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ABSTRACT 

The James Webb Space Telescope (JWST) is an anastigmatic, segmented cryogenic telescope. 

The stability of the primary mirror back-plane is a major concern in co-phasing the telescope and 

IB the longer temi stability of its image quality. The back-plane is a 6.6 meter structure 

constructed of carbon fiber, and is therefore a "diffuse" object, an object with surface roughness 

larger than the wavelength of the light. For this reason classical interferometeric measurements 

will not work. The objective is to design and characterize a Simultaneous phase shifted Digital 

Speckle Pattern Interferometer (SDSPI) that has the most potential to measure the JWST back 

plane structure within the required accuracy (15 nm RMS out-of-plane motion). SDSPI 

interferometry is a method of measuring the back-plane deformations that has the potential of 

reaching the required accuracy in the presence of vibrations within cryogenic chambers. 4D 

Technology Corporation, in Tucson, Arizona has an instantaneous phase shifted interferometer 

(PhaseCam) that is modified to a SDSPI interferometer. Repeatability, dynamic range, and 

accuracy of the SDSPI is characterized by measuring a 5cm x 5cm back-plane structure made of 

carbon fiber. 
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INTRODUCTION 

Upcoming astronomy and astrophysical missions are James Webb Space Telescope (JWST), 

Terrestrial Planet Finder (TPF), and Big Kahuna. JWST, and Big Kahuna, are large segmented 

telescopes with primary mirror diameters of 6.5 meter and 30 meter respectively. TPF could be a 

JWST telescope with a coronagraph or it could be a large baseline stellar interferometer. 

Large optics and large optical structures to support the optics are co,mmon among these missions. 

Stability of the optics and the optical structures are critical for all these missions. Recrait 

instantaneous phase shifted interferometers enable the measurements of specular surfaces to the 

required accuracies at cryogenic chambers but required accuracies for measurements of the non-

specular surfaces are challenging. The optical structures are generally made of diffused materials 

such as reinforced composite material. There are two methods for measurements of diffuse 

surfaces. One is to populate the optica! structures with optical metrologies such as small mirrors, 

retro reflectors and use distance measuring interferometers to measure the stability of the 

structures by measuring the stability of the attached metrology. Required stability accuracies for 

the new missions make it hard to distinguish the stability of the structures from stability of the 

attached metrology. Second way is to use specHe metrology such as speckle interferometry, 

speckle photography, and holography as direct ways of measuring the structures. Reflected light 

from rough surfaces is made of dark and bright spots called spa:kles. Chaptw one contains a 

detailed description of speckle and its properties. 

A direct method is needed to measure the structures with the required accuracies. The technology 

that is being developed here potentially provides us with an interferometer that has the required 

accuracies for measurements of large optical structures. 



13 

DISSERTATION CONTENTS 

The introduction presents motivation for the dissertation and speckle metrology methods. 

Fundamentals of Digital Speckle Photography and Digital holographic Interferometry are 

discussed. 

Chapter one presraits speckle phenomena and its properties using probability density functions 

and statistics. The language of statistics and probability is used because the speckle pattern is a 

random phenomenon. Material de¥eloped in this chapter will be used in chapter 3 to analyze and 

optimize [17-28] optical setups for speckle interferometry. 

Chapter two presents the fundamental of Digital Speckle Interferometry and the basic algorithms 

that are used to acquire Correlation Fringes and Differences of the Phase. 

Chapter throe concentrates on more advanced subjects such as decorrelation in DSPI, Phase 

unwrapping algorithms. Updating the Baseline, and Speckle Averaging. The language used in this 

chapter is the statistical language that was developed in chapter one. 

Chapter four presents Characterization of a Simultaneous phase shifted DSPI (SDSPI) base on 

PhaseCam. PhaseCam is a simultaneous phase shifted interferometer, which is a product of 4 D 

Technology. Optical setups for accuracy, rq>eatability, dynamic range, and deformation are 

presented and data are analyzed. Optimization of the SDSPI is also discussed. 

Chapter fwe presents fiiture work in this area of research. 
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MOTIVATION FOR THE WORK 

Primaiy mirror of the JWST is a 6.5-meter ellipsoid and is made of 18 segments. The segments 

are held together by the Back Piane (BP) structure. The stability of the BP is crucial in achieving 

and keeping the eo-phased state of the primary mirror and the teiescope. The required stabilities 

in the space environment are summarized in the Table 1.1. 

RMS Change Perpendicular to surface 15 [nm] 

Maximum Change in X Direction 500 [nm] 

Maximum Change in Y Direction 500 [nm] 

T ABLE 1.1 Summary of Back Plane Stability Requirements 

The major contributor to the wavefront error budget for the JWST observatory is the out of plane 

motion of the structures and mirrors in the telescope. Measurement of 15 nm RMS out of plane 

motion over a 6.5- meter structure is a major metrologj' task. The primary motivation for this 

work is to design and characterize a Simultaneous Digital Speckle Pattern Interferometer (SDSPI) 

that enables measurements of larger diifuse structures with out of plane motion accuracy of 15 

nm RMS or better. 

SPECKLE METROLOGY 

Speckle m^rology has been used to measure diffuse structures since 1970[I-2]. Speckle 

metrology is divided to three major areas. Speckle Photography, Speckle Interferometry, and 

Holographic Interferometry [3J45]. These methods and their variations and combinations have 

been the common ways of measuring deformation, fracture, and modal analysis in experimental 

mechanics. Traditionally the photographic film has been the major source of recording media for 

these methods. These methods have become real time and accurate in the past decades because of 

advances ia computers, fi-ame grabbers, CCDs, algorithms, and lasers. The new generations of 
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these methods are called. Digital Sp^kle Photography (DSP) [9], Digital Speckle Pattern 

Interferometry (DSPI) [13], and Digital Holographic Moferoinetf)' (DHI) [8|. 

In this introduction, fiindanientals of DSP and DHI are given. These two methods can be 

combined with DSPI to extend the measurements to in-plane motions and keep track of large 

rigid body motions of the large structures. 

Traditionally speckle photography [5] is used to measure in-plane motions of an object under 

thermal or mechanical stress. The motion is detected by summing the irradiances of the object, 

and modified object speckle patterns; this is called the specklegram. Specklegram is probed using 

a narrow laser beam to get a set of Young's fringes at far field. Their spacing and orientations is 

the measurement of the local displacements, this is called the point wise filtering of the 

specklegram. There are other ways of filtering the specklegram such as Fourier filtering and 

wholefield filtering. 

DIGITAL SPECKLE PHOTOGRAPHY (DSP) 

FIGURE L 1 Optical setup for speckle photography 
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FIGURE 1.2 Optical setup for point wise filtering 

DSP uses cross correlation functions [9], [10] to compare the two speckle patterns. Using cross 

correlation fiinctions eliminates the ambiguity in motion direction. In addition, image 

manipulations such as subtracting the average irradiance from rach frame prior to cross 

correlation can be done. Since there is no film development the results are real time with 

minimum disturbance to the optical set up. 

Displacement accuracy of the in-plane motion of the object is given by equation I.l [10], 

(1.22 y 

B 
P'measured out cf plane 

^ i^meamred out ef pSane 
(II) 
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Where, 

B ~ Sub image Size 

M 
(1.22—) = Lateral Size of speckle (radius) 

d 

Mm.mwedont4phm = CorrdatioE coefficient for out of plane motion 

Cross correlations are doEe on the sub images. This method of cross correlation is called biock-

matcMng. The accuracy of in-plane displacement is directly related to the size of the speckle and 

inversely related to the size of the sub image. Therefore the larger the sub image and/or the 

smaller the speckle size are, the more accurately the in-plane motion can be measured. The larger 

the sub image size the smaller the deformation spatial frequency of the object that can be 

resolved. A diffuse phase object is simulated, using Mathematica; a 4-f system is used to image it 

with magnification one. An aperture at Fourier plane of the 4-f system is used to make the speckle 

size to be 1.5 times of a pixel. Autocorrelation 11x11 pixels sub image of the object by itself is 

shown in Figure 1.3. Introducing a pixel in-plane motion modifies the diffuse object. The imaging 

is done and cross correlation of the two 11x11 pixels sub images are shown in Figure 1.4. Cross 

correlation of the original diffuse object with 2, and 3 pixels in-plane shifts are shown in Figure 

1.4 and Figure 1.5. 
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0.75 

10 

FIGURE 1.3 Auto correlation of a diffiise object with itself 
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0.2 

FIGURE 1.4 Cross correlation of a diffiise object with the same object but one pixel shifted 

|C.75 

0.5 

0,2! 

FIGURE 1.5 Cross correlation of a diffese object with the same object but shifted by 2 pixels 
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FIGURE 1.6 Cross correlation of a diffuse object with the same object but shifted 3 pixels 

It is shown that the peak in the correlation fiiflction is moved from zero to three for zero to three 

pixel shifts. DSP can detect in-plane motions as small as few percentage of a pixel. The radius of 

the speckle size ia this siiaulation is about .8 of a pixel and the size of the sub image is 11 pixels. 

Assuming Correktion coefficient of .9 in «}iiation I.l, the accuracy is about 0.1 micron. In 

general the accuracy of the DSPs at preseBce of noise [10] is in sub micron regime whereas 

DSPIs' accuracy can be two orders of magnitude smaller. 

CombiRation of DSP and DSPI for measiiremeEt of in-plane and out of plane motions is a 

valuable hybrid method for measurement of large stroctures. 
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HOLOGRAPHIC INTERFEROMETRY 

Holographic interferometry Is the combination of holography and interferometry [4],[6]. 

Holographic iBterferometry is used for interferoineteric comparison of objects that are not 

transparent or mirror like. 

RECORDING 

First, the objwt is written onto the hologram using a reference beam and an object beam. The 

angle between these two beams must be large enough to separate the orders [36]; Figure 1.7. 

Object Mirror Microscope Objective 

Lens 

Microscope 
Objective 

Minor 
Laser 

Beam Splitter 
Holc r̂am 

FIGURE 1.7 Optical setup for recording of an off-axis hologram of an object 

Hologram medium traditionally has been photograpliic film plates. Film is developed and then 

put back in its place for the reconstruction step. 
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RECONSTRUCnON 

Virtual and real images of the object can be reconstructed by blocking the object beam and 

illuminating the hoiogram, Figure 1.8, with the same reference beam. 

Microscope Objective 

Lens 

Laser 
Beam Splitter Hologram Beam Stop 

\v 
") Real Image 

FIGURE 1.8 Reconstruction of the real image of the object 

The position of the image with respect to the hologram can be computed on, the basis of the 

location of the reference, the object, and the reconstoiiction source, as well as the wavelength of 

the laser [41], All the locations are measured with respect to the hologram position. In order to 

separate different orders, the angle that the reference beam makes with the normal to the 

hologram, called the reference angle, must be at least three times the angle subtended by the 

object at the hologram. 
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The hologram medium could be films, photorefractive crystals, thermoplastics, or many others. 

The choice of ths medium is based primariiy on its specifications, the most important of which 

are spectral sensitivity [om], sensitivity [J/cip?], and resolving power [cycle/mm]. There are also 

different holographic setups, such as Fresnel, Frauohofer, or Fourier, which differ in terms of 

distance betweee object and hologram, illiiminatioii, and observation location. 

CLASSICAL HOLOGRAPHIC INTERFEROMETRY 

Hologram of an object is recorded, developed and positioned in optical set up is Figure 17. 

Object is deformed at the same time that the reference beam is reconstructing the original object. 

At the output of the hologram the two object beams (original and deformed) interfere, and result 

in a set of fringes due to change of the object states. This method works provided that the speckle 

is resolved and the deformation is less than the speckle size in 3 dimensions. 

DIGITAL HOLOGRAPHIC INTERFEROMETRY (DHI) 

In this method the holographic niedium is a CCD, and the reconstruction is done numerically [3], 

[8],[12],[34]. The spatial resolution of the CCD (lOOcycIe/mm) is an order of magnitude smaller 

than films (lOOOeycle/mm). This limits the reference angle to few degrees. For a CCD of 

1024x1024 pixels with 7x7 micron size at He-Ne wavelength, the maximum angle is 2.7 degree. 

Therefore only small objects can be measured using this method. This limitation can be overcome 

by using a negative lens to produce a virtual image of the object, as shown in Figure 1.9. This 

virtual image now is the obJa;t that is recorded on a Fresnel Hologram. 

The main advantage of the digital approach is that there is no film development, which facilitates 

the alignment reproducibility (after development, the film must be placed in the same position as 

before); and the phase can be calculated from one single recording so that the phase shifting is not 

required and the real image of the object is reconstructed miHierically. 
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In this method aiaplitude transmittance of the hologram for object (x, yj afid deformed object 

(x, are recorded. Fresnei transform of the amplitude of each one is taken. The phase of 

object (m,  n j  is the arc tangent of the ratio of imaginary part of the complex ainpiitiide to 

the real part. The phase of the deformed object (ui, n) cao be calculated the same way. 

Subtracting the two phases results in the change of the object between the two states. 

Bad! Plane 

Beam Virtual Image 

CCD 

Mirror 

Laser Beam Splitter 

FIGURE 1.9 Digital holographic interferometry for measurements of large stractisres 
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In general DHI, measures the deformation in direction that depends on illuniination and 

observation, chapter 2.2. In this method the object can be reconstructed and the change in the 

object can be calculated. Combiaatios of this method with DSPI is valuable in order to keep track 

of the rigid body motion of the object In DHI, speckles must be resolved and the deformation of 

the object in all three dimensions needs to be smaller than the speckle volume; Figure 1.2. The 

accuracy of this method is not as good as the phase shifted DSPIs. 

DIGITAL SPECKLE PATTERN INTERFEROMETRY (DSPI) 

Operation of a first cw Hs-Ne in 1960 revealed a peculiar, and granular pattern called Speckle. In 

1970s [1-2] first speckle interferometry papers were published. In the early days of speckle 

pattern interferometry, the correlation fringes were acquired in real time by viewing the speckle 

pattern through a negative photographic recording of the initial speckle pattern by a double 

exposure correlation technique using Fourier filtering [12]. Then in 1975 photographic film was 

replaced by TV [3], [5] but the low resolution of TV was not appealing. The field was not active 

till the mid 80s when the phase shifting speckle interferometry came about [29], [31]. Advances 

in computers, algorithms, frame grabbers, and phase shifting methods in 1990s till now made 

speckle interferometry an industrial tool. Today miniaturize hand held 3D temporal phase shifted 

DSPIs allo¥/s 3D measurements from close proximity with accuracies for out of plane motions of 

20 iffii RMS, and 26 nm RMS for the in-plane motions 132]. Also DSPIs that are based on 

temporal phase shifted shear interferometers have accuracies of about 60 nm RMS [39], [40]. 

The main topic of this dissertation is to characterize and design a DSPI based on simultaneous 

phase shifting interferometry. The temporal phase shifting is sensitive to vibration and prevents 

measurements of large stractures. The outcome of this work is a simultaneous phase shifted DSPI 

that remotely enables measurements of large stractures with accuracy of 10 - 20 nm RMS. DSPI 

fiindameatals and advanced topics are covered is detail in Chapter 2 and 3. 
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1 SPECKLE AND SPECKLE PROPERTIES 

1.1 SPECKLE FIRST ORDER STATISTICS 

illumination of a diffuse object with a laser light rauits in a spsckls pattern some distance away 

from the object. This pattern is granular and made of dark and bright spots as shown in 

Figurel.l. 

250 

200 

150 

100 

50 

0 

FIGUEE 1.1 Speckle Pattern Irradiance 
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Speckle pattern is random and statistics is the best way to describe and study this pattern 

[15],[21],[22]. Physically, after iilumination of the diffiise object, every point on the object acts 

as a coherent point source with different initial phase due to microscopic roughness of the 

surface. At a plane, some distance away from the object, the coherent superposition of the 

complex amplitudes due to all of the point sources creates the specHe pattern. The phase and 

amplitude of each contributor in this coherent superposition is independent of amplitudes and 

phases of ali other contributors. The individual contributor's phase is uniformly distributed 

The number of point sources is large and the detector is a point detector. Given the 

assumptions above, and the Central Limit Theorem [14] that the complex amplitude of a 

monochromatic polarized speckle field obeys the joint Gaussian probability density function [15]. 

Where <t is the standard deviation of the Gaussian distribution, and and A. are the real and 

imaginary parts of the complex field amplitude. 

Generally, in optics we are interested in the irradiance and the phase rather than the real and 

imaginary part of the field. Doing the usual Jacobian transformation [14], we can find the joint 

probability density function for the irradiance and the phase. 

(1.1) 

(1.2) 
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The phase ^ is betweea^-^r, x). To get the Margiiml probability density functions (individuai 

probability density' functions) for irradiance and phase, we take integration of the joint probability 

density function (pdf) with respect to irradiance or phase. For example iategration of equation 1.2 

with respect to phase, results in pdf for the irradiance equation 1.3. 

1 
pdfil) = ̂ e (1.3) 

2(7 

And also integration of equation 1.1 with respect to irradiance results in pdf for the phase, 

equation 1.4. 

= (1-4) 
ITC 

It should be noted that the phase and irradiance are statistically independent at each point because 

the joint pdf is the multiplication of the irradiance and the phase pdfs. 

A full-developed speckle field is the one that obeys the above statistics and therefore its contrast; 

standard deviation over the average irradiance is equal one [15], [22|. 

contrast = = 1 (1.5) 
(/) 

This is the underlying assumption in theoretical studies of speckle and speckle iaterfbrometry. 

So far we have descried free propagation speckles that are called " Objective Speckles". 
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I h an imaging system as long as the lens is Hot able to spatially resolve the microstnictures of the 

object the speckles in the image plane would satisfy the same statistics as the free propagation 

speckles and are called "Subjective SpecU®". 

First-Order statistics of a monochromatic polarized speckle field describe the irradiance and 

phase fluctuations at each point of the pattern. The speckle pattern is a complex and random 

interferogram that we have assumed spatially resolved. This pattern is made of dark and bright 

speckles. To define what speckles are, we use second-order statistics, specifically autocorrelation 

fimction [15|. This fonction, simply allows us to compare the irradiances at two close points at 

the observation plane using two point detectors. As the distance between the two points gets 

larger the change in irradiance gets larger. The average width of the speckle is the separation, 

which the irradiances are independent. So autocorrelation function can be written as equation 1.6 

This fonction can be written as function of the normalized coherence factor ii{Ax, Aj), 

1.2 SPECKLE SECOND-ORDER STATISTICS 

[15], [22], 

. Ji; ̂ 2 > J2) = (*i (^2' >'2)} (1-6) 

(1.7) 

Where /i(Ax, Ay), is the normalized Fourier transform of object irradiance [15]. It should be 

noted that the autocorrelation fonction and the complex coherence factor are only function of the 
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differences between the two points. This is m analogue to the Van Cittert-Zemike theorem. If 

/i(Ax, Ay) is one, irradiances are completely correlated, and if it is zero then they are 

uncorrelated. If the object is a unifomiiy circular iilumiaated area with diameter D, then 

autocorrelation fonctioo is [41]: 

Where ,/, is the Bessel function of the first kind order one; D is the diameter of the imaging lens 

or aperture. 

The first zero of this function is when: 

Two points separated by more than cr, distance have statistically independent irradiances and 

phases, is an estimate of the speckle size in the transverse plane. To estimate the size of the 

speckle in the longitudinal direction, , same math can be used but now the two points are in the 

same transverse coordinates but different longitudinal coordinates [42]. The result of this 

calculation is; 

(1.8) 

Xz 

(1.9) 
z 

, Saz '  
(J, =AZ = r- (1.10) 
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Given that the distance to observation plane z is larger than the diam^er of the object, an 

assumption that is used to derive eqaatioi® 1.9 md 1.10 above, these equations describe a cigar 

shape voliime with Its longest length in the longitudinal direction. Figure! .2. 

3D nature of speckle 
• long cigar shaped striictare 

• translaiioniax, y, orzresolts inanswpsft«na 

FIGURE 1.2 Speckle Volume 

So far, we have described the size of the "Objective Speckle". If we have an imaging lens with 

diamd;er D and focal length F, the transverse size and longitudinal size of the "Subjective 

Speckle" are described [3] by set of equations 1.11. 

=1.221F#(1 + M) 

ai=UF#\ l+Mf 
(1.11) 



It should be noted that the aberration of the lens do« not change the size of the speckle because 

the complex coherence factor is the Fourier transform of the irradiance distribution. To gain more 

physical iasight to properties of speckles and develop a mathematica! tool that wil! be used in 

chapters 2 &3, we outline the deri¥ation of the second order joint pdf for a speckle field. Let 

.4, = + i A! and - A  ̂ + i A' be the complex amplitudes at two different points at the 

observation plane, to specify the joint pdf for them, it is necessary to state the fourth-order pdf for 

the real valued variables A^ , A^, A^, A^ [15j, [22]. 

Using transformation of variabte, 1.12 can be rewritten in terms of the J,,  ^f2 which are 

irradiaHces and phases at the two points respectively. Equation 1.13. 

j +[^2! A ^2 

pdf(A;  .A; ,A-  .A-)  = (1.12) 

\li\^os{A^<h+w) 

pdf  ( I„  1=" 
4^'(/) '  (1 

(1.13) 

In the equations 1.12 and 1.13 the average irradiance is; 

(1.14) 

And ¥ is the phase for the complex coherence factor |i. 
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These equations are used in chapter 3 to minimize the phase error due to decorrelation of the 

speckle field in speckle interferometry. 

Equations 1.13 and 1.14 completely describe the second -order statistics of a speckle field. 

Equation 1.13 allows us to calculate Conditional probabilities, Marginal probabilities [14], and 

many different pdfs [23]. Calculating different pdfs helps us gain insight to physics of the speckle 

field. For example, let us assume that the pdf in equation 1.13 is written in terms of the intensity 

gradient, VI, and phase gradient, V^, and I. Where V/and are [22], [23], 

By taking integration we can calculate the marginal probability density for the gradient of the 

phase, /7(V^) [23]. Now calculating the average value of the that is the average value of 

the phase change in a speckle field per unit length, is equation 1.17. 

1/ p,/ V' f PsrV 
(1.15) 

(1.16) 

(V^> = (f)(&28)(^) 
c Â Z 

(1.17) 

Over 0Be speckle, that is Xzi D, the phase changes by 141.3 degree. Other interesting physical 

parameters can be calculated by calculating the conditional pdfs. 



Given the irradiance is 4 then the conditional phase gradient is [23]: 

(V^) =.22, 
{/) Ik 

14 Xz^ 
(1.18) 

Equation 1.18 shows the smaller the/g compare to the average value, the larger the phase change 

per unit length. That is to say phase changes more rapidly for dark speckles than the bright ones. 

If the Ig is equal to the average value, then over a speckle we have a phase change of 79.7 degree 

which is smaller than 141.3 degree calculated using marginal pdf. On the other hand if the Jg is 

half of the average value, then the phase gradient will be 197 degree. Conditional pdf allows us to 

bring individual pixel irradiances into calculation of the phase gradient. It is obvious that the 

conditional pdf gives us much more information than the marginal pdf. This fact is utilized to 

minimize the phase error in measurements using speckle interferometry. 

The gradient of the irradiance can be calculated the same way for given /q [22],[23]. The result is 

that for dark speckles the irradiance gradient changes faster than for the bright speckles. For a 

mean irradiance the irradiance changes by 30% over 1/10 of the speckle size in the direction of 

the gradient. There is also one more difference between dark and bright spwkles; on the average 

there is a singularity point per dark speckle. The phase around these points normally goes from 

zero to 360 degree. And sometimes the phase would behave as a vortex and does not close on 

itself (Riemaim Surfaces) [24j. Figurel .2, shows only a portion of the phase oa the left and 

irradiance on the right of the speckle pattern from Figurel. 1 .The circles on the two pictures show 

the corresponding singuiarit)' points in phase and irradiance pattern. 
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FIGURE i .2 Smgolariiy points In phase (left) and irradiance (ri^t) 
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1.3 FINITE SIZE PIXEL AND ITS EFFECT ON STATISTICS 

So far we have assuraed tbe pixels are point detectors, an ideal inodel like a point sowcs, and 

therefore the speckles are resolyed. In practice the pixels have finite size and often the speckles 

are not resolved That is to say, there will be many speckles per pixel. The measured irradiance 

per pixel is an averaged value. To calculate the statistics of the speckle pattern in this condition, 

"Box Car" averaging is Bsed [15], [18]. In this calculation the pixel is divided to m subsection 

with the same area. Each subsection is a speckle, and the above statistics still holds for the 

speckle pattern within each pixel. The irradiance over each subsection is assumed constant. So the 

total irradiance over a pixel can be written as: 

Using characteristic functions [14], the pdf for the irradiance can be calculated. This pdf is the 

Gamma distribution, equation 1.20. 

(1.19) 

(1.20) 
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Parameter m in this distribution is the number of speckles per pixel [15|,[22], equation L21. 

2 2 
P.  Py 

411 ( a - Ax)(p,. - Ay)\ f i (Ax,  Ay)f c/Axc/Ay 

(1.21) 

0 0 

The parameters are the size of the pixels and the parameter /i (Ax, Aj/) is the coherence 

factor in equatioa 1.8. If we put m equal to one in equation 1.20, we recover the ne^tive 

exponential distribution. The resolved case of speckle pattern (point detectors) corresponds to m 

equal one. In practice size of the pixel is matched to the size of the speckle, equation 1.22, 

corresponds to m of equal two. 

AZ 
P,=Py =l-22 '  

D 
(1.22) 

Given the wavelength of He-Ne and pixel size of 5 or 10 micron, we can calculate the parameter 

m [18], [22]. 

r~ f#=e/d m IB 1 

t • 

Fx = 1^^ =5/1 

1 2 1 16 
1 

1 ! 

51 

1 
5.1 16 

8 

1 i 

1.95 5.1 

j 16 1 1.21 1.95 

TABLE 1.1 Parameter m for different F# and pixel size 



Looking at Tablel.l, for F# of two, there are 16 speckles within a 5 micron pixel and 57 speckles 

witMn a 10 micron pixel At F# 8 speckle sizs is equal to a S-nticron pixel, and at F# 16 the 

speckle size equals a iO-micron pixel. In both cases there are 1.95 speckles per pixel. That is to 

say, although the speckle size is equal to the pixel size, the speckle field is not resolved. To 

resolve the speckle field for a 5 or lO-raicron pixel, a lens with F# 32 or F# 100 is required 

respectively. Due to the lack of collected power at CCD, the use of large F# imaging leas in 

speckle metrology is not practical. 



2 SPECKLE MTERFEROMETRY-FUNDAMENTALS 

2.1 CLASSICAL INTERFEROMETRY AND SPECKLE INTERFEROMETRY 

In classical interferometry, the object's surface is roughly 100 times smoother than the visible 

wa¥elength of the light. Interference of the object beam with a reference beam results in a 

resolved interferogram. This interferogram is unwrapped to get the phase map of the object's 

surface. Usually, the low frequency (1-5 cycles/aperture) and mid frequency (5-35 

cycles/aperture) deformation of the object's surface can be measured. The interferogram of the 

object can give us useful information such as the object's tilt, and/or spatial deformation of the 

surface. If the object is changed, for example due to tanperature in the lab, measurement of the 

object results in a new interferogram. This interferogram is the changed object. Comparison of 

this interferogram with the previous one gives us the change in the object between the two states. 

Therefore, in classical interferometry we have comprehensible information on the objects in both 

states and its change from one state to the other. 

In speckle interferometry, the object beam is a speckle beam. Complex amplitude of a speckle 

beam due to surface micro-roughness larger than visible wavelength of the light is random. The 

interference of a speckle beam and a collimated smooth reference beam results in another random 

interferogram called object interferogram. This interferogram unlike the classical interferogram 

does not tell us anything about the object surface except that it is a diflfuse surface. Figure 2.1, 

shows the irradiance due to interference of a reference beam and a speckle beam. Figure 2.2, 

shows the interference of the reference beam with the same speckle object beam but with tilt; this 

interferogram is called modified object interferogram. Figure 2.3, shows the absolute value of the 

difference between the two interferogram. This type of interferometry is called double exposure 

interferometry. 
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0 50 100 150 200 250 

FIGURE 2.1 The irradiance resulting from speckle and rcfereace beams 

•:W?--': 

0 50 100 150 200 250 

FIGU^RE 2.2 Tlie Irradiance resaltiag from inteifersiics of tilted object specMe and reference 
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FIGURE 2.3 The Irradiance difference between Figure 2.2 and Figure 2.1 

The point-by-point subtraction of the two irradiances shows very low contrast tilt fringes between 

the two states of the object. These fringes are very noisy due to speckle random noise. 

In speckle interferometry, we cannot say anything about the surface of the object except that it is 

a diffuse surface. However phase shifting and filtering to get rid of the speckle noise enable us to 

measure the difference bd:weeii the two states of the object very accurately. The differences 

between the two states of the object could be the result of temperature change, vibration, etc. The 

changes to the object state couid be in-plane and/or out of plane of the object. 
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2.2 GENERAL EQUATION OF SPECKLE IMTERFEROMETRY 

In a double exposure interferometry, speckle or holographic, subtraction of the object 

interferograin from modified object interferogram results in a set of fringes. Th^e fringes are 

called correlation fringes. Point P on an object displaces and/or deforms to point f\ Figure2.4, 

under thernial/mechaiiica! loading. The points P and P' are the same point on the object before 

and after the deformation. It cao be proven [4|, [8] that effectively the indirsct interference of the 

light from P, and P' results in a set of correlation fringes due to the displacement d. 

/ 
Sourc* 

K1 

K1+ci«(taK1 SenitWwIty Victor 

Msasursd 
Ptia®® 

V K2+d®ltsK2 
le'X, \ 

CCD 

Objsct 

FIGURE 2.4 Object Illuminations, Observation, and Sensiti\ity Vector 
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The measured phase difference at each point is the scalar product of the displacement vector d 

and sensitivity vector S [4], [8]. Sensitivity yector S, is vector subtraction of the observation 

vector K2 and source vector K1 at the poict P, Figure 2.4. 

Displacement d is small enough that K1 and K2 do not change much after deformation. It should 

be noted that the sensitivity vector for a point source illumination of the object would change over 

the object. Also sensitivity vector changes over objects that are not flat regardless of the 

illumination. Generally sensitivity vectors are calculated for a given geometry. 

In this work the illumination and observation vectors are coincident and deformation along the 

sensitivity vector is measured; Figure 2.5. 

d 

CCD 

LIgi 

L 

Object 

X 

X 

Not* liiumlnatien and Observ^lon vectors are on top of each other therefore 
Sensttivtty vector is on the same line. 

FIGURE 2.5 The Illumination and observation geometry for deformation in K direction 
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Deformation in the K direction (sensitivity vector) is a vector suniirtation of deforinations in x, y, 

and z directions of the object. 

The general optical layout to measure deformation in K direction is shown in Figure 2.6. The 

illumination angle is exaggerated for clarity of the diagram. The object is illuminated and a lens is 

imaging it to a CCD. At the CCD, complex amplitude of the reference beam and the object 

interfere and create a complex interferogram; Figure 2.1. In Figure 2.6, a PZT mirror is used as 

one way of phase shifting this speckle interferometer. In the next section phase shifting of an 

speckle interferometer is covered in detail. 

PZT mirror 

Microscope 
Objective 

Aperture 

Imaging tens 

Beam splitter 

Diffuse Object 

Electronic SpecMs Interferometry 

FIGURE 2.6 Optical layout for the geometry of Figure 2.5 
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2.3 PHASE SHIFTING 

In phase shifting interferometers, the phase of the reference beam is varied in a controlled way. In 

temporal phase shifting, a mirfor is moved to change the path length of the reference arm. In 

interferometers that are based on polarization, the phase shifting is done using electro-optical 

modulators, or waveplates. However the phase shifting is done, the irradiances are collected and 

processed to get the phase, using few different algorithms. Two of the most common ones are the 

Phase-of-Difference and the Difference-of-Phase. 

2.3.1 PHASE- OF- DIFFERENCE 

In this method the initial interferogram of object beam and reference beam is acquired. Thermal 

and/or mechanical loading deforms the object. Four interferograms of the deformed object are 

acquired by four different phase shifted reference beams. 

li (x, y)  = (x, y)+ 4̂  (X, y)+(x ,  y)I,̂ (x, y)Cos(W) (2.1) 

kj t  ̂  
I f  Ml  y )  = hb ix ,  y)  + (x, >•) + ^^6 {x ,  y)Ire f  +^( t> + -—) (2.2) 

y/ is the random speckle phase, is the phase change due to loading and is phase shift 

introduced by the phase shifter in the interferometer. K takes values from 0-3. 

Equation 2.1 is the initial interferogram (x,y), and equation 2.2 shows the interferogram of 

the modified object at four different phase shifts (x, y) 

Subtracting equation 2.1 from 2.2 and using trigonometric function, [3], [6] the difference 
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^tbff k+i (^' >') written as equation 2.3. 

kTi ITC 
Sini'V + -^+-^}Sm + -

V 2 4 
(2.3) 

Where W,and are the high frequency random phases of the diffiiss surface, and low 

frequency surface deformation phase respectively. Equation 2.3 is soi¥ed for [36] deformation 

phase, equation 2.4. 

&^ = ArcTan('" J"'-') (2.4) 

Fringes that are generated this way are called "correlation fringes". The dark fringes are 

corresponding to points on the object that have undergone integer multiple number of Iti . The 

bright fringes are corresponding to the phase change. It is not the noise that makes the appearance 

of correlation fringes grainy but zero irradiance points in bright fringes. To get equation 2.3 we 

have made two assumptions. First, the irradiances before and after the deformation are the same. 

Second, the random phase before and after the deformation are the same. 

First assumption is a valid one, but the second assumption is revisited in chapter 3. 
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23.2 DIFFERENCE-OF^PHASE 

In this method we acquire four interferograms for the initial state of the object by shiftiag the 

reference beam. Phase of the object is calculated using the four measurements, equation 2.4. 

Object is deformed and four more interferograms are acquired. Phase of the deformed object is 

calculated as before. Next the two calculated phases are subtracted from each other. The result is 

the phase difference for each pixel of the CCD array that corresponds [36] to the deformation 

phase of the object. 

<l>f -4 = ArcTani ' ' -  -  ArcTan{ '  -  (2,5) 

Where I. ̂ and Ij j are object and modified object interferograms with a zero phase shift. 

K 
/,. 2 and 1.2 are object and modified object interferograms with a — phase shift. 

2 

/, 3 and I J 3 are object and modified object with n phase shift. 

4 and I J 4 are object and modified object iHterferograms with — phase shift. 

Equation 2.5 in later chapter is written in a more compact form; equation 3.23. 

2.3.3 COMPARISON BETWEEN THE METHODS 

Mathematica is used to simulate a difilise object. Object is imaged to a CCD using a 4-f system. 

Spatial filtering is done at Fourier plaae. The interferogram of the object is generated using a 

collimated reference beam. Depending on the explained methods above, other interferograms of 

the object are acquired using phase shifted reference beam. Object is tilted and process is 
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repeated. Figure 2.7 shows the correiation frioges and for the same deformation Figure 2.8 shows 

the fringes due to difference of the phase. It is obvious that the latter method is superior in 

measuring the phase change due to the deformation. This method is used to calculate the phase 

from our measured data, see chapter 3 &4 on Experirtiental set up and Data Analysis. 

It should be noted that the measured phase is a function of the illumination and observation 

directions, Figure2.4. In our simulation, an on -axis uniform irradiance is used. The observation 

is on-axis as well. 

250 
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FIGURE 2.7 Correlation fringes 
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FIGURE 2.8 Difference of the phase fringes 
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3 SPECKLE INTERFEROMETRY- DECORRELATION, SPECKLE 
AVERAGING, PHASE UNWRAPPING, AND RE-BASELINING 

3.1 DECORRELATION 

To derive the basic equation of speckle interferometry, equation 2,3, assumptioHs are made that 

the irradiances and the random phase of the speckle pattern between the two states of the object 

do not change. The irradiances of the beams between the two states are constant but the random 

phase of the speckle pattern will change due to in-piane and out of plane motion of the object. 

The decorrelation between the two speckle patterns introduces noise in measurement of the phase. 

In this section, decorrelation due to the in-plane and out of plane motion of the object is 

presented. To understand the phase error due to decorrelation, some mathematical tools are 

First and second order statistics of speckle pattern are presented in chapter one. In this chapter, 

those statistics are reintroduced and modified to the language of interferometry. 

Phase shifting interferometry allows us to treat each pixel as an independent detector. So there 

will be a background irradiance and modulation irradiance and phase per pixel. Equation 2.1 is 

rewritten as [17-22]; 

developed. 

I{x, y) = Jo (x, y) + 4 (x, y)Cosî (x, yj) (3.1) 

Where the background and modulation irradiances are: 

la(x,y) = lXx,y} + I^ix,y} (3.2) 

(3.3) 
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Since the pixel size is finite, the measured irradiance is averaged over the pixel area then: 

(3.4) 

= y}e'^-'dxdy (3.5) 

Where S is the area of a pixel. Therefore the irradiance per pixel is written as; 

/ = /q + I^Cosi^) (3.6) 

Object is deformed and the measured irradiance is: 

^ = ^0 + A/ Co.s(<Z>') (3.7) 

The reference beam in our experiment is a smooth collimated beam. So the intensity and phase 

variation across the reference beam is minimum. Background irradiance, equations 3.2, from one 

state to the other does not change but the modulation iiTadiance and phase do change. Equation 

3.6 can be written as: 

/ =I^Cos(^) = 2A,A: (3.8) 
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A1 and A2 are the complex amplitudes of the rsference and the speckle beams. Since the 

complex amplitude of the reference beam is not random, the statistics of the complex modulation 

term " " is the same as the statistics of the speckle beam. It is reasonable to get the 

decorrelation between the two measurements by compariag the moduiation irradiances and 

phases before and after the deformation. 

To do this, second order statistics of chapter one are used. Specifically equation 1.13 describes 

the joint pdf for the modulation irradiances and the phases [21], [22] provided that: 

By performing integration over the irradiances of the joint pdf, equation 3.9, the joint pdf for [22], 

[23] the two phases are calculated, equation 3.10. 

(3.9) 

1 -//- pArcSinfi+{7t12) 
(3.10) 

Where is: 

= fiCos{4~^ (3.11) 

Where T is the phase of coherence factor (correlation coefficient) /i 



The phase error due to decorrelation is determined by calculating the standard deviation of the 

conditional pdf of the phase ij> given phase ^, equatioa 3.12. 
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pdf{<f)^= pdf{<f ,4)2n: (3.12) 

Standard deviation for this pdf is calculated to be [21] equation 3.13: 

= JY-^ArcSin\/.i\ + ArcSirt (3.13) 

Equation 3.13 shows, given the initial phase in a pixel, the phase error due to decorrelation (the 

standard deviation) in that pixel is a function of the coherence factor. If the coherence factor is 

7t 
zero, that is total decorrelation, then the phase error is —j= rad. If the coherence factor is one, that 

is total correlation, then the standard deviation is zero. 

Equation 3.13 does not depend on the modulation irradiances in the pixel before and after 

deformation. It would be valuable to calculate dependence of the standard deviation on given 

modulation irradiances. 
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To do this, the condMona! pdf of ^ given {^,I^,and 1^^ is caiculated. 

pdfif)  
ImJM 

(3.14) 

Figures.! is plot of this pdf as a function of phase error for different values of the parameter b, 

equation 3,16. 

The standard deviation of the deformed phase ̂  is equation 3.15. Figure3.2 is plot of this 

standard deviation as a function of the coherence factor for different modulation irradiances. 

J 3 + j ib) (3.15) 

Where b is defined in equation 3.16 

b = n 

2 l - i  (I Y Ym I 
(3.16) 

Equation 3.15 can be written as [22]: 

(<^/L , = (3-17) 
\ ! Ij J 



FIGURE 3.1 The conditional pdf for phase error given initial phase, and irradiances 
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FIGURE 3.2 The stanciard deviation as function of coherence fiinction for irradiances 

Figure 3.1 shows the pdf gets narrower as the parameter b gets larger. .In another words, the phase 

error due to decorrelation gets smaller as the coherence factor gets larger. 

Figure 3.2 shows that if the irradiance modulation before and after deformatiors, (and ) in 

a pixel is higher than the average value ( ) ), then the phase error for the same coherence 

factor is much smaller than a pixel that has the modulation irradiances (and 4/') that are 

lower than the average () ). The average laoduiation irradiance ()) is an average over all 

the pixels. For example, for the coherence factor of .5, the pixel with four tim^ modulation than 

average has an error of .25 rad compare to a pixel with average modulation value that has an error 



of 1.25 rad. If the pixel has half of the average irradiance modulation for coherence factor of .5, 

then the phase error is 1.65 rad. 

It is interestiag to note that the ¥atiie of the phase error is not conditioriai on any vaiue of the 

irradiance for the coherence factor .5 is about 1.4 rad, equation 3.13. This error is higher than the 

average value of 1.25 rad. 

This calculation shows to minimize the phase error due to decorrelatiofi, pixels with higher 

modulation irradiance than the average should have more weight than the pixels with lower 

irradiance modulation. The smoothing or filtering operation in chapter 3 does this implicitly. In 

this section an assumption is made that the phase due to change of the object is successfully 

removed and the remaining phase is the phase error due to decorrelation. This is a reasonable 

assumption because by introducing a known deformation one can remove it successfiiily. 

Surprisingly the same statistics holds for resolved and unresolved speckles. The above 

decorrelation statistics is also the same for both in-plane and out of plane motion of the object. 

The only parameter that is different for the two cases, is calculation of the coherence factor. 

It is valuable to know the relationship between the average modulation irradiance and the average 

speckle irradiance and other parameters. To do this we use Marginal pdf for the modulation 

irradiance. It turns out that the pdf is a Rayleigh density function [15] 

tiL m \ j (3.18) e 
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The avera^ value of the modulation irradiancs now is calculated, equatioH 3.19. 

= (3.19) 

Figure 3.3 shows the equation 3.18 as function of normalized modulation irradiance. 

The normalization is with respect to average value of the speckle irradiance. 
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It is interesting to note that the larger the number of speckl® per pixel, the smaller the average 

modulation irradiance. 
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3.1.1 IN-PLANE DECORRELATION 

An object moving in its plane. Figure 3.3, results in the motion of the speckles in a lateral 

direction ir the image plane [39], The speckle pattern is not changed, but just laterally shifted in 

the image plane. The speckle moves as if they are attached to the object, Figure 3.3. 
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FIGURE 3.4 Image plane decorrelation due to in-piane motion of the object 



If the speckles are resolved, then a lateral shift larger than the speckle size in the transverse 

K 
direction will result in total decorrelation and maximum phase error of —j=^, Figure.3.2. In 

practice, the speckles are not resolved and generally there are 2.5 speckles per pixel. If the shift of 

the speckle field is Ax in the x direction then the coherence factor (lower left of Figure 3.4) is 

[39]: 

^In-Plane ^ ^In-Plam " ̂  (3.20) 
Px 

Where is the pixel width in the x - dimension. So this correlation coefficient is just a linear 

function of the displacement. 

3.1.2 PUPIL-PIANE DECORRELATION 

Out of plane motion of an object such as tilting the object, results in pupil plane decorrelation. 

The cone angle intercepted by the lens for an object point is different before and after the tilt. 

Figures. 3. This results in change of the speckle field in the longitudinal direction in the image 

plane. In this kind of decorrelation, the aspect of the speckle field changes in the image plane and 

it is not just a simple shift of the speckle field as the in-plane decorrelation. 

Tilt of the object results in lateral motion of the objective speckle field on the plane of the lens. 

The correlation coefficient or coherence factor can be derived by correlating the objective speckle 

fields before and after tilt at the plane of the lens. The result is identical to calculation of 

incoherent optical transfer fiinction [39] for an aberration free lens, equation 3.19. 
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f^Out-Pleme ~ ^ ^Out-Plane 

_2 
ArcCos 

D 
(3.21) 

Where D is the diameter of the lem and AD is the lateral displacement on the lens plane, Figure 

3.5 

Ife) 
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FIGURE 3.5 Pupil Decorrelation due to tilt of an object 



62 

The contribution from the tens sub-area A to the image plane ampiitude stays the same before and 

after the tiit but sub-area B is replaced by B' after the tilt and this causes phase eiTor. Figure 3.6 

shows the plot of equation 3.21. 
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FIGURE 3.6 Plot of Pupil Correlation as function of tilt 

3.1.3 SUMMARY OF DECORRELATION 

In this section it was shown that the decorrelation phase error is proportional to inverse of square 

root of the modulation irradiances, and directly proportional to average modulation irradiancs; 

equation 3.17. Average modiilatioB irradiance gets smaller as the parameter m:, number of 

speckles per pixel, gets larger. Number of speckles per pixel gets larger as speckle size gets 

smaller. The larger the aperture, the smaller the speckle size and the phase error due to 

decorrelation. 

It is also shown, by calculating coherence factor, the larger the aperture for a given tilt the smaller 

the phase error due to pupil decorrelation; equation 3.21 and Figure 3.6. The systems with small 
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F# are less sensitive to this decorrelation. Image plane decorrelation due to io-plane motion of the 

object can be minimized for a given motion by using larger pixels in the detector. 

So optical setups with a larger pixel size and larger aperture are more inseasitiYe to both 

decorrelations. If an object has in-plane and out of plane motion the effective correlation factor is 

[20]: 

f^Ejjective Ppupuf^image (3.22) 

Effective correlation factor is used to calculate the decorrelation phase error due to in and out of 

plane motions using equations 3.13 - 3.17. 

3.2 SPECKLE AVERAGING 

To reduce phase errors dae to decorrelation, averaging of independent measurements is done. The 

measurements must be statistically independent. This can be done for the same point by changing 

illumination angle, observation angle, wavelength, and so on. Also averaging over nearby points 

can do this. The latter is the method that is used in conjunction with Difference-of-Phase method 

that was described in chapter 2 in our measurements. 

In chapter 2 it was shown that the phase is calculated using the 8 phase -shifted irradiances due 

for the object and the deformed object. The phase is written more compactly by doing little bit of 

trigonometry; equation 3.23. 



(jpf - = ArcTm (3.23) 

Where 

^/42 — '^/,4 ^f ,2 (3.24) 

And so on. 

When averaging is done over the n neighboring points, the above is written as [13],[25]; 

- 4 = ArcTan n 

y. (A//j3jjA/,.,3J^ + A/y42^A/^.42„) 
(3.25) 

It is important to note that the averaging is done on the numerator and denominator individually 

The numerator is Sin aad the denominator is Cos |. 

No averaging on the phase is done directly because the phase itself is not a signal but rather a 

property of a signal. The phase is calculated between (—;T,;r). This method of averaging also 

called filtering, is common before unwrapping aigorithms are applied to the wrapped data. The 

effect of filtering is the loss of spatial resolution. In a sense our pixel size is increased. Speckle 

size is dictated by the aperture size, so during the filtering its size stays the same. Therefore, 

filtering reduces the size of the speckle relatiYe to the pixel size. 
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3.2.1 SIMULATION OF THE AVERAGING METHOD 

A diffuse objait is simulated i b  Mathematica. The interferogram of the object is acquired by 

iaterfering the object complex amplitude with four phase shifted reference beam. The object is 

tilted and another four interferop-ams are acquired. Using a|iiation 3.23, the phase due to the tilt 

of the object is calculated. The object is 256x256 pixel and a 4-f system is used to image it. At the 

Fourier plane, an aperture is used as a spatial fiiter. 

The size of speckle is about 4.5 pixels. In the following, the interferograms of the change in the 

diffuse object with different averaging is compared to the idea! wrapped phase due to tilting the 

object. In other words comparison of the input tilt to the output tilt at presence of the speckle 

noise with different averaging is done. Figure 3.7 shows the interferogram of the input tilt 

between the two states of the object. To generate the wrapped data, phase is calculated 

modular 2;r and plotted. 
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FIGURE 3.7 Theoretical Input Tilt Data Modular In 



Figure 3.8 shows the simulated phase difference, including the speckle noise. No averaging is 

doBe. To calculate the effect of noise in a qualitative way, this interferogram is subtracted from 

the modular 2M phase of the input tilt that is interferogram ie. Figure 3.7. Next average value of 

the difference is found This is the shift between the two interferograms. The shift is added or 

subtracted from the modular 2fr theoretical input data to get the new theoretical data. 

The average and standard deviation of the difference between the new theoretical data and the 

interferogram in Figure 3.8 is calculated. Table 3.1. 
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FIGURE 3.8 The Output of the Simulation for the Tilt data at Presence of Speckle Noise 
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The fiumerator and denominator of equation 3.235 containing data in Figure 3.8, are convolved 

with kereril; 

kernell=(—) 
9 
\ 

1 1 1 

1 1 1 

1 1 1 

\ 

y 

(3.26) 

The result of averaging is shown in Figure 3.9. Same procedure is repeated to calculate the 

average and standard deviation with respect to theoretical input; Table 3.1. 

0 50 100 150 200 250 

FIGURE 3.9 Same Data as Figure 3.8 but Convolved with kemei 1 
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FimUy, The iiiimerator and denominator of equation 3.23 containing the data in Figures. 8 are 

convoived with kemel2: 

{ 1 ^ 
kemel2= 

v 2 5 y  
(3.27) 

The result of the averaging is shown in FigureS.lO. The averaging and standard deviation is 

calculated, Table.3.1. 

FIGURE 3.10 Same Data as Figure 3.8 but Convolved with kernel 2 
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Data Set Awrsge Standard DeYi#ti©ii 

No Averaging -9.2 E-17 .038 

3x3 Averaging -2.95E-17 .030 

5x5 Averaging -6.5E-17 .023 

TABLE 3.1 Summary of Averages and Standard Deviations 

Averaging neighboring pixels reduces the spatial resolution of the measurement, but the larger the 

kernel is, the smaller the standard deviation from the theory. Averaging over 3x3 or 5x5 

neighboring pixels, result in an effective pixel size that is 3 or 5 times larger than our starting 

pixel size. In other words, after 5x5 averaging, the speckle size is about .9 times of the size 

effective pixel. So when the speckle is less resolved, the standard deviation is reduced. 

Averaging changed the effective size of the pixel relative to the speckle size. By changing the 

aperture size which is F# of the system, speckle size can change relative to a constant effective 

pixel size. In our experiments, kernel2 is used to smooth the speckle noise. In the following 

simulation the 5x5 effective pixel size is constant and the F# of the system is changed. The 

resultant interferograms are compared to the theoretical input modular Ik phase interferogram. 

Figure 3.7. 

Starting with data in Figure 3.10 the aperture is increased and decreased by factor of two. Figure 

3.11 and Figure 3.12 are resultant interferograms respectively. The average and standard 

deviation is summarized in Table 3.2. 
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FIGURE 3.11 Aperture has been reduced by factor of two compared to F igure 3.10 
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0 50 100 150 200 250 

FIGURE 3.12 Aperture is increased by factor of two compared to Figure 3.10 
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Aperture Size Average Standard Deviation 

Figure3.12 28x28 -6.47E-17 .054 

Figure3.10 56x56 -6.5E-17 .023 

Figures. 11 112x112 -5.9E-I7 .007 

TABLE 3.2 Summary of the Standard Deviation change with F# of the System for 5X5 

Averaging 

This simulation also shows, the smaller the speckle size compare to the pixel size, the less phase 

error due to speckle noise. It is interesting to note from equations 3.17 and 3.19 that as average 

modulation irradiance over the CCD is decreased, the phase error is reduced and .modulation 

irradiance is decreased as inverse of square root of the parameter m. So the larger the m is 

(number of speckles per pixel), the smaller the average modulation irradiance and the phase error. 

This is also confirmed by the above simulation. The natural question to ask is, "Is there any limit 

to this procedure of averaging and using larger apertures to get rid of the speckle noise?"' One 

might conclude that by averaging of the neighboring pixels, spatial resolutions are compromised 

and the required spatial resolution will be the limit that this process can get better. One could 

avoid reduction of spatial resolution by averaging over the same point but different illumination 

angles or observation angles or polarization or wavelength. So spatial resolution is not the 

ultimate limit. 

In this simulation and ail the equations above, a serious attempt to include the effect of different 

noises on CCD has been omitted. Most probably it is the noise on the CCD that is the limiting 

factor [25]. Let us examine what happens to irradiances in a pixel, as the aperture is getting 

larger. As the aperture opens up, more speckles are in a pixel and the background irradiance 

stays constant at the pixel but the modulation irradiance at the pixel is reducing. It gets to a limit 



that there are not that many quantized levels (gray scales) within the modulation irradiance. In 

other words, in equation 3.17 the modulation irradiances, due to averaging over many 

speckles in a pixel are reduced and therefore the phase error increases. As mentioned above, the 

average modulation ^^ over the CCD is also reduced, as the parameter m gets larger but in the 

limit of few quantized gray scales the modulation irradiances reduces faster then the 

a v e r a g e  ^ )  m d  p h a s e  e r r o r  g e t s  l a r g e r .  

3.3 PHASE UNWRAPPING 

Interferograms are modular Itt wrapped phase data because the phase is the argument of a 

cosine function. To get the measured surface or the change in the measured surface, phase data 

must be unwrapped. The concept is simple. At each discontinuity in the interferogram, an integer 

number of In is added or subtracted to minimize the number of discontinuities due to wrapped 

phase. Interferograms have noise, and finding the discontinuities are not straightforward and 

errors in spatial coordinates of the discontinuities result in wrong unwrapped values of the phase. 

In addition, presence of singularities, as were discussed in chapter one, results in wrong 

unwrapped values of phase as well. There are many different phase unwrapping algorithms [30] 

that are used for specific tasks. In this section two different algorithms are outlined, for more 

detailed discussions see the references. Flynn's Minimum Discontinuity algorithm [30] is a 

spatial unwrapping algorithm that is used for unwrapping of our data. The second algorithm is a 

temporal phase unwrapping algorithm [26] that will be used in conjunction with Flynn's in an 

optimized speckle interferometer. In both algorithms, assumption is made that the phase has been 

sampled according to Shannon's sampling Theorem. That is, two samples of phase per spatial or 

temporal cycle that lies in the range of (-t t ,n) . 
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33.1 FLYNN'S ALGOMTHM 

Flynn's algorithm makes use of discontinuity lines that do not necessarily lie on the fringe lines. 

It looks for closed paths with positive values made up of these lines, removes them and adds an 

integer number of 2k to the pixels inside the closed loops [30]. This iterative process continiies 

till the number of discontinuities in the image of the interferogram is minimized. To understand 

this algorithm some basic definitions are needed. 

First what is meant by a discontinuity? Adjacent pixels, vertical or horizontal, that are different 

by more than a defines a discrete line of discontinuity called an edge. If the pixels are vertical, 

the edge is horizontal between the two pixels. If the pixels are horizontal, the edge is vertical 

between the pixels. If an edge is leftwards (rightwards) then the vertical jump count is 

incremented (decremented). If an edge is downwards (upwards) the jump count is incremented 

(decremented). The value of an edge is 1 if the edge represents a reduction in change in the count 

jump or-1 if the edge represents an increase in change in the jump counts. What is a jump count? 

The unwrapped phase can be written as the wrapped phase and integer number of 

The vertical and horizontal jump count, and , are defined by equation 3.29 and 3.30. 

In . 

(3.28) 

mn (3.29) 
In 

(3.30) 
In 
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The function MT Q is rouiiding the value of its ar^ment to the nearest integer. 

The object of the aigorithm is to minimize the summation of vertical and horizontal jump counts. 

A node array is definsd to work with the jump counts directly. 

A node array is like a CCD array except that is shifted by Vi pixel in horizontal and vertical 

directions compare to the pixel array. Each node has a value that depends on the summation of 

edge values from a reference node to that particular node. Algorithm adds a new edge from pixel 

(m, n) to a neighboring pixel (m', n') if the value of dval is positive, where dval is: 

dval = valueim,n) + Sv(m,n,m ,n )-valueim ,n) (3.31) 

dv(m, n,m\n'^ is the edge value between the two nodes, 1 or -1. So edges, line of 

discontinuities, are connecting the nodes together and algorithm looks for closed loops made up 

of these lines. If the loop has more positive edges than negative edges, then the jump counts are 

incremented and decremented according to orientation of the edges. Next algorithm removes all 

the edges in the loop and initializes a value of zero to all the nodes inside the loop. Algorithm 

stops when no more edges can be added and no more closed loops can be found. In summary, the 

algorithm works in three steps. First, algorithm computes the jump counts from the input phase 

data. Second, scanning the nodes, adding new edges, removing the loops, until no more edges can 

be added and no loops are removed. Third, compute the unwrapped phase from the jump counts. 

This solution is the minimum discontinuity solution. 



76 

3 3.2 TEMPORAL PHASE UNWRAPPING 

In the last section, Fiynn's algorithm has used the jump counts between adjacent pixels to unwrap 

the phase data. Unwrapping can be done for each pixel by itself in time [26]. To do this, phase of 

each pixel is monitored individually in time and jump counts ia time are used to unwrap. The 

advantage of phase unwrapping in time is that the noise on the data in one region will not corrupt 

the data in other regions. In other words the noise stays localized in temporal unwrapping 

methods. If the object to be measured has complicated global boundaries, the spatial phase 

unwrapping is more difficult and temporal phase unwrapping is a better way to unwrap. Figure 

3.13 shows a three dimensional phase unwrapping space; boundaries and noise stay parallel to 

time axis in temporal unwrapping (P to Q) whereas noise propagates to other regions (R) in 

spatial phase unwrapping. 

ra n 

FIGURE 3.13 Three Dimensional Phase Unwrapping Space 
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Like spatial phase unwrapping, there are many methods of temporal phase unwrapping. Huntley's 

method of temporal phase unwrapping is one that is covered. 

Ill this metho4 number of jump counts is calculated by subtracting the phase changes, not phases, 

at two different times with respect to the initial time zero. The phase difference between time t 

and time zero is equation 3.32, which is equivalent to equation 3.25 and 3.26. The jump count is: 

<!>/ (t) - (0) = A^(/, 0) = ArcTan 

In  
(3.33) 

t gets values from 2 to S. 

The total number of phase jumps is: 

s  
(3.34) 

The unwrapped phase difference is calculated using equation 3.35. 

= A#(r,0)-2^rv(0 r = (3J5) 



3.4 UPDATING THE BASELINE SPECKLE PATTERN 

Using larger apertures and pixels minimizes the effect of the decorreiation. In practice, although 

the optiimzatioo of set up is done to miiiiinize the decorrelation but the phase difference between 

the initial and final state of the object could be many times the complete decorrelatioa. To 

o¥ercome this problem, the baseline speckle pattern is updated periodically, such that relatively 

small amount of decorrelation occurs within any one given interv al. The phase maps in the 

intermediate steps can be unwrapped using spatial or temporal unwrapping methods. For both 

methods, averaging step (smoothing or filtering) must be used before unwrapping to maximize 

the benefit of suniming the incremental phase maps [13], The total unwrapped phase change over 

(n+1) incremental phase maps is: 

7} 
^kn.rapped 0) = ^^nwrapped '« ) + Z ̂^umrapped (4. h-l) + ̂ ^unwrapped ih»0) Q 
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4 EXPEMMENTAL SETUPS AND DATA ANALYSIS 

4.1 SIMULTANEOUS PHASE SHIFTED INTEREFEROMETRY 

Speckle phase shifted interferometers that use CCDs to record interferograiHs of the diffuse 

object are called Digital Speckle Pattern Interferometers (DSPI). The phase shifting in these 

interferometers are temporal phase shifting and the phase unwrapping is done spatially [32], In 

this work, a classical simultaneous phase shifted interferometer called PhaseCam, is modified to 

work as Simuhaneous phase shifted DSPI (SDSPI). This interferometer is a product of 4D 

Technology. 

Simiiltaneous phase shifting enables vibration insensitive measurements that are crucial in 

measuring large mirrors and structures at cryogenic chambers. The concept of the simultaneous 

phase shifting is not new [35]. A four CCD configuration with use of polarization cube 

beaimpiitters and polarizers are the basis for an interferometer by Phase Shift Inc [35], Also there 

are interferometers that use a large tilt as a spatial carrier frequency to get all 4 phase shifts 

interferograms on neighboring pixels [35]. Detailed comparisons of these interferometers are 

given in the cited references. Many of these interferometers were used in measurements of large 

aspheric mirrors on a program called Advanced Mirror System Development (AMSD) at NASA. 

All of them worked, but the PhaseCam worked with less effort because of its compactness and 

more advanced optomechanical design. The PhaseCam interferometer is described below. 
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4.2 PHASECAM 

The basic configuration of the ioterferometer is a Twyman-Green, Figure 4.1. A 1 mW, frequency 

stabilized, single mode helium-neon laser is used as the source. A half-wave birefringent piate is 

used to split power between the reference and test arms of the interferometer. 

The polarization beamsplitter cube separates the beams into two orthogonal polarizations. The 

test beam is circulariy polarized after going through a quarter wavqsiate. After reflection from 

the test object aad passing through the same quarter waveplate, its polarization is perpendicular to 

its original state. The beam in the reference arm after reflection from the flat reference mirror and 

passing through a quarter waveplate also has a perpendicular polarization to its original state. Just 

to the right of the polarization cube beamsplitter, the test and the reference beams are in the 

perpendicular polarization states. A 4-F system that has a holographic element at its Fourier plane 

splits the combined beams into four replicas and images the entrance pupil to the CCD. The 

mask in front of the CCD has quarter waveplates and polarizers to generate four phase shifted 

interferograms. Four irradiances are used to calculate the phase: equation 2.4. 

Because the four-interferograms are integrated at identically the same time, high accuracy 

measurements can be made in the presence of significant vibration in the test arm. With a 1 mW 

laser, IM pixels CCD, the electronic integration time is on the order of 30 microseconds. 
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FIGURE 4.1 The PhaseCam optical configuration 

To use this interferometer as a speckle interferometer minor changes to the software and 

hardware are done. Software is modified to subtract a reference (baseiine) from a current data set. 

This is the implementation of equation 3.23. Hardware is modified by transferring the quarter 

wavepiate to the front of the diverging lens in order to get rid of the back reflection from the lens 

into the 4-F imaging system of the PhaseCam. 

This is not an optiinized speckle interferometer but it is suiBcient to assess the rough order of 

accuracy, repeatability, and dynamic range of a speckle interferometer based on the PhaseCam. 
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4.3 SAMPLES 

The optical structures are made of composite mateiial called carbon fiber. The material is Hack 

and diffiise. There are two kinds of finish to the carbon Sbsr. One has more specular reiisction 

(shiny side) tlian the other (matte side). Reflectivities of samples with both finishes are measured 

using a spectrophotometer with integrating sphere. The reflectivity is about 7-8 % at 0.633-

micron wavelength over half of the hemisphere. Figure 4.2 shows the reflectivity of both finishes 

as function of the wavelength. 
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FIGURE 4.2 The reflectivity of the carbon fiber material with two different finishes 
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4.4 ACCURACY MEASUREMENTS 

In order to do accuracy measurements, a 5cm x 5cm flat iBirror is acquired. A Z.Scis s 5cai 

carbon fiber coupon is glued on top of the flat mirror; Figure 4.3. The mirror and the carbon fiber 

assembly is moiiiited on a rotating stage. The optical set up to measure accuracy is shown in 

Figure 4.3 and Figure 4.4. The mirror/carbon fiber is 2.5 - 5 cm fi-om the interferometer ia the 

collimated space. An attenuator is used to equalize the light from the mirror and the carbon fiber 

sections. The beam ratio between the test beam, from mirror and carbon fiber, and reference beam 

is optimized to get good contrast fringes. An interferogram of the test beam and the reference 

beam is acquired. This interferogram is the reference or the baseline measurement. The sample is 

rotated and another interferogram is acquired. The phase is calculated; equation 3.25. Figure 4.5a, 

shows the tilt fringes due to rotation of the object. Fringes on the top are the fringes measured 

over the carbon fiber material with shiny finish. At the bottom are the fringes measured on the flat 

specular mirror section. More tilt is introduced and the procedure is repeated; Figure 4.5b. The 

subtraction is done from the baseline measurement. 



FIGURE 4.3 Flat mirror with carbon fiber coupon at the collimated space of PhaseCam 



FIGURE 4.4 The optical set up to measure accuracy: Interferometer, Laser, and Sample 
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FIGURE 4.5 a & b 

Top: Fringes from carbon fiber 

Bottom: Fringes from specular flat mirror 

AvOTging of 5x5 pixels are used to smootli out the speckle noise for the wrapped phase; equation 

3.27. Next the data is unwrapped using Flynn's algorithm. The surface data for Figure 4.5.a is 

shown in Figure 4.6a. Using 4Sight software, the piston between the carbon fiber coupon and the 

flat mirror is zeroed out; Figure 4.6b. 
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FIGURE 4.6 a&b Surface data with piston (left) and surface data without piston (riglit) 

Now that the data for carbon fiber and mirror are on the same plane, tilt is removed from that 

plane using the 4Sight software. The residual RMS errors on the mirror side and the carbon fiber 

side are shown in Figure 4.7 and Figure 4.8 respectively. 

i« .* ts, 

FIGURE 4.7 The residual RMS error after remova! of the tilt for flat mirror 



88 

FIGURE 4.8 The residual RMS error after removal of the tilt for carbon fiber 

The residual RMS for the mirror, as shown in Figure 4.7 on the right hand side, is 0.0085 waves. 

The residual for the carbon fiber is 0.015 waves. Measurement is repeated many times and the 

summary of the result is in Table 4.1. 
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Number of 
MeJtsnrements 

Mirror RMS Backplane IMS Integration Time 

1 .0063 [wv] .0228 [wv] .43 [ms] 

2 .0058 [wv] .0187 [wv] .43 [ms] 

J .0053 [wv] .0180 [wv] .43 [ms] 

4 .0076 [wv] .0182 [wv] .43 [ms] 

5 .0061 [wv] .0167 [wv] .43 [ms] 

6 .0085 [wv] .0150 [wv] I [ms] 

7 .0089 [wv] .0153 [wv] 1 [ms] 

8 .0097 [wv] .0185 [wv] 1 [ms] 

TABLE 4.1 Summary of the measurements of carbon fiber (shiny) and mirror 

On the average the Residua! RMS for the mirror is about .0073 waves (4.6 nm) and for the carbon 

fiber is about .018 waves (1 inm). 

Similar measurements are done on a carbon fiber coupon with matte finish. Figure 4.9 a&b shows 

the fringes for the matte finish and a flat mirror. Carbon fiber coupon is on the top again. The 

optical set up is identical to what is described above. Table 4.2 is the summary of the 

measurements for the matte side and the mirror. 
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FIGURE 4.9 a&b Fringes of carbon fiber (matte) on the top and the mirror on the bottom 

Number of 
Measurements 

Mirror RMS Backpiane MMS Integration 
Time 

1 .0081 [wv] .0535 [wv] 1 [ms] 

2 .0088 [wv] .0313 [wv] I [ms] 

3 .0089 [wv] .0419 [wv] 1 [ms] 

4 .0087 [wv] .0369 [wv] 1 [ms] 

5 .0093 [wv] .0464 [wv] 1 [ms] 

TABLE 4.2 Summary of the residual errors for carbon fiber with matte finish and mirror 

Average RMS residual for the mirror is like before about 5.54nm and for the matte side of the 

carbon fiber is about 2?nm. Comparing 27nm RMS with 1 Inm RMS, for the carbon fiber with 

shiny finish, confirms that accuracy is surface dependent. The rougher the surface, the higher the 

speckle noise, the smaller the collected power of the test beam, and the larger the phase error. It 

should be noted that fringes are formed for carbon fiber with shiny finish even with integration of 

.4ms. Fringes are not formed for carbon fiber with matte finish with integration less than a milli

second. To form fringes with good visibility 4-5 [nJ] is required on the CCD. The higher the 



power in the test beam, the less integration time is needed on the detector. Minimizing the 

integration time, results in less sensitivity to vibration, which is crucial for measuring large 

structures in the cryogenic chambers. 

The measuremeats above are all single shot measurements. No averaging is dons by adding 

several measurements together. Accuracies above can be improved by averaging many 

measurements over a time period provided that the vibration would not corrupt the data in this 

period. 

4.5 REPEATABILITY MEASUREMENT 

The optical set up is the same as the set up for accuracy measurements. A carbon fiber coupon 

with a matte finish is set in front of the PhaseCam at the collimated space. An initial 

interferogram of the coupon is taken and stored as the base line. The coupon is tilted using the 

rotating stage. The phase difference is calculated as before. RMS value for this measurement is 

recorded. Without tilting the coupon, ten more measuremeats are done. RMS for each 

measurement is recorded. The repeatability of the interferometer is the standard deviation of the 

recorded RMS measurements. Summary of the result is in Table 4.3. Repeatability of the 

measurements is .23 nm. 
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Npmiier of Measurements ' P-¥ ImicroHl MMS fmicron) 
I .2974 .0104 

2 .2224 .0105 

3 .2418 .0104 

4 .2607 .0103 

5 .3176 .0102 

6 .2602 .0101 

7 .2079 .0101 

8 .2135 .0098 

9 .3070 .0102 

10 .2115 .0100 

11 .2205 .0099 

i Average .2509 .01«1 1 
1 Standard Deviation .1288 .2324 |nm| | 

TABLE 4.3 Summary of repeatability measurements 
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4.6 DYNAMIC RANGE MEASUREMENT 

Dynamic range of an mterferometsr is the maxiinimi tilt of the object that can be measured at the 

coliimating space with ao diverging lens. To do this a 2.5 cm x 2.5 cm piece of carbon fiber with 

matte finish is piacsd right in front of the interferometer at the coilimating space. The beam size 

on the sample is about 7 miliimeter in diameter. The sample is mounted on a rotational stage. An 

interferogram of the object is acquired without any tilt, Figure 4.10. This is our reference or 

baseline for our subsequent measurements. Small amount of tilt is introduced and the reference 

phase is subtracted. Set of fringes in Figure 4.11 is the tilt of the object. 

Next, more tilt is introduced and reference is subtracted. This process of incremental addition of 

tilt is continued till fringes are not resolved; Figure 4.12. 

FIGURE 4.10 The interferogram of carbon fiber (matte) 
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FIGURE 4.11 The tilt interferogram for carbon fiber (matte) 
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XSi» 

FIGURE 4.12 The maximum number of tilt, dyBamic range 

The maximum number of the tilt fringes is 58 waves, which is 36.7 micron on the wavefront and 

18.4 micron on the object. Dynamic range of the interferometer in measuring carbon fiber 

material with matte finish is 18.4 micron. Using the last interferogram as a new baseline, another 

18.4 micron of tilt can be added before updating the baseline again. This concept is covered in 

chapter 3 section 4. 



The characterization of the speckle interferometer is done in the same way as any classical 

interferometer is eliaracterized. All the characterization is at the coilimating space with no 

diverging tens and msasuring only tilts. Accuracy, repeatability, and dynamic range of the 

speckle interferometer are measured. In the next section this speckle interferometer is used to 

measure deformation of a carbon fibei* coupon with shiny finish. 

4.7 DEFORMATION MEASUREMENT 

To deform a carbon fiber coupon (5 cm x 5 cm), a holder is designed to hold the coupon on two 

sides. Figure 4.13a. A high precision micrometer is used as a plunger to push the coupon from the 

backside with 0.5-micron increments; Figure 4.13b. 

- - - • 

, ,  ,  

FIGURE 4.13 a&b Holder for the carbon fiber coupon 

The optical setup is a typical setup to measure concave mirrors in the test arm of an 

interferometer; Figure 4.1. A diverging lens is used to illuminate the coupon. The same lens 

images the coupon to 1-2 inches from the frorrt of the interferometer. The size of the image is 7 

millimeter. To measure deformation over the sample (5 cm x 5 cm), a more powerful laser is 
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required. In deformation measurements the forward power in the test beam is 15mw. The F# of 

the lens is adjusted to illuminate the whole holder. The optical set up is shown iii Figure 4.14 and 

4.15. 

FIGURE 4.14 The optica! set up for deformation ineasuremeots 

FIGURE 4.15 The optical set op for deformation measurements 



The diverging lens is inside the tube in front of the interferometer. The quarter waveplate is 

moved from inside of the interferometer to the front of the diverging leas between the lens and 

the coupon. This modification is needed because the back reflection from the diverging lens has 

the same order of magnitude power as the returasd test beam from the coupon. This back 

reflection washes out the deformation fringes. 

An interferograin of the coupon is taken without any deformation and is stored as the baseline 

measurement; Figure 4.16. 

FIGIME 4 J 6 Carbon Fiber Coupon interfs-ogram 

Initially the plunger gently touches the coupoB. Plunger is moved by 0.5 micron. The smallest 

tick mark on the micrometer is 0.5 micron. Interferogram is acquired and subtracted from the 

baseline; Figure 4,17. Plunger is moved three and six tick marks; Figure 4.18, and Figure 4.19. 



FIGURE 4.17 Fringes due to one tick mark motion of the micrometer 

FIGURE 4.18 Fringes due to three tick marks motion of the micrometer 
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FIGURE 4.19 Fringes due to six tick marks motion of the micrometer 

This step is repeated till the micrometer introduces 6.5 micron of deformatioii to the coupon; 

Figure 4.20. 
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FIGURE 4.20 Fringes due to 13 tick marks motion of the micrometer 

All the fringes between 1-13 tick marks are found in Appendix. B. 

Effect of the back reflection from the diverging lens is shown in Figure 4.21. The fringes are 

washed out and loss of data in that area propagates as phase errors to other regions in unwrapping 

process. 



FIGURE 4.21 Effect of back reflection from diverging lens 

Next, the deformation data is unwrapped using the Flynn's algorithm and P-V surface 

deformation is plotted as function of the input deflection. Figure 4.22. 

P-V Surface Deformation; Expected, 
Measured, and the Difference 
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FIGURE 4.22 The P-V surface deformation as function of deflecticm 



The measured P-V deformatioa (•) is below the expected vatuss (0) up to the 8*^ tick marks after 

that, the two linffi are almost parallel. The standard deviation for the parallel part, after the 8*^ tick 

mark, is 0.1 microa, which is one fifth of a tick mark. 

The measursd P-V is below expected because no preloading is done. Tlie holder and sample 

move as a rigid body in the beginning, so the piunger motion deforms the coupon less than 

expected. Once the hoMsr and the sample are not moving, then the motion of the plunger and the 

deformatioBS are linear. 

4.8 CARBON FIBER CUBE MEASUREMENTS 

In the last two sections, carbon fiber samples that are measured are flat. To demonstrate that this 

interferometer would work with samples with depth, a cube of carbon fiber material is acquired. 

One comer of the cube is cut with an angle; Figure 4.22 bottom right. The view from the front 

shows the front surface and inside of the back surface. The same optical set up as in Figure 4.15 

is usal to measare tilt of the front and the back surface of the cube; Figure 4.22. 



FIGURE 4.22 Optical setup and fringes for tilt of carbon fiber cube 

Interferograms on the right-hand side show fringes on the front and the back surfaces in two 

different tilts. No light is back from the cut edge md that is the gap in the inteiferograms. This 

proves that samples with depth can be measured. 
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4.9 PUTTING IT ALL TOGETHER 

A vibratioH insensitive iHeasuremeiit is the primary motivation to combine simultaaeous phase 

shifting with speckle interferometry. A temporal phase shifted specHe interferoiHeter takes about 

70 ms {35 ms pff four phase shiftai frames) to measurs a phase deformation of a diffiise object 

givea that CCD integration time is less than the phase shifting. Simultaneous phase shifted 

speckle interferometer acquire the phase difference for the same object in 60 microsecond, three 

orders of the magnitude faster. The component that limits the processing time in simultaneous 

speckle phase shifting interferometry is the integration time of the CCD. To minimize the 

integration time on the CCD. irradiances need to be maximized. To maximize the reflected object 

irradiance, objects are painted with different kinds of white paints to increase the reflectivity of 

the surface. Space flight hardware such as Back Plane of PM or the Secondary Mirror Tower of 

the JWST cannot be painted. Increasing the illumination irradiance increases the reflected 

irradiance. To remedy the irradiance shortage, low power single mode (spatially and temporally) 

lasers in the speckle interferometers are replaced with high power single mode lasers. In addition, 

to increase the irradiances at the CCD, the aperture of the collecting optics can be increased. The 

size of the lens aperture is limited by the noise on the CCD [25]. A16- bit low noise camera 

would allow larger aperture optics than an 8-bit low noise camera. 

In deformation optical set up. Figure 4.15, a lens with diameter of 0.5 inches is used to illuminate 

and collect light from an object a distance of 370 millimeter away. The collecting F# is 29. 

Increasing the lens aperture to 2 inches results in collecting F# of 7. The irradiance in the image 

plane is proportional to inverse of the square of the F#. Increasing the aperture from 0.5 inches to 

2 inches results in 16 more times irradiance in the image plane for a given object. The aperture 

size also needs to be balanced by the depth of focus for the larger structures. That is to say the 

larger the size of the aperture, (more irradiance) the smaller the depth of focus. Measurements of 



large carved structures using small F# lens results in a partially defocused image at CCD. DHI in 

combination with SDSPI can resolve this shortcomiag of SDSPI [33]. 

It should be BOted that for a givm lens the collected irradiance is proportional to iaverse of the 

object area; the larger the object, the smalter the collected irradiance at the image plane. 

To measure a large structure, the speckle interferometer is designed and optimized using 

parameters above to maximize the object irradiance. Reference beam is added to get 95% of the 

pixels under saturation irradiance and 5% at or abo¥e saturation irradiance. By saturating 5% of 

high irradiance pixels, more quantized gray levels are spanning the reraaining pixels. 
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5 FUTURE WORK 

Noise and its effect on the speckle interferometer measurements is an importaat topic to be 

studied. It is interesting to calculate portion of the residual eiTor in accuracy measurements due to 

decorrelation, and compare it to the total residual error. 

The residual error for fringes in Figure 4.5a is 9.5 ran RMS (.094 rad). Accuracy measurements 

are done with smoothing kernel in equation 3.27. From Table 3.1, the standard deviation for no 

averaging is a factor of 1.65 larger than 5x5 averagiBg, So the accuracy with no averaging is J 56 

rad. From equation 3.13, the coherence factor // is calculated to be .997. From aiuation 

3.2L is calculated to be .003. It is shown that [291 
D 

AD a 
= — (5.1) 

D Qo 

Where OjO^are the tilt of the object and maximum tilt of the object before 100% decorrelation. 

Qg is related to magnification and F# of the system. Equation 5.2. 

M 
(5.2) 

'  2F# 

For the accuracy measurements, M is one, and the F# is 7; therefore the maximum tilt Og is .071 

rad and O is 2E-4 rad. Knowing the object size is Tram; the total displacement of the object edge 

X 
to edge, is 1.5 microns. Dividing the displacement with — is the number of fringes on the object. 
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The calculated wavefront tilt is 10 frlHges. The measurement shows about 2.5 fringes. In other 

words, the total measured residual phase error is accounted for if the measureinejit shows 10 

fringes of tilt. Therefore the decorrelation, assuming liiiM.rity, accouots only for 25% of the total 

residual phase error. Other contributing factors to the residual phase error are irradiance 

dependent and independent noise on the CCDs. For example, to minimize the residual phase 

error; quantized noise, which is independent of the irradiance but dependent on the nimiber of 

speckles per pixel, is reduced by choosing a higher bit camera {16-bit camera instead of 10). 

Many other factors need to be identified and studied to minimize the phase error. 

Using SDSPI based on the current design of the PhaseCam, enables us to measure maximum tilt 

of 5E-4 rad for a 1 meter structure. The baseline must be updated frequently to track the change 

in phase. Temporal phase unwrapping is the best way to unwrap the phase. On occasions, we may 

need to use spatial phase unwrapping in combination with the temporal phase unwrapping to 

calculate the phase. This hybrid method of phase unwrapping must be compared to the digital 

holographic interferometry in tracking rigid body motions of large structures. 

In our studies, the assumption is that the imaging lens is aberration free. It is valuable to study the 

effect of the lens aberration on the accuracy of the SDSPI interferometer. 

Calibrated large deformation (.5 microns) is measured using this interferometer. Calibrated small 

deformation (30 nm) needs to be measured to characterize the behavior of the interferometer. 

This work is concentrating on measurements of out of plane motion of an object. The 

interferometer can also be extended to include the in-plane motion of the object. This is done by 

combining SDSPI with DSP [11]. Another way of extending the capability of the SDSPI 

interferometer is by combining it with DHL to enable measurement of larger curved structures 

with larger aperture lens [33]. Multiple angle illumination, of the object enables measureiBents of 

3-D [32]. 
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APPENDIX A 

OUT OF PLANE MOTION SIMULATION 

Clearing all variables and getting rid of spelling massages after the 
second run 
Clear["Global'*"] 
Off[General::spelll] 

Generating the diffused object 
m=Table[Exp[ Random[]{2Pi)I],{256},{256}]; 
MatrixForm[m]; 

Generating the checkerboard matrix to center the Fourier spectrum 
g : = i + j  
h[g_]:=-l/;OddQ[g] 
h[g_]:=l/;EvenQ[g] 
checkerboard=Table[h[g],{i, 2 5 6},{j , 2 5 6}]; 
M a t r i x F o r i a [ % ]  ;  

Checkerboarding and taking Fourier Transform of the object 
mcheckerboard=ni checkerboard; 
MatrixForm[%]; 
s=Fourier[mcheckerboard]; 
scheckerboard=s checkerboard; 

MatrixForm[%]; 

Generating spatial filter 
Clear [f] 
f:=100<i<156&&100<j<156 

filter=?able[If[f,1,0],{i,256},{j,2 5 6}]; 
MatrixForm[%] ,• 

Multiplying the Fourier transform of the object by the filter and 
checkerboarding and inverse Fourier transforming 
rx=Chop[scheckerboard filter] ; 

MatrixForm[% j; 
ncheckerboard=n checkerboard; 
p=InverseFourier[ncheckerboard]; 
pcheckerboard=p checkerboard; 

MatrixFormf%j; 

Taking absolute value squared to get the image 
qph=Abs [pcheckerboard ] '^2 ; 

ListDensityPlot[qph]; 
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Generating phase shifted references 
re f 0=Table[1,{i, 2 5 6},{j,2 5 6}]; 

ref90=Table[I,{i,256},|j,256}]; 
ref180=Table[-1,{1,256},{j,256}]; 
ref270=Table[-1^{1^256}^{jf25p}]; 

Add the complex amplitude of the reference to the complex amplitude 
of the object and absolute value square the result 
qO=M)s [pcheckerboard + ref 0] ̂2 ; 

q90=Abs [pcheckerboard + ref 90] -^2 ; 
ql80=Abs [pcheckerboard + ref ?L80 ] ''2 ; 
q270=Abs[pcheckerboard + ref270]^2; 



I l l  

Generating modified phase object introducing out of plane motion 
opia=Table [Exp 11 2 Pi/75 i], {i; 256} ] ; 

iniadl=opm m; 
Dimensions [irmdl] 
{256,256} 

Checkerboarding, Fourier transforming, Filtering, Inverse Fourier, the 
modified object 
iiimdcheckerboard=!nmdl checkerboard; 
smd=Fourier [miRdcheckerboard] ; 
smdcheckerboard=smd checkerboard; 
nmd=Chop[smdcheckerboard filter]; 
nmdcheckerboard=nmd checkerboard; 
pmd=InverseFourier[nmdcheckerboard]; 
pmdcheckerboard=pmd checkerboard; 

Plotting the absolute value squared of the modified object, and the 
difference between the two objects(no phase shifted refernces) 
qmdph=Abs [pmdcheckerboard ] '^2; 
ListDensityPlot[qmdph-qph] 
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-DensityGraphics" 

Adding the shifted references to the modified complex amplitude of 
the object 
qmdO=Abs[pmdcheckerboard + ref0]^2; 

qmd90=Abs[pmdcheckerboard + ref90]^2; 
qmd 180=Abs fpmdcheckerboard + ref 180] ̂̂ 2 ; 
qmd270=Abs[pmdcheckerboard + ref27 0]^2; 
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Plotting the phase due to modification of the object using ail the 
phase shifted data 

numerl= (q270-q90) {qiadO-qmcilSO) - (q0-ql80) (qmd270-qmd90) ; 
denml= {q0-ql30 ) (qmd0-qmdl8 0) + (q270-q90) {qitid270-qir.d90) ; 
ker={ {1,1,1}, {1,1,1}, {1,1,1}} ; 
numer=ListConvolve[ker,numerl]; 
denin=ListConvolve [ ker, denml] ; 
phi=ArcTan[numer/denm] ; 
ListDensityPlot[phi] 
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^DensityGraphics^ 
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APPENDIX B 

In - PLANE MOTION SIMULATION 

Clearing ail variables and getting rid of spelling massages after the 
second run 
Needs["Graphics^PlotField""] 
Clear["Global'*"j 

Off[General::spelll] 

Generating the diffused object 
m=Table[Exp[ Random[](2Pi)I],{256},{256}]; 

MatrixForm[m3 ,• 

Generating the checkerboard matrix to center the Fourier spectrum 
g:=i+j 

h[g_]:=-l/;OddQ[g] 
h[g_]:=l/;EvenQ[g] 
checkerboard=Table[h[g],{i,256},{j,256}]; 
MatrixForm[%] 

Checkerboarding and taking Fourier Transform of the object 
mcheckerboard=m checkerboard; 

MatrixForm[%]; 
s=Fourier[mcheckerboard]; 
scheckerboard=s checkerboard; 

MatrixForm[%]; 

Generating spatial filter 
Clear [f] 
f:=50<i<206&&50<j<2G6 

filter=Table[If[f,1,0],{i,256},{j,256}]; 
MatrixForm[%]; 

Multiplying the Fourier transform of the object by the filter and 
checkerboarding and inverse Fourier transforming 
n=Chop[scheckerboard filter]; 

MatrixForm[%]; 
ncheckerboard=n checkerboard; 
p=IaverseFourier[ncheckerboard]; 
pcheckerboard=p checkerboard; 

MatrixForm[%j; 

Taking absolute value squared to get the image 
qph=Abs[pcheckerboard ]^2; 

ListDensityPlot[qphj; 
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GenGrstinQ phas6 shiflsd r6fBr©nc©s 
ref0=Table[1,{1,256},{j,256}]; 
ref90=Table[I,{i,256},{j,256}]; 
ref180=Table[-1,{1^256},|j,256}]; 
ref270=Table[-I,{i,256|{j,256}]; 

Add the complex amplitude of the reference to the complex amplitude 
of the object and absolute value square the result 
qO=Abs[pcheckerboard + ref0]^2; 

q90=Abs[pcheckerboard + ref90]"2; 
ql8Q=Abs [pcheckerboard + ref 180] ''2; 
q270=Abs [pcheckerboard + ref 270] '^2 ; 
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Generating modified phase object introducing out of plane motion 
imridl=Take [m, fl.301, |1,256) ] ; 
Do [laiadl-AppendTo [i] ] ] , {i, 30, 40, 1} ] ; 
Dimensions [ramdl] ; 
Do [maidl=AppsndTo [iBiadl,n{[ [i] ] ], {i, 42,190,1} ]; 
Dimensions [imndl] ; 
Do [mindl-AppendTo [iRmdl,ni[ [i] ] ], { i, 190, 255, 1} ] ; 
Dimensions [imdl] ; 

Checkerboarding, Fourier transforming. Filtering, Inverse Fourier, the 
modified object 
ramdcheckerboard=nimdl checkerboard; 

smd=rourier[mmdcheckerboardj ; 
smdcheckerboard=smd checkerboard; 
nmd=Chop[sradcheckerboard filter]; 
nmdcheckerboard=rand checkerboard; 
pmd=InverseFourier[nmdcheckerboard]; 
pmdcheckerboard=pmd checkerboard; 

Plotting the absolute value squared of the modified object, and the 
difference between the two objects(no phase shifted refernces) 
Get["Graphics"PlotField""] 
qmdph=flbs[prndcheckerboard ]^2; 

qmdph2=iU3S i qrodph-Meari [ Mean [ qmdph} ] 1; 
qph2-=.Abs [qph-Mean [Mean [qph] ] ]; 

subimagel^Take[qmdph2,{220,230},{220,230}]; 

subimage2=Take[qph2,{220,230},{220,230}]; 

corre=ListCorrelate[subirnage2,subimagel,1,0]; 

ListPlot[Flatten[corre]/Max[corre]] 
ListFlotBD[corre/Max[corre]] 
Dimensions[corre] 
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Adding the shifted references to the modified complex amplitude of 
the object 
qmdO=Abs [pmclcheckerboard + ref 0 ] "2 ; 

qmd9G=Abs ipmdcheckerboard + ref90]^2; 
qmdl8Q=Abs [pmdcheckerboard + ref 160 j ̂ "2; 
qmd270=Ab3 [pmdcheckerboard + ref 270] ''^2; 

Plotting the phase due to modification of the object using all the 
phase shifted data 
nuinerl= (q270-q90) (qmd0-qmdl80) - (q0-ql80) (qmd270-qmd90) ; 

demril= (a0-ql80) (qmdO-qmdlSO) + (q270-q9G) (qmd27 0-qirid90) ; 
k e r = { { i r i , l } ,  { 1 , 1 , 1 } ,  { 1 , 1 , 1 } } ;  
nuiaer=Li St Convolve [ker, numerl] ; 
denm=ListConvolve [ker, denial] ; 
phi=ArcTan[numer/denmj; 

LiStDensityPlot[phi] 
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