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Samenvatting 

In dit afstudeerrapport wordt een nieuw type Fizeau interferometer besproken. Een Fizeau 
interferometer is een meetapparaat welke een oppervlakte karateriseert door deze te vergeli
jken met een referentie oppervlak. Indien de kwaliteit van het referentie oppervlak bekend is, 
is het verschil tussen het referentie oppervlak en het test oppervlak een maat voor het test 
oppervlak. In geval van fase verschuivende interferometrie wordt de fase van het referentie 
oppervlak met minimaal twee bekende stappen verschoven ten opzichte van de fase van het 
test oppervlak, zodat de fase en zodoende de hoogte kaart van het test oppervlak berekend 
kan worden. Tussen deze opnamens dient er een bekende faseverschuiving plaats te vinden. 
Invloeden van de buitenwereld, zoals trillingen, dragen bij aan de onnauwkeurigheid van de 
interferometer. Door nu alleopnamensin een keer te maken, wordt de invloed van deze ver
storingen beperkt. Daarnaast wordt de meettijd voor een oppervlak aanzienlijk gereduceerd. 

De fase verschuivings techniek beschreven in dit rapport splitst de uit de interferometer tre
dende bundel op in vier vrijwel identieke bundels. Deze vier bundels, welke een bekende 
faseverschuiving ten opzichte van elkaar hebben, worden uiteindelijk geprojecteerd op een 
fotodetector. De faseverschuiving van de vier bundels vindt plaats door gebruik te maken 
van polarizaties. Met behulp van de hierdoor verkregen interferogrammen kan vervolgens 
een hoogtekaart worden berekend. De fase verschuiving tussen de bundels is onder andere 
gerealiseerd met behulp van speciaal voor dit project vervaardigde onderdelen, er is echter ge
tracht om zoveel mogelijk gebruik te maken van reeds beschikbare onderdelen. Deze methode 
is toepasbaar in vrijwel iedere interferometer. Om de methode te testen, is deze toegepast in 
twee verschillende opstellingen. 

Om de nauwkeurigheid van de resultaten te verhogen, dient de interferometer eerst gekali
breerd te worden. Deze correctie omvat twee stappen: corrigeren voor geometrische afwijkin
gen en corrigeren voor intensiteits verschillen tussen de projecties. De correctie procedure 
beschreven in dit rapport lijnt de projecties uit op sub pixel niveau. Door uitlijnings- en 
lens afwijkingen zijn de vier projecties niet direct geschikt om tot een hoogte kaart te komen. 
Daarom worden de projecties allereerst op elkaar uitgelijnd met behulp van een geometrisch 
correctie model. Intensiteits variaties van de projecties veroorzaken bovendien een onjuiste 
weergave van het testoppervlak Voor het uitlijnen van de vier projecties is een tweede fase 
verschuivings methode vereist. Voor deze tweede methode wordt er gebruik gemaakt van een 
laser diode waarbij de cavity van de laser zich buiten de laser bevindt. Een variatie van de 
cavity lengte veroorzaakt een golflengte verandering van het laserlicht. 

Indien de instantarre projectie van de interferogrammen geïmplementeerd wordt in een bestaande 
Fizeau interferometer, is het mogelijk om het test oppervlak met slechts één meting te karak-



teriseren. De totale correctie procedure hoeft slechts eenmaal uitgevoerd te worden voor een 
opstelling, na correctie is de opstelling geschikt voor het meten van relatief vlakke opper
vlakken met een hoge doorvoer snelheid. De doorvoer snelheid is voornamelijk afhankelijk 
van de uitleessnelheid van de fotodetector. 

i i 



Summary 

In this master's thesis a new type of Fizeau interferometer is described and discussed. A 
Fizeau interferometer is a surface measuring device, it compares a test surface to a reference 
surface. The difference between the reference surface and test surface is a measure for the 
quality of the test surface. The test surface is reconstructed by means of taking multiple (at 
least two) interferograms, a known phase shift in between. Due to external factors, such as 
vibrations, the accuracy of the results is negatively infiuenced. One salution to this problem is 
to acquire all interferograms at once. The measuring time is reduced by at least a factor three. 

The phase shifting methad described in this thesis di vides the beam at the output of the inter
ferometer into four nearly identical beams. These beams, which are phase shifted compared 
to each other, are finally projected onto on imaging sensor. The global phases of the beams 
are shifted by means of modifying polarisation states. The surface map of a test surface is 
calculated by these four phase shifted projections. This methad of phase shifting the beams 
is applicable in various types of interferometers. The methad is tested in two different setups. 

The interferometric measurements needs to be corrected first. The correction methad de
scribed in this report comprehends two steps. First the projections are matched geometrically. 
Due to alignment errors and lens aberrations, the geometrical dimensions of the interferograms 
are not identical. The correction methad produces alignment of the projections at subpixel 
level. For this correction methad to function, an other phase shifting procedure is used. The 
global phase of all four projectionsis modified by changing the emitted beam's frequency of 
the laser diode. This laser diode has an external cavity, the emitted frequency depends on 
the lengthof this cavity. Next the intensity differences and variations are corrected. 

Implementation of the methad into a common available Fizeau interferometer enables to 
acquire all interferograms instantly. The correction procedure is invariant of the test surface 
being imaged, and is performed only once for a given experimental configuration. The lead 
time of the setup mainly depends on the frame rate of the imaging sensor. 
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Chapter 1 

Introduetion 

A surface measurement device is an important tool in the current technologkal industry. 
The production process of a wafer for example, consists multiple surface measurement cycles. 
These cycles are required to imprave or maintain process yield in an early stage of the produc
tion process. A high speed, high sensitivity noncontact inspeetion process which detects wafer 
fiaws is therefore needed. A commonly used method is usage of interferometric tools, which 
fullfills these demands, see figure 1.1. The interferometer shown in figure 1.1 is capable of 
measuring fiat surfaces. Other test part shapes require additional accesoires. Curved surfaces 
for example require an additional transmission sphere, see figure 1.2. The transmission sphere 
transfarms the wavefront of the beam into a spherical wavefront; concave spherical surfaces 
can be examined. Besides characterising wafers, interferometry is applicable in a variaty of 
fields, such as lens and magnetical hard disk inspection. 

Reference flat 
(located in 
housing) 

Figure 1.1: Interferometric tooi for flat sur
face characterisation. 

Table 

1 

Figure 1.2: Same as 1.1 , except usage of a 
transmission sphere instead of a transmission 
flat, in order to measure curved surfaces. 



INTRODUCTION 

1.1 Interferometric measurements 

The fringes produced by an interferometer can be regarcled as contour lines of surface height of 
the test object, spaeed at intervals of >../2 where À is the wavelengthof the light source. Using 
these fringes as contours, one can determine by eye, wavefront aberrations or surface defects to 
about >../5 or >./10, simply by observing the positions of the fringes in the interferogram. For 
more accurate measurement, it is necessary to be able to sub-divide the fringes, to measure 
the phase at all points in the interferogram. This requires computer processing of the image 
produced by an interferometer. 
Interferometry is not on the end of it's life, further research and development will deliver a vast 
improverneut of the specifications. Several sourees of error in the test environment can have 
substantial effects on the accuracy and reliability of interferometric data. The instantaneous 
technique is based on phase shifting interferometry, the phase of the test beam is retrieved 
by shifting the phase of the reference beam with respect to the test beam phase. 

1.1.1 Multiple frame interferometry 

By comparing a test surface with a high quality reference surface, the fiaws of the test surface 
can be investigated. In order to reconstruct the test surface at least three measurements, 
between each measurement a phase shift, are required. These measurements are carried 
out one by one, between each measurement a time interval. Vibration is the largest and 
most obvious error souree in an interferometric test situation. An other error souree is air 
turbulence. The differences in air density causes small, local differences in the index of 
refraction of the air, which produces differences in optica! path between the reference and 
test wave front. Time lapsed measurements are possibly infiuenced by external factors, such 
as vibrations. There exist several options for solving the problems due to vibrations[Wyant]: 

• Retrieve the frames faster: The electronics of the imaging sensor are the limit. 

• Control the environment: A controlled environment is often expensive and difficult. 

• Measure the vibration and introduce a vibration 180 degrees out of phase to cancel 
vibration: This solution requires a complicated system. 

• Grab all frames at once: All frames are grabbed instantly, vibrational infiuences are 
limited. 

The most elegant and probably best working option is to take all measurements at once. After 
the phase shifted measurements have completed, the analysis of the stored data is carried 
out. A major advantage of phase shifting interferometry compared to analysis by eye is that 
a detector array such as a CCD camera can be used to make measurements simultaneously at 
a very large number of points covering the interference pattern, the resolution being limited 
by the optica! magnification and the detector pixel size. In this thesis research is done at 
a method that is able to measure all frames at once. A second advantage of a single shot 
interferometer is the time saving property. 

1.1.2 Existing instant frame grabbing techniques 

Currently, there already exists a instant phase shifing interferometer on the market, produced 
by [4Dtechnology]. The system available consists a four step phase shifting system by cap-

2 



1.2 Applications of the instantaneous phase shifting Fizeau interferometer 

turing four frames on a single detector. The optica! system is based on a Twyman-Grecn 
type intcrferometcr. Thc phasc shifts are produced using polarization states modification. A 
schematic view of the system is given in figure 1.3. 

11 
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Figure 1.3: An existing instantaneous Twyman-Green based instant phase shifting interferometer, 
commercially available [4Dtechnology]. 

According to the manufacturer, the four beams are produced using a holographic optica! 
element to split up the beams into four beams and a single imaging sensor. A Twyman
Green interferometer isn't common-path, the reference and test beams do not travel similar 
paths in the interferometer. One of the goals of this thesis is to implcment an instant phase 
shifting technque into a Fizeau interferometer; a Fizeau interferomcter is a common-path 
interferometer. The infiuence of surroundings and opties located at the non common path 
parts are thereby reduced. 

1.2 Applications of the instantaneous phase shifting Fizeau 
int erferometer 

The setup discussed in this thesis grabs the frames instantly, besides that, it makes use of a 
tunable wavelength external cavity diode laser. Due to these special properties the field of 
application is broadened, as will become clear in this section. Two additional measurement 
capabilities are mentioned: 

• Vibration and translation measurement 

• Instant measurement of a both sicles of a transmissive fiat 

In this section these fields of application are only mentioned, just to indicate the abilities of 
the setup discussed in this thesis. 

1.2.1 Vibration and/or movement measurements 

Because the phase shifts take place instantly, it is possible to measure test surface vibrations 
and movement of a surface with respect to the reference surface. To measure high frequency 
vibrations, a high shutterspeed imaging sensor is required. To measure thc vibrations ac
curately, the position of the reference surface should he fixed. The test surface shown in 
figure 1.4b is translated compared to the initial position shown in figure 1.4a, using the in
stant frames it is possible to measure the size of the translation instantly. When consectutive 

3 



INTRODUCTION 

Vibrating test surface Vibrating test surface 

(a) Reference surface Position 1 (b) Reference surface Position 2 

Figure 1.4: Using the instant phase shifting technique, it is possible to measure test surface vibrations. 
In (b) the test surface has translated, because of the fixed relation between the fringe patterns, it is 
possible to measure the size of translation instantly. 

instant phase maps are placed behind each other, a phase map motion picture of the test 
surface's vibration can be constructed. Modal analysis of the surface can thcrefore be carried 
out. 

1.2.2 Measuring optica! thickness 

Another field of application of the tunable wavelength phase shifting technique is instant 
measurement of a transmissive (parallel) plate. Using one or two reference surfaces, several 
properties of the transmissive flat can be measured instantly. The resulting interferogram 
projected on the imaging sensor is a linear superposition of the separate interferences from 
all in the setup existing interference cavities. The phase maps are calculated using Fourier 
transforms. From [Deck 1], a cavity consisting of N surfaces results in N(N -1) /2 elementary 
cavities, only N - 1 of them are independent. Two difference measurement strategies are 
shortly mentioned[Deck 1]. The first method uses one reference surface, the second option 
uses two reference surfaces. 

1.2.3 Single reference surface 

The setup shown in figure 1.5 holds three zeroth order interference cavities. The interference 
frequency is proportional to the total optical path difference OPD and the tuning rate. In 
case the cavity lengths are different, each interference resulting from that cavity results in a 
different cavity frequency[Deck 1] . The following properties of the test flat can be obtained 
in only measurement: 

• Front surface phase map 

• Optical thickness variation 

• Back surface reflection 

4 



1.3 Project description 

Reference surface Tra nsmission flat 

~ Cavity frequencies 

v1 v2 v3 

6L nT 

Frequency 

(a) (b) (cl 

Figure 1.5: Instant measuring several propertics of a transmissive optica! element , see also [Deck 1] . 

1.2.4 Two reference surfaces 

Making use of a second reference surface, as shown in figure 1.6, the back surface phase map 
can be measured too. This four surface cavity enables to measure the following properties by 

Reference surface Transmission flat Reference surface 

Figure 1.6: Instant measuring the front and backsurface of an optica! element , see also [Deck 1]. 

one measurement: 

• Front and back surface phase map 

• Physical and optical thickness 

• Refractive index variation 

• Back surface reflection 

Linear variations in the homogencity of the measured flat, called homogencity wedge, can 
also be measured. Homogencity wedge can be measured with this setup because both the 
front and back surface maps are obtained in the same measurement, preserving their relative 
orientation. As mentioned before, this type of measuring a transmissive object instantly is 
only mentioned. Testing these abilities could possibly be carried out in future research. 

1.3 Project description 

In a Twyman-Green interferometer, the reference beam and the test beam travel separate 
optical paths. In a Fizeau interferometer on the other hand, the reference beam and test 
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beam travel a similar optical path. Becausc both beams travel common-path, no distinction 
can be made. The goal of this project is to implcment an instantancous phase shifting 
technique into a Fizeau interferomcter. Thc project can be split up into sevcral componcnts: 

• Choosing an instant phase shifting technique which is suitablc for a Fizcau intcrferom
eter. Important factors are the possible deviations due to and complexity of the phasc 
shifting technique. 

• Find solutions for the problcm due to thc fact that no distinction between the refcrence 
beam wavefront and the test beam wavefront can be made. 

• The instant phase shifted frames should prcferably be projectcd onto a single imaging 
device. Preferably usage of already available components. Thercby rcducing both cost 
and number of components. 

• An analysis of the important deviations accuring in the resulting setup. 

1.4 Content thesis 

This thesis starts with some basic theory about interferometry. This theory is necessary for a 
proper description of the interferometer itself and the phase shifting technique used. Chapter 
3 describes the instant phase shifting methad and the Jones model is presented which prediets 
the infiuence of a misalignment and component imperfections on the final calculated phase. 
In chapter 4 and 5 two different designs of interferometers are described, each of these are 
suitable for instantaneous phase shifting . For proper functioning of the interferometer, a 
methad for matching the instantaneous frames at subpixel level is mentioned in chapter 6. 
The correction procedure is described and tested. Several factors, such as alignment and 
imperfect components infiuence the final accuracy of the setup, in chapter 7 an estimation is 
clone of the infiuence of these errors. Finally conclusions are made in chapter 8. Besides that , 
a recommendation will be given which setup is most suitable for commercial usage. 
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Chapter 2 

Surface interferometry 

Some elementary intcrferometrics are explained, this thcory is important to undcrstand the 
functioning of an intcrferometer. The interference of two beams is derived and described 
mathematically. From this mathematics, important factors for improving intcrference can he 
derivcd. There exist several different types of interferometcrs on the market. Two of them are 
briefl.y discussed in this chapter. Different methods to calculate the phase map are discussed. 
Finally the wrapped phase map must he unwrapped in order to calculate the surface height, 
this procedure is briefl.y explained too. 

2.1 Basics 

Interferometric measurements requirc an optical arrangment in which multiple (two or more) 
beams are made to interfere. Interferometers can he classified by the number of beams 
that interfere; two beam interferometers and multiple beam interferometcrs. Common two 
beam interferometers are the Fizeau and the Michelsou interferometer. Because the main 
goal of the project is to built an Fizeau interfcrometer, only two beam interference will he 
discussed. Simple said, surface interferometry is comparing a test surface with a reference 
surface. Therefore should the reference surface have a higher quality. The two reflections are 
made to interfere; an interference pattem will he the result. The basic equation of two beam 
interference is derived first. Two waves having an amplitude of Ë01 and Ë02 are described by: 

Ë1(z, t) 

Ë2(z, t) 

ËOlcos(k~ · r- wt +El) 

Ëo2cos(k~ · r- wt + E2) 

Where ki is the propagation vector, Ei is the initia! phase difference. 

(2.1) 

(2.2) 

The two waves intersect, using the principle of superposition the resulting wave becomes: 

(2.3) 

The variation of the E-field is equal to the frequency of the emmitted light. The intensity 
can, in contradiction to theE- field vector Ë, he measured dircctly with the use of a imaging 
sensor. TheE-field varies approximately by 4.7 ·1014 Hz. The intensity depends on the 
E-field vector by: 

(2.4) 
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First the intensity will be expressed in the E-field. 

(2.5) 

These terms can be expressed in intcnsities as: 

(2.6) 

The term h2 is known as the interference term. It can be further evaluated by setting: 

'Pl = f1 · r + E1 

'P2 = f2 · r + E2 

(2.7) 

(2.8) 

Using equations 2.1, 2.2 an expression for the last term in cquation 2.6 can be derived: 

ËmËo2cos(r.p1- wt)cos(r.p2- wt) 

ËmËo2 [cosr.p1coswt + sinr.p1sinwt] 

[cosr.p2coswt + sinr.p2sinwt] 

After time averaging the following results: 

1 ~ ~ 
2EmEo2 [cosr.p1cosr.p2 + sinr.p1sinr.p2] 

1 ~ ~ 
2,EmEo2cos(r.p1- r.p2) 

Therefore: 

(2.9) 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

~ ~ I~ ) E2 E2 
Given that in case Em and Eo2 are parallel, !1 = \ Ef = y and !2 = ~ the resulting 

term for two beam interference is: 

I = h + h + 2viJ;.cosr.p (2.15) 

Where r.p is the phase difference 'Pl - <p2 resulting from a combined path-length and initial 
phase-angle difference. 
Two special cases are important and can be derived from equation 2.15. The first case is 
destructive interference, and occurs when the phase difference of the two interfering beams is 
180°, or a integer multiple of 180°. The resulting minimal intensity can be described by: 

(2.16) 

The second special case is constructive interference, occurring in case the phase difference 
equals 360°, or a multiple of this phase difference. This maximal intensity of the interference 
pattern has the mathematica! form: 

(2.17) 

These two cases are shown in figures 2.1 and 2.2. 
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2.1 Basics 

E 
E 

0 

Figure 2.1: Constructive interference between 
two waves E1 and E2. The resulting wave is 
equal to the linear superposition of E1 and E2 . 

Figure 2.2: Destructive interference between 
two waves E1 and E2. The resulting wave is in 
case of total destructive interference equal to 
zero. 

Interference will not occur at all cases, some conditions are to be met. For a constant in
terference pattern, the frequency difference should be zero. A large frequency difference will 
result in a varying interference pattern; this is caused by a phase difference that changes 
as a function of time. There are several methods for obtaining a zero frequency difference. 
The most obvious method is usage of only one light source, which is split into a preferred 
number of sources. Another condition for improving interference is a small ( or no) amplitude 
difference of the interfering beams. In case of equal amplitudes the intensity at a position 
where total destructive interference takes place, will be zero. A suitable expression for the 
amplitude ratio of the two beams is the contrast. The contrast of an interference pattem is 
defined as given in equation 2.18 . A contrast value of one means equal amplitudes of both 
interfering beams at the plane of projection, a contrast value of zero means no interference 
at all. The contrast of an interferogram is infl.uenced by the intensity of both refl.ections. 

C t t V. 'b 'l't Imax - Imin on ras = 1s1 1 1 y = I 
1 

. 
max + mtn 

(2.18) 

'Y 

L-------------~----------------~--x 

Figure 2.3: Average intensity ! 0 and modulation intensity 'Y· 

Another important condition is the type of souree used. For producing an interference pattern, 
the sourees of the two beams should be coherent. A path difference between two beams causes 
interference, as long as the two sourees are coherent. If the two sourees are incoherent, the 
phase difference between the two emitted beams changes randomly. Therefore no interference 
will be the result . 
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The conditions mentioned in this section are important for the design requirements of the 
interferometer, and will be come back to later in this report. 

2 .1 .1 Twyman-G reen interferometer 

A Twyman-Green interferometer is a non-commonpath interferometer, shown schematically 
in figure 2.4. It makes use of a beamsplitter to divide the beam into a reference part and a 

Refcr= 
llllrface 

Test 
swface 

Figure 2.4: The Twyman-Green interferometer 

measuring part. The beams are refiected by the surfaces and recombined by the beamsplitter 
BS. The resulting interference pattem or interferogram can be displayed by animaging sensor. 
Either of the beams encounter a different path in the air and opties. The refractive index of 
air is infiuenced by several factors such as the temperature, pressure and humidity. These 
factors vary along the two paths, and in time. This will cause an additional error. The pinhole 
positioned after the lens serves as a spatial beam filter , and it also reduces back refiections. 

2.1.2 Fizeau interferometer 

A schematical view of the Fizeau interferometer is given in figure 2.5. The laser beam is 
collimated by a lens befare it is refiected by both the reference fiat or the measurement 
surface, just as in a Twyman-Green interferometer. The reference fiat is required to be 
transmissive. The main difference with a Twyman-Green interferometer is the common-path 
principle. The infiuence of a fiuctuating refractive index is minimized. Both beams travel 
exactly the same path( except the distance between the reference fiat and the measurement 
surface). 
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2.2 lnterferogram 

Laser 

Collimaling Non common 
lens path 

Figure 2.5: The Fizeau interferometer 

The distance between the reference surface and the measurement surface is sametimes called 
the interference cavity. 
Two important definitions are mentioned first: 

• OPL : the optical path length is defined as the distance of propagation in the interfer
ence cavity (the interference cavity length Lcavity) times the index of refraction along 
the path. In our case the travelling medium is air, the optical path length therefore can 
be described as: nab.Lcavity. 

• OPD : the optical path difference is the number of times the optica! path length is 
travelled times the optical path length. In our case, the optical path length is travelled 
twice, the optical path difference will therefore be: 2na.6.Lcavity 

The phase difference <fJtot = <p2 - <p1 is described by equation 2.19: 

21rOPD 
(/)tot = À 

21rOPD 
---v 

c 
(2.19) 

Where À is the wavelength of the light used , v is the frequency of the light used. During the 
report the assumption is made that the waves are initially in phase, a phase difference arises 
from a difference in path length or wavelength. 

2.2 Interferogram 

As mentioned insection 2.1, two beams satisfying certain conditions will interfere. Generally 
can be stated that an interferogram is the interference signal between two beams of light . 
An interferogram carries information about the phase difference, and its spatial distribution. 
The phase difference is the difference between the wavefronts of the reference beam and 
the measuring beam. Using all phase differences between the reference en test beam, an 
approximation of the test surface can be made. The phase differences of all points are called 
a phase map. Whether this is a good impression depends for example on the quality of the 
reference surface. The quality of the reference surface should be better than the quality of the 
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measuring surface. There exist several methods for obtaining and analyzing an interferogram 
obtained by means of an interferometer, in order to calculate the phase map and so the surface 
quality of the test surface. In this section different types of interferogram evaluation methods 
are described. 

2.2.1 Phase measurement 

The surface properties of a test area can be evaluated by calculating the phase map from one 
or multiple interferograms. The number of interferograms required depends on the method 
of calculating the phase map. The most common methods can be classified as: 

• Single interferogram analysis, one frame is used for calculation of the phase. One frame 
means insensitivity for vibrations. It however does not allow to detect the sign of the 
phase. 

• Temporal phase measurement, multiple frames are used to calculate the phase. Because 
the measurements take place in a certain time interval, the measurements could be 
infiuenced by vibrations. Sign of the phase is known through the way the fringes "walk" 
between two consecutive phase shifted interferograms. Phase shifting is a technique that 
shifts the phase of one interfering beam relative to the other in order to determine optical 
path difference from the intensity in an interference fringe pattern. 

• Instantaneous phase measurement. This is a combination of the previous two methods. 
Multiple phase shifted interferograms are taken instantly It encorporates the advantages 
of both. The number of instant frames is limited by the design of the setup. 

The functioning of the first two methods are described briefiy first. 

2.2.2 Single interferogram analysis 

The phase information of an interferogram can be retrieved by analysing a single interfero
gram. This is clone by means of Fourier transforms, [Rastogi 94] . Three steps are required 
to obtain the phase map, see figure 2.6. An additional spatial carrier frequency is added 
by tilting the test fiat. First the interference signal is transformed to the Fourier domain. 
The spatial frequency should be higher than the spatial variations a(x, y) , b(x, y) and <p(x, y). 
The second step is filtering the resulting Fourier transform around the spatial frequency using 
a mask. The last step is transforming back the filtered signal by an inverse Fourier trans
form. In order to have complete separation between the three spectra, a certain minimal tilt, 
or spatial carried frequency is required. Due to a required minimal tilt, this type of phase 
determination is not preferred as an instantaneous phase retrieval method. 
For a more detailed description of phase map calculation by means of Fourier analysis, see 
Appendix B. 

2.2.3 Temporal phase analysis 

This method introduces multiple times a (known) phase shift between the reference and the 
measuring beam. There exist several methods for shifting the phase of one of the beams. 
Two methods are discussed briefiy: 
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lnterferogram of tilted 
surface 

Amplitude 20 FFT spectrum Mask Resulting phase map 

Figure 2.6: Calculation of the phase map by Fourier transforms. 

• The most common method of shifting is mechanica! phase shifting; the reference surface 
is translated by a piezo-electric element, see figure 2.7. The path difference and so phase 
difference changes by a known amount. To measure large test surface apertures, it is 
required that the reference surface has at least a similar aperture. Translating a large 
aperture and so heavy-weighted reference surface parallel to the optie requires complex 
systems. 

Reference surface Test surface 

(a) (b) 

Reference surface Ten surface 

....._ 
Transiation 

Figure 2. 7: Phase shifting by translation of the reference surface with respect to the test surface. 

• A more elegant method to shift the phase is by means of tuning the laser's frequency, see 
figure 2.8. The phase difference of two beams of light in a Fizeau interferometer can be 
changed by modifying the wavelength of the light emitted by the source. A light souree 
which is able to change the frequency of the emitted light is for example the external 
cavity laser source, discussed in Appendix A. As the frequency of the light souree is 
increased, the phase difference between the two beams of light will increase too. From 
[Deck 2] and [Ishii 95] two options to describe the phase shift size are mentioned. The 
first option to describe the phase after a phase shift due toa frequency change is by: 

A ( ) 27r0PD A 
L:>.I,P X, Y = · l.....l.V 

c 
(2.20) 

Where c the velocity of light , OPDis the optica! path difference and .6v the frequency 
shift. Assuming a constant refractive index n and a constant distance between reference 
and test surface, the phase shift size is a linear function of the optical frequency variation 
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with a "gain" proportional to the reference to test surface distance. 
Another description of the phase after a wavelength modification is described by of 
equation 2.19 to the wavelength >., this results in: 

1:1 ( ) = _ 21rOPD. 1:1>. rp x, y >.2 
a 

(2.21) 

Where >.a the initial wavelength, OPDis the optical path difference and /:1). the wave
length change. Wavelength tuning as a method to perform the phase shift doesn't 
require the reference surface to be translated. Because the wavelength is tuned by an 
external cavity diode laser, see appendix A, this method makes it possible to build a 
more rigid interference cavity. 

Refe~ce surface Test surface 

- lup=O ~ 
- ó<p = 1f1Z Decreasing waW!iength 
--+- A<p = 1t phase shifts 

rc/2 rad1ans 
- ó<p=31f12 

-ó<p=27t 

Figure 2.8: Phase shifting by modifying the frequency of the emitted light by the laser source. 

The latter method, shifting the phase by means of modifying the frequency of the emitted 
beam, has certain advantages above traditional translation of the reference surface and will 
be used in this thesis. The exact detials of the laser used see Appendix A. An important 
property is the tuning range of the laser: the wavelength of the beam emitted by the laser 
diode can be varied from 632.72 nm - 632.85 nm. The tuning range is therefore 0.13 nm. 
Temporal phase map determination will be used for the instant phase method , the temporal 
phase shifts need to be converted into instant phase shifts. 

2.3 Calculating the phase by multiple interferograms 

There exist different methods to calculate the phase in case of temporal phase measurement. 
The mostly used method is by means of an algorithm. This method is briefly explained in 
this section. A mathematica! description of a two beam interference pattem was already 
mentioned by equation 2.15, a more common used description is shown in equation 2.22. 

I (x, y) =Ia (x, y) + 1 (x , y) cos (rp (x , y)- ai)) (2.22) 

Where Ia is the local average intensity and 1 is defined as the modulation intensity or fringe 
visibility. The phase rp (x, y) is to be calculated, ai is the relative phase shift between the 
reference beam and the measurement beam of the interferom eter. In case of a known shift 
size, there exist three unknown parameters in equation 2.22: 
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2.3 Calculating the phase by multiple interferograms 

• Io(x,y) 

•!(x,y) 

• cp (x, y). 

Therefore a minimum of three interferograms (frames), each possessing a known phase shift 
compared toeach other, are required todetermine the phase cp (x, y). 

Although only 3 images are required to solve for the three variables of equation 2.22, in 
practice more than 3 images are often used for noise suppression and reduction in sensitivity 
to phase shift-size errors. Some errors can be eliminated or limited by choosing a proper 
amount of frames and a certain algorithm. Due to the averaging over more images in the four 
frame technique, it has a lower error than the three frame technique, although it requires more 
storage and takes longer to process the images to extract the phase. The current computers 
have sufficient calculation power to neglect the increase in procces time though. 
A four step algorithm is derived now, because the instant phase shifting technique discussed 
in this thesis makes use of four instant interferograms: 

Ir (x, y) 

!2 (x,y) 

Is (x, y) 

I4(x,y) 

Io (x, y) [1 + 1 (x, y)]cos (cp (x, y))) 

Io (x, y) [1 + 1 (x, y)]cos (cp (x , y) +ai)) 

I o (x, y) [ 1 + 1 (x, y)] cos ( cp (x, y) + 2ai)) 

Io (x, y) [1 + 1 (x, y)]cos (cp (x, y) + 3ai)) 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

Where a is the phase shift with a size of 1r /2. A simple trigonometrie transformation yields: 

Ir (x, y) 

h (x, y) 

Is (x, y) 

!4 (x, y) 

Io(x,y) [1 +!(x,y)]cos(cp(x,y)) 

Io (x, y) [1- 1 (x, y)]sin (cp (x, y)) 

Io (x, y) [1- 1 (x, y)]cos (cp (x, y)) 

Io (x, y) [1 + 1 (x , y)]sin (cp (x, y)) 

(2.27) 

(2.28) 

(2.29) 

(2.30) 

These four equations contain three unknowns, therefore the wavefront phase can be recovered. 
The intensity bias term I 0 (x, y) is eliminated by subtracting the equations in pairs. 

2Io!(x, y)sin (cp (x, y)) 

2Io!(x, y )cos ( cp (x, y)) 

(2.31) 

(2.32) 

Taking the ratio of these two equations eliminates the intensity modulation term 1(x, y), 
to produce a result that contains only the unknown phase cp(x, y) and the four measured 
intensities: 

!4- h sin (cp (x, y)) ( ( )) 
--- = = tan cp x y 
Ir - Is cos ( cp (x' y)) ' 

(2.33) 

Finally, the phase can be described by: 

(2.34) 
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For phase calculation at point (x,y) four intensity readings at position (x,y) are required. 
Secoud order detector intensity nonlinearities across the beam cancel out if four frames are 
used for phase calculation, only the signal to noise ratio is modified [Rastogi 94]. 

There exist several other four step phase calculation algorithms. The phase can also be 
calculated by least squares. The main advantage of a least squares calculation is that the 
phase shift can be set manually. Some common used algorithms and their dis- and advantages 
can be found in appendix B. 

2.4 Unwrapping 

After calculation of the phase map by means of phase shifted interferograms, the phase map 
only contains information related to the topography. This phase map has fringes representing 
the phase within the range of 21r. The interference phase is wrapped into modulo 21r due 
to the fundamental sinusoidal nature of the wave function used, the tan(({')- 1 function. Any 
phase values greater or smaller than 27r are wrapped back around to zero. To reconstruct 
the geometry for each point in the image, the phase needs to be unwrapped. When the 
phase difference between adjacent pixels is greater than 1r, a multiple of 27r is added or 
substracted to make the difference less then 1r. See figure 2.9, where the phase unwrapping 
process is described in one dimension. Unwrapping a two dimensional phase map is more 
complicated, the results depend on the unwrapping path along the map. Phase unwrapping in 
two dimensions essentially consists of detecting the pixellocations of the phase discontinuities, 
finding an ordering among the pixellocations for unwrapping the phase, and adding offsets of 
multiples of 21r. Due to phase discontinuities and due to dust located in the optica! system for 
example, this problem is ambiguous which makes phase unwrapping an important processing 
step. Some of the phase discontinuities, also referred to as residues, can be reduced by filtering 
the phase before unwrapping it. During the project, a 2D-unwrapping procedure as described 
in [Jansen 03] is used. See [Jansen 03] fora more detailed description. 

Unwrapped phase 

Sn ., 
"' "' 6n: ..cl 
p" 

= .g ., 
> 
"' ~ 

2n 
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Figure 2.9: The phase unwrapping processin one dimension. 
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2.5 Calculation of surface profile 

2.5 Calculation of surface profile 

The scale factor represents the relationship between the optical component under test and the 
distartion of the measured interference pattern. The wavefront change caused by a defect at 
the test surface, in case of normal incidence, will have twice the size of the actual size of the 
defect; The test beam travels the distance twice, one time before refl.ection, one time after. 
Therefore, the scale factor in case the test surface is parallel to the reference surface is equal 
to 0.5. In case of non-normal incidence, the scale factor will be: 

1 
Sc= 1 

1+-cos(21:1) 

(2.35) 

Where () is the tilt of the test surface with respect to the reference surface. In practice, the 
size of the tilt is small, the scale factor equals 0.5. 
The surface height H (x, y) can be calculated using the unwrapped phase map and the wave
length of the used light by: 

H(x , y) =Sc ( <p(~,:)>.) (2.36) 

The basic steps of surface interferometry are explained, using these basics it will be possible 
to describe the instant phase shifting technique. 
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Chapter 3 

Instant phase shift: design and 
rnadelling 

The setup of an interferometer which makes use of phase shifting, can be divided into four 
parts. A light source, an interferometer, the phase shifting elements and the imaging sensor. 
The design of one of these components infiuences the other components. See figure 3.1. 

sensor 

Fizeau 

Phase 
shifting 
elements 

Figure 3.1: Influence of component design onto other components. 

Because the goal of this thesis is to build and test a Fizeau interferometer which makes use 
of instant phase shifting, there will be started with a description of the phase shifting part. 
In the following two chapters the other interferometer parts will be discussed. 

3.1 Polarization 

The polarization state of light is described by the electra magnetic field vector. In practice 
four types of polarization states exist: Unpolarized, linearly polarized, circularly polarized 
and elliptically polarized. When combining the last three states, unpolarized light will be the 
result. Polarized light can be obtained via different methods. In this section there will be a 
short introduetion into polarization states, see [Hecht 98]. 
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3.2 Axes definition 

In figure 3.2, axes are defined for the optical system, this definition will be used in the 
remairring part of this thesis. In case of referring to a rotation of a polarization component in 
the following section, rotation around the z- axis is the referred angle of rotation. The optical 
axis is equal to the propagation direction of the beam. 

y 

Propagation direction ofthe beam 

0 z 

x 

Figure 3.2: Definition of the axes. 

3.3 Linear polarized light 

As mentioned before, the polarization state of light is described by the electra magnetic field 
vector E. Linear polarized light has a constant orientation, the waves of a linearly polarized 
beam can be described by combining two orthogonal waves. 

Ex(z, t) = Eoxcos(kz- wt) ·i 
Ey(z , t) = Eaycos(kz- wt + c5) ·I (3.1) 

The resultant E(z, t) of these two perpendicular waves is calculated by summation of these 
two veetors 3 .1. 

E(z, t) = Ex(z, t) + Ey(z, t) (3.2) 

Filling in the two veetors from 3.1 into 3.2 with c5=0 gives: 

E = (iEox + IEoy)cos(kz- wt) (3.3) 

This resultant vector in equation 3.3 has a amplitude of (iEox +I Eoy). As can be seen in figure 
3.3, linearly polarized light has a constant amplitude in time, and a constant orientation, see 
figure 3.3. The value of c5 must fulfill equation 3.4 for linearly polarized light. 

c5 = 0 ± m1r 1\ m E Z (3.4) 
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3.4 Circular polarized light 

Figure 3.3: Linear polarized light, from 
[Hecht 98] . 

Figure 3.4: Circular polarized light, from 
[Hecht 98]. 

3.4 Circular polarized light 

The second polarization state is circular polarization. The waves have an equal amplitude, so 
Eox = Eoy = E0 . The relative phase difference 8 is 90° or ~· The direction of the resulting 
E-field vector is varying in time. 

Ex(z, t) 

Ey(z, t) 

E(z , t) 

Eocos(kz- wt) ·i 

Eocos(kz- wt + 8) · J 
Eosin(kz- wt) · J 
Eo [icos(kz- wt) + )sin(kz- wt) J 

(3.5) 

(3.6) 

There exist two types of circular polarization: left circularly and right circularly polarized, see 
figure 3.4. In case the beam is coming towards an observer, and the beam is rotating clockwise, 
this beam is said to be right circularly polarized. In case the beam rotates counterclockwise, 
the beam is left circularly polarized. Generally said, a circularly polarized beam can be 
created by passing a linearly polarized beam through a quarter-wave plate. It is required 
in this case, that the quarter-wave plate is positioned at 45° compared to the main linear 
polarization axis. The properties of a quarter-wave plate are explained in more detail in 
section 3.8.1. A right circularly polarized beam is described by equation 3.7 

E(z, t) = Eo [icos(kz- wt) + )sin(kz- wt)] (3.7) 

Left circularly polarized light is described by equation 3.8 

E(z, t) = Eo [icos(kz ·- wt)- )sin(kz- wt) J (3.8) 
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Equation 3.9 applies, in case a left and a right circularly polarized beams of equal amplitude 
are combined. 

E(z, t) 2Eoicos(kz- wt) (3.9) 

The resulting beam is linearly polarized, and has a constant amplitude vector of 2Eoi 
In other words, if a right circularly polarized beam is added to a left circularly polarized beam 
of equal amplitude, a linearly polarized beam will be the result . 

3.5 Elliptical polarized light 

The last polarization state is the elliptical polarization state. Linear and circular polarization 
states are special cases of the elliptical polarization state. Elliptical polarized light can be 
described by a rotatingE-field vector, that has a changing magnitude as well. An expression 
for the resulting vector can be derived by: 

Ex(z, t) 
Ey(z, t) 

Eoxcos(kz- wt)i 

Eoycos(kz- wt + 8)] 

(3.10) 

(3 .11) 

Elliptical polarized light is still possible when Eox = Eoy· In that case the phase difference 
should not equal 8 = -1r /2 ± m27r with m an integer. This phase difference will result 
circularly polarized light. A phase difference of 8 = ±m1r will result in linearly polarized 
light, independent of the amplitude ratio Eox/ Eay . The amplitude of the resulting beam is 

:Eo = JE5x + E5Y' see figure 3.5. 

Ex 

Figure 3.5: Elliptical polarized light, observer looking into the beam 

The definition of right/left elliptically polarized light is similar to right/left circularly polarized 
light, except the shape of the resulting rotating E-field vector is different. Summarised, the 
polarization state of a beam depends on the amplitudes Eox and Eay and the phase difference 
8 between the two veetors E: and Ey. 

3.6 Polarizing a beam 

There exist several methods for polarizing a beam. The most common methods are described 
in this section, in order to get a better understanding of the optical components. 
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3.6 Polarizing a beam 

3.6.1 Polarization by reflection 

An unpolarized beam is reflected by a reflective material; the reflected part of the beam 
becomes linear polarized. The reflection coefficient is different for waves parallel and perpen
dicular to the plane of incidence. The Brewster angle is the angle at which the reflected light 
is fully polarized perpendicular to the plane of incidence. For propagation from material 1 to 
material 2, the Brewster angle fh can be calculated by: 

(3.12) 

Where ni are the indeces of refraction. See figure 3.6, the incident linearly polarized beam is 
reflected at Brewster angle. The reflected part is horizontallinearly polarized. The reflected 
wave, is completely polarized, but the intensity is low compared to the incident wave. The 
transmitted wave is only partially polarized. 

Incident 
wave 

Reflected wave; 
linearly polarized 

wave 

Figure 3.6: polarization by reileetion 

3.6.2 Polarization by refraction 

Polarization by refraction occurs in case an unpolarized beam of light enters a material which 
has a special property: two distinct indices of refraction. Unpolarized light entering a bire
fringent material is split into two linearly polarized beams which are refracted by different 
amounts , depending on the refractive indices of the material. The optie axis of a birefringent 
material is defined as the direction where no double refraction occurs. It corresponds to a 
direction about which the atoms are arranged symmetrically. The propagation of light along 
this optie axis would be independent of it's polarization; it's E-field is normal to the optie 
axis and it is called the ordinary- or o-wave. The light wavewithE-field parallel to the optie 
axis is called the extraordinary- or e-wave. 

3.6.3 Polarization by absorbtion 

This type of polarizer is produced from a dichroic material, which absorbes light that is 
perpendicular to the optie axis of the polarizer. The emerging beam is polarized in a similar 
direction as the optie axis of the polarizer. The resulting beam is therefore linearly polarized. 
A polarizer filter is based on this principle. 
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INSTANT PHASE SHIFT: DESIGN AND MODELLING 
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Figure 3.7: (a)Schematic functioning of a Wollaston prism (b)Polarization by dichroism, from 
[Flink 97] . 

3. 7 Polarizing beamsplitter 

A polarizing beamsplitter ( or PBS) di vides the beam into two beams. One part of the beam 
is transmitted, and will become horizontallinearly polarized. The other part of the original 
beam is refiected by an angle of 90°. This part of the beam is vertical linearly polarized. In 
most cases, the intensity of both beams is 50% of the original beam. Polarizing beamsplitters 
use a dielectric material at the diagonal interface between the two prisms. A schematic view 
of the functioning of a PBS is given is figure 3.8 

Incident 
wave 

Transmitted 
wave 

polarized 
at 0° 

Reflected 
wave 

polarized 
at 90° 

Figure 3.8: Schematic view of a polarizing beam splitter. 

3.8 Retardation plates 

A retardation plate is an optical component for polarized light that operates by introducing 
a relative phase shift between the ordinary and extraordinary wavefronts passing through. 
There exist several types of retardation plates, a quarter-wave plate and a half-wave plate are 
described in this section. When a plane wave passes through a wave plate, the component of 
the electric field oriented along the fast axis travels faster than its orthogonal counterpart. The 
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3.9 Polarization phase shifting 

speed of the fast wave component is Vfast = cjnfast while the speed of the other component 
is V8 zow = c/nslow· By adjusting the thickness of the wave plate, any desired phase difference 
can be accomplished. As light passes through a wave plate of thickness d , the phase difference 
between the two components equals equation 3.14. 

kszow 

kjast 

3.8.1 Quarter-wave plate 

27rd 
T (nslow- nfast) 

27rnslow 

À 
21rnfast 

À 

(3.13) 

(3.14) 

(3.15) 

The thickness of the plate is an essential part for the retardation. The part of the wave that 
is associated with the slow axis of the quarter-wave plateis retarded by a quarter of a wave 
(or 90°) compared tothefast axis. 

(3.16) 

For practical thickness of a wave plate, approximately 1 mm, common wave plates introduce 
a (4m + 1)>./4 retardation. This causes the term 21rm in equation 3.16. 
There is one special case; If the angle between the two E-field veetors of the incident linearly 
polarized beam and the retarder principal plane is +45°, the resulting beam is circularly 
polarized as shown in the figure below. Reversing the angle to -45° reverses the sense of 
circular polarization. The process of converting the polarization state of a beam is reversible. 
In other words, a circularly polarized beam can be converted to a linearly polarized beam by 
making use of a quarter-wave plate. 

3.8.2 Half-wave plate 

The main difference between a half-wave plate and a quarter-wave plate is the amount of 
retardation. A half-wave plate (HWP) retards the phase of the slow axis by half a wave 
compared to the phase of the fast axis. Because of this difference, a half-wave plate won't 
change the polarization state in a similar way as a quarter wave plate. A linearly polarized 
beam having it's main polarization axis oriented at () degrees compared to the main axis of 
the half wave plate, will be mirrored in the main axis of the HWP. The beam then makes an 
angle of-{} degrees with the main axis of the HWP. Left circularly polarized light is converted 
to right circularly polarized light. The retardation of the fast axis compared to the slow axis 
by a half wave plate can bedescribed by equation 3.17. 

(3.17) 

3.9 Polarization phase shifting 

There exist several methods to shift the phase of the reference beam with respect to the test 
beam. Two options to shift the phase by means of polarizations are briefly described. For 
clarity, the options are described in case only one frame is imaged. 
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INSTANT PHASE SHIFT: DESIGN AND MODELLING 

3.9.1 Rotating polarizer 
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Figure 3.9: Schematical view of phase shifter. 

The input of this phase shifting technique are two orthogonally linearly polarized beams, see 
figure 3.9. The polarization state of the beams is modified by a >..j 4-plate making an angle 
of 45° with the main axis. Therefore the beams are converted into left and right circularly 
polarized light respectively. A polarizer oriented at an angle of eo will create a phase difference 
between the reference and measurement of 20°. See also equation 3.18 and figure 3.10. Where 
intensity after the polarizer as a function of the rotation angle ()P of the polarizer is shown. 

E5x(x, y) + E5 (x, y) 
I(x, y) = 

2 
Y + Eox(x, y)Eay(x, y)sin(20p + cp(x, y)) 
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Figure 3.10: Intensity as a function of the polarizer's angle rotation 

(3.18) 

A more detailed description of the rotating polarizer phase shifting technique is given in 
Appendix D. 
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3.10 Instant polarization phase shifting 

3.9.2 Rotating half-wave plate 

The phase of a circularly polarized beam passing through a half-wave plate is changed by 
an amount 2fhwp as the half-wave plate is rotated an angle ehwp· The input of this type of 
phase shifter are two orthogonally polarized beams, a reference beam and a measuring beam 
respectively, see figure 3.11. 

QWP maldng"' uaJc of 
45° with input been& 
mai.n polariDtion axi• 

HWP 

at a.., 

Figure 3.11: Schematic view of a half wave plate phase shifter. 

A quarter-wave plate is oriented at an angle of 45°; the beams will be converted to right 
circularly and left circularly polarized. The following component, a half-wave plate making 
an angle of ehwp with the beams, will convert the left circularly light to right circularly light 
and right circularly light to left circularly light. The phase difference between the reference 
and measurement beam will change 2 x 2Bhwp or 4Bhwp due to rotation of the half-wave plate. 
Finally a polarizer making an angle of 45° with the main optical axis enables the beams 
to interfere. The intensity change as a function of the rotation of the half-wave plate is 
given in figure 3.12 and described mathematically by equation 3.19. A problem arises when 
the polarizer is rotated; the phase will be shifted too. This can be solved by positioning a 
second quarter-wave plate between the half-wave plate and the polarizer. It will convert the 
circularly polarized beams into linearly polarized beams; rotation of the polarizer will not 
affect the phase anymore. For clarity, the quarter-wave plate is emitted in figure 3.11. 

EÖx(x, y) + EÖy(x, y) . 
I(x, y) = 

2 
+ Eox(x, y)Eoy(x, y)sm( 4Bhwp + tp(x, y)) (3.19) 

The intensity seen by the detector as a function of the rotation angle of the half-wave plate 
is shown in figure 3.12. 
By modifying either a rotating half-wave plate or a rotating polarizer phase shifting setup, 
multiple interferograms can be obtained. First a design is presented of an instantaneous phase 
shifter. Imperfect components will cause a phase error. A Jones model is presented which 
estimates the influence of imperfect components on the phase. 

3.10 Instant polarization phase shifting 

The basic goal of the phase shifting device is to image multiple interferograms instantly. A 
preferred option is to image the projections simultaneously on a single imaging device. The 
interferograms can be read into a computer and evaluated (Matlab). The phase is modified 
by the rotating polarizer principle. The reason for this choice, and not using the rotating 
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Figure 3.12: Intensity as a function of the half wave plate's angle rotation 

half-wave plate, is because the rotating polarizer principle involves less components_ This 
reduces cost, and besides that, the components were already available. In order to make 
an instantaneous type phase shifter possible, the initia! beam must be split up into multiple 
beams. Two methods are discussed in this section. 

3.10.1 Three beamsplitters, a half- and a quarter-wave plate 

This option introduces a phase shift in a similar way as described in section 2.2-3, the ro
tating polarizer. The refiected beams at the output of the interferometer have orthogonal 
linear polarization. Before further explaining the functioning of the rotating polarizer design, 
two Fresnel-Arago laws are noted first . These laws are important for interference between 
polarized beams. The two laws are: 

• Two coherent linearly orthogonally polarized beams will not interfere, the interference 
term in equation 2.15 is equal to zero. 

• Two coherent linearly equal polarized beams will interfere in exactly the same way as 
unpolarized beams. 

These laws are important for the rotating phase shifter to function. 
The optica! system will be further discussed now. If two orthogonally linearly polarized light 
beams would be able to interfere, interference would occur even befare the phase shifting 
components are placed in a setup. The initia! beams propagating from the refiected surfaces 
are collimated by a lens, positioned at a distance equal to its focallength from the focal point. 
See figure 3.13. Next, the polarization statesof the beam is modified from linearly to circularly, 
by positioning a quarter-wave plate at 45°. The beams are divided by a beamsplitter (BS) 
The refiected part of the BS is sent through a polarizing beamsplitter. The beams own equal 
polarization states, and will interfere. Depending on the angle of the polarizers, the phase 
is shifted. The refiected and transmitted parts of the first polarizing beamsplitter are each 
projected on a separate imaging device. The first beamsplitter (PBS 1) produces two images, 
having a phase difference of 0° and 180°. The transmitted part of the BS passes through 
a half-wave plate, it 's main axis making an angle of 22.5° with the main polarization axis, 
the phase is shifted by 45° . If this beam is sent through a second polarizing beamsplitter, 
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3.10 Instant polarization phase shifting 
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Figure 3.13: Three beamsplitters and half-wave plate to introduce four beams having different phase 
properties. 

the two components have a phase difference of 90° and 270° respectively. These two beams 
are both projected on a separate imaging device too. The largest disadvantage of this option 
is the requirement of four separate imaging devices. Therefore an other salution would be 
preferable. 

3.10.2 Crossed grating, quarter-wave plate and four polarizers 

The functioning of this method is fairly similar compared to the previous method. It too makes 
use of the polarizer phase shifting principle to produce interferograms that have different phase 
shifts in between. The basic idea of this method is shown in figure 3.14. 
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Figure 3.14: Blackbox view of single image detector instant phase shifting design. 

The beams are again sent through a quarter-wave plate, to modify the polarization states 
into right- and left circularly polarized respectively. The next element is an element that 
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needs to be found; it divides an incident beam into multiple beams, preferabie having their 
wavefrontsin one plane so that the beams can be projected on a single imaging device. There 
are multiple solutions for this problem, one of them is by making use of a grating element. 
Once a good solution is found for the beam dividing element , the beams are sent through 
linear polarizers, having their main polarization axis fixed at different positions. Finally, the 
beams are projected on an imaging device. The basic idea of this method is good, and will 
be discussed further in the following sections. 

3.11 Choice of optica! components 

The system described in the previous section utilises components which are to be designed. 
The most important component is the beam dividing element. Some important properties of 
the beam dividing component are: 

• the intensity balance of the emitted beams. In case one of the beams possesses a large 
intensity compared to the others, the mean intensity of the resulting interferogram will 
be higher. It is possible to correct by means of a phase lookup table for this aspect, 
by correcting the difference between projected intensities before calculating the phase. 
In other words, preferably no intensity difference should occur, but it is not a demand. 
An intensity difference between the beams can too be corrected by sending the higher 
intensity beam(s) through a neutral density filter. 

• the relation between the polarization states of the incident beams should be preserved 
at the output of the dividing element. 

In first instance, a gratingelement could be the right solution for this problem. The important 
characteristics of first a grating element and subsequently the other components are discussed 
in the following sections. 

3.11.1 Diffraction transmission grating 

There exist two different types of transmission gratings, amplitude gratings and phase grat
ings. A transmissive amplitude grating is made of a multiple slit assembly. A wavefront 
which passes such a grating is transmitted by the transparent regions and absorbed or re
flected by the opaque regions. The amplitude is modulated. A transmission phase gratingis 
made of a transmissive material where grooves serve as sourees of diffracted light. Both phase 
and amplitude gratings can be subdivided into sinusoidal and binary gratings. In figure 3.15 
a binary amplitude grating is shown. 
Equation 3.20 is the grating equation, and describes the direction of the maxima and minima. 
The grating equation applies for all gratings mentioned previously. The diffraction of a wave 
making an angle (}i with the plane of incidence is described by: 

dg (sin ((}gm)- sin (ei))= m>. (3.20) 

Where mis the diffracted order of the maxima, dg is the grating constant, ).. is the wavelenght 
of the used light and (}gm is the angle of diffraction. As can beseen from equation 3.20, the 
diffraction angle varies with the wavelength. 
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3.11 Choice of optical components 

Figure 3.15: Schematic of a grating. The angle of diffraction Bgm of order m depends on the 
wavelengthof the incident light À, the grating constant d9 and the angle of incidence ()i· 

Using a single grating, the maxima will occur in one line, having non-equal intensities for each 
order. A method of creating a two dimensional grating element is by placing two gratings with 
their grooves perpendicular on top of each other. The output of the element is a 2D-array of 
four beams, all first orders having approximately equal intensity, [Cosijns 99]. Some important 
design-points are discussed briefly now. In figure 3.16 the dimensional properties of a single 
grating are displayed. The grating designed by [Cosijns 99] is a special type of grating and 
is called a Dammann grating [Noponen 94]. By choosing the appropriate thickness-difference 
lldz, the intensity of all even orders is minimized. This was dorre by introducing a phase
difference of 1r between a light wave passing the thickness dz and a light wave passing dz+lldz . 
The two lightwaves destruct via negative interference. The groovespaving of the grating is 
4. 72f..Lm. The thickness-difference lldz depends as shown in equation 3.21 on the wavelength 
of the incident light onto the grating. The grating is designed for usage with a diode laser 
having a wavelength of 670 nm. Therefore the groovedepth is 733 nm. In that case the even 
orders are minimized. During this project, no laser was available with an emitted wavelength 
of 670 nm. The laser used during this project emits a beam having a wavelength of 632.8 nm. 
Therefore the thickness-difference will not cause the even orders and zeroth order to disappear 
totally. A small intensity due to theeven orders will remain. There are three solutions for this 
problem: coping with the non destructed intensity of the unwanted orders, manufacturing a 
similar type of grating with a design thickness-variation suited for an incident wavelength of 
632.8 nm or designing an other type of grating. When manufacturing a new similar grating, 
the groove depth lldz in case of À = 632.8 nm can be calculated by equation 3.21. The 
current grating element is made of fused silica. 

(3.21) 

Where nfs and na are the refractive indices of fused silica and air respectively. The refractive 
index of fused silica depends on the used wavelength of light and is equal to 1.4560 at 670 nm. 
The refractive index of fused silica is equal to 1.4570 at 632.8 nm. The groove thickness of the 
grating would be 692 nm in that case. In first instance, the present grating is used. The error 
due to the aceurenee of theeven and zeroth orders is avoided by limiting the image size on the 
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INSTANT PHASE SHIFT: DESIGN AND MODELLING 

detector. A detailed description of the intensity distribution of the grating element in case of 
À= 670 nm and À= 632.8 nm can be found in appendix C. The resulting intensity profiles 
simulated in this appendix show that the intensity of the ghost order are not neglectable 
compared to the intensity of the first order beams. 

Figure 3.16: Binary phase grating. The grating has a grating constant dg= 4.72J.Lm, a= 0.5 dg and 
~dz = 733nm. 

3.11.2 Lens choice 

The order dependent diffraction angle of the grating is a function of, as already mentioned, 
the wavelength of the incident light. The four first order beams emerging from the element 
should be sent through four different orientated polarizers. The diffraction angle of the first 
order in case of normal incidence can be calculated by equation 3.20, and is equal to 7. 7°. 
This angle is schema ti cal shown in figure 3.17 by (}. The divergence angle a from the center 
equals 10.8° . 

Incident beam 

Grating element 
contalning two gratings with their grooves orlented perpendicularly 

Figure 3.17: Gratingelement angle definition. 

The diameter of the beam is too large to project the beam onto the imaging detector directly. 
Therefore a second lens is used to project the beams on the imaging sensor. See figure 3.18 
for a schematic view of this option. The distance of the grating from the focal point is to be 
determined; The first lens is positioned at a distance equal to it 's focallength from the grating. 
The remaining components can be positioned close to the collimating lens, to minimize the 
size of the setup. 
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Figure 3.18: Schematic view of position phaseshifting elemcnts . 

In other words, several conditions are to be satisfied: First , the size of the CCD is limited, 
therefore the beams need to be collimated to an appropriate size. Optimal usage of the CCD 
is an important factor too. The intcnsity of the beam at the CCD is limited. A minimal 
intensity is required for the CCD to sense the rays. Second, the intensity distribution after 
the grating depcnds on the incident beam at the grating. See also figure 3.19. 

Grating 
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Input I 
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' L , 
Figure 3.19: Divergence angle description of the grating clement. 

Positioning the grating exactly at the focal point of the first collimating lens limits the number 
of grating-slits that are illuminated. The number of illuminatcd slits can be controlled by 
translation of the lens. This option is shown schematically in figure 3.20. 
From practical testing, the latter option was the best functioning option, and is thercfore 
used. 

3.11.3 Charge Coupled Device 

The four images are projected on animaging sensor , which is in fact a commercially available 
digital camera. The camera used during the project is a Olympus C4040Z, with an additional 
lens. The lens is designed for the camera and projects all incident light on the imaging sensor 
of the digital camera. For a more dctailed description of the camera and additional lens see 
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Figure 3.20: Schematic view of position phaseshifting elements. 

appendix J. The lens placed behind the grating clement should collimate the beams to a 
diameter of approximately the aperature size, in that case the sensor area is used optimal. 

3.11.4 Multiple polarizers 

The collimated beam is sent through four polarizers, each polarizer having a different orien
tated main polarization axis. There is no requirement to rotate the polarizers, in contrary to 
a rotating polarizer phase shifter. This eliminates possible errors due to displacement of the 
image projected on the detector in case of rotation of the polarizer. An optical component 
is built that clamps these polarizers positioned at different angles. Because of the limited 
budget, sheet polarizers are used for this element. For a more detailed description of the 
polarizers, see appendix 0 . The polarizing sheet is clamped between two glass plates; the 
glass plates are fixed with rubber in an aluminium holder. The four polarizers are located at 
0° , 45° , 90° and -45° respectively. 

Mounting holes 

/ ~ 
0 0 

45° 90° 

-45° oo 

0 0 

Figure 3.21: Schematic view of the four polarizers, the main polarization axis located at different 
angles. 
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3.12 Phase shifter rnadelling 

3.12 Phase shifter modeHing 

Imperfectcomponentsof the phase shifting elements will cause phase errors. A Jones-model 
is written to determine the infiuence of each imperfection. A Jones model provides a rep
resentation of the wave; it contains information about the amplitude, the phase and the 
polarization state of the beam along the entire setup. A distinction should bemadebetween 
a representation of the wave and the wave itself. In other words, a Jones formulation is a 
simplified representation of reality. 
For the instantaneous phase shifter to work, two orthogonally linearly polarized beams are 
necessary. All the Jones matrices in this section represent components aligned with their 
optical axis equal to the main optical axis. A polarized beam is represented in Jones calculus 
by: 

(3.22) 

Where i.{)x and <py are the phases in x- and y-direction. The amplitude ratio of a beam at 
the output of the interferometer is described by equation 3.23. The amplitude ratio depends 
on the refiectivity of the surfaces, but can be adjusted by positioning a rotatable polarizer 
at the input of the interferometer. The intensity ratio is equal to the division of the squared 
amplitudes. 

Eox 
Ramp= E 

Oy 

D. E5x 
.LLtnt = E2 

Oy 
(3.23) 

A linearly polarized beam having it's main polarization axis at +45° is therefore represented 
by: 

Ezp,45o = [ ~~::: ] = E0ei~ [ ~ ] (3.24) 

The output from the interferometer are two linearly polarized beams, one beam functions as 
a reference beam, one as test beam. These beams can be represented by: 

E· = ei(wot+a) [ Eox ] + ei(wot) [ 0 ] = [ Eoxei(wot+a) ] 
t 0 Eoy Eoyet(wot ) 

(3.25) 

The orientation of a component is changed by multiplying the matrix with the rotation matrix 
R(a), where a is the angle of rotation. 

R(a) = [ co~(a) sin(a) ] 
-sm(a) cos(a) 

For example, a linear polarizer rotated by a degrees is represented by: 

Tzp ,a = R( -a)Tzp,oR(a) [ 
cos( -a)cos(a) cos( -a)sin(a) ] 

-sin( a )cos( -a) -sin( a )sin( -a) 

[ 
cos2 (a) ~sin(2a) ] 
~sin(2a) sin2(a) 
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The phase shifting components are a rotatable polarizer and a quarter-wave plate. The Jones 
matrix of a quarter-wave plate, with it's fast axis aligned to the x-axis, is described by: 

T. - i7r/4 [ 1 0 ] qwp - e 0 i (3.29) 

The beam Et after the rotating polarizer is finally represented by equation 3.30. 

(3.30) 

Where Oqwp and Op are the rotation matrices of the quarter-wave plate and polarizer respec
tively. For a more detailed description see appendix D. The intensity of the beam at the 
detector is finally described by: 

E5x + E5y 
I(x , y) = 

2 
+ EoxEoy · sin(20p + cp(x , y)) (3.31) 

A similar model can be written for a rotating half-wave plate phase shifter. The resulting 
model equals: 

P · R(Op) · R( -Ohwp) · Thwp · R(Ohwp) 

·R(-Oqwp) · Tqwp · R(Oqwp) ·Ei 
(3.32) 

(3.33) 

Where Tqwp is the Jones matrix of a quarter-wave plate, and Thwp is the Jones matrix of the 
half-wave plate: 

T. - - i ·7r /2 . [ 1 0 ] hwp - e 0 et·7r (3.34) 

The infiuence of an imperfect component on the final phase can be obtained by camparing 
anideal Jones model with a Jones model that contains a known imperfection in it. This will 
be done in the following section for the following imperfections: 

• Angular alignment deviation of the polarizer 

• Angular alignment deviation of the quarter-wave plate 

• Retardation deviation quarter-wave plate 

3.13 Phase shifter component deviation 

By making use of the Jones model of the rotating polarizer, an indication of the infiuence 
of a deviation can be obtained. The most obvious method is by introducing a deviation, 
for example a misalignment of one of the components, and subsequently compare the two 
models. Thereby varying the angle of the rotating polarizer and the phase of the incident 
virtual beam. The main deviation sourees of this type of phase shifting are imperfectionsof 
polarization components and rotational angle deviation of these components. In this section 
the infiuence of each of these deviations on the calculated phase are discussed. 
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3.13 Phase shifter component deviation 

3.13.1 Polarizer angular alignment 

Ideal phase shifting involves known phase shifts. In case thc polarizer is aligned wrongly by 
an angle of f:l.()P compared to the expectcd rotational anglc, a phase shift deviation of 2f:l.()P 

will be the result. This dcviation results in a phase error described by equation 3.35. 

O:i,actual = O:i ,ideal + 2f:l.()p (3.35) 

A dcviation of the polarizcr angle can be calculated now. The size of a error can be rcduced 
by using an other algorithm to calculate the phase. A lincar approximation of thc phase error 
(in radians) due toa phase shift error is described by, from [Wingerden 91]: 

(3.36) 

Where cp is the actual phasc, ócp is the phasc deviation, Óo:i are the phasc dcviations in each 
interferogram. In case all deviations are equal in all points of the interferogram, the first term 
disappears. Two types of deviations are briefly mentioned, a dcviation of one of thc phase 
shifts and a linear phase shift deviation ( the phase shifts take place by rotation of the polar
izer angle). The calculated phase has a periodic error with a spatial frequcncy of twice the 
fringe frequency. The phase error in case of a two degree angle error, is shown in figure 3.22 
and has a Peak-to-Vallcy value of 0.03 radians. Using À= 632.8 nm, the resulting periodic 
deviations in the image height will then be 1.8 nm. The linear approximation using equation 
3.36 is also plotted. It shows that the linear approximation gives a proper indication of the 
resulting phase error. The predicted phase deviation compared to the actual phase deviation 
due to the linearization increases at an increasing polarizcr alignment deviation. 

A linear deviation of the phase shifts can be described by: 

(3.37) 

Where Eips is the linear phase shift deviation. As mentioned in [Wingerden 91], even for a 
50 % linear phase shift dcviation, the relative error due to the linear approximation is less 
than 10 %. The Peak-to-Valley phase error as a function of a linear phase shift deviation is 
plotted in figure 3.23 for several different algorithms. Even for a common four steps phase 
calculation algorithm, a linear phase shift deviation of 5% will result in a sinusoidal dcviation 
of the calculatcd phase with an amplitude of 0.035 radians, or using >.. = 632.8 nm again 
in 4 nm. Concluded can that, a deviation of one of the phase shifts or a linear phase shift 
deviation will have a small influence on the calculated phase. Increasing the numbcr of frames 
will further reduce the linear phase shift deviation. For a more detailed cicscription of the 
phase calculation algorithms, and their errors sec appendix B. 
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Figure 3.22: Phase error due to a two degrees 
polarizer-angle error. The phase error due to a 
four intensity algorithm. PV = 0.035 radians. 

3.13.2 Amplitude ratio 
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Figure 3.23: PV phase error as a nmction of 
the linear phase shift error, for four different 
algorithms. 

According to [Hecht 98], the result of superposition of two circularly polarized beams of equal 
amplitudes is a linear polarized beam. In case the amplitude ratio of the beams deviates from 
one, the resulting polarization state is elliptical, see figure 3.24. The phase shifting technique 
still functions, but visibility of the fringes is descreases. For this reason, the amplitude ratio 
should be a close as possible to unity. 

Figure 3.24: Superposition of right en left circular ly polarized light of unequal amplitude will result 
in elliptically polarized light [Hecht 98]. 

3.13.3 Quarter-wave plate angular alignment 

The angle which a quarter-wave plate makes with the main polarization axis is in the ideal 
case 45°. A phase error occurs in case a misalignment takes place, the angle is then equal 
to ~ + EQWP (in radians). The first order error, the spatial frequency is equal to the fringe 
frequency, depends on the amplitude ratio of the beams, the size of this error as a function 
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3.13 Phase shifter component deviation 

of the alignment deviation is described by (sec also [Hu 78]), given in radians: 

!:lr.p = -2EQWP (1 + sin(r.p)cot(2{3 )) (3.38) 

Where {3 = atan ("5) . 
In case the amplitude ratio is 1, this phase error reduces to !:lr.p = -2EQWP, the error is 
independent of the phase. Besides that , it is a constant error, the phase along cross-section 
of the beam only gets an offset, the relative phase stays similar. This only holds in case the 
amplutidc ratio is 1 along the entire interferenee pattern. 
As an example, figure 3.25 is plotted. It shows a first order phase error as a function of the 
phase. The amplitude ratio in figure 3.25 is 0.91. 
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Figure 3.25: First order phase error due to 
QWP angle deviation in case of an amplitude 
ratio of 0.91 and an angular deviation of 3 de
grecs. PV=2.2 · 10-2 rad . 
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Figure 3.26: First order phase error due to 
QWP angle deviation in case of an amplitude 
ratio of 0.91 and an angular deviation of 3 de
grecs. PV=2.2 ·10- 2 rad. 

Thesecondorder phase error due toa quarter-wave plate angular deviation can bedescribed 
by: 

!:lr.p = -E~wP · sin(2r.p) (3.39) 

The infl.uence of an angular alignment deviation onto the final phase is small: A 3 degree 
rotation misalignment results in a sinusoidal surface height deviation with an amplitude of 
approximately 1.1 nm; It is assumed for this deviation that the wave plate retardes the phase 
exactly a quarter of a wave. The first and second order approximations are sufficient for 
relatively small angular deviations, for large deviations higher order harmonies begin to play 
a role. For exact modeHing of the deviation's infl.uence, the Jones model simulation written 
in Matlab can be used. The similar holds for the upcoming approximations. 

3.13.4 Non-ideal quarter-wave plate 

The retardation of a quarter wave plate is >..j 4, in case of an ideal functioning plate. In 
practice, the retardation plate will be optimised for functioning in a wavelength region; the 
exact retardation will not equal a quarter of a wave. The phase errors due to a wavelength 
deviation are infl.uenced by the fact that the wave plate is a multiple order wave plate, see also 
section 3.8.1. A retardation equal to (2m + ~)n, where mis an positive integer is introduced 
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as retardation concerning that component of the beam associated with the slow axis, in our 
case m equals 14. The change in retardation of a wave plate of order m can be derived from 
the functioning of QWP mentioned insection 3.8.1, and is given in equation E.l2. 

6 = (2m+ ~)1r ( 6v) ::::::: - (2m+ ~)1r ( 6
..\) 

2 vo 2 ..\o 
(3.40) 

Where 6v and 6..\ are the change in frequency or wavelength, vo and Ào are the initial frequency 
or wavelength respectively. From this equation can be seen that a change in wavelength 
changes the retardation by a factor 2m + ~ more instead whcn using a zero order wave platc. 
If we look at small wavelength variations, the change in refractive index of the material the 
wave plate is made of, will be neglectable. 
Both first order phase error and second order phase error have approximately similar am
plitudes, and are therefore both mentioned. A first order phase error (given in radians) is 
described by equation 3.41 , the amplitude of this phase error depends on the amplitude ratio 
of the beams (see also [Hu 78]). 

tlr.p = - 6 · cos( r.p )cot(2/3) (3.41) 

Where /3 = tan- 1 (ï) again. Equal amplitudes of the beams gives cot(/3 ) = 0, the first order 
error will be eliminated. On this requirement will be come back in the next chapter. The 
second order phase error however, does not depend on the amplitude ratio, and is described 
by(given in radians): 

62 
tl r.p = - - · sin(2r.p ) 

4 
(3.42) 

Two examples are given in figures 3.27 and figure 3.28. A first order phase error is shown 
in case the amplitude ratio equal 0.9, the design wavelength is Ào=632.8 nm, the actual 
wavelength is À= 630 nm. The resulting phase error has a sinoidal shape with an amplitude of 
8.2 ·10-2 radians. In other words, this would result in a surface height error with an amplitude 
of approximately 4 nm. The second order phase error due to a different wavelength is shown 
in figure 3.28. The actual wavelength is 630 nm, the design wavelength of the quarter-wave 
plate is 632.8 nm. The resulting phase error has an amplitude of 8.2 · 10- 2 radians, and has 
therefore a similar resulting surface height error, approximately 4 nm. 
Concluded can be that a misalignment and/ or an imperfection of the quarter-wave plate in
fluence the calculated phase by a relatively small amount. The resulting phase error will be 
a periodical error(nonlinearity). The amplitude of the error depends on the size of the mis
alignment, the amplitude ratio and the difference between the design wavelength and actual 
wavelength of the beam. The size of the retardation deviation will in practice be smaller than 
the size used during simulation, the wavelength tuning region of the tunable laser is only 0.13 
nm and the waveplateis designed for usage at 632.8 nm. 

The effect of alignment errors and component imperfections of the half-wave plate phase 
shifting technique are simulated too. The results can be found in appendix E . 
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Figure 3.27: First order phase error due to 
QWP ratio deviation in case of an amplitude 
ratio of 0.9. À = 630 nm, Ào = 632.8 nm. 
PV = 8.2 · 10-2 rad. 
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Figure 3.28: Secoud order phase error caused 
by wavelength dependency of a retardation 
plate. À = 630 nm, Ào = 632.8 nm. PV = 
8.2 · 10-2 rad. 

The final design makes use of a phase shifting technique based on a rotating polarizer. By 
using a common rotating polarizer phase shifter, only one frame can be obtained at a time. 
Therefore, the phase shifting is made instantaneous by modifying this option. A special type 
of grating is used, to split the beam emerging from the output of the interferometer into 
four beams. Beforehand, the grating is not suited for this application, the zeroth and even 
orders will not disappear totally. The resulting collimated beam is sent through four different 
linear polarizers, each having it's main polarization axis located at a different angle. The 
result at the exit of the polarizers are four phase shifted beams. These beams are imaged 
by a commercial available digital camera with the use of an additional lens. Both the size 
of a first order alignment deviation and the size of a first order retardation deviation of 
the quarter-wave plate depend on the beam amplitude balance of the orthogonally polarized 
beams. Therefore the output of the interferometer should have a beam amplitude balance of 
one or close to one, to minimize the influence of these deviations on the calculated phase. 
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Chapter 4 

Modified Fizeau interferometer: 
setup 1 

There are several ways to build an optica! configuration that fulfills the requirements of the 
phase shifting elements. The main problem of integrating a phase shifting technique as de
scribed in the previous chapter in a Fizeau interferometer is the common path property of 
the interferometer. The instantaneous phase shifting design requires two orthogonally linearly 
polarized beams. A problem arises when making use of a standard Fizeau interferometer, due 
to occurence of unwanted interference. The two beams are refiected by both the measur
ing surface and the reference surface. Four refiections, and because of the long coherence 
length of a laser six interference patterns are the result (in case the refiections have similar 
polarization states, using a polarizer for example). Because of the common path property 
of a Fizeau interferometer, no distinction of interference patterns can be made. The phase 
calculation algorithms described insection 2.3 assume two-beam interference, the calculated 
phase will be infiuenced by the unwanted refiections. In the next sections several designs of 
instantaneous Fizeau interferometers are described and discussed. These designs are all based 
on a similar solution for creating two orthogonally linearly polarized beams at the output of 
the interferometer. 

4.1 Large quarter-wave plate 

A first design of an instantaneous phase shifting Fizeau interferometer is shown in figure 4.1 . 
This setup functions both with two linearly orthogonally polarized beams or two opposite 
circularly polarized beams. The functioning of this setup is described in case two linearly 
orthogonally polarized beams are at the input of the interferometer. A linearly polarized, 
diverging beam is emerging from the beam diverger lens and sent through the beamsplitter. 
The refiected part of the beam is used for measuring. First, a part of the beam is refiected 
by the reference surface. Another part of the beam is transmitted by the reference surface 
and is changed to circularly polarized light by a quarter-wave plate. The resulting circularly 
polarized beam is refiected by the measuring surface and sent through the quarter-wave plate 
again. The beam is transformed to linearly polarized, the main polarization axis rotated by 
an angle of 90° compared to the incident beam. The beams components refiected by the 
reference surface and the measuring surface are linearly orthogonally polarized. By making 
use of a second quarter-wave plate, a grating, four polarizers and an imaging device, an 
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MODIFIED FIZEAU INTERFEROMETER: SETUP 1 

instantaneous phase shifting interferometer is created. As an option, an additional neutral 
density filter may be inserted between the test surface and reference surface to enhance the 
fringe visibility. This is only useful in case the test surface has a higher reflectance than the 
reference flat. The main disadvantage of this system is the size of the quarter-wave plate. 
In order to measure a large surface instantaneous, a large quarter-wave plate is required . A 
large quarter-wave plate is costly component and was not available. For this reason, this 
configuration is not built during this project. 

Pbaae sbifting 
compouents 

+ 
imaging scosor 

Collimaling 
leas 

Figure 4.1: Original design of the interferometer. Either a linearly polarized beam or a circularly 
polarized beam at the input of the interferometer are suited for proper functioning. 

4.2 Extra path length 

Two solutions to implement the instant phase shifting technique into a Fizeau interferometer 
are discussed in this section. Both solutions make use of an additional path lengthof one of 
the polarization states. 

4.2.1 Coherence length 

A solution to the problem of unwanted interference is by making use of a light souree which 
has a short coherence length. The coherence length of a light souree is the distance in space 
over which the wave, and so the phase, can be described by a sinusoidal function . The 
coherence time is the temporal duration for which the function is a good approximation of 
the phase. A large coherence time means a high degree of temporal coherence. The relation 
between coherence length Lc and time lltc is shown in equation 4.1. 

( 4.1) 

Where c is the velocity of light in vacuum, and is equal to 299,792,458 m/s. f:l). is the 
linewidth of the light souree and Ào is the center wavelength. A spatial coherent light souree 
means that the phase along the wavefront of the beam is constant. Equation 4.1 applies for 
a single mode laser, only one mode having a central wavelength Ào exists. The intensity of 
the interference pattem as a function of the coherence length can be described by: 

(4.2) 
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4.2 Extra path length 

Wh ere li12 ( T) I is defined as the degree of coherence. Partial co herenee applies in case the value 
of li12(T) Ilies between 0 and 1. Incoherent means li12(T) I = 0, totally coherent li12(T)I = 
1. The intensity and resulting contrast of the fringes as a function of the path difference 
is shown in figure 4.2. In case two beams of light divided from the same souree have a 

Fringe visibility 

lnterferometer 
intensity 

2lc 

Path length 
+tl.L difference 

Figure 4.2: Interferometer intensity as a function of the path difference 6.L. 

path difference larger than the coherence length, no interfere will take place between these 
beams. This property can be used for the design of the interferometer. For clarity, usage 
of a short coherence single mode laser will be explained first. A possible setup is given 
schematically in figure 4.3. The first polarizer in the setup is rotatable and can be used to 
control the beam intensity ratio, in case of different surface reflectivity ratios. An extra path 

Interterenee possible 
between 

11 ... 12 

11 ... 13 

11 ... 14 

12 ... 13 

12 ... 14 

13 ... 14 

Test surface 

Refen:nce surface 

Porro prism. 

Figure 4.3: Usage of a short coherence length light souree to remove unwanted interference patterns. 
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difference between two beams at the input of the interferometer is introduced. This extra path 
difference is introduced by making use of two polarizing beamsplitters and a Porro prism. The 
first polarizing beamsplitter divides the original beam into two beams, orthogonally linearly 
polarized. The refiected beam is joined back with the measuring beam by reftecting via a Porro 
prism and a second beamsplitter. The second polarizing beamsplitter functions in opposite 
compared to the first beamsplitter, two beams are joined. The total additional path length 
of the vertical polarized beam compared to the horizontal polarized beam can be described 
by 2 · L1 . The test surface is located at a distance L2 from the reference surface. Due to 
the resulting different optical path differences, the wanted interference is separated from the 
unwanted interference, see table 4.1. 

Interference number I Optical path difference b.Li 

1 
2 
3 
4 
5 
6 

Table 4.1: Comparison of the mean frame intensity. 

For the special case when the coherence length Lc of the laser souree is smaller than the path 
length created by the divertion L1 but larger than the difference 2n( L2 - L1), interference will 
only occur between the two beams having an orthogonal polarization. The distance between 
the reference and test surface too should be larger than the coherence length of the laser. 
The five other possible interference patterns won't appear because the coherence length of 
the laser is simply too short. 

Another option is usage of a multi mode diode laser. It is commonly known that a diode 
produces a multimode beam when the injection current is near the threshold current. When 
the injection current increases, the number of modes decreases [Bass1 95]; the mode ciosest 
to the gain maximum increases in power while the side peaks saturate. This sametimes leads 
to a situation in which the mode ciosest to the gain maximum is the only mode left. The 
number of modes is determined by the structure of the laser. The power spectrum of a multi
mode laser beam is periodic, and hence its coherence function is also periodic. Therefore, by 
choosing a number of modes appropriate for obtaining narrow-coherence function peaks so 
that each peak is sufficiently distinct , it is possible to generate interference fringes only from 
the surfaces that have an OPD equal to nearly a multiple of the peak separation in the lasers 
coherence function. In case only two of the multiple beams are coherent, the other beams 
would affect only the background intensity and hence only decrease the contrast. Ghost in
terference fringes are prevented from appearing, the preferred two beams interfere. 
Unfortunately, both a short coherence laser and a multi mode diode laser were not avialable 
during the project. The basic ideas however should work, and are therefore mentioned. 
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4.2 Extra path length 

4.2.2 Modulating wavelength 

This setup is similar to the setup described in the previous section. Only two of the four 
reflections, or one of the six possible interference pattems are required for phase map calcula
tion. This method uses a similar method of creating an extra path length, the path length is 
used for disappearing the unwanted interference pattems. Insteadof using a short coherence 
laser, the wavelength of the beam emitted by the laser is modulated in time. The required 
frequency shift for a 21r phase shift is approximated by: 

(4.3) 

Using the path length mentioned in the previous section, the optical path difference for each 
interference is different( the wanted and unwanted have difference op ti cal path differences) . 
The required frequency shift therefore too is different. By applying a signal with an amplitude 
equal to the amount of size of one fringe phase shift on the piezo-electric element of the laser, 
the unwanted fringe pattems are shifted with a frequency equal to the signal's frequency. For 
each of the six interferences the required frequency for a 27r phase shift, the path difference 
and modulation depth are given in table 4.2. Clearly can be seen that in case the extra path 

Interference number I Frequency ~ v21r I I Modulation depth ri 
1 VI c/ni2L2 - 2L1I 2...;Tïi2 
2 V2 cj2nL2 2VfJ4 
3 V2 cj2nL2 2v'l?J3 
4 V3 cj2n(LI + L2) 2Vl314 
5 V4 cj2nL1 2VTïl3 
6 V4 cj2nL1 2y72[4 

Table 4.2: Comparison of the mean frame intensity. 

length is equal to the distance between the reference and test surface, the interference pat
tem will be unaffected by a frequency modulation in case ~v21r = v2. The other interference 
pattems are modulated by a frequency v2 or a multiple of it. 

As the frequency of the modulation is increased, the unwanted interference pattems will be
come less visible, until finally the pattems will become unvisible for the eye. In other words, 
the unwanted interference pattems are still there, but are modulated with a frequency higher 
than the human eye can observe. When imaging the interferograms on a detector, several 
conditions are to be met. Fora good representation of the interference pattem, the unwanted 
interference pattem should be modulated with a minimal frequency. This frequency is a 
function of the shutterspeed of the imaging device. The shutterspeed of the device should be 
larger than one divided by the signal's frequency. 

All intensities should be equally present in time, therefore the type of wave used for modula
tion of the wavelength is a triangle function. The wavelength-change as a function of time is 
a square wave form; the signal changes by a constant rate, only the sign changes. See figures 
4.4 and 4.5. 
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Figure 4.4: A triangle wave. 
IVmax- Vminl = VrmsVJ· 

Figure 4.5: Derivative of a triangle wave is a 
square wave. The rate of change is constant, 
only the sign changes. 

All four reflections are projected on the CCD. The resulting six interference patterns arealso 
present at the CCD. In case the amplitude of the signa! equals the phase shift of one fringe, 
concerning the five unwanted interferences, all intensities in the range of one fringe will be 
present. The resulting interference pattem will bedescribed by: 

6 

1ccD(t) = h + 12 + 13 + 14 + ~ 'Yi ·cos (cp(x, y) + 
2
1rO:Di · .6.v2 (t)) ( 4.4) 

The background intensity of the interferogram is increased by the mean intensity of the 
unwanted reflections. The minimal and maximal intensity of the system can described by 
equations 4.5 and 4.6 respectively. Assuming no multireflections in first instance, the minimal 
and maximal intensity 1max and 1min can bedescribed by: 

1min 

1max 

h + 12 + h + 14 - 2y'IJ; 
h + h + h + 14 + 2y'IJ; 

(4.5) 

(4.6) 

where 1i for i=1 ,2,3,4 are the intensities of the four reflected beams from the test and reference 
surface. The intensities h and h interfere, h and 14 are added to the background. The latter 
two are modulated; it can be assumed that all intensities are present, the average intensity is 
the intensity of each beam in case no interference would take place. The maximal visibility 
attainable using this setup is reduced due to the projection of the unwanted reflections. 
The contrast of the fringes is now given by: 

V = 1max - 1min = ( 1tot + 2.,fJïl2) - ( 1tot - 2.,fJïl2) = 4.,JiïT2 ( 4_ 7) 
1max + 1min (!tot + 2.,fJïl2) + (ftot - 2.,fJïl2) 21tot 

Where 1tot is the summed intensities of the four reflections. Assuming no multireflections in 
first instance. 

4.2.3 Multireflections 

Multireflections between the reference and test surface have an increased path length, just 
as the unwanted interferences, therefore the intensity patterns due to these reflections will 
be modulated too. Two situations are depicted in figure 4.6. The first situations shows a 
multireflection of the test beam. The optica! path difference is given by:2n(NL2 - L1). 
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4.3 Optica! system 

Reference surface Test surface Reference surface Test surface 

N 
Test reflection Test reflection 

Reference reflection Reference reflection 

(a) (b) 

Figure 4.6: Possible multireflections in the interference cavity of the optica! setup. 

A second situation applies in case the reference beam is reflected by the test surface and the 
test beam is reflected by the reference surface. The optical path differences are then given 
by 2n(NL2 + L1). This means that both examples are too modulated in time. These two 
situations are given as an example, but all other multireflections are modulated too. The 
contrast of the fringes at the imaging sensor will be slightly reduced due to multireflections. 

4.2.4 Evaluation of system 

There are a couple of disadvantages of the systems discussed in this chapter: 

• No short coherence length laser, nor a multimode diode laser were available during the 
project. 

• The visibility will be reduced due to projection of unwanted beams, multireflections are 
also superimposed on the projection as background intensity 

• A tunable laser is a costly component. 

Unless these disadvantages, the last method, usage of a tunable laser for prevention of the un
wanted interference patterns, will be used to test the phase shifting technique. The properties 
of the optical components will be discussed in the next section. 

4.3 Optica! system 

For correct functioning of this system, a laser emitting a variabie wavelength in time is 
required. The tunable laser is therefore used as a light source. The profile of the beam 
emerging from the laser is elliptical, a diode laser has a large divergence angle. There is 
no indication of the laser to be in an other transversal mode than T EMoo,see appendix 
A. A salution to the problem of an elliptical intensity profile is coupling the beam into a 
polarization maintaining fiber(or single mode fiber). To get an optimal interference pattern, 
the test surface should be illuminated uniformly. The output of a polarization maintaining 
fiber is a Gaussian profile in the far field , which is a suitable intensity profile for surface 
interferometry. The far field is defined by a charaderistic distance L f. 

(4.8) 
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Where r is the radius of the regarding aperture. For a distance larger than LJ, the bearn 
can be approximated to have a Gaussian intensity distribution. The distance is in our case 
equal to 25 J.Lm, the Gaussian approximation is allowed. The laser beam is coupled into the 
fiber with the use of a laser to fiber coupler. It is positioned on a solid aluminium block 
connected to the optie table, the laser head is clarnped onto the table too; any vibration of 
the laser head with respect to the fiber coupler would affect the coupling efficiency. The fiber 
has a narrow core of 4 J.Lm. To prevent backrefl.ections, both sicles of the fiber are cut at an 
angle of 8°. According to [Rent 89], the coherence of light in a polarization maintaining fiber 
is unaffected by the fiber. The reason is that the beam is not split. When using a multi 
mode fiber, the optical power is divided into multiple waveguide modes, thereby reducing the 
coherence length. The degree of coherence therefore depends on the lengthof the fiber, when 
using a mul ti mode fiber . This is another requirement for using a polarization maintaining 
fiber. 

After the fiber , the beam should be collimated, in order to propagate through the path 
length extender. Therefore a lens will be positioned at a distance equal to it 's focal length 
from the output of the fiber. The preferred bearn diameter after the lens is around 6 mm. 
The focal length of the lens can be calculated by Gaussian bearn opties, which is allowed 
because the intensity distribution is Gaussian. Some basic Gaussian opties will bedescribed 
first. 

4.3.1 Gaussian beam opties 

The propagation of a laser beam is characterised by an increasing bearn radius. This increase 
in bearn radius can be described by: 

(4.9) 

Where w0 is the waist of the laser and z is the distance from the laser. This expression can 
also be used for the bearn emerging from the fiber. The minimal diameter, or two times the 
waist , is positioned at the output of the fiber and is equal to 4 J.Lm. See figure 4.7. 

= 
Figure 4. 7: Collimation of beam emerging from fiber. 

The degree of divergence of a beam is characterised by the Rayleigh range, the distance over 
which the diameter of the beam becomes J2 · w0 . The Rayleigh range is equal to: 

( 4.10) 
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4.3 Optical system 

Simply said, a high Rayleigh range equals to a low divergence anglc. The beam emerging from 
the fiber has a small Rayleigh range, which means that the beam has a large divergence angle. 
The full width divergence angle of the beam propagating from the fiber can he calculated by: 

B=~ 
21rw0 

(4.11) 

Where B is in radians. When a bcam passes through a lens, the diameter is unchanged but 
the wavefront curvature is changed, resulting in new values of waist position, waist diameter 
and Rayleigh range at the output side of the lens. The size of the waist w1 and the location 
of the waist from the lens z2 are given by: 

(4.12) 

Where: w1 is the waist of the beam at distance z2 from the lens, h is the focal length of the 
lens, z1 is the distance from fiber end to the lens and À is the wavelength of the light used. 
The distance from the lens to the waist w1 finally can he described by: 

(4.13) 

4.3.2 Lens design 

The properties of the three lenses in the optical system can he determined, see figure 4.8. 
The beam emerging from the fiber should be collimated by a lens before it is sent through 

Phasc 
shifting 

components 
+ 

CCD 

Lens ) 

Figure 4.8: Determination of the lens properties in the optica! system. 

the remaining components. Using the theory in the previous section, to create a bcam with 
a diameter of 6 mm, the focal length of the lens would be 30 mm. The Rayleigh range of the 
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beam after the lens is equal to 44 m. This is suffi.ciently large, the remaining optical path 
is only a small part of that. The position of the waist after this lens can be calculated by 
equation 4.13 and is equal to the focallength of the lens. 
The following component that changes the way of propagation is a second lens, Lens 2, which 
functions as a diverging lens. The divergence angle of the beam emerging from this lens 
should be matched to the aperture size of the collimating lens Lens 3 of the interferometer. 
The clear aperture size is 78 mm. The focal length of this lens is 280 mm. See figure 4.9. 
An approximation of the angle is therefore 2 · atan(39/280) = 15.9°. Making use of equation 

PM Fiber 2wo Lens 1 2w
1 

Lens 2 

' 

L. 
Lens3 

Figure 4.9: Beam propagation through setup. 

4.11 to calculate the beam waist and equation 4.12 to calculate the focal length result in a 
focal length of 22 mm. The additional path length causes different distances between Lens 1 
and Lens 2 for the two beams. The distance between w1 and L2 is not critica!, because of the 
long Rayleigh range. An unrealistic additional path length of 4 m changes the beam waist by 
a few percent. 
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Figure 4.10: Divergence angle as a nmction of the focallength of Lens 2 

Therefore an 10 X microscope objective having a clear aperture of 7.5 mm and a focallength 
of 16.5 mm is used for Lens 2. A larger focal length means a smaller divergence angle, 
see figure 4.10, so the aperture of the collimating lens Lens 3 will be overfilled. The optie 
components are determined now for this set up. In first instance, the inftuence of the polarizing 
beam splitters and prism on the Gaussian beam propagation are neglected. In other words, 
assumed is that the beamsplitters and prism have a focal length equal to infinity. Besides 
that, the lenses are assumed to be thin lenses. The calculations clone in this sectien only 
provide an indication of the lens properties. 
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4.3.3 Spatial resolution and field of view 

The range of surface variation measurable by basic phase shifting interferometry is limited. 
This is due to the campromise between having lots of fringes across the interferogram either 
as the result of tilt or due to large test surface deviations, and the requirement that each 
fringe must be large enough in width to be imaged onto at least 2 detector pixels. The spatial 
resolution of the camera is defined as the number of detector elements avialable for the field 
of view of the interferometer. Because of the other orders emerging from the grating, the 
size of an image Ii is limited as depicted in figure 4.11. The usable area is limited by the 

Detector 
wldth 

Border area 

Detector 
Heigth 

S.32mm 

Figure 4.11: Detector dimensions 

smallest dimension of the detector, 5.32 mm. This width is used for three projections (the 
ghost projection included) , and four border areas. These border areas are chosen to have a 
total width of 0.5 of an image. The approximate final width for one projection will therefore 
be: 

. . 5.32 
w1dth = he1ght = -- = 1.52 mm 

3.5 
(4.14) 

The number of elements is then 481 x 481 pixels for each interferogram h The maximal tilt 
is limited by the minimal number of pixels to describe a fringe. The phase difference between 
two adjacent pixels must be smaller than 1r in order to avoid 27r phase ambiguities and to 
ensure phase continuity. The Nyquist sampling theorem states that the highest frequency 
present must be sampled at least twice per period. Because of the sampling theorem, the 
dosest fringe spacing, or highest wavefront slope in the interferogram will dictate the number 
of detector elements necessary to recontruct the wavefront producing that interferogram, see 
figures 4.12 and 4.13. 
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Figure 4.12: Undersampled signal, a signalof 
lower frequency will be the result. The points 
are the measured intensities. 
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Another sampling condition is related to the size of individual elements. In theory two 
detector elements per fringe would be sufficient . The length and width of an element is 
in most cases smaller than the distance between the neighbouring elements, and therefore 
the signal is averaged over the sensing area of the element. This causes smoothing of the 
signal, the visibility of the signal is reduced. See figure 4.14, where the signal due to point 
detectors and due to unity filled detectors are shown. For this reason, four detector elements 
are generally used to describe a fringe[Rastogi 94] . The filling factor of the used CCD array 
is unknown. 
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Figure 4.14: The size of the detector elements influence the detected signal. 

This means maximal 480/4 = 120 fringes along an interferogram, in case the interferogram 
encorporates 480 pixel elements. Another requirement of phase shifting interferometry is that 
the surface under test is smooth and has no discontinuities present of magnitude greater than 
the measurement wavelength, as these discontinuities cannot be distinguished from the 27r 
discontinuities present in the wrapped phase data. 

4.4 Alignment of the parallel beams 

The two beams that are sent into the interferometer are orthogonally polarized. Assuming 
equal amplitudes, sending the beams through a polarizer at 45° enables the beams to interfere. 
Theoretically, the beams are propagating parallel. One method to check this phenomenon is 
by looking at the interference pattem projected on a screen or imaging sensor, see figure 4.15. 
If the optical path difference between the beams changes, the position of the fringes changes. 
This can be used to measure the drift in the setup. A curved fringe means that the wavefronts 
of the beams are not equally shaped. Assuming equal intensities, the fringe separation can 
be described as: 

À 

hJringe = 2. sin('lj;/2) 
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4.5 Summary 

htringe 

Figure 4.15: Interference pattem is influenced by the angle between the beams. The fringe separation 
depends on the angle between the waves and can therefore be used for alignment. 

As can beseen in figure 4.16, the fringe separation goes to infinity in case the angle between 
the beams decreases to zero. 

10_, 10° 
Crossing angle in degrees 

Figure 4.16: The fringe separation goes to infinity in case the beams are parallel. 

4.5 Summary 

The methad presented in this chapter enables the usage of the phase shifting technique de
scribed in the previous chapter. The output of the interferometer are two orthogonally polar
ized beams. The tunable laser design discussed in section 4.2 encorporates limited visibility 
and the relatively high cast; the last factor due to the usage of a tunable laser. Therefore 
other designs are preferable. During the project a tunable wavelength laser was available 
though, therefore the instant phase shifter will nevertheless be applied in this system. The 
dimensions of the optica! componentsof the setup are determined. 
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Chapter 5 

Modified Fizeau interferometer: 
setup 2 

In this chapter an other method will be discussed, in which the phase shifter can also be 
applied. The disadvantage of the system described in the previous chapter is limited visibility. 
As long as the two unwanted refiections are projected on the imaging sensor, the visibility 
will always be reduced. Therefore another method is presented to filter out these beams. 
First an idea to accomplish a theoretica! optimal fringe visibility will be discussed. This can 
be obtained by means of different optical components; several aspects play a role in the final 
choice. These aspects will be discussed too. The final setup chosen by means of these aspects, 
will be worked out in detail. 

5.1 Basic idea 

In case a point souree is located at a distance equal to the focal length of a lens and at the 
optical axis of the lens, the beam emitted by the point souree will be collimated at the other 
side of the lens. If the point souree is translated in y-direction with respect to the optical 
axis, the beam will still be collimated, but the collimated beam will propagate non-parallel 
compared to the optical axis, see figure 5.1a. If the beam is refiected by a correct aligned 
surface( depending on the point source's distance from the optical axis), the refiected beam 
travels parallel to the optical axis, see figure 5.lb. The refiected beam propagates again 
through the lens, and the focal point of this reileetion will be located at the main optical axis. 

y 

(a)xLz 

Lens Lens 

Opticaxis 

Figure 5.1: Eringing the focal point of a beam having an offset compared to the optica! axis back to 
the optica! axis . 
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The angle that the beam makes with the optical axis after the lens, but before reflection 
depends on the focal length of the lens and the size of the offset: 

008 = atan ( ~:) (5.1) 

Where b.y is the size of the offset and f c is the focallength of the collimating lens. 

This option eau be used for filtering out the unwanted reflections. The basic idea is to sent 
two beams orthogonally linearly polarized, their optical centers having a small offset b.d in 
y-direction from the optical axis, into a Fizeau interferometer. The demand at the output 
of the interferometer are two orthogonally polarized beams, each of these reflected by one of 
the surfaces. When using the property shown in figure 5.1, the reference surface and the test 
surface should be oppositely tilted. To explain this method, first propagation of the wanted 
reflections are described, foliowed by the propagation of the unwanted reflections. 

The propagation of the wanted reflections is shown in figure 5.2. The point sourees located 
at postive and negative distance in y-direction from the optical axis at the input of the inter
ferometer are orthogonally polarized. Producing these point sourees will be discussed in the 
next section. The point souree located at a distance + b.d/2 from the optical axis is reflected 
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Figure 5.2: Two beams separated by a distance D.d are sent through a Fizeau interferometer. Cor
rected tilting of both surfaces caused the beams to overlap at the output of the interferometer. 

by the reference surface. This reflection propagates perpendicularly to the optie axis and 
finally has a focal point at the optie axis. The other point souree located at a distance -b.d/2 
from the optieal axis is reflected by the test surface and too has a focal point located at the 
optie axis. Tilting the test surface will have a similar effect compared to a "ordinary" Fizeau 
interferometer. Summarized, the requirement of orthogonally polarized beams at the output 
of the interferometer is fullfilled. The propagation of the unwanted beams is described now. 

Due to the offset of the point sources, the focal points of the unwanted reflections are located 
at a distance from the optical axis at the output of the interferometer, see figure 5.3. The 
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point souree located at the positive position with respect to the optical axis is reflected by the 
test surface. The tilt of the test surface causes the reflected beam, before propagating through 
the lens again, to be non-parallel to the optical axis, in contrary to the previous situation. 
Therefore it has it's focal point at a distance from the optical axis. A similar procedure holds 
for the point souree located at a negative position from the optical axis except this reileetion 
comes from the reference surface. The location of the unwanted reflections at the output of 
the interferometer can too be found in figure 5.3. 
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Figure 5.3: The unwanted reflections are separated by a distance b.d/2 from the optie axis. 

By positioning an aperture having an inner diameter less than the smallest distance between 
the wanted and unwanted focal points at the output of the interferometer, the two unwanted 
beams are blocked. For a schematic view of the aperture's dimensioning, see figure 5.4. For 
clarity, the polarization states of the beams are shown too. 
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Figure 5.4: Stopping two beams from propagating, the correct beams propagate through the aperture. 
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The elimination of the two reflections mean different values Imax and Imin: 

I min 

Imax 

h + !2 - 2vr;i; 
h +h +2vr;i; 

(5.2) 

(5.3) 

This results in a theoretica! optimal visibility(V = 1), in case the intensities of both beams 
are equal (h = h): 

(5.4) 

One remark should be made; in most cases, the reflectance of either the test surface or the 
reference surface will not be equal. This would reduce the visibility. This problem is solved by 
positioning a rotatable linear polarizer at the input side of the interferometer again. Rotation 
of this polarizer will result in a change of intensity balance. 

The amount of rotation required along the x- or y- axis for displacing the focal point back to 
the optical axis at the output of the interferometer, can be calculated using the focallength 
of the collimating lens and the offset of the incident beam from the optical axis: 

Ot = 0.5 · atan ( ~:) (5.5) 

As an example, the required amount of tilt in case the offset of the incident beam's centre 
compared to the optical axis equals 0.5 mm and the focallength of the collimating lens is 280 
mm, equals 0.05 degrees. When both surfaces are tilted in opposite direction ( -e and +0) 
by this amount, both focal points of the reflections will be positioned on the optical axis at 
the output of the interferometer. Because both surfaces are tilted oppositely, the resulting 
inferferogram will contain the sum of these tilts. This size however depends on the offset of 
the beam's centers from the optical axis. The minimal amount of tilt can therefore be reduced 
by minimizing the offset from the optical axis, keeping in mind that the blocking aperture 
should not influence the wanted reflections (due to diffraction). 

5.1.1 Multireflections 

Just as in the optical system described in the previous chapter, multireflections will have 
no influence on the generated interference pattern. The multireflections in the interference 
cavity will all be blocked by the aperture. Two situations are shown in figure 5.5. The first 
situation, figure 5.5a, shows a second order multireflection of the reference beam, the angle of 
the beam with respect to the optical axis is larger than the angle of the first order reflection. 
The second situation in figure 5.5b shows a multireflection of the test beam in the interference 
cavity. Due to the increased angle, the beam will be blocked at the aperture too. For an 
increasing order of multireflection in the interference cavity, the angle with respect to the 
optie axis will increase, resulting in a larger distance of the projection from the optie axis at 
the blocking aperture. 
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Figure 5.5: Multireflections in the interference cavity of the optical setup will be stopped from 
propagating by the blocking aperture. 

This methad of filtering out the unwanted beams and passing two orthogonally polarized 
beams seems to be a good method. There are several ways to create two beams at a distance, 
as will be discussed in the following sections. Finally a choice will be made, and is subject to 
some factors such as alignment, availability j realisable and pricing. 

5.1.2 Two polarization maintaining fibers 

As mentioned before, the output of a polarization maintaining fiber is a diverging beam 
having a Gaussian intensity profile. First , the beam emerging from the laser is sent through 
a rotatable polarizer to modify the beam intensity balance. Next, the beam is split by 
a polarizing beam splitter. The two parts separated by coupling them into two separate 
polarization maintaining fibers. Prior to the fiber coupler is a half-wave plate, to adjust the 
polarization direction for optimal coupling into the fiber. The two beams propagating from 
the fibers are finally orthogonally linearly polarized, see figure 5.6. This is a straightforward 
way of satisfying the demands, on this op ti on will co me back to later in this chapter. Some 
other options are discussed first. 
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Figure 5.6: Two polarization maintaining fibers. 
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5.1.3 Two polarizing beamsplitters 

An elegant option holds in case two orthogonally linearly polarized beams cross at the focal 
point of a lens, the beams will be parallel at a distance and diverging, after passing the lens. 
See figure 5. 7. 
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Figure 5. 7: U sage of a lens to produce two parallel diverging beams. 

Creation of the orthogonally polarized beams crossing is our goal now. 

The first option is by using two polarizing beamsplitters and a right angle prism, and func
tions as follows: a beam is sent through the first polarizing beamsplitter, the transmitted 
part propagates towards the following polarizing beamsplitter. The reflected orthogonally 
polarized beam is sent back into the second beamsplitter by a right angle (Porro) prism. 
By adjusting the position of the first beamsplitter (PBS 1), the beams will exit the second 
beamsplitter at a distance, as can be seen in figure 5.8. Rotation of beamsplitter two (PBS 2) 
changes the parallelism of the two beams emerging from PBS 2. Advantage of this method is 
the adjustable crossing point. For this option to function, the lens ( or the setup) is required to 
be rotated, so that the beams are incident at equal angles onto the lens. This is an important 
disadvantage, and other options will be discussed first. 

Figure 5.8: U sage of a two polarizing beamsplitters and a right angle prism to produce two crossing, 
orthogonally polarized beams. 
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5 .1.4 Polarizing beamsplitter and two mirrors 

Two crossing beams are produced by a system shown in figure 5.9. The beam propagates from 
a laser, and is reflected by the first mirror; the beam is reflected by an angle of 45°. Next, the 
beam is displaced by a Porro prism. This beam is divided into two orthogonally polarized 
beams by a polarizing beamsplitter. By positioning two mirrors at an equal distance from the 
main optical ax!s, the two orthogonally polarized beams are made to cross at an adjustable 
angle; depending on mirror angles M2 and M3. By positioning a lens with its focalpoint at 
the crossing point of the two beams, the centers of the two beams will exit the lens parallel at 
a distance. The advantage of this system is the adjustable crossing angle of the two beams. 
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Rotatable 
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Figure 5.9: Generating an adjustable crossing point of two orthogonally polarized beams. 

On the other hand, there exist to many degrees of freedom. The two orthogonally polarized 
beams travel separate paths, the common-path advantage of a Fizeau interferometer will be 
partially reduced. The two mirrors M2 and M3 should be positioned close to the beamsplitter, 
the angle of crossing is too large otherwise. Because of these problems, a different salution 
would be preferable. 

5.1.5 Wollaston prism 

A Wollaston prism is a polarizing beamsplitter, it passes two orthogonally linearly polarized 
beams. The prism is composed of two geometrical identical wedges made of calcite or quartz . 
The optical axis of the two cemented wedges are oriented perpendicular. Linear polarized light 
incident at an angle of 45° result in two orthogonally polarized beams with equal intensity, see 
figure 5.10a. In the first prism, the material behaves as a phase retarder. The incident rays 
are separated at the cemented diagorral interface of the prism. There, the e-wave becomes 
an o-wave, bending towards the normal, while the o-wave becomes an e-wave, bending away 
from the normal. The separation angle between the two emerging beams depends on the 
prism's wedge angle, the used wavelength of the light and the material the prism is made of. 
The crossing point of the two beams is located approximately at the boundary of the two 
prism parts. Depending on the dimensions of the prism and the focal length of the lens, this 
could be a problem. Therefore other options, where the crossing point is located outside a 
component, are discussed first. 
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Figure 5.10: (a)Orthogonally polarized beams, created using a Wollaston prism. The separation of 
the beams depends on the material and dimensioning and the wavelength of light used. (b )Two parallel 
beams parallel at a distance, nearly common path. 

5.1.6 Modified Wollaston 

In case two orthogonally polarized beams, separated by a distance, are sent through a Wollas
ton prism, the two beams will cross outside the prism. The crossing point is located behind 
the Wollaston prism. The angle of the crossing point is equal to the separation angle of the 
Wollaston prism, and is not adjustable. The position of the crossing point can be modified 
by changing the beam separation of the two beams. An elegant way of producing two orthog
onally polarized beams, is by a polarizing beamsplitter and two mirrors. The beams travel 
nearly common path, as can beseen in figure 5.10b. 
See figure 5.11, where the components are combined. The z - location of the crossing point 
can be adjusted by modifying the beam separation ót, by modifying the distance of mirror 2 
to the beam splitter. 
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Figure 5.11: Generation of two parallel orthogonally polarized diverging beams. 
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5.2 Choice of system 

The creation of two orthogonally polarized parallel beams can be dorre in several ways. Most 
suited are two parallel polarization maintaining fibers. This method utilises only a few com
ponents; it makes use of the natural divergence of light emerging from a fiber. The alignment 
of these components is not critical. Unfortunately, it was not possible to realise this option 
during the project. The main problem was a availability of the optical components. For 
that reason the second best choice, the modified Wollaston, described in 5.1.6, is built. The 
components required for building this system were available during the project. 

A second problem arises for positioning the quarter-wave plate, which is required for the 
phase shifting to function. The must suitable position for the quarter-wave plate is behind 
the blocking aperture or after the lens that collimates the beam emerging from the grating. 
The beam however is diverging at the blocking aperture. Because of the fact that the wave 
plate is a multiple order wave plate, the phase retardation will vary spatially. This problem 
could be solved by using a zero order quarter-wave plate, this type of wave plate is a factor 
2m+ 1/2less sensitive fora non-normal angle of incidence (mis the order of the wave plate, in 
our case 14). This component was unfortunately unavailable during the project, therefore the 
multiple order wave plate will nonetheless be used. Because of the varying angle of incidence 
onto the wave plate, it is hard to estimate the influence on the retardation; the orientation 
with respect to the optie axis of the wave plate too plays a role in this problem. The size 
of influence of this problem will be come back to in chapter 7. The optical system is further 
discussed in the next section. 

5.3 Optical system 

The external cavity laser, similar to the one used in the previous chapter, will again serve as 
a light source. The beam is coupled into a polarization maintaining fiber. The beam at the 
output of the fiber is collimated by the same lens, having a focallength of 20 mm; resulting in 
a beam with a waist of approximately 3 mm. Because of the large :E_{,ayleigh range, 44 m, the 
radius of the beam is now set to 3 mm, and used for geometrie opties calculations. Gaussian 
beam opties apply in case the beam propagates parallel to the optical axis, or paraxial. This 
is not the case, the beams incident at the lens which creates two diverging beams are not 
paraxial. 

5.3.1 Wollaston prism and objective 

A similar microscope objective is used to generate the two parallel beams. The microscope 
objective has a focal length of 16.5 mm. An objective is built of multiple lenses. This com
bination can be considered as a single lens, owning similar properties as a single lens. 

The beam separation angle of the Wollaston prism depends on the refractive indices of the 
material the prism is made of. The refractive indeces depend on the wavelength of the used 
light. According to the manufacturer of the prism, the angle between the ordinary and the 
extraordinariy beams emerging from the prism is 5° at 546 nm. The wavelengthof the used 
light is 632.8 nm. The wavelength dependency of the calcite is approximated by the Sellmeier 
equations, see equation 5.6 and equation 5.7, wavelength in /-LID [Luxpop]. The refractive 
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index of calcite at the manufacturer specified wavelength and at the used wavelength are 
given in table 5.1. The variation of the refractive index results in a different beam separation 
angle. Assuming a similar refractive index in air for both situations, the refractive indices in 
the prism changes non-proportional in both directions. 

2.69705 + 0.0192064/(.\2 
- 0.01820) - 0.0151624.\2 

2.18438 + 0.0087309/(.\2
- 0.01018)- 0.0024411.\2 

Wavelength in nm I na 

546 1.6617 1.4879 0.1738 
633 1.6557 1.4852 0.1705 

Table 5.1: Refractive indeces of calcite at two wavelengths. 

(5.6) 

(5.7) 

Assumed is that the deviation angle of both beams with respect to the optical axis is equal. 
This assumption is valid in case the prism is aligned properly. This means that the front 
surface of the prism should be orthogonal to the propagation direction of the incident beams. 
The separaton angle in that case can be approximated by: 

O'.wollaston ~ b..n · tan(apex) (5.8) 

The apex angle is defined as shown in figure 5.10a. The apex angle of the prism is calculated 
using the manufacturer specified beam separation angle at 546 nm. This apex angle is used 
to calculate the beam separation angle at the 633 nm. The resulting beam separation angle 
is therefore approximately 4.91°. The distance of the crossing point from the center of the 
Wollaston prism depends on the separation angle of the prism and the distance between the 
centers of the incident beams, see equation 5.9. 

5t 
dep ~ ---,--------,--

2 X tan(0.5 · O'.wollaston) 
(5.9) 

The distance between the two centers is described by: 

b..d = 2 · Jo · tan(0.5 · O'.wollaston) (5.10) 

Using the focallength of the microscope objective and the separation angle of the Wollaston 
prism, the distance between the centers of the beams is equal to 2 ·16.5 · tan(0.5 · 4.91) = 1.41 
mm. The minimal tilt when both wanted reflections of the reference and test flat are located 
exactly at the optical axis is equal to 0.072 degrees or 1.3 ·10-3rad/pixel when using equation 
5.5 and the collimating lens 's focallength of 280 mm. 

The clear aperture of a microscope lens is limited by the lens having the smallest clear 
aperture. The amount of light gathered by the objective, depends on the clear aperture 
of it. The larger the clear aperture, the more light is gathered. The clear aperture of the 
microscope objective is 7.5 mm. The clear aperture is a beam diameter limiter too. A beam 
having a larger cross section than the clear aperture is chopped at a diameter equal to the 
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clear apert ure. For this reason should the total diameter of the beam be smaller than the clear 
aperture of the microscope objective. This is plotted schematical in figure 5.12. Therefore, 
the beam propagating from the fiber coupler is reduced by positioning an aperture stop after 
the fiber coupler. The divergence angles fJ1 and fJ2 of the beams after the objective equal 
finally to equal 5.11. 

Lens Focal plane 

Figure 5.12: Diameter of the beam at the objective. 

fJ1 = fJ2 ~ 2 · arctan ( rbf:m) (5.11) 

Where rbeam is the radius of the beam incident at the lens, Jo is the focal length of the 
objective. Using rbeam = 2 mm and Jo = 16.5 mm, the angle becomes 17.2°. The necessary 
full width divergence angle is 15.9° . In other words, the aperture of the collimating lens will 
be overfilled. Usage of microscope objective that has a shorter focal length will result in a 
smaller beam separation, but the divergence angle of the beams after the microscope objective 
will increase. 

5.4 Spatial beam filter 

The wavefronts of the beams behind the microscope objective can be filtered using two pin
holes, separated by a distance equal to the center-to-eenter distance of the focal points. In 
that case, the pinholes function as spatial beam filters. Using these spatial beam filters, the 
wavefront distartion of the beams at the input of the interferometer can be improved. The 
distance between the centers of the pinholes and their position with respect to the beams 
centers is very critica!, any misalignment of the pinholes with respect to the center of a beam 
will decrease the quality of the beams instead of imprave it. 
During the project , no pinholes were available to test this image improving aspect, but it 
could be one of the recommendations. 
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Microscope 
objectlve 

Figure 5.13: Two pinholes positioned behind the microscope objective, both functioning as a spatial 
beam filter. 

5.5 Maximal tilt 

The maximal tilt of the test surface is limited by the restriction. The size of this aperture 
depends on the distance between the two beams at the input of the interferometer. See figure 
5.14 fora schematic view. The maximal tilt befare the beam is blocked by the restrietion can 
be calculated by: 

!:J.dt = 2fa- Tfp (5.12) 

Where a is the tilt angle in radians, fc is the focal length of the lens and r fp is the waist of 
the beam at the focal point. 

Input a 

-=====Wil==~ Objective lens 
Collimating lens 

fc 

Figure 5.14: Displacement of the focal point at the restrietion as a function of the induced test flat 
tilt. 
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5.6 Spatial resolution and field of view 

The spatial resolution and field of view of this system is equal to value of the previous setup 
mentioned in section 4.3.3. 

5. 7 Phase drift 

When using the wavelength tuning as a phase shifting method, any path length drift of 
the reference beams with respect to the measurement beam will directly occur as a phase 
error. One method to minimise the amount of drift is by creating a second interferometer 
from the two beams emerging from the microscope objective. Because the beams have a 
path difference and are orthogonally polarized, positioning a polarizer enables the beams to 
interfere. Depending on the intensity ratio of the beams, the contrast of the fringes will vary. 
One solution is enable the polariser to rotate. The interference pattem is projected onto a 
second imaging device. Any movement of this fringe pattem is caused by drift of the setup, or 
by a wavelength modification of the beam emitted from the laserhead. The size of this fringe 
movement can therefore be used for a feedback-loop to the laser head. In that case drift is 
minimized and the shift size caused by modifying the wavelength can be determined. Because 
the main goal of this thesis is todetermine whether the instant phase stepping technique works 
and not to optimize the system, this is one of the recommendations. The two beams after 
the microscope objective can be approximated by point sources. The interference pattem of 
two point sourees at a distance dis described by equation 5.13. The alignment of the fringes 
depend on the orientation of the main polarization axis of the polarizer. In case the main 
polarization axis is located at the x-axis, the interference pattem can be described by: 

(5.13) 

According to [Hecht 98] , the spacing between two consecutive maxima is approximated by: 

s 
!.::..y::::::: -À 

a 
(5.14) 

Where a is the distance between the beams centers, and s is the distance from the sourees to 
the additional imaging sensor. For our setup, the distance a equals 1.41 mm, applying a=0.1 
mand À = 632.8 ·10-9 m results in a spacing !.::..y of 44.9 p,m, which is easily resolvable by any 
CCD sensor. The interference pattem aligned as a function of the detector position is given 
in figure 5.15. 
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-2 -1.5 -1 --o.s 0 0.5 1 1.5 2 
x-di reetion detector position in meter x 1 o -J 

Figure 5.15: Interference pattem of two point sources. The distance between the centers is 1.41 mm, 
the distance from points to screen is 100 mm. For convenience rotated 45° clockwise. 

5.8 Summary 

The basic methad of blocking the unwanted beams by an aperture discussed in this chapter 
results in a theoretica! optima! visibility of the fringes. Several setups to obtain optima! visi
bility were discussed in this chapter. Finally the modified Wollaston methad in combination 
with a lens is chosen to be built. This methad uses a restrietion to filter out the unwanted 
reflections. The beams travel nearly common path. Probably the bestoption is by using two 
fibers positioned at a distance. The beam emerging from a fiber has a Gaussian wavefront, 
and is therefore (nearly) undistorted. These components were unfortunately not available 
during the project, just as a zero order wave plate ( or a multiple order wave plate having a 
larger aperture). The dimensions of the system that will be built, are described. 

In the next chapter, two different setups will be tested in combination with the instant phase 
shifting technique. 

• The first setup uses the additional path length tagether with the tunable diode laser, 
as described in the previous chapter. 

• The second setup makes use of the beams having an offset at the input of the interfer
ometer, produced by the Wollaston prism and a lens, as described in this chapter 
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Chapter 6 

Measurements 

In the previous two chapters two designs of interferometers are described. Both are built 
during this project. The first one, the tunable wavelength interferometer, is only tested on 
it's ability for the instant phase shifting method. The theoretica! properties of both systems 
and the instantaneous phase shifting components are put into practice now, todetermine the 
following properties: 

• Which setup is most suitable for instantaneous phase shifting? Is either of the setups 
suitable for usagein a commercial interferometric system? 

• Is the instantaneous phase shifting as described in chapter 3 a suitable method to be 
applied in a Fizeau interferometer? 

Due to aberrations and alignment errors the four instantaneous frames will be distorted. For 
correct functioning of the phase shifting technique, the four frames should match geometri
cally. Therefore a description of a correction method will be given, which matches the four 
interferograms at sub pixel level. The size of the phase shifts can be determined using dif
ferent methods, three of them are discussed in this chapter. The first two methods use the 
differences between two phase maps, the third method uses the polarizer angles. Before any 
measurements are dorre, some definitions are made: 

• Image: one picture containing four instant frames. 

• Frame: this is one single interferogram. The frames are numbered as already shown 
in figure 4.11. 

The total image reconstruction includes geometrie correction, non-uniformity compensation 
and modulation amplitude and phase calculation. The calculated phase is wrapped in an 
interval of 21f, therefore it needs to be unwrapped. Unlike the single channel temporal phase 
shifting technique, four separate frames are used to acquire the phase shifted images simulta
neously. Any differences caused by image projection, optical aberration and detector response 
non-uniformity will directly influence the measurement accuracy. Therefore, several steps are 
required for image reconstruction. First, the image is separated into its four phase shifted 
frames. Secondly, it is necessary to correct for any errors in image position and magnification 
introduced by imperfect alignment and image aberration; any error in the registration of the 
images will introduce a significant error in any further processing. Such a correction is re
alised using a table of correction parameters that is determined by comparison of phase maps 
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taken at various test surface tilt positions. The translation and magnification correction of 
the frames is achieved using bilinear interpolation. The relative error in alignment and magni
fication of each separate frame is invariant of the object being imaged, and is performed only 
once for a given experimental configuration. From the correction parameters the influence of 
several error sourees can be separated. After matching of the frames, the relative intensity 
and modulation depth (contrast) is finally matched. This is done by determining the maximal 
and minimal intensity of each matched (sub-)pixel element. 

6.1 Setup 1: additional pathlength 

The setup is built on a vibration isolated table. See figure 6.1, the frequency of the laser light 
emitted by the laser is varied by the signal applied onto it. This signal is measured using 
an oscilloscope. The beam emerging from the fiber end is collimated and is sent through a 
rotatable linear polarizer which can be used to control the beam ratio. This beam is split 
up using the first PBS. The perpendicular polarized beams are recombined by a second PBS. 
The microscope objective modifles the collimated beams into diverging beams. These beams 
are sent into the interferometer. The reference flat has a flatnessof approximately >./50. At 
the output of the interferometer, the beams are sent through the phase shifting components 
and finally imaged by the camera. 

Figure 6.1: Setup one, as described in chapter 4 figure 4.3. 
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6.2 Setup 2 : two beams having an offset 

A laser beam is emitted by the tunable wavelength laser, see figure 6.2. This beam is again 
coupled into a fiber to clean up the wavefront. The beam emerging from the fiber is collimated 
by a second fiber coupler. Next the beam is divided into two orthogonally polarized beams 
using a polarizing beamsplitter. The beams are made to propagate parallel using the mirrors 
Ml and M2 and the beamsplitter. These beams are sent through a Wollaston prism, which 
makes the beams cross after the prism. An objective having a focallength Jo is positioned 
with it's focal point at the crossing point of the beams. Two diverging orthogonally polarized 
beams with their centers parallel is the result. These beams are sent into the interferometer. 
A similar reference flat as in the first setup is used. At the output of the interferometer is 
a selection aperature which stops the unwanted reflections, enhancing the visibility of the 
fringes. The phase of the reference beam with respect to the phase of the test beam is finally 
shifted in three steps. The four resulting images are projected onto an imaging sensor. 

Figure 6.2: Setup 2, as described in chapter 5. 

6.2.1 Adjusting intensity ratio 

The beam intensity ratio is modified by rotation of the polarizer. Two options to match the 
intensities of both beams are: 

• Rotate the polarizer until optimal fringe visibility is observed. 
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• Block the two beams in turn, and minimize the difference of the intensity. 

The latter option is the most easy one, only the intensity needs to be measured. 

6.3 Tuning the laser frequency 

As mentioned in seciot 2.2.3, by making use of a tunable laser, it is possible to shift the phase 
by changing the wavelength of the output beam. The wavelength of the emitted laserlight 
depends on the voltage applied onto the piezo-electric element located in the laser head. The 
frequency shift required for a 27r phase shift depends linearly on the interference cavity length 
and the refractive index of the air, the latter is assumed to be constant. To get an idea 
of the required voltage shift for a 21r phase shift, the required voltage shift is determined. 
The shift size required for a one fringe phase shift, is determined by camparing an initia! 
interferogram and a phase shifted interferogram. In case the interferograms are similar, the 
phase is shifted by one fringe. For a more detailed description of phase shift calculation see 
appendix L. The initia! frequency is assumed to be equal, the phase shifting process started 
at a similar initia! voltage. From these measurements an indication of the required voltage 
shift can be obtained. The wavelength of the emitted beam depends on the voltage applied 
on the piezo electric actuator. From appendix N, an indication of the wavelength dependency 
can be obtained. The tuning range is 0.13 nm, the required voltage range is 117 V, resulting 
in f3 ~ ~N = 1.1·10-12 nm/V. Finally, the measurement can be compared with the theortical 
value using: 

c c c c 
f1 V = - - - = --.,-----

À2 .X1 .X1- f3!1V .X1 
(6.1) 

The results of the required voltage shift for one fringe phase shift and the distance between 
the test and reference surface are given in figure 6.3. As can be seen, the measured required 
frequency shift approximately agrees with the theoretica! value. The main difference can be 
explained by the interference cavity length measurement accuracy. This was clone using a 
calliper, a better method to measure this distance is by means of positioning the test surface 
onto a micro table. 

,.,._.,.. = Ukulated frequency shift 

- = Measured frequency shift 

Distance between reference and test surface in meter 

Figure 6.3: Frequency shift as a function of the optical path length between the reference and test 
surface. 
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6.4 Frame alignment 

The frame alignment procedure can be split up into four steps: 

• Filter the image to reduce noise 

• Cut the frames out of the image 

• Geometrical match the frames 

• Intensity and modulation matching of the frames 

These steps are explained in the following sections. 

6.4.1 Image filtering 

An image contains three components, namely: noise, background intensity and the fringe 
pattems. The ideal image contains only the latter two. There exist several noise sourees in 
the setup, for example: 

• The image sensor: A CCD sensor, the sensor could cause noise. 

• Digital compression of original image by camera 

• Diffraction pattems due to the lenses in the setup 

By filtering the image, the image noise can be reduced. The filter technique used is a con
volution filter . This is a neighbourhood operation, the output value after filtering of a given 
pixel is influenced by the values of it's neighbours. In other words, the value of an output 
pixel is computed as a weighted sum of it's neighbouring pixels. The number of neighbouring 
pixels used for the output pixel value calculation depends on the kemel size. In most cases 
the filter array is smaller than the image; the new pixel value is calculated by sliding the filter 
over the image. An example of an 3 X 3 kemel is: 

(6.2) 

Care needs to be taken in case the filter is applied at positions near the boundary area. The 
convolution kemel will extend beyond the border. In that case is the output image just as 
large as the image, but pixel values of zero are taken for regions outside the image; the output 
image will get distorted at the boundaries. An other option is to only apply the filter only on 
those pixels that are located at a suflident distance from the borders. This method has the 
disadvantage of producing an output image that is smaller than the input image. Because 
the frames are strongly oversampled, there will be no significant loss of data. In case the 
filter encounters an edge, the filter will interpolate new values for pixels on that edge, the 
edge will be blurred. A fringe can be regarcled as a smooth edge. Therefore the filter size 
and type should be chosen with care. Dead pixel elements, those elements that always given 
an intensity value of zero can get an intensity value by filtering. Assuming a smooth change 
of the surface, this is a suitable approximation. Because this is only an approximation, the 
intensity values should be accentuated. 

75 



MEASUREMENTS 

•• 

• • 
Figure 6.4: Simulated intensity profile of one 
single modulated interferogram. 

6.4.2 Equal frame size 

Figure 6.5: Resulting cropped interferogram. 

The four frames are required to have an equal size before any evaluation steps are possible. 
The size can be determined in several ways, for example by setting an intensity amplitude 
threshold. All pixels having a value above this threshold are selected. The dimensions of the 
four frames will not be the same, therefore this is not an option. Different methods are used 
for frame-cutting. The first option is by choosing the frames by hand. Because all frames are 
cut out at similar coordinates, the frames coordinates need to be determined only once. Due 
to different intensities between the four frames, selection by means of a threshold gradient is 
not an option. 
Another method to erop te frames is by looking at phase relation of the pixels. A phase map 
containing all frames is calculated, at positions where the phase is not modulated, there will 
exist no phase relation. The projections which are modulated, will have a phase relation. The 
frames have a reasonable initial alignment in that case. In first instance, a rectangular box of 
each interference pattem is chosen, as shown in figure 6.5. Probably the best method would 
be as shown in figure 6.4, the frame size is only marginally smaller than the full interferogram. 

6.5 Geometrie match the frames 

The optical system will influence the shape of the four interferograms projected on the imaging 
sensor. Correction of the interferograms is required before calculation of the phase map by 
means of these interferograms. The following distortions are corrected: 

• Scale factor error 

• Translation error 

• Rotational error 

• Lens aberration 
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6.5 Geometrie match the frames 

To correct for these errors a tilt dependent model is used, see also [Jansen 03] . The idea of 
this correction model is to align the four frames by means of phase alignment. If for each of 
the frames a phase map is calculated independently, the difference of these phase maps is a 
measure for the difference between the frames. For each of the four frames a phase map by 
means of another phase shifting methad is calculated, in this case by changing the wavelength 
of the laser light. Any other methods to shift the phase are applicable too. The geometrie 
alignment is carried out in two steps. First three frames will be matched onto the fourth , 
which serves as a reference. Next the reference frame is corrected. The matching procedure 
to match two tilted frames is explained first . 

6.5.1 Alignment of two frames 

The difference between two phase maps b.cp at position (x,y) is given by equation 6.3. 

b.cp(x,y) = 'Pl(x , y)- 'P2(x,y) (6.3) 

Where 'Pi(x , y) are the phase at location (x,y) and therefore are addedjsubstracted in a 
complex manner. 

• 
•v-tilt 

• ••••••••••• X-tilt 

Figure 6.6: Frames recorded at sev
eral tilt positions. 

Figure 6. 7: Tilt positions at which 
a phase map is recorded. 

If the test surface is tilted, the tilt removed phase map will change as a result of distortions. 
The infl.uence of the distartion on the phase difference is larger fora tilted measurement than 
it is for an aligned measurement. A good description of the amount of tilt is calculation of 
the phase gradient, the gradient vector is defined as: 

n ( ) _ 8cp(x , y). 8cp(x, y) . 
V '{J X ' y - a x 't + ay J (6.4) 

Where B<p~~,y) and B<p~~,y) are the partial derivatives of the phase cp(x, y) with respect to x and 
y respectively. Assumed is that the true test surface area or true test phase map is measured 
in case the tilt in the reference frame is zero 8<t?~~,y) = 0 and 8<t?~~,y) = 0. Because the error is 
tilt dependent , the relation between the reference frame and the test frame is: 

a'Punaligned b a'Punaligned 
'Paligned = 'Punaligned +al ax + 1 ay (6.5) 

Where 8<t?una~igned is the size of the global tilt in the test frame phase map. If the differences 
between the phase maps is calculated at several tilt positions, the phase differences as a 
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function of the tilt is known, see figure 6.8. The correction parameters al and bl of equation 
6.5 can be estimated by fitting a least squares surface on the data of figure 6.8. A plane 
is fitted for each pixel coordinate independently. The phase shift a between the reference 
frame and an other frame can be derived from the measured phase variation at zero x- and 
y-gradient. 
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Figure 6.8: Phase error as a function of the gra- Figure 6.9: Measured phase error as a function 
dient for one pixel element. of the gradient for one pixel element. 

When observing the correction parameters for all CCD pixel coordinates the contribution of 
the alignment errors, lens aberrations, sealing errors and rotation errors can be separated. 
This is described in section 6.6.2. In other words, the size of the correction factors a and b for 
each pixel element is the gradient in x- or y direction respectively. The resulting differences 
between the distorted grids and the reference grid are shown in figure 6.10. The matched 
frames finally can be calculated by looking up (interpolating) the measured intensity values in 
the incoming image at the new positions using bilinear interpolation. The differences between 

Ij 
.. --j 

!· · 
l±.J-1-+++-+~1"11 '' · 
_Lj~f'+-H'-T'"t'19 ·"· 

Matched grid (frame 2) Matched grid (frame 3) 

; I 

Matched grid (frame 4) Relerenee grid (frame 1) 

Figure 6.10: Exaggerated and simplyfied frame matching grid. The lower right grid is the grid of 
the reference frame. 

the three frames with respect to the reference frame are known now. 

78 



6.6 Aberration correction 

6.6 Aberration correction 

The measurement results when measuring a surface should be unaffected by the amount of 
tilt induced. However, due to aberrations in the optical setup this is not the case. The 
result when subtracting two opposite tilted measurements, tilts removed by a least squares 
fit, should be equal to zero. The instant imaging technique uses only a relatively small part 
of the full aperature of the lenses after the grating. The distortions due to these lenses are 
discounted into the frame matching process. When this procedure of camparing opposite 

frame 1 frame 1 

50 100 150 200 250 300 
Pixel number in x-direction 

50 100 150 200 250 300 
Pixel number in x- direction 

Figure 6.11: Measurement difference in nanome- Figure 6.12: Measurement difference in nanome
ter between horizontal tilted measurements. A ver- ter between vertical tilted measurements. Average 
age [x,y]-gradient difference is [0.16 0.01] rad/pixel [x,y]-gradient difference is [0.00 0.14] rad/pixel 

tilted phase maps is carried out several times, the mean distartion of the images due to the 
optical system is approximated. The difference between a positive x- and a negative x-tilted 
phase map is plotted in tigure 6.11. This is also done fora positive and negative y-tilt in tigure 
6.12. Both differences are filtered using a convolution filter. This method of lens aberration 
correction can also be found in [Jansen 03]. The results have, as expected, a similar tendency. 

6.6.1 System correction 

The correction model to correct the frames for translational, scale factor , rotational and lens 
aberration errors is carried out in a similar fashion as the frame to frame matching, see 
equation 6.6. Again it is assumed that an untilted phase map contains no deviations, the 
tilted phase maps are compared to the untilted version. 

T 'l d c h 'l d c h O'Ptilted b Oi.ptilted 
1 te re1erence p ase = Untl te re1erence p ase + a2 ax + 2 ay (6.6) 

Where fJ;t is the size of the global tilt in the phase map. The procedure is similar to 
matching two frames of equal tilt, except that the tilt first should be removed. This is done 
by subtracting a least squares plane from the initial tilted phase map. The uncorrected 
phase map can now be corrected using the correction parameters a2 and b2. The correction 
parameters are determined by measuring a reference surface having a flatness of >../20, or a 
PV-flatness of approximately 35 nm, as a test surface at several tilt positions. The measured 
distortions applied to a grid, for each frame, can be found in tigure 6.13. Theoretically, the 
frame matching parameters a1 and b1 for frame x should be equal to the difference between 
the correction factors a 2 and b2 of both the reference and frame x. 
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Figure 6.13: Simplyfied and exaggerated correction grid of the four instant frames. 

6.6.2 Separation of contributions 

Looking at one pixel, the location of this specific pixel in the unmatched frame is linearly 
transformed to the position in the reference frame. When observing the correction parameters 
ai and bi for all pixel coordinates the contribution of the alignment errors, lens aberrations, 
sealing errors and rotation errors can be separated. The different errors can be recognised by: 

Barrel distortion 

].-iH-.",.-::oP""f=lblro!&."., 
·a 
~ ...._..-.. ~-

11 pixels 

Rotational error 

10 pixels 

Translational error 

10 pixels 

i ·a 
0 

Scale factor error 

Figure 6.14: The different types of global errors, the size of the distartion is just an example. 

• Translation error : A translational error can be detected by calculation of the mean 
value of the separate correction parameters. 

• Scale factor error : The scale error is observed by a linear increasing/ decreasing 
parameter value from the edge of the image to the center, and an opposite linear de
creasing/increasing value from the center towards the other edge. 

• Rotational error : A rotation of the unmatched phase map in order to be matched 
is detected by observing the pixel correction values at the corners. When observing two 
opposite corners the correction values have opposite values. 

Ro = [ cos(B) 
-sin(B) 
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6.6 Aberration correction 

• Lens distartion : The most likely to be present lens aberration is a barrel or pincush
ion distortion. The magnification is different at the edges of a lens than at the centre, 
meaning that the overall image is distorted, with the distartion a function of the radius 
measured from the center of the lens. Pincushion distartion is the opposite of barrel 
distortion. A barrelor pincushion distartion can be approximated by equation 6.8. 

where: 

RD = R(1 + c1R) 

RD radial distance from the centre in preserree of distartion 

R undistorted radial distance from the centre 

distartion coefficient; In case of barrel distartion positive, 

in case of pincushion distartion negative. 

(6.8) 

(6.9) 

The value of the parameters c1 can be determined by a fitting a least squares spherical 
surface through the distorted field. 

The lens distartion is approximated by a second order polynomal, depending on the order of 
distortion. 

6.6.3 Intensity matching 

Now that the frames are matched geometrically, the intensity of the framesneed to be matched 
too. The four windows each generate an interferogram. The intensity fora single data frame 
is given by: 

Ii(x, y) = Ioi(x, y) [1 + roi(x, y )]cos( cp(x, y)) (6.10) 

Due to variation in the system, the background intensity Ioi and /Oi differ for matched in
terferograms. In order to calculate the phase by means of the instantaneous windows, the 
values of the background intensity and contrast should be matched too. The frames are phase 
shifted by means of the frequency modulation within random values between 0 and 271" . For 
each frame, the minimum and maximum intensity values of each detector element are calcu
lated. Fora large number of images, the maximum and minimum fringe intensities Imax and 
Imin are approximated. These values can be used to determine the background intensity Io 
and the visibility 1 at each pixel. The background intensity and visibility are then given by: 

Io 
Imin + Imax 

(6.11) 
2 

V 
Imax- Imin Imax- Imin 

(6.12) 
Imin + Imax 2Io 

The average contrast of setup two is determined in this manner, see figure 6.15 and table 6.1. 
The intensity of a uncorrected pixel can now be corrected in two steps. 

• Match the background intensity by adding the difference to the measured uncorrected 
intensity. 
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Frame 1 Frame 1 Frame 1 

SO 100 150 XICI 2SO lOO 

(a) (c) 
PiJtori nt.on"'bt< In •-di redion 

Figure 6.15: (a)Minimal intensity. Average normalised intensity 0.06.(b)Maximal intensity. Average 
normalised intensity 0.45.(c)Fringe contrast. Average contrast 0.76. 

Frame number I Imin I Imax I Ia I V 

h 0.07 0.44 0.25 0.75 

h 0.06 0.44 0.25 0.77 

h 0.05 0.45 0.25 0.80 
14 0.06 0.45 0.25 0.77 

Table 6.1: Comparison of the mean frame intensity. 

• Match the visibility by substracting the background intensity from the resulting in
tensity after step one, multiply this value with the visibility ratio and tirrally add the 
background intensity again. The visibility ratio is detined as the visibility value of the 
uncorrected frame divided by the visibility of the reference pixel. 

6.6.4 Measurements setup 1 

The setup using a triangle wave applied onto the laserhead is built and tested. As mentioned 
before, the contrast of the fringes will be limited. In tigure 6.16, three special cases are 
plotted. For clarity, there is an focal error of the collimating lens introduced in the setup, the 
interference pattems of reflections between the reference and test surface will shown closed 
fringes. Subtigure 6.16(a) shows the interference pattem in case the four polarizers, which 
enable interference between the two orthogonally polarized beams, is removed from the setup. 
This interference pattem is caused by interference between the reflections of equal polarization 
state ( the horizontal polarized test surface reflection interferes with the horizontal polarized 
reflection of the reference surface, justas the vertical polarized beams). Each frame contains 
two superimposed interferences. 
Subtigure 6.16(b) shows the interference pattem in case the four different orientated polarizers 
are positioned in the setup. As mentioned in section 4.2.2, six interference pattems are 
superimposed onto each other in every frame. Each frame contains the interference that is 
the result of the differences between the test and reference surface: the one we want. The 
other interference pattems should be prevented from appearing. It should be mentioned that 
each frame too contains the interference pattem due to reflection by similar surfaces. These 
interference pattems can be recognised as the (near) diagorral straight fringes. Using these 
fringes it is possible to determine the phase shift size too, without a test surface positioned 
in the setup. Subtigure 6.16(c) is the interference pattem as a result of applying a signal 
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(a) No polarizers positioned 
after the grating element. 

(b) The four different orien
tated polarizers located be
hind the grating element. 

( c) Signa! applied onto the 
laserhead, this results in 
phase shifted interferograms. 

Figure 6.16: Interference patterns observed by the imaging sensor using setup 1, the four interfero
grams are clearly phase shifted. 

onto the laser head. The size of the additional path length and the lengthof the interference 
cavity are matched as close as possible. The contrast of the fringes is strongly reduced. The 
unwanted interference patterns on the other hand, are made invisible. It is therefore proven 
that the system making use of a signal applied onto a tunable laser functions as an instant 
phase shifting interferometer. The visibility of the fringes is strongly reduced. 

6. 7 Shift size 

The relative angle between the polarizer's main axis determine the size of each phase shift 
'Pi, i=1,2,3,4. The value 'PO (x, y) +'Pi can be calculated by phase shifting the four frames 
temporally. This is achieved using the tunable wavelength laser. The size of the phase shifts 
a 1 , a 2 and a 3 with respect to the reference frame can now be determined. The phase is shifted 
in five steps, the stepsize is approximately ~. The following equations apply: 

Wh ere: 

Ii,l (x,y) 

Ii,2 (x, y) 

Ii,3(x,y) 

Ii ,4 (x, y) 

Ii,5(x,y) 

Ioi (x, y) [1 +/i (x, y)]cos (cp (x, y) +ai) 

Ioi (x, y) [1 +/i (x, y)]cos (cp (x, y) +ai+ {3) 

Ioi (x, y) [1 +/i (x, y)]cos (cp (x, y) +ai+ 2{3) 

Ioi (x, y) [1 +/i (x, y)]cos (cp (x, y) +ai+ 3{3) 

Ioi (x, y) [1 +/i (x, y)]cos ( cp (x, y) +ai+ 4{3) 

IOi (x,y) 

/i (x, y) 

cp(x,y) 

{3 

instantaneous frame number 

local average intensity 

modulation intensity 

phase of interference pattem 

constant additional phase caused by main axis of polarizer 

relative phase step caused by tuning the laser frequency. 
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A lens aberration has a larger infiuence on the phase error in case of an increasing tilt. The 
phase shift size between the frames will be affected too by lens abberations. It is assumed that 
an untilted test surface with respect to the reference surface will result in interferogram that 
is unaffected by lens aberrations. The phase shift size between untilted frames is therefore 
the actual phase shift size caused by the polarizations phase shifter. The phase shift size 
between the framescan be calculated by complex substraction of two phase maps. The mean 
difference is an indication of the phase shift size. The results for nearly untilted frames are 
given in table 6.2. 

Frame number I Ideal phase shift size I phase shift size I l8shiftl 

a1 0.25À 0.23À 3. 10 -z À 

a2 0.5À 0.47À 5 ·10-2À 

a3 0.75À 0.77À 4. 10 -:l À 

Table 6.2: Phase shift size of between reference frame one and other frames calculated using sub
straction of phase maps. 

The results of this methad depend on the way of selecting and aligning the frames. In case the 
initial alignment is correct the phase shift size should be proportional to the main polarizers 
axes orientation. 

A methad to determine these augles is by positioning a rotatable polarizer after the four 
different aligned polarizers. See appendix H for a schematical view of the setup and the 
measured polarizer angles. A minimal intensity at the detector means that the rotatable 
polarizer is positioned with it's axis perpendicular to the main polarization axis of one of the 
four polarizers. A maximal intensity means that the rotatable polarizer is aligned in line with 
the main axis of a polarizer. A minimum can be determined more precisely, and will therefore 
by used. The minimal and maximal intensity for each polarizer are similar. The phase shift 
size between the framescan now be determined, see table 6.3. 

I Ideal shift size I shift size I l8shift I 
a1 0.25À 0.24À 1 . 10 -J À 

a2 0.5À 0.48À 3 ·10-2À 

a3 0.75À 0.76À 1 ·10-2 À 

Table 6.3: Global phase shift size between 
frames and the difference between ideal phase 
steps n/2. 

pr~~~J 
rn 

0 0 

Figure 6.17: The main axes orientation of 
the polarizers result in a phase shift. 

In the latter method, the phase shift size is assumed to be constant along the field of view. 
Once the phase shift is known, it is possible to used the least-squares algorithm described in 
Appendix B. A calculated phase error due to a phase shift deviation would in that case be 
minimized. There exist several other methods to calculate the size of a phase shift between 

84 



6.8 Ghost projection 

frames , a few of them are described more detailed in Appendix L. 

6.8 Ghost projection 

The grating is designed for an other wavelength, second order beams will be visible on the 
sensor. The histogram of an arbitrarly chosen image is equalised, to show the ghost images. 
The ghost projection are clearly visible between the four frames, see figure 6.18. 

Figure 6.18: Equalised histogram of an instantaneous capture. 

6.9 Measuring a surface 

A measurement of a mirror is carried out on both the instant frame setup and a commercial 
Fizeau interferometer. The commercial interferometer, a Möller Wedel V-100/P, uses phase 
shifting by means of translation of the reference surface ( thirthy frames). Eventhough the 
phase shifts take place temporally, the opties of the interferometer are of higher quality, and 
therefore the measurements of this interferometer are expected to have a higher accuracy. 
According to the manufacturer, the overall peak-to-valley system accuracy is smaller than 

8À0 , the reference surface decreases the accuracy because is has a flatness of .X/50. For a 
more detailed description of the interferometer see appendix K. The reference surface has a 
reflectivity of approximately 4%. The mirror on the other hand, has a much higher reflectivity 
(in the order of 90 %). The visibility of the fringes is optimized by the rotatable polarizer, 
and is therefore approximately similar. The mirror is clamped in a holder which modifies the 
surface of the mirror into a stressed surface. 
The mirror is measured using both measurement setups. The similar reference surface is used 
for both setups, the mirror is measured at approximately the same position with respect to 
the reference surface. To get an even better indication of the possibilities of the instant phase 
shifting technique, a similar optical system should be used. Theoretically, when using the 
instant phsae shifting technique, there should be no real difference between the attainable 
performance when compared to the commercial available system. The phase maps resulting 
from both measurements are compared, the difference is a measure for the accuracy of the 
instant phase retrieval method. The surface maps are of equal size, but the number of pixel 
elements and therefore the number of data points that describe the surface is different . The 
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Figure 6.19: The mirror which is tested in the setup. The diameter of the mirror is approximately 
76 mm. 

number of data points is matched by interpolation. The measurements can be compared after 
unwrapping and removing tilt . The resulting surface measured by both interferometers are 
shown in figure 6.20. 
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(a) (b) 

Figure 6.20: (a)Reference measurement carried out with the Möller Wedel Fizeau interferometer. 
(b) Instant measurement of similar surface. 

The difference between the reference measurement and a test measurement after correction, 
is shown in figure 6.21. As will become clear in the next chapter, sending a diverging beam 
through the wave plate causes a spatial varying retardation. This effects of this spatially 
varying retardation can be clearly found back in the difference between the reference and test 
measurement. 

• Peak-to-Valley difference (PV): The PV difference describes the largest difference in
terval between the instant calculated surface relative to the reference surface. It has 
the disadvantage that one small dig, or other artifact in the surface, can cause the PV 
to be very large even though the setup may perfarm quite well. The PV difference is 
approximately 160 nm after correction. 

• Root-mean-square difference (RMS) is an area weighted statistic. The rms value is 
calculated as the standard deviation of the height (depth) of a instant measurement 
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6.9 Measuring a surface 

Figure 6.21: PV-difference = 160 nm. RMS-difference = 66 nm. 

compared to the refercnce measurcment at all the data points. The RMS difference is 
approximatcly 66 nm after correction. 

It must be emphasized once again, the performance of the instant frame methad described in 
this thesis can be strongly increased by making use of better quality components, as will be 
discusscd in the next chapter. 
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Chapter 7 

Error analysis 

In the previous chapters two designs of an instantaneous phase shifting Fizeau interferometer 
were presented. There will always exist a difference between the actual characteristics of the 
test surface and the measured value of the test surface. Influence of environmental fluctuations 
on the final accuracy of the setup should be minimalised. Several factors such as alignment of 
optical components and functioning of the components are the souree of this difference. By 
choosing a proper method of calculating the phase of the interferogram, the influence of some 
errorscan be limited. In this chapter an attempt is clone to estimate the influence of an error 
on the final accuracy of the system. The errors are split up into three catogaries: Polarization 
deviations, Optica! deviations and Other deviations. Primarly the deviations accuring in the 
second setup will be discussed, this setup is mainly used for determining the suitability of the 
instantaneous phase shifting technique. The deviations that are caused by the phase shifting 
technique itself are already discussed insection 3.13. 
In the following sections these sourees of deviation will be discussed in this (arbitrary) order. 
One of the most important field of usage of a surface interferometer is to measure the surface 
flatness of a given surface. 

7.0.1 Flatness : improving measurement results 

Before any sourees of error are mentioned, the definition of surface flatness will be given. 

Flatness: Flatnessof a surface is defined as to what degree a surface agrees with a perfectly 
flat surface. This mathematica! surface is obtained by means of a least-square flat fit through 
the measured data points, from [Schellekens 99]. 

Basically, there are three methods to describe the flatness of a surface: 

• As a Peak-to-Valley (PV) value: The PV difference describes the largest surface height 
difference interval of the surface. It has the disadvantage that one small dig, or other 
artifact in the surface, can cause the PV to be very large even though the setup may 
perfarm quite well. 

• The Root-Mean-Square variation of the surface height: This is an area weighted statis
tic. The RMS value is calculated as the standard deviation of the height (depth) of a 
measurement at all the data points. 
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• The variation of the surface fiatness along the aperture of the surface, this is a surface 
height map of the surface. 

The uncertainty of the measured surface height should be given for these measurements too. 
The surface used as reference surface in the setup has aPVsurface fiatness of .X/50 accord
ing to the manufacturer. The typical wavelength is 630 nm, the resulting PV fiatness will 
therefore be approximately 15 nm. In first instance, it is assumed that the reference surface 
introduces an error of PV À /50 into the measurements. The resulting PV surface fiatness 
is approximately 15 nm. The reference surface fiatness will be superimposed onto the test 
surface fiatness. In figure 7.1, the problem is given schematically. 

-PV= 
À./50 

PV= 
À./20 

Figure 7.1: Schematic view of the measured and actual difference between the two surfaces. 

A(x, y) and B( -x, y) are the variations of the mathematica! reference and test planes P1 and 
P2 . The measured surface fiatnessis described by A(x, y)+B( -x, y). Normally, the main goal 
when measuring a test surface is to know the relative variation of B( -x, y). As can beseen 
in figure 7.1, the surface variation of the reference surface will be measured too: subtraction 
of the surface variation A(x, y) will imprave the surface height description accuracy. 
For the measurements carried out in this thesis, two different surfaces are used as test surfaces: 

• Reference fiat: When measuring the reference surface having a PV surface fiatness of 
approximately .X/20 as a test surface, the known parameters are the Peak-to-Valley 
fiatness values of both surfaces and the measured optical path differences at points 
(x, y). We are measuring the surface fiatness variation between the two surfaces. The 
frame matching and interferometer correction of the measurements are carried out using 
a reference surface having aPVsurface fiatnessof .X/20 as a test surface. The surface 
fiatness variation of this surface is assumed to be smooth along the surface. Because of 
the small tilt during this procedure, and the smoothness of the surface fiatness variation, 
it can be said that the surface fiatness will be a systematic deviation superimposed onto 
the measured surface height variation. The correction procedure will therefore not be 
infiuenced by this property. 

• Mirror: When measuring an arbitrary test surface(like the mirror), the only known 
parameters are the approximate Peak-to-Valley fiatness value of the reference surface 
and the measured optical path differences at points (x, y). 
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7.1 Optical errors 

The surface height map can be measured by two different phase shifting techniques: the 
wavelength tuning and the instant polarization phase shifting technique. Other sourees of 
error, for example optical aberrations are superimposed in both measurements. When using 
the frequency tuning phase shifting technique, only one frame (of the four) is phase shifted 
temporally. The frame matching procedure is therefore not required, only correction for field 
distartion is carried out. The instant technique uses four separate frames projected onto the 
imaging sensor, a misalignment of a frame will cause a systematic phase error. The frames 
are aligned onto each other using the correction procedure previously described in chapter 6. 
Befare camparing the two techniques, several sourees of error and their influence are described 
first. If the influence is not neglectable, they too should betaken into account for the overall 
uncertainty of the system. 

7.1 Optica! errors 

The optical errors can be divided into two categories: 

• Opties misalignments 

• Opties imperfections 

Both error sourees are discussed now. 

7 .1.1 Optica! misalignments 

Misalignment of a propagation modifying component such as a lens for example will result in 
a different propagation of the beam along the setup. Misalignment of the optical components 
cause projection deviations onto the imaging sensor. The influence of each optieal component 
misalignment is discussed in a similar order as the beams propagates through the setup, see 
figure 7.2. 

7.1.2 Misalignment of collimating lens 1 

The function of this lens is to collimate the beam emerging from the fiber. Focal misalignments 
of the lens will cause collimation errors at the exit of the lens. The measurement accuracy can 
also be affected by a non parallel beam. In case the lens is aligned properly the beam will be 
collimated. In that case the Rayleigh length is approximately 44 meters (in that specific case), 
the divergence is small. The fiber used during the project has an adjustable focus, the location 
of the beam waist can be changed. According to [Knarren 03] the fibre can be adjusted over 
a range of 3.5 mm with a resolution of lÜJ.Lm. In first instance, the beam emerging from the 
fiber was collimated using an uncoated non-diffraction limited lens. The resulting interference 
patterns were strongly distorted due to diffraction. This lens is replaced for a fiber coupler, 
the amount of diffraction due this lens is neglectable compared to the diffraction caused by 
the previous lens, see also appendix I. The influence of rotational and other translational 
misalignments is neglectable small because the fiber coupler is connected with the lens using 
a fit. 
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Figure 7.2: For clarity, the errors due to misalignments are threathed by the way the beam propagates 
through the setup. 

7.1.3 Misalignment of mirrors and PBS 

Any misalignment of the mirrors or PBS will cause the two orthogonally polarized beams to 
propagate non-parallel. The non-parallelism of the beams can be measured using a polarizer 
located at 45° to enable interference and an imaging sensor. In figure 7.3, three examples of 
resulting interferograms are given. From left to right, the amount of tilt is decreased , until 
at the most right figure , the beams are parallel. 

Figure 7.3: The paralellism of the beams can be determined using a rotatable polarizer and an 
imaging sensor. 

7.1.4 Misalignment of crossing point and focal point lens / objective 

The two perpendicular polarized beams propagate through the Wollaston prism, resulting 
in a crossing point at the other side of the prism. This crossing point should be equal to 
the focal point of the microscope objective. This objective produces, if the crossing point is 
located exactly in the focal point of the objective, two parallel diverging beams. The shape 
and direction of the beam is influenced by the alignment of the objective. See figure 7.4. 
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Micro100p0 Microscope 
objective objcctive 

MicroiCOpl! 
objcc:tive Focal plme 

(c) 

Figure 7.4: (a)Translation error of beam in x- or y-direction with respect to focal point 
lens(b)Translation error of beam with respect to focal point lens (c)Rotational error of beam with 
respect to focal point lens 

A translational misalignment in x- or y-direction will result in two parallel beams, but the 
beams propagation direction is not in line with the main optica! axis. This type of mis
alignment is not critical, using the following component, the beamsplitter, the beams can 
be brought back parallel to the optie axis. A translational misalignment in z-direction will 
result in non parallel propagation of the beams. A rotational misalignment results in different 
divergence angles of the beams. This misalignment is not critical either, the wavefront of the 
beam is Gaussian, and the beams overfill the aperture. 

7.1.5 Collimating lens 2 misalignment 

The position of the focal point of the two beams after the microscope objective should match 
the focallength of the collimating lens 2. The beam after this lens will propagate collimated 
towards both the reference and test surface in that case. A focal length mismatch will result 
in a converging or diverging beam respectively. A converging or diverging beam reflected 
by both surfaces causes a spherical shaped interference pattern, see figure 7.5. Because the 
influence of this error depends on the distance between the reference and test surface, this 
error can be corrected by comparing two phase mapstaken with different interference cavity 
sizes( distances between reference and test flat). 

7.1.6 Non-equal beam-offset from optical axis 

Two parallel diverging beams are sent through the collimating lens. The distance between the 
beams, is as mentioned before 1.41 mm. The centers of the beams are therefore theoretically 
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Figure 7.5: Translation error of input beams focal point with respect to focal point of collimating 
lens. 

positioned at a distance of 0. 71 mm from the main optie axis, see figure 7 .6. This offset causes 
the beams to propagate collimated, but making a small angle with the main optical axis at 
the other side of the collimating lens. The angle is similar for both parallel beams, in case 
the centers of the beams are located at an equal distance from the optical axis. A x- or y
translational deviation of the beams, as shown in figure 7.6(b) , causes different angles at the 
output side of the collimating lens. This deviation has no additional infiuence, except that 
the required amount of tilt of both surfaces is not equal in order to bring the centers of the 
beams back to the optical axis at the output of the interferometer. 

Collimaling 
PoealpWie 1eno 

First beam 

y 

xLz 
(a) 

Focalplane Foool plane 

(b) 

Collimalin& 
leos Focalplane 

Figure 7.6: (a)Beams having an offset sent through the collimating lens.(b)Translation error ofbeam 
in x- or y-direction with respect to focuspoint lens 

7 .1. 7 Blocking aperture misalignment 

The center of the blocking aperture (located at the output of the interferometer) , should be 
positioned at the optical axis. A x- or y- translational error limits the amount of tilt that can 
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be induced befare the beam is (partially) blocked by the aperture. The primary function is to 
block the unwanted refiections and so increase the visibility ( and to block multirefiections). 
Both sicles of the aperture are made non-refiective, to prevent any stray-refiections in the 
setup. The aperture is placed close to the focal point, the beam radius at this point is 
significantly less than the aperture radius. The radius of the focal point can be approximated 
by equation 4.12. The waist is in the order of several micrometers. The aperture, having a 
diameter of approximately 1 mm will therefore have no diffractional infiuence on the beams. 

7.1.8 Camera alignment 

The sensing surface of the digital camera should be aligned perpendicular to the propagation 
direction of the beam. Due to rotational misalignments, the shape of the projections will 
be distorted. A translation of the camera in any direction would result in a movement of 
the sensor with respect to the projections. The camera is positioned, just as all optica! 
components, on a post that is clamped by a post holder. The camera is also used for other 
projects, the frame alignment procedure described in section 6.5 should be carried out every 
time the camera is placed in the setup again, which becomes a time consuming procedure. 
Therefore it would be better to have a dedicated camera, or a kinematic mount for positioning 
the camera. 

7 .1. 9 Opties imperfections 

There are several optie components in the system that infiuence the accuracy of the results, 
the optical components cause a distartion of the final image. In other words, the fiatness mea
surement accuracy of the interferometer is affected by aberrations of the optica! components 
in the setup. These aberrations can be split up into sealing errors, translation errors, rotation 
errors and barrel distortions, as described in section 6.6.2. All these errors are systematic er
rors, the size of the errorsitself does notdepend on the amount of tilt induced. The infiuence 
of a given distartion increases when increasing the test fiat tilt. The main reason for this re
lation is very easy: an increased amount of tilt results in an increased number of fringes along 
the aperture. A misprojection ofthe inferferogram due to the lens system will distart a (near) 
untilted interferogram less than an interferogram having a large amount of tilt(a distartion 
of three pixels causes a lot moreharmin case a fringe is described by 10 pixels compared to 
when a fringe is described by 100 pixels). In other words, errors caused by field distartion 
vary linearly with surface tilt. Because it is a systematic error, it is possible to correct for it. 
This was clone by means of bilinear interpolation. The correction parameters are determined 
using several (in our case 26) tilt positions. For an exact determination of the correction 
parameters, the average of an infinite number of measurements should be carried out. The 
relation between the correction parameter size is assumed to be linear. Theoretically, the 
four instant interferograms are equally distorted after the frame matching procedure. The 
correction parameters are only determined in x- and y-tilt of the test fiat (cross-shaped). To 
get an improved approximation of the correction parameters, the correction parameters could 
possibly be determined at more tilt positions. 

The infiuence of an optica! aberration onto the measured phase can be modelled by observing 
a pixel mismatch of an interferogram with respect to the other interferograms. For example, 
take four interferograms each interferogram phase shifted with respect to the other three. A 
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misalignment of one pixel causes a phase shift error. The size of the error depends on the 
number of pixels that describe one fringe. In case a fringe is described by 30 pixels, and the 
pixel mismatch is 1 pixel, but the other three interferograms are aligned properly, the phase 
shift deviation will be 3

1
0 • 2n. The influence of a phase shift deviation is already calculated 

insection 3.13. For this particular case, it would result in a sinusoidal phase error having an 
amplitude of approximately 0.13 radians, or 5.3 nm. 

7.2 Polarization deviations 

The influence of the polarizer and quarter-wave plate misalignments and quarter-wave plate 
imperfections were already discussed insection 3.13. The influence of these factors are sum
marized by three examples: 

• Polarizer angular deviation: a two degree rotational misalignment of one of the polar
izers main polarization axis will influence the calculated phase by a periodical surface 
height error of 4 nm. 

• Quarter-wave plate angular deviation: a three degrees rotational misalignment of the 
quarter-wave plate will cause a periodical surface height deviation of 0.1 nm. 

• Quarter-wave plate retardation deviation: the second order deviation results in a pe
riodical surface height error of 4 nm in case the beam amplitude ratio is 1 and there 
exists a 2 nm wavelength difference between the design wavelength of the wave plate 
and the actual wavelength. 

The influence of the latter deviation will be limited, the design wavelength of the wave plate 
is in the region of usage. 

7.2.1 Quarter-wave plate 

The quarter-wave plate which functions as a polarization converter, is a multiple-order wave 
plate. A retardation equal to (2m + ~)n, where mis an positive integer is introduced. The 
effective retardation is therefore still >.j 4. The sensitivity of the retardation to a rotational 
misalignment around the fast or slow axis of the wave plate is a therefore too a factor ( 2m + ~) 
as large as a similar misalignment when using a zero order QWP. The beam which is sent 
through the QWP is a diverging beam, having a full width angle of divergence equal to 
2 · atan (iio) = 15.9°. Because it is a multiple order wave plate, light rays not parallel to 
the optical axis will be retarded more compared to a light ray parallel to the optie axis. 
The amount of retardation depends on the angle of incidence and orientation of the wave 
plate (and it's optie axis). The problem of sending a divergent beam is shown schematically 
in figure 7.7. A good method for determining the optical axis of the quarter-wave plate is 
to block one of the beams and to place a single rotatable polarizer and a detector behind 
it. A collimated linearly polarized beam with it's main optical axis located at either the x
or y-axis, should be incident onto the wave plate. In case the beam is circularly polarized 
after the quarter-wave plate, rotating the polarizer should result in a nearly constant inten
sity at the detector. Because the beams are orthogonally polarized due to the Wollaston 
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Figure 7. 7: (a): Sending a divergent beam through a quarter-wave plate will induce an additional 
spatial phase error. The polarization statealong the cross-section of the beam is not uniform. (b) : 
Rotational axis alignment of the quarter-wave plate. 

prism, aligning one of the beams will align the quarter-wave plate onto the other polarization 
direction too. The slow axis ofthe retardation plateis marked by a cutted side, see tigure 7.7b. 

First the influence of a rotational misalignment of the plate when a collimated beam is sent 
through the wave plate is discussed. It is commonly known that the amount of retardation 
increases with rotations parallel to the optie axis of the wave plate, see also [Meadow]. The 
optie axis is detined in tigure 7. 7. On the other hand, the amount of retardation decreases 
when rotating around the axis perpendicular to it (around the slow axis). These properties 
can be converted to the problem when sending a divergent beam through the wave plate. 
In our case the optica! axis of the wave plate is oriented at an angle of approximately 45° 
with respect to the main optica! axis. The amount of retardation depends on the angle of 
incidence, and therefore varies along the aperture of the beam, as can be seen in tigure 7.8. 
For these two situations two important differences occur, rotation around the optical axis of 
the wave plate influences only the propagational thickness of the plate, rotation around the 
slow axis of the wave plate influences the refractive index seen by the ray too. The amount 
of retardation is calculated using the following two equations(see also [Meadow]): 

f3hQwP 
and 6B = À · cos(e) (7.1) 

Where À is the wavlength, {3 the birefringence (ne-n0 ), 8 the angle between the optical axis 
in the ray inside the wave plate (90°- Owp), (}i is the angle of incidence onto wave plate. The 
thickness of the wave plate is described by hQWP· The maximal additional retardation is 
therefore approximately 0.13À in case of an angle of incidence of 7.9°, a wavelength of 632.8 
nm and using quartz as wave plate materiaL 
The outer part of the beam has an angle of incidence equal to 7.9°. The angle of incidence 
is zero at the center of the beam. The result will be a spatial phase error, the phase at 
the outer part of the interferogram will have a large error, the part of the interferogram 
concerning the center of the beam will have no error ( this part propagates parallel to the 
z-axis, and in case of an i deal wave plate). The retardation varia ti on as a function of the 
angle of incidence is determined for the beam propagating through the wave plate, see tigure 
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7.8(a). The angle of incidence varies along the cross section of the beam. The resulting 
retardation is saddle point shaped, the ray propagating parallel to the main optica! axis has 
exact the >..j 4 retardation, the remairring waves 'see' different retardation. As can be seen, 
the retardation varies along the cross section of the beam, the resulting phase retardation will 
influence the calculated surface height. Flatness measurements use relative phase along the 
interferogram, a non-uniform phase retardation will induce a spatial difference between the 
calculated surface height and the actual surface height. The spatial variation of the phase 
retardation as shown in figure 7.8 can clearly be recognised in the surface height difference 
obtained by the comparing measurement insection 6.9. 

(a) L, (b) 

Figure 7.8: (a)Orientation of the quarter-wave plate. Because a divergent beam is sent through the 
wave plate, the amount of retardation depends on the angle of incidence onto the QWP. (b) Calculated 
retardation as a function of the angle of incidence and therefore the cross section of the beam. 

Using the rotating polarizer Jones-model described in section 3.13, it is now possible to 
quantify the influence of the retardation deviation on the calculated phase. This is done 
for two extrema, as depicted in figure 7.8(a) by A and B. The first situation is given by 
maximal additional retardation, pointed out by A in figure 7.8(a). The resulting periodical 
phase error is shown in figure 7.9(a). The other situation holds in case the retardation is less 
than the normal quarter-wave, and is pointed out by B in figure 7.9(a). Using equations 3.41 
and 3.42, the resulting phase error also can be approximated up to the secoud order ( also 
shown in figure 7.9). Clearly can be seen that the influence of higher harmonies increases 
for large retardation deviations. The amplitude of this periodical deviation depends on the 
amplitude ratio between the beams. The beam intensity ratio can be adjusted using the 
rotatable polarizer, and therefore the beam intensity ratio is assumed to be approximately 1 
when calculating the phase error. This error can be reduced when using a zero order quarter
wave plate. One of the recommendations will be to use a zero order quarter-wave plate, or 
position a wave plate having a large enough aperture after the lens that collimated the beam 
propagating from the grating. 
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(a) (b) 

Figure 7.9: (a)Phase error nonlinearity at position A in figure 7.8 (a), the beam amplitude ratio is 1. 
(b)Phase error nonlinearity at position B in figure 7.8(a), the beam amplitude ratio is 1. 

7.2.2 Polarization deviations: Summarized 

The several polarization rclated errors superimposed result in a total polarization error. 

• Diverging beam through QWP: Rotation around the optie axis of the wave plate in
creases effective plate thickness. However, because it does not affect the retardation 
difference between the rays, the accumulated retardation is increased. Rotation around 
the slow axis increases effective plate thickness and reduces the velocity difference be
tween the 0 and E rays. The latter effect, which dominates for small rotations, reduces 
accumulated retardation. Because a diverging beam is sent through the wave plate, the 
phase retardation will vary along the cross section of the beam. 

• Misalignments and imperfections of polarization components. Assuming equal ampli
tudes of the beams, the infl.uence of these deviations is in the order of a nanometer. The 
rotational misalignment of the polarizer is a phase shift deviation. The orientation of 
the four polarizers main optical axes with respect to each other is determined in section 
6. 7. Using this information, an algorithm that uses adjustable phase shift size can used 
to eliminate the phase shift size deviation due to a polarizer rotational misalignment . 
An example of a suitable algorithm is the least-squares method described in Appendix 
B. 

7.3 Other sourees of error 

Some important other sourees of error are: 

• Nonlinearities detector 

• Quantization of the detector signal 

• Stray refl.ections 

• Air turbulence and vibrations 

The aetual infl.uence on the phase calculation of these error sourees depend on the initial 
phase difference between the test and reference beam. The effect of most of these sourees of 
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error can be reduced by averaging; the numbcr of frames is thcreby increased. By choosing 
an algorithm to reduce one error may increase the infiuence of an other error source. The 
best method to minimize the phase error due tothese sourees of error is by reducing the error 
itself. 

7.3.1 Stray reflections 

Stray refiections projected onto the imaging sensor introduce phase error. Because the inten
sity and phase of the stray refiections are unknown, it is impossible to estimate the resulting 
infiuence. A common option to eliminate the infiuence of stray light on the measured phase 
is by making use of a short coherence laser. In that case, the beams won't interfere. A second 
method to reduce the amount of stray refiections is by positioning a pinhole at the beam waist 
of the beams at the output of the interferomcter. One problem that wavelength tuning suffers 
to a greater extent than the reference translation phase shifting technique is it's sensitivity 
to coherent refiections [Deck 2]. Stray refiections from dust particles on optical components 
outside the interference cavity produce unwanted interference if they reach the camera. When 
translating the reference surface with respect to the test surface, this interference does not 
modulate during the measurement and is therefore effectively suppressed by the phase extrac
tion algorithm. When using the wavelength tuning option, this interference modulates. The 
frequency of this modulation depends on the position of the stray reileetion souree relative 
to the cavity surfaces. For this reason, it is important to keep the optica! setup clean and 
dust free, see also [Deck 2]. The amount of stray refiections are reduced as much as possible, 
all optical components are coated for example, it can be further reduced by positioning two 
pinholes after the microscope objective, as mentioned in section 5.4. The resulting phase 
error due to stray refiections however is unknown, but normally result in higher harmonies 
superimposed onto the calculated phase map. 

7.3.2 Rotating polarizer to control beam amplitude ratio 

The polarizer at the input side of the interferometer, can be rotated to modify the beam 
intensity ratio. Non-parallelism of the polarizers front and back surface would result in move
ment of the projected images on the imaging sensor when rotating the polarizer. None of this 
effect is noticed during the project. 

7.3.3 Expansion of grating 

Drift of the projections onto the imaging sensor will infiuence the measurement accuracy 
negatively. For proper functioning of the interfcrometer, the interference pattern shouldn't 
move more than a small fraction of a pixel clements's dimensions (which is 3.2 mm X 3.2 
mm). Furthermore, the image matching method calculates the intensities at sub pixelleveL 
One of the sourees of drift is a temperature change of the optical components, the grating in 
particular. From [Cosijns 99], the thermal expansion of the grating can be described by: 

/).89m _ atempd9 sin2B9m 

/).T m>.cosB9m 
(7.2) 
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Fused silica is an isotropie materiaL Where the symbols are explained and approximated by: 

diffraction angle = 7.4° = 0.13 rad 

temperature 

a temp 
1 

linear expansion coefficient of fused silica = 0.55 · 10- 6 K [Luxpop] 

m 

grating constant = 4. 72 . 10- 6 m 

wavelength of the used light = 632.8 · 10-9 m 

the number of maximum of the grating = 1 

An approximation of the diffraction angle change due to a temperature change is given by 
6.1F = -7.0 · 10- 8 r~d. A distance between the grating and the imaging sensor of 100 mm 
would result in a drift of the projections of 250 pm, and therefore can be neglected. 

7.3.4 Wavelength variation of laser souree 

Modification of the voltage applied to the piezo electric element of the laser will result in a 
frequency change. The intensity of the laser changes too. The instantaneous phase shifting 
technique is not influenced by this property. The alignment procedure for matching the frames 
is not influenced by this property because the frames of all windows are modulated equally. 
There was no indication of mode hopping during the measurements (Mode-hopping: the 
center frequency of the laser diode hops over discrete wavelength bands). 
Two factors due to the fiber influence the intensity of the beam after the rotatable polarizer: 

• Coupling: the beam emerging from the laser head is coupled into the fiber using a laser 
to fiber coupler. Because the fiber is a polarization maintaining fiber , the coupling has 
to be done with care, coupling may cause mode mixing. In case the beam is coupled 
into the fiber incorrect, the main polarization axis of the beam is not equal to the main 
axis of the fiber, the polarization state of the beam emerging from the fiber will be 
varying in time. 

• Birefringence: the birefringence of a polarization maintaining fiber is a function of 
several external influences, such as the mechanica! stress and the temperature. By 
stressing the fiber or by temperature cycling, retardation due to the fiber will change 
too, causing the polarization state to change. 

Because a linear polarizer is located after the fiber, the intensity of the beam after this po
larizer could vary due to these affects. The intensity of the orthogonally polarized beams 
is directly influenced by this effect. When using the temporal phase shifting technique, the 
average intensity of the interferograms will be affected. No intensity changes were noticed 
during the measurements, which indicates no (large) polarization state changes. The effect of 
random intensity variations on the calculated phase can, just as other random deviations, be 
reduced by using an increased step number algorithm. In that case, averaging of the random 
errors occurs. 

The average intensity of the beam at the output of the laser is measured when varying 
the voltage applied at the piezo electric transducer of the laser head, see figure 7.10. The 
intensity is measured after warm up (30 minutes according to the manufacturer) for a whole 
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day. Clearly can be seen in figure 7.10 that the intensity of the beam emitted by the laser 
varies as a function of the voltage applied onto the piezo electric transducer located in the 
laser head. Besides this variation, the intensity of the beam emitted by the laser also varies 
in time. An explanation could be that the laser head becomes in a more stable thermal 
state. The temperature of the surroundings was measured too, no such trend was visible. 
The maximal tuning range used in this thesis is limited to a fraction of the full tuning range 
(0.13 nm) , which means that the intensity variation of the laser is a few percent at most. 
Because all frames are influenced similar, no correction has been dorre. But if the light 
souree intensity varies during a set of wavelength shifting measurements, the intensity in 
the interference patterns and therefore the recorded intensities will vary proportionally. An 
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Figure 7.10: Averaged intensity variation of the laser beam when varying the voltage applied at the 
piezo electie transducer. 

intensity change due to variation of the output intensity of the laser head can be corrected 
by applying a correction for the modulation depth and the bias intensity. An example of a 
six step algorithm insensitive to changes in the laser intensity can be found in [Ishii 95] . For 
that specific case, the wavelength is shifted using modulation of the current applied onto the 
laser diode. It assumes a linear relation between the intensity and the varied current applied 
onto a laser diode. 

7.3.5 Thrbulence of the air and vibrations 

The movement of air in the interference cavity result in a propagation medium that varies in 
density across the measurement aperture. The differences in air density causes local differ
ences in the index of refraction of air, the optica! path difference of the interference cavity 
varies. The most important step is to minimise local variation across the measurement aper
ture. One method is to place the interference cavity in a vacuum chamber, but this requires 
that the test surface is degassed, which is time-consuming. Because the four frames are taken 
instantly, the frames aren't influenced by time dependent turbulence, only density variations 
along the aperture will influence the measurement . The distance between the reference sur
face and the test surface can be minimised, turbulence will have a neglectable influence. 

The influence of vibrations can be limited by minimising the shutterspeed of the imaging 
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sensor. All measurements carried out in this thesis were clone using a shutterspeed of 1/200 
of a second, thereby taking into account that the setup is located on a vibration isolated 
table, the infiuence of vibrations on the results are neglectable. 

7 .3.6 Stability of interference cavity 

The interference cavity can be further stiffened for usage of the wavelength tuning principle. 
Especially when using the option to shift the phase using the wavelength tuning mechanism, 
any movement of the test surface with respect to the reference surface will directly result in 
a phase error. The components are positioned on a vibration isolated table. From [Deck 2] , 
it is mentioned that the infiuence of vibrations typically result a ripple superimposed onto 
the measurement having a spatial frequency equal to twice the fringe frequency. One of the 
recommendations, in case the setup is further optimised, is to loek the interference cavity for 
future measurements. 

7.3.7 Detector 

Two types of error souree can result from the detector: 

• Detector nonlinearity. The CCD is commonly known to have a linear response to 
intensity. The digital camera on the other hand, consists not only of a CCD, but has 
some electranies too. These electranies could possibly cause a nonlinear response. The 
four intensity algorithm however, is insensitive for a quadratic detector nonlinearity. A 
third order detector nonlinearity causes a phase error. 

• A quantization error is a result of digitization of the signal. The 8 bit digitization is 
carried out by the camera; the pixel intensity range is divided into 256 equally spaeed 
levels. In practice nearly the whole intensity range is used , the effective number of levels 
is only slightly less than the quantization level. According to [Wyant], the quantization 
error causes a uncertainty of the calculated phase equal to 0.0004 radians when using 
the four frame algorithm. This uncertainty is equal to 0.2 nm at a wavelengthof 632.8 
nm, and is therefore neglectable. 

7.4 Phase correction 

There exist several error sourees that will result in phase errors. The introduced phase errors 
can be separated by discontinue phase errors and harmonie phase errors. Discontinue phase 
errors are due to dust, dead pixels of the camera for example. Harmonie phase errors are 
errors which have a frequency equal to a multiple of fringe frequency. There exist several 
error sourees which introduce harmonie phase errors such as phase shift miscalibration. One 
method to correct the phase in case a harmonie phase error exists, is mentioned. 

7.4.1 Phase correction by histogram leveling 

In the ideal case, all phases within the interval [0, 27r] are equally present in case the phase 
map or a selected part of the phase map contains a certain number of fringes. It assumes 
a similar phase shift size for each pixel. If the histogram, which is a phase distribution of 
the phase map spaeed in a equal number of spaeed bins, of a phase map is calculated, the 
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harmonie errors which are present in a phase map can be displayed. Finally the phase map can 
be corrected for these kind of harmonie errors. One method is to simply level the histogram 
of the phase map, see figure 7.11. Care must be taken however, because a distorted phase 
relation exists due to the fact that a diverging beam is sent through the quarter-wave plate. 
This causes non-linearities that are a function of the position (x, y) in the interferogram. This 
method is therefore not used for phase correction. 

N N 

0 21t 0 2n 

Figure 7.11: Phase map containing an harmonie error. Corrected histogram of a phase map. 

7.4.2 Other deviations: Summary 

Two sourees of uncertainty are due to the setup itself, stray reflections and detector noise. The 
influence of detector noise on te final measurement is limited. Vibrations and turbulence are 
external factors . The influence of these external factors on the measurement accuracy can be 
reduced by proper design of the interferometer. Two examples are using a short shuttertime, 
and positioning two pinholes after the microscope objective, as described insection 5.4. 

7.5 System performance 

The performance of the system is influenced by the following properties: 

• Optica! aberrations after correction for systematic deviations. The systematic devia
tions are due to frame misalignments with respect to each other and projection (lens) 
aberrations within a frame. This systematic error is estimated by measuring it at sev
eral tilt positions using a reference surface as a test surface. In case we are using the 
wavelength phase shifting technique, it is not influenced by polarization deviations, ex
cept the diverging beam sent through the wave plate which causes a non-uniform phase 
retardation. Besides that, the wavelength phase shifting technique uses only one of thè 
four frames, the wavelength phase shifting method is therefore not affected by frame 
misalignments, only by field distortions of one frame. 

• Reference surface uncertainty: The PV-flatness is -V5ü, or approximately 15 nm. The 
latter PV surface height is determined by previous calibration, the uncertainty of this 
calibration was approximately 5 nm. The flatness of the reference surfaces will be 
superimposed onto the measurements. 

104 



7.6 Repeatability 

• Polarization deviations : misalignments, imperfections of polarization components and 
sending a diverging beam through the wave plate. The influence of misalignments, im
perfections are minimized by determining the orientation of the polarizers with respect 
to each other and making sure that the amplitude ratio of the beams is (nearly) one. 
In that case the maximal phase error due to polarization deviations will be in the order 
of a nanometer. Currently, the most critical factor is sending a divergent beam through 
the wave plate. This will cause a spa ti al phase error, the amplitude of this error will 
be in the order of 35 nm, assuming equal amplitudes. In case of a different amplitude 
ratio, further away from unity, the periodical phase deviation will increase. 

• Stray reflections : it is hard to estimate the influence of this deviation. The best methad 
to estimate it is to just preventstray reflections from appearing by proper design of the 
interferometer. 

The error due to the wave plate can be reduced by a factor 28.5 by using a zero order wave 
plate instead. The other option is to place the wave plate after the lens that collimates the 
beams emerging from the grating. Because the diameter of the beam at that position is larger 
than the clear aperture of the current wave plate, an other wave plate is required. 

To give an indication of the perfomance of the current system, the two reference surfaces 
are measured. The second reference surface functions as a test surface. The resulting sur
face height should be a superposition of the two reference surface flatnesses. The rotation 
symmmetrical components of bath reference surface added is in the order of 40 nm. The 
non-rotation symmetrical component is in the order of 10 nm. When measuring these two 
reference surfaces, the resulting surface height map should theoretically have this shape. The 
difference between the theoretica! surface height and the measured surface height provides an 
indication of the current system's performance. It would be better to carry out a measurement 
in case the quarter-wave plateis removed from the system. In that case the non-linearities due 
to the quarter-wave plate cannot appear in the measurements, and an improved estimation of 
the system's performance can be given. This measurement is not carried out unfortunately. 
The RMS-value of a surface having [-0.0777,0.0017] tilt in x- and y-direction, in radians, is 
approximately 37 nm, the PV value is approximately 130 nm. A surface height component 
due to the two reference surfaces is stilllocated in this measurement. 

7.6 Repeatability 

The repeatability of a measurement result is defined as the similarity between consecutive 
measurements, which are performed under the same conditions [Schellekens 99]. A measure 
for the repeatability is the difference between two surface height maps taken under similar 
conditions of a similar surface. A surface is measured two times, subtraction of the mea
surements and calculating the field standard deviation of this difference gives an indication 
of the repeatability. Two types of measurements are carried out, measuring a surface using 
the instant phase shifting technique, and measuring a surface using wavelength tuning. The 
standard deviation of both measurements are shown in table 7.1. The field standard deviation 
determined by this methad provides an indication of the noise level. 
The small difference could possibly be caused by the fact that the wavelength tuning phase 
shifting principle uses temporal phase shifts, thereby more influenced by external factors. 
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Measurement type Field standard deviation 

Instant phase shifting 6 nm 
Wavelength phase shifting 9 nm 

Table 7.1: Field standard deviation after substraction of two consecutive measurements of a similar 
surface without reorientating of the surface, measured by both the instant phase shifting technique 
and the wavelength tuning technique. 

7.7 Möller Wedel VlOO/P accuracy 

The accuracy of the Möller Wedel surface interferometer is infiuenced by the following error 
sourees : 

• Optical deviations: the optical deviations of this interferometer are in the order of a 
few nanometer. The amount of optical aberration is infiuenced by the zoom function 
located in this interferom eter. For the specific case of the mirror surface measured in 
section 6.9, the zoom function of the interferometer is not used. 

• Phase shifter calibration, nonlinear phase shifts cause phase calculation errors. The 
infiuence of this deviation can be reduced by calibration of the phase shifter or by 
taking more frames. The phase map measured is obtained by a 30 step algorithm. The 
infiuence of phase shift deviations are therefore minimized to less than a nanometer. 

• The infiuence of stray refiections are minimized by using a pinhole at the output side 
of the interferometer. The influence of stray reflections is therefore neglectably small. 

• Reference surface: previously, the reference surface is calibrated and has a PV-surface 
height in the order of 15 nm. The uncertainty of this measurement was approximately 
5 nm. The measurement accuracy is therefore mainly determined by the accuracy of 
the reference surface. 

• The phase map obtained by this interferometer doesn't contain the spatial phase de
viation due to the quarter-wave plate. The phase map is therefore corrected by the 
histogram leveHing principle. 

The reproducebility of a measurement using the Möller Wedel V100/P is approximately .\/300 
or 2-3 nm, see also Appendix app:moller. For a good comparison, the two methods should be 
compared in similar setups using the same optical components. The main difference between 
the two measurements of the mirror surface is caused by optical aberrations and the spatial 
phase deviation due to the wave plate. 
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Chapter 8 

Conclusion and recommendations 

8.1 Instantaneous phase shifting 

The phase shifting technique described and discussed in this thesis is suitable for instant 
acquirement of the interferograms. It is based on modification of polarization states. The 
alignment of the polarization components is not critical. A Jones model is writtcn that de
scribes the phase shifting technique. Simulations to estimate the phase error caused by a 
phase shifting component misalignment are clone. 

To test the phase shifting technique, two different types of setups are discussed. The first 
setup uses a short coherence laser, a tunable wavelength laser or a multi mode diode laser. 
Due to the fact that all refl.ections are projected onto the imaging sensor, the fringe visibility 
will be reduced. A second method is tested too, it uses two beams separated by a small 
distance at the input of the interferometer. This type of design results in optimal visibility 
of the fringes, the unwanted refl.ections from the test and reference flat are prevented from 
appearing. The parallel beams at the input of the interferometer are generated by means of 
a beamsplitter, two mirrors, a Wollaston prism and an objective lens. Due to smoothing of 
the signal, the visibility is reduced. 

Due to lens aberrations and alignments errors the frames are not equally shaped. The match
ing model discussed in this thesis matches the frames at subpixelleveL After matching the 
frames, the setup is corrected for field distortions of the lens system. Because a diverging 
beam is sent through the multiple order quarter-wave plate, the quality of the frame matching 
procedure will partially be reduced, therefore one of the recommendations will be to use a 
zero order wave plate or to position a wave plate having a larger aperture after the lens that 
collimates the bcams emerging from the grating. The second important step is to match the 
background intensity and modulation depth. The correction proccdure creates a series of 
lookup tables which are used to correct the future measurcmcnts. The correction procedure 
is invariant to the test surface, the correction parameters need only to be measured once a 
time. The quality of the optical components and imaging sensor is not exactly known and 
not comparable to a commercial available Fizeau interferometer, thcrefore it is not realistic 
to compare them. Besidcs the optical system, the second bottleneck is the imaging sensor, 
the image to image time is approximately 12 seconds due to the slow USB 1.1 connection. 
The common path property of a Fizeau interferometcr is approached. 
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8.2 Recommendations 

8.2.1 lnterference cavity 

The frames should be aligned and corrected using a second phase shifting technique. As 
mentioned in this thesis, there exist several methods to shift the phase, in this thesis phase 
shifting by means of wavelength tuning is used. This method has another advantage compared 
to phase shifting by means translating the reference surface. When tuning the wavlcngth, the 
size of the interference cavity remains constant. It is therefore possible to stiffen the cavity. 
The holder used in this thesis, which clamps the test fiat, could possibly further be optimised. 

8.2.2 Frame matching 

The differences between the projections are corrected by means of a correction model. Phase 
maps are generatod using a second phase shifting method, modifying the laser's wavelength. 
This option is possibly not available at all instances. An other option could be for example 
by means of translating the position of the reference surface using a piezo elcctric transducer. 

8.2.3 Fibers 

The setup that is able to achieve an improved accuracy compared to the Wollaston setup 
discussed in this thesis, consist of two polarization maintaining fibers. When aligned prop
erly, these fibers are able to deliver two orthogonal polarizations. The polarization state of 
the beam at the input side of the fiber can be aligned with the fiber's main polarization 
axis using a rotatable half-wave plate. According to [Knarren 03], the extinction ratio of a 
short polarization maintaining fiber, which will probably be used for the setup, is primarly 
infl.uenced by the fiber connectors. If the input polarization is not aligned with one of the 
two fiber axes, the output polarization will oscillate between linear and elliptical. The two 
beams emerging from the parallel fibers will have a varying phase difference. The fiber core 
is highly birefringent, the phase difference is aresult of external infiuences that cause varying 
refractive indeces of the fiber core. A temperature change will also result in a expansion of 
the fiber. The varying phase difference has a negative effect on the measurement accuracy. 
This problem can be solved by measuring the phase difference and correcting for it, this will 
be discussed in section 8.2.6. The fibers ends are positioned parallel. Thereby limiting the 
number of components. The alignment of this type of set up is not critica! either. The beam 
diverging from a fiber is equally divergent in all radial directions and has a Gaussian distri
bution profile; the beam is suitable for surface interferometry. See figure 8.1. No additional 
optie elements for creating a divergent beam are required. A disadvantage is the coupling 
loss due to the fiber. The core of a polarization maintaining fiber is only a couple of JJm in 
size, this means inefficient coupling. 
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lntensity distribution 

Corc 

Figure 8.1: Intensity profileaftera polarization maintaining fiber. 

The full width divergence angle of the beam propagating from a common available polarization 
maintaining fiber used at 632.8 nm and having a core diameter of 4 J.Lm is equal to 11.5°. This 
divergence angle should be matched with the focallength and diameter of the collimating lens. 
When using this system insteadof the Wollaston setup described in this thesis, a lens having 
a smaller diameter is required. It is better to have an overfilled lens and using an aperture 
stop (see figure 8.2) then using an underfilled lens. At the edges of the lens, the intensity of 
the beam would be too low for usage. 

Aperature stop 

Fiber 

Collimaling lens 
(filled) 

Figure 8.2: The divergence angle of the fiber can be matched onto the collimating lens' dimensions 
by an aperature stop. 

8.2.4 Camera 

The imaging sensors that is used in this thesis is a common digital camera. Unfortunately, the 
minimal interval time between consecutive frames is approximately 11 seconds. The major 
goal of this thesis is to test the instant phase shifting technique, the image to image interval 
time is nat an important factor and can be reduced drastically by using a separate imaging 
sensor. The interval time can be reduced to 1/30 second fora common available CCD imaging 
sensor. The smallest shuttertime of the current camera is 1/800 second, camman proffesional 
imaging sensorscan have a shuttertime up to 1/100,000 second. Whether this shuttertime is 
realisable in the setup depends on the intensity output of the laser and the coupling efficiency 
of the fibers. 
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Besides a increase in speed, the current camera is a camera, it interpolates the raw data 
retrieved from the CCD sensor. It is therefore recommended to use a separate CCD sensor 
without the electranies of the camera. 

8.2.5 Multiplexing element 

The current grating element causes ghost images between the four first order projections at 
632.8 nm. Any overlap between the ghost images and the projections will cause a phase error, 
therefore the overlap should be avoided. The ideal element would be an element that divides 
the incident beam into multiple equal intensity beams; all incident irradiance is transformed 
into these beams. In other words, no ghost images occur. In practice this is not possible, 
at all times some degree of intensity will move into other (unwanted) orders. Gratings that 
have multiple approximately equal intensity beams are available on the market, or can be 
produced on request. Commonly, these elements are produced by illuminating photoresist 
on fused silica with a desired pattern. The ghost images are minimised in that way. There 
is no real preferenee with respect to the array design, but more phase shifted interferograms 
taken instantly will result in a higher phase calculation accuracy. From [Rastogi 94] is should 
be mentioned, the larger number of frames used in the calculation, the smaller the effects of 
nonlinearities. 
Two examples of alternatives are given in figure 8.3 and 8.4. The left figure shows the intensity 
profile after a similar grating as used during the project, except it is designed for usage at 
the wavelength of the light source. The first order beams emerging from the grating element 
are in a 2X2 array, the intensities of the ghost beams are minimised. The right figure is the 
intensity profile when using one Dammann grating and one ordinary grating, their grooves 
positioned perpendicular. The result is six beams having different intensities, which can all 
be used. 

Figure 8.3: Intensity profile two dimensional 
grating. 
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Figure 8.4: Intensity profile two dimensional 
grating. 



8.2 Recommendations 

8.2.6 Drift correction 

One of the main advantagcs of the instant phase shifting method is that all frames are taken 
instantly. The influence of drift due to temperature changes of the fibers can be minimised 
when using a fast shutterspeed. When measuring the flatness of a surface, drift will have 
neglectable influence in that case. When measuring vibrations of movements of the surfacc, 
drift will have an influence and should be corrected for. The recommendcd systcm therefore 
contains a rotatable polarizer and a second imaging sensor. Using the fringes projected onto 
this sensor, the size of thc phasc shift and thc amount of drift can bc measured. 

I ' 

Figure 8.5: Recommended system for usage as an instant phase shifting interferometer. 
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Appendix A 

External cavity diode laser 

The laser diode used in this report is a tunable wavelength external cavity single mode diode 
laser. As the description already implies, the laser consists of an external cavity. See figure 
A.l for a schematic view of the laser functioning. An essential part of the working principle 

HR-

coating 

... 
Pivot 
point Wavelength 

tuning 

Collimaling 
lens 

411111111111ii~~~====:: Laseroutput 

Diffraction 
grating 

Figure A.l: Schematic of an external cavity tunable laser diode. 

is an anti-reBeetion coating on the first facet of the diode. The external cavity is formed by 
a retroreflector and a diffraction grating. The zeroth-order reflection from the grating is the 
output of the laser. One end of the laser cavity is the rear facet of the diode laser, and the other 
end is the external mirror. The first-order reflection from the grating is reflected back into 
cavity by the external mirror. The cavity length is changed by rotating the reflector around 
a pivot point using a piezo electric actuator. This change results in a wavelength-change. 
There exist two ways to tune the wavelength of the emitted beam: 

• Modulating the current of the diode 

• Modulate the voltage of the piezoelectric actuator 

By changing the current of the laser, and keeping the temperature constant, the wavelength 
changes. On the other hand, the output intensity will vary. Due to a modulation of the 
voltage on the piezo, the intensity will vary too, but not as strong. 
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EXTERNAL CAVITY DIODE LASER 

A.l Tunable laser beam characterisation 

The lasing element is a diode, the cavity functions as a gain medium. In practice, the cavity 
consists of two mirrors, between which the beam is refiected back and forth. The shape of the 
mirrors is critical, but will not be discussed further. A wave owning a wavelength À must fit 
an even number of times in the cavity in order to exist. A longitudal cavity modem emerges 
from the laser in case equation A.l applies. 

L 
m= À/2 (A.l) 

This property of a cavity is very advantageous, because of the cavity the lasing medium is 
a less critical element. In other words, from a lasing medium which radiates a beam having 
a broad range of wavelengths, a cavity can select and gain a narrow band of frequencies. 
Besides longitudal modes, depending on the geometry, transverse modes can exist in a cavity 
as well. These transverse modes are described by T EMxy modes. The x and y are the 
number of intensity regions in the cross section of the beam emerging from the laser. This 
array of intensity regionsis described by x regions wide and y regions high. The flux density 
or intensity distribution of the beam emerging from the tunable diode laser used during the 
project can be characterised by a T EM00 transverse mode, see also figure N.4. A diode is 
characterised by a divergence angle, this is a explanation for the clipping effects seen in the 
output beam. The shape of the output beam is elliptical, see figure N .4. The phase in each 
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Figure A.2: T EMxy mode configurations. The numbers located below each mode correspond to the 
transversal mode. 

region of aT EMxy is offset by 1r radians with respect to its horizontal or vertical neighbours. 
To practice surface interferometry, the intensity profile of the beam emerging from the tunable 
laser is not suited. The preferred intensity profile is Gaussian, without clipping effects. See 
figure A.3 for the intensity distribution of a Gaussian beam. 
In case of an Gaussian profile, the beam is spatially coherent. There are no phase shifts in 
the electric field accross the beam. Therefore the beam emerging from the laser was coupled 
into a polarisation maintianing fiber. The intensity profile of a beam emerging from a fiber 
can be described by a Gaussian profile. The resulting intensity profile of a beam emerging 
from the polarisation maintianing fiber is shown in figure A.4. The intensity profile is clearly 
Gaussian, usage of Gaussian beam opties is allowed. 
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Appendix B 

Phase calculation algorithms 

Common multiple intensity algorithms are: 

• Single interferogram analysis 

• Least squares 

• Carré algorithm 

• Hariharan algorithm 

In this appendix these phase calculation algorithms are descri bed. Besides that, the sensitivity 
due to a phase shift error on the final calculted phase is described. 

B.O.l Single interferogram 

Consider an interferogram produced by the interference of wavefront of the test surface and 
a reference wavefront. As described in section 2.1, the interferogram can bedescribed by: 

I(x, y) = h(x, y) + h(x, y) + 2Jh(x, y)h(x, y)cos(rp(x, y)) (B.1) 

The intensity I(x, y) of the interferogram, having a tilt about x-axis, and a phase rp(x, y) is 
given by equation B.2. The induced tilt results to the generation of a spatial carrier frequency 

Jo. 

I(x, y) = h(x, y) + I2(x, y) 
+c(x, y)e2-rrfox + c*(x, y)e-2-rrfox 

or expressed in the Fourier domain: 

I Jourier =A( u, y) + C(u- Jo, y) + C*(u +Jo, y) 

(B.2) 

(B.3) 

(B.4) 

Where c(x,y) = Jh(x,y)I2(x,y)éP(x,y), u is the spatial frequency in x-direction. The first 
term in equation B.2 represents the mean intensity, the second term the real image and the 
last term the complex conjugate. The last step is transforming back the filtered signal by an 
inverse Fourier transform, and taking the angle of this result; this will give the phase of the 
wavefront. 

( ) (
sin("LJnew(x,y))) (~(l:Inew(x,y))) rp x, y = atan = atan 
cos (l:: Inew(x, y)) R (l:: Inew(x, y)) 

(B.5) 
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PHASE CALCULATION ALGORITHMS 

B.0.2 Phase calculation by least squares 

For a number of N interferograms, where N :2: 3, the phase of the test wavefront can be 
calculated by means of a least squares technique [Rastogi 94]. Equation 2.22 can be rewritten 
into equation B.6. 

I (x, y) = ao (x, y) + a1 (x, y) cos (ai)+ a2 (x, y) sin (ai) (B.6) 

Wh ere: 

ao (x, y) = Io (x, y) (B.7) 

a1 (x, y) = Io (x, y) 10 (x, y) sine(~) cos (ai) = -Io (x, y) 10 (x, y) sine(~) sin (ai) (B.8) 

The phase cp (x, y) can be extracted by solving the following matrix calculation: 

Wh ere 

and 

2:::: cos(ai) 
I: cos2 (ai) 

I: sin(ai)cos(ai) 

(B.9) 

(B.lO) 

(B.11) 

Where I* is the measured intensity. The symmetrie matrix X depends only on the phase 
shifts ai and the number of frames N. Matrix C contains the interferogram data. The salution 
of the vector 

[

ao(x, y)l 
a1(x, y) = a(x, y) = x-1(ai)C(x, y, ai) 
a2(x, y) 

The phase cp(x, y) finally can be calculated by applying equation B.l3. 

_1 [-a2(x, y)] 
cpo(x, y) = tan ( ) 

a1 x,y 

The fringe visibility can be calculated from the intensity data using equation B.14. 

( ) 
Ja1(x,y) 2+a2(x,y)2 

1 x' y = -'----'-a-'-o--,-( x-,-y--,--) ----'--'-----

(B.12) 

(B.13) 

(B.l4) 

The most obvious advantage of least squares phase calculation is the fact that the phase shifts 
do not need to be evenly spaeed and can be spread over a range greater than 271". This type 
of phase calculation is therefore efficient in case the shift size between the frames are known. 
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B.0.3 Carré algorithm 

The reference phase shifts between measurements is treated as an unknown and solved for 
in the analysis. A linear phase shift of 2a is assumed between each step. The four intensity 
frames are: 

h (x, y) 

h (x, y) 
fs(x,y) 

I4 (x, y) 

Io (x, y) [1 + 1 (x, y)]cos (<p (x , y)- 3a) 

I o (x, y) [ 1 + 1 (x, y)] cos ( <p (x, y) - a) 

= I o (x , y) [ 1 + 1 (x, y)] cos ( <p (x, y) + a) 

Io (x, y) [1 + 1 (x, y)]cos (<p (x, y) + 3a) 

(B.15) 

(B.16) 

(B.17) 

(B.18) 

These four equations can be solved for four unknowns, the 3 previous unknowns plus the 
unknown reference phase shift. The solution can be found by expanding these four equations 
and applying the trig identities for sine and eosine of 3a: 

a( x , y) = (B.19) 

Hence the reference phase shift 2a(x, y) can be determined at each point. This allows spatial 
variations of the phase shift to be identified. The solution of the wavefront phase at each 
measurement location is: 

-1 [ ((h- I4) + (I2- Is))] ~.p(x, y) = tan tan (a) (I
2 

+Is)_ (h + I
4

) (B.20) 

or equation B.19 and equation B.20 combined: 

(B.21) 

Advantage Carré algorithm: 

• Phase shifter size does not need to be exactly known. 

• Compensates for errors in the amount of phase shift as well as the spatial variations of 
the phase shift. 

Disadvantages: 

• Nonlinearities in the phase shift introduce large errors in the phase shift. 

B.0.4 Hariharan algorithm 

A linear phase shift of a is assumed between frames. 

h (x, y) 

I2(x , y) 

fs(x,y) 

I4 (x, y) 

Is(x,y) 

Io (x, y) [1 + 1 (x, y)]cos (<p (x, y)- 2a) 

Io (x, y) [1 + 1 (x, y)]cos (<p (x , y)- a) 

Io (x, y) [1 + 1 (x, y)]cos (<p (x , y)) 

Io (x, y) [1 + 1 (x, y)]cos ( <p (x , y) +a) 

Io (x, y) [1 + 1 (x, y)]cos (<p (x, y) + 2a) 
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(B.24) 

(B.25) 
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PHASE CALCULATION ALGORITHMS 

These five equations are expanded and combined to yield: 

tan [~(x , y)] !2- !4 

2sin(a) 2h - h- h 
(B.27) 

Since the choice of the phase shift a is optional, the best method is to minimise the variation 
of this expression to errors in the phase shift. See figure B.l The optimal phase shift size is 

1.5 2 

Phase in radians 

Figure B.l: minimize the variation of this expression to errors in the phase shift. 

approximately 1r /2, which can also be proved by differentiating equation B.27 with respect 
to a: 

!!___ [tan [~(x, y)]] = -cos(a)~(x, y) 
da 2sin(a) 2sin2 (a) 

(B.28) 

Which goes to zero when a = 1r /2. When using this value for the phase shift, the above 
equation becomes insensitive to phase shift size deviation errors and reduces to the final 
algorithm: 

~(x, y) = tan-l [ 2(h- !4) ] 
2h -h - h 

The visibility at each measurement point can be determined: 

B.0.5 Phase shift error 

(B.29) 

(B.30) 

Due to rotational misalignments of the polarisers the actual phase shifts will differ from the 
phase shifts sizes used for calculation of the phase ~- The different algorithms each have a 
different sensitivity to this misalignment. The resulting phase error can be described by a 
first order misalignment: 

2()pl + 2E0pl 

2()p2 + 2E()p2 

2()p3 + 2E0p3 

The sensitivity for this misalignment for four different phase calculation algorithms. 
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(B.32) 
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Figure B.2: Peak to valley shift size error as a function of c: plotted for different algorithms. 

An incorrect phase shift due to a polariser misalignment has no influence on the calculated 
phase in case the Carré algorithm is used. It is assumed however that the size of the error is 
linear with respect to the shift size. A non-linear phase shift error will cause errors. 

Using five frames reduces the phase error by approximately a factor five compared to a four 
frame algorithm. 
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Appendix C 

Intensity profile of a two 
dimensional grating element 

The four first orders emerging from the grating are used. The intensity of the four maxima 
can be compared to the intensity of the other orders by making use of the model described by 
[Cosijns 99]. First diffraction due toa singlegratingis described, next the gratingelement will 
be described. In case equation C.1 applies, Fraunhofer diffraction will occur. Where Ris the 
smallest distance from pointsouree to grating, or grating to projection. The aperature size, 
grating constant, is a, and the wavelength of the used light is À. In this case, the minimum 
distance R should be larger than 3.5 · 10-6m, so Fraunhofer diffraction occurs. 

a2 (4. 72 · 10-6 ) 
2 

R 3 5 10-6 
> ~ = 632.8 · 1Q-9 = · · m (C.1) 

The wavelength of the emitted light by the laser during this project is approximately 632.8 
nm. The principal order and the even orders should disappear due to negative interference. 
The odd orders should encounter constructive interference. 

(C.2) 

The even order elimination of the grating is designed for a wavelength of 670 nm. As men
tioned in [Cosijns 99], diffraction orderscan be cancelled out by chosing an appropriate grating 
thickness !J.z. 

(C.3) 

Where nfs = 1.4560 is the refractive index of the grating material which is fused silica. The 
refractive index of the surrounding air equals na = 1.003. The original wavelengthof the used 
diode laser is 670 nm. In that case the !J.dz becomes 733 nm. The wavelength of the laser 
used in this project is tunable but lies in the region 632.80 - 632.92 nm. Therefore the grating 
thickness for cancelling out even orders is required to be 692 nm. Because of the thickness 
difference due to different wavelengths, theeven orders are only partially cancelled out. The 
intensity profile of a single grating element can be described by: 

() 2l
2 (sin(~klsin0) )

2 

[sin(Nmn)]
2 

I(} = Io-
.\b ~klsin(} sin(mn) 

(C.4) 

2 
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INTENSITY PROFILE OF A TWO DIMENSIONAL GRATINGELEMENT 

Where: 

Io intensity of incident wave 

b = distance from grating to plane of observation 

k wave number 

width of slit 

m order of maxima 

N total number of illuminated slits 

z"" 

Incident beam 

d 

Figure C.l: Diffraction by a phase grating. 

The first term of equation C.4 describes Fraunhofer diffraction of a single slit; the secoud term 
describes interference from N point sources. The intensity profile applies in this manner, when 
all the aperatures are illuminated coherently. If the lightsouree emits incoherent light, no 
interference will occur. A two dimensional grating can be created by positioning two grating 
with their grooves perpendicular onto each other. The intensity distribution of a common 
two dimensional grating can be found by multiplying the equations of two independent one 
dimensional gratings (equation C.4), and can bedescribed by: 

I(B) 

(C.5) 

The grating element designed by [Cosijns 99] cancels out the even and zeroth order by de
structive interference, and consists of two gratings perpendicular. The intensity profile of a 
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Figure C.2: Intensity profile two dimensional grating. 

two dimensional grating, is mentioned in [Cosijns 99] and is given by: 

I(B) = 

Wh ere: 

k 

() 

1/J 

number of illuminated slits in x-direction 

number of illuminated slits in y-direction 

width of slit 
27T 

wave number = >: 
diffraction angle in x-direction 

diffraction angle in y-direction 

(C.6) 

The resulting intensity profile of a 2D-grating element can be found in figure C.3. The number 
of illuminated slits are N = Q = 6, the beam is squared and perpendicular incident onto the 
grating. The grating constant dg is 4. 72 J..tm in both directions. The slit widths h = l2 equal 
half the grating constant dg. The wavelength of the incident light is 670 nm. 
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INTENSITY PROFILE OF A TWO DIMENSIONAL GRATINGELEMENT 

0 
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2 

Figure C.3: Intensity profile two dirnensional grating. 

As mentioned previously, the wavelength of the laser light is not equal to the wavelength for 
which the grating is designed. In order to take this factor into account the amplitude of the 
resulting beam after partial destructive interference can be calculated from the superposition 
of two waves of similar frequency, having an phase difference equal to 1r ~act~al instead of 1r. 

d e st.gn 

See equation C.9. 

Eo1sin(wt + a1) 

Eo2sin(wt + a2) 

Etat = E1 + E2 

The resulting wave can be described as: 

E = Eosin(wt + a2- a1) 

Where the phase a and the amplitude Eo are given by: 

(C.7) 

(C.8) 

(C.9) 

(C.lO) 

(C.ll) 

(C.12) 

The amplitude Eo of the even and zeroth orders after interference is equal to 0.17 times 
the initial amplitude. Because the intensity is proportional to the squared amplitude, the 

130 



intensity after interference is equal to 0.03 times the initial intensity. These results can be 
implemented into equation C.6 to result in equation C.13. 

I(e) 

The intensity profile of the grating in case of a different wavelength is shown in figure C.4. 
The other parameters are kept the same. As can be seen, the first orders are unchanged, 
but the zeroth and even orders are not completely prevented from appearing. Any overlap 
of the projections will directly result in a phase error, and therefore should this overlap be 
prevented from appearing. 

6 

5 

4 
0 ::::: 3 

2 

Figure C.4: Intensity profile two dimensional grating, different wavelength. 
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Appendix D 

Rotating polariser phase shifting 

In this appendix the functioning of a rotating polariser phase shifter is described [Hu 78]. The 
components of this type of phase shifter are a quarter-wave plate and a rotatable polariser. 
At the input of the phase shifter two orthogonal linear polarised beams are required. The 
phase of the reference beam with respect to the test beam changes by an amount of two 
times the rotating angle of the polariser. The system is described by Jones calculus. First 
the orthogonal polarised beams can bedescribed in termsof Jones calculus by: 

Ê· = ei(wot+a) [ Eox ] + ei(wot) [ 0 ] = [ Eoxei(~ot+a) ] 
z 0 Eoy Eoyez(wot) 

(D.1) 

1 2 

Two beams orthogonally polarised are described by term 1 and 2 of equation D.l. The first 
term encorporates a phase lead/lag of a compared to the second term. 
First the beams propagate through a quarter-wave plate, totransfarm the beams from linear 
polarised light into left- and right circular polarised respectively: 

Etest ~( 1 ~i) [ Eox ] i(wt+<p) = Eox [i(wt+<p-%)] [ ei~ ] -i 0 e v'2 e -z-" 2 e 4 
(D.2) 

Eref ~( 1 -i ) [ 0 ] eiwt = Eoy e[i(wt-%)] [ e~~i ] = -i 1 Eoy .;2 et4 
(D.3) 

After the quarter-wave plate, the beams are sent through a rotatable linear polariser. The 
beams are then described by: 

Etest 
[ cas

2
e 

~sin2e 
~s.in2e ] Eox e[i(wt+<p-%)] [ ei%" 
sm2e v'2 e-t4 ] (D.4) 

Eref 
[ cas

2
e 

~sin2e 
~s.in2e ] Eoy e[i(wt-%)] [ e~~i ] 
sm2e v'2 et4 

(D.5) 

Wh ere e is the angle of the rotatable polariser. After the polariser, the beam interfere: 

Etot = E E _ Eox [ case ] i[wot+B+<él] Eoy [ case ] i[wot-o-~J 
test+ ref- M . e e + M . e e v2 sm v2 sm 

_1_ [ case ] IE e[i(-IJ+<p)] + E eli(O-~)]) e(iwot) 
y'2 sine \ ox Oy 

(D.6) 
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ROTATING POLARISER PHASE SHIFTING 

Putting () = wt this equation now becomes: 

E __ 1_ [ coswt ] (E i(-wt+<p) + E i(wt-:n:)) (iwot) 
tot - lP. . t oxe oye 2 e 

v2 s2nw 
1 

(D.7) 

Rewriting of the underlined term 1 in equation D.7 by: 

Where 8 is equal to equation D.9. 

8 
_1 (-Eoxsin(wt- rp)- Eoycos(wt)) = tan 

Eoycos(wt- rp) + Eoysinwt 
(D.9) 

Equation D.7 finally can be rewritten into equation D.10. 

[ 
Ex ] - 1 [ coswt ] E2 + E2 + 2Eo Eo sin(2wt + r('))ei(wot+8) 
Ey - J2 sinwt Ox Oy x Y r (D.10) 

The intensity at the imaging detector can be calculated by squaring the sums of the amplitudes 
of the directions: 

Eox+Eoy . ( ) I = 
2 

+ EoxEoysm 2()p + rp (D.ll) 

As can beseen by equation D.ll, a rotation of the polariser with an angle () will result in an 
phase change of 2(). Summarised, the Jones calculus descrihing the rotating polariser principle 
is equal to: 

(D.12) 

Where T p is the J ones matrix of a horizontal orieted linear polariser, R is a rota ti on matrix, 
()P is the angle of the main axis of the polariser making with the main optical axis and ()qwp 

is the angle between the fast axis of the quarter-wave plate and the main optical axis. 
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Appendix E 

Rotating half-wave plate phase 
shifting 

In this appendix a method is described by which the phase of the reference beam is shifted by 
an amount equal to four times the rotating angle of the half-wave plate. Similar to the rotating 
polariser principle requires this method two orthogonal linear polarisations at the input of 
the phase shifter. One polarisation direction is used as a reference beam, the orthogonal 
component is used as a test beam. The light of both beam passes the phase shifter and is 
finally projected onto a imaging sensor. The componentsin the phase shift are a quarter-wave 
plate, a half-wave plate and a polariser. Two beams orthogonally polarised are described by 
term 1 and 2 of equation E.l. 

1 2 

[ 
Eoxé(wot+a) ] 

E ei(wot) Oy 
(E.1) 

Where wo is the initial frequency, Eox and Eoy are the amplitudes of the orthogonal compo
nents, a is the phase difference between orthogonal components and t is the time. First the 
beams propagate through a quarter-wave plate located at 45°, to transfarm the beams from 
linear polarised light into left- and right circular polarised respectively: 

Etest 1 ( 1 
J2 -i 

1 ( 1 
J2 -i 

-i ) [ Eox ] i(wt+<p) = Eox [i(wt+<p)] [ 1 ] 
1 0 e J2 e -i 

~i ) [ E~ef ] eiwt = ~ eiwt [ ~i ] 

The Jones matrix of a half wave plate at located at e can be described by: 

T, 
4 

o = -i ( cos(2Bhwp) sin(2Bhwp) ) 
hwp, 5 sin(2Bhwp) -cos(2Bhwp) 

(E.2) 

(E.3) 

(E.4) 

The beam propagating from the quarter-wave plate is sent through this component, which 

135 
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results in: 

-i [ cos(2ehwp) sin(2ehwp) ] 
sin(2ehwp) -cos(2ehwp) 

-i [ ~ ] X Eox e[i(w-2w)t+cp] 
'/, y'2 

-i [ cos(2ehwp) sin(2ehwp) ] 
sin(2ehwp) -cos(2ehwp) 

-i [ ~ ] X ~ ei(w+2w)t 

Finally, by passing the beam though a linear polariser the result becomes: 

[ 
1 0 ] . _. [ 1 ] Eox [i(w-2w)t+cp] 
0 0 2 i x y'2e 

-i [ 1 ] X Eox e[i(w-2w)t+cp] 
0 y'2 

[ 
1 0 ] . -i [ i ] X Eoy e[i(w+2w)t] 
0 0 1 y'2 

[ 
1 ] x Eoy e[i(w+2w)t] 
0 y'2 

Summarised the total system becomes: 

(E.5) 

(E.6) 

(E.7) 

(E.8) 

Et = Tp. R(ep). R(-ehwp). nwp. R(fhwp). R( -eqwp). Tqwp. R(eqwp). Ei (E.9) 

By squaring the magnitude of the sum of the amplitudes of both components, the intensity 
distribution results. 

j __, __, ) 2 Eox + Eoy . 
I= \Etest + Eref = 

2 
- EoxEoysm(cp + 4ehwp) (E.lü) 

E.l Phase errors 

The influence of imperfect polarisation components and alignment errors on the phase are 
discussed now. There exist two types of errors: 

• Actual wavelength of beam differs from the design wavelength of the retardation plates. 

• Measurement error due to error in angle of retardation plates. 

In this section it is assumed that all wave plates are of zero order. 

E.l.l Half-wave plate alignment error 

Ideal phase shifting involves known phase shifts. In case the half-waveplateis aligned wrongly 
by an angle of b.ehwp compared to the expected rotational angle, a phase shift error of 4b.ehwp 
will be the result. This error result in a phase error described by equation E.11. 

ai actual =ai ideal + 4flehwp 
' ' 

(E.ll) 

This error is twice as large as a polariser misalignment error using the rotating polariser phase 
shifting technique. 
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E.l Phase errors 

E.1.2 Quarter-wave plate alignment error 

Misalignment of the quarter-wave plate will result in elliptical polarised beams. The phase 
error due to a misalignment of the quarter-wave plate is shown in figures E .1 and E.2. 
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Figure E.l: Phase error due to a rotational 
misalignment of the quarter wave plate. The 
misalignment equals 3 degrees. 

Figure E.2: Phase error due to a rotational 
misalignment of the quarter wave plate. 

E.1.3 Non-ideal retardation plates 

In practice, a retardation plate will be optimised for functioning at a design wavelength. The 
difference between the actual wavelength and the design wavelength of the retardation plates 
will result in a phase error. Forthese simulations a multiple order quarter-wave plateis used, 
and a zero order half-wave plate. The total retardation due toa multiple order quarter-wave 
plate can be described by: 

1 (óv) 1 (ÓÀ) 8 = (2m + - )n - ~ - (2m + - )n -
2 vo 2 Ào 

(E.12) 

The phase error as a result of a wavelength of 630 nm while the design wavelength equals 
632.8 nm is shown in figure E.3 The Peak-to-Valley phase error as a function of a wavelength 
deviation from the design wavelength Ldesign is shown in figure E.4. 
Both the error caused by imperfect retardation plates as the quarter-wave plate alignment 
error depend on the amplitude ratio l4nt of the beams. The rotating half-wave plate phase 
shifting technique involves more components. Besides that, the phase shift error in case of 
an equal rotational alignment error of either the rotating polariser principle or the rotating 
half-wave plate principle is twice as large for the rotating half wave plate principle. Therefore, 
the rotating polariser principle is the preferred method for this specific purpose. The rotating 
half-wave plate phase shifting technique could be a good option when the phase needs to be 
shifted at a high frequency, in a control loop for example. 
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Figure E.3: Phase error due to imperfect re
tardation plates. In case of a wavelength of 
630 nm while the design wavelength is 632.8 
nm, the resulting Peak to Valley phase error is 
equal to 0.08 radians. 
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Appendix F 

Porro prism 

A Porro prism is a beam displacing prism. This is achieved by two internal reflections. The 
state of polarisation of the incident beam is not disturbed in case the polarisation state is 
parallelor normalto the plane of incidence. A Porro prism is preferred above a retro-reflector 
because a retro-reflector could change the polarisation state of the incident beam. This is due 
to the multiple (three) reflections. A schematic view of the prism is given in figure F.l. 

Polarisation 
state 

In Out 

Figure F.l: Porro prism. 
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Appendix G 

Wollaston prism 

In 

In 

Prism 

Out 

+ 
+ 

Prism 

Figure G.l: 3-dimensional view of the Wollaston prism and housingo 

Out 

The length L of the prism (housing included) is 10 millimeter. The outer-diameter R of the 
housing is 25 millimeter 0 The beam separation angle nwoliaston depends on the wavelength 
of the light used and is defined in figure Go20 The polarisation extinction ratio of the prism 
is, according to manufacturer's specifications, 1 ° 10- 6 , in case aperature of prism ~ filledo 
The optie axis of the first prism is located perpendicular to the plane of incidenceo In that 
case no refraction will take placeo The veloeities of both polarisation components is different 
(because of the different refractional indeces) 0 At the boundary of the second prism the two 
components will be separatedo Mainly due to the fact that the optie axes of both prisms are 
perpendicular. The ordinary part is transformed to the extraordinary, the extraordinary to 
the ordinaryo The ordinary and extraordinary components are refracted in opposite directionso 
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WOLLASTON PRISM 

Extraordinary wave 

In Out 

Ordinary wave 

Figure G.2: Definition: divergence angle of a Wollaston prism. 
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Appendix H 

Shiftsize 

Laser 

4 
Polarisers 

Rotatab Ie 
polariser 

Intensity 
detector 

Figure H.l: Determination of polarisers main axis 

See table 6.3 for the results. 

Polariser I Main axis rotatable polariser in deg. I Resulting main axis polariser in deg. 

1 -4.53 85.47 
2 132.83 42.83 
3 46.11 -43.89 
4 89.32 -0.68 

Table H.l: Main polarisation axis orientation. 
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Appendix I 

Diffraction by lens 

1.1 Lens impravement 

In first instanee an uncoated non-diffraction limited lens was used. The beam profile shown in 
figure I.l shows a clear diffraction pattern. During the project an other lens came available, 
which is coated. It is a pigtailed fiber collimator system with an integrated lens. The resulting 
cross-sectional intensity profile after the fibereaupier is shown in figure I.2. The fibercoupler 
is used as a collimating lens in this case. The intensity profile has clearly improved compared 
to the intensity profile due to the first lens. 

Figure 1.1: Intensity profile of the beam using 
a non diffraction limited lens. 
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Figure 1.2: Intensity profile of the beams us
ing a beam collimation system designed by the 
manufacturer of the fiber. 
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Appendix J 

Camera properties 

During the project a commonly available digital camera is used. The camera is an Olympus 
C4040 Zoom, and can be controlled by a computer via an Universa! Serial Bus (USB). A 
picture of the camera can beseen in figure J.l. See table J .l for the specifications. The pixels 
are square, and provide therefore an uniform spatial frequency response in both directions. 
The camera is in fact an sensor and an image processor merged. The processor of the camera 
reads out the sensor and converts it to an image data file. 

Figure J.l: Olympus c4040z 

J .1 Frequency response of camera 

Due to hardware limitations, CCD arrays in digital cameras do not capture the full red, green 
and blue color planes. Instead, a CCD array captures a sparsely sampled image of each of the 
color planes and interpolation is then used to reconstruct the original colors (see figure J .2). 
This interpolation is carried out by the electranies of the camera. The image that is read 
into the computer is therefore an interpolated version of the image exported by the bayer 
patterned CCD array. In figure J.3 an example of an interferogram is shown as it is seen by 
the CCD array, this image is interpolated and the result is shown in figure J .4. Due to the 
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CAMERA PROPERTIES 

Sensor type CCD 
Sensor size 7.18 x 5.32 mm or 2272 x 

1704 pixels 
Total number of pixels 4.1 ·10° 
Number of effective pixels 3871488 
Pixel size 3.2 x 3.2J-Lm 
Image ratio 4:3 
Maximal shutter speed 1/800 second 
Minimal shutter speed 16 seconds 

Table J .1: Properties of digital camera according to manufacturer. 

wavelength of the emitted laser beam, in particular the pixel elements that observe the red 
intensity are used. The other pixel elements only observe an intensity at the dark part of the 
fringes. Setting the output of the camera to grey-level won't give any improvement, before 
the light is projected onto the pixel element it is sent through a color filter. The frequency 

Figure J.2: Bayer pattem positioning of CCD pixel elements. 

response of a digital camera is obtained by the ISO 12233 standard. Using this standard, the 
number of lines (and therefore fringes) resolvable are approximately: 1300 X 1100. 
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Figure J .3: Example of a interfer
ence pattem observed by the CCD 
array. 

J.2 Camera noise and nonlinearity 

Figure J .4: Resulting interference 
pattem after interpolation of the 
bayer pattemed image. 

J .2 Camera no1se and nonlinearity 

There are different noise sourees of the camera. These noise sourees can be classified into two 
types, temporal and spatial noise. Temporal noise is not an important noise souree for the 
instantaneous frames, all the frames are taken at once. Spatial noise however can influence 
the quality of the results. An indication of the spatial noise can be determined by taking a 
image with the sensor covered. The standard deviation of the mean value is an approxima
tion of the amount of spatial noise. Because the intensity of the frames is already matched 
as described in section 6.6.3, there is no real need to perfarm this experiment . An indication 
of temporal noise can be obtained by covering the sensor, to prevent light falling onto it, and 
taking two frames. The differences between the two frames is an indication of the amount of 
noise due to the camera. This is dorre experimentally, the root mean square value of the noise 
is equal to 4 ·10-5 . One bit equals fs- = 0.039, so the noise intensity approximately 0.1% of 
1 bit and is therefore neglectably small. 

Commonly known, CCD cameras exhibit linear response for almost their entire range. 
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Appendix K 

Möller Wedel V-100/P 

Figure K .l: The Möller Wedel V-100/P, figure from [Moeller-Wedel]. 
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MÖLLER WEDEL V-100/P 

Teehuical Data V-100/P 

Measuring principle Fizeau-interferometer with phase shifting 
System accuracy(*) < >./80 PV 

Reproducibility < ,\/ 300 PV 
Test field lOOmm 

Image recording 
CCD-camera 768 x 576 pixels 

ZOOM-objective 1x-6x 
Spatial resolution 768 x 576 pixels 

Data acquisition time 40 ms per image, appr. 1 s for one measurement cycle (5 images) 
Light souree stabilized HeNe-laser À=632.8 nm. 

Table K.l: Commercial interferometer properties according to the manufacturer, from 
[Moeller-Wedel]. 

* The measurement accuracy is mainly d etermined by the accuracy of the r cfe r e n ce surface opties 
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Appendix L 

Determination of phase shift 

There are several methods to obtain the phase shift size between frames. A few of them are 
described in this appendix: 

• Difference between phase maps 

• Use the salution of a in the Carré algorithm 

• Usage of five interferograms betweenthem equal phase steps a 

• Visual match 

• Platting a cross section of an interferogram 

L.l Difference between phase maps 

A suitable methad to calculate the phase shift size between the four instant recorded frames 
is by calculating four phase maps by means of an other phase shifting method, changing the 
frequency of the lasersource. If for each window five frames are recorded, the phase map 
of each window can be calculated by a five steps algorithm, Hariharan's phase calculation 
algorithm for example (see equation 1.1). The difference between the phase mapsin the four 
windows is the shift size between the windows. Possible phase shift errors due to modifying 
the frequency of the lasersouree occur similarly at all four phase maps, this error doesn't 
influence the global phase shift size a between the phase maps. Lens errors influence the 
phase maps though, the amount of error is assumed to be zero in case the reference and test 
surface are untilted. 

-1 [ 2(12 - 14) ] 
rp(x,y) = tan 2fs- h- h 
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DETERMINATION OF PHASE SHIFT 

L.l.l First instantaneous phase shifting window 

Where: 

Ioi(x, y) 

lil (x, y) 

Ji2 (x, y) 

Ji3 (x, y) 

Ii4 (x, y) 

Ii5 (x, y) 

Ioi (x, y) [1 + "fi (x, y)]cos ('P (x, y)) 

Ioi (x, y) [1 + "fi (x, y)]cos ('P (x, y) + (3) 

Ioi (x, y) [1 +"(i( x, y)]cos ('P (x, y) + 2(3) 

Ioi (x, y) [1 + "fi (x, y)]cos ('P (x, y) + 3(3) 

Ioi (x, y) [1 + "fi (x, y)]cos ('P (x, y) + 4(3) 

'Yl (x, y) = 
'P(x,y) 

Local average intensity of frame i 

Visibility of frame i 

phase of interference pattem 

phaseshift to be determined 

(3 relative phase shift caused by tuning the laser frequency 

(L.2) 

(L.3) 

(L.4) 

(L.5) 

(L.6) 

(L.7) 

(L.8) 

(L.9) 

(L.lO) 

(L.ll) 

When this is carried out for each of the four frames, four phase mapsof a surface are calculated. 
From the four resulting phase maps the mean phase shift sizes ai for i= 1, 2, 3 can followingly 
be calculated complex subtraction of a phase map and the reference phase map. 

1.2 Carré algorithm 

The phase shift size also can be determined by four intensity readings using the Carré algo
rithm: 

a(x, y) = (L.12) 

In case five intensity frames are taken with relative phase shifts a, the average consecutive 
phase shift size also can be determined by applying equation L.13. 

1 [1 (h-h)] a(x,y) =cos- 2 14 
_ h (L.13) 

When this is dorre for all data points in the interferograms, the variation of the phase shift 
size can also be determined. Background noise inftuences this shift size too. A convenient way 
to display these calculated results is to show a histogram of the measured phase shifts. The 
width and shape of the histogram provides an easy way of monitoring the amount of spatial 
variations of the phase shift. The phase shift size between five consecutive frames generated 
by tuning the laser frequency are determined by this methad in figure L.l. As can be seen, 
the mean shift size is approximately 99 degrees. 
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Figure L.l: The phase shift size between five consecutive frames. FWHM ~ 4°, maximum number 
of datapoints is located at 99.3° . 

L.3 Visual match 

The phase shift size is determined by changing the voltage on the piezo electric transducer 
until the visual match is obtained. An accuracy of plus or minus a few degrees is possible. 
The first and the fifth frame should be identical, frame 2 and frame 4, frame 3 and frame 5 
should be complementary. The addition of a few tilt fringes makes the analysis easier. 

Figure L.2: First frame Figure L.3: Second frame 
h. h 

L.3.1 Plotting a cross section of an interferogram 

Figure L.4: Third frame 
h 

The intensity comparison can also be dorre by plotting a linear slice across each of these 
interferograms. The curves of the lst and 5th should lie on top of each other. 
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Figure L.5: Fourth frame Figure L.6: Fifth frame 
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Figure L. 7: Intensity across five phase-shifted 
interferograms. The phase shift size is 90°. 

Figure L.8: Intensity across five phase
shifted interferograms. The phase shift size is 
92°. 

L.4 Maximum and minimum intensity of interferogram 

Although not using during this project, but because of it 's elegancy mentioned, a methad to 
calculate the phase shift size by means of the interferogram intensity [Chen]. It only requires 
two interferogram, the phase shift size can be calculated inmediately, the only disadvantage 
holds in case the interferogram hold noise. In that case, the resulting calculated phase shift 
size will not agree with the actual size. 

h(x,y) 

h(x, y) 

Io(x, y) + 1(x, y)cos('P(x, y)) 

Io(x , y) + 1(x, y)cos('P(x, y) +a) 

In case the backgroud intensity and visibility are assumed constant: 

h(x,y) 

h(x, y) 

cos('P(x,y)) 

cos('P(x,y) +a) 
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1.4 Maximum and minimum intensity of interferogram 

The sum of the interferograms is equal to: 

fsum,12 cos(rp(x,y)) + cos(rp(x,y) +a) 

cos( rp(x, y)) +cos( rp(x, y) )cos( a) - sin( rp(x, y) )sin( a) 

[1 + cos(a)]cos(rp(x, y))- sin(rp(x, y))sin(a) 

(1.18) 

(1.19) 

(1.20) 

The maximal intensity substracted by the minimal intensity of Isum, 12 can bedescribed by: 

b..Isum,12 = 2V2 + 2cos(a) (1.21) 

The phase shift size a is separated from the position varying phase rp(x, y) now. In case of 
substraction of the interferograms, the resulting intensity will be equal to: 

fsub,12 cos(rp(x, y))- cos(rp(x, y) +a) 

cos(rp(x, y))- cos(rp(x, y))cos(a)- sin(rp(x, y))sin(a) 

[1- cos(a)]cos(rp(x, y))- sin(rp(x, y))sin(a) 

(1.22) 

(1.23) 

(1.24) 

The maximal intensity substracted by the minimal intensity of Isub,12 can bedescribed by: 

b..Isub,12 = 2j2- 2cos(a) (1.25) 

The global phase shift size is finally described by: 

cos(a) = ' ' 
( 

b..J'1um 12 - b..I;ub 12) 
16 

(1.26) 
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Appendix M 

Matlab files 

Three examples of Matlab files are shown 

• Modeling of rotating polariser phase shifting into Matlab. Introducing an error into this 
modeland camparing the results with an error free model indicates the infiuence of the 
error on the calculated phase. Different m-files are made for each error, for convenience 
only one M-file is presented. Similar models are made for the half-wave plate shifting 
technique. 

• Alignment of the phase maps using the correction procedure. 

• Calculation of the phase using the calibration parameters for each frame. Once the 
shiftsize between the frames is known, the phase can be calculated using the least 
squares technique. If the phase shifts are not exactly known a good alternative is the 
Carré algorithm. 

M.l Rotating polariser Jon es model analysis 

%%%%%%%'i.%%%%%%%Xl:%%%%'i.%%%%%%%%%%%%%%%%%%%%%%%%%%%%%~\%%%%%1.%%%%%%%%%%%%)é%%%%%Y.%%%%%%Y.%%'l.%%%7. 
X%%%%Y.%%%%%%%%%%%%%%%%%%%%%% CaJ.culation of the phasé error due '1.ï~%%%%%%%%"1.%%%%%%%%%%%i~%%%% 

%%%%%%%%%%%%%%%%X%%%%%%X%%%% to a Quarter;;ave plat.e angle error %%Y.%%%%%%%1.%%%%%%%%%%X%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%Y.%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%X%%%%%%%%'!.%%%%%%%%%%%%%%%%%% 
clear all; 
a=1;%ampb.tudG of :fir.st, po1arisar.ion dir.eetion 
b=l ;%amplitude of sscond polarisation direction 
phase=O :pi/100: 2•pi; 
ang_error=3; %angular a1 ign.m.r;nt erroz· of QWP in degrees 
theta=pi/4;%size of the phasG·-shi.ft 
pi2=0: theta :3•theta; %phase shifts 

i'..Alig:ned quarter r.Tav€ plave 
for k=l :lengtb(pbase) 

input2= [a•exp(i•phase(k)) ;b] ; 
for 1=1 :4 
alpba_l=pi2(l); 
al pha_2=pi/ 4; 
R_alpba_l=[cos(alpba_l) sin(alpba_l); -sin(alpba_l) cos(alpba_l)]; 
R.lllinalpba_l=[cos(alpba_l) -sin(alpba_l); sin(alpba_l) cos(alpba_l)]; 
1Lalpba_2=[cos(alpba_2) sin(alpba_2); -sin(alpba_2) cos(alpba.2)]; 
R.lllinalpba_2= [cos (alpba_2) -sin(alpba_2) ; sin(alpba.2) cos (alpba_2)] ; 
P=[l 0;0 0]; 
LQWP=(cos(pi/4)+i•sin(pi/4))•[1 0;0 i]; 
tot=P•R-alpha_l *R...minal pha_2*T _QWP*R-alpha_2* input2; 
I=tot,•tot+tot(1)•tot(2); 
tot2(l)=I; 
end 
phil(k)=atan2(tot2(2)-tot2(4) ,tot2(3)-tot2(1)); 

end 

%Mü~;:;.ligned quartcar ~ave plate 
for k=l: lengtb(pbase) 
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input2=[a•exp(i*phase(k)) ;b]; 
for 1=1 :4 
alpha_1=pi2(1); 
alpha_2=pi/4+ang_error*pi/180; 
R_alpba_1=[cos(alpha..1) sin(alpha_1); -sin(alpha_1) cos(alpha_1)]; 
R..minalpha-1=[cos(alpha_1) -sin(alpba..1); sin(alpha_1) cos(alpha_1)]; 
R_alpha_2=[cos(alpha_2) sin(alpba_2); -sin(alpha..2) cos(alpha..2)]; 
R....minalpha-2=[cos(alpha_2) -sin(alpha_2); sin(alpha_2) cos(alpha_2)]; 
P=[1 0;0 0]; 
LQWP=(cos(pil4)+i*sin(pil4) l• [1 0;0 i]; 
tot3=P•R-alpha_1 •R....minalpha_2•T _QWP•R-al pha_2* input2 ; 
I2=tot3' •tot3+tot3 (1) •tot3 (2) ; 
tot4(l)=I2; 
end 
phi2(k)=atan2(tot4(2)-tot4(4), tot4(3)-tot4(1)); 

end 

%correction par.t for the at.an ambigtüty 
phi1=modphase(phi1) ;%make sure tha:t~ the phase is in tlle range [0,2*pi] 
pbi2=modphase (phi2) ; 

diff=phasesum(phi1,-phi2) ;% pllase error calculat:ion by complex subtrc:lction 
PV=(max(max(diff))-min(min(diff)))/(2*pi) % peak to vall<ay value ç.f <arror 
fontname=' Ari.al'; 
fontsize=12; 
h=plot (phase ,diff I (2•pi) -mean(diff) I (2•pi)) 
hxl=xlabel( 'Phase in radians') 
hyl=ylabel( ·'Phase error (% Wave)') 
hold on 
set(hxl, 'FontName: ,fontname) 
set(hxl, 'FontSize' ,fontsize*1.2) 
set(hyl, 'FonU~ame' ,fontname) 

set (hyl, ; FontSize' , fontsize*l. 2) 

M.2 Alignment of the tilted phase maps 

%%%%%%%%%%%%%%%%%%%%'!.%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%ï.%%%%%%%%%%%%%%%7.%%%%%%%%%;:%%ï.%%%%%%%%%X%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%~{%Matlab file to align tvo frames onto each otller %%%%%%%%%%%%%%%% 
);%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%7;%%%7.%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%~.%%%%%%%%%%%%%%'1.%%%%%%%%%%%%%%%%%%%%%%%%%%X%%%%%ï.'l.%%%%%%%%%%%%%%%% 

clear all 
close all 
clear filena.m.es; 
lambda=632. 8 
dirnames=dir( 1 *. tif '); 
index=zeros(size(dirnames)); 
for jF=l:length(dirnames); 

filenames{jF}=dirnam.es (jF) .name; 
end; 
for jF=l:length(filena.mes); 

end; 

if any(findstr(filenames{jF}, '0. tif ')); 
index(jF)=1; 

end; 

f ilenames=f ilenames (f ind (index)) ; 

for k=l:length(filenames); 
filenam.e=filenames{k}; 
for j=l :5; 

if j==l;clear pic;end; 
fname=f ilename ; 
fname(end-4)=num2str(j-1); 

p=imread(fnam.e); 
if ndims(p)>2;p=rgb2gray(p) ;end; 
whos 
p=p(l :size(p, 1) -mod(size (p, 1) ,2), 1: size(p,2)-mod(size(p,2) ,2)); 
pic(:,: ,j)=p;clear p; 

end; 
YJ3erekening van fasomap 
[f ,a]=faseharm(pic, 1 ,3) ;/.,phase ca1cu1atj_on 

indy=l :size(f, 1); 
indx=l :size(f ,2); 
t:cr.Jord.i:::.;ates of pre--cut imagr~s 

ix1=indx(endl2+ [1: endl2l); 
iy1=indy( [1: endl2]); 
ix2=indx( [1: endl2l); 
iy2=indy( [1: endl2]); 
ix3=indx( [1 :endl2ll; 
iy3=indy(endl2+ [1: endl2]); 
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ix4=indx(end/2+ [1 :end/2]); 
iy4=indy(end/2+ [1: end/2]); 

%compa.r-ison of two phase maps 
f1=f (iy1, ix1); 
f2=f(iy2,ix2); 
%d€ter.mination of ~;lop«1 

[sfx,sfy]=slopefit(f3); 
sf= [sfx sfy]; 

ff3(:.: ,1,k)=f1; 
ff4(:.: ,1,k)=f2; 

ssf(k,: )=sf; 
%dif:f~~nmce b€tW!:~en two phase m.aps is saved 
ddf(:,: ,1,k)=phasesum(f1,-f2,-270/180•pi); 
ï.p.lotting 

M.2 Alignment of the tilted phase maps 

setscreen (2, 2) ; image se ( [f1 f2 ; phasesum.(f 1, -f2) modphase (f1-f2)]) ; co lorbar; 
title(180/pi•angle(sum(exp( i*(phasesum(f1 (:), -f2(:)))) ) ) ) ; 

end; 

%arranging thG t1lted pbas:e ru.aps from zero to increasing tilt 
pos=ssf(: ,l)+i*(ssf(: ,2)); 
Conni=[]; 
for jp=l :length(pos); 

[ans, ind]=sort(abs(pos(jp) -pos)); 
Conni=[Conni; [jp ind(2)]; [jp ind(3)]]; 

end; 
Conni=[Conni;fliplr(Conni)]; 

%From th«l c«mtf.1r(m.inimal tilt) the diffenmces between the phasr~ maps is 
%tmw-r<~pped 
[ans ,ind]=min(abs (pos-mean(pos))); 
indDone=ind; 
indNotDone=:setdiff ( 1: length(pos) , ind.Done) ; 
ddLout=dd.f ; 
while -isempty(indNotDone); 

for jp=l:length(indDone); 

ind.NotDone=setdiff ( 1: length(pos) , indDone) ; 
[distance, ind2] ==min (pos (indDone(jp)) -pos (indNotDone)) ; 
ind=ind.NotDone(ind2); 
if -isempty(ind) k any(intersect(Connl, [indDone (jp) ind], 'rows;)); 

% 

end; 

[ddf (10,10 ,1,ind) ddf(10,10 ,1, indDone (jp)) ddf (10 ,10 ,1, ind) -ddf (10 ,10 ,1, indOone(jp)) l 
[ind indOone(jp)] 
dd.f_out(:,:,1,ind) = ddf_out(:,:,1,indDone(jp)) + modphase(ddf(:,:,1,ind)-dd.f(:,:,1,indDone(jp)) ); 
indDone=unique( [indDone; ind]) ; 
hold off; elf; 
plot3(ssf (:, 1), ssf (: ,2) ,squeeze(ddf_out(10, 10,1,: )) ) ;hold on; 
plot3(ssf (indDone ,1) ,ssf (indDone ,2) ,squeeze(ddf_out(10,10,1, ind.Done)), 'b*'); 
plot3(ssf (ind,1) ,ssf (ind,2), squeeze(dd.f_out(10, 10,1, ind)), 'r*'); 
drawnow; 
pause 

end; 
end; 
1.Viewing the phase. correction as a in.nct~ion of the tilt 
button=1; 
while button-=3; 

setscreen(1,1) ;imagesc(ddf(:,:,: ,1)); 
[gx,gy ,button] =ginput (1); 
gx=round(gx) ;gy=round(gy); 
setscreen(2,2) ;plot3(ssf (:, 1) ,ssf (:, 2), squeeze(ddLout(gy ,gx, 1,:)), '. '); 
drawnow; 
setscreen(1,1); 
% ca;•neramenu; 
elf; 

end; 
paus a 

ï~Calculat:i.on of correction factors a and h by f.i.ttJr1g a lêast squar~s plane 
a=nan*ones( [size(ddf, 1) size(ddf ,2)]); 
b=a;c=a; 

close all 

for jx=1:size(ddf,2); 
for jy=1:size(ddf,1); 

[out ,abc] =surfmin(ssf (:, 1) ,ssf (: ,2), squeeze(ddf_out(jy ,jx, 1,:))); 
a(jy ,jx)=abc(1) 
b(jy,jx)=abc(2) 
c(jy,jx)=abc(3) 

end; 

end; 
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M.3 Retardation error of quarter-wave plate 

%i~%%%i~i:%%%%~~%%%%%%%i~%%%%Y.%%%%%%%%1.%%%%%%"1.%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%ï.J~%%%1;%%%%%%%%i~ 
%%%%%~{%%%%%%%%%%%%%%%%%%%%%%%Ca1cul~t:ion of th~ phase error du.;:%%%%%%%%%%%%%%%%1.%%%%%%%%%%% 
%%%%%%%%/:%%%%%%%%%%%%%%%%%%%%to a Quarterwave plate r0tard~rtion er.ror '1.%%%%%/;"'.i~%%%%%%%%%%%% 
%%%%%%%:,%%%%%%%%%%%%%%%%:~%%%%%%%%%%1.%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%l:%%%%%%% 

figure 
clear all; 
close all 
a=1;%am.plitude of first polarisation direction 
b=1;%amplitnde of secend poJ.a.risat.icn directJon 
phase=O: pi/50: 2•pi; 
theta=pi/4;%size of th<a phase-sllift 
pi2=0 :theta: 3•theta; 
ret_error=-0. h2•pi; 
r:ictea1 Quarter-wave plave 
for k=1:1ength(phase) 

input2= [a*exp(i*phase (k)) ; b] ; 
for 1=1 :4 
a1pha_1=pi2(1); 
al pha_2=pi/ 4; 
R_a1pha_1=[cos(alpha_1) sin(a1pha_1); -sin(alpha_1) cos(a1pha_1)]; 
R..minalpha_1=[cos(alpha_1) -sin(alpha_!); sin(alpba_!) cos(alpha_1)]; 
R_a1pha_2=[cos(alpha..2) sin(a1pha_2); -sin(a1pha_2) cos(a1pha_2)]; 
RJilina1pha_2=[cos(a1pha_2) -sin(alpha_2); sin(alpha_2) cos(a1pha_2)]; 
P=[1 0;0 0); 

end 

LQIIP=(cos(pi/4)+i*sin(pi/4) )• [1 0;0 i]; 
tot=P*R-alpha_l *R....minal pha_2*T _QWP*ILalpha_2*input2; 
I=tot 1 *tot; 
tot2(1)=I; 
end 
phi1(k)=atan2(tot2(2)-tot2(4), tot2(3) -tot2(1)); 

a=l ;%amplitud;a of first polar.isation din~ction 
b=1.1; %am.pli tuàe of se<.:ond polarisation direction 

%NON··.ideal qu.arter wave plate 
for k=1 :1ength(phase) 

input2=[a*exp(i*phase(k)) ;b]; 
for 1=1:4 
a1pha_1=pi2(1); 
alpha_2=pi/ 4; 
phi=pi/2+ret_error; 
R_a1pha_1=[cos(a1pha_1) sin(a1pha_1); -sin(a1pha_1) cos(a1pha..1)]; 
R..minalpha_l=[cos(alpha..l) -sin(alpha_!); sin(alpha_l) cos(alpha..1)]; 
R_a1pha..2=[cos(a1pha_2) sin(a1pha_2); -sin(a1pha_2) cos(a1pha_2)]; 
R...minalpha_2=[cos(alpha_2) -sin(alpha_2); sin(alpha_2) cos(alpha-2)]; 
P=[1 0;0 0); 
T _Q\IP= [exp( -i*phi/2) • ((cos (a1pha_2) -2)+exp(i•phi) •sin(a1pha_2) -2) -i•sin(2•alpha_2) •sin(phi/2) ; 

-i•sin(2•a1pha_2) •sin(phi/2) exp( -i*phi/2) • (exp(i•phi) •cos (alpha..2) -2+sin(a1pha_2) -2)] ; 

tot3=P*R-alpha_1 *T _QWP*input2; 
I2=tot3, *tot3; 
tot4 (1) =!2; 
end 
phi2(k)=atan2(tot4(2)-tot4(4), tot4(3)-tot4(1)); 

end 

%correction part for the atan am.biguity 
% xl=find(phil>O. 97•pi) 
% :<.2:::f ind(phi2>0. 97*pi) 
% for r:::·xJ(1):1.:1ength(phi1) 
% phi1(r)::-phi1(r)···2*pi; 
%end 
% for rmx2(1): 1 :length(p11i2) 
% ph.i2:(r):~ph.i2(r)-2*pi; 

% end 

diff=unwrap(phi 1) -unwrap(phi2) ; %error 
rms=norm(diff)/ (sqrt(length(diff))) % root mean square 
PV=(max(max(diff) )-min(min(diff))) % p~H1k to valJ.Hy -.~al ut~ of error 

fontname=' Arial'; 
fontsize=18; 
h=p1ot(phase,diff), axis tight 
hxl=xlabel ( 'Phaset in radians') 
hyl=ylabel( 'Phase error in radians 1 ) 

hold on 
set(hxl, 1 FontNa:me' ,fontname) 
set(hxl, 'FontSize' ,fontsize) 
set(hyl, 'FontName' ,fontname) 
set(hyl, 'FontSize 1 ,fontsize) 

'i,; De ná.a."D. van .het font dat gebruikt moet worden. 

% Font X labr~l 
% Groott<?. font X label (t, 2x standaard grootte) 

% Font Y label 
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M.4 Instant phase calculation 

close all 
clear all 
;: read a set of insta.:.J.t taken :i.r.rt;erferomgn!l.i11B 
t=double(imread( 'precut.int.er:ferogr.ams. tif')); 
N=4;Y.number of intensii~y readings 
phil=[] ;al=[] ;a2=[] ;a3=[]; 
delta=[O 90/360*(2*pi) 180/360*(2*pi) 270/360*(2*pi)]; %shiftsizr~ between framet; 

indy=l :size(t, 1); 
indx=l: size ( t, 2) ; 
%sf;pan~te the f our inter.f erograms 
ixl=indx(end/2+ [1: end/2]); 
iyl=indy( [1: end/2]); 
ix2=indx ( [1: end/2]) ; 
iy2=indy( [1: end/2]); 
ix3=indx( [1: end/2]); 
iy3=indy(end/2+ [1: end/2]); 
ix4=indx(end/2+ [1: end/2]); 
iy4=indy(end/2+ [1 :end/2]); 
%.load the correction parameters for ~lach frame 
load corrl 
al=a;bl=b; 
load corr2 
a2=a;b2=b; 
load corr3 
a3=a;b3=b; 
load corr4 
a4=a;b4=b; 

pic1=t(iy1,ix1); 
pic2=t (iy2, ix2) ; 
pic3=t(iy3,ix3); 
pic4=t (iy4, ix4) ; 
%show the unmatclled int~~rferograrus 

figure 
subplot(2,2, 1), subimage(picl/255), title(' 1') 
subplot(2,2,2), subimage(pic2/255), title(' 2') 
subplot(2,2,3), subimage(pic3/255), title(' 3') 
subplot(2,2,4), subimage(pic4/255), title( '4;) 

[xl,yl]=size(picl); 
x=l:xl; 
y=l:yl; 
[gridx,gridy]=m.eshgrid(y,x); 
xal=gridx+al; 
xb1=gridy+b1; 
xa2=gridx+a2; 
xb2=gridy+b2; 
xa3=gridx+a3; 
xb3=gridy+b3; 
xa4=gridx+a4 i 
xb4=gridy+b4; 
%interpolat<a the matched intens:i.ties using h:Uinear inttarpol.at:ion 
corr11 = INTERP2(y,x,pic1,xa1,xb1, 'linear') i 
corr21 INTERP2(y,x,pic2,xa2,xb2, 'linear'); 
corr31 INTERP2(y,x,pic3,xa3,xb3, 'linear'); 
corr41 INTERP2(y,x,pic4,xa4,xb4, 'linear'); 

picLaligned=corr11; 
pic2_aligned=corr21; 
pic3_aligned=corr31; 
pic4_aligned=corr41; 
%plot the mai~ched int.r~rferogra.:~s 

figure 
subplot(2,2,1), subimage(picLaligned/255), title (' 1 ') 
subplot (2,2, 2) , subimage (pic2-aligned/255) , ti tle (' 2') 
subplot(2,2,3), subimage(pic3_aligned/255) ,title( '3') 
subplot(2,2,4), subimage(pic4_aligned/255), title ( '4') 

%Y.%%%%%%%%%%%%%%%%%%%%%%%1.%%%%%%%%%%%%%%%%%%%%%%1.%%%%%%%%%%%%%%%%%%%%%%%%%1.%%1.%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
~~%%%%%%%%%%%%%'ti:%%%%kt.k1. Calculatioll of t.ht~ ph::.u~e map using %%%%%%%%%%%%%"!~%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%Y~%%%%%%%%%%%%%%% least squa.res ~~%%%~~%%%%%%%%%%%%%%%%%%%%%%%%%~!.%i~% 
%%%%%;~%%%%~{%%%%%%%%%%%%%%~\%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%)~%%%%%ï.%%%%%%ï~i~%"1~%% 

LO=picLaligned; 
r_1=pic2_aligned j 
I_2=pic3_aligned; 
!_3=pic4_aligned; 

[x,y]=size(LO); 
Xll=N; 
X12=cos (delta(l))+ cos (delta(2) )+cos (delta(3) )+cos(delta(4)); 
X13=sin(delta(1) )+sin(delta(2) )+sin(delta(3) )+sin(delta(4)); 
X21=cos (delta(l) )+cos (delta(2) )+cos (delta(3)) +cos (delta(4)); 

163 

M.4 Instant phase calculation 



MATLAB FILES 

X22=(cos(delta(1))) -2+(cos(delta(2))) -2+(cos(delta(3))) -2+(cos (del ta(4))) -2; 
X23=sin (delta( 1)) •cos (delta (1)) +sin(delta(2)) •cos (del ta(2) )+sin(delta(3)) •cos (del ta(3)) +sin(delta(4)) •cos (delta( 4)) ; 
X31=sin (delta( 1)) +sin(delta(2)) +sin(delta(3)) +sin (del ta(4)) ; 
X32=cos (delta(1)) •sin (delta (1)) +cos (delta(2)) •sin (delta(2)) +cos (delta(3)) •sin(del ta(3)) +cos (del ta(4)) •sin(del ta( 4)) ; 
X33=(sin(delta(1))) -2+(sin(delta(2))) -2+(sin(delta(3))) -2+(sin(del ta(4))) -2; 
X=[X11 X12 X13;X21 X22 X23;X31 X32 X33]; 
for j=l :x 

for i=l :y 
c1=LO(j ,i)+L1(j ,i)+L2(j ,i)+L3(j ,i); 
c2=LO(j, i) •cos(delta(1) )+L 1 (j, i)•cos(delta(2) )+L2(j ,i)•cos(delta(3) )+L3(j, i)•cos(de!ta(4)); 
c3=LO(j, i)•sin(delta(1) )+L 1(j, i)•sin(delta(2) )+L2(j, i)•sin(delta(3) )+ L3(j, i)•sin(delta(4)); 
c=[c1;c2;c3]; 

end 
end 

a=inv (X) *C; 
aO(j, i)=a(1); 
a1(j, i)=a(2); 
a2(j, i)=a(3); 
f..aligned(j, i)=atan2(-a(3) ,a(2)); 
%gamma(j. i)=1>qrt(a(2) -2+a(3) -2) /a.(:l.); 

imagesc(f_aligned), title ( 'Phase ma.p') 

f_aligned2=histlevel(f_aligned, '1'); ï. When necessary, remov~! higher order lJar.mo:nics 

figure 
SUBPLOT(! ,2, 1), imagesc(f_aligned), title( 'Uncorrected') 
SUBPLOT(1,2,2), imagesc(f_aligned2), title( 'Corrected ') 

fuw=unwrap2d(f_aligned) ;i'~umrrapping çf phase map 
mesh(fuw_aligned), title( 'Unwrapped phase map') 
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Appendix N 

Tunable laser data sheets 

Oîodo Sot hmpvraliHO t•C) 11LQ.Q 

Power vs Cuttont Laoor Opon<ling Currant (mA) ~~ 
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Figure N.l: Datasheet Newfocus Vortex laser part 1. 
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Figure N .2: Datasheet Newfocus Vortex laser part 1. 
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632 . 72-1 1 1 1 1 1 

0 0 10.0 20.0 30 .0 40 0 50.0 Gö.O 70.0 80 .0 90.0 100.0 

[VI 

Figure N.3: Datasheet Newfocus Vortex laser part 1. 
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TUNABLE LASER DATA SHEETS 

New Focus Model60XX Tunable Diode Laser 
Acceptance Test Data Sheet 

Laser Head Serial No.: 

Controller Seria! No.: 

Wavelengch Range: 

Operating Temperature: 

Operating Current: 

Front P:~nel Check List 

Power Key Switch and Indicat?r 

Laser Power Push Bunon a.nd LED 

PZT Control and Display 

Current Control and Display 

Local/Remate Control 

Back Panel Check List 

Aux.iliary Input 

Frequency Modu!ation Input 

Current Modulation Input 

LaserHead 

High Freq.uency Current Modulation 

Head EPROM Programmed 

Remote Access 

OPIB 

RS232 

Conducted by Date 

to ":>.z. · 85 nm 

_ __:..:\ 16::......-:· o __ oe 
_ __;;.5::;.;:._> __ mA 

. ./ 

\o{\s{Q3 

!:\Document control released\Procedure\6!)0000DS·01.DOC Rcv . A 3l27/0J 

Figure N .5: Datasheet Newfocus Vortex laser part 3. 
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lil NEW Focus· 

Vortex Laser Job File Order Date: 9/30/03 
Customer Jnf11rmation 

Company; APPLIEP LA5fR TECHNO!&GY CIIStomer PlO #: 15031006-UN-IUN 

End User Ellv De Groot ÇQ~:~ 

Pb.'Fu/Emuil: +31499l7537SI+3149937S)73 ~qulli'ted Ship Dat•: ! !17!1!3 

Performance Requirements: 

Prl<« S9.2l5.00 Sch<dule<l Sbip Dato:-----

!Z/Standard 0 Built ro Order Diode TYJl<: -------

Vortex Cente-r \Vavdeng.th: (in Yacuutn)! 632#80 nm 

Custunt OpÜQUJ~ 

I 
Cord Set Rtquired· 
(Check Onc IW:<J 

. 0 Nonh ,\menc• Cvrd S<t 
l 0 Brilî.'öh Cord Set 
l 0 ltalion Cord Set 
0 Japanese Cord Set 

§ Ccntr.>l Euro~ Conl Se~ 
0 lntem•tlonal (Genen!) Cnrd Set 

(Ciret:k One l1ox) 
,

1

. Volfltll~ Rtqu.ired: 

i 0 H)Q -1~5V, bQ H• ()pcrat~<>n 

I
. O® 200 - 220V, 50 Hd)pcraü"" 

l OOV, 50 Hz Opera ti on 

l_ ________________________ j l ____ _____, 
CritiçaJ Cu$lllll!er Criteria: 

L=er· Sol <!!i 1<> conj'inn Je.:uihtlüy anti timing wilh Prwuct ,I!.Jnagor. aml then return lo CSR 
Lllnr Sa«:. Approvol: Manutocluring Approval: 

Manufacturing lnformation: 

Actu•l Ship Dote: ! 0 (t s..l Cl> 

Waveltngth (mln): b :72.. Î ~ 

Covily T enltlOI'llturo: I 'i(· 0 

Openuiog Currtnt: .SS 
'C 

m• 

Law-1 Lab to mainta.in ~ascr job file in syste:n fik. 

l>lodt Ttmporotur<1 ,..~~, •ç 

Tbr .. lloldCurnnt: !:lo.o~" @'}L.$0nm 

Dato: __ _,\.::0.:.{..;.\ ;;;.S._,.(_~_!> ___ _ 

Figure N.6: Datasheet Newfocus Vortex laser part 4. 
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Appendix 0 

Polarizer data sheet 

Figure (0.1) and table (0.2) shown in this appendix, are the manufacturer's specifications 
of the polarizers. This type of polarizer is used to construct the four polarizers at different 
angles. 

~ 
V'l z 
I.IJ 
c 
....J 
~ 
u 
t-
0.. 
0 

6 

5 

4 

3 

2 

1 open (Ao) 

350 400 450 500 550 600 

WAVELENGTH IN NANOMETERS 

Figure 0.1: Polarizer's specifications by manufacturer. 
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POLARIZER DATA SHEET 

SPECIFICATIONS: DICHROIC SHEET POLARIZERS 

Wavelengtil Range: 350-650 nm 

Transmission (Ratio ofTotal OutputtoTotal 
Unpolarized Input): ~ (k1 +ky = 32'~-{. 

Open Transmission for Pair ofPolarizers (H0): ~20% 

Extinctîon Ratio (H90): 

1 o-4 for visible white light, closed pair of polarizers 

Useful Field Angle: 90° (can be used al grazing incidence) 

Diameter: q,±0.25mm 

Thickness: t±0.5mm 

Surface Quality: 80-50 scratch and dig 

Mounting: 
Between t\'<'O glass discs. hermetically mounted in a black 
anodized aJuminurn ring: polarization plane of maximum 
transmission indicated by engravings on the outside edge 

Figure 0.2: Polarizer's specifications by manufacturer continued. 
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