergo in-plane strain together with out-of-plane rotation. The effect of the latter will be
to reduce the contrast of the plane-strain fringes when the magnitude is sufficient to cause
speckle pattern decorrelation. Another important factor which should be noted is that
when the object deforms the resolution elements also move. If this movement is big
enough to move across the detector element, it will ‘lose the memory’ of the speckle
which contains the displacement information. Consider here the case in which the
speckle and the detector element have the same size. The criterion to judge if there is

decorrelation is as follows:
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(1) When the phase change across the resolution element is equal to or bigger than 2x, the

speckle will be totally decorrelated.

(2) When the resolution element moves across and out of the detector element, the
detector will lose the memory of the displacement (phase) information carried by the

speckles.

(3) If the phase change or memory loss in either case is less than about one tenth of a
corresponding critical values, the speckle is not decorrelated and no ‘memory loss

’

occurs .

Four different cases are considered below in order to determine which factor is

dominant for each.
1.7.1 Out-of-plane Translation

As the object is displaced along the viewing direc.:tion, the relative phase of the
components of light scattered from a resolution element will also change. It can be
shown that the maximum value of this phase change is 2 across the resolution element
when the object moves by an amount Az, given by (neglect the small quantities of second

order)

Mau?

A2 = T+ M)

(1.7)

Here u is the object-to-lens distance, a is the aperture diameter, f is the focal length, M is

the magnification of the imaging system.

It also can be shown that when the translation is

SJul

A22*1.22(1+M)M—a;,

(1.8)
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the detector will lose memory of the corresponding resolution element, which means the

resolution element will move out of the detector element.

If M=1/15, u= 500 mm, f/a = 16 (typical numerical aperture used in ESPI), for x =

50 mm we will have
Az, =16009um, and Az, =1976um .

So, in this case the ‘memory loss’ is more important, and we also can see that ESPI has
large tolerance in the z direction. It will be shown in Chapter 3 that the tolerance above is

more than enough in using an ESPI system.
1.7.2 In-plane Translation

When a body moves in its plane, the speckle pattern in the image plane also moves in
proportion to the magnification of the viewing system. If the amount of the movement is
small compared with the resolution element size, the change in the speckle pattern at a
given point in the image plane is also small. It can be shown that the speckle pattern at a

point is decorrelated when the object is translated by an amount Ax, given by

Mau

A= 13T+ M Y

(1.9)

The detector element will lose memory when

Ax2~1.22(1+M)% : (1.10)

As the object is translated in its plane, the speckle pattern is translated; it does not
remain identical in form because the light scattered from a given point in the object is
incident on the viewing lens at a different angle so that the displaced speckle pattern is not
identical in form to the original pattern. When Ax, = a, the displaced speckle pattem is

totally decorrelated with respect to the original pattern.
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IfM=1/15, u = 500 mm, x = 50 mm and f/a = 16 we get
Ax, = 1601um, Ax, = 198um
again ‘memory loss’ is more sensitive.
1.7.3 Out-of-plane Rotation

When the resolution element is rotated by an angle 6 about an axis lying in the object

plane, the speckle pattern is decorrelated when 0 is given by

e=& Ma

7 - T2Z(+ M7 (1.1

where q is the resolution element diameter. For M =1/ 15, f/a = 16, we obtain
0 =0.18°.
1.7.4 In-plane Rotation

An in-plane rotation of the object gives rise to an equivalent rotation of the speckle
pattern. A point at a distance R from the center of rotation moves by Ra, where a is the

angle of rotation; thus the speckle pattern is decorrelated when

-9 - N
o R " 1.22(1+ M) aMR’ (1.12)

forM=1/15, f/a = 16, we obtain

a =0.23°.

From the above analysis, we conclude that the "memory loss" effect is more important

than the decorrelation effect.



Chapter 2

Displacement Analysis and Optical Setups

This chapter discusses quantitative measurements using an ESPI system and some

practical ESPI optical setups.
2.1 Sensitivity Vector

The sensitivity of ESPI measurement is governed by the orientation relation between
three vectors, namely, the illumination vector, the displacement vector and the viewing
vector [21]. In Figure 2.1, the object is illuminated by a point source located at O. Light
is scattered by an object point P to an observer or viewing plane at point Q. When the
object is displaced, so that the point P is displaced by L to P’, the optical path from the
source O to a point in the viewing plane via a given point P in the object is altered. The
change in phase associated with this change in optical path is the basis of holographic and

speckle correlation techniques for measuring surface displacements.

Fig. 2.1 Position and propagation vectors

22
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Let 3 represents the phase shift of light scattered by point P on the object in a particular
direction. In Figure 2.1, several vectors are defined for use in determining the relation
between § and L.  Vectors R and ry lie in the plane defined by points O, P, and Q; and
k; and k, are the propagation vectors of the light illuminating P and the light scattered
toward the viewing plane, respectively. Since the magnitude of a propagation vector is

2n -
o the phases of the two light rays which reach the viewing plane are as follows:

¢, =k,or,+k,¢ (R-r)) +¢, 2.1

¢2=k30r3+k40(R—r3)+¢0 (2.2)

Here ¢, is the phase of the light scattered by P before displacement, ¢, is the phase of the
light scartered by P after displacement; and ¢, is the arbitrary phase assigned to these rays

at the point source O. The phase difference measured at the viewing plane is
0=0¢,-9,. (2.3)

After displacement of P, the propagation vectors in the illumination and viewing
directions are kyand k4. Define the small changes, Akl and Ak2, in these propagation

vectors by
k; = k; + AKl, k, = k,+AKk2. (2.4)
Combining the preceding equations gives
8= (k,~k,;) e (r,-r;) +Akler,+Ak2 e (R-r;) , (2.5)

In practical situations the magnitudes of r; and rj are much larger than L =1 r3-ryl; so,
for practical purposes, Akl Lr, and Ak2 L (R -r,;). Because of these relations, the

last two scalar products in equation (2.5) vanish, and the phase difference becomes

8= (k,-k,) oL, (2.6)
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This relation forms the basis of quantitative interpretation of the fringes of ESPI.
It is convenient to define the sensitivity vector K by,
K=kj-k; (2.7)
so that,
d=KeL. (2.8)

Thus, the phase change is

2 2
A¢=Tn8=Tn(K0L). 2.9)

In general the fringe pattern represents in-plane as well as out-of-plane displacement.
When illumination and viewing angle are small (less than 15°) to the normal of the object

surface, we can write, to a very good approximation, that
2x |
Ad = - (cos®;+cos6 ) d, (2.10)

where 0, is the angle of object illumination to surface-normal, 6 is the angle of viewing
direction to surface-normal, and d, is the displacement vector oriented within 6, and 6.
We can see here the phase is not only a function of displacement but also a function of il-
lumination angle and viewing angle. Therefore, it is not possible to calculate the exact

actual displacement in ESPI. For NDT applications this is not a concern.

Let d,, be the measured (calculated) displacement, we should have

cosO‘. + cosev

dm
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The approximation relationship of d,, vs d, is graphically illustrated in Figure 2.2.

0.992

0.99

0.988

0.986

0.984

0.982
0

15

Fig. 2.2
The variation of ( d,, / d,) resulting from the change of

illuminating and viewing angle
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2.2 Out-of-plane Displacement Sensitive Optical Setup

A practical arrangement for out-of-plane sensitive measurement is shown in Figure 2.3

Iluminating ggggr]cnce
Beam |
_— NN
Imaging |

Beam splitt
System spitter

Fig.2.3
Out-of-plane sensitive ESPI optical setup

Here the object is illuminated by the object beam at an angle 6, to the surface normal and
an image is formed by the lens L atimage plane H. A diverging spherical reference wave
is added to the image by the beam splitter B. When the object is displaced, the change in
the phase of the object beam relative to the reference beam is given by equation (2.10)

with 6, =0, so that this setup is sensitive to out-of-plane displacement. ESPI is based on

this setup but with a diverging illuminating beam.

Reduced out-of-plane displacement sensitivity may be obtained using the optical

arrangement shown in Figure 2.4. The correlation phase factor is now given by

2
Ad = Tn (cosﬁil - coseiz) d, (2.11)
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* X Illuminating & Reference

L1, 85

Beams

System Detecting

Fig. 2.4

ESPI with reduced out-of-plane displacement sensitivity

where Oi ) and Oi , are the angles of inclination of the two illuminating wavefronts I;; and
Ij> to the surface normal of the object. Viewing is in the normal direction. When the
difference between ei . and ei , are small, (cos Oil - COS Gi 2) becomes small and contours
of out-of-plane displacement fringes, typically of the order of 10 um, may be observed.
Displacements of this magnitude may cause speckle pattern decorrelation, and this fact

limits the degree of desensitization.
2.3 In-plane Displacement Sensitive Optical Setup

The arrangement shown in Figure 2.5 gives fringes which are sensitive to in-plane
displacémcm. Here the object lies in the x, y plane and is illuminated by two plane
wavefronts, I;; and I;, inclined at equal and opposite angles, 6, to the x-axis
surface-normal. The positive y-axis points out of the page and the center of the viewing

lens aperture lies on the z-axis.
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Fig. 2.5

The optical arrangement for in-plane displacement sensitive measurement

When an element is displaced by a distance d(dx, dy, dz) the relative phase change of

the two beams is given by

Ap = —4X1-tdxsin9. (2.12)

The relative phase of I;; and Ij; is constant over planes lying parallel to the yz-plane so
that the displacement components dy and dz lying in those planes will not introduce a
relative phase change. This form of interferometer therefore allows in-plane displacement

distributions to be observed independently in the presence of out-of-plane displacements.

Similarly, y-axis illumination geometry in which the object is illuminated at equal

angles to the y-axis will form a fringe pattern where

4r

A0 =

dysine (2.13)
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In order to determine all the components of the plane strain tensor, the fringe spacing

measurements must be taken from both illumination geometry fringe patterns.

A third in-plane displacement sensitive geometry may be used. In this setup the object
lies in the xy-plane and is illuminated by plane wave-fronts I;; and I;; propagating in the
xz-plane and yz-planes at equal angles 6 to the surface-normal. Viewing is in the normal

z-direction. This is referred to as the orthogonal arrangement and it can be shown that

A = f; (dx+dy) sin@ . (2.14)

In practice it is difficult to utilize the in-plane measurement described above. The
reason is that large optical components are needed in order to study sizeable objects.

Two practical in-plane sensitive setups are illustrated in Figure 2.6 and Figure 2.7.
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Laser beam

Beam expansion

Beam collimation

Mirror 2 Mirror 1

VN

Imaging system

Object surface

Fig. 2.6
An alternative optical setup of in-plane displacement

sensitive ESPI system



31

wANSAS [dST 2ANISUIS

wwaoedsip suejd-ut ue jo dnias feondo jeonoseid vy

LT 3814

(Pa1EWI[[00) UFESq UOHBUTN[]

amuady A
oueld J8ew] | SRS
_ D Z 199[90
— ............ A
! C | </ <\
sud] Surew]

JOLITIA



32

2.4 Two Special Cases

In order to get more understanding about what an ESPI system really measures, we
analyze two special cases -- pure out-of-plane and pure in-plane. In this analysis,

diverging spherical illumination and viewing parallel with surface normal are used.

2.4.1 Pure Out-of-plane Displacement

In this case, the displacement vector is parallel with the viewing vector (Figure 2.8).

Fig. 2.8

Pure out-of-plane displacement

Here d is the displacement vector and K ( kj - ky ) is the sensitivity vector, where k; is
the viewing vector, Kk is the illuminating vector and k,’ is parallel with k;. ki, k;’ and
K are unit vectors.

Now the questioh' 1s how the angle 6 affects the measured displacement d,,. From

Figure 2.8, we can derive a relationship between the measured displacement and the

actual displacement. This is given by
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(1+cos9)d

d, =deK = 5 , (2.15)

here d is the actual displacement. The relationship between d,, and d for angle © less
than 159 is plotted in Figure 2.9. We can see there is a good approximation when 0 is

small.

°L|s‘°L

0.995}

L4

0.99

0.985

0.98

15

Fig. 2.9
The relationship between d,, and d to illumination angle 6

in pure out-of-plane case
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2.4.2 Pure In-plane Displacement

" Here, the displacement vector is normal to the viewing vector kj (Figure 2.10)

Fig. 2.10
Pure in-plane displacement

In this case, the relation between measured and actual displacement is given by

d, = deK = (sin0)d. (2.16)

Note that the setup is a typical out-of-plane ESPI. For a pure in-plane displacement, only
a small portion of the displacement will be sensed. The relationship between the

measured displacement d,, and the actual displacement d for @ less than 15° is plotted

in Figure 2.11.
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Fig. 2.11

The relationship between d,, and d to illumination
angle 0 in pure in-plane case

2.5 Limitations of ESPI

The main factors which limit the range of measurements that can be made using the

various ESPI methods are discussed below.

2.5.1 Measurement Sensitivity

ESPI can be used to give fringes which represent lines of either in-plane or out-of-plane
displacement. The fringe sensitivity for an in-plane interferometer is calculated from
equation (2.12) to be A/(2sin® ), where A is the wavelength of the light used and 6 is the
angle of incidence of the illuminating beams. Out-of-plane interferometers may give

fringes representing constant displacements at intervals of the order of % A, or they may be
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desensitized up to about hundreds of microns. It is not possible to detect less than one
fringe accurately with a conventional ESPI system, so that this value represents the

maximum sensitivity of the system.

We shall show in chapter 3 that the fringe spacing on the TV camera must be less than
1/120 of the screen width; this restriction limits the displacement gradient and also the
total displacement which can be observed. The visibility of the fringes obtained using

time-averaged ESPI to observe out-of-plane vibrations falls off rapidly with increasing

vibration amplitude unless stroboscopic illumination or other techniques are used.

2.5.2 Object Size Limitations

The maximum area which can be inspected in one view is limited by the laser power
available and the camera sensitivity. There is no reason why a larger area can not be
inspected if sufficient laser power is available, but the mechanical stability of the system

and the coherence of the laser also limit the performance of the system.

When in-plane measurements are being made, the illuminating wave-fronts must be
plane if fringes of uniform sensitivity are to be obtained. Unless a large collimating lens
is used for large areas, the fringe pattern interpretation will be rather difficult. When the
surface of the object being inspected is not flat, it can be shown that the fringes may have

sensitivity to out-of-plane movements.

In order to observe fringes on a small area, a relatively large deforming force must be
applied, and this is likely to give rise to rigid body translations, which cause speckle
decorrelation and hence a reduction in fringe visibility. The same applies to displacements
to which the interferometer does not have fringe sensitivity or has little sensitivity.
Decorrelation and memory loss (essentially decorrelation) due to in-plane translations and
rotations increase as the magnification of the viewing system is increased. Thus,

decorrelation of the speckle, causing a reduction in fringe visibility, is likely when ESPI is
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used at high magnification. Fringes have been observed on an area of 0.05 mm? in an

out-of-plane ESPI system [21]
2.5.3 Depth of Field

Because the ESPI system must use a high F-number (small aperture) viewing system,
the depth of field of the system is high, so the depth of field is generally not a restriction in
ESPL

2.5.4 Surface Condition

It has been assumed throughout this discussion that the surface under examination does
not alter microscopically during the course of the measurement. If it does so, through
oxidation, re-crystallization, or other factors, de-correlation of the speckle will result.

Additionally, the nature of the scattering surface itself can lead to a much greater
dependence of the speckle pattern upon a tilt of the surface. For surfaces like abraded
metal, the scattering from the surface is ‘two-dimensional’(only scattered once). When

the light penetrates to some extent into the ‘surface’ the light is then scattered three-
dimensionally within the material, so that path changes resulting from a small tilt of the
surface will vary in a random fashion from point to point. This occurs for such materials
as paints, paper and cardboard, and many organic substances. The net effect is that the
tolerance on the allowable tilt is much narrower when a multiple-scattering surface is

being studied than when the light is only scattered once.

Another consideration of practical importance relates to the type of surface required for
measurement of in-plane displacement using double illumination interferometry. Due to
the high angles of incidence of the two illuminating beams, it is evident that the surface
being studied must be totally diffusing, with no enhanced scattering in the specular

direction. For this reason the object very often has to be coated with a matt white paint.
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2.6 Practical Optical Setups for ESPI

There are two basic ways of combining the object and reference beams in an ESPI

system for out-of-plane measurement. These are shown in Figures 2.12 and 2.13

respectively.

In Figure 2.12, the unexpended input reference beam is filtered and expanded by a
spatial filter to remove extraneous optical noise and create a spherical wavefront. This
well conditioned beam is particularly important for use in the addition mode (explained

in chapter 3). The reference beam then is reflected onto the TV camera target by a

small-angle wedge (about 1°) beam splitter. The rear face of the beam splitter is
The point of divergence

anti-reflection coated in order to suppress secondary reflections.
of the reference wave-front is made conjugate with the mid-point of the maximum focal

range to take care of the two extreme focal conditions. Light scattered from the object is

collected by the viewing lens and an image is formed in the plane of the TV camera’s
This system suffers from the

target where it interferes with the reference wavefront.
disadvantage that dust particles which tend to collect upon the beam splitter, together with

any small blemishes due to imperfect cleaning, act as light scattering centers. These

cause reference beam noise and hence degrade the quality of addition fringes. In the
subtraction mode of ESPI, this is not a serious problem.

Another arrangement which considerably reduces the reference beam noise is shown in

Figure 2.13. The unexpended reference beam is pre-expanded by lens L; and focussed
down through a mirror-with-pinhole. The reference beam is aligned by translating the
lens L, so that its focal point coincides with the pinhole. The small hole in the mirror

does not degrade the image quality unless a significant fraction of the light transmitted by
the viewing lens is incident on the hole. The point of divergence of the reference beam

and the center of the viewing lens are clearly not conjugate in this arrangement, but since
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l Reference beam

Illumination beam Spatial filter

I

Lens U

Aperture

Beam splitter TV camera
Object

Fig. 2.12
A smooth, in-line reference beam interferometer which uses

a beam splitter to combine the object and reference beams
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Scattered
Object beam
y
Imaging lens
Reference beam
A

—\J
Concave L2 TV
lens L, Mirror with a hole camera

Fig. 2.13

A smooth, in-line reference beam interferometer

based on the hole-in-mirror principle

the tolerance along the optical axis direction is large, this layout can be made to function

within the limits specified by equation (3.32).



Chapter 3

ESPI System

In this chapter we will discuss the electronic part of an ESPI system. Considered are

the video processing, resolving power of the system, and phase measuring techniques.
3.1 Introduction

As stated in the introduction, for speckle pattern correlation interferometry the
resolution of the recording medium used need be only relatively low compared with that
required for holography, since it is only necessary that the speckle pattern be resolved,
and not the very fine fringes formed by the interference of object beam and reference
beam. The speckle size can be adjusted to suit the resolution of the TV camera (a CCD is
usually used in ESPI). Thus, video processing may be used to generate correlation fringes
equivalent to those obtained photographically. The major feature of ESPI is that it
enables real-time correlation fringes to be displayed directly upon a television monitor
without recourse to any form of photographic processing, plate relocation, etc. This
comparative ease of operation allows the technique of speckle pattern correlation
interferometry to be extended to considerably more complex problems of the real world.
Some of the advantages have been mentioned in the introduction. A block diagram of a
typical ESPI system is illustrated in Figure 3.1.

3.2 Video System and Other Electronics in ESPI

The video system comprises the television camera, signal processing and picture

storeage unit, and display monitor. The aim of the system design is to obtain maximum

41
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visibility fringes. Electronic noise and, in particular, high frequency noise should be
minimized. Since the cost of a laser increases approximately in proportion to the output

power, it is important to optimize the sensitivity of the video system.

The most noise-sensitive part of the signal processing is at the first stage of video signal
amplification, which is carried out at the camera head amplifier, so that this section of the
system must be carefully designed. Usually, DC-coupling is used to link the output signal
to a high-impedance and low-noise device such as an FET, which is connected directly to
the detector plate (CCD array).

The CCD camera is used in modern ESPI systems because it has (1) wide range of
linearity; (2) low noise at low light intensity; (3) high signal-to-noise ratio; (4) and peak

spectral response about 0.6 pm.

The vertical resolution is determined by the number of scan lines, which is fixed when
a standard video system is used. The frequency response of the system should be such

that the horizontal spatial resolution is as good as the vertical resolution.

A video system converts an image which is formed on the detector plate of a television
camera into an equivalent image on a television monitor screen. With light incident on
the CCD array, a charge pattern will build up corrcsponding to the intensity distribution of
the incident light. Charge is then transferred from collection site to collection site by
changing potentials within what is essentially an insulator. The output will give rise to
voltage signal. A standard television system has 525 vertical lines in total, and a
complete scan is performed at a rate of 30 frames per second (U.S. standard). For a
standard video camera the active area of the camera is about 13 x 10 mm, so that the image
must be reduced to this size. After amplification and the addition of timing pules, the
camera signal is used to modulate an electron beam which scans the screen of a television

monitor so that the brightness of the screen is made to vary in the same way as the
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intensity of the original image varies. Ideally, the brightness of the monitor should vary
linearly with the intensity of the original image. The exact relationship between the
monitor and original image intensities is a complicated function of the electronic
processing as well as the brightness and contrast controls of the television monitor. In the
analysis of the video display of speckle correlation fringes, it will be assumed that (a) the
camera output voltage is linearly proportional to the image intensity and (b) that the

monitor brightness is proportional to the camera output voltage.

Intensity correlation fringes in ESPI are observed by a process of video signal
subtraction or addition. In the subtraction process, the television camera video signal
corresponding to the interferometer image plane speckle pattern of the undisplaced object
is stored electronically. The object is then displaced and the live video signal, as detected
by the television camera, is subtracted from the stored picture. The output is then
high-pass filtered, rectified and displayed on a television monitor where the correlation
fringes may be observed live. In this process, sophisticated software may be used to
process the fringe data, calculate the desired information, and display it graphically on the
screen. For the addition method, the light fields corresponding to the two states are added
at the image plane of the camera. The television camera detects the added light intensity,
and the signal is full-wave rectified and high-pass filtered as in the subtraction process.

Again the correlation fringes are observed on the television monitor.
3.3 Speckle Correlation Fringe Formation by Video Signal Subtraction

The detector plate of the camera is located in the image plane of the speckle
interferometer. Under these conditions the output signal from the television camera, as
obtained with the object in its initial state, is recorded in the computer’s RAM memory.
The object is then displaced and the live camera signal is subtracted electronically from
the stored signal. Those areas of the two images where the speckle pattern remains

correlated will give a resultant signal of zero, while uncorrelated areas will give non-zero
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signals. We can sce this by considering the intensities /,,,,, and [, given by equations

before and after displacement [23]

Ibefon = I,+Io+2,/1,locos¢ 3.1
Loy = 1, +1,+2 /I,Iocos(¢+A¢) (3.2)

where ¢ is the phase difference between the reference beam and the object beam before
the displacement. A¢ is the phase change caused by the displacement. If the output

camera signals V,.,,.and V., are proportional to the input image intensities, then the

after

subtracted signal is given by

V= (Vbefore - Vafrer) = (I before — 1 afler)
= 2,JII,[cosp— cos (¢ +Ad)]

= 4,/ T sin (¢ + %M) sin (%Aq)) (3.3)

This signal has negative and positive values. The television monitor will, however,
display negative-going signals as areas of blackness. To avoid this loss of signal, V_ is
rectified before being displayed on the monitor. The brightness on the monitor is then
proportional to |V, so that the brightness B at a given point in the monitor image is

given by

B = 4Kl JII sin (¢ + %A¢) sin (%Acb) ' (3.4)

where K is a constant.
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If the brightness B is averaged along a line of constant A ¢, it varies between maximum

and minimum values B, ,, and B,,;, given by

ax

B, =2KJI1,, A¢= (2n+1)m, n=01273 (3.52)

B . =0, Ad = 2nm, n=123 (3.5b)

min

To enhance the fringe clarity, the signals should be high-pass filtered to improve fringe
visibility by removing low frequency noise together with variations in mean speckle

intensity.
3.4 Speckle Correlation Fringe Formation by Video Signal Addition

In this case, the two speckle patterns derived from the object in its two states are added
together on the camera detector plate. The two images do not need to be superimposed
simultaneously since a given camera tube has a characteristic persistence time (about 0.1
second for a standard tube), so that the camera output voltage will be proportional to the
added intensities if the time between the two illuminations is less than the appropriate
persistence time. This technique is employed for the observation of time-averaged fringes

when studying vibrations, and it is also used with a dual-pulsed laser.

When the two speckle patterns are added together, areas of maximum correlation have
maximum speckle contrast and, as the correlation decreases, the speckle contrast falls. It
reduces to a minimum, but non-zero, value where the two patterns are uncorrelated. This

is seen as follows:

The voltage V, is proportional to / before +1

after and is given by
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1 1
V, e (Ibefore + Iafm) =21 +2I,+ 4./I,locos (o+ §A¢) cos§A¢ (3.6)

The contrast of the speckle pattern can be defined as the standard deviation of the

intensity. Foralineofconstant A¢,thismay be shown tobe [24]

1
3
o, = 2[c?+0l+ 8(1,)(10)c052%A¢] (3.7)

r

where (/,) and (/) are the intensities of the speckle pattern averaged over many points in

the reference and object speckle pattern fields respectively, and

o, = JUB- Uy = 1) o, = JB- ) = () (3.8)

o, and 0, are the standard deviations of /, and /,. Itis seen that G,  varies between

maximum and minimum values given by

1
- 2, <2 2 — -
[c,,] = 2[o,+0,+211)]°, A¢=2nm, n=01,2 (3.92)

max

1
0]  =2[0?+0%]?, Ad = (2n+1)m, n=0,1,2 (3.9b)

[ ro” min

While the contrast of the added intensities varies, the mean value along a line of constant

A¢ is the same for all A¢, and is given by

~

<1b¢fore+ Iaft¢r> = 2(Ir) + 2<lo> (3.10)

Thus, when the sum of the two speckle patterns is directly displayed on the television
monitor, the average intensity is constant, and the variation in correlation is shown as a

variation in the contrast of the speckle pattern but not in its intensity. The DC component
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of the signal is removed by filtering, and this signal is then rectified. The resulting

monitor brightness can then be considered to be proportional to 6, , so that

N —

B = K[c} +02+ 2(1,)(10)c052%A¢:| (3.11)

Hence the intensity of the monitor image varies between maximum and minimum values
given by equations (3.9a) and (3.9b). Comparison of equations (3.5a) and (3.5b) shows
that the fringe minima obtained with subtraction correspond to fringe maxima obtained
using addition. It can also be seen that subtraction fringes have intrinsically better visibil-
ity than addition fringes, since the subtraction fringes have zero intensity, while addition
fringes do not. However, when addition is used to observe the fringes, a video storeage is
not required. Vibration fringes can also be produced by the time-average subtraction

technique, which gives more clear fringes [25].
3.5 The Measurement of Real Time Vibration Pattern

For vibration pattern measurement, the ESPI is operated in time-average mode. In
time-averaged mode the images are being taken while the object is vibrating. At a given

time, t, the intensity in the image plane is given by I(t) where

I(0) =1 +1,+2 I,locos[9+4-xna(t):| (3.12)

where a () represents the position of a given point on the object at time ¢. The intensity

is averaged over time 7 to give
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T
4
I, = 1,+10-t-%2,/1Jojcos[6+%a(t):]dt (3.13)
0

When this is evaluated for a sinusoidal vibration,

a(t) = a,sinwt (where 2n/m<< 1)
we get
2 4T _
I, = I,+4lo+2,/1,lolo(Tao) cos6 (3.14)

The value of L; averaged along many speckle patterns is constant over the whole image,
but it can be seen that the contrast of the speckle will vary as the value of the J% function
varies. When J2 has a value of zero, the intensity varies only as I, varies; whereas when

J, % has a maximum value, the intensity varies with variation in I, and

2,11, cos6. (3.15)

Figure 3.2 shows the J?, distribution.

Correlation fringes are thus observed which map out the variation in a, the amplitude
of the vibration across the object surface. The fringe minima correspond to the minima of
the Bessel function. Table 1 shows the relation between the fringe order N and the

vibration amplitude a.

In the time-averaged mode, the phase information of the vibration components is lost
due to the averaging of the displacements over a vibration cycle. This limitation is
eliminated if stroboscopic technique is used [26]. Another way to record the phase
information is to use a dual-pulsed laser [27], or to move the PZT mirror in the reference

beam path at the same vibration frequency [28].
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Fig. 3.2
The first few cycles of the 102 distribution which defines the
intensity distribution of time-averaged speckle fringes for a

sinusoidally vibrating surface
N (fringe order) | a (amplitude, um)
0 0
1 0.19
2 0.35
3 0.51
4 0.67
5 0.83
Table 1

Fringe order N vs vibration amplitude in
time-average ESPI mode.

a

1
pum
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3.6 The Measurement of Dynamic Displacements

When taking a speckle picture in ESPI it is necessary that all the components are stable
to considerably better than a wavelength during the exposure time (1/30 second). So,
only static or quasi-static displacements can be measured using continuous lasers. With
the use of a dual-pulsed laser, ESPI can be extended to the measurement of dynamic
displacements. The dual pulsed technique can also be used to measure large amplitude
periodic displacements. If, for example, the period of oscillation is 1073 second, a pulse
separation of 10 ps will enable 0.01 of the overall amplitude to be measured in a single
recording. This procedure extends the range of vibration measurement to amplitudes

approaching 103 A.

3.7 The Optimization of Light Intensity in ESPI

For a given type of TV camera, a certain minimum intensity is required to create a
camera voltage output which can be detected above the background electronic noise. An
increase in the incident intensity gives an increased output camera voltage until the
intensity reaches the camera saturation level, beyond which the output voltage remains

constant for any further increase in incident intensity.

The intensity of the speckle pattern varies randomly across the image, and, to avoid
losing information from the speckle pattern, the overall intensity should be below the
saturation level of the camera for all of the useful picture area. If the mean value and the

standard deviation of the speckle pattern are given by (/,) and 6,, then, when

{I)+20,<1, (3.16)

the intensity will be less than the saturation level of the camera for 95% of the image.

Here I, is the camera’s saturation intensity.

sat
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3.7.1 Two Speckle Beam Case

When two speckled beams are used in a subtraction correlation system, the mean
intensities of the two beams at the image plane should be equal, and the combined peak

intensities should be approximately equal to the camera saturation intensity.
3.7.2 Smooth Reference Beam Case

Based on our experience, the best results are obtained when the reference beam

intensity is set as,

b <y (3.17)

Z sat sat

This depends on the signal-to-noise ratio and and the threshold set in the software. The
sum of the intensities should be such that the peak intensities are near the saturation level

of the camera.
3.8 Spatial Resolution of the Video System and Its Effect on ESPI

The spatial resolution and dynamic range of video systems are considerably less than
those of photographic and holographic emulsions. These factors affect the design of

speckle pattern interferometers which use video systems to display the correlation fringes.

The ability of the video system to resolve fine detail in the image is limited. Thus, if a
coarse black and white grid is imaged on the face plate of the TV camera, an equivalent
grid will be observed on the monitor. As the spacing of the grid is reduced, the contrast of
the grid observed on the monitor is reduced; and when the grid spacing is sufficiently

small, no grid structure is observed on the monitor.

The limit to the spatial resolution in the vertical direction is governed by the number of
scan lines. A standard system having 525 lines and an active face plate area of about 13

x10 mm should have a minimum vertical resolution of ~20 pum on the face plate.
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The resolution in the horizontal direction is governed by the temporal frequency
response of the video system, which is determined by the electronic design of the system.
Typically, this frequency response is fairly uniform up to 4 MHz and falls to a very low
value at 10 MHz. The temporal frequency response is clearly related to the spatial
frequency in the image. A sinusoidal intensity distribution in the image plane of spatial

frequency 10% WNM mm'! will give a sinusoidal output voltage of 1 MHz, where
W = width of the active face plate area in mm
N = number of scan lines
M = number of frames per second

For a standard TV system, 1 MHz corresponds to a spatial frequency of ~5 mm’}

(spacing ~200 pm).

A grid having a 20 um spacing in the horizontal direction will give an output voltage
of frequency 9.45 MHz. Since the frequency response is very low at 10 MHz, 20 pm can

also be taken as the upper limit of the spatial resolution in the horizontal direction.

It was assumed in deriving equations (3.4) and (3.11), which describe the variation in
monitor brightness to give subtraction and addition correlation fringes, that the random
variations in /,, /,, are fully resolved by the television camera, so that the camera signal
from a given point in the image is proportional to the intensity at that point. When the
points are not fully resolved, the output voltage is a function of the intensity of the image
averaged over the resolution area of the camera, and the effect of this averaging is to
reduce the standard deviation or contrast of the output voltage [29]. Consider, for
example, the case of two speckle patterns whose intensities have the same mean value and
standard deviations, one of which is fully resolved by the TV camera and the other of

which is only partially resolved. The output camera signals will have the same mean
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values across the image, but the standard deviation of the signal will be less for the
partially resolved pattern. If the speckles are sufficiently small, the output signal will be
uniform. It will be shown below that the effect of this reduction in the standard deviation

of the output signal is to reduce the visibility of the correlation fringes.

From equations (3.4) and (3.5) the correlation fringes are seen to arise from the
variation with A¢ of the standard deviation of the subtracted or added signals; if the
contrast of the individual signals is reduced, the standard deviation of the subtracted or
added signals is also reduced, and the visibility of the correlation fringes is decreased. If

we write the output camera signal as

V,o=Vo+ (V (3.18)

Cof") r,0

where V, arises from the (I, +/,) termand (V,,,,)

0 arises from the 2./1,12cos¢ and
2,/1 1/,¢0s (¢ + Ad) terms, then, since V) remains unchanged when the object is
displaced, it is a noise term. Consequently, the correlation fringe visibility is maximized

when the standard deviation of (V)
(v

corr

o is maximized. We can write the value of

), ,ata given point in the image as

Veorr), o = k(T ,c08 (0+A0) )AA (3.19)

where k is a constant, and A¢ is the phase difference between the reference beam and the

object beam. AA is the resolution area of the camera.

If the variation of ¢ over the resolution area is very much less than 2x, then the value
of (Veo,), o for constant A¢ varies between £ [k(,/l A,cosAd)] max: When the value

of ¢ varies by 27 or more over the resolution area, then the value of (V, over the

orr) r,o

whole image is approximately zero, and in this case correlation fringes are not observed.
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Thus, the spatial frequency distribution of cos¢ must be such that the components of that

distribution are at least partially resolved by the video system.
3.8.1 Spatial Resolution (Two-speckled-beam case)

When the two wavefronts /, and /,, are speckled, the spatial frequency distribution of
the combination of the two beams will be similar to that of /, or /,. The maximum
spatial frequency f,, .. of th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>