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ABSTRACT 
 
 

An on-axis, vibration insensitive, polarization Fizeau interferometer is realized through 

the use of a novel pixelated mask spatial carrier phase shifting technique in conjunction 

with a low coherence source and a polarization path matching mechanism.  In this 

arrangement, coherence is used to effectively separate out the orthogonally polarized test 

and reference beam components for interference.  With both the test and the reference 

beams on-axis, the common path cancellation advantages of the Fizeau interferometer are 

maintained.  Microwave modulation of a high powered red laser diode is used to create a 

15 mW laser source having a coherence length of 250 um with minimal sidelobe ringing.  

With a 15 mW source, the maximum camera shutter speed, used when measuring a 4% 

reflector, was 150 usec, resulting in very robust vibration insensitivity.  Additionally, 

stray light interference is substantially reduced due to the source�s short coherence, 

allowing the measurement of thin transparent optics.  Experimental results show the 

performance of this new interferometer to be within the specifications of commercial 

phase shifting interferometers. 

 

This work starts with a basic review of interferometry, phase shifting, and polarization as 

a lead in to a description of the theory and operation of the pixelated mask spatial carrier 

phase shifting technique.  An analysis of the standard Fizeau Interferometer is then given.  

This is followed by detailed theoretical discussion of the path matched vibration 

insensitive (PMVI) Fizeau, which includes a theoretical model of the effects of multiple 

beam return from the test surface when measuring high value reflectors.  The coherence 



 14

properties of laser diodes are then discussed, a theoretical model for the effects of high 

frequency drive current is derived, and experimental results are given.  Finally, the 

performance of the PMVI Fizeau is experimentally analyzed, potential error sources 

discussed, and suggestions for improvements provided. 
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INTRODUCTION 
 

Determination of the spatial variations of optical phase is of primary importance in the 

fields of optical testing and metrology, optical recording of wavefronts, optical 

information processing, and adaptive optics.  Spatial phase variation cannot be observed 

directly, but is readily apparent, through the phenomenon of interference, in the fringe 

patterns produced when a wavefront of interest is interfered with a reference wave.  

There exist several techniques for the encoding of spatial phase modulation in fringe 

patterns and the subsequent analysis of these fringe patterns for a quantitative 

determination of phase. 

 

The two primary groups of fringe pattern analysis techniques are temporal phase 

measurement, and spatial phase measurement.  Temporal phase measurement, commonly 

known as the phase shifting method, is a multiple interferogram analysis technique.  

Temporal phase measurement is the most popular fringe pattern analysis technique due to 

its high accuracy and relatively simple implementation.  However, temporal phase 

measurement is extremely vibration sensitive which limits its use to static, well-isolated 

measurements.  Spatial phase measurement, which is also called the spatial carrier 

method, is a single interferogram analysis technique and is relatively insensitive to 

vibration.  However, past implementation of spatial phase measurement instruments have 

involved complex and expensive optical designs and suffered from accuracy limitations 

(Kwon, Shough et al. 1987;  Wizinowich 1989; Koliopoulos 1992; Kuchel 1994; 

Freischlad, Eng et al. 2002). 
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A novel approach to Spatial Phase measurement has been developed by 4D technologies 

(Millerd, Brock et al. 2004).  This approach is called the pixelated mask spatial carrier 

method and its development was motivated by the desire to create an interferometric 

system for determination of optical phase that is:  (1) Vibration insensitive, (2) Of a 

robust simplified optical design, (3) Computationally efficient, (4) Useful over a broad 

spectral range, and (5) Of acceptable precision and accuracy.  In this technique, the 

relative phase between carrier and test wavefront is modified on a pixel-by-pixel basis. 

The phase shifts are produced with a proprietary wire-grid polarizing array placed at a 

point just prior to detection.  This method allows grouping of phase shifted pixels 

together about a single point in two dimensions, minimizing the phase shift change due to 

the spatial variation in the test wavefront.  Additionally, complex optical systems are not 

necessary since a large carrier tilt is not applied, and the phase shifting is conducted right 

at the detection plane. 

 

Polarization control is essential to the operation of the pixelated mask phase shifting 

technique.  Prior to incidence upon the pixelated mask, which is located just prior to the 

camera, the test and reference beams in the interferometer must be orthogonally polarized 

to one another.  This technique is easily implemented in a Twyman-Green interferometer 

that uses a polarizing beam splitter to separate the source wavefront into orthogonally 

polarized test and reference beams.  However, a major drawback of the Twyman Green 

interferometer is that not only must the reference surface be made to high optical 

precision, but the beam-splitter, and diverging lens if used, must also be of high quality.  
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In the traditional Fizeau interferometer, the test and reference beams are not separated as 

in the Twyman-Green, but travel along a common-path up to the reference surface.  Due 

to this almost common path arrangement, the configuration of the Fizeau interferometer 

is substantially simpler and only the reference surface must be produced with a high 

optical precision.  The main drawback with this arrangement is that the overlapping test 

and reference beams make it difficult to change the polarizations of the beams 

independently, which is required to implement the pixelated mask phase shifting 

technique. 

 

One solution to this problem has been implemented by 4D Technologies and is called the 

tilted beam Fizeau (Millerd, Brock et al. 2004).  In this arrangement, a small tilt is placed 

on the reference flat to allow separation of the returning test and reference beams at an 

intermediate focal plane.  These two spatially separated beams are then passed through 

orthogonal polarizers and then recombined through a birefringent beam combiner just 

prior to incidence on the pixelated mask sensor.  The major drawback with this technique 

is that with the tilted reference surface, the returning test and reference beams no longer 

follow a common path, resulting in retrace errors in the measurement. 

 

Kuchel proposed the use of a low temporal coherence source and an optical delaying 

device that splits the source beam into two orthogonally polarized components and 

applies a controllable phase difference between the two beams (Kuchel 1989). There 

were two primary motivations for this invention.  First, in the conventional Fizeau 
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arrangement, the reference surface is moved by piezoelectric transducers up to a few 

wavelengths along a straight line with high position resolution in order to change the 

phase differences between the reference and test surfaces. This method is difficult for 

large aperture systems, and unrealizable beyond a certain size.  Additionally, for a 

spherical reference surface, translation along the axis does not result in the same phase 

difference for all points on the interferogram.  Second, a method was sought to 

orthogonally polarize the test and reference beams in order to facilitate implementation of 

a vibration insensitive phase shifting arrangement introduced by Smythe and Moore 

(Smythe and Moore 1983). 

 

The benefits of using such a device with a Fizeau interferometer are three fold.  First, it 

provides a means by which the test and reference beams can be individually polarized 

allowing the use of the pixelated mask sensor.  Second, the two orthogonally polarized 

beams are collinear � allowing on-axis operation.  Finally, the delaying device allows 

matching of the reference and test beam optical paths, facilitating the use of very low 

coherence length sources with a resulting reduction in coherent system noise.  Path 

matching also allows measurements on some unique systems that would otherwise be 

very difficult if not impossible to measure with standard interferometers.  For example, 

the measurement of transparent surfaces such as thin lenses or plates is complicated by 

interference due to reflection from the back surface (Novak, Ai et al. 1997; Shiefman 

2003).  The creation of a path-matched vibration-insensitive (PMVI) Fizeau 
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interferometer through the combination of the above path matching arrangement and a 

pixelated mask sensor is the subject of this work. 

 

This work begins with a review of interference and spatial carrier fringe pattern analysis 

techniques.  Next a qualitative and mathematical description of a conventional Fizeau 

interferometer will be given.  This is followed by a review of polarization and an analysis 

of the pixelated mask spatial carrier phase shifting method.  A detailed description of the 

operation of the PMVI Fizeau interferometer is then be presented which includes a 

discussion of path matching techniques, coherence control, and maximizing visibility.  

This is followed by a in depth look at coherence reduction in a red laser diode through 

microwave modulation.  Finally, the PMVI Fizeau prototype is described followed by an 

analysis of the interferometer performance and suggested improvements. 
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1.  TWO BEAM INTERFERENCE AND INTERFEROMETRY 

 

There are extensive resources available on interference and interferometry.  The purpose 

of this section is to give a brief description of the basics of two beam interference for 

those not familiar with the subject and to provide a solid grounding point for the more in 

depth discussions that follow.  In other words, I want to ensure we all start off on the 

same page. 

A large number of optical systems exists for the production of interference patterns.  Of 

these, one of simplest and most commonly used devices is the Twyman-Green 

interferometer, figure 1.  The Twyman-Green is an amplitude splitting interferometer and 

is used extensively in optical testing.  The light source for the system shown is a 

collimated and expanded laser beam. 
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Figure 1-1:  Twyman-Green Interferometer 
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The beam splitter divides the incoming beam into two, one part is transmitted towards the 

test mirror, and the other portion is reflected up towards the reference mirror.  In this 

setup the reference mirror is flat and aligned perpendicular to the incoming wavefront.  

Upon reflection, the reference beam will remain a plane wavefront and will be parallel to 

the incident beam.  The test mirror on the other hand may not be flat or aligned with the 

incoming beam.  Upon reflection, the test beam will have a wavefront shape 

corresponding to the profile and orientation of the test surface.  Upon return to the beam 

splitter, part of the test beam is reflected down toward the imaging lens and part of the 

reference beam is transmitted through the beam splitter toward the imaging lens.  The 

interference of these two beams at the image plane produces a fringe pattern that is a 

contour map to a scale of wavelengths of the optical path difference between the test and 

reference beams for each point (x, y) of the wavefront.  Two example interferograms and 

their associated three dimensional surface profiles are shown in figure 1-2. 

 

Interferograms Contour ProfilesTest Surface Interferograms Contour ProfilesTest Surface

 

Figure 1-2:  Fringes as Contour Lines 
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The basic equation for two-beam interference is 

 ( , ) ( , ) ( , ) ( , )( , ) 2 ( [ ])ref test ref test test refx y x y x y x yI x y I I I I Cos θ θ+= + −  (1.1) 

where I(x,y) is the intensity of the fringe pattern which is a function of the intensity and 

phase of the reference and test beams.  Equation 1.1 is commonly written as: 

 ( , )( , ) (1 [ ])avg x yI x y I Cosγ θ= +  (1.2) 

where: 

 avg ref testI Average background Intensity I I= = +  (1.3) 

 2 ref test

ref test

I Ivisibility
I I

γ
+

= =  (1.4) 

 test refθ θ θ−=  (1.5) 

Equation 1.2 tells us that the fringe pattern has an average intensity equal to the sum of 

the intensities of the reference and test beams with a modulation proportional to the 

cosine of the phase difference between the two beams.  This phase difference, θ(x,y), will 

be called the interferogram phase from this point forward.  The center of a bright fringe is 

located at each point in the interferogram where the absolute value of the phase is equal 

to zero or an integer multiple of 2π , (i.e. 0, 2π , 4π , 6π ,�).  The center of a dark fringe 

is located at each point where the absolute value of the phase is equal to π  or an odd 

multiple of π , (i.e. π , 3π , 5π ,�).  Fringe lines can be thought of as contour lines since 

all points lying on the same fringe have equal phase.  The absolute value of the phase 

difference between any two adjacent fringes is 2π .  Additional information is needed to 

determine the sign of the phase change between fringes and will be discussed in the 

following section.  The visibility, γ, is a measure of the contrast between bright and dark 
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areas in the fringe pattern, equation 1.4.  Good visibility in the fringe pattern is necessary 

for accurate analysis.  Figure 1-3 shows two interferograms along with a cross sectional 

plot of intensity taken along the horizontal axis through the center of each interferogram.  

Each interferogram has the same phase profile, θ(x,y), and average intensity, Iavg, but 

different visibilities. 

 

 

Figure 1-3:  Demonstration of Visibility 

 

The goal of fringe pattern analysis is to determine as accurately as possible the 

interferogram phase, θ(x,y), through the analysis of single or multiple interferograms.  

The test wavefront phase profile may then be determined by subtracting out the known 

reference wavefront.  Using the test wavefront phase profile the test surface shape may 
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then be determined.  Figure 1-4 shows an example test wavefront after reflection from the 

test surface along with the relationship between the step height, h, and the phase step 

∆θtest . 

22test
hθ π
λ

 ∆ =  
 

htestθ∆ htestθ∆
22test

hθ π
λ

 ∆ =  
 

htestθ∆ htestθ∆

 

Figure 1-4:  Wavefront to Surface Profile Relationship 
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2.  FRINGE PATTERN ANALYSIS 

 

The goal of fringe pattern analysis is to determine as accurately as possible the 

interferogram phase, θ(x,y), from which the test wavefront phase and therefore test 

surface shape may be determined. The PMVI Fizeau interferometer utilizes a novel 

spatial carrier phase shifting technique called the pixelated spatial carrier, the subject of 

section 4.  This section provides an introduction to temporal phase shifting and spatial 

phase measurement techniques with the goal of providing the reader with the necessary 

theoretical basis to understand the motivation behind the development of the pixelated 

mask technique. 

 

TEMPORAL PHASE MEASUREMENT 

Temporal phase measurement, commonly known as phase-shifting interferometry, is a 

well-established method for measuring optical wavefront phase (Malacara 1992).  In this 

technique, three or more interferogram intensity profiles are recorded.  For each 

recording, there is a different relative phase between the test and reference beams.  

Generally, the interferograms are recorded on a single camera in a time-sequenced 

fashion where the optical path difference of the reference beam is shifted by a known 

amount between interferogram recordings.  A typical camera has a 512 x 512 point 

detector array and will record the intensity value at each detector point as an 8 or 10-bit 

grayscale value.  Figure 2-1 provides a magnified view of the 8-bit digitization of the 
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intensity values in an interferogram.  In this case, zero intensity is black and corresponds 

to a value of zero, and maximum intensity is white and corresponds to a value of 255. 
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Figure 2-1:  8-bit Digitization of an Interferogram�s Intensity 

 

Figure 2-2 shows 4 separate interferograms where the reference path length is reduced by 

λ/4 between measurements resulting in a phase shift of the reference beam by π /2 for 

each interferogram.  By applying the measured intensity values at each point in the 

interferogram to the appropriate phase shifting algorithm, the value of the wavefront 

phase at each point can be calculated. 
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Figure 2-2:  Four Phase Shifted Interferograms.  The reference phase is shifted by π /2 radians 
between interferograms by moving the reference mirror in by λ/4. 
 

Equation 2-2 provides the relationship between measured intensity, I(x,y), and the 

interferogram phase, θ(x,y).  θ(x,y) can be written as a constant term δ and a term that 

depends upon position, φ(x,y).  Using this substitution in equation 2-2 gives: 

 

  ( , ) (1 [ ( , ) ])avgI x y I Cos x yγ φ δ= + +      (2.1) 

 

Referring again to figure 2-2, by shifting the reference mirror toward or away from the 

beam splitter by a known amount, the value of the piston term in equation 2-1 can be 

changed.  Let δ take on four separate values, (δ1, δ2, δ3, δ4).  Substituting each of these 

values into equation 2-1 gives: 
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1( , ) (1 [ ( , ) 1])

2( , ) (1 [ ( , ) 2])

3( , ) (1 [ ( , ) 3])

4( , ) (1 [ ( , ) 4])

avg

avg

avg

avg

I x y I Cos x y

I x y I Cos x y

I x y I Cos x y

I x y I Cos x y

γ φ δ

γ φ δ

γ φ δ

γ φ δ

= + +

= + +

= + +

= + +

 (2.2) 

 
There are now four independent equations with only three unknowns, (Iavg, γ, φ).  By the 

appropriate choice of phase shifts (δ1, δ2, δ3, δ4) equations can be derived to solve for 

these unknown values.  

 Let δ take on values 30, , ,
2 2
π ππ 

 
 

.  Substituting these values into equation 2-2 gives: 

 

 

1( , ) (1 [ ( , )])

2( , ) (1 [ ( , )])

3( , ) (1 [ ( , )])

4( , ) (1 [ ( , )])

avg

avg

avg

avg

I x y I Cos x y

I x y I Sin x y

I x y I Cos x y

I x y I Sin x y

γ φ

γ φ

γ φ

γ φ

= +

= −

= −

= +

 (2.3) 
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From the above set of equations it should be clear that: 

 
2( , ) 4( , ) 2 [ ( , )]

3( , ) 1( , ) 2 [ ( , )]

avg

avg

I x y I x y I Sin x y

I x y I x y I Cos x y

γ φ

γ φ

− =

− =
 (2.4) 

 

 2( , ) 4( , )[ ( , )]
3( , ) 1( , )

I x y I x yTan x y
I x y I x y

φ −
=

−
 (2.5) 

Equation 2-5 is the well-known four-step algorithm.  Not only is the tangent of the phase 

determined, but also the sine and cosine of the phase.  By knowing which quadrant the 

phase is in, it can be determined on a range of -π  to π .  Additionally, if a limit is set on 

the slope of the phase being measured such that the phase difference between adjacent 

pixels is less than π , then the 2π  ambiguity in the arctangent calculation can be 

resolved. 

 

There are two major limitations to temporal phase measurement.  The first limitation is 

its extreme sensitivity to vibration and turbulence.  This sensitivity results from the 

relatively long time, as compared with the environmental noise time scale, required to 

phase shift and capture at least three separate interferograms for cameras operating at the 

standard 30 frames per second.  As will be shown later, this constraint is not applicable to 

spatial phase measurement techniques since only one interferogram pattern is captured.  

The second limitation, which is the largest source of error in vibration free environments, 

results from an inability to precisely control the relative phase shifts between 

interferograms (Schwider, Burow et al. 1983).  A majority of the scholarship in temporal 
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phase measurement has been focused on the analysis and development of algorithms that 

are less sensitive to phase shifting errors (Larkin and Oreb 1992; Surrel 1993; Hibino, 

Oreb et al. 1995; Schmit and Creath 1995; Phillion 1997; Servin, Malacara et al. 1997). 

 

SPATIAL PHASE MEASUREMENT 

Spatial phase measurement utilizes a single interferogram to extract phase information.  

In this technique, a spatial linear carrier is applied to the interferogram.  The carrier is 

generally produced by introducing a large tilt between the test and reference beams.  

With a flat test and reference wavefront surface, the interferogram would consist of 

straight equally spaced fringes with a purely sinusoidal irradiance profile in a direction 

perpendicular to the fringes, figure 2-3b.  If the test wavefront is not flat, there would be 

nearly straight fringes and the irradiance profile would be a phase-modulated sinusoid 

where the phase modulation is a function of position, figure 2-3c. 
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Figure 2-3:  Interferogram with Linear Spatial Carrier.  (a) Interferogram of test wavefront.  (b) 
Spatial carrier introduced by tilting reference mirror, test wavefront is flat.  (c) Spatial carrier 
modulated by test wavefront of part (a). 
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The interference pattern of figure 2-3c may be analytically expressed as: 

 ( , )( , ) (1 [ 2 ])avg c x yI x y I Cos f xγ π θ= + +  (2.6) 

where cf  is the spatial carrier frequency, and ( , )x yθ  is the wavefront phase.  This 

equation is the same as equation 2.2, with the addition of the spatial carrier phase term, 

( 2 cf xπ ), to the wavefront phase.  The goal of spatial carrier analysis is to determine the 

wavefront phase, ( , )x yθ , through a computational analysis of the intensity pattern given 

by equation 2.6.  This is analogous to a phase modulated radio signal, where the desired 

information is the audio waveform, which is used to phase or frequency modulate a high 

frequency carrier wave. 

 

Spatial Frequency Domain Representation 

For the purpose of explanation, equation 2.6 is written in the following form: 

 ( , )( , ) ( , ) ( , ) [ 2 ]c x yI x y a x y b x y Cos f xπ θ= + +  (2.7) 

where: 

 ( , ) ( , )avga x y I x y=  (2.8) 

 ( , ) ( , ) ( , )avgb x y I x y x yγ=  (2.9) 

Equation 2.7 is now expressed in terms of complex exponentials: 

 
[2 ( , )] [2 ( , )]

( , ) ( , ) ( , )
2

i fc x x y i fc x x ye eI x y a x y b x y
π θ π θ+ − + +

= +  
 

 (2.10) 
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Equation 2.10 can be written as: 

 2 * 2( , ) ( , ) ( , ) ( , )i fc x i fc xI x y a x y c x y e c x y eπ π−= + +  (2.11) 

with 

 ( , )1( , ) ( , )
2

i x yc x y b x y e θ=  (2.12) 

where * designates the complex conjugate.  The spatial frequency spectrum, in the x 

direction, of the fringe pattern with carrier is found by taking the Fourier transform with 

respect to x of equation 2-11. 

 { } *( , ) ( , ) ( , ) ( , )c cx
I x y A f y C f f y C f f yℑ = + − + +  (2.13) 

The capital letters denote the Fourier transform of the lower case counterparts, and f is 

the spatial frequency in the x direction.  The Fourier transform was taken with respect to 

x since this is the direction of the tilt fringes.  If the spatial variations of ( , )a x y , ( , )b x y , 

and ( , )x yθ  are slow compared with cf , then the three terms in equation 3.12 are separated 

by the carrier frequency, cf , and do not overlap, figure 2-4.  Note that the spatial carrier 

has caused a separation of the test wavefront spectrum away from the unwanted 

background intensity fluctuations, ( , )A f y . 

f
cfcf- 0

( , )cC f f y−

( , )A f y

*( , )cC f f y+

f
cfcf- 0

( , )cC f f y−

( , )A f y

*( , )cC f f y+

 

Figure 2-4:  Spectrum of Spatial Carrier Fringe Pattern. 
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Both *C and C contain all of the necessary information to determine the phase ( , )x yθ .  

The technique used to filter out either one or both of these side-lobes is what 

differentiates the different spatial carrier analysis routines. 

 

The primary advantage of the spatial phase measurement technique over the temporal 

phase measurement is that only one image is required.  This allows measurements to be 

taken in adverse conditions or of dynamic events.  Another advantage is that a special 

mechanism is not required to produce the phase shift.  A major disadvantage of this 

technique is the necessary constraints placed on the optical system in order to minimize 

systematic errors associated with the aberrations due to the large carrier tilt.  Another 

disadvantage is that the spatial carrier technique requires more sophisticate processing to 

calculate the wavefront phase (Schmit, Creath et al. 1993). 
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Spatial Domain Processing 

Ichioka and Inuiya were the first to introduce phase demodulation in the spatial domain 

(Ichioka and Inuiya 1972).  Spatial domain processing may be classified into three main 

categories; spatial low pass filtering, spatial high pass filtering, and spatial carrier phase 

shifting method � the last two techniques being equivalent (Malacara, Servin et al. 1998). 

 

Spatial low pass filtering is also known as spatial fringe scanning, quadrature 

multiplicative moiré, or the spatial fringe filter method.  In this technique the 

interferogram intensity values are first multiplied by reference sine and cosine functions 

whose frequency is as close as possible to the spatial carrier frequency.  These two 

products are then low pass filtered by convolution with a filter kernel in the spatial 

domain.  The demodulated phase is given by the arctangent of the ratio of the filtered sine 

and cosine products (Womack 1984).   

 

The Spatial high pass filtering method is also known as sinusoidal fitting, or sinusoidal 

window technique (Womack 1984).  In this technique, the first order side lobes of the 

fringe pattern are directly filtered out by use of a band pass filter.  Filtering is done in the 

spatial domain by convolution with two band pass filters in quadrature.  In this case the 

band pass filters are the product of the reference sine and cosine functions with a low 

pass filter kernel. 

 
cos

( ) ( ) [2 ]rds x k x Cos f xπ=  (2.14) 

 
 

sin
( ) ( ) [2 ]rds x k x Sin f xπ=  (2.15) 
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where ( )k x  is the low pass filter kernel.  The two double sideband filter kernels, 

cos sin
( ) ( )ds x and ds x , are convolved with the fringe pattern, ( , )I x y , in the x-direction.  The 

resulting functions can be written: 

 coscos
( , ) ( , ) ( )fs x y I x y ds x= ⊗  (2.16) 

 

 sinsin
( , ) ( , ) ( )fs x y I x y ds x= ⊗  (2.17) 

 

The demodulated phase is given by the arctangent of the ratio of the two filtered products  

  sin

cos

( , )

( , )
2 ( )

( , )
cx y

fs x y
f x ArcTan

fs x y
θ π

 −
 = − +
 
 

 (2.18) 

 

Note that the spatial carrier phase must be subtracted from the results of the Arctangent 

function in order to recover the test wavefront phase.  An advantage of this method over 

the low pass filtering is that the multiplication by the reference function and filtering are 

all performed in one step. 
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Spatial Carrier Phase Shifting Method 

The spatial carrier phase shifting method is a direct application of the temporal phase 

shifting algorithms in the spatial domain (Shough, Kwon et al. 1990).  Starting with a 

temporal phase shifting algorithm, a linear sample interval is chosen in a direction 

perpendicular to the carrier fringes, with the number of pixels equal to the number of 

sample points used in the chosen formula.  This method assumes that the phase difference 

between pixels remains constant over a small interval, and is equal to the fringe carrier 

frequency.  The formula is applied in the first interval and the phase calculated.  The 

interval is then shifted by one pixel and the phase is again calculated.  This process is 

repeated until all of the phase values have been determined. 

 

The 4-point temporal phase shifting algorithm, equation 2.5, is restated below. 
 

 2( , ) 4( , )[ ( , )]
3( , ) 1( , )

I x y I x yTan x y
I x y I x y

φ −
=

−
 (2.19) 

 
This formula determines the tangent of the phase associated with the third intensity value, 

I3, and requires that the reference phase be stepped by π /2 radians between intensity 

value measurements.  In temporal phase shifting all the intensity measurements are taken 

at the same pixel location. 

 

Figure 2-5 is a plot of the intensity through a cross section of a spatial carrier fringe 

pattern containing a spatial carrier in the x-direction and a constant test wavefront phase.  

In this case the spatial carrier, (reference wave), has a frequency of π /2 radians per pixel.  
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Stated another way, the reference phase is increasing linearly by π /2 radians between 

pixels in the x-direction. 
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Figure 2-5:  Cross Section of Spatial Carrier Fringe Pattern with Constant Test Wavefront 
 

Since the phase step between pixels in the spatial carrier only fringe pattern is equal to 

π /2 radians per pixel, the four-step formula can be applied to determine the phase at any 

location in this fringe pattern.  To determine the phase at the third pixel, we use the 

intensity values associated with the first through fourth pixels in equation 2.19, figure  

2-6(a).  The phase at the fourth pixel is calculated by shifting over by one pixel and using 

pixels two through five in the four-point algorithm, figure 2-6(b). 
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(a) (b)(a) (b)
 

Figure 2-6:  Demonstration of Spatial Phase Shifting 

 

This shifting process is continued until the phase all points have been calculated.  Note 

that in spatial carrier phase shifting, the phase shift between intensity measurements is 

provided by the reference tilt, and that the intensity values used in each calculation are 

measured at adjacent pixel locations.  Figure 2-7 is a plot of the intensity through a cross 

section in the x direction of a spatial carrier fringe pattern containing both the carrier of 

figure 2-5, and a non-constant test wavefront phase.  Since the wavefront phase is added 

to the spatial carrier phase, the phase shift between pixels is no longer a constant π /2 

radians. 
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Figure 2-7:  Spatial Carrier Fringe Pattern Cross Section 

 

In spatial carrier phase shifting interferometry, the assumption is made that the test 

wavefront phase does not vary significantly over the pixels used in the calculation, 

meaning that the phase difference between pixels results almost exclusively from the 

carrier tilt and is approximately π /2 radians.  With this assumption, a temporal phase 

shifting algorithm is used as shown above to determine the phase at each point in the 

interferogram.  This method is equivalent to the sinusoidal window filter demodulation 

method with the phase shifting sampling algorithm defining the filtering function 

(Malacara, Servin et al. 1998). 

 

The largest source of error in this method results from the assumption of constant phase 

shift between the pixels in an interval.  Because the phase shift between pixels is a result 

of both the spatial carrier phase and the test wavefront phase, the assumption of constant 

phase shift is valid only for wavefronts with small deviations.  The resulting error is 
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analogous to phase shift calibration error in temporal phase shifting.  Application of 

algorithms less sensitive to detuning can minimize this error. However, these detuning 

insensitive algorithms generally involve more sample points, making the assumption of 

constant phase slope across the sample interval more difficult to maintain.  To minimize 

phase calibration error, by grouping the phase shifted pixels together about a single point 

in two dimensions, and minimize optical system complexity, a pixelated spatial carrier 

phase shifting technique has been proposed by 4D systems.  In this technique, the relative 

phase between carrier and test wavefront is modified on a pixel by pixel basis. The phase 

shifts are produced with a proprietary wire grid polarizing array placed a point just prior 

to detection.  This method allows grouping of phase shifted pixels together about a single 

point in two dimensions, minimizing the phase shift change due to the spatial variation in 

the test wavefront.  Additionally, complex optical systems are not necessary since a large 

carrier tilt is not applied, and the phase shifting is conducted right at the detection plane.  

The pixelated spatial carrier technique is extensively covered in section 4. 
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3.  POLARIZATION REVIEW 
 

This chapter is intended to provide the reader with a solid understanding of the basics of 

coherent polarized waves, polarization control, and Jones calculus with an emphasis 

placed on those aspects that are necessary for understanding the material covered in the 

follow-on sections.  This chapter starts with a physical overview of polarization, 

discussing both the general case, elliptical, and the special cases, linear and circular.  

Next, polarizers and phase retarders are discussed.  Finally, Jones calculus, a compact 

mathematical representation of completely polarized light and polarization altering 

elements, is introduced.  Due to its compact form and its ability to handle both simple and 

complex systems, Jones calculus will be used throughout the remainder of this work. 

 

POLARIZED LIGHT 

Light is an electromagnetic wave consisting of oscillating electric and magnetic fields 

that in free space are in phase, orthogonal to one another, and transverse to the direction 

of propagation, figure 3-1. 

 

Figure 3-1:  Electromagnetic Wave Propagating in the z-Direction. 
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The electric field is oscillatory, changing in both magnitude and sign as a function of 

position and time.  Polarization describes the orientation of the electric field vector and 

how it changes with position and time.  In general, light can be thought of as being 

composed of two linearly polarized plane waves that are orthogonal, have arbitrary 

amplitudes and phases, and whose vector sum at each point in space and time is equal to 

the electric field amplitude.  A quasi-monochromatic plane wave propagating in the z-

direction may be represented mathematically as follows: 

 
� �i + j

� �i j( ) ( )
( , ) x y

x y xyCos k z wt Cos k z wt
E z t E E

δε ε+− − −∆

=
=

"
 (3.1) 

where: 2 2 xy x yk w fπ
λ

δ δ δπ = −∆= =  (3.2) 

and ,( )x xδε  and ,( )y yδε  are the electric field amplitude and phase offsets in the x and 

y directions respectively.  The field orientation at any point in space and time is 

determined by the ratio y xE E .  The phase difference, xyδ∆ , determines how the ratio 

y xE E , and therefore the electric field orientation varies with propagation.  If the phase 

difference varies randomly, which is another way of saying that the two constituent 

waves are not coherent with one another, then the orientation of the electric field will also 

vary randomly and the wave is said to be un-polarized.  If there is a fixed phase 

relationship between the two constituent beams, which is true within the coherence length 

of the wave, then the orientation of the electric field will vary in a predictable manner and 

the wave is completely polarized.  The following discussion deals exclusively with 

completely polarized light. 
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Polarized light is described in terms of the shape of the two-dimensional curve traced out 

by the tip of t.  Using equation 3.1, the general expression for the curve traversed by E
"

 

can be shown to be (Hecht 1989): 

22
2( , ) ( , )( , ) ( , )+ 2 ( ) ( )y yx x

x y x y
yx yx

z t z tz t z t Cos Sin
E EE E δ δε ε ε ε

      
− ∆ = ∆               

 (3.3) 

This is the equation of an ellipse whose major axis makes an angle γ  with the x-axis, and 

where: 

 2 2

( )(2 ) 2 x y yx

x y

CosTan δγ ε ε
ε ε

∆

−
=  (3.4) 

Equations 3.3 and 3.4 are shown diagrammatically in Figure 3-2. 

 

 

Figure 3-2:  Elliptical Light Oriented and an Angle γ  

 

Figure 3-3 shows an elliptically polarized wave where 1 2y xε ε =  and 2yxδ π∆ = .  

Note that the electric field is changing in both orientation and magnitude, tracing out an 

ellipse in the xy-plane. 
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Figure 3-3:  Right Handed Elliptically Polarized Light 

 

If xyδ∆  is equal to 0mod(2 ) mod(2 )orπ π π±  then equation 3.3 reduces to: 

 y
y x

x

E
E

ε ε= ±  (3.5) 

where the positive sign is for 0mod(2 )xyδ π∆ = .  In both cases the orientation of the 
electric field is stationary and the light is said to be linear or plane polarized.  Figure 3-4 
shows a linearly polarized wave where 1y xε ε =  and 0xyδ∆ = . 

 

Figure 3-4:  Linearly Polarized Light 
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If xyδ∆  is equal to (mod 2 )
2
π π±  and y xε ε ε==  then equation 3.3 reduces to: 

 
2 2 2
x yE E ε+ =  (3.6) 

In this case the magnitude of E
"

 is constant, but its orientation rotates about the axis of 

propagation with an angular frequency equal to w± , the angular frequency of the light 

field.  The tip of the electric field traces out a circle in the xy-plane, and the field is said 

to be circularly polarized.  When 2 (mod 2 )xyδ π π∆ = , the electric field rotates to the 

left, and the polarization state is left circular.  When yxδ∆  is equal to 2 (mod 2 )π π− , 

the electric field rotates to the right, and the polarization state is right circular.  Left 

circular polarized light is shown in figure 3-5. 

 

 
 

Figure 3-5:  Left Circular Polarized Light 
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POLARIZERS AND PHASE RETARDERS 

We have seen that polarized light can be broken down into two coherent orthogonal 

components with independent amplitudes and phases, and that the state of polarization is 

determined by the ratio of these amplitudes and the difference in phase.  Therefore, any 

device that alters the amplitude ratio and/or the phase difference between the two 

orthogonal components of the incident beam will necessarily alter the beam�s 

polarization state.  Two such polarization-altering devices are the polarizer and the phase 

retarder.  A polarizer alters the amplitude ratio of the two orthogonal components 

whereas a phase retarder alters the phase difference. 

 

The most common type of polarizer works through the physical principle of dichroism, or 

selective absorption.  Dichroic polarizers alter the polarization state of an incident beam 

by absorbing most if not all of the incident light polarized along a given direction.  In a 

wire grid polarizer, the electric field component that is parallel to the direction of the wire 

grid will drive conduction electrons along the length of each wire, generating a current.  

Some of the incident field energy is transferred to the wire grid through joule heating.  

Additionally, electrons accelerated along the wires radiate in both the forward and back 

ward directions.  This forward moving wave tends to cancel out the component of the 

incident field parallel to the wires, resulting in little or no transmission of the parallel 

component.  The radiation moving in the backward direction is simply the reflected field.  

Since the conduction electrons are constrained to motions along the axis of the wires, the 

component of the incident field that is transverse to the wire grid does not set up any 
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significant electron motions, and is therefore not reflected or absorbed.  A very common 

type of polarizer is the Polaroid J-Sheet made by the Polaroid company.  This is 

essentially a molecular analog of a wire grid polarizer.  In this case, the wires are formed 

by long hydrocarbon molecular chains impregnated with iodine. Unlike the wire-grid 

polarizers, these polarizer are highly wavelength dependent, and will attenuate both the 

transmitted field component and the reflected field component. 

 

Phase retarders are generally composed of birefringent materials such as quartz, mica, or 

organic polymeric plastics.  The index of refraction of a birefringent material is 

dependent upon the polarization of the incident field.  If the polarization is aligned with 

the optical axis of the material, then the index of refraction is designated as en , if it is 

normal to the optical axis then it is on .  Let a field be normally incident upon a 

birefringent material of thickness t.  Upon exiting the material, the component of the 

incident wave polarized parallel to the optical axis will have experienced a phase change 

of 2
e

t nπ
λ

, while the phase change for the perpendicular component is 2
o

t nπ
λ

.  The 

phase change difference between the parallel and perpendicular components is then: 

 0
2 ( )e

t n nπδ
λ

∆ = −  (3.7) 

The axis with the smallest index of refraction is referred to as the fast-axis since light 

polarized along the fast axis will have a larger velocity than light polarized along the axis 

with the larger index of refraction, the slow axis.  In passing through a birefringent 

material, light polarized along the fast axis will be phase retarded as compared with light 
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polarized along the slow axis of the material.  It should be evident from equation 3.11, 

that through the appropriate selection of material thickness, t, a retarder plate may be 

created to give any desired amount of phase retardation between two orthogonally 

polarized fields of a given wavelength λ .  The two most common retarder plates are the 

half wave plate, and the quarter wave plate.  In passing through a half wave plate, the 

phase difference between the components of the input field that are parallel and 

perpendicular to the optical axis will change by π  radians.  In a quarter wave plate the 

change will be 2π  radians. 
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JONES CALCULUS 

Jones Calculus provides a concise representation of the polarization state of a coherent 

light field and allows, through the use of matrix algebra, the determination of how the 

polarization state of an incident beam is transformed on passing through a polarizing 

element or system of polarizing elements.  In Jones calculus, the electric field is 

represented as a column vector, known as a Jones vector, with trigonometric quantities 

expressed in complex form.  Equation 3.12 shows the full trigonometric form of an 

arbitrary harmonic electric field along with its associated Jones vector. 

 

( )
( )

( )

� �( , ) i + ( , ) j

� �i j( ) ( )

( , )

( , )( , ) ( , ) yxyx

x y

x y
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i k z wt
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xxx
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z t z t
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δ

εε
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ε ε

−

−
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− − +∆

=

=

=

"

"

 (3.8) 

Generally the harmonic wave component of the field, ( )i k z wte − , is dropped giving the most 

compact representation of the electric field and polarization state: 

 
yxi

x

ye
E δ

ε
ε ∆

 
  
 

=
"

 (3.9) 

 

Since the polarization state of an electric field is determined by the ratio of its two 

orthogonal components and not their absolute values, Jones vectors are often normalized.  

The normalized Jones vectors for some common polarization states are shown below in 

table 3-1. 
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Polarization State Jones Vector 

Linear along x-axis (horizontal) 
1
0E  
 
 

=
"

 

Linear along y-axis (vertical) 
0
1E  
 
 

=
"

 

Linear at +45 deg to x-axis 
1
2

1
1E  
 
 

=
"

 

Right circular  2

1 1
2 2

1 1
ie

E iπ−

   
=   

   
=

−
"

 

Left circular 2

1 1
2 2

1 1
ie

E iπ

   
=   

   
=
"

 

 
Table 3-1:  Jones Vector Representation of Common Polarization States 

 

When a polarized beam passes through a polarizing optical element its polarization state 

is changed.  Let iE
"

 and tE
"

 represent the Jones vectors of the incident and transmitted 

beams respectively.  The mathematical description of the transformation between 

incident and transmitted polarization states is shown below: 

 t iE M E=
" "

 (3.10) 
 

Μ  is a 2 x 2 transformational matrix representing the polarizing optical element and is 

referred to as the Jones matrix.  Table 3-2 provides a listing of Jones matrices for some 

common optical elements. 
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Polarizing Element Jones Matrix 
Linear Polarizer 
X-axis (horizontal) 

1 0
0 0
 
 
 

 

Linear Polarizer 
Y-axis (vertical) 

0 0
0 1
 
 
 

 

Linear Polarizer 
+45 deg to x-axis 

1 11
1 12
 
 
 

 

Quarter Wave Plate 
Fast axis Horizontal 

4
1 0
0

i
e

i

π  
 
 

 

Half Wave Plate 
Fast axis Horizontal 

1 01
0 12
 
 − 

 

 
Table 3-2:  Jones Matrices 

 

As an example, let iE
"

 be a linearly polarized beam at +45 degrees to the x-axis passing 

through a horizontal linear polarizer.  Using equation 3.10, tE
"

 is calculated as follows: 

 
1 0 1 1
0 0 1 0tE     

           
= =
"

 (3.11) 

 

The transmitted beam is linearly polarized along the x-axis (horizontal) as expected.   

As another example, let the same iE
"

 pass through a quarter wave plate with its fast axis 

horizontal. 

 
1 0 1 1
0 1tE i i

    
           

= =
"

 (3.12) 

 
The transmitted beam in this case is left circular polarized. 
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The Jones matrices given in table 3-2 are for polarizing elements whose reference axis 

points in either the x or y direction.  The Jones Matrix for a rotated polarizing element is 

calculated through the use of the rotation matrix as follows: 

 
( ) ( )

( ) ( ) ( )
( ) ( )

Cos Sin
M R M R R

Sin Cosθ θ θ
θ θ

θ
θ θ

 
= − =  − 

 (3.13) 

Where ( )R θ  is the rotation matrix, and MandMθ  are the Jones Matrices of the non-

rotated and rotated elements respectively. 

 

As an example, let iE
"

 be a linearly polarized beam along the x-axis passing through a 

QWP with its fast axis oriented at +45 degrees.  Using equation 3.13, Mθ  is found to be: 

 41 1 1 1 112 2
2 21 1 1 1 12

1 0
0

i i
M e

ii
π

θ

−       
=      −      

=  (3.14) 

The transmitted field is then: 

 1 1
2 2

1 1 1
1 0t
iE i i

    
           

=
−

=
"

 (3.15) 

The transmitted beam is right circularly polarized with a phase factor of 2π .  If this 

beam is then passed once again through a QWP with its fast axis at 45 degrees, the 

resulting field is: 

 1 1
2 2

1 1 0
1 1t
iE i i

    
             

=
−
=

"
 (3.16) 

We see that upon two passes through the QWP oriented + 45 degrees to the horizontal 

axis results in the incident polarization being rotated by +90 degrees.  This is equivalent 
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to passing through a HWP that has been rotated by + 45 degrees to the horizontal axis.  

As a final example, linearly polarized light making an angle α  with respect to the 

horizontal axis is incident upon a HWP with its fast axis orientated at an angle of θ  with 

respect to the horizontal axis.  The transmitted polarization state is given by: 

 

( )1 0( ) ( )0 1 ( )

(2 )
(2 )

t

t

CosE R R
Sin

CosE
Sin

αθ θ
α

θ α
θ α

  
       

 
 
 
 

= −
−

−=
−

"

"
 (3.17) 

Equation 3.17 shows that an incident linearly polarized beam making an angle of (θ α− ) 

with respect to the HWP fast axis will be rotated through the fast axis by an angle of 

2( )θ α− .  In other words, linearly polarized light incident upon a HWP has its 

polarization orientation rotated through twice the angle the incident polarization makes 

with the axis of the HWP. 
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4.  PIXELATED MASK SPATIAL CARRIER PHASE SHIFTING 

 

The purpose of this section is to describe the theory and implementation of the pixelated 

mask spatial carrier technique and how it is used to determine relative phase difference 

between input test and reference beams. 

 

PIXELATED SPATIAL CARRIER 

In the pixilated spatial carrier technique, the relative phase between the reference and the 

test wavefront is discretely modified on a pixel-by-pixel basis.  Figure 4-1 compares the 

linear spatial carrier with the pixilated carrier.  The linear carrier wavefront phase 

changes linearly by / 2π  radians across each pixel, resulting in a sinusoidal intensity 

variation.  The pixilated carrier wavefront has a constant phase across each pixel with a 

discrete phase change of / 2π  radians between pixels.  Note that we are only discussing 

the spatial carrier phase, not the phase and intensity changes that result from a non-flat 

test wavefront. 
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270 180
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0 90 180 2700 90 180 270
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Linear Phase Change
Sinusoidal Intensity Variation

Discrete Phase Change
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270 180
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270 180
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270 180
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Sinusoidal Intensity Variation

Discrete Phase Change
Discrete Intensity Variation

 
 

Figure 4-1:  Spatial Carrier Interference Patterns.  Top - Linear spatial carrier produced by tilt 
fringes.  Bottom � Circular spatial carrier produced by pixelated mask method. 
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The pixilated phase shifts are produced with a proprietary wire-grid polarizing array 

placed at a point just prior to detection � the theory and implementation of this technique 

will be explained shortly.  This method allows grouping of phase shifted pixels together 

about a single point in two dimensions, minimizing the phase shift change due to the 

spatial variation in the test wavefront.  This is important because the spatial carrier phase 

shifting technique described in the previous section is used to calculate the test wavefront 

phase.  Additionally, complex optical systems are not necessary since a large carrier tilt is 

not applied, and the phase shifting is conducted just prior to the detection plane. 

 

PHASE SHIFTING WITH A POLARIZER 
 
Let the test beam be left circularly polarized with a phase of tδ , and the reference beam 

be right circularly polarized with a phase of rδ .  Further, let both beams be incident upon 

a linear polarizer oriented at an angle α  with respect to the x-axis, figure 4-2.  Using the 

Jones vectors representation, the test and reference beams are: 

              ( , ) Test Beam (Left Circular)
1( , ) ti x y

tE x y e
i

δ  
 
 

=
"

 (4.1) 

 ( , ) Reference Beam (Right Circular)
1( , ) ri x y

rE x y e
i

δ  
 
 

=
−

"
 (4.2) 

Using equation 5.24, the Jones matrix for a linear polarizer oriented at an angle alpha 

with respect to the x-axis is given by: 

 
2

2

1 0 ( ) ( ) ( )
( ) ( )

0 0 ( ) ( ) ( )
Cos Sin Cos

LP R R
Sin Cos Sinα

α α α
α α

α α α
  

= − =  
   

 (4.3) 
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Figure 4-2:  Shifting the Relative Phase of Incident Beams with a Linear Polarizer. 

 

If the test beam, ( , )tE x y
"

, is incident upon the linear polarizer, LPα , of equation 4.4, the 

transmitted field, ' ( , )tE x y
"

, is found as follows: 

 ' ( , ) ( , )t tE x y LP E x yα=
" "

 (4.4) 

Substituting the values for ( , )tE x y
"

 and LPα  from equation 4.2 and 4.4 respectively: 

 
2

( , )'
2

1( ) ( ) ( )
( , )

( ) ( ) ( )
testi x y

t
Cos Sin Cos

E x y e
iSin Cos Sin

δ α α α
α α α

  
=   

  

"
 (4.5) 

Multiplying out the right side of equation 4.5 and simplifying terms gives: 
 

 ( , )' ( ) ( ( ) ( ))
( , )

( ) ( ( ) ( ))
ti x y

t

Cos Cos i Sin
E x y e

Sin Cos i Sin
δ α α α

α α α
+ 

=  + 

"
 (4.6) 
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Finally, factoring out the common term, ( ( ) ( ))Cos i Sinα α+ , and expressing it in its 

exponential form results in the following expression for transmitted test beam: 

 [ ( , ) ]' ( )
( , )       Transmitted Test Beam

( )
ti x y

t

Cos
E x y e

Sin
δ α α

α
+  

=  
 

"
 (4.7) 

In the same manner as above, the transmitted reference beam is found to be: 

 [ ( , ) ]' ( )
( , )          Transmitted Reference Beam

( )
ri x y

r

Cos
E x y e

Sin
δ α α

α
−  

=  
 

"
 (4.8) 

We see that upon passing through the polarizer, both the test and reference beams are 

now linear polarized at an angle α  and the magnitudes of both beams have been 

attenuated by a factor of 1 2 .  Additionally, a phase offset of α+  has been added to the 

test beam, whereas a phase offset of α−  has been added to the reference beam.  The two 

beams are now collinear and will interfere to give an intensity pattern in accordance with: 

 ( , ) ( , ) ( , ) 2 ( ( , ) )t r t rI x y I x y I x y I I Cos x yφ= + − +∆  (4.9) 

where 
 ( , ) ( , ) ( , )     Spatialy Varying Phaset rx y x y x yφ δ δ= −  (4.10) 

and  

 2      Constant Phase Offsetα∆ =  (4.11) 

The linear polarizer acts as a phase shifting device between the two beams, were the 

phase shift, ∆ , is equal to twice the orientation angle of the polarizer. 

 

Several authors,(Crane, Polster et al. 1969; Okoomian 1969; Bryngdahl 1972; Hariharan 

and Ciddor 1994; Suja-Helen, Kothiyal et al. 1998), have made use of this mechanism to 
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phase shift interferometers.  One of the advantages of this type of phase shifter is that its 

operation is independent of the wavelength of light used.  For this reason, the circularized 

beam followed by a linear polarizer is sometimes referred to as a geometrical phase 

shifter.  It has been assumed that the input light is circularly polarized.  If this is not the 

case, then the system is not achromatic since wave plates must now be used to circularly 

polarize the input beams. 

 

THE PIXELATED MASK 

Now imagine grouping four very small linear polarizers together in a square pattern and 

that the optical axis of these polarizers have an orientation angle of ( )0, 4, 2, 3 4π π π , 

figure 4-2.  This grouping of wire grid polarizers is referred to as a super-pixel (Millerd, 

Brock et al. 2004), and since the polarizer orientation increases in a clockwise fashion, 

the carrier pattern it produces is referred to as a circular spatial carrier. 

 

( , )tE x y
"

RHC
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"
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π∆ =0∆ =

π∆ =
3
2
π
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Super-Pixel Introduced Phase Shift

( , )tE x y
"

RHC

LHC

( , )rE x y
"

2
π∆ =0∆ =

π∆ =
3
2
π

∆ =

Super-Pixel Introduced Phase Shift

 
 

Figure 4-3:  Super-Pixel Array and Resulting Phase Shift between Left and Right Circularly 
Polarized Input Beams. 



 59

If the test and reference beams given in equations 4.2 and 4.3 were incident upon this 

super-pixel, the output would be four sets of beams, where the phase offset, ∆ , between 

the test and reference beam within each set is ( )0, 2, , 3 2π π π , figure 4-3.  Detectors 

placed behind the polarizers would measure the intensity resulting from the interference 

of the test and reference beams in accordance with equation 4.1.  If the spatial variation in 

phase, ( , )x yφ  does not vary significantly over the super-pixel, then we may assume it is 

constant and calculate its value using the standard four-step algorithm. 

 

To produce a pixelated spatial carrier over an entire CCD detector, the super-pixel pattern 

of figure 4-3 is repeated; forming a grid of super-pixels, figure 4-4 top right.  This 

pixelated mask of wire grid polarizers is placed directly over the CCD detector, such that 

each polarizer covers only one CCD pixel, figure 4-4 bottom. 

 

Figure 4-4:  Pixelated Mask Polarizer Array 
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A typical CCD pixel element is on the order of 10 microns square.  Figure 4-5 is an 

image of a pixelated mask taken with an electron microscope showing the four different 

polarizer orientations making up a super-pixel.  The line spacing of the wire grid 

polarizers is approximately 250 nm, and the size of each polarizing element is 

approximately 10 microns square.  The planar nature of the conducting strip structure 

permits using it as a polarizer over an extremely wide incident angle, including zero 

degrees, and over a broad range of wavelengths, provided the period remains much less 

than the wavelength (Millerd, Brock et al. 2004). 

 

 

Figure 4-5.  Electron Micrograph of Wire Grid Polarizers in a Super Pixel. 



 61

CALCULATING PHASE 

The intensity pattern produced by the interfering test and reference beams at the detector 

can be expressed as: 

 ( , ) ( , ) ( , ) ( , ) ( , )(1 [ ] )avg x yx y x y x y x y p pI I Cosγ φ= + +∆  (4.12) 

where 
 ( , ) ( , ) ( , )     Test and Reference Phase Differencet rx y x y x yφ δ δ= −  (4.13) 

 ( , ) Pixelated Mask Spatial Carrier Phase (Phase Shift)x yp p∆ =  (4.14) 

 
Equation 4.9 is the same as equation 2.1 with the linear spatial carrier, 2 cf xπ , replaced 

by the pixelated spatial carrier, ( , )x yp p∆ , where ( , )x yp p  designates the pixel location in 

the x and y directions.  ( , )avg x yI  and ( , )x yγ  are the average background intensity and 

the visibility as defined in equations 2.3 and 2.4 respectively. 

 

Recall that in the spatial carrier phase shifting method, the assumption is made that the 

phase, ( , )x yφ , does not vary significantly over the points used in the phase calculation.  

It must also be assumed that ( , )avg x yI  and ( , )x yγ  are relatively constant over these same 

points.  For the purpose of this discussion, ( , )avg x yI  and ( , )x yγ  are set equal to unity in 

equation 4.12 giving: 

 ( , ) ( , )1 [ ]px y x yI Cos φ= + +∆  (4.15) 

where the subscript p is the pixel designator. 
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Figure 4-6 represents the spatial carrier phase shift, p∆ , for a section of the pixelated 

mask containing four super-pixels.  The number at each pixels location, { }1, 2,3, 4 , 

corresponding to the carrier phase shift, { }0, , ,2 2
π ππ −  respectively. 
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Figure 4-6:  Calculating the Phase Using the Four-Point Algorithm. 

 

Using equation 4.15 and the given carrier phase shift, p∆ , the intensity at each pixel 

location can be calculated.  The intensities associated with each of the four highlighted 

pixels in figure 4-6 are: 

 

 1 1 2 2

3 3 4 4

1 [ ( , )] 1 [ ( , )]
1 [ ( , )] 1 [ ( , )]

I Cos x y I Sin x y
I Cos x y I Sin x y

θ θ
θ θ

= + = −
= − = +

 (4.16) 
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Assuming 1 2 3 4{ , , , } Aθ θ θ θ θ≅ , the phase at point A may be calculated using the four-point 

formula of equation 4.20: 

 4 2

1 3

[ ( , )] Four-Point FormulaA
I ITan x y
I I

θ −
=

−
 (4.17) 

Note that point A is placed at the center of the four pixels used in the phase calculation.  

Since we are making the approximation that all of the phases among the four pixels are 

equal, we want to minimize the deviation between the actual phase at each pixel point 

and the calculated phase.  Since the phase is a function of position, minimizing the 

displacement between the point of phase calculation and the points were the intensity 

measurements are taken will minimize the deviation in phase. 

 

By moving one pixel to the right, the phase at the next intersection of pixels, point B in 

figure 4-7, can be calculated.  Note that in this case, the ordering of pixels has changed, 

the arrow indicating the positions of intensities 1 � 4 used in equation 4.17 to calculate 

the phase.  Shifting by one more pixel to the right, the phase at point C is calculated.   
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Figure 4-7:  Calculating the Phase at Points A-F. 

 

Shifting down one row and starting at the left side of the array, the phases at points D, E, 

and F may be similarly calculated.  By shifting and calculating in both the x and y 

directions across the entire array, the phase at each point may be determined.  Since for 

each calculation, 1 2 3 4, , ,I I I and I  are associated with the pixel whose spatial carrier 

phase shift is 0, , ,2 2andπ ππ −  respectively, the calculated phase does not contain the 

spatial carrier, eliminating the need to subtract the carrier from the final phase 

calculation.  However, this method of computation requires altering the order of 

calculation following each shift.  If on the other hand, we fixed the order of 

1 2 3 4, , ,I I I and I  to be in a clockwise fashion starting from the top left pixel for each 
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calculation, the phases would be calculated using the following formulas for points A, B, 

D, and E: 

 

 

4 2 4 2

1 3 1 3

4 2 4 2

1 3 1 3

[ ] [ ( ) ]2

[ ( )] [ ]2

A B
A B

D E
D E

I I I ITan Tan
I I I I

I I I ITan Tan
I I I I

πθ θ

πθ θ π

   − −
= − + =   − −   

   − −
− − = + =   − −   

 (4.18) 

 

In this case, the calculated phase at each point includes the carrier phase of pixel number 

one.  The minus signs in the argument of the tangent for the phase at points B and D 

result from the fact that the carrier phase decreases in the clockwise direction for these 

two calculations.  This same pattern of calculations is repeated until the phase has been 

determined at each point across the array. 
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5.  THE FIZEAU INTERFEROMETER 

 

THE STANDARD FIZEAU 

The basic configuration of the Fizeau Interferometer is shown in figure 5-1.  The Fizeau 

is an amplitude-splitting two beam interferometer that produces fringes of equal 

thickness.  

  

 

Figure 5-1:  Basic Fizeau Interferometer Configuration 

 

Light from a laser source is first passed through a spatial filter, producing a uniform 

expanding beam.  The beam then passes through a beam splitter and is then collimated.  

The collimated wavefront passes through the reference flat where a portion of the 
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wavefront reflects off of the reference surface and returns to the beam splitter.  The first 

surface of the reference flat is generally anti-reflection coated and wedged to minimize 

and allow separation of any unwanted reflections from this surface.  The remainder of the 

wavefront continues on to the test surface where a portion of it is reflected off of the test 

surface and is returned to the beam splitter.  The returning test and reference wavefronts 

are reflected downward off of the beam splitter and are imaged onto a camera. The 

interference of these two beams at the camera produces a fringe pattern that is a contour 

map to the scale of wavelengths of the difference in the optical paths traversed by the test 

and reference beams.  Due to the susceptibility to multiple reflections in the cavity, the 

Fizeau is generally not used with highly reflecting test surfaces.  The reference surface 

reflectivity is usually around 4 %, and in order maximize fringe visibility, the reflectivity 

of the test surface should be similar.   

 

Optical Path Difference  

Figure 5-2 is an exaggerated view of a light beam incident on the Fizeau cavity at an 

angleθ .  The beams reflected off of the reference and test surfaces are the reference and 

test beams respectively.  The optical path difference (OPD) between the two reflected 

beams is given by: 

 ( , ) 2 ( )OPD t t Cosθ θ=  (5.1) 

where and tθ are the angle of incidence and the cavity thickness respectively.  
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Figure 5-2:  OPD as a Function of Illumination Angle and Cavity Thickness. 

 

For small angles equation 5.1 may be approximated to second order as: 

 2 2( , ) 2 (1 2) 2OPD t t t tθ θ θ− = −#  (5.2) 

Source Size 

Equation 5.2 tells us that for multiple illumination angles,θ , there will be multiple pairs 

of test and reference beams all with a different OPD.   To minimize the variation in OPD, 

and therefore increase visibility, the angular extent of the illumination must be 

minimized.  Setting the maximum OPD variation, due to the illumination angle, to 16λ  

and solving equation 5.2 for t gives: 

2

1
4 (2 )

t λ
θ

≤  (5.3) 

where 2θ is the angular extend of the source as seen from the collimating lens.  The 

angular extent of the source as seen from the collimating lens is given by D/f, where D is 

the source diameter, and f is the focal length of the collimating lens. 
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As an example, let D=100 um, f=100 mm, and λ = 0.5 um.  Using these values in 

equation 5.3 gives t < 125 mm.  The use of a laser source however significantly extends 

the workable cavity thickness.  If D=10um, then equation 5.3 would yield a maximum 

cavity length of t<12.5 meters. This is much larger cavity length than is generally used 

pointing out that the cavity thickness is not limited by the spatial coherence of the source. 

 
Collimating Lens 

Aberrations in the collimating lens will also affect the spread of illumination angle.  In 

this case however, the affect is not uniform and there must therefore be a more stringent 

requirement on the angular deviation.    If k is the allowed fractional error in OPD, then 

using equation 5.2: 

2t kθ λ≤  (5.4) 

Using k=0.001, λ = 0.5 um, and t = 1m and solving for θ  gives: 

52.24 x 10 radiansθ −≤                                                 (5.5) 

where θ  is the angular aberration.  This is not a difficult tolerance to meet.  As an 

example, the angular aberration in equation 5.5 is equivalent to 0.55 waves of spherical 

aberration over a 50 mm pupil radius.  As a comparison, in the Twyman-Green 

interferometer a high quality beam splitter is required.  The reflecting surface must be flat 

within an accuracy of twice the interferometer accuracy, and its material must be 

extremely homogeneous (Malacara 1992). 
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Fringe Visibility 

Due to the small source size, spatial coherence is not an issue.  For simple two beam 

interference, the visibility of the fringes at the detector is given by: 

 11
2 ( )ref test

ref test

I Ivisibility
I I

γ τ
+

=  (5.6) 

Where test refI and I  are the reference and test beam intensities at the detector, τ  is the 

OPD between the two beams, and 11( )γ τ is complex degree of temporal coherence (Hecht 

1989).   For single mode, stabilized laser sources, the temporal coherence can be several 

10s of meters, making 11( )γ τ =1 over any useful cavity length.  In this case fringe 

visibility, in the absence of noise, is primarily a function of test and reference beam 

intensities.  As discussed in section 2, to maximize fringe visibility, the test and reference 

beam intensities should be as closely matched as possible.  The reference and test beam 

intensities at the detector are then given by: 

 

( )

( )

@det

2
@det

ref ill BS ref BS

test ill BS ref test BS

I I R R T

I I R T R T

=

=
 (5.7) 

where ( , , , , , )BS ref test ref test BSR R R T T T  are the beam splitter, reference surface and test 

surface reflectivities and transmisivities, and illI  is the illumination intensity.  

Substituting these values into equation 5.6 and setting 11( )γ τ =1 gives: 

 2

2(1 )
(1 )

ref ref test

ref test ref

R R R
Visibility

R R R
−

=
− +  (5.8) 
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Equation 5.8 applies only for simple two beam interference, which is a valid 

approximation in the Fizeau interferometer for low test surface reflectivities only.  To 

derive the general expression for fringe visibility in the Fizeau interferometer when 

illuminated with a highly coherent source, the effects of multiple cavity reflections must 

be taken into account.    The general expression for the fringe visibility in a Fizeau can be 

shown to be: 

 

 2 2

2(1 ) (1 )
(1 ) (1 )

ref test ref test

ref test test ref

R R R R
Visibility

R R R R
− −

=
− + −  (5.9) 

 

Figure 5.3 shows the visibility as a function of testR  for 4 different values of refR . 

 

Figure 5-3:  Visibility vs. Test Surface Reflectivity.  Curves are shown for four values of 
reference surface reflectivity. 
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Common Path Arrangement 

In the Fizeau interferometer, the test and reference beams are not separated as in the 

Twyman-Green, but travel along essentially common paths from the source to the 

reference surface, and from the reference surface to the detector.  Assuming that these 

paths are exactly the same, the only OPD between the test and reference beams is that 

introduced by the cavity thickness; which varies as a function of the difference between 

the reference and test surface profiles.   Because of this common path arrangement, any 

vibration in the instrument or aberrations due to the optical components will affect both 

the test and reference beams equally, causing little change in the OPD between them.  A 

true common path arrangement is only obtainable when the test and reference surfaces 

are identical, they are not tilted with respect to one another, and the cavity length is very 

small.  Any deviation of the test surface from planar will result in a deviation in the angle 

of the returning test beam, causing the reference and test beams to travel along different 

paths to the detector.  In reality, the angular extent of the test beam is limited by sampling 

constraints imposed by the detector, and the limitation imposed on the test surface slope 

necessary to prevent phase unwrapping ambiguity.  As a result, although a true common 

path arrangement is never exactly met; significant benefit is still obtained. 

 
Coherent Noise 

In the previous section it was shown that a moderate optical tolerance on the collimation 

lens was required to produce good fringe visibility at relatively large cavity lengths.  This 

assumes that the coherence length of the laser is much greater than twice the cavity 

length of the interferometer.  In almost all cases, this condition is easily met by most 
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single mode laser sources whose coherence length is generally in excess of 10 meters.  

However, along with the significant advantages associated with the use of these highly 

coherent sources comes the disadvantage of coherent noise.  Coherent noise results from 

unwanted reflections off of optical surfaces other than the test and reference surface, and 

from the diffraction of light off small defects and dust on the optical surfaces of the 

interferometer.  A rotating ground glass element is commonly used in the imaging system 

of commercial Fizeau interferometers.  This element increases the effective source size 

(reducing the spatial coherence), and therefore results in reduction in coherent noise.  

However, significant degradation in the system coherent transfer function at high spatial 

frequencies results (Novak, Chiayu et al. 1997). 
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Imaging the Test and Reference Surfaces 

Figure 5-4 shows the imaging path of the interferometer with the reflection at the beam 

splitter unfolded.  The collimator and the imagining lens, Lc and Li respectively, along 

with the system stop located at S form an afocal imaging system that is telecentric in both 

object and image space.  The system stop sets the maximum resolution of the imaging 

system and also serves as a block of unwanted reflections and scattered light.   

 

 
 

Figure 5-4:  Unfolded Imaging Path of the Fizeau Interferometer 
 

The test surface, T, is imaged onto the CCD camera at T� with a magnification of  

col imgm f f=− .  In the absence of the CCD, the reference surface, R, would be imaged at 

a point located behind the test surface image plane, T� by an amount 2z m t∆ =  where m is 

the system magnification and t is the separation between the test and reference surfaces.   
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We are concerned with the ability of the system to reproduce the phase of the test 

wavefront at the detection plane of the camera.  Since this is a strictly coherent imaging 

system, the cutoff frequency in image space for the amplitude transfer function is given 

by: 

 
ic imgf NA λ=  (5.10) 

with: 
 img s colNA r f=  (5.11) 

where colf  and sr  are the collimating lens focal length and system stop radius 

respectively.  The cut-off frequency in object space is then given by: 

 
o ic c objf m f NA λ= =  (5.12) 

In the absence of aberrations and noise, the maximum spatial resolution of the system is 

limited by the camera sampling.  To prevent aliasing, there must be at least two samples 

taken across each fringe in the interferogram.  Additionally, the maximum phase change 

between adjacent pixels must be limited to π  radians to prevent phase unwrapping 

ambiguity.  This also requires two pixels per fringe, giving both requirements the same 

specification. 

 

As an example, let the CCD camera be composed of 10um square pixels on a 1000 X 

1000 pixel grid.  The maximum wavefront slope is then limited to 1 wave across two 

pixels or 1 wave per 20 um.  Using 0.5umλ = , the maximum wavefront slope in image 

space is 0.025 radians = 1.432 degrees.  If the wavefront were purely tilt, there would be 
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500 fringes across the detector or 50 fringes / mm.  Using equation 5.11 with 1 10m = , 

the maximum spatial frequency in the object plane, at the test surface, is: 

 50 ( / ) 5 ( / )
ocf m fringes mm fringes mm= =  (5.13) 

This corresponds to a maximum wavefront slope at the test surface of 0.0025 radians = 

0.1432 degrees.  As can be seen, the maximum allowed angular deviation is small 

making the common path assumption reasonable. 
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PHASE SHIFTING FIZEAU INTERFEROMETER 

Temporal Phase Measurement 

The most common type of phase shifting Fizeau interferometer are temporal phase 

shifting devices that use piezoelectric actuators to move the reference mirror.  For 

normally incident light, a shift in the reference mirror by 8λ  results in a phase shift 

between the test and reference beams of 2π  radians.  These devices perform very well 

for well isolated measurements, but have two major limitations.  The first limitation is an 

extreme sensitivity to vibration and turbulence.  This sensitivity results from the 

relatively long time, as compared with the environmental noise time scale, required to 

phase shift and capture at least three separate interferograms.  The second limitation, 

which is the largest source of error in vibration free environments, results from an 

inability to precisely control the relative phase shifts between interferograms.  

 

Spatial Phase Measurement 

As discussed in section 4, in order to implement the pixelated mask spatial carrier 

technique, the reference and test beams must have orthogonal polarizations.  The 

common path arrangement of the Fizeau interferometer makes beam separation difficult.  

One solution to the problem is the tilted beam Fizeau shown in figure 5-5.   
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Figure 5-5:  Tilted Beam Fizeau:  Pixelated mask spatial carrier phase shifting interferometer by 
4D Technology Corp. 
 

In this implementation a large relative tilt is introduced between the test and reference 

beams by tilting the reference surface.  This tilt allows beam separation at the common 

focus between the collimating and imaging lens.  A double polarizer is placed at this 

point to produce orthogonal polarizations in the reference and test beams.  The two 

beams are then recombined through the use of a birefringent beam combiner prior to 

incidence upon the pixelated phase mask and camera.  The half wave plate just following 

the laser is used to rotate the polarization of the input light to adjust the relative balance 

between test and reference beam intensities in order to maximize fringe visibility. 
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The following is a simple mathematical representation of the beam separation technique 

used in the tilted beam Fizeau.  Let the input beam downstream of the half wave plate be 

linearly polarized at an angle 2α with respect to the horizontal.  The input may then be 

represented as: 

 
2 2(2 ) (2 )ill s p s ill p illI I I I I Cos I I Sinα α= + = =  (5.14) 

sI  is the component of illumination intensity derived from the s(horizontal) -polarized 

component of the input light field.  pI is that component derived from the p (vertical) 

polarized component of the input light field.  The reference and test beam intensities at 

the double polarizer may be represented as follows: 

 
2 2 2

ref ill BS ref BS s BS ref BS p BS ref BS

test ill BS ref test BS s BS ref test BS p BS ref test BS

I I R R T I R R T I R R T

I I R T R T I R T R T I R T R T

   = = +   

   = = +   

 (5.15) 

The top portion of the double polarizer will only pass s-polarized light and the bottom 

portion will only pass p-polarized light.  The reference beam passes through the top 

portion of the double polarizer, blocking its p-polarized component.  The test beam 

passes through the lower portion of the double polarizer, blocking its s-polarized 

component.  The reference and test beam intensities following the double polarizer may 

be represented as follows: 

 

[ ] [ ]

2 2

2

2

(2 )

(2 )

BS ref BS BS ref BS

BS ref test BS BS ref test BS

ref s ill

test p ill

R R T R R T

R T R T R T R T

I I I Cos

I I I Sin

α

α

= =

= =      

 (5.16) 
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At this point the reference and test beams are orthogonally polarized, and following the 

birefringent beam combiner they will be collinear.  With appropriate rotation of the half 

wave plate at the input, α  can selected such that the reference and test beam intensities at 

the camera are equal, providing maximum visibility. 

 

The major advantage of this system over temporal phase shifting systems is its 

insensitivity to vibration.  However, the primary advantage of the Fizeau interferometer, 

its common path arrangement, is severely degraded due to the large retrace error resulting 

from the tilt used to separate the test and reference beams.  This error is especially 

significant with the use of a transmission sphere. 
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6.  PATH MATCHED VIBRATION INSENSITIVE FIZEAU 

 

The purpose of this section is to describe the operation of the path matched vibration 

insensitive (PMVI) Fizeau.  This section begins with short outline of the motivation 

behind the development of the PMVI Fizeau.  Next, to aid in theoretical understanding, 

the conventional Fizeau interferometer is presented where the input, test and reference 

beams have been decomposed into their s and p polarization components.  Following this 

is a short discussion of temporal coherence and path matching.  A detailed mathematical 

treatment of four beam interference is then given, taking coherence effects into account.  

This is followed by another equally detailed analysis of the effect of multiple test surface 

reflections on visibility.  Finally, the polarization path matching mechanism used in the 

PMVI Fizeau is discussed. 

 

As a reminder from the previous two sections, a short outline of the motivation behind 

the development of the PMVI Fizeau is given below: 

1.  Due to its common path arrangement, the Fizeau Interferometer provides 

significant coherent noise reduction, and increased vibration insensitivity. 

2.  Implementation of the pixelated mask spatial carrier phase shifting technique 

requires orthogonally polarized test and reference beams. 

3.  Overlapping test and reference beams in the Fizeau make it difficult to change 

the polarization of the beams independently. 
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4.  The tilted beam Fizeau allows separation of the test and reference beams so 

that they may be orthogonally polarized; however, the test and reference beams 

are no longer common path which significantly degrades the primary advantage 

of the Fizeau arrangement. 

 

Figure 6-1 shows a conventional on-axis Fizeau Interferometer with components 

unnecessary to the following analysis removed.  Let the illumination wavefront be 

polarized at 45 degrees with respect to the horizontal.  This wavefront can be represented 

as the vector sum of a horizontally (p) and vertically (s) polarized component.  In this 

case, the s and p components are equal in magnitude.  Upon reflection from the reference 

and test surfaces, the returning beams are reflected off of the beam splitter and directed 

toward the pixelated mask sensor and camera.  Assuming there are no polarization 

altering elements in the beam path, each component beam will maintain its polarization.  

In this decomposed representation, there are now four separate beams that will interfere.  

There is an s-polarized wavefront from both the test and reference surfaces, ( )s st , rε ε , 

and a p-polarized wavefront from both the test and reference surfaces, ( )p pt , rε ε . 
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Figure 6-1:  Conventional Fizeau Interferometer with Orthogonal Polarization Components 
Shown Separately. 
 

Recall that the pixelated mask phase shifting technique requires that the test and 

reference beams be orthogonally polarized.  In our case there are two combinations of the 

interfering beams that meet this criteria; the s-polarized test and the p-polarized reference 

beams, ( )s pt , rε ε , and the p-polarized test and the s-polarized reference beams, 

( )p st , rε ε .  In the tilted beam Fizeau, the test and reference beams are spatially separated 

and a double polarizing element is used to remove the unwanted components prior to the 

beams being recombined, leaving only one of the above orthogonally polarized pairs of 

beams to interfere, figure 6-2. 
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Figure 6-2:  Tilted Beam Fizeau Beam Separation Method 

 

In the PMVI Fizeau, the test and reference beams are collinear, making selective beam 

removal impossible.  In order to describe how the PMVI Fizeau only allows interference 

to occur between one of the two orthogonally polarized beam pairs, a brief discussion of 

coherence is necessary. 
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TEMPORAL COHERENCE 

Equation 6.1 is the general expression for the intensity distribution produced by two 

interfering wavefronts illuminated with a spatially coherent source. 

 

 1,2 1,21 2 1 2 11( , ) ( , ) ( , ) ( , )
2( )( , ) 2 ( )x y x y x y x yOPD OPDI x y I I I I Cos π
λ

γ= + −  (6.1) 

where 1 2I and I  are the intensities of the two interfering wavefronts, and 11( )opdγ  is the 

absolute value of the complex degree of temporal coherence, which will be referred to as 

the coherence function.  The coherence function has a maximum value of one, a 

minimum value of zero, and is a function of the OPD between the two interfering 

wavefronts.  If the coherence function is equal to one, the two wavefronts are said to be 

coherent.  If it is equal to zero, the wavefronts are said to be incoherent.  For any value 

between zero and one, the two interfering wavefronts are said to be partially coherent.  

Referring back to equation 6.1, the effect of coherence is to limit the maximum visibility 

of the interference pattern.  For incoherent beams, the maximum visibility is zero, i.e. 

there is no interference.  For coherent and partially coherent beams, the coherence 

function sets the maximum visibility achievable. 
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The functional form taken by the coherence function is solely dependent upon the source 

spectral characteristics and is determined by taking the Fourier transform of the source 

spectral density.  As an example, a Gaussian spectral density and its associated coherence 

function are shown in figure 6-3. 

 

Figure 6-3:  Source Spectrum and its Associated Coherence Function 

 

Since the coherence function and the source spectral density form a Fourier transform 

pair, there is an inverse relationship between the width of the coherence function, cL , and 

the spectral width of the source, λ∆ , which is shown in equation 6.2. 

 
2

cL λ
λ= ∆  (6.2) 

Using equation 6.2, the coherence length, cL , of a single mode HeNe laser; λ =632.8 nm, 

6X1 10 nmλ −∆ = , is 200 meters.  As another example, a diode source with a center 

wavelength of λ =658 nm, and a spectral width of 2nmλ∆ = , would have a coherence 

length equal to 216 um.  In this case, only for very small optical path differences is the 

coherence function non-zero.  In other words, if the OPD between the two interfering 

beams is not nearly matched, interference will not occur. 
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PATH MATCHING 

Referring to figure 6-1, since the Fizeau cavity length is equal to t, the OPD between the 

test and reference beam components is equal to 2t, the roundtrip cavity length.  If an 

optical delay is added to only one of the polarization components at the input of the 

interferometer, then the optical path difference between the four beam components can be 

changed.  In traveling from the source to the input of the interferometer, let the optical 

path length traveled by the s-component of the input wavefront be larger than that 

traveled by the p-component by a distance of 2∆ .  Figure 6-4 is a conceptual diagram of 

a polarization path matching mechanism. 

 

 

Figure 6-4:  Introducing a Path Length Delay of 2∆ .  The s-Polarized Component of the Fizeau 
Interferometer Illumination Input is delayed by 2∆  with respect to the p-component. 
 



 88

FOUR BEAM INTERFERENCE 

The test and reference wavefronts incident upon the quarter wave plate in figure 6-1 can 

be represented as follows: 

 
p p(2 2 )

2 2
s s

t r
t r
ε ε
ε ε

i k t z
test refi k i kE e E

e e
δ+
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= =   

   

" "
 (6.3) 

where 2t  is the effective cavity length, 2 zδ  is the test surface departure, and 2∆  is the 

path delay in the s-component of both fields.  The test and reference wavefronts pass first 

through the QWP oriented at 45 degrees to the horizontal and then through one of the 

four polarizers making up the pixelated mask.  Using Jones Calculus, the electric field at 

the detector can be expressed as: 

 ( )4det( ) ( ) ( ) test refE P QWP E Eπα α= +
" " " " "

 (6.4) 

where ( )P α
"

is the Jones matrix for a polarizer with orientation angel α , and 4( )QWP π
"

 is 

the Jones matrix for a QWP with a fast-axis orientation angle of 4π .  The intensity at 

the camera for a quasi-monochromatic light source, (i.e. 11 ( )opdγ =1) is found by 

multiplying the electric field from equation 6.6 by its complex conjugate giving: 
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where C is the constant of conversion between the electric field squared and the intensity. 

Expressing the electric fields in terms of intensity, and multiplying each cross term by the 

coherence function, 11 ( )opdγ , gives the general expression for the intensity at the detector 

behind a pixelated mask polarizer with an orientation of α : 
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 (6.6) 

 

With the use of a short coherence length source, only those interference terms with very 

small optical path differences between the interfering beams will have a non-zero 

coherence term.  Ignoring the path difference variation due to the test surface profile, the 

OPD between the interfering beams within each of the six cross terms is given below. 

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

p s s p p s s p s p p sIt , Ir It , Ir It , Ir It , Ir It , It Ir , Ir

2 2 2 2 2 2 2 2

Interfering Pairs

OPD t t t t− ∆ + ∆ ∆ ∆
 

Setting t∆ =  gives: 

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )
p s s p p s s p s p p sIt , Ir It , Ir It , Ir It , Ir It , It Ir , Ir

0 4 2 2 2 2

Interfering Pairs

OPD t t t t t
 

For a source with a coherence length less than 2t, 11 ( )opdγ =0 for all term pairs except 

( )p sIt , Ir .  The optical path has been matched only between the p-polarized test beam and 
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the s-polarized reference beam, making this the only cross term contributing to the 

interference pattern.  For this case, the intensity pattern at the camera is given in equation 

6.7. 

 ( )1
2 (2 ) 22 ( )s p p s s p k zI Ir It Ir It Ir It Sin δ α= + + + − −  (6.7) 

Equation 6.7 can be simplified further by noting that ands p s pIr Ir Ir It It It= + = +  

giving: 

 ( )1
2 (2 ) 22 ( )s p k zI Ir It Ir It Sin δ α= + − −  (6.8) 

If t∆ = − , ( )s pIt , Ir  is the only pair that is path matched and 11( )opdγ =0 for all other 

cross terms.  In this case equation 6.6 becomes: 

 ( )1
2 (2 ) 22 ( )p s k zI Ir It Ir It Sin δ α+= + +  (6.9) 

Both equation 6.8 and 6.9 provide the necessary interference pattern needed to determine 

the test surface profile, ( , )x yzδ .  By combining a low coherence source with a 

polarization path matching mechanism, the PMVI Fizeau effectively allows interference 

to occur only between one set of orthogonally polarized test and reference beam pairs.  
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MAXIMIZING VISIBILITY 

In accordance with equation 1.4, the fringe visibility for the interference pattern described 

by equation 6.8 is given by: 

 
max min

max min

2 s pIr ItI IVis
I I Ir It

−
= =

+ +  (6.10) 

 

Equation 5.14 expresses Ir and It  in terms of the beam splitter and the reference and test 

surface reflectivitys, and the intensities of the s and p components of the input beam, 

Is and Ip .  Substituting these values into equation 6.10 gives: 
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The partial derivatives of this function with respect to s pI and I  are: 
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 (6.12) 

 

Setting the sum of the partial derivatives in equation four to zero, the maximum in the 

visibility function with respect to Is and Ip  is found to occur when: 
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 Is Ip=  (6.13) 
 

This results states that regardless of the test and reference surface reflectivities, the source 

beams should be matched in intensity in order to maximize the visibility.  Let, β  be 

defined as the ratio of the intensities of the input beam s and p components, equation 

6.14. 

 
Is
Ip

β ≡  (6.14) 

Setting Is Ipβ=  in equation 6.12, the visibility can be expressed as: 

 

 ( )2

(1 )
(1 ) (1 )

ref ref test

ref test ref

R R R
Visibility

R R R
β
β

− 
=  + − + 

 (6.15) 

 

Note that the function given in equation 6.14 is exactly equal to that given in equation 

5.8, the visibility of a standard Fizeau, multiplied by 
(1 )

β
β

 
  + 

, the intensity ratio factor 

(IRF).  If the intensity ratio, β , were defined as Ip
Is

, the resulting IRF would be the same.  

A plot of the IRF with respect to the intensity ratio, β , is shown in figure 6-5. 
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Figure 6-5:  Intensity Ratio Factor (IRF) as a Function of the Intensity Ratio 
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As shown in figure 6-5, the maximum visibility achievable is equal to 50%.  It should 

also be noted that for an intensity ratio of 1.5, the maximum visibility has dropped to only 

49%, meaning that the tolerance on the input beam intensity ratio for achieving the 

maximum visibility is not very strict. 

 

Figure 6-6 shows the visibility as a function of testR  for 4 different values of refR  

with 1β = . 

 

 

Figure 6-6:  Visibility vs. Test Surface Reflectivity.  Curves shown for four values of reference 
surface reflectivity with IRF=1/2. 
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MULTIPLE CAVITY REFLECTIONS 

In the preceding discussion on visibility it was assumed that there were only four beams 

returning from the Fizeau cavity that could interfere.  These beams were produced by the 

reflections of the s-polarized and p-polarized input beams off of the test and reference 

surfaces.  In reality, when a beam reflecting off of the test surface returns to the reference 

surface, a portion of that beam is transmitted, and a portion of the beam is reflected back 

toward the test surface.  The beam that has been reflected back into the cavity will once 

again reflect off of the test surface and return to the reference where a portion of the 

beam is transmitted and a portion reflected.  In this way, multiple test beams will be 

produced, each having undergone a different number of reflections off of the test surface.  

The ratio of the intensities of the beam that has undergone n test surface reflections to 

that which has undergone only a single reflection off of the test surface is given by 

( ) 1
ref testR R n− .  When a reference surface of low reflectivity is used, only the beam that 

has undergone a single reflection off of the test surface has a significant intensity.  For 

example, if the test and reference surfaces are both 4% reflectors, then the beam that has 

undergone 2 test surface reflections will have an intensity that is only 

0.16 % of the single test surface reflection beam.  However, when measuring a high 

reflector, the intensity of multiple bounce returns can become significant.  Recall that in 

order to maximize fringe contrast when measuring a test surface with a reflectivity near 

one, the reflectivity of the reference surface must be about 0.38, figure 6-6.  In this case, 

the intensity ratio of the second to the first bounce test beams is (.38)(1) = 38%.  What 
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follows is an analysis of how these multiple test surface reflections may affect the phase 

measurement. 

 

Figure 6-7 shows a Fizeau cavity with flat and parallel test and reference surfaces whose 

reflectivities are Rt and Rr respectively.  The cavity is illuminated with both s (Is - top) 

and p (Ip - bottom) polarized light.  Both beams are collinear, but have been separated for 

clarification.  The s-polarized beam is delayed such that its reflection off of the reference 

surface is path matched to the p-polarized beams first reflection off of the test surface.  

Both of these beams are shown as solid red lines pointing to the right. 
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Figure 6-7:  Multiple test surface reflections in the PMVI Fizeau cavity.  Bold numbers between 
the surfaces indicate number of test surface reflections.  The s-polarized beam is delayed such 
that its reflection off of the reference surface is path matched to the p-polarized beams first 
reflection off of the test surface (solid lines).  Reflected beams of similar type (e.g. solid, dash) 
are path matched.  Formula to the right of the beams indicate their intensities. 
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The bold numbers within the cavity indicates the number of test surface reflections each 

beam has undergone prior to exiting the cavity.  Path matched, coherent, beams are of 

similar color and type, (e.g. red-solid, blue-dashed).  The formula to the right of the 

beams indicate their intensities.  Note that there are more than one set of interfering 

beams and that each beam is coherent with only one other beam.  Each coherent pair will 

interfere , producing a fringe pattern.  The primary interference pattern is created by the 

interference of the s-polarized beam from the reference surface and the p-polarized beam 

that has reflected once from the test surface, solid red lines.  The next coherent beam pair 

is composed of the s-polarized beam that has reflected once from the test surface, and the 

p-polarized beam that has reflected twice from the test surface, blue dashed lines.  Each 

successive reflection of the s-polarized beam off of the test surface is coherent with the 

p-polarized beam that has undergone one additional test surface reflection.  The 

interferogram detected at the output of the interferometer is composed of the sum of the 

primary fringe pattern with the fringe patterns of the other coherent beam pairs.  This 

fringe pattern can be represented mathematically as: 

 

pr

sr p t[1] pt[1] sr 1

s t[1] pt[2] st[1] pt[2] 2

st[n-1] pt[n] st[n-1] pt[n] n

st[n]

 =    

 

I I

+ I  +  I + 2 I I  Cos[θ ]

         + I I 2 I I  Cos[θ ] +...............

        + I I 2 I I  Cos[θ ]

         + I

+ +

+ +
 (6.16) 
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where pr srI and I are the intensities of the p and s- polarized beams reflected off of the 

reference wavefront, pt[n] s t[n]I and I are the intensities of the p and s-polarized beams that 

have undergone n reflections off of the test surface, and nθ  is the phase difference 

between the nth pair of interfering beams.  Writing equation 6.16 in terms of the reference 

and test surface reflectivities, Rr and Rt,  and separating the constant terms from the 

interference terms gives: 

 

( )

2 n-1
s p r r t r t r t

r t r s p 1

2 2
r t t r s p 2 t r 3 t r n

 =  I    (I + I ) (R  + T R [1+(R R )+.... + (R R ) ])

 

          + 2 T R R I  I  Cos[θ ]

n 2

          +2 T R R R I  I  Cos[θ ]  (R R )Cos[θ ] ..... (R R ) Cos[θ ]n−

≥

+ + +

(6.17) 

 

where Tr is the reference surface transmissivity and is equal to r1-R .  The fringe pattern 

background intensity is given by the first term in equation 6.17.  This term can be 

simplified by noting that the sum of the geometric series in square brackets is given by: 

 
n

n-1 r t
r t r t

r t

1-(R R )[1+(R R )+.... + (R R ) ] = 
1-(R R )

 (6.18) 

 

where once again n designates the number of test surface reflections. 
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Substituting the results of equation 6.18 into 6.17 and setting Is and Ip equal to one gives: 

 

( )

n
2 r t

r r t
r t

r t r 1

2 2
r t t r 2 t r 3 t r n

 =   
1-(R R )I     2 R  + T R
1-(R R )

          + 2 T R R  Cos[θ ]
n 2

          +2 T R R R  Cos[θ ]  (R R )Cos[θ ] ..... (R R ) Cos[θ ]n−

 
 
 

≥

+ + +

 (6.19) 

In order to evaluate equation 6.19 further, the phases of the interference terms must be 

determined.  These phase terms are a function of the test surface shape, and the 

separation of the test and reference surfaces.  The simplest case is that of a flat test 

surface with tilt.  Figure 6-8 shows an wavefront incident upon a Fizeau cavity with a 

nominal thickness of t1.  The test surface is tilted at an angle γwith respect to the 

reference surface.  The incident wavefront is broken down into three separate rays, with 

each of the rays making there final test surface reflection at the point T on the test 

surface, prior to exiting the cavity. 
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Figure 6-8:  Multiple Bounce Ray Trace.  Fizeau cavity diagram of three separate ray paths for 
rays emanating from point T on the test surface.  Ray 1, solid green, has undergone only on test 
surface reflection and exits the cavity at an angle 2g.  Rays  2, dashed blue, and 3, solid red, have 
two and three test surface reflections and exit the cavity at angles of 4g and 6g respectively. 
 

Qualitatively, from figure 6-8 it can be seen that all of the interfering pairs will produce 

tilt fringes, and the period of these fringes will be equal, since the angular separation 

between any two interfering beams is equal to 2γ .  What is not easily determined from a 

simple examination of figure 6-8 is the phase offset between these different sets of tilt 

fringes.  Expressing what we know as an equation gives: 

 2n nk xγθ φ= +  (6.20) 

where nφ is the phase difference between the nth pair of interfering beams at x=0, and 

2γk is the fringe spatial period in the x direction given by: 



 101

 2
(2 )Tank γ
γ

λ
=  (6.21) 

To determine the nφ  in equation 6.20, the optical path length (OPL) that each ray has 

traveled from the reference surface to the point T on the test surface must be known.  It 

can be shown that the OPL to the point T for each ray is given by: 

 

1

1

1 1

OPL[1]= t

n 2
OPL[2]=t (1+2Cos[2γ])
OPL[n]=t + 2t (Cos[2γ]+ Cos[4γ].....+ Cos[2(n-1)γ])

≥  (6.22) 

where OPL[n] is the OPL from the reference surface to the point T on the test surface for 

ray n.  The phase of the interference pattern produced by each interfering pair at the point 

T is determined by the optical path difference (OPD) between each interfering pair.  The 

OPD between the primary interfering pair is given by: 

 
2

1 1
p s

Pair (1):Test to Ref Interference

t 2 t Cos [γ]OPD[1 ,R ] = OPL[1]+
Cos[2γ] Cos[2γ]s sPL PL−∆ = −∆

 (6.23) 

where the s and p subscripts designate the wavefront polarization, and sPL∆  is the path 

length delay introduced by the path matching mechanism.  The OPD between the 

multiple bounce interfering pairs is given by: 

 

p s p s 1

n 2 :Test to Test Interference

OPD[2 ,1 ] = OPD[n , (n-1) ] = 2t Cos[2(n-1)γ]- sPL

≥

∆
 (6.24) 
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In order to complete this analysis, the phase change on reflection must be taken into 

account.  The reflection induced phase change is function of the incident polarization, the 

index of refraction of both the incident and transmitted medium, and the angle of 

incidence(Hecht 1989).  For small angles, when the incident index is less than the 

transmitted index, (e.g. air to glass), the phase shift of the s-polarized component is π  

radians and the phase shift of the p-polarized component is 0.  When the incident index is 

greater than the transmitted index, the phase shift of the p-polarization component is 0  

and that of the s-polarization component is π .  In the case of the PMVI Fizeau, the 

reference surface reflection always takes place at a high to low index interface, (i.e.  the 

beam is incident from within the glass).  In figure 6-9, the reflection induced phase 

change for the primary interfering pair and the first multiple bounce interfering pair are 

analyzed.  Figure 6-9(a) shows the case where the s-polarized component reflected off of 

the reference surface is path matched with the p-polarized component off of the test 

surface.  This is the scenario we have been analyzing for in the preceding analysis.  For 

completeness, figure 6-9(b) shows the case where the p-polarization component reflected 

off of the reference surface is path matched with the s-component off of the reference. 
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Figure 6-9:  Phase Change Due to Reflection.  (a)  s polarization component from reference 
surface matched to p-component from test.  (b) p-polarization component from reference surface 
matched to s-component from test.   

 

The phase change due to reflection is shown for both components of each interfering pair.  

The change in the interference phase is the difference in these two components.  For both 

cases, the secondary interference pattern is offset by π  radians with respect to the 

primary interference pattern.  For the third and follow on interfering pairs, the phase 

change due to reflection will remain the same.  In summary, the primary interference 
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pattern has a reflection induced phase offset of 180 degrees form the interference patterns 

resulting form multiple reflections.  Keep in mind that this analysis is only valid for 

reflections from a dielectric surface.  The analysis for metallic surfaces or multilayer 

coated surfaces is more complicated. 

 

If the interferometer is path matched for a cavity thickness of t=t1, then the OPD of the 

primary interfering pair given in equation 6.24 is zero, and sPL∆  is given by: 

 
2

12 t Cos [γ]
Cos[2γ]sPL∆ =  (6.25) 

Taking into account the phase change introduced on reflection, the phase of each of the 

interfering pairs at the point P is given by: 

 

1 p s

n p s

2
1

1

2 OPD[1 ,R ]+0 0

n 2
2= OPD[n ,(n-1) ] +

2 t Cos [γ]2=  2t Cos[2(n-1)γ]- +
Cos[2γ]

πφ
λ

πφ π
λ

π π
λ

 = = 
 

≥

 
 
 

  
  

   

 (6.26) 

Substituting the results of equation 6.26 and 6.21 into equation 6.20 gives the phase, nθ , 

of each of the interfering pairs as of function of position x.  On-axis, 0γ = , and equation 

6.26 reduces to: 
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1

n

n 1

0
= : 2n

φ
φ π
φ φ π

=
≥

− =
 (6.27) 

Equation 6.27 states that on-axis or very near, the fringe patterns associated with multiple 

test surface reflections are offset by π  from the primary fringe pattern.  This will cause 

the fringe pattern to be washed out and significantly reduce the visibility.  An inability to 

get good contrast fringes on axis is problematic. 

 

By substituting nθ from equation 6.20 into equation 6.19, the fringe patterns resulting 

from n multiple test surface reflections can be calculated.  Using Rr=0.25, Rt = 0.95, 

γ =.02 deg., and t = 20 mm, three different fringe pattern cross sections were calculated 

and are shown in figure 6-10  Curve (1) is for  n=1, and only the primary fringe pattern is 

shown.  For curve (2), n=2, and the fringe pattern results from the sum of the primary 

interfering pair, and the first multiple bounce pair.  If the next coherent pair is included, 

n=3, the fringe pattern shown in curve (3) is obtained.  The addition of higher order 

reflection pairs does not significantly differ from curve (3) since the intensities of these 

pairs is small. 
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Figure 6-10:  Multiple Beam Interference.  Interference in the PMVI Fizeau for a planar test 
surface with 0.02 deg of tilt, cavity thickness of 20 mm.  (1) Primary fringe pattern resulting from 
interference of the reference and single bounce test wavefront.  (2)  Sum of primary interference 
and secondary bounce interference terms.   (3)  Sum of primary, secondary, and tertiary 
interference terms. 
 

Using Rr=0.25, Rt = 0.95, to = 20 mm, and n=3, the fringe pattern cross sections for the 

three different tilt angles were determined and are shown in figure 6-11.  For curves 1 

through 3, the tilt angles are γ  = 0.02, 0.04, and 0.08 degrees.  As tilt is increased, the 

offset of the primary fringe pattern with respect to the multiple reflection fringe patterns 

decreases, causing the fringe visibility to increase. 
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Figure 6-11:  Multiple Beam Interference vs. Tilt.  Multiple beam interference fringes in the 
PMVI Fizeau for a planar test surface with tilt.  Cavity thickness is 20 mm.  The curves show a 
cross section of the multi-beam interference pattern for planar test surfaces with 0.02, 0.04, and 
0.06 degrees of tilt for curves 1 through 3 respectively. 
 

Fringe visibility is a function of both the tilt angle and the cavity thickness.  Using the 

same parameters as above, the fringe visibility as a function of tilt angle is plotted for a 

cavity thickness of 10, 20 , and 30 mm, figure 6-12.  As the cavity thickness increases, 

the first visibility minimum in plot (a), and visibility maximum in plot (b) moves to lower 

tilt angles and the visibility oscillates more rapidly with increasing tilt angle. 
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Figure 6-12:  Fringe Visibility vs. Tilt.  Visibility as a  function of tilt angle for multi-beam 
interference.  Visibility versus tilt angle is shown for three different Fizeau cavity thicknesses. 
 

Effect on Phase Calculation  

Since the resultant fringe pattern is the sum of sinusoids, all having the same period but 

different amplitudes and phases, the resultant fringe pattern will also be sinusoidal with 

the same fringe period as that of the primary fringe pattern, but the visibility and phase 

offset will be different.  Since the phase calculation is not dependent upon the visibility; 

for the case of a flat test surface, multi-reflections will only change the offset of the 

calculated phase.  For non-planar surfaces, the effect of multi reflections on the 

calculated phase becomes more complicated.  To the first order, a curved surface can be 

modeled as small flat segments, each having a slope equal to the average local slope.  If 

the test to reference wavefront departure is not significant, then the fringe shift due to the 
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average local tilt at each location will be minimal.  There will however be a modulation 

in the fringe pattern visibility since visibility is now a function of tilt, figure 6-13.   
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Figure 6-13:  Multiple Beam Interference with Defocus.  The solid curve is the primary fringe 
pattern resulting from interference of the reference and single bounce test wavefront.  The dashed 
curve is the multiple beam fringe pattern.   
 
 
Using the standard 4-point phase shifting formula, wavefront phase calculations were 

conducted using simulated multi-beam defocus fringe patterns..  The maximum phase 

calculation error was found to be less than 0.05 waves at 10 waves of defocus.  It is 

concluded that as long as the test to reference wavefront departure is within a few 

waves/mm, the effect of multi-beam interference on the calculated phase in the PMVI 

Fizeau will be negligible. 
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POLARIZATION PATH MATCHING MECHANISM 

The path matching mechanism used in the PMVI Fizeau is shown in figure 6-14.  This 

device is practically identical to a Polarization Twyman-Green interferometer.  A 

polarized, collimated source is incident upon a HWP.  The orientation of the HWP is 

rotated as necessary to adjust the direction of the output beam polarization, thereby 

adjusting the balance between the s and p components of the input beam. 

 

 

Figure 6-14:  Polarization Path Matching Mechanism 

 

The input beam is then incident upon a polarizing beam splitter where the s-polarized 

component is reflected to the left and the p-polarized component is transmitted 

downward.  The s-polarized (reflected) beam then passes through a QWP oriented at 45 

degrees to the horizontal.  Upon passing through the QWP, the s-polarized (reflected) 

beam becomes left-circular polarized and propagates toward a translatable mirror where 
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it is reflected and returns to the QWP.  Since the propagation direction has reversed, the 

left-circular polarized beam is now right-circular.  When the right-circular beam passes 

back through the QWP it emerges as linear polarized in the p-direction.  This p-polarized 

beam then is transmitted through the PBS and exits the path matching mechanism to the 

right.  In a similar manner, the input p-polarization component becomes right-circular 

polarized upon passing through the QWP, reflects off of the fixed mirror becoming left 

circular polarized, passes back through the QWP becoming linear polarized in the s-

direction, and is finally reflected to the right at the PBS.  By adjusting the location of the 

translatable mirror, the difference in optical path length traveled by the s-polarized and 

the p-polarized components can be adjusted.  Together, the polarization path matching 

mechanism and the pixelated mask Fizeau interferometer form the PMVI Fizeau, figure 

6-15. 

 

Figure 6-15:  PMVI Fizeau 
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7.  LOW COHERENCE SOURCE 

 

SOURCE REQUIREMENTS 

As discussed in the previous chapter, beam separation in the PMVI Fizeau requires the 

use of a source with a coherence length that is shorter than twice the Fizeau cavity length.  

Additionally, to prevent interference from stray reflections, the source coherence length 

must be shorter than twice the distance between any two potential stray producing 

surfaces.  For instance, when measuring a thin transparent glass plate, both surfaces of 

the plate will reflect light back into the Fizeau.  To prevent reflections from the back 

surface of the glass from interfering with those of the front surface, the source coherence 

length must be less than twice the distance between the plate surfaces.  The lower bound 

on the coherence length is set by two considerations.  First, the coherence length must be 

larger than twice the total test surface deviation.  If the test surface had 50 waves of tilt 

across its diameter, the total surface deviation would be 25 microns, using ½ micron for 

the wavelength of light.  If the center of the pupil is path matched, the coherence length 

of the source would need to be greater than 25 microns to prevent a loss of fringe contrast 

near the edges of the pupil.  Second, the source coherence length must be large enough to 

allow the operator to path match the interferometer in a reasonable amount of time.  For 

very short coherence length sources, it can be extremely difficult to path match the 

interferometer.  This is because very fine adjustments of the optical path difference 

between the test and reference beams is necessary to prevent passing through the matched 

condition without observing fringes.   Based on these requirements, a source coherence 
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length goal of about 200 um FWHM was selected.  Using this coherence length in 

equation 6.2, with λ  = 0.650 um, the required source spectrum bandwidth, λ∆ , is 

determined to be 1.44 nm FWHM. 

The nominal source wavelength is 630 to 660 nm.  The primary reason this wavelength 

range has been chosen is that it includes the wavelength of a HeNe laser, 632.8 nm, used 

as the industry standard for most optical testing applications.  This means the chosen 

wavelength range is compatible with many of the standard optical coatings.  Another 

major consideration is that the wavelength is in the visible portion of the spectrum, 

making the manufacturing and operation of the instrument considerably easier. 

Finally, the source power requirements must be specified.  The PMVI Fizeau has very 

poor light utilization efficiency.  If both the reference and the test surface were 4% 

reflectors and a non-polarizing beam splitter with 50% transmission is used, then the total 

amount of light reaching the camera would be 1.92% of the input power.  Following the 

pixelated mask, the total power drops to (0.707) 1.92% = 1.35 %.  Of this amount, 50% is 

non-coherent background light, leaving only 0.65% of the input light to produce 

interference.  The camera that will be used in the PMVI Fizeau utilizes a Kodak KAI 

1010M CCD sensor.(Kodak 2005)  For an integration time of 250 us, and a camera gain 

setting of two, the saturation intensity for this camera, at a wavelength of 650 nm, is 

approximately 0.2 mW.  Using 1.35% as the throughput of the Fizeau, the source 

intensity necessary to saturate the camera would be approximately 15 mW.  A 15 mW 

source will allow measurement of very low reflectors with an integration time low 

enough to minimize vibration noise, and a gain that is low enough to minimize electronic 
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noise.  For higher value reflectors, the camera gain and or integration time can be reduced 

further.  A summary of source specifications is listed in table 7-1 below: 

 

ConsiderationsNominal 
ValueSpecification

Low reflector measurement
Minimize integration time
Minimize camera gain

> 15 mWPower

Beam separation
Prevent stray Interference
Ease of path match

200-300 um 
FWHM

Coherence 
Length

Visible
Standard coatings

630-660Wavelength

ConsiderationsNominal 
ValueSpecification

Low reflector measurement
Minimize integration time
Minimize camera gain

> 15 mWPower

Beam separation
Prevent stray Interference
Ease of path match

200-300 um 
FWHM

Coherence 
Length

Visible
Standard coatings

630-660Wavelength

 

Table 7-1:  PMVI Fizeau Source Specifications 

 

Source Selection 

The source wavelength and power requirements can easily be met with standard HeNe or 

diode lasers.  There is not however a commercially available product that will meet all 

three requirements.  For most applications, the desire is for the source to have a very 

large coherence length.  A laser diodes coherence length can be anywhere from a few 

millimeters to a few meters depending on the type of diode and whether or not additional 

line width narrowing devices are employed.  Superluminescent diodes, used in 

applications where a high brightness, short coherence length source is desired; typically 

have a coherence length from 10 to 100 um.  A very short coherence length may be 

useable in some situations, however, the majority of Superluminescent diodes operate in 

the 800 nm region, and the maximum output is less than 10 mW, more generally less than 
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5 mW.  An arc lamp with a 2 nm band pass filter was also considered, but the source 

brightness is too low (i.e.  If a small aperture is placed at the source to increase its spatial 

coherence and allow beam collimation, there isn�t enough light). 

 

Coherence Modification 

The coherence length of both the HeNe and diode lasers can be increased by narrowing 

their output spectrums.  For this application, the desire is to increase the spectral width, 

thereby reducing the coherence length.  Coherence reduction in laser diodes by high 

frequency modulation is well established(Lau and Harder 1984; Peterman 1988; Hugli 

1990; Olsen 1993).  This technique is used extensively in the CD/DVD industry to reduce 

modal noise and minimize the laser diodes sensitivity to optical feedback, which can 

cause significant phase and amplitude noise.  The spectrum, and therefore the coherence 

length of a laser diode under high frequency modulation depends upon several different 

parameters which include the type of laser diode, the bias-current level, the  modulation 

frequency, and the modulation depth.  As will be explained and demonstrated in the 

following section, the spectrum of an index guided Fabry-Perot laser diode under high 

frequency modulation is inherently multimode.  As a result, there are sidelobes in the 

coherence function which are incompatible with the requirements of the PMVI Fizeau 

under most circumstances.  The majority of the lab work conducted for this dissertation 

involved the investigation of techniques for minimization of these coherent sidelobes and 

is the subject of the remainder of this section. 



 116

LASER DIODE SOURCE 

Figure 7-1 shows a typical gain curve for a 0.65 um band AlGaInP Fabry-Perot index 

guided diode laser.  The gain curve is Gaussian with a FWHM of about 2 nm.  The 

individual modes have a Lorentzian lineshape with a typical FWHM on the order of 0.01 

nm.(Coldren and Corzine 1995) 

 

Figure 7-1:  Gain Curve and Mode Profile of an Index Guided Fabry-Perot Laser Diode 

 

The mode spacing is a function of the laser diode cavity length and is given by: 

 
2

c
n L

ν∆ =  (7.1) 

where c is the speed of light, L is the diode cavity length, and n is the diode index of 

refraction.  Equation 7.1 can be expressed in terms of wavelength as: 

 
2

2 n L
λλ∆ =  (7.2) 

A typical 0.65 um band diode laser has a mode spacing of about 0.1 nm.  Figure 7-2 

shows a typical laser diode spectrum for four different optical power output levels.   As 
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the output power increases, the spectrum bandwidth narrows due to mode competition, 

and the central wavelength shifts to higher frequencies.  The wavelength shift is due to an 

increase in the effective cavity index which results from the increase in carrier charge 

density with power. 
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Figure 7-2:  Spectrum of an Index Guided Fabry-Perot Laser Diode 

 

An increase in temperature will cause both the laser cavity length and index of refraction 

to increase, thereby shifting the allowed modes to longer wavelengths.  The diode gain 

spectrum will also shift to higher wavelengths as the band-gap decreases with increasing 

temperature.  However, since the change in wavelength for the gain envelope is different 

from that of the individual mode shifts, the dominant mode will shift around with 

temperature � this is known as mode hoping which causes instability in both frequency 

and optical output power. 
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MULTIMODE OPERATION AND COHERENCE 

As discussed in section 6, the coherence function of a source is given by the Fourier 

transform of the power spectral density. 

 ( ) { ( )}opd copd Sm ν=ℑ  (7.3) 

where ( )opdm is the temporal coherence function, ( )S ν  is the power spectral density of 

the source, and {}ℑ designates the Fourier transform.  Assuming all modes under the gain 

curve are active, the source spectrum of figure 7-1 can be represented in the following 

manner: 

 ( ) ( , ) ( , ) ( )g m
ms

S G L Comb ν
ν

ν ν ν ν ν
∆

∆ ∆= ⋅ ⊗  (7.4) 

In all functions above, ν  is the displacement about the center frequency.  ( , )gG ν ν∆  is 

the Gaussian gain curve with a full width at half maximum (FWHM) equal to gν∆  and is 

expressed analytically as: 
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( , )mL ν ν∆  is the Lorentzian mode profile with a FWHM of mν∆  and is expressed 

analytically as: 
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and finally, ( )
ms

Comb ν
ν∆

 is the sampling function, and can be expressed analytically as: 

 ( ) ( )ms
nms

Comb nν
ν

ν ν
∞

=−∞
∆

= ∂ − ∆∑  (7.7) 

where ( )ν∂ is the DiracDelta function. 

To determine the functional form of ( )opdm , ( )S ν  from equation 7.4 is substituted into 

equation 7.3 giving: 

 ( ) { ( , )} { ( , )} { ( )}g m
ms

opd G L Combm ν
ν

ν ν ν ν
∆

∆ ∆
 =ℑ ⊗ ℑ ⋅ℑ 
 

 (7.8) 

Substituting the values from equations 7.5-7.7 into the above equation and evaluating the 

Fourier transforms gives: 

 

2 2 2

24 ln(2)( ) ( )
g mopd opd

c c

n ms

opd
ce e opd nm

π ν π ν

ν

∆ ∆ ∞− −

=−∞

 
 = ⊗ ⋅ ∂ −
 ∆ 

∑  (7.9) 

where constant factors have been ignored.  Using the sifting and convolution properties 

of the DiracDelta function(Bracewell 1978), equation 7.9 can be reduced further to the 

following: 

 

2
nc c2 2π opd- ∆ν π∆ν ng m∆ν ∆νms ms( ) exp - exp -2 c4c ln(2)n

opdm
∞

=−∞

              ⋅               

= ∑  (7.10) 
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Finally, using the relationship ( ) 2
a a cν λ λ∆ = ∆  to convert spectral widths in terms of 

frequency into the corresponding widths in terms of wavelength, equation 7.10 becomes: 
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∆ m( ) exp - exp -π n2 ∆ ms4ln(2)
π

n

n

opdm
λ

λ

λ

λ

λ

λ

∞

=−∞

 
   
            ⋅        

   
      

= ∑  (7.11) 

 

Equation 7.11 states that the coherence function, ( )opdm , is composed of a sum of 

equally spaced Gaussian curves with exponentially decaying heights.  All Gaussians have 

the same FWHM which is equal to 
 
 
 
 

2λ

∆λ
g

4 ln(2)
π

.  Each Gaussian is displaced from zero 

OPD by 
 
 
 
 

2λ

∆λ
ms

n  and has a weighting factor of 
 
 
 
 

∆λmexp -π n
∆λms

, where n is an integer.  

Referring back to figure 7-1, the typical spectrum widths, g ms m(∆λ , ∆λ , ∆λ )  were given 

as (2 nm, 0.1nm, 0.01nm)  respectively.  Using these values with λ= 657 nm  in equation 

7.11, the coherence is plotted as a function of OPD and is shown in figure 7-3. 
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Figure 7-3:  Laser Diode Coherence Function.  The coherence function shown is associated with 
the laser diode spectrum in figure 7-1.  (a)  Multiple lobe view shows exponentially decaying 
heights.  (b)  Central lobe expanded to show Gaussian shape. 
 

The FWHM of each coherence lobe in figure 7-3 is 190.5 um, which is very close to the 

goal of at least 200 um.  This width is driven by the gain width of the laser diode 

spectrum, since we have assumed that all of the possible modes were active.  Looking 

only at the central lobe, this would seem to meet the required specifications, assuming at 

least 15 mW can be obtained from the source.  The side lobes however, present a 

problem.  The coherence lobe separation is 4.32 mm.  If there are any two surfaces in the 

interferometer such that the OPD between them is a multiple of 4.32 mm, any light 

reflecting off of these surfaces will be coherent with one another and stray fringes will 

result. 

 

There are two competing issues here.  Multimode operation results in coherence 

sidelobes, however, without multimode operation the total spectral width would reduce to 

that of a single mode and the corresponding coherence function would be a very slowly 

decaying exponential function with a FWHM coherence length on the order of 19 mm.  
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The sidelobe amplitude is given by the exponential term from equation 7.11, and is 

restated below: 

 
∆λm(n) = exp -π nsl ∆λms

m
 
 
 
 

 (7.12) 

where (n)slm is the sidelobe amplitude as a function of lobe number n.  In order to reduce 

the amplitude of all but the central lobe, the ratio of the mode width to the modal 

separation width, m ms∆λ ∆λ , must be increased.  This is done by increasing the mode 

width and or decreasing the modal separation. 

 

Modal separation is set by the length of the laser diode cavity.  Referring to equation 7.2, 

as the cavity length, L, increases, the modal separation, ms∆λ , decreases.  In addition to 

decreasing the modal separation, diodes with longer cavity lengths generally operate at 

higher power levels due to the increase in the effective optical gain resulting from a 

longer gain media.  In this case, larger power outputs can be obtained while operating the 

diode in its lower operating range in order to maximize multimode operation. 

 

In semiconductor laser diodes, mode width is primarily set by radiative broadening which 

is function of the laser diode material and results in a Lorentzian shaped line 

width.(Coldren and Corzine 1995)  High frequency modulation of the laser diode drive 

current will result in a broadening of the line width due to both amplitude and frequency 

modulation of the laser output.  An additional benefit is that for FP laser diodes, high 

frequency current injection helps stabilize the output power by distributing the power 
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more uniformly along all of the longitudinal modes and preventing discrete mode hops 

that are often characteristic of lasers driven by a constant current source.(Peterman 1988)  

High frequency modulation will also minimize the laser diodes sensitivity to optical 

feedback, which can cause significant amplitude and frequency noise. 
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LASER DIODE MODULATION MODEL 

High frequency modulation of the laser diode drive current results in both amplitude and 

frequency modulation of the optical output.  The electric field of an amplitude and 

frequency modulated optical wave can be expressed as: 

 o m 0 mE(t)=E (1+ M Cos(w t))Cos(w t+βSin(w t))  (7.13) 

where M  is the degree of modulation, mw  is the modulation frequency, 0w  is the optical 

frequency, and β  is the modulation index given by: 

 mβ=∆w w  (7.14) 

with w∆  being the maximum frequency deviation.  The optical spectrum of the 

modulated wave is found by taking the Fourier transform of equation 7.13 and can be 

expressed in terms of Bessel functions of the first kind Jn(z) (Melentiev, Subbotin et al. 

2001): 

 
2

o m n n-1 n+1
MS(w + n w ) = J (β) + ( J (β)+ J (β) )
2

 
 
 

 (7.15) 

where n is an integer.  From equation 7.15 it should be evident that frequency modulation 

results in the development of an infinite number of side-modes, equally spaced by mw  

about the fundamental, although typically only the first one or two modes are significant, 

depending upon the value of β .  It should also be noted that the affect of amplitude 

modulation is to cause the intensity of a given side-mode to differ from that of its 

negative counterpart, (i.e. ( ) ( )o m o mS w n w S w n w+ ≠ − ).  The spectral effects of 



 125

frequency and amplitude modulation are shown in Figure 7-4 for 1mw GHz= , 1β = , and 

0.5M = . 

 

Figure 7-4:  Spectral Effects of Frequency and Amplitude Modulation.  (a)  Single mode shown 
without modulation.  (b)  Effect of frequency modulation only.  This spectrum shown only to 
demonstrate the asymmetrical affect of amplitude modulation since frequency modulation does 
not occur without amplitude modulation.  (c) Effect of both frequency and amplitude modulation 
resulting from modulation laser drive current. 
 

In Figure 7-4(a), the lineshape of the laser diode mode is shown as a singularity.  As 

discussed previously, all lasing modes in the laser diode have a Lorentzian line shape, 

and for Fabry-Perot index guided laser diodes, the FWHM is about .01 nm for a 

fundamental wavelength of 0 650nmλ = .  This spectral width corresponds to about 7.1 

GHz in frequency space.  The effect of amplitude and frequency modulation on this 

lineshape is determined by convolving the discreet mode amplitudes given in equation 7-

15 and shown in Figure 7-4(c) with the Lorentzian lineshape of each mode.  Figure 7-5 

shows the effects of modulation, 2, 0.1Mβ = = . on a single laser diode mode.  With a 

larger modulation index, and or a larger modulation frequency, individual side modes 

would become apparent. 
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Figure 7-5:  Simulated Effects of Drive Current Modulation on a Single Lorentzian Shaped Laser 
Diode Mode.  Modulation of the diode drive current results in both frequency and amplitude 
modulation.  The frequency modulation curve is shown only to demonstrate the asymmetrical 
effect that the amplitude modulation has on the spectrum.  
 

Recall that in order to reduce the coherence sidelobes, the spectrum mode widths needed 

to be increased.  In figure 7-5 the spectral width has gone from 7.1 GHz to about 9.1 

GHz.  Using equation 7.12, the effect of this broadening on the first coherence side lobe 

is calculated to be an amplitude reduction of only 4.2 %.  Clearly, if this model is correct, 

a larger modulation index or a smaller mode separation will be necessary to reduce the 

first coherence sidelobe to below 0.1.  If the modulation index is large, non-linear 

dynamic instabilities can occur in the laser output.  Although these effects most probably 

play a part in the coherence reduction experiments to be discussed, the explanation of this 

behavior is beyond the scope of this work.  For the interested reader, Lawrence and 

Kane(Lawrence and Kane 2002) have written an extensive summary covering the non-

linear dynamic behavior of modulated laser diodes.  Increasing the modulation index and 



 127

choosing a laser with a smaller mode separation, can have a pronounced effect on the 

laser diode spectrum.  A simulated spectrum was calculated using the following 

parameters; 7, 0.1, 1.6mM f GHzβ = = = , 0.0361 , 0.006ms mnm and nmλ λ∆ = ∆ = .  The 

results are shown in figure 7-6: 

 

 
Figure 7-6:  Simulated Spectrum of Laser Diode Under High Frequency Modulation.  

7, 0.1, 1.6mM f GHzβ = = = , 0.0361 , 0.006 , 1.8ms m gnm nm and nmλ λ λ∆ = ∆ = ∆ =  
 

Referring to figure 7.6, the individual modes are now seen to be overlapping at their 

bases.  The asymmetrical affect of amplitude modulation is also evident.  The visibility 

associated with this spectrum is determined by taking the absolute value of its Fourier 

transform and is shown in figure 7-7(a). 
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Figure 7-7:  Theoretical Visibility Function.  This visibility function was calculated by taking 
absolute value of Fourier transform of spectrum shown in figure 7-6.   
 

Figure 7-7(b) is an expanded view showing only the central lobe.  Note that the first order 

sidelobes are now below 0.15 and the higher order lobes are below 0.1.  The central lobe 

in 7-7(b) is fitted with a Gaussian having a FWHM of 206 um.  This is very close to the 

non-modulated FWHM of 190.5 um shown in figure 7-3(b).  The similarity is due to the 

fact that it is the overall spectral width, which is driven by the gain profile of the laser, 

gλ∆ , that affects the coherence/visibility mode widths.  In this case, modulation has little 

effect on the gain profile.  In addition, all visibility side lobes have the same Gaussian 

profile as the central lobe, as anticipated from equation 7-11. 
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SELECTING A LASER DIODE 

The spectral parameters used in the simulation of figure 7-5 are the measured parameters 

of an actual laser diode, a Mitsubishi ML120G21.  This diode was chosen because it was 

similar to the only other diode investigated that had significantly suppressed coherence 

sidelobes under modulation.  This other diode, manufacturer unknown, was salvaged 

from a computer DVD player.  Perhaps salvage is the wrong term.  The DVD player was 

purchased for the express purpose of removing the high powered red laser diode so that it 

could be used for non-thesis related experimentation.  With a mail in rebate, the diode 

was $35.  Following a few months of unsatisfactory results at reducing the coherent 

sidelobes in a number of laser diodes using a number of different modulation techniques, 

experiments with the salvaged diode were conducted for the following reasons: 

1.  There was no better candidate.  2.  The DVD diode was very high power, 80mW CW.  

This would allow it to be operated at a relatively low bias current and still obtain the 

necessary 15 mW output.  3.  The laser spectrum is more likely to be multimode when 

operating at bias currents close to threshold, figure 7.2.  Experimenter�s hunch suggested 

that modulation of a spectrum that was already multimode may make it easier to �mix the 

modes up� than if the laser started out in a very narrow single mode. 

Upon the initial coherence measurements, it was determined that the mode spacing was 

about 1/3 of all the other diodes that had been measured.  The closer the mode spacing, 

the more likely the modes will overlap with modulation.  Additionally, the shorter mode 

spacing resulted in the coherent sidelobes being spaced farther apart, resulting in fewer 

sidelobes.  Following these promising results, a Mitsubishi ML120G21 laser diode was 
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purchased from ThorLabs for about $65.  This diode was selected as a potential match to 

the salvaged diode.  The full specifications for the Mitsubishi laser diode are described in 

the following paragraph. 

 

The Mitsubishi laser diode, ML120G21, is a Fabry-Perot, index guided laser diode.  This 

diode was manufactured for the CD/DVD drive industry, and provides the beam used for 

writing to the CD/DVDs.  It is rated for a continuous output of 80 mW, single mode, with 

a central wavelength of 658nm.  In pulse mode, it will operate up to 160 mW without 

damage for pulse widths less than 50 ns.  Additionally, it has a very large temperature 

operating range of -10 to 75 degrees Celsius.  The threshold current is 65 mA, the 

maximum continuous operating current is 150 mA, and the slope efficiency is 

approximately 0.95 mW/mA. 

 

The remainder of this section describes the experimental setup used to modulate the laser 

diode and measure the diodes coherence, along with an analysis of the experimental 

results. 
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COHERENCE MEASUREMENTS SETUP 

Figure 7-8 shows the experimental arrangement used for laser diode coherence 

measurements.  The optical layout of this device is that of a polarization Twyman-Green 

interferometer and operates exactly like the polarization path matching mechanism 

described in section 6 and shown in figure 6-15. 
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Figure 7-8:  Experimental Setup for Measuring the Coherence of a Laser Diode Under High 
Frequency Modulation. 
 

In addition to those components described in section 6, an optical isolator has been added 

just downstream of the laser, and an analyzer has been added at the output of the 

interferometer.  The optical isolator is necessary to eliminate optical feedback into the 

laser and the associated coherence and intensity fluctuations.  The analyzer, a linear 
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polarizer oriented at 45 degrees to the horizontal, passes the components of the 

orthogonally polarized test and reference beams that are oriented parallel to its axis, 

allowing them to interfere. 

 

The laser output is a collimated beam with a diameter of approximately 5 mm.  On 

passing through the interferometer, it is split into two beams, the test and the reference, 

which are then recombined at the output, creating an interference pattern at the detector.  

The test mirror is mounted on a stage allowing the optical path difference, OPD, between 

the test and reference beams to be set anywhere between ±60mm .  The test mirror is also 

mounted against a piezoelectric element, which allows the OPD to be dithered 

between ± 2um  at a frequency of 10 Hz.  The detector is a ThorLabs DET 110 single 

element silicon-PIN device with a detection area of 3.6 mm square.  Placed directly in 

front of the detector is an approximately 0.5 mm diameter aperture. 
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Measuring Coherence 

The intensity at the detector is given by the two beam interference equation, Eq. 6.1, and 

is restated below: 

 
,11

2
,

( , ) ( , ) ( )( , ) 2 ( )
test reftest ref test ref OPD

test ref
x y x y OPDI x y I I I I Cos π

λ
γ+= +  (7.16) 

Let the test and reference beam intensities be matched and equal to ( , )avg x yI .  In this 

case,
,11( )

test ref
OPDγ , is equal to the fringe visibility, ( )vis opd .  Additionally, let the OPD 

between the test and reference beams be expressed as the sum of a piston term dependent 

only upon the test mirror stage position, OPD(z), and a term dependent upon the height 

profile difference between the two mirror, OPD(x,y).  Equation 7.16 then reduces to: 

 ( )( )2
( , ) ( , ) ( )( )( , ) 2 1avg OPD OPDx y x y zopdI x y I vis Cos π

λ
+ = +    (7.17) 

Since the detector is composed of a single element, the detector signal, detI , will be 

proportional to the integration of equation 7.17 across the detector element.  Assuming 

( , )avg x yI  is constant; the intensity measured at the detector can be expressed as: 

 ( )( )det
2

( , ) ( )( )2 2avg avg OPD OPDx y zopdI I I vis Cos x yπ

λ
+= + ∂ ∂∫  (7.18) 

In order to determine the ( )opdvis , the (x,y) dependency of the OPD must be removed.  

By zeroing the tilts on the test and reference mirrors, OPD(x,y)  can be made nearly 

constant, and a null fringe is produced at the detector.  Additionally, a 0.5 mm aperture is 

placed just in front of the detector to ensure the intensity from only a very small portion 
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of the fringe pattern is measured, once again minimizing the (x,y) dependence of the 

OPD.  In this case equation 7.18 can be reduced to: 

 ( )det
2

( ) ( )( )2 2avg avg opd z opd zI I I vis Cos π

λ
= +  (7.19) 

Assuming the fringe visibility doesn�t vary much over the distance of a few wavelengths, 

dithering the test mirror position back and forth will cause the detected intensity to 

oscillate, with the maximum and minimum intensities given by: 

 max avg avg+(z) opd(z)( )I =2I 2 I vis  (7.20) 
 min avg avg-(z) opd(z)( )I =2I 2 I vis  (7.21) 

The visibility as a function of OPD is then given: 

 
max min

max min

(z) (z)
opd(z)

(z) (z)

I -Iis( ) =
I +I

v  (7.22) 

Equation 7.22 is the well known equation for fringe contrast.  To determine the visibility 

as a function of OPD, the stage is stepped in z, and at each point the test mirror is 

dithered while intensity measurements are taken.  The maximum and minimum 

intensities are determined and the visibility is calculated from equation 7.22.  The stage is 

then stepped to the next position, and the measurements repeated. 
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COHERENCE MEASUREMENTS WITHOUT RF MODULATION 

The visibility of the Mitsubishi laser diode was measured between an OPD of -60mm and 

+ 60 mm at 100 um intervals.  The laser diode bias current was set at 75 mA, at which the 

laser output was approximately 18 mW.  The temperature was set at 25 ! C.  The results of 

this measurement are shown in Figure 7-9. 

 

 

Figure 7-9:  Measured Visibility as a Function of OPD for the Mitsubishi ML120G21 Laser 
Diode.  The diode was operating with 75 mA bias current at 25 ! C.  Measurements were taken at 
200 um intervals. 
 

The visibility function of figure 7-8 is very broad, indicating a narrow spectral width.  In 

addition, the presence of side modes in the spectrum is also apparent from the peaking of 

the visibility function at 12.4 ± 0.2  mm intervals.  Setting the coherence lobe separation 

equal to 12.4 ± 0.2mm in equation 6.2, and using λ =658 nm, the corresponding 

spectrum mode separation, ms∆λ  is calculated to be 0.0349±.0005nm .  Assuming, the 

spectral mode shape is lorentzian, the envelope of the visibility function would 

exponentially decay in accordance with equation 7-12. 
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Solving equation 7-12 for m∆λ gives: 

 

 ms
m

(n)sl

∆λ 1∆λ  = Ln
n mπ

 
 
 
 

 (7.23) 

 

where (n)slm is the nth sidelobe amplitude.  Instead of using the sidelobe peak amplitude, 

the amplitude at the base of the peak was chosen, since the actual peak amplitude is in 

question due to the 200 um sample spacing.  Note that the visibility at zero OPD should 

be equal to one.  Using equation 7.23, the mode width is determined to be on the order of 

10-4 nm.  This is surprisingly narrow for an index guided laser diode, and approximately 

two orders of magnitude larger than that of a stabilized HeNe laser. 

 

Visibility measurements were also taken with the laser diode operating with bias currents 

of 70 mA and 80 mA, with corresponding power outputs of 13 mW and 23 mW 

respectively.  The results of these two measurements are shown in figure 7-10 along with 

the 75 mA curve from figure 7-9 for comparison.  Note the visibility scale in figure 7-10 

starts at 0.75 vice zero.   
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Figure 7-10:  Measured Visibility as a Function of OPD for the Mitsubishi ML120G21 Laser 
Diode Operating with 75 mA, 80 mA, and 85 mA Bias Currents at 25 ! C.  Measurements were 
taken at 200 um intervals. 
 

In going from 70 mA to 75 mA bias current, the ripple in the visibility curve has 

decreased and the entire curve has moved upward.  This is due to suppression of the 

spectrum side modes as the bias current is increased.  Additionally, in going from 75 mA 

to 80 mA, the ripple has decreased a bit further, but not as significantly as before.  As the 

bias current is increased further, optical feedback from system components into the laser, 

despite the use of an optical isolator, becomes large enough to significantly alter the 

measured coherence of the laser diode.  Bias currents below 70 mA were not measured 

due to the low laser output levels. 
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Determining the Spectrum from the Visibility Curve 

Recall that the coherence function is equal to the Fourier transform of the spectral 

density, and the visibility, for balanced beams, is equal to the absolute value of the 

coherence function.  In taking the absolute value of the coherence function, phase 

information is lost.  Taking the inverse Fourier transform of the visibility function will 

not yield the correct spectral density.  In order to obtain the correct spectrum, there are 

two assumptions that must be made.  The first assumption is that the spectrum is 

symmetrical.  A symmetrical spectrum has only a real transform, and therefore, aside 

from the sign of the function, there is no phase component.  The second assumption is 

that the sign of the visibility curve alternates every half period (at the zero point).  Since 

the functions in figure 7-9 do not extend to zero, a sign correction is not required prior to 

taking the inverse Fourier transform to determine the associated spectral density.  Figure 

7-11 shows the inverse Fourier transform of the visibility function shown in Figure 7-9. 
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Figure 7-11:  Inverse Fourier Transform of Visibility Curve Shown in Figure 7-9.  Positive side 
lobes shown labeled 1-5.  Note Intensity scale is logarithmic. 
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The spectral resolution of the transform is 0.0036 nm and the spectral width of the 

transform is +/- 1.08 nm.  In figure 7-11, only those spectral components with a relative 

intensity greater than .001 are shown.  The spectrum is dominated by a very narrow 

single mode that is two orders of magnitude larger than the +/- 1 side modes.  The side 

mode spacing is 0.038 +/- .005 nm.  The first five positive side modes have been labeled 

1-5.  Note that the first three odd side modes are dominant..  This is reasonable given the 

sawtooth appearance of the visibility curve, (i.e. the sawtooth would contain only odd 

harmonics weighted by a 2sinc function).  The small peaks between the central mode and 

the +/- 1 side lobes is ringing resulting from taking the discreet Fourier transform of the 

truncated data set of figure 7-9.  Windowing this data will remove the ringing, but results 

in a broadening of the modes.  The complete spectrum, calculated with windowing, is 

shown in figure 7-12. 

 

 

Figure 7-12:  Inverse Fourier Transform of Windowed Visibility Curve Shown in Figure 7-9.  
Visibility data was windowed to reduce ringing in transform resulting in a broadening of the 
modes. 



 140

The most surprising fact of this analysis is that spectral side modes with relative 

intensities that are 2 and 3 orders of magnitude smaller than the central mode have such a 

significant impact on the coherence properties.  
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COHERENCE MEASUREMENTS WITH MODULATION 

As stated previously, high frequency current injection helps stabilize the output power of 

an index guided FP laser diodes by distributing the power more uniformly along all of the 

longitudinal modes and preventing discrete mode hops that are often characteristic of 

lasers driven by a constant current source. (Peterman 1988)  The CD/DVD industry uses 

this technique almost exclusively to minimize feedback and modal noise.  Several 

manufacturers produce laser driver ICs with integrated oscillators providing up to 100 

mA peak to peak current at 100 to 600 MHz.  As an example, the spectrum and visibility 

curves for a Sanyo 30mW laser diode, DL5147-042, is shown in figure 7-13.  This diode 

was driven with an Analog Devices AD9662 laser diode driver IC which has an 

integrated high frequency modulator. 

 

 

Figure 7-13:  Sanyo Laser Diode, DL5147-042, Spectrum.  The measured visibility and 
associated spectrum for the diode operating with high frequency drive current modulation are 
shown.  Laser diode operating at 56 mA bias current with +/- 20 mA modulation @ 600 MHz. 
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Without high frequency modulation, the visibility and spectrum curves are similar to that 

shown in figures 7-9, and 7-12 respectively.  The visibility sidelobe spacing in this case is 

around 6 mm, vice the 12 mm obtained above, this indicates a spectrum mode spacing 

that is about 2 times larger.  Under high-frequency modulation there is a significant 

change in the spectrum and visibility curves.  All modes within the spectrum gain region 

appear to be active with the spectral envelope becoming Gaussian.  The sidelobes in the 

visibility curve have significantly narrowed and no longer overlap, with visibility 

becoming zero between the lobes.  This is similar to the visibility function modeled 

previously and shown in figure 7-3.  The first order sidelobes have a visibility of almost 

0.4.  Modulation of the Mitsubishi laser diode at 600 MHz produces results similar to that 

shown in figure 7-13, except that the sidelobes are spaced at 12.4 vice 6 mm.  Standard 

diode driver integrated circuits will only modulate the drive current up to around 600 

MHz. 

 

Sidelobe Suppression. 

Measuring the visibility between +/- 60 mm of OPD takes approximately 10 to 12 

minutes.  However, a full scan is not necessary to determine sidelobe suppression.  In 

order to determine the effect of modulation amplitude and frequency on coherent sidelobe 

suppression, visibility measurements were taken only at the peak of the fist coherence 

sidelobe.  Once the amplitude and frequency necessary to obtain a minimum in the 

visibility at the first coherent sidelobe were determined, a full scan of the coherence 

function was then conducted. 
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Referring to figure 7-8, the Mitsubishi laser diode bias current was set at 75 mA and the 

temperature controller was set to 25 C.  The power and frequency of the RF source was 

set to 20 dBm and 1GHz respectively.  The test mirror was dithered to allow continuous 

visibility measurements to be obtained and the mirror was scanned across the first 

coherence side lobe to determine the location of its peak.  With the test mirror positioned 

at the peak of the first coherence sidelobe, the visibility was measured while scanning the 

RF amplifier output from 6 to 29 dBm in 1 dBm increments.  This set of measurements 

was repeated at 10 MHz increments between 450 and 1650 MHz.  Additionally, the 

measurements were repeated for laser diode bias currents of 70, 80 and 85 mA.    Figure 

7-14 shows visibility measurements taken at 1460 MHz, with a bias current of 75 mA. 

 

Bias  = 75 mA
Freq = 1460 MHz
Bias  = 75 mA
Freq = 1460 MHz

 

Figure 7-14:  Visibility at the First Coherence Sidelobe as a Function of RF Amplifier Output.  
The modulation frequency is 1460 MHz, and the bias current is 75 mA. 
 

As RF power is increased the visibility drops until 24 dBm is reached at which point the 

visibility begins to increase again.  Curves taken at other frequencies all exhibit the same 

general trend, although the value of the minimum in visibility is different and the power 
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at which it occurs may change.  Some insight into why there is a minimum in the 

visibility may be gained by looking at the optical power readings used to calculate the 

above visibility curve.  Figure 7-15(a) shows the maximum and the minimum optical 

power readings taken while the RF amplifier output power was scanned.  The average of 

these two readings is also shown.  In figure 7-15(b), the vertical scale has been expanded 

to highlight the behavior of the average optical intensity.  The average reading is directly 

proportional to the laser diode output.  From 6 to about 18 dBm the laser diode output 

remains relatively constant.  At 18dBm, the output begins to decrease and reaches a 

minimum at 24 dBm, the same point that the visibility is a minimum.  Beyond 24 dBm 

the average power increases, although very gradually, with the visibility trending in a 

similar manner. 
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Figure 7-15:  Optical Power vs. RF Modulation.  (a)  Maximum, Minimum, and Average Optical 
Power Readings Taken at the First Coherence Sidelobe as a Function of RF Amplifier Output.  
The modulation frequency is 1460 MHz, and the bias current is 75 mA.  (b)  Vertical scale 
expanded to highlight behavior of the average intensity. 
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It is believed that the laser diode average intensity begins to fall when the laser diode 

current modulation amplitude is equal to the bias current.  At this point the laser diode 

will be forced below threshold at the bottom of every half cycle, shutting the laser diode 

off.  Once the laser diode drive current moves back up above threshold, there is a turn on 

delay.(Peterman 1988)  This delay prevents the diode output power from obtaining its 

maximum value prior to the modulation current falling again on the next half cycle and 

therefore the average power decreases.  A further increase in modulation depth will force 

the diode deeper below threshold and the turn on delay will increase, causing average 

power to decrease further.  A point will be reached however, were further increasing the 

modulation depth, no longer increases the turn-on delay and the average power will begin 

to increase due to the higher peak current amplitude.  Note that the minimum in the 

average laser diode power also corresponds to the minimum in the visibility shown in 

figure 7-14.  This is consistent with other research indicating that maximum coherence 

reduction is obtained by modulating the laser diode below threshold.  Visibility verses RF 

power curves for other frequencies are similar to that shown in figure 7-15, however, the 

power at which the minimum in visibility is obtained and the minimum visibility level are 

different.  Since the actual amount of RF power coupled to the diode at each frequency 

has not been well established it is difficult to make direct comparisons between the 

curves.  However, the existence of a minimum in the visibility vs. RF power curve 

provides a convenient point of comparison between all the curves.  Additionally, 

adjusting the driver frequency for maximum sidelobe suppression can be facilitated by 

simply monitoring the average output intensity.  Figure 7-16 shows a plot of the 
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minimum visibility vs. modulation frequency for laser diode bias currents of 70, 75, 80, 

and 85 mA. 
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Figure 7-16:  Minimum Visibility at the First Coherence Sidelobe vs. Modulation Frequency. 
 
 
The general trend is for the visibility to fall as the modulation frequency increases, and as 

the bias current decreases.  Increasing the modulation frequency causes a broadening of 

the spectral modes, resulting in mode overlap and reducing the visibility of the side lobes.  

The role bias current plays in affecting the visibility under modulation is not entirely 

clear.  As the bias current increases, the width of the central lobe in the visibility curve 

does not change.  This indicates that the total spectral width of the modulated diode 

remains constant with bias current.  The spectral mode spacing will not change 

significantly with bias current.  This leaves only a narrowing of the spectral mode widths 

with increasing bias currents to explain why the visibility at the first sidelobe increases 
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with increasing bias.  A detailed investigation of the physics of laser diode operation 

would be necessary to fully explain this behavior and is well beyond the scope of this 

work.  The most important aspect of figure 7-16 is that the visibility at the first coherence 

sidelobe can be reduced to less than 0.1 for a laser diode bias current of 75 mA (18.2 mW 

optical) and a modulation frequency greater than 1400 MHz.  This will provide sufficient 

output for the PMVI Fizeau.  The lowest value of visibility in the first side lobe was at 

75mA bias was obtained at a frequency of 1.65 GHz and an RF amplifier output of 26 

dBm.  A complete visibility scan was conducted with a step size of 20 um, and the results 

are shown in figure 7-17. 
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Figure 7-17:  Measured Visibility as a Function of OPD for the Mitsubishi ML120G21 Laser 
Diode Operating with 75 mA Bias Current at 25 ! C with RF Modulation.  Modulation frequency 
is 1575 MHz; RF amplifier output is 26 dBm.  Measurements were taken at 20 um intervals. 
 

As can be seen in figure 7-13, significant visibility side lobe suppression has been 

obtained.  The visibility at the ± 1 sidelobes without modulation was approximately 0.95.  

With modulation, the ± 1 sidelobes have a visibility of 0.12, a 97% reduction.  All other 

sidelobes are below 0.1.  Figure 7-18 shows an expanded view of the central lobe in 

figure 7-17.  A Gaussian fit of the data is shown as the solid curve and the FWHM was 

determined to be 182.1 um. 
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Figure 7-18:  Expanded Central Lobe of Figure 7-17.  Solid curve is Gaussian fit of data points 
with a FWHM of 182.1 um. 
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The inverse Fourier transform of the visibility curve in figure 7-18 was taken to 

determine the spectrum of the modulated laser diode and is shown in figure 7-19. 

 

 

Figure 7-19:  Modulated Laser Diode Spectrum.  Spectrum determined by inverse Fourier 
transform of visibility curve in figure 7-18. 
 
 
This spectrum is significantly different from that of the non-modulated laser diode shown 

in figure 7-9, but not surprising given the shape of its associated visibility curve.  The 

envelope of the spectrum is Gaussian with a FWHM of 1.8 nm.  All side modes are now 

the same order of magnitude as the central lobe and have significant overlap with one 

another at their base.  The broadening of the spectral modes is significant.  Figure 7-20(a) 

shows a comparison of the modulated and non-modulated spectrum.  In figure 7-20(b) 

only the spectrum within +/- 0.2 nm of the central mode are shown to allow a comparison 

of mode size.  The FWHM of the central mode for the non-modulated spectrum is 

approximately 3 samples wide, while that of the modulated spectrum is approximately 9 

samples wide.  Although both the modulated and non-modulated modes have been 
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artificially broadened due to the windowing of the visibility data, the ratio of the two 

widths will still provide a good estimate of how much broadening has occurred.  In this 

case the modulated mode width is roughly tree times that of the non-modulated mode. 
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Figure 7-20:  Comparison of Modulated and non-Modulated Spectrums.  (a)  Complete spectrum 
comparison. (b) Comparison of central mode widths. 
 

Since this spectrum is calculated from the visibility curve, which takes approximately 10 

minutes to obtain, the spectrum should be looked at as a long term average.  If the 

integration time for the spectrum is based solely on the time it takes to collect the data for 

one measurement point, then the integration time for the spectrum is on the order of 100 

ms, still relatively long compared with the expected minimum camera shutter time of 50 

us.  In the final section, it will be seen that visibility measurements are accurate even at 

shutter speeds as low as 50 us. 
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8.  PMVI FIZEAU PROTOTYPE PERFORMANCE 

 

The purpose of this section is to provide a description of the PMVI Fizeau prototype that 

was built and to analyze its performance.  The section begins with a detailed physical 

description of the PMVI prototype.  The bulk of this section describes the tests used and 

the results obtained for the evaluation of various aspects of the prototypes performance.  

The following aspects of the PMVI Fizeau prototype performance were evaluated: 

 

1.  Path matching and fringe visibility. 

2.  Coherent stray light suppression. 

3.  Transparent glass measurement which includes: 

a.  An evaluation of the measurement  accuracy and precision. 

b.  The effect of fringe visibility on measurement accuracy. 

c.  Effectiveness of coherent stray suppression. 

4.  Through glass measurements. 

5.  Common path cancellation. 

6.  High reflector measurement which includes; 

a.  An evaluation of measurement accuracy and precision. 

b. The effect of multiple test surface reflections. 

7.  Vibration insensitivity. 
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PMVI PROTOTYPE 

A diagram of the PMVI prototype that was built is shown in figure 8-1.  This layout is 

similar to that discussed in section 6 and shown in figure 6-8, except that in this case the 

spatial filter is prior to the polarization path matching mechanism.  The prototype is 

composed of four major sections: (1) microwave generation and control, (2) source 

filtering and collimation, (3) polarization path matching, and (4) Fizeau cavity and 

imaging system. 

 

Figure 8-1:  PMVI Fizeau Prototype Layout. 
 

The function of the microwave generation and control section is to allow computer 

control of the amplitude and frequency of the microwave modulation signal applied to the 

laser diode.  The USB interface contains two digital to analog converters which are used 
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in conjunction with two simple non-inverting amplifiers to generate the necessary control 

voltages for the voltage controlled oscillator, VCO, and the voltage controlled variable 

attenuator, VAT.  The VCO, Mini-Circuits ZX95-1600, generates a 10 dBm signal, with 

an adjustable frequency from 800 to 1800 MHz.  This signal is fed via a 5dB fixed 

attenuator into the VAT, Mini-Circuits ZX95-2500, with an attenuation range of 0-35 dB.  

This combination provides an output signal in the range of 5 to -28 dBm, which is fed 

into a +28 dB fixed gain amplifier, Mini-Circuits ZHL-42.  The output of the amplifier is 

then coupled with a DC bias current in a bias-T, Mini-Circuits ZFBT-4RTG, and sent to 

the laser diode. 

 

The source filtering and collimation section consists of the laser diode, a spatial filter, and 

a collimating lens.  The spatial filter consist of a 10X microscope objective and a 10 um 

pinhole.  The collimating lens has a 50 mm focal length.  The collimated output beam has 

a diameter of approximately 14mm. 

 

The polarization path matching section operates exactly as described in section 6.  It 

consists of a half wave plate, HWP, a polarizing beam splitter, PBS, two quarter wave 

plates, QWP, a fixed mirror, M2, and a mirror mounted to a linear stage, M1. 

 

The three proceeding components of the PMVI Fizeau constitute the source for the 

interferometer.  The output of the path matching section is a collimated beam with a 

diameter of approximately 14 mm.  This beam first passes through a non-polarizing beam 
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splitter, BS.  It is then reflected off of the reference and test surfaces and returns to the 

beam splitter.  A portion of this beam is then reflected towards the afocal imaging system 

composed of L1, L2, and an aperture stop.  L1 and L2 have focal lengths of 100 and 200 

mm respectively, giving a magnification of 2.  The afocal imaging section doubles the 

beam diameter and images the test surface onto the CCD.  Prior to the pixelated mask and 

CCD, the input beam passes through a QWP changing the linear s-polarized and p-

polarized components into right and left circular polarizations.  The reference is 

composed of a one inch, non-coated flat, whose back surface is wedged.  The test piece is 

a 0.7 mm thick, uncoated glass plate.  Figure 8-2 is a photo of the PMVI Fizeau prototype 

that was built. 
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Figure 8-2:  PMVI Fizeau Prototype Photo. 
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PATH MATCHING AND FRINGE VISIBILITY 

Prior to conducting any quantitative measurements on the thin glass surface, a qualitative 

look at fringe visibility versus path matching was conducted.  In this case, the reference 

surface was removed and a standard glass slide was used as the test surface.  Visibility 

was measured using the technique described in section 7 with the OPD delay introduced 

between the s-polarized and p-polarized components of the input beam being scanned 

from -4.5 to +16.5 mm.  The results of this measurement are shown in figure 8-3.   

 

 

Figure 8-3:  Visibility Scan.  Fringe visibility of light reflected off a glass slide as a function of 
the OPD between the incident s-polarized and p-polarized light. 
 

For an OPD of zero, a null fringe is obtained, and the visibility is nearly 1.0.  This 

represents the interference between s and p components that reflect off of the front 

surface of the slide, and interference between those components that reflect off of the 

back surface of the slide.  When the OPD is approximately 12.1 mm, a second null fringe 

is obtained.  This is the location of the first coherence side lobe.  The visibility at this 
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point is 0.12.  When the OPD is -3.14 mm, interference will occur between the  

s- component reflecting off of the front surface, and the p-component reflecting off of the 

back surface of the slide.  At an OPD of +3.14 mm, the s and p components are swapped.  

At either of these two locations only half the light is coherent, the other half constituting 

the background, resulting in a maximum visibility of 0.5.  This same interference is 

visible at +/- 3.14 mm about the first coherence sidelobe.  In this case the maximum 

visibility is 1/2 that of the sidelobe visibility or about 0.06.  The slide thickness can be 

determined by noting that the OPD between the location of the null fringe and the 

location of front to back interference is equal to twice the optical thickness of the slide.  

In this case.  2 n t = 3.14 mm , where n is the index of refraction of the glass, and t is its 

thickness.  Using n = 1.514, the glass thickness is determined to be approximately 1.036 

mm, which corresponds well with the micrometer measured thickness of 1.034 mm. 

 

COHERENT STRAY LIGHT SUPPRESSION 

With the reference flat installed, the reference surface and the front surface of the test 

slide were path matched.  In this case s-component of the incident beam that reflected off 

of the front test surface was path matched with the p-component of the incident beam that 

reflected off of the reference surface.  The test surface was then adjusted to produce 

horizontal tilt fringes at the CCD, figure 7-4(a) top.  The visibility of these fringes is 

approximately 0.30.  The maximum visibility in this case being 0.33.  The bottom picture 

in figure 7-4(a) was taken with the microwave modulation of the laser diode turned off.  

In this case there is interference between the reference and the front test surface, the 
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reference and the back test surface and between the front and back test surfaces.  

Additionally, there are fringes with an orientation of - 45 degrees that result from the 

poorly manufactured polarizing beam splitter.  This is what the interference pattern 

would look like when imaging a thin transparent glass flat with a standard Fizeau 

interferometer.  In this case, stray interference fringes from the test flat and from within 

the interferometer will prevent accurate measurement of the test surfaces.  The reference 

surface and the back surface of the slide were then path matched and horizontal fringes 

obtained, figure 8-4(b).  The visibility of the fringes is seen to be similar to those 

obtained from the front surface. 

 

 

Figure 8-4:  Stray Light Fringes.  Interference fringes produced between the reference surface and 
(a) the front test surface, (b) the back test surface, (c) no path matched surface, (d) the front 
surface at the first coherence sidelobe.  In all cases, with the RF modulation turned off, multiple 
interference patterns are visible. 
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Figures 8-4 (c) shows the fringes obtained when neither the front nor the back test surface 

is path matched.  With RF modulation on, there are no visible fringes.  With RF 

modulation off, the same multiple interference fringe pattern is obtained as in the 

previous cases.  Finally, the OPD is adjusted until the path difference between the p-

component of the incident beam reflected off of the reference surface and the s-

component of the incident beam reflected off of the test surface is equal to 12.1 mm.  

Since this OPD corresponds with the first coherence sidelobe, very low coherence fringes 

are obtained, figure 8-4(d).  These fringes are very dim.  If two surfaces in a 

measurement setup happen to have an OPD corresponding to the first coherence sidelobe, 

the stray interference effect on phase calculation would be very slight if at all noticeable. 
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TRANSPARENT GLASS DEFECT MEASUREMENT 

The thin transparent glass plate used in the experiment above has a small gaussian shaped 

bump on its surface.  This defect was measured using the PMVI Fizeau and the results 

compared with measurements of the same defect taken with a Wyko NT 2000 vertical 

scanning surface profiler.  Figure 8-5 shows the defect measured using the PMVI Fizeau 

and the Wyko.  The Wyko VSI measurement was taken with the 10X objective at the 1X 

field of view set-point. 

 

 

Figure 8-5:  Defect Measurement.  Measurement of a surface defect on a thin transparent glass 
plate using the PMVI Fizeau and the Wyko NT 2000 in VSI mode.  Defect is on the front side of 
the glass. 



 161

A horizontal cross section through the center of the defect is shown in figure 8-6 along 

with the cross section obtained from the Wyko NT 2000.  Since the VSI measurement 

only covers a 0.6 mm field of view, the full extent of the defect was not measured.  

Because of this, the VSI curve required a positive offset to match the general trend of the 

PMVI curve, which necessarily introduces some error into the comparison.  As shown, 

the two measurements are in very good agreement.  The difference in peak height is 

approximately 11 nm, or 2%.  Additional causes of the difference between the two 

measurements are the large difference in NA between the two measurement systems, the 

uncertainty in the horizontal scaling of the PMVI measurement, and the cross sections not 

taken through the same points for each measurement. 
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Figure 8-6:  Defect Cross Section.  Horizontal cross section through center of defect 
measurements shown in figure 8-6.  
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It is important to re-emphasize that the PMVI measurement would not be possible 

without a short coherence length source due to stray interference fringes from the back 

surface of the test glass plate.  Figure 8-7 shows the measured cross section of the surface 

defect using the PMVI with both the RF source modulation on, producing a short 

coherence source, and the RF modulation off, producing a long coherence length source.  

With the RF modulation off, interference from the back surface renders the measurement 

unusable. 
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Figure 8-7:  Defect Cross Section with Stray Interference.  Transparent glass plate defect 
measurement cross section taken with the PMVI Fizeau using both a long(RF-off) and a short 
(RF-on) coherence length source. 
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Measurement Accuracy and Repeatability 

Measurement accuracy is an indication of how well a measurement corresponds to the 

correct value.  Measurement repeatability provides an indication of how well two 

separate measurements of the same feature will correspond.  To determine measurement 

accuracy and repeatability, 20 separate measurements of the glass defect were taken.  The 

average surface profile was then determined by calculating the average of the 20 

individual measurements.  Next, each of the individual measurements was subtracted 

from the average measurement, providing 20 difference measurements.  The RMS of 

each difference measurement is calculated.  Table 8-1 list the difference measurement 

RMS values. 

Measurment Delta RMS (waves)

1 0.01631
2 0.0152
3 0.01377
4 0.01329
5 0.01217
6 0.00989
7 0.009
8 0.00876
9 0.0078

10 0.00789
11 0.0089
12 0.00963
13 0.0082
14 0.01072
15 0.01078
16 0.01246
17 0.01608
18 0.01694
19 0.01777
20 0.01826

Mean (Accuracy) 0.012191
Std Dev (Repeatability) 0.003538733  

Table 8-1:  Measurement Data 
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The RMS of the difference measurement provides an indication of how close each 

measurement is to the average measurement.  If the average measurement is taken to be 

the correct measurement, then the RMS of the difference measurement is an indication of 

the measurement accuracy.  Taking the average of the RMS values for each of the 20 

difference measurements gives an indication of the system accuracy.  Note that this 

accuracy measurement is uncalibrated since we have assumed that the average 

measurement was correct.  The standard deviation of the RMS difference measurements 

provides an indication of the measurement repeatability.  In this case, the mean RMS 

difference is 0.0122 waves, and the standard deviation of the RMS difference is 0.0035 

waves.  Another indication of accuracy can be found by using the Wyko NT2000 

measurement as the reference, and comparing the peak height values shown in figure 

8-6.  This gives a difference of 11 nm or 0.0167 waves. 

 

Fringe Visibility Effects 

For balanced beams and with the reference and one of the test surfaces path matched, the 

maximum fringe visibility is 1/3.  The reason it is 1/3 vice 1/2 is that there are now three 

surfaces, all 4% reflectors, reflecting light back into the camera and only half of the light 

from the two path matched surfaces will interfere.  By introducing a small OPD between 

the two path matched surfaces, the fringe visibility can be reduced.  In this way, the effect 

of fringe visibility on the measurement can be determined.  For a fringe pattern without 

intensity noise, visibility has no effect on the calculated phase.  However, when noise is 

present, the SNR of the fringe pattern decreases as the visibility is reduced and a noisy 
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phase map will result.  Defect measurements were taken at fringe visibilities of 5%, 

10%,15%, 20%, and 25%.  Using the measurement taken at 25% visibility as the 

reference, the difference measurements were calculated and the RMS of each determined, 

Figure 8-8. 
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Figure 8-8:  Fringe Visibility Effect on Defect Measurement.  The difference measurements 
shown were produced by subtracting a measurement taken at 25% visibility from the 
measurements taken at 5%, 10%, 15% and 20% visibility respectively.  The RMS of each 
difference measurement is shown below its corresponding plot. 
 

 

There is no significant change in the measurement for visibilities down to around 10%.  

At 5% visibility the RMS noise has increased by 75%.  Below 5% visibility, it was 

impossible to obtain a valid measurement.  Figure 8-9 is a plot of the cross section 

through the defect measurements taken at 5% and 25% visibility.  Cross sections of the 

other measurements are very close to that taken at 25% and are not shown.   
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Figure 8-9:  Cross Section of Fringe Visibility Effect.  Cross section of calculated phase shown 
for measurements taken at 5% and 25% fringe visibility.  Maximum theoretical fringe visibility is 
33%. 
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THROUGH GLASS MEASUREMENTS 

Figure 8-10 shows four possible measurements that can be made on the transparent glass 

plate.  Designate the defect side of the plate as side A, and the other as side B.  The 

diagram on the left side of the figure shows the transparent glass plate with a defect 

height profile, ha, a nominal thickness of to, and a surface height profile, hb, on the back 

side.  For measurement (1), side A is facing the reference surface and has been path 

matched.  This is the arrangement that has been used in all previous measurements and 

the measured height profile, H, is equal to the defect height profile, ha.  In measurement 

(2), side A is facing the reference surface, but now side B has been path matched.  The 

measured height, H, is now given by:  a a bH = h -n (h +h ) , where n is the glass index of 

refraction and is assumed to be constant.  Assuming n=1.5 and hb=0, then H ~ ha/2. 

 

(1) (2)

(3) (4)

(1) (2)

(3) (4)

 

Figure 8-10:  Transparent Glass Plate Test Arrangements.  In tests (1) and (2) the defect side of 
the glass is facing the reference surface, with the defect side path matched in test (1) and the non-
defect side path matched in test (2).  For tests (3) and (4) the non-defect side is facing the 
reference surface with the non-defect side path matched in test (3) and the defect side path 
matched in test (4). 
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For measurements (3) and (4), the glass plate is flipped and side B is facing the reference 

surface.  In measurement (3), side B is path matched and the measured height, H, is equal 

to hb.  For measurement (4), side A is path matched and the measured height H is given 

by : b a bH = h -n (h +h ) , where once again the glass index is assumed constant.  Letting 

n=1.5, and hb = 0, then H=1.5 ha.  If the glass index is not constant, the term 

0( )a bn h h t−∆ + +  must be added to equations (2) and (3) in figure 8-10.  Defect 

measurements were conducted using the testing arrangements (1) through (4) and the 

cross sections are shown plotted as solid curves in Figure 8-11. 
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Figure 8-11:  Through Glass Surface Defect Measurements.  Solid curves show cross section of 
defect measurement taken using testing arrangements (1) through (4) from figure 8-11.  The 
triangular points have been calculated from equation (2) of figure 8-11 using values obtained 
from curves (1) and (3) and assuming n=1.5.  The rectangular points have been calculated from 
equation (4) of figure 8-10. 
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With the surface height profiles measured, ha and hb from curves (1) and (3), the 

expected results of measurements (2) and (4) can be calculated if it is assumed that the 

index of refraction is constant.  Letting n=1.5, the theoretical through-glass measurements 

heights were calculated for measurements (2) and (4) and are shown as the triangular and 

square points respectively.  These theoretical values compare well with the measured 

curves indicating that the assumption of a homogeneous index of 1.5 is close to the actual 

value.  With a known homogeneous index, it is not necessary to turn the glass around to 

determine both surface profiles.  For example, hb can be calculated from measurements 

(1) and (2) using an assumed index of 1.5. 

 

There is one additional measurement that has not been discussed above.  Instead of path 

matching either the front or back of the test piece with the reference surface, the front and 

back surfaces of the test piece are path matched with each other. The measured surface 

height is then given by:  a bH = n (h +h )− , where n is assumed constant.  This test 

measures the optical thickness deviation in the glass and does not require a separate 

reference surface.  Note that this measurement is simply the difference between 

measurements (2) and (1) above.  For a non-homogeneous index, the measured surface 

height is given by: x,y a b 0H = n (h +h +t )− , where the index is now a function of position 

and to it the nominal plate thickness.  A measurement was taken with the front and back 

surfaces of the test plate path matched and the results are shown in figure 8-12 along with 

curves (1) and (2) from figure 8-11.  As a comparison, the difference between curves (2) 

and (1) was calculated and plotted as the circular points.   
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Figure 8-12:  Optical Thickness Deviation Measurement.  The heavy solid curve is a cross section 
of the defect measurement obtained by path matching the front and back surfaces of the test 
piece.  Curves (1) and (2) from figure 8-12 are shown as light solid lines.  For comparison, the 
difference between curves (2) and (1) are shown as circular points. 
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FLAT MEASUREMENT AND COMMON PATH CANCELLATION 

To demonstrate common path error cancellation, two measurements were taken of a low 

reflecting flat; one with the interferometer properly aligned, and one with significant 

aberrations introduced into the imaging path of the interferometer.  To introduce 

aberration into the imaging system, lens L2 was flipped around and then rotated an 

additional 20 degrees.  To provide a rough estimate of beam quality, a shear plate was 

used at the interferometer output and an image taken of the shearing interferogram 

produced by the reference wave only.  Both the collimated, and the aberrated wavefront 

shearing interferograms are shown below in figure 8-13.  One of the surfaces of the shear 

plate has a tilted surface resulting in 6 to 8 vertical fringes across a 10 mm aperture for a 

well collimated input beam.  This can be seen for the well aligned system in figure 8-

13(a). 

Collimated Wavefront

Aberrated Wavefront

(a)

(b)  

Figure 8-13:  Interferometer Common Path Aberrations. (a)  Interferometer properly aligned.  
Shearing interferogram has straight vertical lines indicating beam collimation.  (b)  L2 rotated and 
displaced.  Shearing interferogram indicates significant aberration. 



 172

To get an idea of  how much aberration is shown in the shearing interferogram of figure 

8-13(b) a simulation was conducted and the results are shown in figure 8-14.  As can be 

seen, the collimated beam results in approximately 6 vertical fringes.  For the aberrated 

beam, an input wavefront with 16 waves of defocus, 4 waves of astigmatism at 30 

degrees and 2 waves of spherical aberration was used.  Note that the resulting 

interferogram is qualitatively similar to that shown in figure 8-13(b). 

 

Figure 8-14  Simulated Shearing Interferograms. 
 

Figure 8-15 (top) shows the results of the flat measurement taken with the non-aberrated 

system.  The peak to valley error is 0.047 waves and the RMS error is 0.0091 waves.  The 

associated seidel aberrations are shown to the right of the wavefront map.  The 

measurements taken with the aberrated system are shown in figure 8-15 (middle).  In this 

case the peak to valley error is 0.0412 waves, and the RMS error is 0.0078 waves.  The 

fact that the peak to valley error is smaller in the aberrated system is because the defocus 

added to the system tends to blur out many of the diffraction rings due to dust and 

therefore smoothes out some of the image noise. 
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Figure 8-15:  Demonstration of Common Path Error Cancellation.  (Top) Low reflectance flat 
measured with well corrected system.  (Middle) Same flat measured with common path error 
introduced into interferometer.   (Bottom)  Difference between aberrated and non-aberrated 
system measurements.   
 

The difference between the two measurements is shown in figure 8-15 (bottom).  Notice 

that the differences in the aberration coefficients are very small.  Power, coma, and 

spherical aberration have changed by less than a hundredth of a wave.  Astigmatism has 

changed by 0.015 waves.  These results show that common path cancellation can cancel a 

significant amount of common path error.  It is important to note that a null fringe 

between the test flat and the reference was obtained prior to taking the measurement.  If  

any significant tilt is applied to the test flat, the return paths of the test and reference 

beams will not longer be common path, and significant differential aberrations may be 

introduced in a poorly corrected system. 
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MEASURING A HIGH REFLECTOR 

A high reflecting dielectric mirror, Rt = 98%, was measured using a 4% reference.  The 

purpose of these measurements was to determine how well a high reflector could be 

measured using only a 4% reference surface, and to evaluate the effect of multiple 

reflections on the fringe pattern visibility.  Using the 4% reference surface, the fringe 

visibility was measured as a function of tilt and the results are shown as large points in 

figure 8-16.  The solid curve is the result of a theoretical calculation based upon the 

analysis given in section 6.  The cavity thickness was measured at 47.33 +/- 0.01mm by 

noting the distance between zero OPD and the path matched condition. 

 

 

Figure 8-16:  Visibility vs. Tilt for a High Reflector.  Visibility as a function of test surface tilt 
when measuring a high reflecting dielectric mirror using a 4% reference.  Theoretical visibility 
function shown as solid curve.  Measured visibility shown as large points.  Horizontal line 
represents visibility for simple two beam interference.  The dashed curve shows theoretical value 
when corrections are made for pixelated mask error and stray reflections. 
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The expected visibility for normal two beam interference is 20.4% and is shown by the 

thin horizontal dashed line.  The measured points follow the trend of the theoretical 

visibility curve well.  The magnitude of the measured points are lower than theoretical.  

The primary reason for this is that the visibility was derived from measurements taken 

with the pixelated mask sensor.  Due to errors associated with the pixelated mask, and an 

unaccounted for stray reflection, the calculated visibility is approximately 75% of the 

actual value.  The corrected theoretical curve is shown as the dashed line.  For low values 

of tilt, the visibility drops below 9% making a good measurement difficult to obtain.  

Around 0.06 degrees of tilt, corresponding to about 16 waves/10 mm, the measured 

visibility is about 26%, higher than simple two beam interference, and very good 

measurements can be obtained, figure 8-17. 

 

Rr = 4%
Rt = 95%

Camera Settings:
G=1
T = 42 usec

Vis = 26%
Tilt = 16 wv (PkV)

PVq  = 0.044  +/- 0.009 wv
RMS = 0.009 +/- 0.002 wv

Rr = 4%
Rt = 95%

Camera Settings:
G=1
T = 42 usec

Vis = 26%
Tilt = 16 wv (PkV)

PVq  = 0.044  +/- 0.009 wv
RMS = 0.009 +/- 0.002 wv

 

Figure 8-17:  Measurement of a High Reflecting Mirror Using a 4% Reference.  16 waves of tilt 
were added to mirror to maximize visibility.  Mirror is specified as l/20. 
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The mirror is specified with a maximum peak to valley error of 0.05 waves.  The 

measured peak to valley surface error was 0.044 +/- 0.009 waves.  The RMS wavefront 

error was measured at 0.009 +/- .002 waves.  If the tilt is reduced, the visibility will fall 

and the measurement RMS will increase.  For this measurement, the camera gain was set 

at 1, and the shutter speed reduced to 42 usec to prevent camera saturation. 

 

VIBRATION INSENSITIVITY 

All measurements obtained in this analysis were taken on a non-vibration isolated 

system.  The prototype was built on a solid optical table, however, the table is not 

floating, as is customary.  All measurement were taken with a maximum shutter period of 

150 usec for the transparent glass measurements, and a minimum shutter period of 42 

usec for the high reflector.  Those familiar with vibration insensitive interferometry 

would recognize these shutter speeds as sufficient to prevent most vibration associated 

measurement errors.  In order to demonstrate the ability to take a measurement under 

conditions of vibration, a high reflector was mounted on a piezoelectric buzzer, and 

caused to vibrate with several waves of piston and tilt at approximately 20 Hz.  A 

measurement was taken with the mirror stationary, and with it driven by the piezoelectric 

buzzer.  The results of these measurements are shown in figure 8-18. 
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PVq = 0.1044 wv
RMS = 0.0207 wv

PVq = 0.102 wv
RMS = 0.0204 wv

20 Hz Vibration

Stationary

(a)

(b)

PVq = 0.1044 wv
RMS = 0.0207 wv

PVq = 0.102 wv
RMS = 0.0204 wv

20 Hz Vibration

Stationary

(a)

(b)

 

Figure 8-18:  Demonstration of  Vibration Insensitivity in the PMVI Fizeau.  High reflecting 
mirror mounted on a piezoelectric buzzer.  Camera integration set (a)  Test mirror is stationary.  
(b)  Piezo actuator driven at 20 Hz with an amplitude large enough to introduce several waves of 
tilt and piston. 
 

With tilt and piston subtracted, the results of the stationary mirror measurement, figure 8-

20(a) and the measurement taken with the mirror driven at 20 Hz, figure 8-20 (b) are 

essentially the same. 
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9.  FURTHER ANALYSIS, LIMITATIONS AND IMPROVEMENTS 

 

This final chapter addresses some of the limitations on the performance of the PMVI 

Fizeau, outlines some additional analysis, and suggests some improvements.  This section 

starts off with a discussion of additional analysis that has been conducted regarding the 

errors associated with pixelated mask spatial carrier phase shifting.  This is followed by a 

look at potential errors associated with the use of the polarization path matching 

mechanism, with suggestions for improvement.  Finally, some suggestions for additional 

hardware improvements are given. 

 

PIXELATED MASK AND SPATIAL CARRIER PHASE SHIFTING 

Errors associated with use of the pixelated mask spatial carrier technique can categorized 

into two types: (1) Phase calculation errors inherent in spatial carrier phase shifting, and 

(2) Polarization associated errors resulting from non-ideal performance of the pixelated 

mask polarizer, poor polarization control within the PMVI Fizeau interferometer, and 

birefringence in the test optics. 

 

The theory of spatial carrier phase shifting, and more specifically, pixelated mask spatial 

carrier phase shifting, was covered in sections two and four respectively.  As was pointed 

out, the primary error associated with spatial carrier phase shifting is due to a phase 

shifting error resulting from the deviation in the test wavefront phase across the pixels 

associated with each calculation.  The simple 4-point algorithm was used to demonstrate 
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the basic principles of phase shifting, however, algorithms containing a larger number of 

points can substantially reduce the wavefront induced phase shifting error.  A 9-point 

algorithm was used for the measurements taken in this work.  The errors associated with 

the use of the 9-point algorithm are much smaller than those associated with the non-ideal 

performance of the pixelated mask.  In other words, they are not the limiting error.  A 

detailed analysis of pixelated mask spatial carrier algorithms and associated error has 

been done by this author.(Kimbrough 2006) 

 

Recall that in pixelated mask phase shifting, the test and reference beams are right and 

left circularly polarized, and by passing the two beams through polarizers oriented 0, 45, 

90, and 135 degrees, a relative phase shift of 0, 90, 180, and 270 degrees is introduced 

between them.  Polarizer orientation error, non-ideal polarizer performance, and pixilated 

mask to CCD alignment errors will all lead to errors in the calculated phase.  In addition, 

these errors can limit the maximum fringe visibility obtainable.  For example, as was 

pointed out in the previous section, under conditions that should produce fringes with a 

visibility of 100%, the maximum detected visibility was about 85%.  A detailed analysis 

of the errors resulting from non-ideal performance of the pixelated mask polarizer has 

been conducted.(Novak 2005)  Proper operation of the pixelated mask sensor requires 

that the input test and reference beams be orthogonally polarized, right and left circular.  

The use of non-ideal or poorly aligned polarization controlling elements in the 

interferometer result in the input beams being elliptically, vice circularly polarized, and 

can lead to significant phase calculation error.  Fortunately, these errors are linearly 
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dependent upon the phase being measured, and can be averaged out by taking several 

measurements where a slight piston offset is added to the wavefront between 

measurements.  Phase dependent error is known as print through since the measured 

phase map looks as if it has its associated fringe pattern imprinted upon it.  In many 

cases, environmental vibration is large enough to cause the fringes to dither about 

sufficiently such that an average of multiple measurements will all but eliminate this print 

through error.  If the test piece being measured is birefringent, that is to say, it alters the 

polarization of the incident beam, then an error will be introduced into the phase 

measurement.  An analysis of the birefringence induced error has been conducted and a 

plot of the phase dependent error is shown in figure 9-1.(North-Morris 2004)   

 

 

Figure 9-1:  Birefringence Associated Error.  Phase calculation error due to test arm birefringence 
of 180π radians.  Each curve shown for a different orientation of the birefringent axis with 
respect to the test beam polarization. 
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The plots shown are for a phase retardance of 180π radians, which is equal to about 12 

nm for a wavelength of 658 nm.  If the fast or slow axis of the birefringence is aligned 

with the polarization in the test arm, a DC error term is produced that is equal to one half 

of the retardance value in radians.  If the retardance is not constant, then it will cause a 

print through type error with a magnitude equal to half of the retardance value at each 

point.  When the axis of birefringence is rotated away from the above two cases, then a 

phase dependent sinusoidal term is introduced, reaching a maximum at an orientation of 

4π  radians with respect to the test beam polarization.  In the PMVI Fizeau prototype, 

the test and reference beams are linear and orthogonally polarized, prior to incident upon 

a QWP placed just prior to the pixelated mask sensor.  Upon passing through the QWP, 

the test and reference beams become left and right circularly polarized.  Work conducted 

by Jim Burge�s group at the Optical Sciences Center(Burge 2005) shows that if the test 

and reference beams are circularly polarized prior to incidence upon the test and 

reference surfaces, then the effects of birefringence in the test arm can be minimized.  To 

implement beam circularization, the QWP just prior to the CCD would be moved to the 

exit of the polarization path matching mechanism.   
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POLARIZATION PATH MATCHING MECHANISM 

Any differential phase change, other than piston, introduced between the two 

orthogonally polarized beams in the polarization path matching mechanism will 

necessarily show up in the measured phase surface.  In the PMVI prototype, it was 

difficult to completely zero out the phase difference between the two beams.  The 

primary error was tilt, but some higher order aberrations were evident.  Additionally, 

beam alignment is all but impossible to maintain when the stage is moved.  The 

alignment difficulties can be dealt with by the use of a cat-eye reflector in both arms of 

the path matching mechanism.  A cat-eye reflector is preferred over a corner cube due to 

the diffraction that results when the incident beam overlaps a corner cube seam.  If the 

incident beam does not overlap a corner cube seam, then it is necessarily displaced from 

the center of the cube, and as a consequence the return beam will be sheared with respect 

to the input beam.  This is not necessarily bad, but complicates the setup since you must 

ensure that the shearing is the same in both legs of the path matching mechanism.  An 

additional improvement in beam quality can be made by placing the spatial filter 

downstream of the path matching mechanism.  This will also help ensure beam 

alignment, since non-aligned beams will not pass through the same pinhole.  Experiments 

have shown that by using a corner cube or cat-eye reflector, the necessary beam 

alignment can be maintained as the variable arm of the path matching mechanism is 

adjusted. 
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ADDITIONAL HARDWARE IMPROVEMENTS 

Referring to figure 8-2, the microwave generation and control section of the PMVI 

prototype is dominated by the 1W RF amplifier.  This amplifier is both big and 

inefficient, generating about 10 watts of heat.  Experiments using a high speed 

communication diode driver IC in place of the 1W amplifier have been conducted with 

promising results.  The diode driver IC is capable of modulation up to 2.5 GHz with 65 

mA of drive current.  The IC also provides up to 100 mA of bias current, current 

monitoring, and very high speed transient protection.  The Voltage controlled oscillator 

can be incorporated onto the same printed circuit board as the IC, with entire package 

being less than 1 inch square. 

 

Path matching of the interferometer can be time consuming since it is easy to scan 

through the path matched condition without observing fringes.  Location of the path 

matched position can easily be observed on the signal of a photo-detector placed 

downstream of the Fizeau cavity.  As the path matched condition is scanned through, a 

peak in the photo-detector output is observed.  Figure 8-3 shows the results this type of 

scan.  By combing the photo-detector, a high resolution stepper motor to drive the stage, 

and some control and monitoring circuitry, a rapid automated path matching device can 

be implemented.  In addition to path matching, this device can be used to measure the 

Fizeau cavity thickness as discussed in section 8. 
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10.  SUMMARY 

 

This dissertation describes and analyzes a novel path matched vibration insensitive 

(PMVI) Fizeau interferometer.  In general, due to its common path arrangement, a Fizeau 

interferometer provides significant coherent noise reduction and increased vibration 

tolerance.  Vibration insensitivity in the PMVI Fizeau is obtained through the use of the 

pixelated mask spatial carrier phase shifting technique which requires only one rapidly 

acquired interferogram measurement for a phase calculation.  Implementation of  this 

technique requires orthogonally polarized test and reference beams, however, the 

overlapping test and reference beams in the Fizeau make it difficult to change the 

polarization of the beams independently.  A successfully designed commercial system, 

the tilted beam Fizeau, allows separation of the test and reference beams so that they may 

be orthogonally polarized.  However, the test and reference beams are no longer common 

path which significantly degrades the primary advantage of the Fizeau arrangement.  In 

the PMVI Fizeau, a low coherence source is used in conjunction with a path matching 

mechanism to effectively separate the beams using coherence.  In other words, only one 

of the components of the test beam will interfere with the orthogonally polarized 

component of the reference beam.  The other components are still present, but they are 

not coherent and simply add to the background intensity. 
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A laser source meeting the power and coherence requirements was not commercially 

available.  Coherence reduction in laser diodes through high frequency current 

modulation has been well documented, and used extensively in the CD and DVD 

industry.  Typically this modulation is conducted at around 500 MHz and results in 

significant coherent side lobes.  By selecting a high power red laser diode and modulating 

the drive current at 1500 MHz, significant coherent sidelobe reduction was obtained, 

along with the desired coherence length.  Further work is needed to reduce the size and 

power requirements of the laser drive circuitry. 

 

The maximum fringe visibility in the PMVI Fizeau is 50%, and good measurements were 

demonstrated for visibilities as low as 10%.  Due to multiple test surface reflections when 

measuring a high reflector, the fringe visibility around the null position is typically less 

than 5%, making accurate measurements impossible.  The addition of a small amount of 

tilt can restore visibility in this case to values above the maximum expected for simple 

two-beam interference, allowing surface measurements to be made.  Multi-bounce 

reflections in the case of tilt do not distort the fringe pattern, but only shift it and reduce 

the visibility.  Use of an optical coating on the reference surface, altering the phase shift 

on reflection by 180 degrees, would restore visibility on-axis.  Further analysis is 

required to determine the feasibility of this approach. 
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Coherent stray suppression was demonstrated by measuring a thin transparent plate.  

Both front surface and through glass measurements were demonstrated.  A known surface 

defect on the plate was measured and compared with the results from a commercial white 

light vertical scanning interferometer.  The measurement precision was found to be 0.012 

waves with a repeatability of 0.003 waves.  Both are within the specifications of a 

commercial interferometer. 

 

Measurement of a high reflector was demonstrated using a 4% reflector.  Visibility at the 

null position was less than 4%, making the measurement impossible.  Measurement of 

the visibility as a function of tilt compared well with theoretical predictions.  The 

addition of 16 waves of tilt/10mm brought the visibility to 26%.  The mirror is specified 

with a maximum peak to valley error of 0.05 waves.  The measured peak to valley 

surface error was 0.044 +/- 0.009 waves.  The RMS wavefront error was measured at 

0.009 +/- .002 waves. 

 

Finally, vibration insensitivity was demonstrated by measuring a high reflector mounted 

on a piezoelectric buzzer.  Two measurements were taken, the first when the mirror was 

stationary, the other when the mirror was caused to vibrate with several waves of piston 

and tilt at approximately 20 Hz.  With piston and tilt removed, the difference in these two 

measurements was 0.002 waves peak to valley, and 0.0003 waves RMS. 
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