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Preface

This thesis describes the initial steps in the development of a novel instrument to

measure the figure of concave, optically smooth and reflecting aspherical surfaces,

with an accuracy that yet can not be achieved with other instruments. Here, the

term ‘figure’ refers to the low–spatial frequency variations of the surface height.

The novel instrument is specifically intended to aid in the manufacturing of mir-

ror substrates for extreme-ultraviolet lithography (euvl), the lithography tech-

nology that probably will be used for the production of integrated circuits with

feature sizes of 50 nm and smaller as from the year 2010. 

Chapter 1 starts with a general description of the euvl technology. Subse-

quently, the specifications for the novel instrument are derived. These specifica-

tions will be used in subsequent chapters as targets in the development of the

novel instrument. Some of these specifications, such as the required measurement

range and accuracy, are derived from the specifications for the end product of the

polishing process, i.e. the specifications for the euvl mirrors. Other specifica-

tions, such as the required spatial frequency range and the allowable measure-

ment time, are derived from the role of the novel instrument within the polishing

process. The two most important conclusions of this chapter are that (i) the sur-

faces under test will be strongly aspherical and (ii) the rms value of the error in

the measured surface figure should be smaller than 80 pm. 

Chapter 2 evaluates the suitability of various existing methods for the meas-

urement of the figure of euvl mirror substrates, such as two-beam interferom-

eters and optical probes. Special attention is paid to the multitude of calibration

and correction procedures for two-beam interferometers. The reason is that to-

day’s state-of-the-art figure measurements heavily rely on these procedures to re-

duce the error in the measured surface figure that is caused by errors in the

auxiliary optics in the interferometer. 

One of the conclusions of the evaluation will be that the existing methods are

not sufficiently accurate. Another conclusion will be that it is worthwhile to study

the feasibility of developing a new type of interferometer, based on the principle

of omitting the auxiliary optics in the interferometer. By omitting the auxiliary

optics, the errors introduced by these auxiliary optics are also omitted and the ac-

curacy of the interferometer does not depend anymore on the accuracy of such

calibration and correction procedures. 

In Chapter 3, we will present the novel interferometer, of which the design is

based on the principle of omitting the auxiliary optics. This chapter introduces

shortly the various systems of the novel interferometer: the light source system,

the optical system, the detection system which comprises a two-dimensional de-
xi Preface



tector array, and a computation system. The optical system comprises only two fi-

bre tips (used as point sources to generate spherical wavefronts), the surface

under test, and a detection plane; it does not comprise any auxiliary optics such

as a beam splitter or projection system. 

Due to the absence of a projection system, the figure of the surface under test

can not be computed simply from the variation over the detection plane of the

phase of the beam reflected by the surface under test. Instead, the surface figure

has to be computed by simulating the propagation of the reflected beam from the

surface under test to the detection plane. 

In Chapter 4, several aspects of the optical system are discussed in more detail,

such as the effects of diffraction at the edge of the mirror substrate, the accuracy

with which the fibre tips and the surface under test have to be positioned in rela-

tion to the position of the detection plane, and the asphericity of the wavefronts

generated by the fibre tips. 

In Chapter 5, we derive specifications for the geometry of the two-dimension-

al detector array, such as the number of detectors, the detector size, and the al-

lowable error in the positions of the detectors. 

Chapter 6 discusses the light source and detection systems. The task of these

systems is to measure the optical path difference (opd) between the interfering

reference and object beams, as a function of the lateral coordinates in the detec-

tion plane. At the position of each detector in the detector array, that opd has to

be measured with an accuracy of 0.1 nm. In addition, the opd measurement range

has to be 3 mm, as will be derived. 

We evaluate the suitability of various opd measurement methods, such as

phase shifting interferometry and two-wavelength interferometry, and the suita-

bility of various detector array types, such as ccd sensors and active pixel arrays.

Based on this evaluation, we propose to use a combination of the phase modula-

tion (also known as heterodyning) and frequency modulation methods and to

use an active pixel array as detector array. The implementation of these methods

is described in detail. 

Chapter 7 presents the experiments that have been performed. These experi-

ments are mainly intended to show the feasibility of the light source and detec-

tion systems, which are described in Chapter 6. An experiment with a single point

detection system demonstrated that the opd can be measured with an accuracy 0f

0.1 nm. 

In Chapter 8, conclusions will be drawn and recommendations for future re-

search will be given.
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1 Introduction

This thesis describes the initial steps in the development of a novel instrument to

measure the figure of concave, optically smooth and reflecting aspherical surfaces,

with an accuracy that yet can not be achieved with other instruments. Here, the

term ‘figure’ refers to the low–spatial frequency variations of the surface height. 

The novel instrument is intended to be used during the manufacturing of

aspherical lenses and mirrors. It measures the figure of the surface of the lens or

mirror after each step in the iterative polishing process. The measurement results

are used to steer the polishing machines during the next polishing step. With to-

day’s state-of-the-art polishing techniques, such as computer controlled polish-

ing [1] and ion beam polishing [2], the accuracy of the figuring of aspherical

surfaces is not limited by the polishing process. Instead, the figure accuracy is

limited by the accuracy with which that figure can be measured. Consequently, an

increase in the figure accuracy can only be achieved via improvements in the in-

struments that measure the figures of the aspherical lenses and mirrors. 

Several applications require aspherical lenses or mirrors with figure accura-

cies that can not be attained with the technology available today. One of these ap-

plications is extreme-ultraviolet lithography (euvl), the lithography technology

that probably will be used for the production of integrated circuits (ic’s) with fea-

ture sizes of 50 nm and smaller as from the year 2010 [3]. The euvl systems are

based on projection systems composed of aspherical mirrors. The novel instru-

ment described in this thesis is specifically intended for the measurement of the

figures of the substrates of these mirrors. 

Other applications for which aspherical surfaces have to be manufactured

with a high accuracy are the National Ignition Facility (nif) [4][5], the Laser

Interferometer Gravitational Wave Observatory (ligo) [6]–[8], and the Optical

Aperture Synthesis systems planned for planet detection by means of nulling

interferometry [9][10]. The requirements on the figure accuracy of the optical

surfaces for these projects are comparable to the requirements on the mirror sub-

strates for euvl. 

The structure of this chapter is as follows. In Sections 1.1–1.3, a general description

of the euvl technology is presented. Section 1.1 describes the position of euvl
within the framework of present and future lithography technologies. This de-

scription underlines the importance of euvl for the future of integrated circuits

and therefore, the importance of the development of an instrument which can

measure the figure of the aspherical euvl mirrors with the required accuracy.
1 Introduction



Section 1.2 will present the principles of euvl in more detail. The present state in

the development of euvl systems is described in Section 1.3. 

In Sections 1.4–1.8, the specifications for the novel instrument are derived.

These specifications will be used in subsequent chapters as targets in the develop-

ment of the novel instrument. Some of these specifications, such as the required

measurement range and accuracy, are derived from the specifications for the end

product of the polishing process, i.e. the specifications for the euvl mirrors. Oth-

er specifications, such as the required spatial frequency range and the allowable

measurement time, are derived from the role of the novel instrument within the

polishing process and its role within the measurement procedure executed after

each step in that process. In addition to the instruments that measure the low–

spatial frequency figure of the surface, this measurement procedure also involves

instruments that measure the mid– and high–spatial frequency surface devia-

tions. 

Section 1.4 describes the various designs of the projection systems to be used

for euvl. Section 1.5 derives the specifications for the aspherical mirrors of which

these projection systems are composed. Section 1.6 presents an overview of the

different instruments that are used to characterize the mirrors of euvl systems

and specifies the role of our instrument within the measurement procedure.

Section 1.7 describes the potential role of our instrument within the polishing

process and the specifications for our instrument that result from this role.

Section 1.8 summarizes the specifications that were derived in Sections 1.5–1.7.

The structure of this thesis is outlined in Section 1.9. 

Readers who are only interested in the novel instrument itself, not in its applica-

tion, are advised to skip Sections 1.1–1.7 (with a total length of about 35 pages) and to

read only Sections 1.8 and 1.9 (with a total length of about 2 pages).

1.1 Next generation lithography technologies

Lithography is the process in semiconductor manufacturing in which patterns,

specific for a particular chip design, are projected onto silicon wafers. Optical li-

thography has been the standard of the semiconductor industry for three dec-

ades, but is nearing the end of its effectiveness. Current leading-edge

semiconductor manufacturing facilities use optical lithography tools with light

wavelengths of 248 nm to create ic’s with 180 nm feature resolution. This technol-

ogy is called deep-ultraviolet lithography (duvl). 

The requirements for future lithography technology, according to the Semi-

conductor Industry Association’s International Technology Roadmap for Semi-

conductors [3], are listed in Table 1.1. The values for the various technology nodes

are the values of the dram half pitch, which is the line width of a dense line pat-

tern.

The question is what lithography technologies can be used to achieve these

values. Light sources with wavelengths of 193 nm in combination with other de-

sign and manufacturing innovations are expected to extend optical lithography to

ic feature resolutions of 130 nm or possibly 100 nm. Research is conducted to use
2 Introduction



157 nm to push optical lithography even to 70 nm. That technology is called vacu-

um-ultraviolet lithography (vuvl). 

Below these feature sizes, new approaches are needed. At least five approach-

es, called the Next Generation Lithographies (ngl), have demonstrated feasibili-

ty and are in various stages of subsequent research and development. These are

• x-ray proximity lithography (xpl) [11]–[13], 

• electron-beam projection lithography (epl) [14]–[16], 

• ion-beam projection lithography (ipl) [17][18]
• extreme-ultraviolet projection lithography (euvl) [19][20], 

• electron-beam direct write (ebdw) [21]–[23],

• electron-beam cell-projection (ebcp) [24]. 

The applicability of these technologies for the various technology nodes, accord-

ing to [3], are listed in Table 1.2. Note that Reference [3] does not make a distinc-

tion between ebdw and ebcp.  

The technologies shown in Table 1.2 are the potential solutions for the various

technology nodes. We now consider which of these solutions are preferred by the

semiconductor industry. The participants of the International sematech work-

shop on ngl in December 1999 [25], specified euvl as their top preference for the

50 and 35 nm technology nodes. The reasons are the extendibility of euvl, the

world-wide support and the good fit to the existing technology base. Therefore,

chances are high that euvl will become the most important lithography technol-

ogy as from the year 2011. 

1.2 Extreme ultraviolet lithography

This section describes the principles of the euvl technology. euvl is basically an

optical lithography technology, only the wavelength is decreased. Therefore, we

will describe euvl as the next step in the evolution of optical lithography. 

Table 1.1 Future lithography technology requirements [3].

Year of first 
shipment

Technology node Field size dram Capacity

[nm] [mm � mm] [Gbit]

1999 180 25 � 32 1

2002 130 25 � 36 4

2005 100 25 � 40 16

2008 70 25 � 44 64

2011 50 25 � 52 256

2014 35 — 1024
3 Extreme ultraviolet lithography



The basis components of an optical projection lithography system are a

source, a condenser (to collect the source radiation and direct it onto the mask), a

reticle containing the pattern to be printed on the wafer, a reduction projection

system that images the mask onto the silicon wafer, and the metrology tools to

achieve proper lateral and vertical positioning of the waver. 

The smallest feature size, referred to as the resolution R, that can be printed

by these systems is proportional to the exposure wavelength Λ divided by the nu-

merical aperture NA of the projection system:

. (1.1)

The constant of proportionality, the so-called k1 process factor, is an empirical

factor which depends on resist properties, use of reticle enhancement technolo-

gies (ret)—such as optical proximity correction patterns and phase shifting fea-

tures—and the illumination properties of the condenser. 

As can be seen in Table 1.3, extending optical projection lithography has be-

come dependent upon decreasing the k1 factor by changing from simple Gaus-

sian or top hat illumination to annular or quadrupole illumination, and by

incorporating ret. Of these, the reticle problem is substantially more complex

and costly. Thus, the difficulty of extending optical lithography tools has become

a k1 factor or reticle manufacturing problem. 

The motivation for going to euv wavelengths is driven by limitations in

achieving high resolution imposed by the relationship between the operating

wavelength Λ and the numerical aperture NA of the imaging system. However, as

the operating wavelength is reduced below 150 nm, all materials become opaque,

requiring the use of reflective designs with optics using special coatings to achieve

high reflectivity at the operating wavelength. To a large degree, euvl has been

made possible by the development of advanced multilayer coatings that now

achieve a reflectivity of 70% in the particular euv wavelength region. 

Table 1.2 Lithography potential solutions for various technology nodes [3]. 

Technology 
node

Exposure tool

[nm] 248 nm
duvl

193 nm
duvl

157 nm
vuvl

xpl epl ipl euvl ebdw
/ebcp

180 •

130 • •

100 • • • • •

70 • • • • • •

50 • • • •

35 • • • •

R k� 1
Λ

NA
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The multilayer coatings typically consist of 40 pairs of alternating layers of

molybdenum and silicon (Mo/Si). The thickness of the Mo layer is about 2.8 nm,

the thickness of Si is about 4.1 nm. This Mo/Si multilayer is optimized for use at

13.4 nm. These multilayer coatings are deposited on substrates which are made

out of low-expansion glasses, such as Zerodur produced by Schott [27] or ule
produced by Corning [28]. 

The basic building blocks of an euvl projection system are similar to what is

found in today’s optical lithography tools, except that it must operate in vacuum,

since all materials, including nitrogen and oxygen, absorb strongly in this spec-

tral region. euv radiation (13.4 nm) from a laser produced plasma or from a syn-

chrotron illuminates the reticle containing the pattern to be replicated on the

silicon wafer where the integrated circuits are built. The reticle pattern is imaged

by a reduction projection system and brought to focus at the wafer. 

Now that the wavelength is more or less fixed, we can estimate the process fac-

tor k1 and determine the minimum NA for the various technology nodes listed in

Table 1.1. As stated in Table 1.3, a conventional stepper has a process factor k1 of

0.6. As already mentioned, this factor can be decreased by using enhancement

techniques. Since laboratory tools are the first of a new generation, we assume

that they will have a k1 of 0.6. The resulting minimum values of NA that are re-

quired for the various values of the resolution R, assuming a wavelength Λ of

13.4 nm, are listed in Table 1.4.

1.3 Present state in the development of euvl tools

Globally, we can discern three different groups working on the development of

euvl tools. In the us, the government and a consortium of ic manufacturers and

suppliers, called the Extreme Ultraviolet Limited Liability Company, support re-

Table 1.3 Resolution R of optical lithography technologies for various values of the

wavelength Λ, the numerical aperture NA, and the process factor k1 [26].

ΛΛΛΛ [nm] 248 193 157

NA 0.63 – 0.70 0.63 – 0.70 0.70 – 0.80

Lithography technology k1 R R R

[nm] [nm] [nm]

Conventional stepper 0.60 240 – 210 180 – 150 130 – 120

+ off axis illumination 0.50 200 – 180 150 – 130 110 – 100

+ advanced reticle (ret) 0.45 180 – 160 140 – 120 100 – 90

+ thin layer imaging 0.40 160 – 140 120 – 100 90 – 80

Extreme use of all above 0.35 140 – 120 110 – 90 80 – 70

Table 1.4 Minimum NA for various val-

ues of the feature size R, based on a pro-

cess factor k1 of 0.6 and a wavelength Λ of

13.4 nm. 

R Minimum NA

[nm]

100 0.08

70 0.11

50 0.16

35 0.23
5 Present state in the development of EUVL tools



search programs carried out by the Virtual National Laboratory (vnl), which is

formed by Lawrence Livermore National Laboratory, Sandia National Laborato-

ries, and Lawrence Berkeley National Laboratory. In Europe, the European Com-

mission supports the Extreme Ultraviolet Concept Lithography Development

System (euclides) program. This program is carried out by asm Lithography,

Carl Zeiss, Oxford Instruments and other contractors [26]. In Japan, a research

program on euvl supported by the government is carried out by the aset re-

search organization, which consists of a research centre at Atsugi in the ntt labo-

ratory and two branch laboratories at Himeji and Sagamihara [29].

The approach taken by these three groups for the development of euvl tools†

is about the same. First, tools based on Schwarzschild optics have been built [30]–

[34]. These have rather simple projection systems, which consists of two spheri-

cal mirrors: a convex primary and a concave secondary mirror. As an example, we

present the characteristics of the projection system described in [30]–[32]. Its re-

duction factor is 10, its na is 0.1, and its field diameter is 0.4 mm. The reason for

the limited field size of 0.4 mm (as can be seen in Table 1.1, the field size of a com-

mercial tool must be 25 � 52 mm) is that the image field of the Schwarzschild pro-

jection system is heavily curved inward. Although its field size is limited, this tool

is very useful, because it serves as a test bench for the various subsystems—such

as the radiation source, the condenser optics, the mirror substrates with multilay-

er coatings [35], photo resists, and overlay capability—and it is used to determine

the specifications that have to be met by these subsystems. It has been used to

print dense line patterns with line widths of 70 nm. 

The next step in the development of euvl tools is to build systems with an

image field width of 25 mm and scanning reticle and wafer stages, so the dimen-

sions of their image fields comply with the required field size of 25 � 52 mm. In

the us, such a tool—called the Engineering Test Stand (ets)—is built at the vnl
[36]. It is based on a projection system composed of four aspherical mirrors. Its

reduction factor is 4, its na is 0.1, and its image field width is 26 mm. In Japan, a

similar system is built, based on a projection system comprising one plane and

three aspherical mirrors [34]. Its reduction factor is 5, its na is 0.1, and its image

field width is 30 mm. In Europe, a program is established to build a comparable

laboratory tool [26]. 

The step after the development of these laboratory tools with an na of 0.1, will

be the development of systems with higher na’s that can print features of 50 nm

and smaller. This development step is in the phase of designing the high na pro-

jection systems [37][38]. 

1.4 euvl projection system designs

The novel instrument described in this thesis is intended for the measurement of

the figure of all mirror substrates that will be used in euvl projection systems: in

† Here, tool refers to a lithography system, comprising at least an euv source, condenser

optics, a projection system, and a wafer stage.
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Figure 1.1 The four mirror projection

system designed by Shafer [36]. (a) The ro-

tationally symmetric base design with the

ring-shaped object and image fields and

the four aspherical mirrors. (b) The foot-

prints of the four mirrors and several rays.

(c) Side-view of the projection system.
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the low-na projection systems of the laboratory tools described in the previous

section, as well as in the high-na projection systems of future commercial tools.

Therefore, we have gathered all the available projection system designs. In this

section, only the general characteristics of these projection system designs are dis-

cussed, except for one design, which is presented in detail in order to clarify the

functioning of the projection systems.

Table 1.5 lists several general characteristics of the euvl projection system de-

signs: title, designer, number of mirrors, na, and rms wavefront error in the exit

pupil. Since the actual projection system designs are not published with accurate

descriptions, J.J.M. Braat has taken the designs as described in patents and publi-

cations and has re-optimized them. After re-optimization, the designs were trans-

ferred to the optical design program CodeV [39] and re-optimized by the author

once more. These designs are all based on single-interface mirrors, i.e. the mir-

rors in the designs are not modelled as substrates with multilayer coatings, but as

infinitely thin reflecting surfaces.  

The design by Shafer [36] forms the basis for the ets mentioned in Section 1.3.

It is actually a recent redesign of the well known four mirror design by Jewell

[40][41]. The design for the projection system in the Japanese laboratory euvl
tool [34] comprises one plane folding mirror and three aspherical mirrors. It re-

sembles the design by Bruning [42], which comprises three aspherical mirrors,

but no plane folding mirror. 

The high-na six mirror design by Williamson, aimed at features of 30 nm, is

described in [37]. Two other high-na designs by Braat are described in [38]. One

is a five mirror design with an na of 0.20. The other design is a six mirror design

with an na of 0.21. 

The reason to omit the Schwarzschild systems in the list in Table 1.5 is that

they are of little practical use, due to the mentioned large curvature of their image

fields. 

Table 1.5 List of designs of euvl projection systems with the title, designer, number of

mirrors, numerical aperture na, and rms wavefront error in the exit pupil.

Title Designer Number of 
mirrors

NA rms 
wavefront error

[ΛΛΛΛ]

braat5 J.J.M Braat [38] 5 0.20 0.018

braat6 J.J.M. Braat [38] 6 0.21 0.030

bruning J.H. Bruning [42] 3 0.10 0.061

jewell T.E. Jewell [40][41] 4 0.10 0.020

shafer D. Shafer [36] 4 0.10 0.016

william D.M. Williamson [37] 6 0.19 0.029

Figure 1.2 The object field (a) and the

image field (b) of the projection system de-

sign by Shafer [36]. The fields are sections

of the ring-shaped object and image fields

illustrated in Figure 1.1. Dimensions are in

millimeters. 

(a)

216220.8

104

(b)

5455.2

26
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To clarify the functioning of the projection systems, we present as an example the

design by Shafer [36]. Figures of the other designs can be found in the mentioned

references. As illustrated in Figure 1.1, the projection system consists of four as-

pherical mirrors which are rotationally symmetric. The stop coincides with the

third mirror. The system has a reduction factor of 4 and is telecentric on the im-

age side. The numerical aperture is 0.1 and the system is designed for a wave-

length of 13.4 nm. The distance between the object and image planes is 1080 mm. 

The object and image fields are sections of rings, as can be seen in Figure 1.2.

The inner radius of object ring field is 216 mm, its outer radius is 220.8 mm. The

inner radius of the image ring-field is 54 mm and its outer radius is 55.2 mm.

Thus, the width of the ring is 1.2 mm. The chord length of the image ring-field is

26 mm. By scanning the reticle and the wafer in opposite directions, the image

field can be stretched in the scan direction.

The ring-shape of the object field has its consequences for the footprint of the

mirrors: except for the third mirror, which has a circular footprint, the footprints

on the other mirrors are ‘banana’ shaped, as can be seen in Figure 1.3.

1.5 Specifications for the euvl mirrors 

This section describes the specifications for the aspherical mirror substrates of the

euvl projection systems listed in Table 1.5, such as the figures according to the

nominal projection system designs, the required figure accuracy, and the shape of

the mirror substrate edges. These specifications will be used to formulate the

specifications for the instruments that measure the surface height of the sub-

strates, such as the novel instrument discussed in this thesis. 

Until now, we have used the terms ‘figure’ and ‘figure accuracy’ rather loosely

to indicate the low–spatial frequency variations of the surface height and the er-

rors in the figure, respectively. Before we can formulate the specifications for the

euvl mirror substrates, we have to define precisely what we mean by figure and

figure error. In addition, several other quantities related to the surface height have

to be introduced. Section 1.5.1 defines several surface height functions and intro-

duces various models to describe these functions. Section 1.5.2 defines several sur-

face height errors and introduces models to describe them. 

After the introduction of these mathematical models, the specifications for

the surface height of the euvl mirrors are listed in Section 1.5.3. The specifica-

tions for the allowable surface height errors are derived in Section 1.5.4.

Section 1.5.5 describes the shapes of the edges of the mirror substrates.

1.5.1 Definitions of the surface height functions

In this thesis, the shape of a surface is described by a surface height function. This

surface height function includes surface height variations at all spatial frequen-

cies. Thus, it not only describes the low–spatial frequency shape, but also the rip-

ples and the roughness. This in contrast to the surface figure, which only

describes the low–spatial frequency shape of a surface. 

y 
  [

m
m

]

x   [mm]

mirror 4

mirror 3

mirror 2

mirror 1

�80 �40 0 40 80

�100

0

100

Figure 1.3 Banana shaped footprints of

the four aspherical mirrors in the projec-

tion system designed by Shafer [36] and il-

lustrated in Figure 1.1. 
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We distinguish between three different surface heights:

• nominal surface height,

• actual surface height,

• measured surface height.

The nominal surface height is the surface height according to the optical design

program. The actual surface height is the real surface height, while the measured

surface height is the surface height as measured by a particular instrument. The

reason to distinguish between these three surface heights will become clear in

Section 1.5.4, which specifies the allowable deviation of the actual surface height

from the nominal surface height, and in Section 1.7, which specifies the allowable

deviation of the measured surface height from the actual surface height. 

Each of the three surface heights can be described with a number of surface

height functions, depending on the method used to measure the surface height.

In this thesis, three different methods are used (the name of the surface height

function that corresponds to a method is put between parentheses):

• surface height in relation to a flat reference plane (unflatness function),

• surface height in relation to a reference sphere (asphericity function),

• surface height in relation to a reference sphere, projected onto a flat plane (pro-

jected asphericity function).

These three surface height functions are fully interchangeable, but each has its

own purpose: the unflatness function is used by optical design programs, the as-

phericity function suits our definition of the surface figure, while the projected

asphericity function is useful for the statistical description of surface height devi-

ations within a large range of spatial frequencies. The subsequent sections will de-

fine these three surface height functions mathematically. 

Unflatness function

The unflatness function describes the surface height in relation to a flat reference

plane. The surface height is measured along the normal to that reference plane.

For the definition of the unflatness function, we introduce the set of orthogonal

axes† Q, with the xQyQ-plane acting as reference plane. Now the unflatness func-

tion is defined as the surface height zQ(xQ, yQ), as function of the lateral coordi-

nates xQ and yQ. This is illustrated in Figure 1.4(a). 

Asphericity function

The asphericity function describes the surface height in relation to a reference

sphere. Describing the surface height in this way has two advantages over using

the unflatness function zQ(xQ, yQ). The first is that in this way it is easier to speci-

fy the allowable surface height errors, as will become clear in Section 1.5.4. The

second advantage is that the asphericity function complies more closely with the

practice of figure measurements in which one generally measures the distance be-

tween a surface and certain reference sphere, instead of measuring the surface

height in relation to a flat reference plane. 

† If several different coordinate systems are used, the superscripts in swash capitals will

denote the coordinate system to which the coordinate belongs. 
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For the definition of the asphericity function, we introduce the set of orthogo-

nal axes R. In R, the surface height is described by the (radial) distance

rR(ΦR, ΘR) from the surface to the origin, as function of the azimuthal angle ΦR

in the xRyR-plane from the xR-axis and of the polar angle ΘR from the positive

zR-axis. This is illustrated in Figure 1.4(b). 

Next, we introduce the so-called reference sphere, which has its centre of cur-

vature located at the origin of R and has a radius RR. The distance between the

reflecting surface and this reference sphere along the radial direction of the refer-

ence sphere is called the asphericity function aR(ΦR, ΘR)

. (1.2)

Now, the height of the surface is completely defined by the position and ori-

entation of R, the radius RR of the reference sphere and the asphericity function

aR(ΦR, ΘR). 

The centre and radius of the reference sphere can be freely chosen, but the fol-

lowing three choices are very common. The first is to choose the reference sphere

such that the root-mean-square (rms) asphericity over the footprint is mini-

mized. This rms asphericity is related to the rms aberration of the wavefront re-

flected by the surface, which is an important measure in the design of optical

systems. The second choice is to take the reference sphere such that the peak-to-

valley (p–v) asphericity over the footprint is minimized. This p–v asphericity is

related to the p–v aberration of the reflected wavefront, which is again an impor-

tant measure in the design of optical systems. The third choice is to take the refer-

ence sphere such that the maximum slope of the asphericity over the footprint is

minimized. This slope is an important quantity for most instruments that meas-

ure the figure of optical surfaces.

(a) (b) (c)

yQ

zQ zR

substrate under test reference sphere

RR

yR

rR(ΦR, ΘR)

ΘR

zR

reference sphere

RR

yR

pR(ΡR, ΦR)

rR(ΦR, ΘR)

aR(ΦR, ΘR)
ΡRzQ(xQ, yQ)

Figure 1.4 Various models for describing the surface height of a substrate. (a) The sur-

face height is described with the unflatness function zQ(xQ, yQ) in relation to the set of

axes Q. (b) The surface height is described with the asphericity function aR(ΦR, ΘR) in

relation to the set of axes R. (c) The surface height is described with the projected asphe-

ricity function pR(ΡR, ΦR) in relation to R. 

a R rR R R R R R RΦ Θ Φ Θ, ,	 
 � � 	 
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Projected asphericity function

The projected asphericity function describes the surface height in relation to a

reference sphere (i.e. as an asphericity) and projects this surface height onto a flat

plane. The use of the projected asphericity function is advantageous for describ-

ing the statistics of the surface height errors at various spatial frequencies and for

modelling interferometers, as will be discussed in Section 2.3. 

For the definition of the projected asphericity function, we use the set of or-

thogonal axes R that was introduced above for the asphericity function. Now, we

define the projected asphericity function pR(ΦR, ΘR) as the projection of the as-

phericity function aR(ΦR, ΘR) onto the xRyR-plane, as function of the radial dis-

tance ΡR and the angle ΦR in the xRyR-plane. This is illustrated by Figure 1.4(c).

The relations between the asphericity function aR(ΦR, ΘR) and the projected

asphericity function pR(ΦR, ΘR) are

 (1.3)

The next section extends the set of definitions with definitions of the surface

height errors.

1.5.2 Definitions of the surface height errors

This section first introduces several mathematical definitions of the surface height

errors. Subsequently, the power spectral density (psd) function of these surface

height errors is defined, because the allowable surface height errors will be speci-

fied in Section 1.5.4 in the form of allowable spectral power contents of the sur-

face height errors within various spatial frequency ranges. These spectral power

contents are computed by integration of the psd function within the various spa-

tial frequency ranges, as explained at the end of this section.

Surface height errors

As mentioned before, we distinguish between the following three surface heights:

• nominal surface height,

• actual surface height,

• measured surface height.

In addition, three surface height errors are distinguished (the names of these er-

rors are put between parentheses):

• deviation of the actual surface height from the nominal surface height (actual

surface height error),

• deviation of the measured surface height from the nominal surface height

(measured surface height error),

• deviation of the actual surface height from the measured surface height (mea-

surement surface height error).

p a
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The measured and measurement surface height errors will be discussed in

Section 1.8. This section will only discuss the actual surface height error.

Next, we introduce a mathematical definition of the actual surface height er-

ror. This definition has to take into consideration that the euvl mirrors will be

mounted into the euvl projection system. This means that (i) the actual surface

height error has to be defined in such a way that it can be related to the image

quality of the projection system and (ii) the actual surface height error definition

has to take into consideration the fact that the mirrors can be translated and ro-

tated after they have been mounted in the projection system. 

The actual surface height error, i.e. the deviation of the actual surface height

from the nominal surface height, can be defined in various ways, depending on

the direction along which that deviation is measured. The two most common

definitions are the following. The first defines the actual surface height error as

the deviation along the z-axis of Q, the set of axes that was introduced in

Section 1.5.1 to define the unflatness function. According to this definition, the ac-

tual surface height error is equal to the error in the unflatness function. The sec-

ond way is to define the actual surface height error as the deviation along the

radial direction of the reference sphere that was introduced in Section 1.5.1 to de-

fine the asphericity function. According to this definition, the actual surface

height error is equal to the error in the asphericity function.

We choose to define the actual surface height error as the error in the as-

phericity function, because then the actual surface height error relates more

closely to the wavefront errors in the exit pupil and thus to the image quality of

the projection system. These wavefront errors and their influence on the image

quality will be discussed in the next section. 

The second condition for our definition of the actual surface height error is

that it should take into consideration that the mirrors can be translated and rotat-

ed after they have been mounted in the projection system. These translations and

rotations can be used to minimize asphericity errors, such as asphericity errors

due to shifts and tilts of the mirror substrate with respect to R, the set of axes in

relation to which the nominal asphericity function is defined. In addition, an as-

phericity error due to an error in the curvature of the mirror can be minimized

by introducing a small translation of the mirror in the axial direction. An error in

the curvature of the mirror can be modelled as an error in the radius RR of the

reference sphere. 

Our definition of the actual surface height error as the asphericity error facili-

tates the division of the actual surface height errors into errors that can be cor-

rected and errors that can not be corrected by translating and rotating the

mirrors. To explain this, we use the set of axes R and the reference sphere with ra-

dius  and define the asphericity function  of the nominal sur-

face height in relation to that set of axes and that reference sphere. In addition, we

introduce a set of axes S and a reference sphere with radius  and define the as-

phericity function  of the actual surface height in relation to that set

of axes and that reference sphere. Now, the minimal actual surface height error

that can be attained by changing the position and orientation of the mirror is

equal to the minimal difference between the asphericity functions 

Rn
R an

R R RΦ Θ,	 
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S

aa
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and  that can be reached by varying the sets of axes R and S and vary-

ing the radii  and . We have to guarantee that the translations and rota-

tions needed to transform the set of axes R such that it coincides with S do not

exceed the ranges within which the mirrors can be translated and rotated. Their

movements are limited by the design of the mirror mount. Simultaneously, the

difference between  and  should not be larger than a certain limit deter-

mined by the design of the projection system. 

If these conditions are met, the actual asphericity error  in rela-

tion to the set of axes R can be defined as the difference between the asphericity

functions of the actual and nominal surface heights (on condition that

),

, (1.4)

where ΦR is the azimuthal angle and ΘR is the polar angle. The factor  is

introduced as a scaling factor for the polar angle to be able to compare the lateral

extents of the asphericity functions of the actual and nominal surface heights,

even if the radii of their reference spheres differ. 

Note that it was the nominal surface height that was defined in relation to the

set of axes R and the reference sphere with radius . Consequently, the func-

tion  expresses the actual asphericity error in relation to the as-

phericity function of the nominal surface height. 

The projected asphericity error  is defined as the difference be-

tween the projected asphericity functions of the actual and the nominal surface

heights, as function of the radius ΡR and the angle ΦR in the xRyR-plane,

. (1.5)

(For the projected asphericity error function we do not need the scaling factor

 to be able to compare the lateral extents of the projected asphericity

functions of the actual and nominal surface heights.)

Power spectral density function of the surface height errors

This section starts with the selection of one of the mathematical definitions for

the actual surface height errors introduced in the previous section, as the basis of

our definition of the power spectral density (psd) function, which will be intro-

duced subsequently. 

It is common to define the psd function in such a way that it is a function of

spatial frequencies, i.e. frequencies that are reciprocals of spatial periods. There-

fore, we select the actual projected asphericity error function  to

model the actual surface height errors and use a coordinate transformation to get
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the projected asphericity error function  of the Cartesian coordi-

nates xR and yR,

. (1.6)

(The selection of the actual asphericity error function  of spherical

coordinates would have led to a psd function which is a function of frequencies

that are reciprocals of angular periods. Although mathematically sound, such a

psd function is less common.)

The two-dimensional autocovariance function ACVa(xR, yR) of the projected

asphericity error function  is defined as [43]

. (1.7)

Now, the two-dimensional psd function PSDa(fx, fy) is defined as the two-dimen-

sional Fourier transform of ACVa(xR, yR) [43],

, (1.8)

where fx and fy are the Cartesian coordinates in the frequency plane. For the defi-

nition of the spectral power in the next section, it is more convenient to trans-

form the function PSDa(fx, fy) into a function PSD'a(f, Ψ) of the polar coordinates

f and Ψ in the frequency plane,

. (1.9)

Note that the spatial periods of the actual surface height variations, as com-

puted with the function PSDa(fx, fy), differ slightly from the spatial periods of the

actual surface height variations as measured along the curved mirror surface. The

reason is that the definition of the function PSDa(fx, fy) is based on the projected

asphericity functions of the actual and nominal surface heights. Due to the pro-

jection of the asphericity functions on the xy-planes, the distance between two

points at a reference sphere, measured as the length of the shortest path between

them over the reference sphere, is not equal to the distance between the corre-

sponding points on the xy-plane. As a consequence, spatial periods measured in

relation to the reference sphere, will differ from the spatial periods measured in

the xy-plane. 

To estimate the maximum value of this difference, we take two points at the

edge of the footprint, such that the difference in their polar angles is a maximum.

As listed in Table 1.6, the maximum na of the mirror footprints is 0.24. As a con-

sequence, the difference in the polar angles of both points is 2 � sin–1(0.24),

which is equal to 0.4847 rad. Thus, the relative error in the distance measured in

the xy-plane is smaller than 1%. We neglect this error. 
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Spectral power of the surface height errors

Now, the spectral power  of actual surface height errors within the spatial fre-

quency range from f1 to f2 is defined as

. (1.10)

The square root Σa of the spectral power  within a certain spatial frequency

range will be referred to as the ‘actual rms surface height error’ for that range. 

Section 1.5.4 will describe the various frequency ranges that we distinguish

and will specify the allowable rms surface height errors within these ranges. 

1.5.3 Surface height of the euvl mirror substrates

For the instruments that measure the surface heights during the polishing proc-

ess, two types of surface heights are of importance: the actual surface height after

each step in the polishing process and the nominal surface height, to which the

actual surface height should converge during the polishing process. 

However, we choose to start the development of our novel instrument with a

study of the ability of that instrument to recognize a perfect mirror substrate, i.e.

a substrate of which the actual surface height is equal to the nominal surface

height. The reasons for this choice will be described in Sections 1.7.1 and 3.3.2. A

consequence of this choice is that, for the time being, the actual surface heights of

the mirror substrates during the polishing process do not have to be specified.

Therefore, only the nominal surface heights of the mirror substrates will be speci-

fied in this section.

Note that the nominal surface height will only contain low–spatial frequency

variations, because the optical design program specifies the surface height as a

polynomial, of which the typical maximum order of the lateral surface dimen-

sion is 18. Therefore, the terms ‘nominal surface height’ and ‘nominal surface fig-

ure’ can be used interchangeably. 

In this section, the nominal figures of the reflecting surfaces in the designs

listed in Section 1.4 will be specified first. Subsequently, the nominal surface fig-

ures of the mirror substrates will be specified. We select the following quantities

to specify the nominal surface figures of the euvl mirror substrates, because they

are useful to evaluate the suitability of existing and novel instruments for figure

measurements:

• footprint width and height,

• reference sphere radius R,

• root-mean-square (rms) asphericity over the footprint,

• peak-to-valley (p–v) asphericity over the footprint,

• maximum slope of the asphericity over the footprint,

• numerical aperture (na) for measurement.

Here follow a few comments on these quantities. 

The footprintwhich mostly is elliptical or banana shaped, see Figure 1.3is

characterized by its maximum dimensions. 
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The reference sphere is not defined unambiguously. We have actually deter-

mined three different reference spheres: one that minimizes the rms asphericity,

one that minimizes the p–v asphericity, and one that minimizes the slope of the

asphericity. For all surfaces, the radii of these three reference spheres do not dif-

fer more than 0.2%. Therefore, only the radii of the reference spheres that corre-

spond to a minimum rms asphericity are listed. In order to discriminate between

concave and convex surfaces, the latter have negative radii.

The na is calculated by dividing half of the maximum footprint dimension by

the radius of the reference sphere. 

The quantities are determined in the following way. The design program CodeV

[39] generates data files with the prescriptions of all the reflecting surfaces and ray

intersection points at these surfaces for various field points in one radial direc-

tion. These intersection points are used to determine in Mathematica [44] the

footprints of the various surfaces by first finding the envelope footprint for the

field points in the radial direction and then finding the enveloping footprint if

this footprint is rotated around the optical axis of the projection system, such that

the chord length of the image field becomes 25 mm, i.e. the required field width

according to Table 1.1. 
Next, we put a rectangular grid across the footprints. At the gridpoints, the

surface height is sampled and the direction of the surface normal is determined.

Subsequently, these surface heights and surface normals are used by three numer-

ical minimization procedures to find the reference spheres. The first procedure

searches for the reference sphere (characterized by the location of its centre and

by its radius) that minimizes the rms asphericity, the second procedure searches

for the reference sphere that minimizes the peak-to-valley asphericity and the

third searches for the sphere that minimizes the asphericity slope. 

The results are listed in Table 1.6. We list all these values, because they can not

be summarized effectively due to the irregularity in the spread of the values. As a

simple summary, the maximum values of all the quantities are put at the bottom

of Table 1.6. However, these maxima must not be considered to be the definite

values, because various designs, especially the high-na designs, have not been fin-

ished. These designs can still be re-optimized, to lower the requirements on the

instrument for figure measurements or for other purposes.

Now that the figures of the reflecting surfaces have been specified, we will specify

the figures of the multilayer coatings as well as of the substrates. The exact com-

position and thickness of the multilayer coatings depends on the averages of and

the spreads in the angles of incidence. Both will vary over the footprints. There-

fore, the pitch of the multilayer coatings has to vary over the footprint. Thus, the

coatings are graded in the lateral direction [45]. As a consequence, the figures of

the substrates will not be equal to the figures of the reflecting surfaces. 

Because the multilayer coatings have not yet been added to the models of the

projection systems in the optical design program, we can not determine the exact

nominal figures of the mirror substrates, only of the reflecting surfaces. However,

we are only interested in the general characteristics of the nominal figures of the
17 Specifications for the EUVL mirrors



mirror substrates—such as the dimensions of the footprint, the radius of the ref-

erence sphere, the asphericity and the na—and not in the nominal figure itself.

We assume that the differences between the values of these general characteristics

for the reflecting surfaces, as listed in Table 1.6, and the values for the mirror sub-

strates, will be negligible for our measurement purpose. Therefore, the data in

Table 1.6 are also used to characterise the mirror substrates. 

1.5.4 Allowable surface height errors

In this section, the allowable values for the rms surface height error within cer-

tain frequency ranges will be specified. As defined in Section 1.5.2, the actual rms
surface height error is the square root of the spectral power of the projected as-

phericity error function  within a certain spatial frequency range. 

We discriminate between three different spatial frequency ranges: low–, mid–,

and high–spatial frequencies. The surface height errors get different denomina-

tions for these ranges: figure errors for low–spatial frequencies, ripple or wavi-

ness for mid–spatial frequencies, and finish errors for high–spatial frequencies.

This classification originates from the different ways in which the image quality is

affected by these irregularities; the effects they have on the point spread function

(psf), as illustrated by Figure 1.5, are the following [46]. 

Scatter from low–spatial frequency surface height errors leads to a transfer of

energy from the image core to the first few diffraction rings without significantly

broadening the core. This leads to a reduction of the image contrast, and of the

Strehl ratio. 

The small-angle scatter caused by mid–spatial frequency ripple leads to

smearing out the image core and thus reducing the resolution. 

High–spatial frequency finish errors have two effects. First, they reduce the re-

flectance of multilayer coatings (unless the high–spatial frequency surface errors

at all the interfaces within the multilayer are correlated), and second, they lead to

scattering of energy out of the image core into a broad scattering halo, without

broadening the image core. Both effects reduce the throughput of the system. 

e x ya' ,R R R	 


Figure 1.5 The effects of the various

spatial frequency ranges of the power spec-

tral density (psd) function on the point

spread function (psf). 
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Table 1.6 Characteristics of the reflecting surfaces of the designs listed in Section 1.4.

Title Mirror no. Footprint Reference 
sphere

Asphericity na

width height radius rms p–v slope

[mm] [mm] [mm] [µm] [µm] [mrad]

braat5 1 91 51 370 10 35.3 3.28 0.12

2 71 19 –1000 0.15 0.5 0.18 0.04

3 355 96 763 0.32 1.11 0.07 0.23

4 47 34 –168 0.24 0.95 0.19 0.14

5 149 131 337 0.64 2.74 0.18 0.22

braat6 1 126 63 529 19 67.4 5.02 0.12

2 72 48 2739 14 51 4.37 0.01

3 42 30 –329 7 26 3.65 0.06

4 247 74 604 3.6 12.5 0.89 0.2

5 54 45 –293 1.7 6.58 1.06 0.09

6 167 144 349 0.98 4.09 0.22 0.24

bruning 1 194 60 1672 1.9 6.67 0.48 0.06

2 51 39 –470 2 8.05 0.73 0.05

3 137 111 640 1.1 4.61 0.16 0.11

jewell 1 88 42 323 3 10.4 1.23 0.14

2 30 18 –120 0.18 0.62 0.16 0.12

3 23 23 964 0.02 0.07 0.02 0.01

4 54 34 233 0.43 1.52 0.22 0.12

shafer 1 100 53 –2301 1.9 6.89 0.53 0.02

2 143 98 960 2.8 11.1 0.41 0.07

3 47 46 –363 0.01 0.03 0 0.06

4 104 81 466 0.61 2.4 0.12 0.11

william 1 136 89 493 4 14.9 0.74 0.14

2 36 35 –404 0.08 0.27 0.06 0.04

3 159 50 2099 0.44 1.49 0.17 0.04
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The next sections will quantify these spatial frequency ranges and the allowa-

ble rms surface height errors within these ranges. However, note that these allow-

able errors apply to the minimized surface height errors. As mentioned in

Section 1.5.2, the asphericity error function can be minimized by translating and

rotating the mirror substrate after it has been mounted in the projection system.

The translations and rotations needed to transform the set of axes R such that it

coincides with S should not exceed the ranges within which the mirrors can be

translated and rotated, whose limits are determined by the design of the mirror

mount. An additional condition is that the difference between RR and RS is not

larger than a certain limit determined by the design of the projection system. 

As an indication of the ranges within which the mirrors can be translated and

rotated, we take the ranges for the ets, as listed in Table 1.7. The range of radius

errors that can be corrected depends on the design of the projection system. A

first order tolerance analysis of a four mirror design showed that an error of

0.5 µm in the radius can be compensated for with a translation along the optical

axis of the projection system, without introducing too large an amount of other

aberrations [47]. If a design is used that is optimized for correcting defocus of one

mirror with defocus of another mirror, even larger errors in the radius can be tol-

erated.

Low–spatial frequencies

To determine the effects of the low–spatial frequency figure errors on the image

degradation, we first analyse the influence of low–spatial frequency wavefront er-

rors in the exit pupil on the image degradation. Subsequently, the influence of

low–frequency surface figure errors on the low–spatial frequency wavefront errors

in the exit pupil is determined. 

Allowable wavefront errors in the exit pupil

A common model for predicting the influence of wavefront errors in the exit pu-

pil on the image quality is described in [48], which states that wavefront errors

lead to a reduction of the Strehl ratio. This model is based on the assumption that

4 229 55 982 0.33 1.22 0.14 0.12

5 54 40 –277 2.9 10.3 1.5 0.1

6 165 141 386 1 4.09 0.21 0.21

maximum 6 355 172 2739 19 67.4 5.02 0.24

Table 1.6 Characteristics of the reflecting surfaces of the designs listed in Section 1.4.

Title Mirror no. Footprint Reference 
sphere

Asphericity na

width height radius rms p–v slope

[mm] [mm] [mm] [µm] [µm] [mrad]

 

Table 1.7 Allowable translations and ro-

tations of the mirror substrates and the al-

lowable change in the radius of curvature

for the ets. See Figure 1.1 for the definition

of the x-, y-, and z-axes. 

Degree of freedom Tolerance

Translation along x-axis ±110 µm

Translation along y-axis ±110 µm

Translation along z-axis ±270 µm

Rotation about x-axis ±220 µrad

Rotation about y-axis ±220 µrad

Radius of curvature ±0.5 µm
20 Introduction



the variation of the inclination factor over the reference sphere may be neglected

and that the amplitude of the wave is essentially constant over the wavefront. 

This model is thus only valid if two conditions are met: (i) the system is well

corrected, i.e. the system is nearly diffraction-limited, and (ii) the wavefront er-

rors have only spectral content at low–spatial frequencies, because high spatial

frequencies would lead to large inclination factor variations on subsequent sur-

faces, even if the amplitude of the wavefront error is small. 

A rule that is often applied to determine if a system is well corrected is the

Maréchal condition [48], which states that the rms wavefront error should be

equal to or smaller than Λ/14 (which leads to a Strehl ratio of 0.8 or higher). For

euvl projection systems, the objective is to reduce the rms wavefront errors to

Λ/20 or less [49]–[51] (which leads to a Strehl ratio of 0.9 or higher). Therefore,

the euvl systems are well corrected and the first condition is met. 

The second condition can only be met if the upper limit of the allowable spa-

tial frequencies of the wavefront errors is quantified. However, the Maréchal con-

dition does not specify which spatial frequencies can be included in the

calculation of the rms wavefront error, neither do References [49]–[51]. Due to

this lack of information on spatial frequencies, we choose the following spatial

frequency range to calculate the rms wavefront error: the range from the recipro-

cal of the clear aperture of the exit pupil to the lower limit of the spatial frequency

range that defines the mid–spatial frequency ripples, which will be discussed be-

low.

Wavefront error sources

The wavefront error is the result of two different error sources: the residual errors

in the nominal design and the figure errors of the reflecting surfaces. The wave-

front error can be calculated by using a ray trace program to compute the wave-

front in the exit pupil, and subsequently determining the rms wavefront error.

However, this requires the figure errors to be known beforehand, and our goal

here is just to put general constraints on the figure errors, instead of measuring

them exactly. In order to formulate these constraints, we need to divide the allow-

able rms wavefront error over the various error sources. Therefore, we first ex-

plain how that can be accomplished, before the constraints are quantified.

The rms wavefront error Wrms is defined as:

, (1.11)

where A is area of the exit pupil, W(x, y) is the wavefront error in the exit pupil,

and  is the wavefront error averaged over the exit pupil. We assume that

the radius of the reference sphere in the exit pupil [48] is chosen such that this av-

erage is zero. 

W
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If the wavefront error is the sum of two contributions W1(x, y) and W2(x, y),

, (1.12)

then the rms wavefront error can be written as:

, (1.13)

where 

. (1.14)

An often used, but incorrect statement is: if both contributions W1(x, y) and

W2(x, y) are uncorrelated, then  is zero, and thus

. (1.15)

However, if W1(x, y) and W2(x, y) are uncorrelated, then only the expectation val-

ue of  for an infinitely large exit pupil is zero. 

Although the derivation of (1.15) is incorrect, we will use this expression many

times, just because such a simple expression is necessary to be able to distribute

the allowable wavefront error over the various error sources and for that purpose

a mathematically more sound method is not available. We will just assume that

 is negligible in comparison with  and . Consequently, the

rms wavefront error due to all error sources is equal to the quadratic sum of the

rms wavefront errors due to the separate error sources. We are conscious of the

fact that in some cases this assumption may not be valid. 

Now that it is clear how we can divide the allowable rms wavefront error over

several contributions, the constraints on the figure errors can be quantified. 

As mentioned before, the wavefront error (which should definitely be smaller

than 0.05 Λ) is the result of the residual errors in the nominal design and the fig-

ure errors of the reflecting surfaces. We assume that the rms wavefront error is

equal to the quadratic sum of the rms wavefront errors due to these separate er-

ror sources. As can be seen in Table 1.5, the wavefront errors of the nominal de-

signs are 0.03 Λ or less (we do not consider the rms wavefront error of 0.061 Λ of

the design by Bruning to be representative for euvl projection system in gener-

al). Thus the allowable rms wavefront error due to surface figure errors is 0.04 Λ. 

The next step is to determine the allowable rms figure errors for the reflecting

surfaces in the projection systems. We assume that (i) the rms wavefront error in

the exit pupil due to a figure error of one of the surfaces is, apart from a cosine

factor due to the inclination factor, equal to twice the rms figure error of that sur-

face, since the surfaces are reflecting, and (ii) the lowest spatial frequency in the

exit pupil, i.e. the reciprocal of the largest dimension of the exit pupil, corre-

sponds to the lowest spatial frequency at a mirror, i.e. the reciprocal of the mir-
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ror’s largest footprint dimension. The largest footprint dimension of a mirror is

represented by F. Furthermore, we again assume that the rms wavefront errors

due to the figure errors of the different surfaces, may be added quadratically. 

Consequently, the allowable rms figure error for the surfaces in a four mirror

projection system is 0.01 Λ (0.13 nm) and for the surfaces in a six mirror projec-

tion system 0.008 Λ (0.11 nm). In the remainder of this thesis, we will use the

most stringent of these two numbers, i.e. 0.11 nm. 

Surface figure error sources

There are two causes for errors in the figure of the reflecting surfaces: non-uni-

formity of the multilayer coating and errors in the figure of the mirror substrate.

The present state-of-the-art coating processes reach a peak-to-valley (p–v) non-

uniformity of 0.4% over footprint diameters of 140 mm for Mo/Si multilayers on

top of flat Si substrates [45]. Since the multilayer consists of 40 bilayers, each with

a thickness of 6.7 nm, that p–v non-uniformity of 0.4% corresponds to a height

variation of 1.1 nm. With the real part of the effective refractive index of the mul-

tilayer in the order of 1 [52], this non-uniformity corresponds to a p–v figure er-

ror of about 1 nm. Although this is a p–v figure error, not an rms figure error, this

number is still an order of magnitude larger than the allowable rms figure error

of 0.11 nm mentioned above. In addition, this non-uniformity was realized on flat

substrates. The non-uniformity will increase further if the substrate is aspherical.

Therefore, we conclude that the uniformity of the coating process is far from triv-

ial and that the figure errors due to the non-uniformity are not negligible. 

Based on this conclusion, and knowing that the manufacturing of mirror sub-

strates with rms figure errors in the order of 0.11 nm is also far from trivial, we

decide to distribute the allowable rms figure error evenly over the contributions

from the multilayer non-uniformity and the substrate figure error. Consequently,

the allowable rms figure error for the substrates is 0.08 nm. As mentioned earlier,

the spatial frequency range for the calculation of this rms figure error extends

from the reciprocal of the largest footprint dimension F to the lower limit of the

range of mid–spatial frequencies.

Mid–spatial frequencies

As mentioned above, the small-angle scatter caused by mid–spatial frequency rip-

ple leads to smearing out the image core and thus to a reduction of the resolution.

This scatter is sometimes called flare, which is defined as the level of scattered

light in an otherwise dark region. First, we will determine the spatial frequency

range of these mid–spatial frequency ripples. Subsequently, we will specify the al-

lowable rms surface height error within this range. 

In accordance with the definition of flare, we take the lower limit of the mid–

spatial frequency range as the spatial frequency at which surface height variations

scatter light just outside the circle on which 99% of the energy falls, i.e. the spa-
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tial frequency that corresponds to a radial distance r at which the fractional encir-

cled energy function FEE(r) is equal to 0.99; the function FEE(r) is defined as

, (1.16)

where PSF(r) is the point spread function [53]. 

That lower limit not only depends on the fee function of the nominal projec-

tion system design, but also on the projection system layout, e.g. the distance be-

tween the scattering surface and the image field, and the magnification of the

surfaces positioned between the scattering surface and the image field. 

As an example, we consider the relation between the spatial frequencies at the

primary and secondary mirrors and the radial distance in the image field of the

Schwarzschild projection systems built at the vnl [54]. This Schwarzschild sys-

tem has an na of 0.1, as described in [32]. The normalized psf of a diffraction

limited system with an na of 0.1 and a wavelength of 13.4 nm is illustrated in

Figure  1.6(a). Figure 1.6(b) shows the corresponding fee function. Figures 1.6(c)

and (d) show the spatial frequencies at the primary and secondary mirrors that

correspond to the radial distance r, respectively. 

In this example, the fractional encircled energy is 0.99 at a radial distance r of

1.5 µm. This distance corresponds to spatial frequencies of 4 mm–1 on the primary

mirror and 0.75 mm–1 on the secondary mirror. Thus, the lower limits of the

mid–spatial frequency ranges are 4 mm–1 for the primary mirror and 0.75 mm–1

for the secondary mirror. 

Based on this example, we choose 1 mm–1 as a general estimate for the lower

limit of the mid–spatial frequency range for all the euvl mirrors as listed in

Table 1.6. As the upper limit of the mid–spatial frequency range, we take the low-

er limit of the high–spatial frequency range, which is 1 µm–1, as will be deter-

mined in the next section. 

Now that the mid–spatial frequency range has been determined, we specify the al-

lowable rms ripple within this range. The allowable ripple depends on the allowa-

ble image degradation due to scatter from mid–spatial frequencies. In order to

prevent the image resolution of the actual projection system to become much

lower than the resolution of the nominal design, the psf value outside the image

core should not increase dramatically due to the scattering in relation to the psf
of the nominal design. 

Computer simulations must be used to determine the allowable ripple. Be-

cause these simulations lie outside the scope of the thesis, the simulation results

for the ets, as described in [55], will be used as a measure for the allowable rip-

ple: the rms value between 1 mm–1 and 1 µm–1 should be equal to or smaller than

0.2 nm. This value is the allowable rms ripple for the mirror substrates, thus the
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Figure 1.6 (a) The normalized diffrac-

tion-limited psf in the image plane as

function of the radial distance r. The

dashed line indicates the radial distance for

which the fractional encircled energy is

0.99. (b) The fractional encircled energy in

the image plane. (c) The spatial frequency f

at the primary mirror that corresponds to

r. (d) The spatial frequency f at the second-

ary mirror that corresponds to r. These fig-

ures apply to the Schwarzschild design in

[32] [54].
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influence of the multilayer coating on the ripple has already been taken into con-

sideration.

High–spatial frequencies

High–spatial frequency finish errors lead to a reduced reflectance of multilayer

coatings and to scattering of energy out of the image core into a broad scattering

halo. Because the reduction of the reflectance is a typical characteristic of the

multilayer coating, it is not useful to model the mirror as a simple single-inter-

face reflecting surface for these high–spatial frequencies. 

From the results in [56] of at-wavelength measurements of the reflectance, we

conclude that, in order to reach a high reflectance, the rms finish error of the sub-

strates must be less than approximately 0.1 nm within the spatial frequency range

that extends from circa 1 to 100 µm–1. 

Specifications for all spatial frequencies

The results of the previous sections are summarized in Table 1.8.  

We compare these specifications with the values as specified for the ets [36][55].

The most important difference is that for the ets, the allowable rms figure error

is specified as 0.25 nm, as opposed to the value of 0.08 nm listed in Table 1.8. The

causes for this difference are that for the ets, the allowable rms wavefront error is

taken to be 0.07 Λ (which corresponds to a Strehl ratio of 0.8), the wavefront er-

rors of the nominal projection system designs are neglected, the projection sys-

tem of the ets is composed of four mirrors instead of six, and the figure errors

due to non-uniformities in the multilayer coatings are neglected.

1.5.5 Shape of the mirror substrate edges

For the instruments that measure the surface figures, not only the surface height

variations and the size of the footprints of the substrates under test are of impor-

tance, but also the shapes of the substrate edges. The reason is that diffraction at

these edges can lead to errors in the surface figures as measured by the instru-

ments. These errors will be described in Section 4.2, this section describes the

shapes of the edges. 

The shape of a substrate edge is determined by several factors: 

Table 1.8 Allowable rms surface height errors for the low–, mid–, and high–spatial fre-

quency ranges. The largest footprint dimension is denoted by F.

Error term Allowable 
rms surface height error

Spatial frequency range

[nm]

Figure errors 0.08 F–1 – 1 mm–1

Ripple 0.20 1 mm–1 – 1 µm–1

Finish errors 0.10 1 µm–1 – 100 µm–1
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• size of the footprint, 

• distance from the edge of a mirror footprint to a passing light beam, 

• mechanical stress in the substrate and in the multilayer coating. 

The size of the footprint, as listed in Table 1.6, is imposed by the optical design of

the projection system, as is the distance from the edge of the mirror footprint to a

passing light beam. As can be seen in Figure 1.1(c), this distance can be very small.

From an optical designer’s point-of-view, it would be ideal if this distance could

become zero, because that would facilitate the optimization of the na and the

field size of the projection system. 

The mechanical stresses in the substrate and in the multilayer coating are ac-

cumulated mainly near the edges of the substrate and of the coating. Due to these

stresses, the figure of the substrate and the coating can not be controlled very well

over the area of the reflective surface that is close to the edge of the substrate.

Therefore, the distance between the edge of the footprint and the edge of the sub-

strate has to be larger than a certain minimum. In practice, that minimum dis-

tance is 10 mm [57]. 

To minimize the influence of mechanical stresses, the distance between the

footprint edge and the substrate edge is made larger than the minimum value at

the sides of the substrate where no light beams have to pass. This is illustrated

with the following example. Figure 1.7 shows a 3d computer model of the projec-

tion system in the ets (see also Figure 1.1). This figure shows that the third mir-

(a) (b) (c)

mirror 3

mirror 1

wafer

substrate edge

footprint edge

Figure 1.7 (a) Computer model of the projection system in the ets that shows the first

and third mirrors, their mounts, and the wafer [36]. (b) Close-up of the third mirror with

the footprint and substrate edges. The substrate is cut out in such a way that the light

beam that propagates from the fourth mirror to the wafer can pass the third mirror unob-

structed. (c) Computer model with the light beams. 
26 Introduction



ror substrate is cut close to the footprint edge at the side where the light beam

reflected by the fourth mirror has to pass, whereas the distance between the foot-

print edge and the substrate edge at the other sides is larger. 

1.6 Potential role of the novel instrument within the measurement procedure

As mentioned earlier, our novel instrument is positioned as a tool for the meas-

urement of the low–spatial frequency surface figure of the bare mirror substrates

during the polishing process. It has to complement the instruments that are al-

ready used to measure this surface figure. Other instruments are used to measure

the mid–spatial and high–spatial frequency surface height variations during the

polishing process. In addition, during other stages of the manufacturing of the

euvl projection system, such as the coating of the mirror substrates and the as-

sembly of the projection system, a number of different measurement instru-

ments will be used. All these instruments have to complement each other.

Therefore, this section will describe the role of the instruments that measures the

figure of the bare mirror substrates within the complete measurement procedure. 

The various instruments are listed in Table 1.9. (For the projection systems,

the spatial frequency ranges refer to the spatial frequencies of the wavefront errors

in the exit pupil of the projection system.) 

Table 1.9 Various instruments for testing bare mirror substrates, coated mirrors, and assembled euvl projection systems. (For the pro-

jection systems, the spatial frequency ranges refer to the spatial frequencies of the wavefront errors in the exit pupil of the projection sys-

tem.)

Test object Non-euv tests euv tests

Low–spatial
frequencies

Mid–spatial
frequencies

High–spa-
tial
frequencies

Low–spatial
frequencies

Mid–spatial
frequencies

High–spa-
tial
frequencies

Mirror substrate Visible-light 
interferometers,
see Section 2.3
Novel instru-
ment

Optical pro-
filer
[54]–[56], [58]

afm 
[54]–[56]

— — —

Coated mirror Multilayer 
uniformity 
with x-rays [45]

Optical pro-
filer
[56][58]

afm 
[54][56]

Ronchi-test 
[59]–[63]

— Scattering
[54][56][68]

Projection sys-
tem

Visible-light 
interferometer 
[32][64]

— — Point-diffraction 
interferometer 
[50][64][65]–[67]
Lateral-shearing
interferometer 
[69]

Knife-edge test 
[54][70]
Point-diffraction 
interferometer 
[54]
Lithography [54]

—
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First, the bare mirror substrates are analysed with different instruments for

low–, mid–, and high–spatial frequencies. Since the bare substrates do not reflect

euv light, they can not be tested with euv light and light in another wavelength

range has to be used, such as visible light. Therefore, these measurement meth-

ods are called non-euv tests. 

At present, visible-light interferometers are used to measure the low–spatial

frequency surface figure. Our novel instrument is intended to measure that fig-

ure as well, although we have to emphasize that our instrument is not meant to

replace these visible-light interferometers. Instead, our instrument should com-

plement them. 

As will be explained in Section 2.3, the weakness of the existing visible-light

interferometers is that the accuracy with which they can measure the absolute fig-

ure of aspherical surfaces is insufficient. However, the accuracy with which they

measure surface height deviations with higher spatial frequencies, such a bumps

and holes with lateral dimensions of several millimetres, is sufficient to remove

them in the iterative polishing process. For that reason, our instrument is prima-

rily intended for the measurement of surface height variations of the lowest spa-

tial frequencies and for providing a calibration method for other instruments. 

The mid–spatial frequencies are measured with optical profilers, such as the

commercially available Zygo and Wyko phase-shifting and white light interfer-

ence microscopes [54]–[56], [58]. A set of objectives with various magnifications

are used to extend the range of spatial frequencies. The lowest spatial frequency

that can be measured is determined by the field size of the objective with the

smallest magnification. As a typical value, we take the largest field size of the Zy-

go profilers, which is 2.82 � 2.11 mm. Thus the lowest spatial frequency of the op-

tical profilers is about 0.5 mm–1. Their highest spatial frequency is determined by

the smallest field of view, which is 0.2 � 0.1 mm, and the number of pixels of the

ccd sensor, which is about 740 � 480. Thus, the highest spatial frequency is about

2 µm–1. 

The high–spatial frequencies are measured by atomic force microscopes

(afm’s) [54]–[56]. 

After the mirror substrates have been coated, they are analysed with non-euv
tests as well as with euv tests. The non-uniformity of the coating, which leads to a

figure error as mentioned in Section 1.5, is measured with hard x-ray radiation

[45]. This method can be used with all kind of mirror substrates: flat, spherical

and aspherical. Together with the measured figure of the substrate, the measure-

ment results can be used to predict the figure of the wavefront that is reflected by

the coated mirror if it is mounted in the projection system. The drawback of this

method is that it is indirect. For a direct measurement of the wavefront that is re-

flected by a coated mirror, an euv Ronchi test can be used [59]–[63]. However,

this method is limited to mirrors with small aspherical deviations. 

Although at present visible-light interferometers are not used for the figure

measurement of coated mirrors, there have been tests of assembled projection

systems with visible-light interferometers, which show a large correlation between

the wavefronts of euv radiation and of visible light [64]. This seems to indicate
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that visible-light interferometers, like our instrument, can also be used to meas-

ure the figure of coated mirrors. Therefore, further research in this direction can

be of value. 

Because the remaining tests listed in Table 1.9 do not concern the measure-

ments by our instrument, they will not be discussed here. Readers who are inter-

ested in them can use the references in the table for further reading. 

Based on this overview of measurement instruments, we can formulate the fol-

lowing specification for the instruments that measure the surface figure of the

mirror substrates: their spatial frequency range must extend from the reciprocal

of the largest footprint dimension F to at least 0.5 mm–1, because the spatial fre-

quency range of the optical profilers starts at about 0.5 mm–1.

As mentioned before, our novel instrument is primarily intended to comple-

ment the existing visible-light interferometers for the measurement of the sur-

face height variations with the lowest spatial frequencies. 

1.7 Potential role of the novel instrument within the polishing process

This section describes the potential role of the novel instrument within the pol-

ishing process. This role leads to the derivation of two kinds of specifications.

First, the measurement results of the novel instrument will be used to control the

polishing process. This leads to specifications on the various quantities that have

to be measured and the required measurement accuracy. These specifications are

derived in Section 1.7.1. Second, the measurements will have to be performed in a

certain environment. This environment will also lead to various specifications,

such as the allowable measurement time and temperature fluctuations that have

to be taken into consideration. These specifications are derived in Section 1.7.2. 

1.7.1 Quantities to be measured and required measurement accuracy

As mentioned earlier, the polishing process is controlled with the measurement

results of the novel instrument and of the other instruments that measure the

surface height of the mirror substrate. Various polishing techniques exist: fast but

rough polishing techniques for the first steps in the polishing process and slow

but smooth polishing techniques for the final steps. Because our instrument is in-

tended to test only optically smooth surfaces—i.e. surfaces that do not generate

fully developed speckle patterns—we assume that the measurement results of the

novel instrument are only used during the final steps in the polishing process, for

which polishing techniques such as computer controlled polishing [1] and ion

beam polishing [2] are used. 

The measurement results of the novel instrument are used for two different

purposes: (i) to decide that the surface height error is sufficiently small and the

polishing process must be stopped, or that the surface figure error is too large and

the polishing process has to continue, (ii) to steer the polishing machines, i.e. to

determine the amount of substrate material that should be removed as function

of the lateral location. 
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The decision to stop or to continue the polishing process is based on the esti-

mated rms surface height errors for low–, mid–, and high–spatial frequencies, as

defined in Section 1.5.2, because these rms values are used to judge the substrate

quality. Their allowable values are listed in Table 1.8. Because the novel instru-

ment is intended for the measurement of the lowest spatial frequencies only, its

measurement results should contribute to the estimation of the rms surface

height error for low–spatial frequencies. Consequently, we have to derive specifi-

cations for the accuracy with which the rms surface height error for low–spatial

frequencies is measured by the novel instrument. 

The steering of the polishing machines is based on the surface height error.

(Note that this is a function of the lateral coordinates x and y, it is not a scalar like

the rms surface figure error.) The measurement results of the novel instrument

should contribute to the estimation of this surface height error, such that the ac-

tual surface height keeps on converging to the nominal surface height during the

polishing process, until the rms surface height errors are sufficiently small. 

In Section 1.5.2, the actual projected asphericity error  has been

introduced to describe the actual surface height error mathematically. To be able

to compute this function with (1.5) and (1.6), we first have to measure the actual

asphericity function , the radius  of the reference sphere, and the

position and orientation of the set of axes S in relation to R. 

Based on the given description of the role of the novel instrument within the

polishing process, the specification for the spatial frequency range of that novel

instrument is derived in the next section. The subsequent section introduces sev-

eral mathematical definitions of the quantities that are measured by the novel in-

strument: the rms value of the surface height error and the surface height error

itself. After that, two sections specify the accuracies with which these quantities

have to be measured. 

Spatial frequency range of the novel instrument

The measurement of the rms value of the surface height error and of the surface

height error itself, pose different requirements on the spatial frequency range for

the novel instrument, as will be explained in the next sections. 

Spatial frequency range for the rms surface height error measurement

The spatial frequency ranges within which the rms surface height errors are com-

puted, should equal the spatial frequency ranges for which the allowable rms val-

ues are specified in Table 1.8. This does not mean that each measurement

instrument has to have a spatial frequency range that is equal to one of the ranges

in Table 1.8. Instead, a set of instruments can measure the surface height error for

various successive spatial frequency ranges and determine the rms surface height

errors within these ranges. The quadratic sum of these rms values for the separate

spatial frequency ranges is equal to the rms value for the total spatial frequency

range, see (1.10). 

For example, the novel instrument could measure the rms surface height er-

ror for the frequency range from F–1 to 0.1 mm–1, while an existing interferom-

eter could measure the rms surface height error in the frequency range from

ea
R R RΡ Φ,	 


aa
S S SΦ Θ,	 
 Ra

S
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0.1 mm–1 to 1 mm–1. The quadratic sum of the two rms values should be smaller

then 0.08 nm, according to the specifications in Table 1.8. 

As described in Section 1.6, the frequency range of the optical profilers starts

at 0.5 mm–1. Hence, they can be used to determine the rms surface height error

for the mid–spatial frequencies. In conclusion, the spatial frequency range of the

novel instrument should stretch from F–1 to the lower limit of the spatial frequen-

cy range of an existing interferometer or to 1 mm–1. 

Spatial frequency range for the surface height error measurement

To determine the spatial frequency range for which the surface height error has to

be measured by the novel instrument and the existing interferometers, it is im-

portant to note that the optical profilers and the afm’s are used to determine the

surface irregularities at a limited set of positions within the footprint of the sub-

strates. These ‘samples’ of the surface height error can be used to estimate the rms
surface height errors at mid– and high–spatial frequencies. 

The optical profilers and afm’s can only be used to generate such stochastic

characterizations of the surface, they can not be used to generate deterministic

surface height maps of the footprints over their full extent, because they are not

equipped to keep track of possible stitching errors when stepping from one meas-

urement field to a next one. This in contrast to the novel instrument and the ex-

isting interferometers, which generate surface height maps of the complete

footprints. 

The spatial frequency up to which the surface has to be characterized with

such a deterministic surface height map, depends on the polishing process. Only

for processes which act on well defined spots on the surface, such a surface height

map is necessary. Of those processes, the process with the highest lateral resolu-

tion (thus the smallest spot) determines the highest spatial frequency. At present,

that process is magnetorheological finishing (mrf) [71]. The full-width at half the

maximum (fwhm) of the smallest indentation made with this technique is about

2 mm. Hence, the highest spatial frequency measured with the novel instrument

or the existing interferometers must at least be about 1 mm–1. 

We could use a set of instruments to determine the deterministic surface

height map for the spatial frequency range from F–1 to 1 mm–1. For example, the

range of the novel instrument could stretch from F–1 to 0.1 mm–1 and the range of

an existing interferometer from 0.1 mm–1 to 1 mm–1. However, this would require

careful matching in the lateral and axial directions of the surface height maps

generated by these instruments, which is a complicated task that we prefer to

avoid. Therefore, we specify that the frequency range of the novel instrument

stretches from F–1 to 1 mm–1. Coincidentally, this range equals the range required

for the computation of the rms surface height error for low–spatial frequencies.

Definitions of the surface figure error and the rms surface figure error

As explained in the previous section, the spatial frequency range within which the

novel instrument determines the rms surface height error and the spatial fre-

quency range within which it measures the surface height error itself, stretch

from F–1 to 1 mm–1. Therefore, we introduce a new function ga(x, y), referred to
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as the actual surface figure error, which is defined as the band-pass filtered actual

surface height error ,

, (1.17)

where � denotes a convolution and F(fx, fy) is the filter function defined by

. (1.18)

(In this section, we omit the superscripts R and S which denote the sets of axes in

relation to which the nominal and actual surface heights are defined.)

In the same way as we have defined the actual projected asphericty error func-

tion  and the actual surface figure error ga(x, y), we now define the

measured projected asphericty error function  as the difference between

the measured and nominal projected asphericity functions,

, (1.19)

and the measured surface figure error gm(x, y) as

. (1.20)

The function gm(x, y) is the quantity that is measured by the novel instrument.

With the help of this function, the actual surface figure error ga(x, y) is estimated. 

Furthermore, we define the measurement surface figure error Γ(x, y) as the

difference between the actual surface figure error and the measured surface figure

error,

. (1.21)

In addition, we introduce the actual rms surface figure error , defined

as the rms value of the actual surface figure error ga(x, y),

, (1.22)

where A is the area of the projected footprint. Note that this  is equal to the

actual rms surface height error Σa, as defined by (1.10), for the frequency range

that stretches from F–1 to 1 mm–1. It has to be smaller than 0.08 nm, according to

Table 1.8. This allowable value of 0.08 nm is denoted by .
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However, we can not measure  directly. Instead, we have to estimate it

with the measured rms surface figure error , which is defined as the rms
value of the measured surface figure error gm(x, y), 

. (1.23)

The relation between  and  is not straightforward. Only if the in-

tegral of the product of ga(x, y) and Γ(x, y) is negligible, then  can be ex-

pressed as a function of :

(1.24)

where the measurement rms surface figure error ΓRMS is defined as the rms value

of Γ(x, y). Because ga(x, y) is the result of the polishing process and Γ(x, y) is the

result of the measurement process, it is likely that ga(x, y) and Γ(x, y) are uncorre-

lated and that the integral of their product is negligible indeed. Hence, the meas-

ured  value is considered to be the quadratic sum of the actual  value

and the rms value of the error Γ(x, y) introduced by the measurement instru-

ment. 

Estimation of the actual surface figure error

We use the surface figure error gm(x, y) as an estimator for the actual surface fig-

ure error ga(x, y). Thus, gm(x, y) is the function that controls the polishing ma-

chines. The accuracy with which gm(x, y) estimates ga(x, y) should be such that

the actual surface figure approaches the nominal surface figure more closely with

each step in the polishing process, until  is sufficiently small. If the estima-

tor is not accurate enough, then it is possible that the polishing process stops con-

verging before  is sufficiently small. 

Consequently, the convergency condition puts requirements on the accuracy

with which gm(x, y) estimates ga(x, y). However, the relation between the accura-

cy of gm(x, y) and the convergence of the actual surface figure is rather complex.

In order to converge, the errors in the amount of removed material during the

polishing steps should decrease with each step. This error depends on the meas-

urement error in gm(x, y)—as mentioned at the start of this chapter, we assume

that the figuring accuracy is limited by the measurement accuracy, not by the pol-

ishing accuracy. This assumption is based on the fact that the error in the polish-

ing process, i.e. the error in the amount of material that is removed, is mainly a

relative error: this error can be reduced by decreasing the amount of material re-

moved during a polishing step. 
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The error in gm(x, y) consists of relative errors, which depend for example on

gm(x, y) or on the actual asphericity function , and absolute errors. These

relative and absolute errors depend on the characteristics of the instrument that

measure gm(x, y). For example, the relative errors of the existing interferometers

decrease if the asphericity decreases, as will be explained in Chapter 2. Thus, the

convergence depends partly on the decrease of relative measurement errors dur-

ing the polishing process. Hence, the relation between the relative and absolute

errors in gm(x, y) and the convergence of the polishing process is rather complex.

The study of the influence of the relative and absolute errors in gm(x, y) on the

convergence of the polishing process, lies outside the scope of this thesis. There-

fore, we want to postpone this study to the future. To circumvent the study, we

only consider the case in which the mirror substrate under test is perfect, i.e. the

actual surface height of the substrate is equal to the nominal surface height. As a

consequence, the convergence of the polishing process is irrelevant, which makes

the accuracy of the measured surface figure gm(x, y) also irrelevant. 

In addition to the surface figure error gm(x, y) itself, we have to measure the

radius  and the position and orientation of the set of axes S in relation to the

position and orientation of the set of axes R. The allowable errors in these quan-

tities are listed in Table 1.7. We assume that these quantities can be measured with

measurement errors that are ten times smaller than the allowable errors, see

Table 1.10. Consequently, the contributions of the measurement errors to the ac-

tual errors in the position and orientation of S and in RS are neglected.

Estimation of the actual rms surface figure error

For the first purpose mentioned at the start of Section 1.7.1, i.e. to decide that the

actual rms surface figure error  is smaller or larger then the allowable val-

ue , we have to consider the accuracy with which  is estimated by the

measured rms surface figure error . 

During the manufacturing of the mirror substrates, the decision that  is

sufficiently small or that it is too large is made with the help of a so-called deci-

sion table. This decision table defines three successive ranges for the value of

 and the following decisions that have to be taken if the value of  is

located within one of the ranges: 

• stop the polishing process, because the probability that < , is suffi-

ciently high,

• continue the polishing process, because the probability that <  or

that '  is not sufficiently high,

• continue the polishing process, because the probability that '  is

sufficiently high, respectively.

If the value of  is located in the second range, then chances are that

 is sufficiently small and it would be unnecessary to continue the polishing

process. However, the probability that this is indeed the case, is too low and be-

cause of that, the polishing process has to continue. Therefore, the efficiency of

the polishing process is optimized by reducing the extent of the second range.

This can be achieved by increasing the accuracy of the measurement of . In

the special case that the accuracy with which  is estimated by  is infi-

aa Φ Θ,	 


Ra
S

Table 1.10 Allowable measurement er-

rors in the position and orientation of the

set of axes S in relation to the position and

orientation of the set of axes R, and in the

radius RS. See Figure 1.1 for the definition

of the x-, y-, and z-axes. 

Degree of freedom Allowable
measurem.

error

Translation along x-axis 10 µm

Translation along y-axis 10 µm

Translation along z-axis 30 µm

Rotation about x-axis 20 µrad

Rotation about y-axis 20 µrad

Radius of curvature RS 50 nm

gaRMS

g a' RMS
gaRMS

gmRMS

gaRMS

gmRMS
gmRMS

gaRMS
g a' RMS

gaRMS
g a' RMS

gaRMS
g a' RMS

gaRMS
g a' RMS

gmRMS

gaRMS

gaRMS

gaRMS
gmRMS
34 Introduction



nite, the first range stretches from 0 to , the second range has zero length,

and the third range stretches from  to infinity. 

From a measurement point-of-view, increasing the accuracy of the measure-

ment of  is not alluring. Therefore, a compromise has to be reached be-

tween polishing efficiency and measurement accuracy. For the working out of this

compromise, is it important to realize that at present, the figuring accuracy is still

limited by the measurement accuracy. Consequently, the polishing process can

not even be effective (i.e. converging towards the nominal surface figure), let

alone efficient (i.e. converging with a minimum number of iteration steps).

Therefore, the measurement accuracy should first be increased to a minimum

level at which the polishing process can be effective. 

We quantify this minimum accuracy level as follows: if only perfect mirror

substrates—i.e. substrates of which the actual surface height coincides with the

nominal surface height—are tested, then 95% of the measured  values

should be located within the first range of the decision table. In other words, at

least 95% of the perfect mirror substrates under test should be recognized to be

sufficiently accurate. 

The narrowing down of the set of mirror substrates that we take into consid-

eration—from the set of all euvl mirror substrates at all stages during the polish-

ing process to the set of perfect euvl mirror substrates—was used earlier, namely

in the previous section to circumvent the study of the convergence of the polish-

ing process, and will be used again, namely in Section 3.3.2 to facilitate the simu-

lation of the novel instrument with ray-trace algorithms. 

The requirement that at least 95% of the measured  values lies within

the first range of the decision table, has to be translated into a specification for

the allowable error in . For this translation, we need the upper and lower

limit of the first range in the decision table. Therefore, the decision table has to be

created. As mentioned earlier, this requires knowledge of the pdf of the actual

, given a measured  value. Although we do not know this pdf exact-

ly, we can derive some general characteristics of that pdf and thus of the decision

table, as described in the next section. The subsequent section will specify the al-

lowable error in . 

General characteristics of the decision table

The decision table specifies three successive ranges for . Depending on the

range within which  is located, we decide that either , or

, or that we can not know with sufficient confidence which of the

two former options is valid. In this section, the decision table is created in four of

steps:

• determine the probability density function of ΓRMS, denoted by PDF(ΓRMS),

• determine , as function of ,

• determine , as function of , 

• determine the ranges for  in the decision table. 

These steps are described below.

g a' RMS

g a' RMS

gaRMS

gmRMS

gmRMS

gmRMS

gaRMS
gmRMS

gmRMS

gmRMS

gmRMS
g ga aRMS RMS

'!
g ga aRMS RMS

'"

PDF
RMS

gm	 
 gaRMS

PDF
RMS

ga	 
 gmRMS

gmRMS
35 Potential role of the novel instrument within the polishing process



PDF(ΓΓΓΓRMS) For our purpose, it is not necessary to determine PDF(ΓRMS) ex-

actly, it is sufficient to determine the following general characteristics of

PDF(ΓRMS). Because ΓRMS is an rms value, it follows directly that PDF(ΓRMS) = 0

for ΓRMS < 0. In addition, we assume that the measurement errors are purely sto-

chastic (no systematic errors). Thus, the function PDF(ΓRMS) starts at zero level

at ΓRMS = 0 and we suppose that its maximum value is reached close to the ex-

pected value E[ΓRMS]. An example of such a PDF(ΓRMS) function is shown in

Figure 1.8(a). 

The next step is to determine the probability density function

 of , given a certain value for . To compute the func-

tion ,  has to be expressed as a function of  and ΓRMS.

From (1.24) and from the characteristics of PDF(ΓRMS), we conclude that the

 will have the following characteristics: the maximum of

 is located near  =  and  = 0 for

 < . Examples of the function  are shown in

Figure 1.8(b).

The probability density function  of , given a

certain value for , can be computed with . Based on the char-

acteristics of , we conclude that  = 0 for

 > . In other words, the probability that the actual  value is

larger than the measured  value is zero. Examples of the function

 are shown in Figure 1.8(c). 

Thus, although we do not know  exactly, we do know that for

 !  the probability that the actual  is equal to or smaller than

 is 100%. If we would know the , then we could compute the
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Figure 1.8 Examples of probability density functions (pdf). (a) Example of

PDF(ΓRMS). The dashed line on the left corresponds to the expected value E[ΓRMS]. The

dashed line on the right corresponds to the value ΓRMS for which the CDF(ΓRMS) is equal

to 0.95. (b) Examples of PDF(gmrms), for various values of garms. These values are in nm.

(c) Examples of PDF(garms), for various values of gmrms. These values are in nm. The

dashed line corresponds to the value g'arms. The grey areas indicate the probability that

garms ! g'arms, given a particular value for gmrms. 
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probability that  or  for various values of .

Table 1.11 is an example of such a list of probabilities. 

Decision table The decision table is based on  and on the required

confidence level. A general characteristic of the decision table, irrespective of the

exact , is that the first range stretches from zero to at least . 

For example, Table 1.12 is the decision table that corresponds to the probabili-

ties listed in Table 1.11, for a confidence level of 95%.   

Allowable error in the measured rms surface figure error

We now consider the special case in which the mirror substrate is perfect, thus the

actual  value is zero and thus . If 95% of the measured

 values is smaller than , then 100% of these values is located in the

first range of the decision table. Depending on the exact , the deci-

sion table will be such that even in some of the cases with  " , the

 value will be located in the first range. Therefore, the actual percentage of

cases in which the  value lies within the first range, will be larger than 95%.

We neglect this surplus.

Table 1.11 Example of a list of probabilities that the actual rms surface figure error

is smaller or larger than the allowable value  for various ranges of the mea-

sured rms surface figure error . 

[%] [%]

! 100 0

! 1.1 ' 99 < 1

! 1.2 ' 95 < 5

! 1.3 ' 5 < 95

! 1.4 ' 1 < 99

Table 1.12 The decision table that corresponds to the probabilities listed in Table 1.11,
for a confidence level of 95%. 

Decision

0 !� ! 1.2 Stop polishing process

1.2 <  �1.3 Continue polishing process

1.3 ! Continue polishing process
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In conclusion, if 95% of the measured  values is smaller than the allow-

able value  of 0.08 nm, then we meet our condition that at least 95% of the

perfect mirror substrates under test are recognized to be sufficiently accurate.

1.7.2 Measurement environment

This section describes the environment in which the novel instrument has to op-

erate and derives specifications based on the environmental conditions. 

The novel instrument will be placed in a special test room, where the air tem-

perature, pressure, and humidity are kept constant and which is vibrationally iso-

lated from the rooms where the polishing machines are located. Consequently,

for each measurement the substrate has to be dismounted from the polishing ma-

chine, brought to the test room, and mounted on one of the measurement instru-

ments discussed in Section 1.6. After the measurement setup has come to a stable

situation (thermal equilibrium, vibrations damped out), the measurements can

be performed. Next, the substrate has to be transferred to another instrument or

back to the polishing machine. 

Thus, even if the actual measurement time is zero, then the effective duration

of a single measurement cycle is still of the order of tens of minutes. Therefore, it

is unnecessary to strive for a measurement time that is much shorter. Hence, the

allowable measurement time is specified as 1000 s. 

Because of the stringent requirements on the accuracy with which the figure

of the euvl mirror substrates has to be measured, it is very likely that the novel

instrument has to be placed in a vacuum chamber, to prevent air turbulence from

deteriorating the measurement results to an unacceptable accuracy. 

1.8 Specifications for the novel instrument

This section summarizes the specifications for the novel instrument, which were

derived in the previous sections. 

The mirror substrates of which the figure has to be measured are the euvl
mirror substrates. For reasons explained in Section 1.7.1, we only consider perfect

mirror substrates, i.e. substrates of which the actual surface height coincides with

the nominal surface height. These substrates are characterized by the quantities

listed in Table 1.6. Another characteristic of these substrates is that the distance

between the edge of the footprint and the edge of the substrate is larger than

10 mm, see Section 1.5.5.

The following quantities have to be measured.

• The actual asphericity function aS(ΦS, ΘS), defined in Section 1.5.2 as the devia-

tion of the actual surface height from a reference sphere with its centre located

at the origin of the set of axes S and with a radius . The spatial frequency

range within which aS(ΦS, ΘS) should be measured, stretches from the recipro-

cal of the largest footprint dimension to 1 mm–1, as derived in Section 1.7.1. The

accuracy with which this asphericity function has to be measured is not speci-

fied. Boundary conditions are that (i) the translations and rotations needed to

transform S into the set of axes R, in relation to which the nominal surface
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height is defined, do not exceed the values listed in Table 1.7, (ii) the difference

between  and the radius  of the reference sphere in relation to which

the nominal surface height is defined, is smaller than 0.5 µm, as listed in

Table 1.7.

• The position and orientation of S relative to the set of axes R. The allowable

measurement errors are listed in Table 1.10. 

• The radius . The allowable measurement error is 50 nm, as listed in

Table 1.10.

• The rms surface figure error , as defined by (1.23), for a spatial fre-

quency range that stretches from the reciprocal of the largest footprint dimen-

sion to 1 mm–1. The accuracy of the measurement should be such that the 95%

of the measured  values are smaller than 0.08 nm, as listed in Table 1.8. 

Finally, the measurements are performed in a special test room. The measure-

ment time should be smaller than 1000 s.

1.9 Outline of this thesis

This section describes the outline of the following chapters. 

Chapter 2 evaluates the suitability of various methods for the measurement of

the figure of euvl mirror substrates. One of the conclusions of this evaluation

will be that the existing methods are not sufficiently accurate. Another conclu-

sion will be that it is worthwhile to study the feasibility of developing a new type

of interferometer, based on the principle of omitting the auxiliary optics in the

interferometer. 

In Chapter 3, we will present the novel interferometer, of which the design is

based on the principle of omitting the auxiliary optics. This chapter introduces

shortly the various systems of the novel interferometer: the light source system,

the optical system, the detection system which comprises a two-dimensional de-

tector array, and a computation system. 

The design of these systems is studied in more detail in Chapters 4–6. In addi-

tion, the feasibility of these systems is evaluated. Chapter 4 describes several as-

pects of the optical system. Chapter 5 discusses the geometry of the two-

dimensional detector array. Chapter 6 describes the light source and detection

systems in more detail. 

Chapter 7 presents the experiments that have been performed. These experi-

ments are mainly intended to show the feasibility of the light source and detec-

tion systems, which are described in Chapter 6. 

In Chapter 8, conclusions will be drawn and recommendations for future re-

search will be given.

Readers who are only interested in the novel interferometer itself, not in the eval-

uation of alternative figure measurement methods, are advised to skip Chapter 2
(which has a length of about 60 pages). 
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2 Potential figure measurement methods

This chapter evaluates the suitability of various figure measurement methods for

the measurement of the figure of euvl mirror substrates. This evaluation con-

sists of three parts. First, the accuracies of the present state-of-the-art implemen-

tations of these methods are determined. Subsequently, the causes for the

limitations on these accuracies are determined. Finally, we study the feasibility of

removing these causes such that the instruments become sufficiently accurate for

the measurement of euvl mirror substrates. 

Section 2.1 presents an overview of the various figure measurement methods

and their limitations. One of these methods, two-beam interferometry, is de-

scribed in more detail in Section 2.2. That section distinguishes between two

types of two-beam interferometers: interferometers with reference beams and

shearing interferometers. These two types are described in Sections 2.3 and 2.4,

respectively. 

Based on the evaluation in Sections 2.1–2.4, Section 2.5 presents the conclu-

sions about the feasibility of developing a measurement method for euvl mirror

substrates. These conclusions form the ground on which the novel interferom-

eter will be developed, which will be presented in Chapter 3. 

The specifications for the instruments that measure the figure of euvl mirror

substrates were presented in detail in Section 1.8. In this chapter, we mainly con-

sider the specification that the allowable rms figure error is 80 pm, where ‘figure’

refers to the surface height variations within the spatial frequency range from the

reciprocal of the largest footprint dimension to 1 mm–1. 

2.1 Methods for figure measurement

An overview of the various methods for figure measurement is given in Table 2.1.
The classification of these methods is similar to the one given in [72]. 

Triangulation, fringe projection and moiré techniques [73] are not listed in

Table 2.1, because these methods are only applicable if the surface under test re-

flects the light diffusively, and the mirror substrates that have to be measured are

optically smooth. In addition, the Ronchi test [59]–[61] is not mentioned, since it

can be considered to be a two-beam or multiple-beam interferometer, depending

on its particular implementation. Optical tomography is not listed either, be-

cause it is just another type of two-beam interferometry, in which the light source

has a short coherence length and the reference beam is scanned. 
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2.1.1 Contact methods

The contact methods are divided into stylus probes and scanning probe micro-

scopes (spm’s), such as the scanning tunnelling microscope (stm) and the atomic

force microscope (afm) [58]. (Although strictly speaking, afm’s and stm’s do not

touch the surface, we categorize them as contact methods.) 

These methods measure the surface height by scanning the surface with a

probe. The surface height resolution of an advanced stylus probe can be as high as

30 pm using an inductive surface height gauge [74]. Depending on the stylus that

is used, the contact area diameter varies between 0.1 and 10 µm. The surface

height resolution of an advanced afm in tapping mode is about 30 pm [55], the

diameter of the stylus can be as small as 10 nm [56]. 

Although the surface height resolutions of these contact methods may seem

very promising, their applicability to surface height measurement of mirrors with

footprint diameters of 300 mm is very limited. The reason is that the accuracy,

with which they measure the surface height, is not only determined by the sur-

face height resolution of the probe, but also by the accuracy of the translation

stage on which the mirror under test is mounted. In order to reach the required

rms surface height accuracy of 0.08 nm, the surface height error of the stage must

be smaller than 0.08 nm over the translation range of 300 mm, while the pitch

and yaw should be smaller than 0.25 nrad over the same range. The accuracy of

all existing translation stages are orders of magnitude worse than these require-

ments. Therefore, we do not consider the contact methods to be viable candi-

dates for measuring the surface height of the euvl mirrors.  

Table 2.1 Overview of potential figure measurement methods. 

• Contact methods • Stylus probes

• Scanning probe microscopes (spm) • Atomic force microscope (afm)

• Non-contact methods • Optical probes • Optical focus sensors

• Interferometric distance measurement

• Optical slope measurements

• Wavefront analysis • Foucault, wire and phase modulation tests

• Hartmann and other screen tests

• Star tests

• Two-beam interferometry

• Multiple-beam interferometry
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2.1.2 Non-contact methods

The non-contact methods are catalogued as optical probe methods or as wave-

front analysis methods. The optical probes [58] illuminate a small spot on the

surface and scan this spot over the footprint, while the wavefront analysis meth-

ods illuminate a large field of view on the footprint and analyse the wavefront

that is reflected. 

Optical probes

The various types of optical probes are based on optical focus sensing, which

measures the surface height by continuously refocusing the spot on the surface,

interferometric distance measurement, which measures the surface height with

respect to a reference plane, and optical slope scanning, which measures the sur-

face slope and uses numerical integration to compute the surface height from the

measured slope. 

The surface height resolution of optical focus sensors [58]—also called confo-

cal microscopes—is limited by the resolution with which the focus surface height

can be determined. This resolution depends on, among others, the numerical ap-

erture (na) of the focusing lens. If a high-na lens (120�/0.95 microscope objec-

tive) is used, the axial resolution is about 10 nm [75]. This resolution is far worse

than the required accuracy of 0.08 nm, whereas the na is already near its maxi-

mum value. Therefore, we do not consider the optical focus sensors as likely can-

didates for the surface height measurement of the euvl mirrors. 

The surface height resolution of scanning interferometric distance measurement

probes—often called optical heterodyne interferometers—can be as high as

0.1 nm [76]–[78]. Therefore, these probes seem to be promising candidates for

measuring the surface height of euvl mirrors. For that purpose they would have

to be improved such that the accuracy of the measured surface height over large

footprints (300 mm diameter) is 0.08 nm, as against their present resolution of

0.1 nm at one point. 

Two different types of these probes can be distinguished. The first type, as de-

scribed in [76], measures the surface height relative to a reference plane defined

by the instrument itself. The spatial frequency range of these instruments ex-

tends from the reciprocal of their scan range to the reciprocal of the measurement

spot (typical diameter of 5 µm). 

Probes of the second type [77][78] measure the surface height averaged over a

small spot (typical diameter of 5 µm) relative to the surface height averaged over a

large spot (typical diameter of 150 µm) that is concentric with the small spot. In

this way these instruments are insensitive to environmental conditions like air

turbulence, vibrations of the mirror under test, and inaccuracies of the transla-

tion stage. However, it also limits the spatial frequency range of the instrument:

the lower frequency limit is about the reciprocal of the large spot diameter, and

the upper frequency limit is about the reciprocal of the small spot. Thus, only the

first type could be suitable for surface height measurement. 

One obvious problem that will be encountered in improving these type of

probes, is the accuracy of the translation stage, like with the contact probes.
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Therefore, these probes are not considered to be viable candidates for determin-

ing the surface height of euvl mirrors. 

The third kind of optical probes measures the surface slope angle. The surface

height is determined by integration of the angle information. The setup de-

scribed in [79] is intended for surface height measurement of flat surfaces with

diameters of some hundreds of millimetres with a surface height accuracy in the

subnanometer regime. An experiment using a high-quality flat (Λ/60), 140 mm in

diameter showed a reproducibility of 0.2 nm over one week. Although the sur-

face slope probe has only been tested on flat mirrors, it can be modified for the

measurement of spherical and aspherical mirrors. 

The advantage of this surface slope probe over the already discussed distance

measurement probe lies in the reduced sensitivity to surface height translations

and rotations of the scanning stage. By the use of a pentagon prism in the angle

measurement, the angle probe setup is only sensitive to the roll of the scanning

stage and the sensitivity to this roll is much lower than the sensitivity of distance

measurement probes to this roll [79]. 

A disadvantage of the method is the fact that the measurement error is in-

versely proportional with respect to the spatial frequency. Because the euvl mir-

rors have a rather high spectral power in the low–spatial frequency range, we

think that the application of this method is questionable. 

Wavefront analysis methods

The wavefront analysis methods measure the figure of the wavefront†, that is re-

flected by the mirror over the field of view, after this wavefront has propagated a

certain distance. The figure of the mirror under test is determined from the fig-

ure of the wavefront. Due to the propagation, the high–spatial frequencies in the

wavefront are filtered out [80]. Consequently, the low–spatial frequency figure

can be measured without measuring the high spatial frequencies. 

The following methods can be used to determine the wavefront figure:

• Foucault, wire and phase modulation tests [81], 

• Hartmann and other screen tests [82], 

• star test [83], 

• two-beam interferometry, 

• multiple-beam interferometry [84]. 

Of these methods, the interferometric ones have proved to be far more accu-

rate than the non-interferometric [85]. Multiple-beam interferometry can be even

more accurate than two-beam interferometry in certain applications. For exam-

ple, in testing spherical mirrors in a concentric Fabry–Perot setup [84]. However,

it can not be used to test the aspherical low-reflectivity mirrors we are interested

in.

Two-beam interferometers can be used with a single-pass or multiple-pass

setup [86]. In the multiple-pass setup, the object wavefront is reflected several

times by the mirror under test. This increases the sensitivity of the interferom-

† We define the figure of a wavefront as the deviation of the wavefront from a flat plane. 
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eter, but makes the relation between the measured wavefront figure and the fig-

ure of the mirror too complex to be able to unambiguously compute that figure

of the mirror. 

For these reasons, we consider the two-beam single-pass interferometers to be

the only promising candidates for the testing of our mirrors. They will be dis-

cussed in the next section.

2.2 Two-beam single-pass interferometry

Numerous types of two-beam single-pass interferometers exist [87]–[88]. In or-

der to be able to compare all these types and clarify their limitations, we model

them in an abstract manner and leave out most details in which they differ from

each other. 

All two-beam single-pass interferometers can be modelled as consisting of

four systems:

• light source system,

• optical system,

• detection system,

• computation system.

The light source system generates the beams, the optical system (re)directs the

beams, the detection system measures the optical intensities, and the computa-

tion system determines the figure of the mirror substrate under test from the

measured intensities. 

Like other wavefront analysis techniques, a two-beam interferometer meas-

ures the wavefront reflected by the mirror under test. From this wavefront, the

figure of that mirror is calculated. In two-beam interferometers, the reflected

wavefront is measured by detecting the phase difference between this wavefront

and a second wavefront. 

A variety of implementations of each subsystem exists, but we only focus on

the optical system, thus on the way in which the second wavefront is generated

and in the way the two wavefronts are directed to the detection system by the op-

tical system. The reason for focusing on the optical subsystem is that we believe

that, due to the shortcomings of this particular subsystem, the existing interfer-

ometers are less suited for the measurement of the figure of the euvl mirrors. 

We discriminate between two kinds of two-beam interferometers, based on

the way the second wavefront is generated. In the first type of interferometers

[89]–[90], the second wavefront is only affected by the light source and the opti-

cal system. As a consequence, it has a particular form, independent of the reflect-

ed wavefront. This wavefront is called a reference wavefront and although these

interferometers do not have a special name, we will refer to them as ‘interfero-

meters with reference beams’, or simply as ‘interferometers’. The figure of the re-

flected wavefront is calculated from a priori knowledge about the figure of the

reference wavefront and from the measured phase difference between the refer-

ence and the reflected wavefronts.
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In the second type of interferometers, the second wavefront is a modified copy

of the reflected wavefront. These interferometers are called shearing interferom-

eters [91]–[93]. The second wavefront is subjected to a shift, a scaling, or a rota-

tion. The phase difference between the reflected wavefront and its modified copy

is roughly proportional to a directional derivative of the reflected wavefront. The

form of the reflected wavefront is calculated by integration of one or several of

these derivatives. 

Here we make a special remark on optical profilers [58]. These instruments

are basically interferometers with reference beams. The most important differ-

ence between ‘standard’ interferometers for figure testing and optical profilers is

that the latter contain a microscope objective that functions as the projection sys-

tem to image the surface under test onto the detection plane. Hence, their meas-

urement field is much smaller than the footprints of the euvl mirrors. Therefore,

we leave the optical profilers out of consideration. 

Section 2.3 evaluates the interferometers with reference beams and Section 2.4
discusses the shearing interferometers. 

2.3 Interferometers with reference beams

Interferometers with reference beams are traditionally the tools of choice for the

measurement of low-spatial frequency figures with high accuracy, especially for

(nearly) spherical surfaces. At present, the instruments used for figure measure-

ment of euvl mirror substrates are also interferometers with reference beams.

However, the accuracy of these interferometers does not (yet) meet the specifica-

tions. This will be described in more detail in Section 2.3.1. 
Although the conclusion of Section 2.3.1 will be that the existing interferom-

eters are not sufficiently accurate, interferometers in general seem to have the

largest potential in reaching the specified accuracy in the future, because the reso-

lution of the existing interferometers is high in comparison with other figure

measurement techniques. Therefore, Sections 2.3.2–2.3.11 evaluate in detail the ex-

isting interferometers: the causes for the limitations on the accuracy with which

they can measure the figure of euvl mirrors and the feasibility to improve one of

the existing interferometers such that its accuracy becomes sufficient. In addi-

tion, this evaluation puts the novel instrument—which is a new kind of interfer-

ometer—into perspective, i.e. it describes its position in relation to the existing

interferometers. 

In general, the development of a new instrument, such as the novel interfer-

ometer, is much more complicated than the improvement of an existing instru-

ment. Therefore, it is important to convince oneself of the need for such a new

instrument. In other words, it is important to show that the goal can not be ac-

complished by a simple improvement of the existing instruments. Therefore, we

need to evaluate all the existing interferometers. 

For the evaluation of the large number of different interferometer setups and

the large number of calibration procedures that can be used in combination with

these setups, we will first introduce a generally applicable abstract model of the
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interferometers in Section 2.3.2. With the help of this model, we are able to draw

conclusions that are valid for all the different interferometers and calibration pro-

cedures.

Based on the abstract model introduced in Section 2.3.2, Section 2.3.3 will

present the argumentation which leads to our conclusion that the feasibility of

improving one of the existing interferometers is rather low. The proofs of the

statements in this argumentation are presented in Sections 2.3.4–2.3.11. As a con-

sequence, these sections do not form a continuous description. In addition, the

sections are rather long (a total length of ca. 35 pages) and not very easy to read,

as a consequence of our pursuit of completeness. Therefore, readers are advised to

read the argumentation and conclusions in Section 2.3.3, before reading any of the

Sections 2.3.4–2.3.11. 

2.3.1 Present state of the interferometers

To put the specifications for the euvl mirrors on the asphericity and on the al-

lowable rms figure error into perspective, it is important to know that even the

most advanced commercially available interferometers, like the ones from Zygo

[94] and Veeco [95], introduce measurement figure errors of at least Λ/30 p–v.

This corresponds to about 20 nm, because the wavelength Λ of the HeNe lasers

used in most of these interferometers is 632.8 nm. 

Even though this is a peak-to-valley error and not an rms error, the value is

much larger than the allowable rms figure error of 80 pm. Moreover, these inter-

ferometers are intended for testing nearly spherical surfaces. Although the as-

phericity that these interferometers can handle is not specified by their vendors,

an often used rule-of-thumb by metrologists is to have only one single fluffed out

fringe over the full aperture [96]. This corresponds to a p–v asphericity of half a

wavelength, or about 300 nm. That value is much smaller than the values for the

p-v asphericity listed in Table 1.6. 

Thus, the specifications for the euvl mirror substrates on the allowable figure

error as well as on the asphericity are well beyond the capabilities of the most ad-

vanced commercially available interferometers, which represent the present meas-

urement capabilities of most optical shops. 

The present state of the research and development activities in the field of

interferometers is best described in relation to the trends in the past and near fu-

ture. As described in [97], until the early nineties, the research and development

activities were mainly focused on the accurate measurement of the phase differ-

ence between the reference and object beams by the detection system, whereas the

optical system was not improved. 

During the nineties, the research community and the vendors still worked on

the improvement of the phase measurement, but their attention was also direct-

ed towards improvements of the optical system, such as optimizing its optical

transfer function, improvements in the calibration of the optical system, and to-

wards the use of the interferometers for the measurement of the figure of aspheri-

cal surfaces with the same accuracy as possible with spherical surfaces. 
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We introduce shortly the instruments which are currently used or developed for

the figure measurement of euvl mirrors. The Virtual National Laboratory (vnl)

in the u.s. (see also Section 1.3) uses the interferometers developed by Sommar-

gren [98]–[101] and by Tinsley Laboratories [102]. From personal communica-

tions [103] we know that Sommargren is extending his interferometer with

rotation tests, whereas Tinsley Laboratories uses computer generated holograms

(cgh)—see Section 2.3.5 on rotation tests and cgh. 

Within the European euclides project, Carl Zeiss is responsible for the fabri-

cation and measurement of the euvl mirror substrates. The interferometer they

are using is an improved version of the Zeiss Direct 100 interferometer, which was

previously commercially available from Zeiss [104]–[108]. This interferometer is

calibrated with several methods: self-calibration with rotation tests, calibration

with an external reference surface, and calibration with a three-flat test [109]—see

Section 2.3.5 for a description of these calibration methods. From personal com-

munications [110] we know that Carl Zeiss is also working on the use of a cgh in

combination with the Direct 100—see Section 2.3.5 on cgh. 

From personal communications [111] it is clear that Nikon, responsible for the

mirror fabrication within the Japanese aset program, is building an interferom-

eter based on point-diffraction and subaperture testing—see Section 2.3.5 for an

explanation of point-diffraction and subaperture testing. 

In addition to these developments, which are linked closely to the various re-

search programs on euvl, some groups are developing interferometers which are

also positioned as useful for euvl, such as the interferometer developed by

C.J. Evans at the National Institute for Standards and Technology (nist) [112] and

by P.E. Murphy, at the University of Rochester [113]. 

These developments have not yet led to interferometers that meet the require-

ments, i.e. an rms figure error of 80 pm or smaller for asphericities as listed in

Table 1.6. Recently fabricated mirrors for the ets by the vnl [114] and for the

Schwarzschild projection system at the vnl by Carl Zeiss [109] show rms figure

errors of 0.25 nm and 0.15 nm, respectively. This indicates that the present rms
measured figure error can be as small as 0.15 nm. However, the trustworthiness of

these numbers is questionable, due to the lack of information on the used meas-

urement instruments and procedures and the lack of cross-checks. 

In conclusion, the need for measurement tools that meet the specifications still

exists. In fact, the need for at least two of such tools based on different principles

exists, in order to determine their accuracy by cross-checking their measurement

results. 

2.3.2 Models of the interferometers

For the evaluation of the large number of different interferometer setups and the

large number of calibration procedures that can be used in combination with

these setups, we introduce in this section a generally applicable abstract model to

describe the interferometers and the calibration procedures. 

All interferometers measure the optical path difference (opd) between the ref-

erence and object beams at a certain detection plane, as function of the lateral co-
48 Potential figure measurement methods



ordinates of that plane, and the position of a certain point P at the surface under

test†. They differ in the way that this opd function and the position of P are used

to determine the figure of the surface under test. We distinguish between two

types of interferometers: interferometers that measure the figure in an absolute

way and in a relative way. We call these ‘absolute interferometers’ and ‘reference

interferometers’, respectively. Note that it is possible that the hardware setup of an

absolute and a reference interferometer is the same. In that case, the only differ-

ence between them is the computation of the figure from the measured opd func-

tion. 

The measurement of the position of a certain point P at the surface is neces-

sary to be able to determine the figure of the substrate in relation to the coordi-

nate system of the interferometer. In addition, we have to measure the position

and the orientation of the substrate itself in relation to the coordinate system of

the interferometer, for example by measuring the positions of some reference

marks at the side of the substrate. The tolerances on the measurement of the po-

sition and orientation of the substrate were discussed in Section 1.7.1 and listed in

Table 1.10. In this chapter, the measurement the position and orientation of the

substrate will not be discussed in more detail, we just assume that this measure-

ment is carried out with sufficient accuracy. 

The following sections discuss the absolute and reference interferometers.

Absolute interferometers

An absolute interferometer determines the figure of the surface under test in four

steps. 

First, the following information is determined: (i) the optical path length

(opl) of the reference beam at the detection plane, as function of the lateral coor-

dinates of that plane, (ii) a model of the object arm of the interferometer (the ob-

ject arm is the path along which the object beam propagates from the light source

to the detection plane). Note that this information is independent of the surface

under test. 

Second, in the presence of the surface under test, the position of a certain

point P at that surface and the opd function are measured. 

Third, the opl function of the object beam at the detection plane is comput-

ed from the measured opd function and from the opl function of the reference

beam. 

Fourth, the figure of the surface under test is computed with the help of the

computed opl function of the object beam, the measured position of P, and the

model of the object arm. This step involves the simulation of the propagation of

the object beam through the object arm, as explained in [115].

To clarify this abstract description of the absolute interferometers, Figure 2.1
shows, as an example, how a Fizeau interferometer can be operated as an abso-

lute interferometer. 

† Without the position of P, the figure of the surface under test can not be determined

unambiguously. The reason is that several surfaces under test with different figures and

different positions can give rise to the same opd function. 
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From the previous description of the absolute interferometers, it follows that the

accuracy, with which an absolute interferometer measures the figure of a surface

under test, is determined by

• accuracy of the opl function of the reference beam, 

• accuracy of the measured opd function,

• accuracy of the measured position of a certain point P at the surface under test,

• accuracy of the simulation of the beam propagation through the object arm. 

This list will be used in Section 2.3.3.

Reference interferometers

Our model of the reference interferometer is based on a concept called ‘the refer-

ence surface’. A reference surface is a virtual surface that functions as a reference

in relation to which the figure of a real surface under test is measured. This con-

cept enables us to compare all the different reference interferometers, especially

all the different calibration procedures that are in use today. In our model, all

these calibration procedures can be described as methods to generate a reference

surface.

In this section, we will first describe the concept of the reference surface in

more detail and we will define the deviation function, which is closely related to

the reference surface. Subsequently, the measurement of the figure of a surface

under test is discussed. An example, in which a Fizeau interferometer is operated

as a reference interferometer, should clarify our model of the reference interfer-

ometers. After that, the factors that determine the accuracy of the reference inter-

ferometer are presented. 

Somebody with a background in interferometry may consider our model of

reference interferometers to be uncommon, or even incomprehensible. In fact, it

may require a shift of paradigms before he understands the model. However,
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figure of surface under testFigure 2.1 Example of a Fizeau interfer-

ometer that is operated as an absolute in-

terferometer. (b) Flow-chart of the

computation of the figure of the surface
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somebody with a background in the science of measurement technology and

standards, may consider it to be a common, or even trivial model. To make this

clear, we will compare at the end of this section the (two-dimensional) figure

measurement by a reference interferometer with the (one-dimensional) weight

measurement by a steelyard. 

Reference surface and the deviation function

As mentioned earlier, a reference surface is a virtual surface that functions as a

reference in relation to which the figure of a real surface under test is measured. A

reference surface is characterized by three quantities:

• position, 

• figure, 

• corresponding opd function.

With ‘corresponding’ opd function we mean the opd function that would be

measured if the real surface under test would coincide with the virtual reference

surface. 

To clarify this abstract definition of the reference surface, we present an exam-

ple of a method to generate such a reference surface. In this example, we generate

the virtual reference surface with the help of a physical surface of which the fig-

ure has already been determined with a different instrument. This is a so-called

external reference surface. We position the external reference surface at the loca-

tion where normally the surface under test is positioned and measure its position

and the opd function. As a result, we have generated a set with a surface position,

a figure (measured by the other instrument), and an opd function. This set de-

fines the virtual reference surface. After the construction of the virtual reference

surface, we replace the external reference surface by a surface of which the figure

has to be determined. 

For each reference surface, we determine the influence of changes in its posi-

tion and of changes in its figure on the corresponding opd function. In other

words, we derive for each reference surface the deviation of the actual figure from

the reference figure, as a function of

• reference figure,

• reference opd function,

• reference position,

• actual opd function,

• actual position of a certain point P on the actual surface.

We will refer to this collection of data as the ‘deviation function’. It is used during

the measurement procedure to determine the deviation of the figure of a surface

under test from the figure of the reference surface. 

Measurement procedure

A reference interferometer determines the figure of the surface under test in the

following five steps.

First, a set of reference surfaces is generated and the corresponding deviation

functions are derived.
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Second, the surface of which the figure has to be determined is positioned in

front of the interferometer, the position of a certain point P at that surface is

measured, and the opd function is measured. 

Third, we select the reference surface of which the position and opd function

match the measured position of P and the measured opd function most closely. 

Fourth, we compute the deviation of the figure of the surface under test from

the figure of the reference surface, with the help of the deviation function, from

• reference figure,

• reference opd function,

• reference position,

• measured opd function,

• measured position of a certain point P at the surface under test.

Fifth, this figure deviation is added to the figure of the selected reference sur-

face. The result is the figure of the surface under test.

Example of a Fizeau interferometer

Figure 2.2 shows, as an example, how a Fizeau interferometer can be operated as a

reference interferometer. This example also shows that our virtual reference sur-

face is not the same as the physical internal reference surface of the Fizeau inter-

ferometer. 

Accuracy of reference interferometers

From the previous description of the reference interferometers, it follows that the

accuracy of a reference interferometer is determined by the

• accuracy of the reference figure,

• accuracy of the reference opd function,

• accuracy of the reference position,

• accuracy of the measured opd function,

• accuracy of the measured position of a certain point P at the surface under test,

• accuracy of the deviation function. 

light source beamsplitter
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reference surface

detection plane

projection system

transmission sphere

internal reference surface

OPD function

P

(a) (b)

deviation function

reference surface figure
reference OPD function
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measured OPD function

measured position of P

figure of surface under test

Figure 2.2 Example of a Fizeau interfer-

ometer that is operated as a reference inter-

ferometer. Note that the (physical) internal

reference surface is different from the (vir-

tual) reference surface. (b) Flow-chart of

the computation of the figure of the sur-

face under test.
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This list will be used in Section 2.3.3.

However, in one special case, the accuracy of the deviation function is of no

importance. That is the case in which the deviations of the figure of the surface

under test from the reference surface figure are infinitely small. In that case, the

error in the measured figure due to the inaccuracy of the deviation function is

negligible in relation to other error contributions, such as the error in the meas-

ured opd function and the uncertainty in the figure of the reference surface. 

We distinguish between reference interferometers that make use of this spe-

cial case in which the accuracy of the deviation function is of no importance and

reference interferometers that do not. We call them matched reference interfe-

rometers and unmatched reference interferometers, respectively. They are dis-

cussed in the following paragraphs.

In a matched reference interferometer, a reference surface is generated of

which the figure is equal to the nominal figure of the surface under test, i.e. the

reference surface is matched to the nominal surface. At the start of the polishing

process, the actual figure of the surface under test deviates from the nominal fig-

ure (otherwise, the surface would not have to be polished), and thus from the ref-

erence surface figure. Due to this deviation, the measured figure of the surface

under test will contain an error that is influenced by the inaccuracy of the devia-

tion function. During the polishing process, the actual figure will gradually ap-

proach the nominal figure, which is equal to the reference figure. Thus, the

deviation of the actual figure from the reference figure will be reduced to zero

during the polishing process. Consequently, the error in the measured figure that

is influenced by the inaccuracy of the deviation function will also be reduced to

zero. Hence, at the end of the polishing process the accuracy of the matched refer-

ence interferometer does not depend upon the accuracy of the deviation func-

tion.

In an unmatched reference interferometer, the statements above do not apply.

Hence, the accuracy of the measured figure depends on the accuracy of the devia-

tion function, even at the end of the polishing process. 

Most interferometers used in the everyday practice in optical shops are

matched reference interferometers. The reason is that most optical surfaces have

to be spherical and spherical reference surfaces can be generated very accurately,

as will be explained later. 

Comparison of a reference interferometer with a steelyard

This section compares the (two-dimensional) figure measurement by a reference

interferometer with the (one-dimensional) weight measurement by a steelyard,

which is based on the extension of a spring, as illustrated in Figure 2.3. 

Such a steelyard is calibrated by marking the extension of the spring for a set

of calibrated reference weights. These marks are called reference marks. This is

shown in Figure 2.3(a).

The weight of a weight under test is determined by (i) measuring the spring

extension in relation to one of the reference marks, (ii) multiplying this exten-

sion by the stiffness of the spring, and (iii) adding the product to the weight of

the reference weight. Thus, the relation between the difference between the actu-
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al weight and the reference weight, on the one hand, and the spring extension in

relation to the reference mark, on the other hand, is a very straightforward one: a

multiplication of the spring extension by the spring stiffness. This is illustrated in

Figure 2.3(b).

Now, we compare this steelyard with a reference interferometer. The objective

of the reference interferometer is to measure the figure of a surface under test, in-

stead of measuring the weight of a weight under test. Instead of using reference

weights for the calibration, the reference interferometer is calibrated with refer-

ence surfaces. Instead of recording the weight and the spring extension for differ-

ent reference weights, we record the figure, the position and the corresponding

opd function for different reference surfaces. Instead of determining the devia-

tion of the weight under test from a reference weight by measuring the difference

in spring extension and multiplying this with the spring stiffness, we determine

the deviation of the figure of the surface under test from the figure of the refer-

ence surface, using the deviation function, from the reference figure, the position

of the reference surface, the reference opd function, the measured position of a

certain point P at the surface under test, and the measured opd function. 

The accuracy with which the actual weight is measured, is determined by 

• accuracy of the spring extension measurement (comparable to the accuracies

with which the opd function and the position of P are measured and the accu-

racy with which the reference opd function are known), 

• accuracy with which the reference weight is known (comparable to the accura-

cies with which the position and figure of the reference surface are known), and 

• accuracy with which we know the relation between the spring extension with

respect to the reference mark, on the one hand, and the difference between the

actual weight and the reference weight, on the other hand (comparable to the

accuracy with which the deviation function is known). 

The accuracy of this relation depends, among others, on the accuracy with which

the spring stiffness is known. 
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wt = s �x + wr3Figure 2.3 Steel yard for measuring the

weight of a weight under test. (a) A set of

reference marks is generated with a set of

reference weights with well-known

weights. (b) The weight of the weight un-

der test is determined by measuring the

spring extension in relation to a reference
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the weight of the reference weight.
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However, there is a special case in which the accuracy of the latter relation be-

tween spring extension and weight difference is of no importance. That is the case

in which the weight of the surface under test is (nearly) equal to one of the refer-

ence weights. In that case, the accuracy of the spring stiffness has no influence on

the accuracy with which the weight under test is measured. This is comparable to

the case in which the surface under test coincides with the reference surface. In

that case, the accuracy of the deviation function has no influence on the accuracy

of the reference interferometer. 

2.3.3 Evaluation of existing interferometers

In this section, we evaluate the existing interferometers. This evaluation is com-

posed of three sections. The first section determines the causes for the fact that

the accuracy of existing interferometers is insufficient for the measurement of eu-
vl mirror substrates. The second section discusses the various methods to im-

prove the accuracy. The third section studies the feasibility of using these

methods to improve the accuracy such that the interferometers can be used to

measure euvl mirror substrates.

Causes for the limited accuracy of existing interferometers

This section contains a number of statements which are proven in Sections 2.3.5–

2.3.11. We advise to read Section 2.3.3 completely before reading any of the

Sections 2.3.5–2.3.11. 
As mentioned in the previous section, we model an interferometer either as

an absolute interferometer or as a reference interferometer. Based on this classifi-

cation, the accuracy of the entire interferometer can be determined with the help

of the lists of accuracies presented in the previous sections about the absolute and

reference interferometers. We start by evaluating the accuracies in these lists. 

First, we evaluate the accuracies that are of importance to the absolute as well

as to the reference interferometers:

• accuracy of the measured position of a certain point P at the surface under test,

• accuracy of the measured opd function.

We assume that the accuracies of the methods to determine the position of P

are sufficiently high for the measurement of euvl mirror substrates. Section 2.3.4
discusses the state-of-the-art in opd measurements. The conclusion of that sec-

tion will be that the accuracy of the measured opd functions is sufficiently high

for the measurement of euvl mirror substrates. 

Subsequently, we evaluate the accuracies that are only of importance to the abso-

lute interferometer:

• accuracy of the opl function of the reference beam, 

• accuracy of the simulation of the beam propagation through the object arm. 

The accuracy of the opl function of the reference beam depends on the method

with which that function is determined. For the time being, we assume that this

opl function is determined from simulations of the propagation of the reference

beam from the light source through the reference arm of the interferometer to the
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detection plane. Thus, both mentioned accuracies are determined by the accura-

cy of the beam propagation simulations. 

The accuracy of beam propagation simulations is determined by two factors: 

• the accuracy with which the optical components in the interferometer (the so-

called auxiliary optics) are modelled and 

• the accuracy of the propagation algorithm. 

As will be shown in Sections 2.3.7–2.3.11, the accuracy of the beam propagation

simulations is insufficient, due to the sensitivity of these simulations to errors in

the models of the auxiliary optics in the interferometer. The argumentation in

Sections 2.3.7–2.3.11 is as follows.

Section 2.3.8 first models the ideal interferometer. For this ideal interferom-

eter, the opl function of the reference beam at the detection plane is exactly

known, and the relation between the figure of the surface under test and the opl
function of the object beam at the detection plane is exactly known. Thus, with

such an ideal absolute interferometer, the figure of the surface under test can be

computed exactly, on condition that the opd function is measured exactly. 

In the ideal interferometer, the reference beam is generated with an ideal

point source. The wavefront of this reference beam is either spherical or flat, de-

pending on the location in the interferometer. Thus, the reference wavefront is

not aspherical, which is an important characteristic of the ideal interferometer.

Subsequently, we assume that a real interferometer can be designed such that

it behaves like the ideal interferometer, at least on paper. After that, Section 2.3.10
models the influence of errors in the surface figures of the auxiliary optics on the

measured figure of the surface under test. Actually, it models the influence of fig-

ure errors in one specific subsystem that all existing absolute interferometers have

in common: the projection system. 

That projection system is used to image the mirror under test onto the detec-

tion plane. Even if the surface figures of this projection system are measured with

the highest accuracy possible with today’s state-of-the-art measurement tech-

niques, then the deviation of the aspherical object wavefront from the spherical

reference wavefront still makes the beam propagation simulations too sensitive to

measurement errors in the surface figures of the projection system. This is de-

scribed in Section 2.3.11.
Actually, Section 2.3.11 describes the influence of manufacturing errors in the

projection system on the measured figure of the surface under test. This does not

make the results of Section 2.3.11 less useful, because the accuracy with which op-

tical components can be manufactured is limited by the accuracy with which they

can be measured, 

Finally, we evaluate the accuracies that are only of importance to the reference

interferometers: 

• accuracy of the reference surface position,

• accuracy of the reference opd function,

• accuracy of the reference figure,

• accuracy of the deviation function. 
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We assume that the accuracy with which the reference surface position can be

measured, is sufficiently high for the measurement of euvl mirror substrates. 

For the evaluation of the three latter accuracies, we have to realize that these

depend upon the reference figure itself. If we generate, for example, spherical ref-

erence surfaces, then the accuracy of the reference figure and the accuracy of the

corresponding reference opd function can be higher than for aspherical reference

surfaces, as will be described in Section 2.3.5. In addition, the required accuracy of

the deviation function depends on the deviations of the figures of the reference

surfaces from the nominal figures of the aspherical euvl mirror substrates. 

Section 2.3.5 discusses the various methods to generate reference surfaces and

the accuracy with which their figure and opd function can be determined. The

conclusion is that only a rather limited set of reference surfaces can be generated

with an rms figure error smaller than 80 pm. This set does not include aspherical

reference surfaces of which the figure is equal to the nominal figure of the euvl
mirror substrates. The reference surfaces in the set that match these euvl mirror

substrates most closely, are spherical reference surfaces. 

Based on this evaluation of methods to generate reference surfaces, we con-

clude that the accuracy of matched reference interferometers is insufficient, due

to the inaccuracy of their aspherical reference surfaces. In addition, we conclude

that the accuracy of unmatched reference interferometers is not limited by the ac-

curacy of the reference surfaces, provided that the reference surface is part of the

limited set determined in Section 2.3.5, such as the mentioned spherical reference

surface. 

For the unmatched reference interferometers, we have to evaluate the accura-

cy of the deviation function. Section 2.3.6 discusses the existing deviation func-

tions. The conclusion is that the accuracy of these deviation functions is simply

unknown. To be able to decide if the accuracy of any deviation function can be

sufficiently high for the measurement of euvl mirror substrates, the maximum

accuracy is estimated. Thus, instead of deriving the deviation functions for differ-

ent unmatched reference interferometers and determining the accuracy of these

specific deviation functions, we start by estimating the ultimate accuracy that can

be reached with the existing reference interferometers. It will turn out that this

accuracy is insufficient, due to manufacturing errors of the projection system.

This is shown in Sections 2.3.7–2.3.11. 
Note that we already referred to Sections 2.3.7–2.3.11 on Page 56. There, we re-

ferred to these sections to find the argumentation for the statement that the accu-

racy of the beam propagation simulations is insufficient, due to the sensitivity of

these simulations to errors in the models of the auxiliary optics in the interferom-

eter. Now, we refer to the same sections to find the argumentation for the state-

ment that the accuracy of the deviation functions is insufficient, due to the

sensitivity of these functions to manufacturing errors in the auxiliary optics in the

interferometer. The reason for referring to the same sections is that the model-

ling errors will be determined by the measurement errors, which are equal to the

manufacturing errors, because the manufacturing accuracy is not limited by the

accuracy of the polishing process, but by the accuracy of the figure measurement,

as stated before. 
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We now summarize how Sections 2.3.7–2.3.11 should be interpreted to sup-

port the statement that the accuracy of the deviation functions is insufficient, due

to the sensitivity of these functions to manufacturing errors in the auxiliary optics

in the interferometer. Section 2.3.8 first models the ideal interferometer. In the

ideal interferometer, the reference beam is generated with an ideal point source.

The wavefront of this reference beam is either spherical or flat, depending on the

location in the interferometer. Therefore, this ideal interferometer can be consid-

ered to have a perfectly spherical reference surface with its centre located at the

reference point source. For this ideal interferometer, the deviation function is

known exactly. 

Subsequently, we assume that a real interferometer can be designed such that

it behaves like the ideal interferometer, at least on paper. After that, Section 2.3.10
models the influence of errors in the surface figures of the projection system on

the measured figure of the surface under test. 

Even if this projection system is built with optical components of the highest

quality possible with today’s state-of-the-art manufacturing techniques, the devi-

ation of the aspherical surface under test from the spherical reference surface

makes the existing reference interferometers too sensitive to manufacturing errors

of the projection system. 

From the preceding evaluation of the existing interferometers, we draw the fol-

lowing conclusions:

• the accuracy of absolute interferometers is limited by the insufficient accuracy

with which the auxiliary optics can be modelled,

• the accuracy of matched reference interferometers is limited by the insufficient

accuracy of matched aspherical reference surfaces,

• the accuracy of unmatched reference interferometers is limited by the insuffi-

cient accuracy of the deviation function. 

Methods to improve the accuracy of the existing interferometers

From the conclusions in the previous section, it will be clear what obstacles have

to be removed in order to improve the accuracy of the existing absolute and refer-

ence interferometers. This section describes the methods to achieve that. 

The accuracy of absolute interferometers can be improved by increasing the

accuracy with which the auxiliary optics are modelled. This can be accomplished

by either 

• increasing the accuracy with which the auxiliary optics are measured, or by 

• omitting the auxiliary optics. 

The accuracy of the matched reference interferometers can be improved by in-

creasing the accuracy with which matched reference surfaces—i.e. reference sur-

faces of which the figure is equal to the nominal figure of the euvl mirror

substrates—are generated. As will be concluded in Section 2.3.5, if a combination

of a null-compensator, such as a cgh, and self-calibration (which will be de-

scribed in Section 2.3.5) is used, then the accuracy of the matched reference sur-

face is only limited by the accuracy of the null-compensator. This accuracy has to

be increased. 
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Another method for matched reference interferometers which we should

mention here is to make use of the fact that the nominal figures of the euvl mir-

ror substrates are rotationally symmetric, with the axis of the euvl projection

system as the axis of rotation. As will be described in Section 2.3.5, we can gener-

ate rotationally symmetric reference surfaces with sufficient accuracy with the

help of self-calibration. This reference surface can be used to verify that the euvl
mirror substrate under test is rotationally symmetric indeed. This method should

be complemented with a method to determine the profile of the substrate along a

radial direction, such as the optical probes discussed in Section 2.1.2. 

The accuracy of unmatched reference interferometers can be improved by de-

creasing the error in the measured figure due to the inaccuracy of the deviation

function. This can be accomplished by either 

• increasing the accuracy of the deviation function itself, or by 

• increasing the accuracy of the deviation function itself as well as reducing the

deviation of the reference figure from the nominal figure.

An increase in the accuracy of the deviation function requires an increase of the

accuracy with which the auxiliary optics are manufactured. The deviation of the

reference figure from the nominal figure can be reduced by generating an aspheri-

cal reference surface, for example with a combination of subaperture testing and

self-calibration, as described in Section 2.3.5. The figure of such an aspherical ref-

erence surface can not match the nominal figure of an euvl mirror substrate

completely†, but the deviation is reduced in comparison with a spherical refer-

ence surface. Hence, the sensitivity to manufacturing errors in the auxiliary optics

is reduced. Consequently, the required increase in the accuracy with which the

auxiliary optics are manufactured is less in comparison with continuous spheri-

cal reference surfaces. 

The mentioned methods for improving the accuracy of the existing interfer-

ometers are listed in Table 2.2.  

Feasibility of improving the accuracy of the existing interferometers

This section evaluates the feasibility of using the methods listed in Table 2.2 to

improve the accuracy the existing interferometers such that they can be used to

measure euvl mirror substrates. 

Three methods (a1, ur1, and ur2) are based on an increase of the accuracy

with which the auxiliary optics are manufactured or measured. As stated at the

start of Chapter 1, the manufacturing accuracy is not limited by the polishing

process, but by the accuracy of the figure measurement. Consequently, these three

methods require an increase of the measurement accuracy. 

As will be shown in Section 2.3.11, this increase is rather large in comparison

with the accuracy of today’s state-of-the-art measurement techniques. In fact,

such an increase requires the development of new instruments, such as the one

† Subaperture testing results in a reference surface that is a mosaic of subapertures.

Within such a subaperture, the reference surface is spherical. (This is comparable to the

surface of a golf ball.) Consequently, reference surfaces generated with subaperture testing

will not coincide with the nominal surfaces of euvl mirror substrates. 
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described in this thesis. This comes down to a ‘chicken and egg’ problem. There-

fore, we do not believe that these methods are immediately feasible. 

Method mr1 is based on the generation of matched aspherical reference sur-

faces with a combination of a null-compensator and self-calibration. We assume

that the null-compensator is a cgh. We do not expect the cgh technology to be-

come sufficiently accurate in the near future. We consider the largest problem to

be the fact that the aspherical wavefront figure generated by the cgh can not be

tested independently with sufficient accuracy before the cgh is mounted in the

interferometer. Thus, even if the accuracy of the cgh becomes sufficient, it can

not be proved. In addition, we doubt if the substrate for the cgh can be made

with sufficient accuracy. 

We also doubt the feasibility of method mr2, which uses an interferometer to

verify that the surface under test is rotationally symmetric and another instru-

ment to determine the radial profile. The reason is that we suppose that the feasi-

bility of the development of an instrument that scans the radial profile with

sufficient accuracy, is rather low, as already explained in Section 2.1.2.

It is not yet possible to estimate the feasibility of method a2 in relation to the fea-

sibility of the other methods, because of two reasons. First, the other methods are

more concrete than the ‘vague’ concept of omitting the auxiliary optics in an ab-

solute interferometer. For example, the development of a null-compensator with

cgh technology is limited to a single component, which can be added to an exist-

ing reference interferometer. In comparison, the development of an absolute

interferometer without auxiliary optics, will probably lead to a completely differ-

ent interferometer setup. Second, the other methods have been under develop-

ment for a number of years now, whereas the method of reducing the amount of

auxiliary optics has not been studied before. 

Table 2.2 Methods to improve the accuracy of the existing interferometers.

Method no. Interferometer type Method

A1 Absolute Increase the accuracy with which auxiliary optics are measured to increase the accuracy 
of the model of the interferometer.

A2 Absolute Omit the auxiliary optics to increase the accuracy of the model of the interferometer.

MR1 Matched reference Generate matched reference surfaces with a combination of null-compensators and self-
calibration and increase the accuracy of the null-compensators. 

MR2 Matched reference Generate matched rotationally symmetric reference surfaces with self-calibration and 
use another instrument to measure the profile in the radial direction. 

UR1 Unmatched reference Increase the accuracy with which the auxiliary optics are manufactured to increase the 
accuracy of the deviation function. 

UR2 Unmatched reference Generate aspherical reference surfaces with a combination of subaperture testing and 
self-calibration, increase the accuracy of subaperture testing, and increase the accuracy 
with which the auxiliary optics are manufactured.
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In Section 2.5, we will determine if it is worthwhile to study the feasibility of

this method.

2.3.4 Measurement of the opd function

As described in Section 2.3.1, the developments of the interferometers during the

past decades have been focused on improving the accuracy of the measurement of

the opd function. As a result, the opd function can be measured with a repeata-

bility of 70 pm rms [109][116]. (Here, the precision was taken to be the difference

between two successive measurements of the opd function.) Although precision

is not the same as accuracy, we assume that the measurements can be calibrated

such that the rms accuracy in the measured opd function is also 70 pm. 

For an infinitely small deviation of the surface under test from the reference

surface, the corresponding deviation of the measured opd function from the re-

ference opd function is about twice that surface deviation (the exact number de-

pends on the geometry of the set-up), just like with test plate testing in the optical

shop [97]. Consequently, an rms accuracy in the measured opd function of

70 pm corresponds to an rms accuracy in the measured figure of 35 pm. We con-

clude that, in order to reach the required figure accuracy of 80 pm rms, the accu-

racy of the measured opd function is not a limiting factor. 

Historically, the fringe density has always been a limiting factor in the inter-

ferometric measurement of aspherical surfaces. The maximum fringe densities

that can be expected for the various euvl mirrors will be computed in

Section 2.3.7 and listed in Table 2.3. Based on these values and on the capabilities

of today’s ccd sensors, we will conclude that the fringe density is not a limiting

factor either. 

2.3.5 Generation of the reference surface

A reference surface was defined as a surface, of which the position, the figure and

the corresponding reference opd function are known. This section will discuss all

the possible methods to generate reference surfaces, the types of surfaces (flat,

spherical, aspherical) and the accuracy with which their figures and their corre-

sponding opd functions can be determined. 

To be useful for the measurement of euvl mirrors, the figure of the reference

surface has to be known with an accuracy that is better than the accuracy with

which the figure of the euvl mirrors has to be measured. Therefore, the inaccura-

cy of the figure of the reference surface has to be smaller than 80 pm rms. 

The methods to generate a reference surface can be divided into four groups,

based upon the calibration procedure that is used:

• calibration by nulling,

• calibration with an external reference surface, 

• self-calibration,

• three-flat test. 

These methods will be described in the following sections. The overview in the

following sections is meant to be read in combination with the cited references.

The references describe the mathematical details of these methods and we de-

scribe how these calibration procedures can be considered as methods to gener-
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ate reference surfaces. Without the descriptions of the calibration procedures in the

cited references, the following sections might be difficult to understand. 

Calibration by nulling

Recall that the reference surface was defined as a surface of which the position,

the figure and the corresponding opd reference function are known. In this sec-

tion, we discuss the possibility to determine (or to calibrate) the reference surface

that corresponds to a reference opd function that has a constant value over the

entire detection plane. If the surface under test coincides with this reference sur-

face, then there will be no fringes in the fringe pattern at the detection plane and

the interferometer is said to be ‘nulled’. 

In this section, we first describe calibration by nulling with a Fizeau interfer-

ometer. Subsequently, nulling with a Twyman–Green interferometer is discussed.

After that, nulling with the interferometer built by Sommargren [98]–[101] is dis-

cussed. The use of a null-compensator is also described. Finally, we summarize

the conclusions of these sections. 

Nulling with a Fizeau interferometer

This subsection describes calibration by nulling with a Fizeau interferometer.

First, we define the common-path section of the interferometer as the section of

the optical system through which the reference beam as well as the object beam

propagate before they reach the detection plane. In a Fizeau interferometer for

example, the entrance of the common-path section is located just after the inter-

nal reference surface, which is the outward looking spherical surface of the trans-

mission sphere. Note that this internal reference surface is not the same as the

reference surface. The internal reference surface is a real physical surface, whereas

the reference surface is a virtual surface. 

In a nulled interferometer, the reference and object wavefronts have the same

figure as they leave the common-path section, since the opd function is constant

over the detection plane. This can only be the case if the reference and object

wavefronts had equal figures as they entered the common-path section, irrespec-

tive of the errors in the auxiliary optics within the common-path section. 

In a Fizeau interferometer, the only components outside the common-path

section are the internal reference surface and the surface under test. Thus, if the

surface under test has exactly the same figure as the internal reference surface and

it is placed against that internal reference surface, then the interferometer is

nulled. There may exist other figures of the surface under test which also lead to a

nulled interferometer if they are placed in the right position. However, these are

not well-defined in the sense that we do not know their figure and position. Only

if we choose as our reference surface the internal reference surface, then the fig-

ure as well as the position of the reference surface are well-defined.

As a consequence, in a Fizeau interferometer the reference surface can be cali-

brated by measuring the figure of the internal reference surface. The accuracy

with which the figure of the reference surface is calibrated is thus equal to the ac-

curacy with which the figure of the internal reference surface is measured. 
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This property addresses a disadvantage of this calibration method: in order to

generate an accurate reference surface, we need to measure the figure of the inter-

nal reference surface, which in turn requires an accurate reference surface. Thus,

the calibration does not help to generate an accurate reference surface, instead it

only shifts that task to the instrument that measures the figure of the internal ref-

erence surface. 

Another disadvantage of this calibration method is that the reference surface

coincides with the internal reference surface, whereas in practice the surface un-

der test is positioned at a certain distance from the internal reference surface.

Consequently, the distance between the surface under test and the reference sur-

face is large in comparison with other calibration methods, where the surface un-

der test and the reference surface nearly coincide. Because of that, the

contribution to the measured figure error by the inaccuracy of the models that

describe the deviation function, will also be relatively large. 

On the basis of these disadvantages, we conclude that for this interferometer

the calibration of the internal reference surface is not a useful method to generate

the reference surface.

Twyman–Green interferometer

Until now, we have only discussed the calibration of the Fizeau interferometer.

The reason is that it is too complex to unambiguously determine a reference sur-

face in a Twyman–Green interferometer that would lead to a nulled interferom-

eter. This is a consequence of the large number of optical components outside the

common-path section. All these components, thus not only the internal refer-

ence surface, influence the figure and position of the reference surface. To find a

reference surface thus not only requires the accurate measurement of these com-

ponents, but also the accurate modelling of the wavefront propagation between

these components. We conclude that, in order to find a reference surface for

Twyman–Green interferometers, other calibration methods have to be used. 

Sommargren interferometer

To circumvent the disadvantage of having to measure the figure of the internal

reference surface, Sommargren [98] simply removed this internal reference sur-

face. He uses point-diffraction to generate a spherical reference wavefront. The

advantage is that the asphericity of this wavefront can be measured with a simple

shearing interferometer [98]. The rms asphericity of such a reference wavefront

generated by point-diffraction can be as low as 60 pm for common aperture val-

ues of the wavefront.

However, the disadvantage is that the point-diffraction setup requires an ex-

tra folding mirror for the object wavefront. This mirror is not a part of the com-

mon-path section and thus influences the shape of the reference figure. As a

result, the complexity to determine a reference surface that leads to a nulled inter-

ferometer, is comparable to the complexity of determining a reference surface for

a Twyman–Green interferometer. 
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Using null-compensators to generate aspherical reference surfaces

So far, we considered only the generation of (nearly) spherical reference surfaces.

By the use of null-compensators [117], such as computer generated holograms

(cgh) [102][118], the reference surface can be made aspherical. The basic princi-

ple of null-compensators is that the combination of the null-compensator with

the aspherical surface under test leads to a nulled interferometer. Thus, the com-

bination of a null-compensator with an euvl mirror can be regarded as a spheri-

cal mirror. 

Even if we would have a perfect null-compensator, i.e. a null-compensator

that is error free, then the accuracy of the aspherical reference surface generated

with the null-compensator is still limited by the accuracy with which the internal

reference surface is measured.

Conclusions

In conclusion, calibration by nulling can only be used to generate a reference sur-

face of which the figure is known with sufficient accuracy, if the figure of the in-

ternal reference surface is measured with sufficient accuracy by another

instrument. Therefore, we conclude that calibration by nulling is not a useful

method to generate a reference surface.

Calibration with an external reference surface

Another method to generate a reference surface is the calibration with an exter-

nal reference surface. For this calibration, the surface under test is replaced with

the external reference surface. The opd function that is measured is recorded as

the reference opd function. After this calibration, the external reference surface is

replaced by the surface under test and the opd function is measured, as well as the

position of point P at the surface under test. If the measured opd function is

equal to the reference opd function, and if the point P is located at the reference

surface, then we may conclude that the surface under test coincides with the ref-

erence surface. 

This external reference surface does not need to have a specific figure, it can

be flat, spherical, or aspherical. Moreover, the external reference surface does not

have to be a real surface of glass. For example, a liquid mercury mirror, of which

the figure is determined by the earth gravitation field [89], can also be used as an

external reference surface. That makes this calibration method more flexible in

comparison with the calibration of the internal reference surface of a Fizeau

interferometer. 

Due to this flexibility, there is a possibility to generate a reference surface of

which the accuracy does not depend on the accuracy with which the figure of an

optical surface can be measured. In the case of the mercury mirror for example,

the accuracy of the reference surface depends on the accuracy with which the var-

iations in the earth gravitation can be measured. 

Another possibility is to generate an external reference surface with the help

of mechanical stages. In that case, the accuracy of the reference surface is deter-

mined by the accuracy of the mechanical stages. This concept is used in subaper-

ture testing [119]–[126], where the figure of the surface under test is measured in a
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multi-step process. At each step, the figure is only measured over a small part of

the aperture. After each step, the surface under test is repositioned. Or, if we look

at it from the point-of-view of the surface under test, the reference surface is re-

positioned. Thus, the complete reference surface is formed by the shifted and tilt-

ed copies of the small reference surface. The accuracy with which the complete

reference surface is known, is thus determined by the accuracy with which we

know the figure of the small reference surface and the positions of all its shifted

and tilted copies. The advantage in relation to other calibration methods is that

the figure of only a small reference surface has to be measured. Although this is

probably easier than measuring the figure of the entire internal reference surface

of a Fizeau interferometer, it does not eliminate the need for the generation of a

reference surface with sufficient accuracy. 

At present, the figure error in the most accurate external reference surfaces

generated with subaperture testing is a few nanometres [127].

We note that a general advantage of calibration with an external reference sur-

face is that the external reference surface can be placed at the position of the sur-

face under test. As a consequence, the distance between the reference surface and

the surface under test can be much smaller than the distance in a Fizeau interfer-

ometer of which the internal reference surface has been calibrated. Because of

that, the contribution to the measured figure error by the inaccuracy of the mod-

els that describe the deviation function will be relatively small.

To our present knowledge, there is no method to generate with the help of an

external reference surface a reference surface of which the figure is known with

sufficient accuracy. We conclude that at present, calibration with an external ref-

erence surface is not a useful method to generate reference surfaces. 

Self-calibration

The third group of calibration methods comprises the so-called self-calibration

methods. Some well-known self-calibration methods are the three position test

for spherical surfaces [128], the rotation test for rotationally symmetric surfaces

[96][116][128]–[133], and the shift-rotation test for spherical and flat surfaces

[116]. 

Most papers on this subject obscure, with a large amount of mathematics, the

basic principles of the self-calibration methods and the conditions under which

these methods can be used. Therefore, we will first discuss the model on which

self-calibration is based, according to the literature. Subsequently, we will com-

ment on this model and discuss the conditions that have to be met for this model

to be valid. After that, the way in which this model can be used to measure the

figure of the surface under test is presented. This forms the basis for the genera-

tion of reference surfaces with self-calibration, as will be explained. Finally, sever-

al methods to generate aspherical reference surfaces are discussed.

Self-calibration according to the literature

In an interferometer, the optical path difference function OPD(xd, yd) is the dif-

ference between the optical path length (opl) functions OPLr(xd, yd) and
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OPLo(xd, yd) of the reference and object beams respectively, which are functions

of the lateral coordinates xd and yd in the detection plane,

. (2.1)

The function OPLr(xd, yd) is only influenced by the auxiliary optics in the

interferometer, whereas OPLo(xd, yd) is influenced by the auxiliary optics as well

as by the surface under test. Thus, the function OPD(xd, yd) is also influenced by

the auxiliary optics as well as the surface under test. Self-calibration is a method

which enables us, in a limited number of cases, to distinguish between the contri-

butions to OPD(xd, yd) by the auxiliary optics and the contribution by the sur-

face under test. This method is based on the measurement of the effect that a

translation or rotation of the surface under test has on OPD(xd, yd).

If the surface under test is translated or rotated between measurements of

OPD(xd, yd), then the measured OPD(xd, yd) functions will become functions of

the position and orientation of the surface under test. The position of the surface

will be denoted by the vector (xt, yt, zt) and the orientation by properly defined

angles of rotation (Θx, Θy, Θz). The opd function will be denoted by

OPD(xd, yd; xt, yt, zt; Θx, Θy, Θz). This opd function can be modelled as the sum of

a static part OPDs(xd, yd), which is independent of the position and orientation

of the surface under test, and a varying part OPDv(xd, yd; xt, yt, zt; Θx, Θy, Θz),

which depends on the position and orientation of the surface under test,

. (2.2)

According to the literature on this subject [96][116][128]–[133], the static part

can be attributed to the (static) interferometer and the varying part can be attrib-

uted to the translated or rotated surface under test. The authors claim that this

enables us to measure the absolute figure of the surface under test in a way in

which the measurement results are not degraded by errors in the auxiliary optics.

However, we do not agree on this. We will first explain how the literature de-

scribes the self-calibration procedure. Subsequently, our comments on this proce-

dure and our conclusions on the applicability of self-calibration will be described. 

In the cited references, the function OPD(xd, yd; xt, yt, zt; Θx, Θy, Θz) is first

written as the difference between the opl function OPLr(xd, yd) of the reference

beam, which is independent of the position and orientation of the surface under

test, and the opl function OPLo(xd, yd; xt, yt, zt; Θx, Θy, Θz) of the object beam,

which depends on the position and orientation of the surface under test,

(2.3)
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Subsequently, the function OPLo(xd, yd; xt, yt, zt; Θx, Θy, Θz) is divided into a

contribution OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) of the surface under test and a con-

tribution OPLo,a(xd, yd; xt, yt, zt; Θx, Θy, Θz) of the object arm [128],

. (2.4)

Because it is not explained explicitly what is meant exactly by ‘contribution of the

surface under test’ and ‘contribution of the object arm’, we have to interpret it

ourselves. The function OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) is used to determine the

absolute figure of the surface under test. Therefore, we suppose that this function

is assumed to have a direct relationship with a function that describes the figure

of the surface under test, such as the projected asphericity function p(Ρ, Φ) de-

fined by (1.3). This relation between the opd function at the detection plane and

the figure of the surface under test will be described in detail in Section 2.3.8. 

Two additional assumptions are made. The first assumption is that a transla-

tion or rotation of the surface under test will only lead to a translation or rota-

tion of OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz). In other words, it is assumed that the

function OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) does not change its ‘shape’ if the surface

under test is translated or rotated. We formulate this characteristic mathematical-

ly as follows. 

The function OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) was defined in relation to a set

of axes (xd, yd, zd), with the zd axis parallel to the normal of the detection plane.

We introduce a new set of orthogonal axes (x'd, y'd, z'd) and we introduce the

function OPL'o,t(x'd, y'd), which is defined as the function

OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) expressed in relation to the new set of axes

(x'd, y'd, z'd). Now, if we can find a set of axes (x'd, y'd, z'd) for each value of

(xt, yt, zt; Θx, Θy, Θz), such that

, (2.5)

and if the set of axes (x'd, y'd, z'd) can be converted into the set of axes (xd, yd, zd)

by only a rotation and translation, then we can state that the function

OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) does not change its ‘shape’ if the surface under

test is translated or rotated. 

The second assumption is that the function OPLo,a(xd, yd; xt, yt, zt; Θx, Θy, Θz) is

independent of the translation and rotation of the surface under test: 

. (2.6)
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As a consequence of these assumptions, the static and varying parts of the opd
function are equal to

. (2.7)

This model of the interferometer leads to the following self-calibration proce-

dure. First, translate or rotate the surface under test in order to divide the opd
function in a static and a varying part. The varying part (which is expected to

maintain its shape) is equal to OPLo,t(xd, yd). Subsequently, the figure of the sur-

face under test is computed from this function OPLo,t(xd, yd). 

Most papers about self-calibration do not focus on this underlying model, but

on the way in which the varying part of the opd function can be distinguished

from the static part: the required number of different positions and orientations

at which the opd function must be recorded and the algorithms to divide the

measurement results into static and varying parts. 

Our comments on the self-calibration procedure

Our comments on the previous model concern the three assumptions on which

the model is based:

• OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) has a direct relationship with the figure of the

surface under test,

• OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) does not change its ‘shape’ if the surface under

test is translated or rotated,

• OPLo,a(xd, yd; xt, yt, zt; Θx, Θy, Θz) is static.

In our opinion, these assumptions are only valid in two special cases:

• optical system of the interferometer is ideal,

• surface under test is invariant under the translations and rotations that it makes

between the measurements of the opd function.

These special cases are discussed below. After that, we will draw conclusions

about the usefulness of self-calibration for surface figuring.

Optical system is ideal We characterize an ‘ideal optical system’ as follows. First,

the design of the optical system is such that the relation between the opl func-

tion of the object beam and the figure of the surface under test is a simple one

(for example, the opl function is equal to the projected asphericity function, ex-

cept for a multiplication with a constant and a uniform lateral magnification),

which does not depend on the exact position, orientation, and figure of the sur-

face under test. This relation will be discussed in detail in Section 2.3.8. 

Second, an ideal optical system has no manufacturing errors. The effect of

manufacturing errors on OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) is illustrated with the

example shown in Figures 2.4 and 2.5. The interferometer is a Fizeau interferom-

eter and the surface under test is astigmatic. This surface is rotated around the

optical axis of the interferometer, the angle of rotation is denoted by Θz. We con-

sider two cases. First, the interferometer is assumed to be perfect. In that case,
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astigmatic
surface under test

bump

Θz

Figure 2.4 Example of a Fizeau interfer-

ometer to show the effect of manufactur-

ing errors on the self-calibration

procedure. The surface under test is astig-

matic and is rotated around the optical ax-

is of the interferometer. The angle of

rotation is Θz. We consider two cases: with-

out and with the manufacturing error rep-

resented by the bump on the lower surface

of the projection system. For various val-

ues of Θz, the opl function of the object

beam in the absence and in the presence of

this bump is shown in Figures 2.5(a)–(f)

and (g)–(l), respectively. 
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OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) is astigmatic and rotates around the optical axis,

just like the surface under test. This is shown in Figures 2.5(a)–(f) for various va-

lues of Θz. Second, the projection lens contains an error: the bump illustrated in

Figure 2.4. The resulting OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) is shown in

Figures 2.5(g)–(l). This function contains a bump, which rotates as a function of

the angle Θz around a certain centre of rotation, which is the projected position of

the bump on the projection lens. As a consequence, this opl function can not be

divided into a varying part that only rotates and a static part, because the varying

part changes its shape as the surface under test is rotated, as can be seen in

Figures 2.5(g)–(l). As a consequence, the assumptions mentioned above are not

valid in this case. Consequently, the figure of the surface under test can not be de-

termined unambiguously from OPDv(xd, yd; xt, yt, zt; Θx, Θy, Θz).

Surface under test is invariant under the translation or rotation Now, we consider

the second case, in which the surface under test is invariant under the translations

and rotations that it makes between the measurements of the opd function. In

that case, the opd function does not vary at all. Hence,

OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) does not change its ‘shape’, because it is equal to

zero. In addition, OPLo,a(xd, yd; xt, yt, zt; Θx, Θy, Θz) is static, because the entire opd
function is static. 

(a) (b) (c) (d) (e) (f)

(g) (h) (i) (j) (k) (l)

Θz = 0 Θz = Π/6 Θz = Π/3 Θz = Π/2 Θz = 2Π/3 Θz = 5Π/6

Figure 2.5 Influence of a manufacturing error in a Fizeau interferometer, as shown in

Figure 2.4, on the astigmatic opl function of the object beam. (a)–(f) The opl function in

the absence of the manufacturing error. (g)–(l) The opl function in the presence of the

manufacturing error. This function contains a bump, which rotates as a function of the

angle Θz around a certain centre of rotation, which is the projected position of the bump

on the projection lens. Thus, the opl function changes its ‘shape’ during the rotation, due

to the presence of the manufacturing error.
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Besides, the direct relationship between OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) and

the figure of the surface under test is the following: 

if OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) = 0, then the surface under test is invariant un-

der the specific translations and rotations that it makes between the measure-

ments of the opd function. In that case, that figure has to be either 

• flat, 

• cylindrical with a spherical cross-section, 

• spherical, 

• invariant under translation, or 

• invariant under rotation,

as will be explained below. These figures will be referred to as the ‘five invariant

figures’. The figures and the corresponding translations and rotations are shown

in Figure 2.6.

If the surface under test can be translated in two different, preferably orthogo-

nal, directions without varying the opd function, then we may conclude that this

surface is flat. If the surface under test can be translated in one direction and ro-

tated around that direction without varying the opd function, then the surface
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Figure 2.6 The five invariant surfaces and the translations and rotations under which

they are invariant. (a) Flat surface. (b) Cylindrical surface with a spherical cross-

section.(c) Spherical surface. (d) Surface invariant under translation. (e) Surface invariant

under rotation.
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possesses cylindrical symmetry and a spherical cross-section. If the surface under

test can be rotated in two different directions around a certain point (the centre

of curvature) without varying the opd function, then we may conclude that this

surface is spherical. If the surface under test can be translated in one direction

without varying the opd function, then that surface has to be invariant under the

translation in that direction. If the surface under test can be rotated around one

axis without varying the opd function, then the surface has to be invariant under

rotation around that axis. 

We conclude that in the special case that the surface under test is invariant un-

der the translations and rotations that it makes between the measurements of the

opd function, the three assumptions mentioned in the literature on self-calibra-

tion are valid, and self-calibration can indeed be used to determine the figure of

the surface under test. Just like the case of the ideal optical system, this special

case is not realistic either, because no real surface is invariant under a translation

or rotation. 

Conclusions We conclude that only in two special cases, which are not realistic,

the assumptions on which self-calibration is based are valid. Only in those cases

self-calibration can be used to determine the figure of the surface under test ex-

actly. In all realistic cases, self-calibration can only be used to approximate the fi-

gure of the surface under test. The accuracy of this approximation depends on the

accuracy of the auxiliary optics and the figure of the surface under test and is, in

general, unknown. However, we do know that this accuracy increases if the sur-

face under test approaches more closely a surface which is invariant under a par-

ticular translation or rotation. The next section explains in what way we can use

this fact. 

Using self-calibration for figure measurement

As explained in the previous section, self-calibration can be used to approximate

the figure of the surface under test. The accuracy of this approximation increases

if the surface under test approaches more closely a surface which is invariant un-

der translation or rotation. If the nominal figure of the surface under test is invar-

iant under translation or rotation and the actual figure of that surface approaches

this nominal figure during the polishing process, then the accuracy of the figure

measured with self-calibration will increase. 

The ultimate accuracy of the measured figure that can be achieved in this way

depends on the accuracy with which we can establish that the opd function does

not vary if the surface under test is translated or rotated. The latter accuracy is

equal to the repeatability of the measurement of the opd function. As described

in Section 2.3.4, this repeatability is about 70 pm rms, which leads to an rms er-

ror in the measured figure of 35 pm. Because the allowable rms figure error is

80 pm, the opd measurement seems to be sufficiently accurate. 

The accuracy of the measured figure does not depend on the accuracy of the

mechanical stage. The reason is that only for the mentioned limited set of invari-

ant surfaces the opd function does not vary. Thus, if for example the surface un-

der test is rotated in two different directions around a certain point and the opd
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function does not vary, we can not only conclude that the surface under test is

spherical, but also that the mechanical stage with which the surface is rotated is

perfect, i.e. the point of rotation is fixed. 

Thus, the accuracy of our measurement is not only independent of the accu-

racy of the mechanical stage, we can even determine the accuracy of the mechani-

cal stage with our measurement. This is an advantage in comparison with the

subaperture measurement, of which the accuracy depends on the accuracy of the

mechanical stage. (The disadvantage is that if the surface under test is invariant

under translation or rotation, but the surface is not translated or rotated in the

specific directions, then the opd function still varies, and the surface is not recog-

nized as being invariant under translation or rotation.)

If it has been established that the opd function does not vary if the surface un-

der test is translated or rotated, and the direction of motion has been deter-

mined, then we do know the type of figure of the surface under test, but we do

not know the exact figure and the position of the surface under test. For example,

we can conclude that a surface is spherical and that its centre of curvature is the

point of rotation of the mechanical stage, but the radius of curvature is un-

known. Only if the position of a certain point P at the surface under test is meas-

ured, the position and the figure of that surface can be determined. 

The error in the measured position of P is neglected. Thus, we implicitly as-

sume that, in the case of a flat, cylindrical, or spherical surface, the accuracy with

which we can determine the figure and the position of the surface under test is

only limited by the accuracy with which we can measure variations in the opd
function. 

In conclusion, we can determine with self-calibration the figure of the surface

under test, provided that this surface is invariant under translation or rotation. In

addition, we conclude that this figure measurement does not require a reference

surface. 

Using self-calibration to generate reference surfaces

The conclusion of the previous section was that we do not need a reference sur-

face to determine the figure of the surface under test, as long as that surface is one

of the five invariant surfaces. This conclusion is rephrased into the following for-

mulation, in order to keep the self-calibration method compatible with our mod-

el of reference interferometers: if the surface under test is one of the five invariant

surfaces, then the surface under test coincides with the reference surface. 

(This is comparable to the case in which one concludes that the weight under

test has a weight equal to zero, because the extension of the spring in the steel-

yard is zero. In that case, we can choose between the following two interchangea-

ble formulations. We can state that this conclusion has been drawn without the

use of a calibrated reference weight, or state that a reference weight with weight

zero has been used for calibration.) 

Recall that a reference surface was defined earlier as a surface of which the po-

sition, the figure and the corresponding reference opd function are known. For

self-calibration methods, we use the following definition. A self-calibrating refer-

ence surface is a surface of which the position and the figure are determined by
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the direction of translation or rotation and the position of P, and the correspond-

ing opd function does not vary if the surface under test is translated or rotated.

The difference with earlier mentioned methods to generate reference surfaces is

that the point P at the surface under test is needed, whereas the other methods

generate reference surfaces which are independent of the position of the surface

under test. Although the definition of the reference surface is somewhat different

for self-calibration in comparison with the definition for calibration by nulling or

calibration with an external reference surface, the reference surface functions in

the same way, i.e. as the surface in relation to which the surface under test is de-

termined.

Just like the definition of the reference surface had to be adapted for self-cali-

bration, we have to adapt the definition of the deviation function. The deviation

function was defined as the deviation of the surface under test from the reference

surface, as a function of the measured opd function, the position of point P, the

position of the reference surface, the figure of the reference surface, and the refer-

ence opd function. 

With self-calibration, the deviation of the surface under test from the refer-

ence function does only depend on the varying part of the measured opd func-

tion, neither on the measured opd function nor on the reference opd function. In

addition, the position and the figure of the reference surface are determined by

the direction of translation or rotation and the position of P. Therefore, we de-

fine the deviation function as the deviation of the surface under test from the ref-

erence surface, as a function of the varying part of the measured opd function,

the position of point P, and the direction of translation or rotation. 

This deviation function will be discussed in Section 2.3.6, together with the al-

ready mentioned problem that, in general, the varying part of the opd function

will vary its shape if the surface under test is moved. 

As stated earlier, self-calibration poses stringent requirements on the mechan-

ical stage. A practical approach to meet these requirements, is to manufacture a

surface that matches the required reference surface as closely as possible. During

the manufacturing of this surface, the intermediate figure measurements can be

used as input for the polishing process, as well as for improving the translation

and rotation accuracy of the mechanical stage. If the surface is translated or rotat-

ed and the measured opd function does not vary (i.e. the variation can not be

distinguished from the noise in the opd measurement), then the accuracy of the

mechanical stage is sufficient. 

In conclusion, self-calibration enables the generation of reference surfaces of

which the figure accuracy depends only on the accuracy of the opd measurement

and the accuracy with which the position of a point P at the surface under test is

measured. Consequently, the accuracy of these reference surfaces can be made

sufficiently high. The set of reference surfaces that can be generated is limited to

the five invariant surfaces mentioned before. 

Using self-calibration to generate aspherical reference surfaces

In order to generate a reference surface with an aspherical figure, we can use three

methods:
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• using self-calibration on its own,

• combining self-calibration and a null-compensator,

• combining self-calibration and subaperture testing.

These methods are described below. 

Using self-calibration on its own The set of reference surfaces that can be gener-

ated by self-calibration with sufficient accuracy is limited to the five invariant sur-

faces: flat, cylindrical with a spherical cross-section, spherical, invariant under

translation and invariant under rotation. Thus, three of these surfaces are aspher-

ical.

Combining self-calibration and a null-compensator The null-compensator has al-

ready been described in the section about calibration by nulling. The problem

that was pointed-out in that section, is that first the accuracy of the reference sur-

face without the null-compensator has to be sufficient (the rms figure error in the

reference error should be smaller than 80 pm), before we can consider the use of a

null-compensator. With self-calibration, that accuracy is sufficient. However, the

accuracy with which the null-compensators can be manufactured is still the limit-

ing factor. 

The accuracy of a null-compensator comprising lenses and mirrors depends

on the accuracy with which the figure of the lens and mirror surfaces can be

measured. That accuracy is the same as the accuracy with which the figure of the

internal reference surface can be measured and is thus not sufficient. 

The advantage of a cgh in comparison with a null-compensator comprising

lenses or mirrors, is that substrates with flat surfaces can be used, instead of as-

pherical surfaces. In addition to the surface figure accuracy of the substrate, the

accuracy of a cgh depends mainly on the accuracy with which the grating struc-

ture of the hologram can be written. This accuracy is determined greatly by the

accuracy of the mechanical stage of the electron-beam or laser-beam pattern gen-

erator. At present, the accuracy of even the most advanced cgh is limited to a few

nanometres [102]. Thus, we conclude that the accuracy of the combination of

self-calibration and a null-compensator is still insufficient.

Combining self-calibration and subaperture testing As described in the section

about calibration with an external reference surface, subaperture testing is a

method to generate aspherical reference surfaces. The reference surface is formed

by the shifted and tilted copies of a small reference surface. If this small reference

surface is spherical, for example, then the reference surface will look like the sur-

face of a golf ball.

Although the small reference surface can be generated by self-calibration with

sufficient accuracy, the accuracy of the complete reference surface is still limited

by the accuracy of the mechanical stage, which is insufficient at present.

Three-flat test

This section discusses a method for measuring the figure of flat surfaces, which is

closely related to self-calibration: the three-flat test [89][129]. The modern ver-
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sions of the three-flat test can be used for the measurement of flat surfaces, as de-

scribed in [134][135], as well as for the measurement of spherical surfaces, as

described in [96][130]. 

These methods are partly based on self-calibration, because they rotate the

surface under test to generate a rotationally symmetric reference surface. The dif-

ference between them and self-calibration is that the surface under test is only ro-

tated in one direction, e.g. around the optical axis of the interferometer, whereas

with self-calibration a flat surface is translated in two different directions and a

spherical surface is rotated in two different directions. 

Due to this rotation in one direction, we can only verify that the reference sur-

face is rotationally symmetric. The figure of the reference surface in the radial di-

rection is unknown. To solve for this unknown, the three-flat test prescribes to

measure the figures of three different surfaces and compare these. To our know-

ledge, only in one special case this leads to a traceable reference surface: only if

the three surfaces are perfectly flat. 

The principle is the following. If we can randomly pick two of the three sur-

faces and place them against each other in random orientations, and for all ar-

rangements the distance between the surfaces is zero over the entire surface, then

we can conclude that the three different surfaces are perfectly flat. We can estab-

lish that the distance between two surfaces is zero with a Fizeau interferometer, by

using one of the surfaces as the internal reference surface and the other as the sur-

face under test. 

In all other cases, it is not clear to us what the reference surface is that is used.

Therefore, we conclude that the three-flat test is of limited use for the generation

of reference surfaces. 

2.3.6 Existing deviation functions

The deviation function was defined as the deviation of the surface under test

from the reference surface, as function of various parameters. For calibration by

nulling or calibration with an external reference surface, these parameters are the

measured opd function, the position of point P, the position of the reference sur-

face, the figure of the reference surface, and the reference opd function. For self-

calibration, these parameters are the varying part of the measured opd function,

the position of point P, and the direction of translation or rotation. 

At present, two different models are in use to describe (or approximate) the

deviation function. According to the first model, the deviation of the surface un-

der test from the reference surface at a certain point Q, measured along the nor-

mal of the reference surface, is simply half of the deviation of the measured opd
function from the reference opd function at the point Q' at the detection plane

that corresponds to Q, as illustrated in Figure 2.7. The position of Q' is computed

with the help of the lateral magnification and distortion with which the surface

under test is imaged onto the detection plane. 

This is the same model that is used for test plate testing [97]. It does not take

into consideration the particular setup of the interferometer. Instead, some inter-

ferometers are adapted to this model, by using a special projection system for

each aspherical euvl mirror [101]. The accuracy of this first model is unknown. 
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The second, more advanced model is an extension of the first model. It uses

an optical design program and a geometrical model of the interferometer to take

the particular setup of the interferometer into consideration. An example is de-

scribed in [109]. The accuracy that can be achieved with this model is also un-

known, we only know that the accuracy is limited by the accuracy with which the

optical elements are modelled in the design program and the accuracy of the

propagation algorithms used by the design program (generally based on ray-trac-

ing). 

In conclusion, the accuracies with which these two models approximate the

deviation function are unknown. 

Just to show that the accuracy of the deviation function really is a factor to be

concerned about, we summarize the results of an experiment in which the figure

of a spherical surface was measured with a commercially available Fizeau interfer-

ometer [136]. First, the surface was positioned such that the centre of curvature of

the surface coincided with the centre of curvature of the object wavefront inci-

dent on the surface. The figure of the surface was measured. Subsequently, an ap-

parent asphericity of 5 µm p–v was introduced by defocusing the spherical

surface under test. The figure of the surface was measured again. The difference

between the two measured figures was recorded. The rms value of this difference

was as high as 50 nm. 

As can be seen in Table 1.6, the p–v asphericity of many of the euvl mirror

substrates is larger than the mentioned 5 µm. In addition, the allowable rms fig-

ure error is 80 pm, which is much smaller than the mentioned rms figure error of

50 nm. We do not want to draw general conclusions from this example—some

interferometers are especially adopted to the surface under test [101] and may be

less sensitive to these defocusing errors—we just want to emphasize that the accu-

racy of the deviation function is a factor to be concerned about. 

2.3.7 Sensitivity of interferometers to manufacturing errors

As concluded in Section 2.3.6, the accuracy of the models that approximate the

deviation function is unknown. In the following sections, we will show that, re-

gardless of the model that is used to approximate the deviation function, the

reference surface
surface under test

deviation of
surface under test
from reference surface

Q
Q'reference 

interferometer

deviation
function

detection plane
reference OPD function
measured OPD function

deviation of 
measured OPD function
from reference OPD function

Figure 2.7 The reference interferometer

is modelled as a black-box. The input (on

the left hand side) is the deviation at point

Q of the surface under test from the refer-

ence surface, measured along the normal

of the reference surface. The output (on

the right hand side) is the deviation at

point Q' of the measured opd function

from the reference opd function. The devi-

ation function describes the relation be-

tween the input to the output. 
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highest possible accuracy with which the figure of euvl mirrors can be comput-

ed, if an existing interferometer with a spherical reference surface is used, is insuf-

ficient to meet the specified allowable rms figure error of 80 pm for these mirrors.

The reason is that, due to the deviations of euvl mirrors from spherical reference

surfaces, the existing interferometers are too sensitive to manufacturing errors in

the projection system, even if this projection system is built with optical compo-

nents of the highest quality possible with today’s state-of-the-art manufacturing

techniques. 

The reasons to study the sensitivity of existing interferometers to manufactur-

ing errors in the projection system are the following. Although the interferom-

eters that are used for figure testing differ in many respects, they all contain a

projection system. In addition, that projection system forms an essential part of

the interferometers and can not simply be omitted or replaced. Therefore, our

conclusions about the projection system will be generally applicable. This in con-

trast to descriptions of the other optical components of the various interferom-

eters. 

Note that we do not claim that the sensitivity to manufacturing errors in oth-

er optical components is less than the sensitivity to manufacturing errors in the

projection system. However, because our conclusion will be that the sensitivity to

errors in the projection system limits the accuracy of interferometers to a level

which makes them unsuitable for the testing of euvl mirrors, there is no need to

determine the limitations put on the accuracy by the errors in other optical com-

ponents. 

Our argumentation is divided into four steps. We will start in Section 2.3.8 by

presenting several models of optical systems in the interferometers, which are

centred around the projection system. Based on these models, we will compute in

Section 2.3.9 several general characteristics (such as image distance and maxi-

mum fringe density) for the measurement of euvl mirrors. In Section 2.3.10, the

sensitivity to manufacturing errors in the projection system will be modelled. The

model will be used to estimate the lowest possible measurement rms figure error

in Section 2.3.11. These results can be applied to absolute interferometers and to

unmatched reference interferometers, as explained in Section 2.3.3. 

2.3.8 Models of the optical system

As already stated, we focus on the projection system. Because of that, we will start

by introducing an optical equivalent of the interferometers that only comprises

ideal point sources, the surface under test, the projection system, and the detec-

tion plane. Actually, the model of the interferometer is reduced to a model of the

projection system. 

This model must enable the determination of the sensitivity of interferom-

eters to manufacturing errors in the projection system. To meet this requirement,

it is important that we regard the surface under test as a coherent phase object.

This coherent phase object is imaged by the projection system onto the detection

plane—in the ideal case under conservation of the phase profile of the object. The

reference point source is also regarded as a coherent phase object, it is imaged by

the projection system at infinity. 
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We want to emphasize that the projection system is modelled as a system that

images coherent phase objects under conservation of the phase profile of the ob-

ject, because that distinguishes our model from the much more common model,

in which the projection system images incoherent intensity objects under conser-

vation of the intensity profile of the object. Those models describe the interfer-

ometers as if the projection system images a (virtual) fringe pattern on the

detection plane. See for example Born and Wolf [48], who describe the projec-

tion system as ‘ . . . a suitable optical system to observe the virtual fringe

pattern . . . ’ on p. 304, or Malacara [90], who describes the ‘Imaging of the inter-

ference pattern’ on p. 86.

It seems that these models implicitly assume that the interferometers contain

a virtual ground plate positioned at the surface under test. At this ground plate,

the (extrapolated) reference and object beams interfere and a fringe pattern aris-

es. This fringe pattern is regarded as an incoherent intensity object that is imaged

onto the detection plane under conservation of the intensity profile. These mod-
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Figure 2.8 The two archetypes of inter-

ferometers with reference beams.

(a) Fizeau interferometer for concave sur-

faces under test. (b) Fizeau interferometer

for convex surfaces under test. 
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els may be useful for a first order approximation, but they can not be used to

model the sensitivity to manufacturing errors in the projection system. 

We will use three different models to describe the projection system as a sys-

tem that images coherent phase objects onto the detection plane under conserva-

tion of the phase profile of the object:

• a Fourier transform model, 

• an impulse response model, and

• a geometrical model.

The Fourier transform and impulse response models are based on diffraction,

whereas the geometrical model is a ray-trace based model. 

The reasons for presenting three different models are the following. The Fou-

rier transform model describes the wavefront propagation aspect in an illustra-

tive way. The impulse response model leads to a better understanding of the

imaging aspect. The geometrical model is used to clarify and compute the sensi-

tivity to manufacturing errors in the projection system.

The optical equivalent of the interferometer and the three models are present-

ed in the following sections. 

Optical equivalent of the interferometer

Although a multitude of interferometers exists, only two archetypes are used for

the measurement of surface figures: the Fizeau interferometer [89] and the

Twyman–Green interferometer [90]. There are many different implementations

of these two archetypes, some examples are shown by Figure 2.8. This figure also

shows different setups for testing convex and concave surfaces. 

Not only do all the interferometers for figure testing contain a projection sys-

tem, they all lead the reference as well as the object beams through that projection

system. In that way, the interferometers take advantage of the common-path

principle, according to which the errors introduced by the projection system in

the reference and object wavefronts are correlated and therefore will cancel each

other (partly). As a consequence, the sensitivity of the interferometer to errors in

the projection systems is diminished [90]. 

The optical equivalents shown in Figure 2.9 are used to model all the interfer-

ometers for figure testing, the one in Figure 2.9(a) for the testing of concave sur-

faces and the one in Figure 2.9(b) for the testing of convex surfaces. Both

equivalents comprise object and reference point sources†, a projection system and

a detection plane‡. For the testing of a convex mirror, an extra positive lens is po-

sitioned in front of that mirror. 

† Because we use point sources, we implicitly assume that the reference and object wave-

fronts are perfectly spherical. In reality, these wavefronts are generated by pinholes, colli-

mating lenses, beamsplitters, reference surfaces, and other auxiliary optics, which all

introduce wavefront aberrations. In our models, these wavefront aberrations are neglected.
‡ With ‘detection plane’ we refer to the plane at which the two wavefronts are interfering

and an interference pattern is formed. This can be a ccd sensor or the rotating ground

plate which is often used in interferometers [90]. 
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The reference beam is led directly through the projection system to the detec-

tion plane. The object beam is first reflected by the mirror under test before it is

directed through the projection system to the detection plane. In order to take

maximum advantage of the common-path principle, the object point source is

put at the position of the reference point source, and the surface under test is po-

sitioned such that the centre of the best fitting reference sphere coincides with the

object point source. 

An ideal projection system transforms the reference and object wavefronts in

such a way that the optical path difference (opd) function—which was defined as

the difference between the optical path length (opl) functions of the reference

and object beams—at the (flat) detection plane D is exactly equal to twice the

projected asphericity function of the surface under test, aside from a uniform lat-

eral magnification and an added constant. 

The projected asphericity, as function of polar coordinates, was defined by

(1.3). Here, we use the projected asphericity function pS(xS, yS) as defined in rela-

tion to a set of orthogonal axes S and a reference sphere with its centre located at

the origin of S and with a radius RS. The set of axes S is positioned such that its

origin is located at the object point source. The orientation of S is such that the

zS-axis is parallel to the optical axis of the projection system of the interferometer,

and the xS -axis is horizontal.

surface under test

detection plane

(a)

projection system

surface under test

detection plane

projection system

reference and object 
point sources

(b)

reference and object 
point sources

Figure 2.9 Optical equivalents of inter-

ferometers with a reference beam. (a) For

concave surfaces under test. (b) For con-

vex surfaces under test.
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The relation between pS(xS, yS) and the opd function OPD(xD, yD), as func-

tion of the Cartesian coordinates xD and yD of the detection plane D, in an ideal

projection system is

, (2.8)

where M is the Gaussian lateral magnification and C is a constant. With Gaussian

lateral magnification we mean the ratio between the distance from the optical axis

of an image point at the detection plane D and the distance from the optical axis

to the corresponding object point at the surface under test.

Thus, a projection system that (i) collimates the diverging reference beam,

such that the opl function OPLr(xD, yD) of the reference beam is constant over

the detection plane, and (ii) images the surface under test onto the detection

plane, such that the opl function OPLo(xD, yD) of the object beam at the detec-

tion plane is equal to—aside from a uniform lateral magnification and an added

constant—twice the projected asphericity of the surface, is an ideal projection

system. 

Fourier transform model

In the Fourier transform model, the object point source and the surface under

test are replaced by the setup as illustrated in Figure 2.10: a point source, a colli-

mating lens, a transparency, and a second collimating lens. The point source is

positioned at the front focal point F1 of the first lens. The lenses satisfy the sine

condition by Abbe [48]. Their focal lengths are equal to the radius R of the mir-

ror under test (i.e. the radius of its reference sphere). The back focal point of the

second lens is referred to as F2. 

The transparency is placed against the second lens. The plane of the transpar-

ency is denoted by A, and the x and y coordinates in A by xA and yA. Because the

point source is positioned at the front focal point of the first lens, the transparen-

cy is virtually illuminated by a normally incident plane wave. The amplitude of
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this wave is denoted by A. The (complex) amplitude transmission function of the

transparency is tA(xA, yA). If this function is equal to unity for all xA and yA,

then the wavefront propagating towards F2 is spherical, because the second lens is

also supposed to be perfect. 

The limited aperture and the asphericity of the surface under test are mod-

elled with the help of tA(xA, yA): the argument of tA(xA, yA) is equal to twice the

projected asphericity times the wavenumber k,

. (2.9)

Now, we analyse the field distribution at the back focal plane F of the second

lens for the case in which the transmission function is not equal to unity for all x

and y. According to [80], equation (5-15), the field distribution UF(xF, yF) at F is:

, (2.10)

where Λ is the wavelength, and FA(fx, fy) is the Fourier transform of the ampli-

tude transmission function tA(xA, yA). Thus, the field distribution at F is the

Fourier transform of the amplitude transmission function of the transparency,

multiplied by a phase factor that depends upon the radial distance in the focal

plane. This can also be interpreted as if the Fourier transform of the transmission

function is located on a spherical surface with radius R and its vertex located at

the back focal point of the second lens. This spherical surface is referred to as B. 

As already stated, the projection system has to meet two conditions. It should

transform the reference beam in such a way that its wavefront at the detection

plane is flat and parallel to that detection plane and it should transform the ob-

ject beam in such a way that the object wavefront at the detection plane shows a

departure that is equal to twice the projected asphericity, aside from a uniform

lateral magnification. The first condition is met by placing the reference point

source in the back focal point of the projection system (the focal length is denot-

ed by f). To meet the second condition, we look for the flat plane D at which the

inverse Fourier transform of the field distribution at B is located—we just assume

that this plane exists. At that plane D the field distribution will be equal to the in-

verse Fourier transform of FA(fx, fy), which is equal to tA(xA, yA). 

For simplicity, the projection system is modelled as a thin lens. The flat detec-

tion plane D is positioned at a distance d to the right of this lens. The easiest way

to find the position of plane D, is to start with the field distribution at this plane

and determine for which position its Fourier transform is located on surface B.

According to [80], equation (5-19)†, the field distribution at F is:

. (2.11)
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This can be interpreted in the sense that the Fourier transform of the field distri-

bution at plane D is positioned on a spherical surface E, with its vertex positioned

at the front focal point of the projection lens and with a radius R' equal to

. 

If the field distribution at E is the Fourier transform of the field at D, then the

field distribution at D is the inverse Fourier transform of the field at E. If the

planes B and E coincide, then the field distribution at plane D is, apart from

some scaling factors, equal to the field distribution at plane A. Therefore, d is

chosen such that R' is equal to R. Consequently, d equals . 

If we take this particular value for d, and substitute (2.11) into (2.10), then we

get

. (2.12)

Taking the inverse Fourier transform of the left and right hand sides and using

the local coordinates of the D plane results in the following expression for the

field distribution in D, 

. (2.13)

Thus, the field distribution at D is a scaled version of the amplitude transmis-

sion function tA(xA, yA). The amplitude scaling factor is equal to AR/f, and the

lateral magnification M is equal to –f/R.

Thus, the object wavefront deviation at the detection plane D is, apart from

the lateral magnification, equal to the wavefront deviation at plane A, which is

twice the projected asphericity of the surface under test. This shows that an ideal

thin lens in the paraxial approximation transforms the object beam in the re-

quired way. 

Impulse response model

As already stated, the impulse response model is used to describe the imaging of

the surface, which is considered to be a coherent phase object, onto the flat detec-

tion plane. For the time being, we assume that the surface under test is spherical

with radius R. Later on, the model will be extended to aspherical surfaces. The

model is illustrated in Figure 2.11. 
The surface under test is supposed to carry a continuous distribution of co-

herent secondary point sources derived from the incident coherent object wave.

Each point source acts as a spatial impulse function and generates an impulse re-

sponse in the image space. The impulse response h(xA, yA; xD, yD) for an ideal

lens with flat object and image fields is described by [80], equation (5-28). We

† We reversed the signs of f and d because we are propagating in the other direction.
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have modified this expression for the impulse response to take into consideration

the curvature of the object field:

(2.14)

where z1 is the distance between the vertex of the curved object field and the thin

lens, z2 is the distance between the thin lens and the flat image field, and

pC(xC, yC) is the pupil function. Our sign convention is such that in our setup z1

and z2 are positive. If the object and the image planes are positioned such that the

DCA

z1 z2

R f

reference
and object 
point sources

projection lenssurface under test

Figure 2.11 Impulse response model of

the interferometer.
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classical lens law of geometrical optics, 1/f = 1/z1 + 1/z2, applies and if we define

the lateral magnification M as –z2/z1, then the impulse response reduces to:

(2.15)

According to (2.15), the impulse response of the projection system is the Fou-

rier transform of the pupil function of the lens, apart from the quadratic phase

factors. If the pupil function is equal to unity for all x and y (thus neglecting aber-

rations and diffraction effects at the aperture of the thin lens), the impulse re-

sponse is an impulse itself and its coordinates are scaled with a factor M in

relation to the coordinates of the original impulse, 

(2.16)

Because of the classic lens law and because the object plane is positioned such

that the object distance z1 is equal to R + f, (2.16) reduces to

. (2.17)

Note that the quadratic phase factors in (2.16) really vanish, we do not just ne-

glect them, as is often done in the case of projecting a flat incoherent intensity ob-

ject onto a flat image plane [80]. That is important because we are interested in

the phase of the image field distribution, not in the intensity. 

If the surface under test is not spherical but aspherical, the asphericity can be

modelled as a phase deviation for all the secondary point sources at the curved

object field: each point source has a phase lag of twice the local aspherical devia-

tion, multiplied by the wavenumber. If the pupil function is unity, this will result

in the same phase deviations at the flat image plane. Thus, the object wavefront

aberration will be equal to twice the aspherical deviation of the mirror under test,

aside from a uniform lateral magnification M. 
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It is interesting to compare the Fourier transform and the impulse response

models. In the Fourier transform model, the image plane D was positioned at a

distance  from the projection lens. That distance is equal to the image

distance z2 that satisfies the lens law, if the object distance z1 is equal to R + f. And

the lateral magnification M according to the Fourier transform model is –f/R,

which is equal to the magnification according to the impulse response model.

Thus, the two models resemble each other regarding paraxial properties, which

should not come as a surprise.

Geometrical model

In the previous sections, the Fourier transform model and the impulse response

model of the projection system were discussed. With the Fourier transform mod-

el, the wavefront propagation aspect was underlined, whereas the impulse re-

sponse model emphasized the coherent imaging aspect of the projection system.

Both models showed that an ideal thin lens in the paraxial approximation trans-

forms the reference and object beams in the required way. However, these models

are too complex to determine the coherent phase image if the projection system is

a real multi-lens system with manufacturing errors instead of an ideal lens in the

paraxial approximation. For that purpose, we use a geometrical model. 

First, we discuss the way in which the geometrical model should be set up: as

an alternative to the impulse response model or to the Fourier transform model.

Subsequently, we present the geometrical model of a projection system that con-

sists of the ideal thin lens in the paraxial approximation. Finally, this model is ex-

tended to a real multi-lens projection system.

Set-up of the geometrical model

Geometrical models are often used to determine the image quality of projection

systems. However, before we proceed we have to stress the fact that the projection

system in an interferometer images coherent phase objects under conservation of

the phase profile of the object, whereas the projection systems used in other in-

struments mostly image incoherent intensity objects under conservation of the

intensity profile of the object. 

If the projection system has to image an incoherent intensity object, then a ge-

ometrical model can be used to determine the impulse responses of a (non-ideal)

projection system at various points in the object field. Because an incoherent in-

tensity object can be modelled as a continuous distribution of uncorrelated sec-

ondary point sources, the image is the integral of the uncorrelated (impulse)

responses to these secondary point sources. Thus, the impulse responses fully

characterize the imaging quality of the system. For that reason, geometrical mod-

els are most often used to determine the impulse response of a system.

However, if the projection system has to image a coherent phase object, then

the image is the sum of correlated impulse responses. In that case, the image

quality is not only characterized by the impulse responses, but also by the coher-

ent phase object itself. Thus, the image quality can not be characterized in gener-

al terms; the image quality has to be determined for every specific phase object

independently. Therefore, determining the impulse responses of projection sys-

f f R1�	 
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tems with a geometrical model is not very useful to estimate the influence of

manufacturing errors on coherent images in general. 

Instead of determining the impulse responses by tracing rays from points at

the surface under test to the detection plane, we use the geometrical model to

simulate the wavefront propagation through the projection system, by tracing

rays from the point source to the detection plane. These geometrical wavefront

propagation simulations correspond more closely to the Fourier transform mod-

el than to the impulse response model. 

(The disadvantage of this model in comparison with an impulse response

model is that it does not take the limited lateral extent of the pupil function

pC(xC, yC) into consideration. As a consequence, the spatial frequency transfer

characteristics of the projection system can not be determined with the model.)

Geometrical model of the ideal projection system in the paraxial approximation

As already derived with the Fourier transform and impulse response models, the

ideal lens in the paraxial approximation functions as an ideal projection system,

since relation (2.8) is valid. The geometrical equivalent of this projection system

is illustrated in Figure 2.12. The reference and object point sources are located at

the back focal point of the thin lens and the detection plane is positioned at a dis-

tance  from the thin lens. 

First, we trace an arbitrary ray from the object point source via point Q at the

surface under test to the thin lens, as illustrated in Figure 2.12(a). Subsequently,

this ray is traced to the detection plane. This ray should intersect the detection

plane at point Q', the image of point Q. The position of point Q' is determined by

the lateral magnification of the system, which is –f/R. This is illustrated in

Figure 2.12(b) with the dotted line, which intersects the detection plane at Q'.

Subsequently, we trace the ray from the reference point source that intersects the

detection plane at Q'. This ray coincides with the dotted line in Figure 2.12(b).

The opd between the reference and object rays at Q' is, in the paraxial approxi-

mation, twice the asphericity at Q, plus some constant. 

f (1+f/R)

DCA

R f

reference
and object 
point sources

projection lenssurface under test

Q

Q'(�x, �y)

Figure 2.12 Geometrical model of the

interferometer.
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Now, we introduce the shear vector, denoted by (3x(xC, yC), 3y(xC, yC)), which

is defined as the vector between the intersection points of a reference ray and its

corresponding object ray with the exit pupil C of the projection system. With

‘corresponding object ray’ we mean the object ray that intersects the detection

plane at the same point as the reference ray, as illustrated in Figure 2.12(b). Note

that this shear vector is a function of the lateral coordinates xC and yC in the exit

pupil. The shear vector will be used in Section 2.3.10. 

Geometrical model of a real projection system

The previous section showed the geometrical model of the ideal projection sys-

tem in the paraxial approximation. For real multi-lens projection systems and

large asphericity slopes, this model is not valid. However, the projection system

can be designed in such a way that relation (2.8) is approximated, even for large

asphericity slopes, as described in [101]. 

The complexity of such a projection system increases if the shear between the

reference and object rays increases. If this shear is in the order of millimetres in

the presence of a particular surface under test, then a special projection system

has to be built for that particular surface, in order to guarantee that relation (2.8)
is approximated sufficiently close, i.e. the rms figure error is smaller than 80 pm

[101]. 

The design (and manufacturing) of such a projection systems for euvl mir-

ror substrates can be facilitated by making use of the rotational symmetry of all

these substrates, see Figure 1.1. If the substrates are mounted in the interfero-

meter with their axis of symmetry aligned with the optical axis of the projection

system in the interferometer, then the projection system will be rotationally sym-

metric too and can thus be constructed with spherical surfaces. The two disad-

vantages of this rotationally symmetric setup are (i) that an off-axis section of the

projection system is used and (ii) that the maximum surface slopes (and thus the

shear) will be larger than the values listed in Table 1.6, because the choice of the

optimum reference sphere is restricted to a sphere with its centre on the optical

axis. 

Although the design may be complex, we assume that it is possible to design

projection systems for all euvl mirror substrates such that relation (2.8) is ap-

proximated sufficiently close. As a consequence of this assumption, only manu-

facturing errors in the projection system can lead to rms figure errors that are

larger than 80 pm. The influence of such manufacturing errors on the measured

figure are estimated in the sections below. 

2.3.9 Typical values encountered when testing euvl mirror substrates

In the previous section, some general expressions for the image distance and the

lateral magnification were derived. In this section, we will use those expressions

to compute the values of some general interferometer characteristics, such as the

image distance and the maximum fringe density, for the euvl mirror substrates

listed in Table 1.6. These numbers are useful for the discussion on the suitability

of interferometers for measuring the figure of euvl mirrors. 
88 Potential figure measurement methods



We assume that the detection plane in an interferometer is formed by a ccd
sensor†. For our calculations, we simply take a value of 10 mm for the width wccd

of the sensor. In order to maximize the number of pixels, the largest dimension of

the mirror footprint, denoted by F, should be imaged onto the largest dimension

of the ccd sensor, i.e. wccd. The lateral magnification M is equal to –f/R, thus

. (2.18)

Because R, wccd and F are known, the focal distance is computed with (2.18). The

image distance d, which is equal to , can also be calculated. 

The maximum slope listed in Table 1.6, multiplied by 2R, is equal to the radi-

us of the beamwaist of the object beam at the position of the object point source.

The maximum slope times 2(R + f) is equal to the maximum shear between the

reference and object rays in the entrance pupil of the projection system. This

number not only determines to a large extent the complexity of the projection

system, but also the sensitivity to manufacturing errors in the projection system,

as will be described in Section 2.3.10. 

The maximum fringe density at the detection plane is equal to the maximum

slope multiplied by two, divided by the lateral magnification and divided by the

wavelength, which is taken to be 632.8 nm. 

The maximum spatial frequency of opd function variations that should be

measured at the detection plane, is equal to the maximum spatial frequency of

the surface height deviations at the mirror substrate, which is 1 mm–1 according

to Table 1.8, divided by the lateral magnification.

The values of all these characteristics are listed in Table 2.3.  

Section 2.3.4 already described that the fringe density has always been a limiting

factor in the interferometric measurement of aspherical surfaces, due to the limit-

ed number of pixels of the ccd sensor with which the opd function is measured.

A rule-of-thumb is that the number of pixels per fringe should at least be six [128]
(this number is based on the use of standard phase unwrapping algorithms). As

listed in Table 2.3, the maximum fringe density is about 200 mm–1, but the fringe

densities for most mirror substrates is smaller than 50 mm–1. Thus the pixel den-

sity should at least be 1200 mm–1 and 300 mm–1, respectively. Because the width

of the ccd sensor was taken to be 10 mm, the total number of pixels in one di-

mension should be 12000 and 3000 respectively. 

Today’s state-of-the-art ccd sensors contain as many as 4096 � 4096 pixels

[138]. (Because their pixel density is about 110 mm–1, the width of these ccd sen-

sors is much larger than the 10 mm that we assumed. Therefore, the focal distanc-

es and image distances listed in Table 2.3 should be enlarged if these sensors

would be used. However, this will not affect the total number of pixels that is re-

quired.) Consequently, most mirror substrates can be tested with the help of

these sensors and the standard phase unwrapping algorithms. In the cases that

† Interferometers in which the detection plane is formed by a rotating ground glass are

not discussed here, because of their low spatial frequency range [137]. 
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Table 2.3 The radius of the beamwaist, the focal distance, the shear, the image distance,

the maximum fringe density and the highest spatial frequency for the mirrors listed in

Table 1.6. The ccd width is taken to be 10 mm and the wavelength 632.8 nm. A negative

value of the beamwaist radius or the shear indicates that the mirror under test is convex.

Title Mirror
no.

Waist
radius

Focal
dist.

Shear Image
dist.

Fringe
density

Spatial
freq.

[mm] [mm] [mm] [mm] [mm–1] [mm–1]

braat5 1 2.42 41 2.69 45 94 9.1

2 –0.36 141 –0.41 161 4 7.1

3 0.11 21 0.12 22 8 35.5

4 –0.06 36 –0.08 43 3 4.7

5 0.12 23 0.13 24 9 14.9

braat6 1 5.3 42 5.73 45 199 12.6

2 23.94 382 27.28 435 99 7.2

3 –2.41 78 –2.98 97 49 4.2

4 1.08 24 1.12 25 70 24.7

5 –0.62 55 –0.74 65 18 5.4

6 0.16 21 0.16 22 12 16.7

bruning 1 1.61 86 1.69 90 30 19.4

2 –0.69 91 –0.83 109 12 5.1

3 0.21 47 0.22 50 7 13.7

jewell 1 0.79 36 0.88 41 34 8.8

2 –0.04 40 –0.05 54 1 3

3 0.05 418 0.07 598 0 2.3

4 0.1 43 0.12 51 4 5.4

shafer 1 –2.45 231 –2.69 254 17 10

2 0.78 67 0.83 72 18 14.3

3 –0 78 –0 95 0 4.7

4 0.12 45 0.13 49 4 10.4

william 1 0.72 36 0.78 39 32 13.6

2 –0.05 114 –0.07 146 1 3.6
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the required number of pixels in one dimension exceeds the 4096, an alternative

phase unwrapping algorithm can be used: sub-Nyquist interferometry. This algo-

rithm can reduce the required number of pixels in some cases by a factor which

can be as high as 20 [128].

In conclusion, the fringe density is not a limiting factor with today’s state-of-

the-art ccd sensors.

2.3.10 Model of the sensitivity to manufacturing errors

This section describes the model of the projection system used to determine the

influence of manufacturing errors on the rms figure error , as defined by

(1.23). The manufacturing errors that will be taken into consideration are only the

surface height errors of the optical surfaces of the projection system; glass inho-

mogeneities and alignment errors will not be taken into consideration. These sur-

face height errors will be described with the power spectral density function

PSD'S(f, Ψ), as defined by (1.9). Here, the subscript S refers to the surface height

errors. Thus, this section derives the relation between  and PSD'S(f, Ψ). 

For this derivation, we assume that 

• the surfaces under test are the perfect euvl mirror substrates of which the

characteristics are listed in Table 1.6, 

• the surfaces under test are rotationally symmetric and their axes of rotation are

aligned with the optical axis of the projection system in the interferometer, 

• the design of the projection system in the interferometer is such that relation

(2.8) is approximated sufficiently close, as described in Section 2.3.8, and 

• the projection system in the interferometer† is rotationally symmetric to facili-

tate the approximation of relation (2.8), as described in Section 2.3.8. 

3 0.7 132 0.74 140 8 15.9

4 0.28 43 0.29 45 10 22.9

5 –0.83 51 –0.99 60 26 5.4

6 0.17 23 0.18 25 11 16.5

† The projection system of the interferometer should not be confused with the euvl pro-

jection system, which is also rotationally symmetric.

Table 2.3 The radius of the beamwaist, the focal distance, the shear, the image distance,

the maximum fringe density and the highest spatial frequency for the mirrors listed in

Table 1.6. The ccd width is taken to be 10 mm and the wavelength 632.8 nm. A negative

value of the beamwaist radius or the shear indicates that the mirror under test is convex.

Title Mirror
no.

Waist
radius

Focal
dist.

Shear Image
dist.

Fringe
density

Spatial
freq.

[mm] [mm] [mm] [mm] [mm–1] [mm–1]

gmRMS

gmRMS
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The relation between  and PSD'S(f, Ψ) is derived in a number of steps.

First, the relation between  and the psd function PSD'm(f, Ψ) of the meas-

ured projected asphericity error function is derived. Second, the relation between

PSD'm(f, Ψ) and the psd function PSD'Ε(f, Ψ) of the opd errors is derived. Third,

the relation between PSD'Ε(f, Ψ) and the psd function PSD'W(f, Ψ) of the wave-

front aberrations is derived. Fourth, the relation between PSD'W(f, Ψ) and

PSD'S(f, Ψ) is derived. Finally, all these relations are combined to derive the rela-

tion between  and PSD'S(f, Ψ).

Relation between  and PSD'm(f, ΨΨΨΨ)

The rms figure error  was defined by (1.23) as the rms value of the meas-

ured surface figure error gm(x, y), which was defined by (1.20) as the band-pass

filtered measured projected asphericity error function e'm(x, y). Instead of com-

puting  in the spatial domain as the rms value of the band-pass filtered

e'm(x, y), we can also define it in the spatial frequency domain as the square root

of the integral of PSD'm(f, Ψ),

, (2.19)

where PSD'm(f, Ψ) is the psd function of e'm(x, y), defined analogously to the def-

inition of PSD'a(f, Ψ) by (1.9) as the psd function of e'a(x, y). According to (1.18),

frequency f1 is equal to F–1, the reciprocal of the largest footprint dimension, and

frequency f2 is equal to 1 mm–1. 

Relation between PSD'm(f, ΨΨΨΨ) and PSD'ΕΕΕΕ(f, ΨΨΨΨ)

Because we assume that the euvl mirror substrates are perfect, the actual surface

height of these substrates is equal to their nominal surface height. Thus, the meas-

ured projected asphericity error function e'm(x, y) is equal to the difference be-

tween the measured projected asphericity function p'm(x, y) and the actual

projected asphericity function p'a(x, y),

. (2.20)

We now define the opd error function Ε'(x, y) as the difference between the

actual opd function OPD'a(x, y) and the measured opd function OPD'm(x, y), 

(2.21)

The relation between the projected asphericity function pS(xS, yS) and the opd
function OPD(xD, yD) is given by (2.8). From this relation it will be clear that

, (2.22)

where R is the radius of the reference sphere in relation to which p'a(x, y) and

p'm(x, y) are defined. 
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Equation (2.22) is used to express the psd function PSD'Ε(f, Ψ) of Ε'(x, y) as a

function of PSD'm(f, Ψ),

. (2.23)

For each mirror, the lateral magnification has to be adjusted such that the image

of the mirror footprint fills the ccd sensor. We assume that the width of the ccd
sensor is 10 mm. Then f1/|M| is equal to 10 mm–1, whereas the values of f2/|M| for

the various mirrors are listed in Table 2.3 as the maximum spatial frequency.

Relation between PSD'ΕΕΕΕ(f, Ψ) and PSD'W(f, Ψ)

This section first introduces the wavefront aberration function W'(xC, yC) and

subsequently derives a relation between PSD'Ε(f, Ψ) and the psd function

PSD'W(f, Ψ) of W'(xC, yC). 

To account for the manufacturing errors of the projection system, we intro-

duce a wavefront aberration function W'(xC, yC), which is defined as the differ-

ence between the wavefronts in the exit pupil C of the projection system with and

without manufacturing errors. Here, xC and yC are the lateral coordinates of the

exit pupil.

Because the reference and object rays propagate through the projection sys-

tem under different angles, the wavefront aberration function for the reference

beam will depart from the wavefront aberration function for the object beam. For

simplicity, we model the projection system as infinitely thin. Consequently, the

two wavefront aberration functions are equal to each other. Therefore, we define

W'(xC, yC) as the aberration function. 

Another simplification is that we neglect the effect that the manufacturing er-

rors (or the wavefront aberration functions) have on the direction of the refer-

ence and object rays. Thus, we assume that the pairs of reference and

corresponding object rays intersect the detection plane at the same positions as

they would do without manufacturing errors. As a consequence, the error

Ε'(xD, yD) in the opd function at the detection plane D due the manufacturing

errors is equal to:

. (2.24)

This relation depends, among others, on the ratio between the shear vector

(3x(xC, yC), 3y(xC, yC)) and the spatial period of the wavefront aberration

W'(xC, yC). We will first consider two extremes: 

• the spatial period is large compared to shear between reference and object rays

(corresponding to low spatial frequencies), 

• the spatial period is small compared to shear between reference and object rays

(corresponding to high spatial frequencies).

After that, we will combine these results and derive a relation between PSD'Ε(f, Ψ)

and PSD'W(f, Ψ) for all spatial frequencies. 
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Low–spatial frequencies of wavefront aberrations

If the shear between the reference and object rays is small compared to the spatial

period of the wavefront aberration, then we can assume that the opl errors intro-

duced in a reference ray and its corresponding object ray are strongly correlated.

In that case, the opd error is equal to the derivative of the wavefront aberration

function along the shear direction, times the magnitude of the shear. Thus, for

spatial frequencies f much smaller than the reciprocal of the shear, we can ap-

proximate the opd error function as

. (2.25)

Because the projection system and the surface under test are rotationally sym-

metric and their axes are aligned, the shear direction is close to the radial direc-

tion. For convenience, we will use the polar coordinates ΡD and ΘD instead of the

Cartesian coordinates xD and yD and omit the primes in the denominations. If

we assume that the wavefront aberration function is more or less rotationally

symmetric, i.e. the derivative in the radial direction is much larger than the deriv-

ative in the tangential direction†, then we can neglect the derivative in the tangen-

tial direction,

. (2.26)

We now take our approximations one step further and assume that the wave-

front aberration function and the shear vector function are rotationally symmet-

ric and that the shear vector has a fixed length 3. Consequently, the opd error is

also rotationally symmetric: 

. (2.27)

In that case, there is a simple relationship between PSD'Ε(f, Ψ) and

PSD'W(f, Ψ), because they are both rotationally symmetric,

. (2.28)

† If an interferometer with a rotational averaging scheme is used for the figure measure-

ments during the manufacturing of the spherical lenses of the projection system we are

discussing, then the figure errors will be nearly rotational symmetric. Thus, the wavefront

aberration will also be nearly rotational symmetric. 
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With the introduction of the rotationally symmetric transfer function H(f),

which is defined for spatial frequencies much smaller than the reciprocal of the

shear 3 as 

, (2.29)

Equation (2.28) can be written as

. (2.30)

High–spatial frequencies of wavefront aberrations

We now turn to the other extreme case, where the shear between the reference

and object rays is large compared to the spatial period of the wavefront aberra-

tion. The opl errors of a reference ray and its corresponding object ray will now

be fully decorrelated, unless the wavefront aberrations are periodic, which is not

very likely to happen in reality. In that case, the variance of the opd error is equal

to the sum of the variance of the individual opl errors. 

We assume that the probability distribution function of the wavefront aberra-

tion function W'(xC, yC) is independent of the coordinates xC and yC. Thus, for

spatial frequencies that are much larger than the reciprocal of the shear 3, the

transfer function H(f, Ψ) is equal to

. (2.31)

All spatial frequencies of wavefront aberrations

Equations (2.29) and (2.31) define H(f) for very low and for very high spatial fre-

quencies. We do not have a model to derive the transfer function for spatial fre-

quencies in the order of 3–1. We just assume that the real transfer function can be

approximated by the transfer function of a first order system

, (2.32)

because this function behaves in the limits for low and high spatial frequencies as

required and has a fluent behaviour for mid–spatial frequencies. 

Relation between PSD'W(f, Ψ) and PSD'S(f, Ψ)

The next step is to determine how the function PSD'W(f, Ψ) is affected by the

manufacturing errors. We only take into consideration the influence of the figure

errors of the lens surfaces in the projection system on the wavefront aberration

function; the influence of glass inhomogeneities and alignment errors is neglect-

ed. 
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As already stated, the projection system is modelled as infinitely thin. As a re-

sult, the wavefront aberration function is the summation of the figure error func-

tion of each lens surfaces, multiplied by the difference in the refractive indices on

both sides of the surface. Thus, the psd of the wavefront aberration function is

equal to the summation of the psd of each surface times the square of the differ-

ence in the refractive indices on both sides of the surface. 

We assume that the projection system consists of one lens. This is a very mod-

est estimation, if the shears listed in Table 2.3 are considered. In reality, a projec-

tion system for comparable shear values can contain more than three lenses, see

[101]. In addition, we assume (i) that the difference in refractive indices is 0.5 for

both lens surfaces, (ii) that the figure errors of the two lens surfaces are uncorre-

lated, (iii) that the figure errors are rotationally symmetric, and (iv) that the psd
functions of the two surfaces are equal. Under these assumption, the relation be-

tween the psd function PSD'W(f, Ψ) of the wavefront aberration function and the

psd function PSD'S(f, Ψ) of the figure error is

. (2.33)

Many well-polished surfaces appear to have a rotationally symmetric psd
function, which can be approximated by [46]:

, (2.34)

where f0 is the reciprocal of the aperture diameter, K is a constant of proportion-

ality and n is the fractal order. The dimension of K is such that the dimension of

the psd is [m4]. Because we use oversized lenses to prevent diffraction effects, we

are only interested in the spatial frequencies above f0. Therefore, the psd of the

lens surface can be approximated by:

, (2.35)

where K' is a constant of proportionality.

Relation between  and PSD'S(f, Ψ)

Substitution of (2.35) into (2.33), of (2.33) into (2.30), of (2.32) into (2.30), of

(2.30) into (2.23), and of (2.23) into (2.19) gives the sought after expression for the

measured rms surface figure error ,

. (2.36)

PSD'
1
2

PSD'W Sf f, ,Ψ Ψ	 
� 	 


PSD'S

n

n
f

Kf

f f

,Ψ	 
�
�	 


0

0

PSD'S n
f

K

f
,

'
Ψ	 
�

gmRMS

gmRMS

g
K

f

f

dfm n
f M

f M

RMS
	 
 �

�
�



������

�

�

������

��
2

1
1 2

22

1

1
2

2
1

2

Π

Π

'

/

3

96 Potential figure measurement methods



2.3.11 Estimation of the smallest possible measured rms figure error

In this section, we use (2.36) to estimate the smallest possible value for the meas-

ured rms figure error . For this estimation, we have to know K' and n. The

values of K' and n are the result of the polishing process of the lens surfaces. In

order to estimate the lowest possible rms figure error, we take the K' and n values

of probably one of the most accurate spherical surfaces in the world: the third

mirror in the design by Shafer for the Engineering Test Stand, see Section 1.3. The

values for K' and n are 3.3 � 10–22 and 1.54, respectively [139]. 

To check these values, we substituted them in (2.35) and used (1.10) to com-

pute the rms figure error for spatial frequencies between the reciprocal of the

clear aperture of 47 mm (listed in Table 1.6) and 1 mm–1. The result is 0.30 nm,

which is close to the rms figure error of 0.38 nm [139] that was computed by the

vnl in the space domain. Because the frequency domain value is lower, it will

lead to an optimistic estimation of the influence of manufacturing errors on the

rms opd error. This will not influence our conclusions. 

These values for K' and n are substituted into (2.36). The value taken for f1/|M|

is 0.1 mm–1, as mentioned earlier, and we take 10 mm–1 as the value for f2/|M|,

which is a modest estimate considering the values for the maximum spatial fre-

quencies listed in Table 2.3. Graphs of the psd function PSD'W(f, Ψ) of the wave-

front aberration function, of the transfer function H(f), of the psd function

PSD'Ε(f, Ψ)) of the opd error function, and of the measured rms figure error

, computed with (2.36) for various shears 3, are shown in Figure 2.13. 

As expected,  goes to zero if the shear 3 goes to zero, because then the

reference rays and the corresponding object rays follow the same paths and the

opd is not sensitive to manufacturing errors. For very large shears,  ap-

proaches 0.26 nm. That is equal to half the rms figure error of each lens surface

(with the rms figure error computed for spatial frequencies between 0.1 mm–1

and 10 mm–1). Thus, for large shears there is no common-path advantage at all, as

expected.

As Figure 2.13(d) shows,  is equal to 80 pm if the shear over the entire en-

trance pupil is smaller than 30 µm. In reality, the shear will not have a fixed value

over the entrance pupil, as was assumed in our model. The maximum shear val-

ues that will occur if the euvl mirrors are tested, are of the order of millimetres,

see Table 2.3. Although these values are only maximum shear values, the mirrors

have a gradual change so the shear will be much larger than 30 µm over the larger

part of the entrance pupil. Consequently, the measured rms figure error will be

larger than the allowable 80 pm. 

Note that the computed values of  are even rather optimistic, for the

following reasons. Our model does not include any other errors than the figure

errors of the projection system: no inhomogeneity errors of these lenses, no align-

ment errors, no nominal design errors, no errors of the other optical compo-

nents in the interferometer (which are much more influential if the components

are not a part of the common-path section), no errors of the light source and de-

tection systems. In addition, according to our model, the projection lens consists

of only a single lens, whereas it is very like that a real projection system will con-
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tain more lenses. We have also assumed that these lens surfaces are better pol-

ished than the present state-of-the-art mirrors (our estimation of the K' and n

values was optimistic). 

We conclude that with the present state-of-the-art interferometers with spher-

ical reference wavefronts, the measured rms figure error will be larger than the al-

lowable 80 pm, due to the sensitivity to manufacturing errors of the projection

system. 

2.4 Shearing interferometers

As described in Section 2.2, shearing interferometers are a type of two-beam sin-

gle-pass interferometers in which a beam reflected by the surface under test inter-

feres with a modified copy of this reflected beam [91]–[93]. The copied beam is

subjected to shifts, rotations, or radial scalings. The phase difference between the

reflected beam and its modified copy is roughly proportional to a directional de-

rivative of the wavefront of the reflected beam. The form of the reflected wave-

front is calculated by integration of one or several of these derivatives. 

In this section, we study the advantages and disadvantages of shearing inter-

ferometers in comparison with interferometers with reference beams. Actually, we

will compare shearing interferometers with reference interferometers which are

calibrated with a self-calibration procedure, as described in Section 2.3.5. With

self-calibration, the surface under test is translated or rotated between two succes-

sive measurements of the opd function at the detection plane. The difference be-

tween these two opd functions is comparable to the opd function that is

measured by a shearing interferometer which translates or rotates the copy of the

reflected beam in relation to the reflected beam itself (we assume that shearing

interferometers that introduce a radial scaling are comparable to shearing inter-

ferometers that introduce a linear translation). In other words, with the shearing

interferometer we measure directly the difference between the two opd functions

measured by the reference interferometer. 

In some cases, the advantage of a shearing interferometer over a reference

interferometer with self-calibration is that the maximum fringe density at the de-

tection plane is reduced. If, for example, the opd function measured by the refer-

ence interferometer varies more strongly as function of the coordinates of the

detection plane than it varies as function of the translation or rotation, then the

fringe density of the interference pattern in the reference interferometer is higher

than the fringe density of the interference pattern in the shearing interferometer.

However, as argued in Section 2.3.9, the fringe density is not a limiting factor for

testing the aspherical euvl mirror substrates with reference interferometers.

Thus, the reduction of the maximum fringe density is of no special interest to our

application. 

A disadvantage of shearing interferometers in comparison with a reference

interferometer—like for example the Fizeau—is the addition of an optical com-

ponent that generates the modified copy of the reflected beam. Because this com-

ponent is not a part of the common-path section (the section of the
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interferometer through which the reflected beam as well as the modified copy

propagate), the accuracy with which the figure of the surface under test can be

determined, strongly depends on the accuracy of this component. 

Our comments on the model on which the self-calibration procedure is based,

as described in Section 2.3.5, also apply to the model on which shearing interfer-

ometers are based. Following the same argumentation as in Section 2.3.5 for self-

calibration, we come to the conclusion that shearing interferometers are especial-

ly useful to verify that the surface under test and the reflected beam are invariant

under the modification that is introduced by the shearing interferometer, such as

a translation or rotation. 

In conclusion, shearing interferometers have no perceived advantages over

reference interferometers calibrated with a self-calibration procedure, whereas

their disadvantages are clear. Therefore, we do not consider shearing interferom-

eters to be candidates for measuring the surface figure of the euvl mirror sub-

strates. 

2.5 Conclusions

The accuracy of all existing instruments for figure measurement is insufficient for

testing euvl mirror substrates. Therefore, we have to develop a new instrument.

This section summarizes the conclusions about the feasibility of measuring the

surface figure of the euvl mirror substrates with the potential methods listed in

Table 2.1. 
As concluded in Section 2.1.1, we do not consider the contact methods to be

viable candidates for measuring the surface height of the euvl mirror substrates. 

Of all the optical probes, the optical slope sensor is the most promising. How-

ever, we think that the application of this method is questionable, because of the

high spectral power of euvl mirror substrates in the low–spatial frequency range,

as concluded in Section 2.1.2. 

Of all wavefront analysis methods, we consider the two-beam single-pass

interferometers to be the only promising candidates for the testing of our mir-

rors, as described in Section 2.1.2. Two types of two-beam single-pass interferom-

eters were distinguished:

• interferometers with reference beams,

• shearing interferometers.

We do not consider shearing interferometers to be candidates for measuring the

surface figure of the euvl mirror substrates, because they have no advantages

over interferometers with reference beams, as concluded in Section 2.4.

Section 2.3 discussed the interferometers with reference beams. In

Section 2.3.3, we concluded that a number of methods is available for improving

the accuracy of the existing interferometers with reference beams. These methods

are listed in Table 2.2. In addition, we concluded that the feasibility of one meth-

od—omitting the auxiliary optics in an absolute interferometer—could not yet

be estimated. Although we do not know the feasibility of this method, we do
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know that the feasibility of the alternatives is at best questionable. Therefore, we

believe it is worthwhile to study the feasibility of such an absolute interferometer. 

Before we can estimate the feasibility of this option, we actually have to de-

sign an absolute interferometer without auxiliary optics. Subsequently, we have to

estimate by theoretical modelling as well as by experimental verification the feasi-

bility to develop this absolute interferometer such that its figure measurement ac-

curacy becomes sufficient. The continuation of this development process will

depend on intermediate assessments of the feasibility of this absolute interferom-

eter in relation to the feasibility of the mentioned alternatives. This thesis de-

scribes the initial steps in the development of such an absolute interferometer. 
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3 Concept for the novel interferometer

This chapter presents the concept for a novel interferometer to measure the low–

spatial frequency figure of aspherical extreme-ultraviolet lithography (euvl) mir-

ror substrates without multi-layer coatings. This concept is intended for the

measurement of the figure of concave mirror substrates. Later on, it can be ex-

tended to the measurement of convex mirror substrates. 

The concept for this novel interferometer is based on one of the conclusions

of the evaluation of existing measurement methods in Section 2.5: it is worth-

while to study the feasibility of an absolute interferometer from which the auxilia-

ry optics are omitted. The specifications for the mirror substrates that have to be

tested, have been formulated in Section 1.5 and the specifications for the measure-

ment accuracy have been formulated in Section 1.8. 

For the description of the novel interferometer, we model the interferometer

as composed of the following systems (see also Section 2.2):

• light source system,

• optical system,

• detection system, 

• computation system.

We start with a description of the optical system in Section 3.1 and of the com-

putation system in Section 3.2, because the specific realizations of these parts

make that the novel interferometer is an absolute interferometer. Section 3.3 de-

scribes the so-called beam propagation algorithms which are used by the compu-

tation system to simulate the propagation of light beams. In addition, these beam

propagation simulations are also used to model the optical system quantitatively. 

Due to the particular setup of the optical system and computation system, we

can not make use of existing light source and detection systems. Instead, we have

to develop new light source and detection systems. The concepts for these sys-

tems are described in Section 3.4. 

The descriptions of the optical system, the computation system, the light

source system and the detection system are rather basic, they are not in-depth.

The reason is that these descriptions are meant as an introduction, to give the

reader an overview of the complete interferometer. In Chapters 4–6, the concepts

for the various systems will be described in more detail and the practical realiza-

tion of some of these concepts will be presented in Chapter 7. 

In addition, the overview is needed to understand the error budget that is

drafted in Section 3.6. This error budget will be used to determine the specifica-

tions for the various systems in the corresponding chapters. 
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3.1 Optical system

The design of the optical system is based on the following two principles. The

first is that we do not use any transmissive or reflective auxiliary optics. This prin-

ciple stems from the fact that the wavefront errors introduced by these auxiliary

optics would be too large, even if they are part of the common-path section of the

interferometer. This has been shown in Section 2.3.11. 
The second principle is that wavefronts generated by point sources, such as fi-

bre tips, are nearly spherical. As Sommargren has showed theoretically [98], the

p–v wavefront asphericity in the far field for an aperture radius of 2Λ is below

Λ/10 000 over a numerical aperture (na) of 0.3. Sommargren could verify experi-

mentally that the rms asphericity is less than Λ/2110 [100]. This value is not deter-

mined by the asphericity, but by the measurement accuracy. Thus, it does not

exclude the possibility that the real asphericity is smaller than the measured as-

phericity. For the time being, we assume that the wavefronts generated by fibre

tips are spherical. The influence of aspherical deviations will be discussed in more

detail in Section 4.5. 

Based on these two principles, we have designed the optical system as illus-

trated in Figure 3.1. Two single-mode fibres, called the reference fibre and the ob-

ject fibre, guide light beams coming from the light source system to their tips. The

tip of the reference fibre is referred to as R and the tip of the object fibre as O.

These two fibre tips generate spherical wavefronts. The light coming from the ref-

erence fibre tip R illuminates the detection plane directly, whereas the light com-

ing from the object fibre tip O is first reflected by the surface under test before it

reaches the detection plane. At the detection plane, the reference and object

beams interfere and the optical path difference (opd) between the two beams and

the intensity of the object beam is measured by the detection system, as functions

light
source
system

detection
plane

substrate under test

object fibre

P

R

O

reference fibre

optical system

Figure 3.1 Layout of the novel interfer-

ometer.
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of the lateral coordinates x and y in the detection plane. These functions will be

referred to as OPD(x, y) and Ao(x, y), respectively. 

Note that the two beams propagate through free space, except for the reflec-

tion at the surface under test. They do not pass any transmissive auxiliary optics

and are not reflected by any reflective auxiliary optics. This sets the optical sys-

tem apart from the optical systems in existing interferometers. 

A consequence of the exclusion of any auxiliary optics is that only concave

mirrors can be tested, not convex mirrors. We will discuss this in more detail in

Section 3.5.

The optical system also comprises instruments to measure the positions of the fi-

bre tips R and O, of the detection plane, and of a particular point P at the surface

under test. The instruments that measure these positions, will be described in

Section 4.4. 

The position information generated by these instruments is needed by the

computation system to calculate the figure of the surface under test. The other in-

formation needed for this calculation is the opd function and the intensity of the

object beam at the detection plane. The opd and the intensity are measured by

the detection system. The way in which this information is used by the computa-

tion system to calculate the figure of the surface under test, is described in

Section 3.2. 

To give a more realistic view of the optical system, we have computed, as an ex-

ample, the ray paths for the case in which the first mirror of the design by Jewell

(see Tables 1.5 and 1.6) is tested. That mirror is illustrated in Figure 3.2(a). Its ba-

nana shaped footprint (see Figure 1.3) and the circle that encloses that footprint

are shown in Figure 3.2(b). Figure 3.2(c) shows the projected asphericity function
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Figure 3.2 (a) The first mirror of the design by Jewell. (b) The banana shaped footprint

and the smallest circle enclosing this footprint. (c) The asphericity over the banana shaped

footprint.
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of the mirror over that footprint, i.e. the deviation of the surface from the refer-

ence sphere as described in Section 1.5.1. In this particular case, the radius of the

reference sphere is 323 mm. The peak-to-valley asphericity is 10.4 Μm, the rms as-

phericity is 3.2 Μm. 

The optical system is illustrated in Figure 3.3. Figure 3.3(a) shows an overview

of the fibre tips R and O, the surface under test, and the (gray) plane of detection,

Figure 3.3(b) shows a close-up of the fibre tips and the detection plane, and

Figure 3.3(c) shows the opd function OPD(x, y). The opd varies within a range of

61 µm. If we now assume that the wavelength Λ is 632.8 nm, then the fringe pat-

tern at the detection plane that corresponds to this particular OPD(x, y) function

is shown in Figure 3.4.

The reference fibre tip R is placed at (0 mm, 2.7 mm, 0 mm), the object fibre

tip O is placed at (0 mm, –2 mm, 0 mm). The reason to choose for this particular

configuration is the following. We illuminate the substrate with the light from the
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Figure 3.3 (a) Interferometer with the mirror in Figure 3.2 as substrate under test. The

detection plane is the gray plane with z = 80 mm. (b) Close-up of the reference fibre tip R,

the object fibre tip O and the gray detection plane. (c) The function OPD(x, y) at the gray

detection plane. 

y 
  [

m
m

]
x   [mm]

�10 �5 0 5 10

�2

0

2

4

6

Figure 3.4 Fringe pattern at the detec-

tion plane. This pattern corresponds to the

OPD(x, y) function in Figure 3.3(c) for a

wavelength Λ of 632.8 nm. To be able to

distinguish the separate fringes, the contin-

uous tone fringe pattern has been convert-

ed into a line drawing. 
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object fibre tip O. Consequently, the lightspot on the substrate is circular. Be-

cause the complete banana shaped footprint has to be lit, the lightspot should be

at least as large as the circle shown in Figure 3.2(b). 

Although we are only interested in the figure of the substrate over the banana

shaped footprint, we have to let the rays coming from the substrate outside the

banana shaped footprint pass unobstructed, to avoid the occurrence of unwant-

ed diffraction effects. With the chosen configuration, the wavefront reflected by

the substrate is not obstructed by the fibre tips R and O, as can be seen in

Figure 3.5, which shows the intersections of the rays with the plane z = 0 mm. 

On the other hand, the reference fibre tip should be placed as close as possi-

ble to the beam waist of the reflected beam, in order to minimize the opd varia-

tion over the detection plane. In the chosen configuration, the distance between R

and the beamwaist (whose maximum y value is 2.55 mm) is 155 Μm, which is

about the diameter of a single mode fibre with cladding.

As will become clear in Section 5.11.1, the choice of the location of the detec-

tion plane depends on a variety of parameters. For this example, we have chosen

to put the detection plane at z = 80 mm.

3.2 Computation system

The objective of the computation system is to determine the figure of the surface

under test from a set of input parameters. As mentioned earlier, the input param-

eters for the computation system are

• the opd function at the detection plane,

• the intensity of the object beam at the detection plane,

• the positions and orientations of the fibre tips, of the detection plane, and of a

particular point P at the surface under test. 

This information is used to calculate the figure of the surface under test. This

calculation is executed in four steps, which are described below. The description

of these steps is rather abstract, because then it can be applied to computation

systems based on diffraction optics and to computation systems based on geo-
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Figure 3.5 The positions of the refer-

ence fibre tip R and object fibre tip O in

the plane z = 0 mm. (a) The intersections

of the rays reflected by the circular foot-

print in Figure 3.2(b) with the plane

z = 0 mm. (b) The intersections of the rays

reflected by the banana shaped footprint in

Figure 3.2(b) with the plane z = 0 mm.
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metrical optics. At the end of this section, we will present an example of a compu-

tation system based on geometrical optics. 

First step

The first step is to determine the field distribution Eo(xD, yD, t) of the object

beam at the detection plane, as function of the lateral coordinates xD and yD at

the detection plane and of the time t. This field distribution Eo(xD, yD, t) is writ-

ten as

, (3.1)

where Ao(xD, yD) is the amplitude of the field distribution, Ω is the angular fre-

quency of the field, and Φo(xD, yD) is the phase of the field distribution. The am-

plitude Ao(xD, yD) is determined from the intensity measured by the detection

system, whereas the phase Φo(xD, yD) is calculated from the measured opd func-

tion and from the position of the reference fibre tip R in relation to the position

of the detection plane, in the following way. 

From the positions of R and the detection plane, the optical path length (opl)

from R to the detection plane is computed. This opl function is referred to as

OPLr(xD, yD). The computation of OPLr(xD, yD) is based on the assumption that

the reference wavefront is spherical. 

By summing the reference opl function and the opd function measured by

the detection system, which is referred to as OPD(xD, yD) and is defined as the

difference between the opl function OPLo(xD, yD) of the object beam and the

opl function OPLr(xD, yD) of the reference beam, we get the opl function of the

object beam at the detection plane,

. (3.2)

The phase Φo(xD, yD) is now equal to 

, (3.3)

where Λ is the wavelength of the object beam. From this phase Φo(xD, yD) and

from the amplitude Ao(xD, yD), the field distribution Eo(xD, yD, t) of the object

beam at the detection plane is computed. 

Second step

The second step in the calculation of the figure of the surface under test is the de-

termination of the field distribution Eo(xA, yA, zA, t) of the reflected object beam

in the space in which the surface under test is located. This space is called the ob-

ject space, analogous to the term used for projection systems. The coordinates in

the object space are denoted by xA, yA, and zA. 

The field distribution Eo(xA, yA, zA, t) in the object space is calculated from

the field distribution Eo(xD, yD, t) at the detection plane with the help of an algo-

rithm, which will be referred to as the beam propagation algorithm (bpa). Vari-

E Ao o ox y t x y t x yD D D D D D, , , cos ,	 
 � 	 
 � 	 
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ous algorithms can be used as a bpa, such as algorithms based on rigorous

polarization diffraction theory, or simpler algorithms based on geometrical theo-

ry. These algorithms will be discussed in more detail in Section 3.3. 

Third step

The third step is to calculate the field distribution E'o(xA, yA, zA, t) of the object

beam that is incident on the surface under test. The calculation of the phase

Φ'o(xA, yA, zA) of E'o(xA, yA, zA, t) is based on the position of the object fibre tip

O and on the assumption that the object wavefront generated by this fibre tip is

spherical. The calculation of the magnitude of the amplitude A'o(xA, yA, zA) of

E'o(xA, yA, zA, t) is based on the position of O, on the direction of the object fi-

bre, and on the assumption that the amplitude distribution is Gaussian. The po-

larization state—i.e. the direction of A'o(xA, yA, zA)—of the incident object beam

is determined by the geometry of the object fibre. If we limit ourselves to linearly

polarized light, then the orientation of the polarization plane is determined by

the orientation of the object fibre and thus known in advance. 

Fourth step

The fourth step is to find the shape of the surface under test, described by the

function . This surface satisfies the following three conditions:

• given its material properties, such as the refractive index and the extinction

coefficient, it transforms the field distribution E'o(xA, yA, zA, t) of the incident

object beam into the field distribution Eo(xA, yA, zA, t) of the reflected beam,

• the point P is located at the surface under test,

• the function  does not contain any discontinuities.

We assume that these three conditions unambiguously determine the function

 and thus the figure of the surface under test. 

3.2.1 Example of a computation system based on geometrical optics

This section presents, as an example, the outline of a computation system based

on geometrical optics, i.e. ray-trace based. In geometrical optics, only the phase

of a field distribution is taken into consideration, the intensity is left out of con-

sideration. Thus, we only determine OPD(x, y), not Ao(x, y). For the computa-

tion system based on geometrical optics, the four steps are as follows. 

First step

At the first step, the opl function OPLo(xD, yD) of the object beam at the detec-

tion plane is calculated with the help of (3.2), as illustrated in Figure 3.6. This

OPLo(xD, yD) function is regarded as a prescription for the figure of the object

wavefront that is incident on the detection plane. 

Second step

The second step is to propagate this object wavefront backwards with the bpa to

determine the figure of the reflected object wavefront in the object space. For this

purpose, a set of object rays is traced backwards from the detection plane to the

object space, as illustrated in Figure 3.7. The starting points of these rays are de-

z x yS
A A A,	 


z x yS
A A A,	 


z x yS
A A A,	 


y 
  [

m
m

]

z   [mm]
x   [mm]

�300
�200

�100
0

�40�20 0 20 40
�20

�10

0

10

�300
�200

�100
0

Figure 3.7 Back propagation of the ob-

ject wavefront, from the gray detection

plane to the object space. 
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termined by sampling the object wavefront at the detection plane, i.e. the func-

tion OPLo(xD, yD) is sampled. As the direction of these rays, we take the direction

of the wavefront normals at the sample positions. The direction of these normals

are determined from the derivatives of OPLo(xD, yD) in the xD and yD directions. 

Third step

The third step is to determine the figure of the object wavefront that is incident

on the surface under test. The object fibre tip O is assumed to be a point source,

thus that incident wavefront is a sphere, with O at its centre. 

Fourth step

The fourth step is to find the figure of the surface under test. Before explaining

the algorithm that can be used to find that surface, we will describe the basic

principles. First, we suppose that there is no surface under test at all. Then every

point in the object space is associated with the following quantities: 

• the direction, the opl, and the polarization state of the ray from O to that

point,

• the direction and opl of the ray from the detection plane to that point. 

The direction and opl of the ray from O to that point in the object space are

determined by the position of O and that point. The polarization state of the ray

is determined by the orientation of the object fibre. The direction and opl of the

ray from the detection plane to the point in the object space is determined by the

bpa. 

Next, we suppose that every point in the object space is located at a surface,

which reflects the ray from O such that the reflected ray coincides with the ray

coming from the detection plane. The set of quantities associated with every

point in the object space is extended with 

• the direction of the surface normal, 
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Figure 3.6 Calculation of the OPLo(x, y) function in (c) as the difference between the

the OPD(x, y) function in (a) and the OPLr(x, y) function in (b). The gray planes indicate

the detection plane. The function OPD(x, y) in (a) was already shown in Figure 3.3(c). 
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• the phase jump introduced by the reflection. 

The direction of the surface normal is calculated from the directions of the in-

cident ray from O and the reflected ray to the detection plane. The phase jump is

calculated from the angle of incidence, the polarization state of the incident ray,

and the material properties, such as permittivity, permeability and conductivity. 

Subsequently, the set of quantities associated with every point in the object

space is extended with the total opl. The total opl is the sum of the opl of the in-

cident ray coming from O, the opl of the reflected ray going to the detection

plane, and the opl that corresponds to the phase jump at reflection, i.e. the phase

jump divided by the wave number k. The total opl is represented by the function

OPLtot(xA, yA, zA).

Next, the value  of the total opl at the particular point P

at the surface under test is determined. Finally, we have to find the set of points

for which 

. (3.4)

This set of points forms the surface under test, as illustrated in Figure 3.8. Within

the framework of geometrical optics, this pointwise and local approach is justi-

fied. 

Various algorithms can be used to find the set of points for which (3.4) is val-

id. An effective way to find a subset of these points, is to ‘walk’ along one of the

rays that is traced from the detection plane to the object space (as shown in

Figure 3.7), and keep on walking until the total opl is equal to the total opl of

point P. In this way, each ray that is traced from the detection plane to the object

space generates one point of the surface under test.

OPL P P Ptot x y zA A A, ,	 
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Figure 3.8 Cross-sections of the object space perpendicular to the z axis. The z values

for (a) to (f) are  –322.8 mm, –322.4 mm, –322.0 mm, –321.5 mm, –321.1 mm, and 

–320.7 mm, respectively. The gray level indicates the value of the total OPL function

OPLtot(x, y, z), as shown in the legend in (g). The contours indicate the positions (x, y, z)

where OPLtot(x, y, z) is equal to the total OPL in the point P at the surface under test,

which is shown in (b). These contours are used to reconstruct the shape of the surface un-

der test. 
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3.3 Beam propagation algorithms

In Sections 3.1 and 3.2, the optical and computation systems were described only

qualitatively. It is important to model them also quantitatively, in order to deter-

mine the following quantities and functions:

• field distributions of the object and reference beams at the detection plane,

which are needed to specify the measurement range of the detection system, 

• influence of errors in the field distribution measured by the detection system

on the computed figure of the mirror under test; this relationship is needed to

specify the accuracy of the detection system,

• influence of errors in the measured positions and orientations of the fibre tips,

of point P at the surface under test, and of the detection plane on the com-

puted figure of the mirror under test; this is needed to specify the accuracy of

the position measurement systems.

These quantities and functions can only be determined with the help of a

model of the optical system, which, among others, involves the simulation of the

forward propagation of the object beam from the surface under test to the detec-

tion plane. For this simulation, an algorithm is needed. In addition, we need an

algorithm for the beam propagation simulation by the computation system, as

described in Section 3.2. 

Various algorithms to simulate the propagation of light beams exist. Some are

based on ray tracing, others on diffraction integrals, and some on the differential

equations of Maxwell. The accuracies of these algorithms should lead to rms fig-

ure errors that are much smaller than the allowable error of 0.08 nm. The prob-

lem is that the ultimate accuracies of the existing algorithms are unknown.

Therefore, the accuracies that can be reached with the various algorithms have to

be evaluated. If the conclusion is that the existing algorithms are not accurate

enough, then a new algorithm has to be developed that meets the required accu-

racy. 

We expect that the evaluation and/or development of the propagation algo-

rithms can lead to an algorithm with sufficient accuracy. The reason is that there

is no fundamental accuracy limit, because the propagation itself is described ex-

actly by the Maxwell equations. Hence, the accuracy is ‘only’ limited by the way in

which the solution of the Maxwell equations is approximated. In addition, we do

not expect the execution speed of the algorithm to be a problem, because of to-

day’s computing power. 

However, we expect that a thorough evaluation and/or development of the

propagation algorithms will take a lot of time and effort. Because this thesis is

meant as a feasibility study of the entire novel interferometer, not only of the

beam propagation algorithms, we decide to start with algorithms that are based

on geometrical optics, i.e. ray trace based. These algorithms are comparatively

easy to implement, which leaves us some time and effort to invest in the develop-

ment of the light source and detection systems. The thorough evaluation and/or

development of the propagation algorithms are postponed to the future.

The advantages and disadvantages of using ray trace algorithms are described

in Section 3.3.1. Some consequences of the decision to use ray trace algorithms are
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discussed in Section 3.3.2. Section 3.3.3 will describe the surfaces under test in the

ray trace models. 

3.3.1 Advantages and disadvantages of using ray trace algorithms

The advantages of ray trace models are the following. They are easy to imple-

ment, in comparison with the other propagation algorithms. They are fast. Their

computational accuracy is high (the opl of a ray can easily be computed with an

accuracy of several picometres). In general, ray trace algorithms give good results

in the far field, where the intensity, polarization state, and phase vary only slowly

as a function of the lateral coordinates. 

The disadvantages of ray trace algorithms are the following. They do not take

the intensity of the field distribution into consideration, nor the polarization

state. They only take the phase into consideration over an infinitely small area,

since the ray direction is determined by the phase gradient of the optical field at

the starting point of the ray. Thus, they do not take into consideration the phase

distribution over an area with a certain extent, as do diffraction integrals for ex-

ample. They do not take into consideration the diffraction at the edge of the sur-

face under test. In caustic regions, where the rays intersect each other, ray trace

models are known to give rise to phase ambiguities and amplitude singularities,

problems which are not encountered with diffraction based models. Consequent-

ly, they are limited to approximating the propagation of wavefronts with only

low–spatial frequency variations. 

These were some general advantages and disadvantages of ray trace models.

Now we consider the special case of our novel interferometer. For that interfer-

ometer, we only have to compute the field distribution in the far field, because we

either propagate the object beam from the surface under test to the detection

plane, or the other way around. We do not have to compute the field distribution

in the beam waist of the object beam, which is a caustic region. Only if the surface

under test has high–spatial frequency deviations, then the caustic region is ex-

tended and may include the detection plane itself. If the surface under test has

only low–spatial frequency deviations, then the detection plane is sufficiently re-

mote from the caustic region and the phase, the intensity, and the polarization di-

rection at the detection plane will vary slowly as a function of the lateral

coordinates. In that case, the fact that ray trace models do not take the intensity

and the polarization state into consideration at all and only consider the phase

over an infinitely small area, will not have large effects on the accuracy of the re-

sults. 

Therefore, we believe that the ray trace models are useful for estimating the

propagation of the object beam reflected by a surface under test with only low–

spatial frequency content. Examples of such surfaces are perfect euvl mirrors, i.e.

mirrors of which the figure is exactly equal to the nominal figure and which thus

do not have any scratches or roughness or other mid– and high–spatial frequen-

cy deviations. 

The problem that ray trace models do not take diffraction effects at the edges

of the surface under test into consideration, is solved by using separate analytical
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models to estimate the effects of edge diffraction, as will be described in

Section 4.2. 

Although the accuracy of the ray trace models is unknown, even in the case of

perfect euvl mirrors, we just assume that the results of these models are accurate

enough. The alternative would be to evaluate and/or develop other propagation

algorithms. These algorithms could then be used to estimate the effects of high–

spatial frequency surface deviations, such as scratches and roughness, on the

beam propagation. In addition, the effects of diffraction at the edge can be simu-

lated with the same model. For the reasons mentioned at the beginning of

Section 3.3, we start by using the ray trace algorithm.

3.3.2 Consequences of using ray trace algorithms

A consequence of the decision to use ray trace algorithms is that, for the time be-

ing, only the propagation of object beams reflected by perfect euvl mirrors can

be modelled. Thus, the influence of mid– and high–spatial frequency surface de-

viations on the specifications for the light source, the detection, and the position

systems can not be computed. As a result, we can only formulate specifications

for the light source, the detection, and the position measurement systems that

guarantee that the novel interferometer is able to recognize that the figure of a

perfect euvl mirror under test is sufficiently accurate. These specifications form a

lower limit on the specifications that have to be met if the figure of a real mirror

has to be measured, i.e. a mirror with scratches and roughness and other mid–

and high–spatial deviations. The next paragraph will explain why this is a lower

limit. 

The specifications for the measurement accuracy of the interferometer, as list-

ed in Table 1.8, are given as rms measured figure errors over certain spatial fre-

quency ranges, such as 0.08 nm for the range of the reciprocal of the largest

footprint dimension to 1 mm–1. A perfect euvl mirror does not have surface de-

viations with spatial frequency content in this range, whereas a real mirror does.

Thus, with a perfect mirror under test, the measurement rms figure error ΓRMS

(which was introduced in Section 1.7.1) is the result of the low–spatial frequency

figure only, whereas with a real mirror, that ΓRMS is enlarged by the effects of the

higher spatial frequency surface deviations. 

For the long term, we want to assess if it is feasible that the novel interferom-

eter complies with the specifications as listed in Table 1.8. However, as an inter-

mediate step for the short term, we determine if it is feasible that the novel

interferometer is able to recognize that the figure of a perfect euvl mirror is suffi-

ciently accurate. In Section 1.7.1, this ability was already specified as the mini-

mum accuracy level that should be attained. 

3.3.3 Surfaces under test in the ray trace models

In this thesis, we will use several ray trace models of the optical system to investi-

gate different aspects of that system. Some of these models will be used to simu-

late the optical system with the mirrors of the various projection system designs

(which were listed in Table 1.5) as surfaces under test. However, with some of the

models, the simulation takes too much time. Therefore, in those cases the simula-
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tion is run for one mirror only, namely the first mirror of the Jewell design. Of

the four mirrors of the Jewell design, the first one is the one with the largest as-

phericity and thus the most difficult to test.

The choice for the Jewell design has an historical background. At the start of

the research project, it appeared as if the Jewell design would be chosen as the de-

sign for the first prototype of an euvl waferstepper. Only recently, the interest

shifted to other four mirror systems and to six mirror systems, as described in

Section 1.4. 

In order to judge if the simulation results for the first mirror of the Jewell de-

sign can be applied to other mirrors, the general characteristics of these mirrors

(as listed in Table 1.6) have to be compared with the characteristics of the first

mirror of the Jewell design.

3.4 Light source and detection systems

The function of the light source and detection systems is to measure the phase

difference between the reference and object beams and the intensity and polariza-

tion state of the object beam at the detection plane, all as functions of the lateral

coordinates x and y of that detection plane. 

As explained in Section 3.3, we model the optical system with ray trace algo-

rithms. These algorithms do not take the intensity and polarization state of the

object beam into consideration. As a result, we can not predict the intensity and

polarization state that the detection system has to measure (i.e. the required

measurement range), nor can we specify the accuracy with which that intensity

and polarization state should be measured. This is one of the reasons for develop-

ing a light source system and a detection system with which we can only measure

the optical path difference (opd) between the object and reference beams. The

other reasons are that we expect that it is easy to extend, if necessary, the light

source and detection systems such that we can also measure the intensity of the

object beam, and we believe that chances are low that it is necessary to know the

polarization state in order to compute the figure of the surface under test with

sufficient accuracy. In conclusion, we focus on the development of a light source

and a detection system with which we can measure the OPD(x, y) function. 

The detection system can not measure the continuous OPD(x, y) function.

Instead, it samples the OPD(x, y) function at a discrete number of positions first.

Subsequently, the opd samples are used to approximate the continuous

OPD(x, y) function by fitting polynomials to them. This is illustrated in

Figure 3.9. The fitting of these polynomials will be described in Section 5.6. In this

section, the generation and sampling of the OPD(x, y) function by the light

source and detection systems will be described. In Section 3.4.1, we will first sim-

plify our model of the novel interferometer by replacing the multi-point detec-

tion system with a single point detection system. In Section 3.4.2, the light source

system and the single point detection system will be described. 

(b)

(a)

Figure 3.9 (a) The samples of the opd

function as illustrated in Figure 3.3, mea-

sured by the detection system. (b) The re-

constructed opd function. 
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3.4.1 From a multi-point system to a single point system

In the novel interferometer, the opd function at the detection plane will be sam-

pled with a two-dimensional detector array. The geometry of that detector array

will be described in Chapter 5. Here, we give a summary of that description. The

array contains 24 � 24 detectors, the size of each detector is 36 � 10 µm, and the

size of the entire detector array is 19 � 10 mm. In addition, we specify the allowa-

ble rms error in the sample height, which is 0.1 nm according to Section 5.11. 
To simplify the description of the opd measurement, we replace the model of

the novel interferometer in Figure 3.10(a), which comprises the optical system

and the two-dimensional detector array, by a model which comprises a set of de-

lay lines and a set of separate detectors, as shown in Figure  3.10(b). In the next

section, we will describe the measurement of the opd that is introduced by a sin-

gle delay line. 

3.4.2 Light source system and single point detection system

The objective of the light source system and the single point detection system is to

measure the opd introduced by the delay line system with an accuracy of 0.1 nm.

As will be derived in Section 6.1, the required range of the opd measurement

method is 3 mm. 

No single opd measurement method can measure the opd within a range of

3 mm with an accuracy of 0.1 nm. Therefore, we propose to use a combination of

two methods: frequency modulation (fm) and phase modulation (pm). The argu-

mentation for proposing these particular methods will be described in

Sections 6.2–6.4. In this argumentation, the required measurement accuracy and

(a) (b)
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Figure 3.10 Model of the novel interferometer comprising the optical system and the

detector array. (b) Simplified model of the novel interferometer, in which the optical sys-

tem and the detector array are replace by a set of delay lines and a set of detectors. 
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range, and the consideration that the single point measurement has to be extend-

ed to a multi-point measurement play an important role. 

The fm method is used to measure the absolute opd within the required range

of 3 mm with an accuracy of half a wavelength, which is 0.3 µm for a measure-

ment wavelength Λ of 0.6 µm. The pm method (which is also known as hetero-

dyning) is used to measure the opd modulo Λ value, with the required accuracy

of 0.1 nm. 

The results of both measurements are combined by summing the opd modulo

Λ value, measured by the pm method, and the integer multiple of Λ within the

opd, measured by the fm method. The accuracy of the resulting opd value meets

the specified value of 0.1 nm. Moreover, the range within which the opd is meas-

ured meets the specified value of 3 mm. 

To clarify the opd measurement by the combination of the pm and fm meth-

ods, we compare this measurement with the measurement of a distance d by a

pair of callipers, as illustrated in Figure 3.11. A pair of callipers measures the dis-

tance d between its clamps within a range of 250 mm with an accuracy of 0.1 mm,

by combining the full scale reading and the vernier scale reading. The full scale

reading gives the absolute value of d within the range of 250 mm with an accura-

cy of 0.5 mm. The vernier scale reading gives the d modulo 1 mm value with an

accuracy of 0.1 mm. 

The system that incorporates the fm and pm measurement methods is illustrated

in Figure 3.12. The system consists of three subsystems: the fm subsystem, the pm
subsystem, and the opd unwrapper. 

The fm and pm subsystems contain a laser as a light source and a frequency

shifter that generates a reference beam and an object beam with a frequency dif-

ference between them, which is small in comparison with the frequencies of the

beams themselves. 

Pair of callipers

vernier scale

(d modulo 1 mm) is measured
small range (1 mm)
high accuracy (0.1 mm)

full scale 
d is measured
large range (250 mm)
low accuracy (0.5 mm)

phase modulation (PM)

(OPD modulo Λ) is measured
small range (Λ = 0.6 Μm)
high accuracy (0.1 nm)

frequency modulation (FM) 
OPD is measured
large range (3 mm)
low accuracy (Λ/2 = 0.3 Μm)

Novel interferometer

dFigure 3.11 Comparison between the

opd measurement method for the novel

interferometer, which is a combination of

frequency modulation (fm) and phase

modulation (pm), and a distance d mea-

surement by a pair of callipers, which com-

bines a full scale and a vernier scale. 
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Both subsystems share the same delay line. Consequently, the opd’s intro-

duced in both subsystems are equal to each other. 

The common photodetector is also used by both subsystems. This detector

measures the intensity variations that are due to the interference between the two

pairs of reference and object beams, one pair coming from the fm subsystem fre-

quency shifter and the other from the pm subsystem frequency shifter. Since the

lasers of the fm and pm subsystems are mutually uncorrelated, the detector signal

comprises two frequency components: one at the frequency difference that is in-

troduced by the frequency shifter of the fm subsystem and one at the frequency

difference that is introduced by the frequency shifter of the pm subsystem. These

frequency differences differ from each other. Thus, the system can be considered

to be frequency-multiplexed. The band-pass filters are used to separate the two

frequency components of the detector signal. 

In the fm subsystem, a frequency counter is used to measure the frequency

difference between the reference and object beams of the fm subsystem. From this

frequency difference, the integer multiple of Λ in the opd is computed. In the pm
subsystem, a phase comparator is used to measure the phase difference between

the reference and object beams of the pm subsystem. From this phase difference,

the opd modulo Λ value is computed. The opd unwrapper combines both meas-

urement results and computes the absolute opd value. 

The fm and pm subsystems will be described in more detail in Sections 3.4.3
and 3.4.4, respectively. 

FM subsystem

PM subsystem
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Figure 3.12 Overview of the light source system and the single point detection system.

These comprise a fm subsystem, a pm subsystem, and an opd unwrapper.
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3.4.3 fm subsystem

This section describes the setup of the fm subsystem in more detail and explains

the relation between the optical path difference introduced by the delay line and

the frequency measured by the frequency counter. Figure 3.13 shows the fm sub-

system together with graphs of various signals appearing in this subsystem. 

The frequency of the tunable laser is modulated triangularly around its central

frequency. For simplicity, we only consider an upgoing ramp, as illustrated by the

first graph. The quantity along the vertical axis is the (optical) radial frequency Ω,

the quantity along the horizontal axis is the time t. 

The laser beam is led to the frequency shifter, which generates the reference

and object beams with a frequency difference Ωm between them. The frequencies

of these beams, as functions of time, are shown in the second graph. 

After the frequency shifter, the reference and object beams propagate through

the delay line system, which delays the object beam in relation to the reference

beam. The frequencies of the reference and object beams leaving the delay line

system are shown in the third graph. Due to the delay, the curve that indicates the

frequency of the object beam is shifted from the dotted line to the drawn line and

the frequency difference between the reference and object beams is increased

from Ωm to Ωm + 3Ω. 

At the detector, the reference and object beams interfere. The frequency of the

detector signal is equal to the frequency difference Ωm + 3Ω between the refer-

ence and object beams, as illustrated in the fourth graph. This frequency is meas-

ured by the frequency counter. 

For the calculation of the opd, first the frequency Ωm introduced by the fre-

quency shifter is subtracted from the measured frequency, resulting in 3Ω. Subse-

quently, the opd value is computed from this 3Ω value and from the time-

derivative dΩ/dt of the laser frequency Ω,

, (3.5)

where c is the speed of light. 
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Figure 3.13 The fm subsystem.
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To give an idea of the numerical values of the various quantities, we present a

more detailed example of an fm subsystem. In this example, the tunable laser is

an external cavity semiconductor laser. A piezo actuator is used to tune the length

of this cavity and thus the frequency. The value of the central frequency is

2Π � 500 � 1012 rad s–1 (which corresponds to a wavelength of 0.6 µm). The fre-

quency is tuned within 10 ms within a range of 2Π � 50 � 109 rad s–1. The fre-

quency difference Ωm introduced by the frequency shifter is equal to

2Π � 103 rad s–1. If the opd varies within a range of ±1.5 mm, then the frequency

Ωm + 3Ω of the detector signal will vary within the range 2Π (103 ± 25) rad s–1. In

order to attain an opd accuracy of 0.3 µm, this frequency has to be measured with

an accuracy of 2Π � 5 � 10–3 rad s–1. 

3.4.4 pm subsystem

The pm subsystem and graphs of the various signals are shown by Figure 3.14. The

laser that is used is stabilized in frequency. The phase Φ of the laser beam, as a

function of the time t, is depicted by the first graph. The laser beam is led to the

frequency shifter, which generates the reference and object beams with a frequen-

cy difference Ωm between them. The phases of these beams, as functions of the

time t, are shown in the second graph. Due to the frequency difference Ωm, the

phase of the reference beam increases at a higher rate than the phase of the object

beam. Hence, the phase difference between the two beams increases as Ωm t. 

Parts of the reference and object beams are led to the reference photodetector.

In the multi-point system, one of the photodetectors in the array will function as

the reference photodetector. In the single point system described in this section, a

separate detector will have to be used as the reference detector. Since the phase

difference between the interfering reference and object beams increase as Ωm t,

the phase of the reference photodetector signal will also increase as Ωm t. This de-

tector signal is illustrated in the fourth graph. 
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Figure 3.14 The pm subsystem.
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The other parts of the reference and object beams are led via the delay line

system to the common photodetector. The delay of the object beam in relation to

the reference beam, introduced by the delay line system, results in a shift of the

phase of that object beam, as the third graph shows: the curve that indicates the

phase of the object beam is shifted from the dotted line to the drawn line and the

phase difference between the reference and object beams is increased from Ωm t

to Ωm t + 3Φ. 

At the common photodetector, the reference and object beams interfere. The

phase of the signal of this detector increases as Ωm t, just like the phase of the ref-

erence photodetector signal. However, due to the time delay introduced by the

delay line system, the phase of the common photodetector signal is increased by

an amount 3Φ in relation to the phase of the reference photodetector signal, as

shown in the fifth graph. Note that the phase difference 3Φ that was introduced

by the delay line between the reference and object beams, of which the frequency

is about 2Π � 500 � 1012 rad s–1, is equal to the phase difference 3Φ between the

two detector signals, of which the frequency is about 2Π � 103 rad s–1. 

The modulo 2Π value of the phase difference 3Φ between the two detector sig-

nals is measured by the phase comparator. This 3Φ�modulo 2Π value is used to

compute the opd modulo Λ value,

. (3.6)

Here, we should make a remark on the statement that the pm subsystem

measures the opd modulo Λ value. Actually, the pm subsystem measures the (opd
+ C) modulo Λ value, where C is a certain constant. The value of C is determined

by the phase of the reference signal in relation to which the phase comparator

measures the phase of the signal of the common photodetector. As long as the

value of C is the same for all the opd samples in the detection plane, than its value

is of no importance. The reason is that we are only interested in the variation of

the opd function over the detection plane, not in the absolute value. Therefore,

we will leave the constant C out of consideration. 

The implementation of the fm and pm subsystems will be discussed in more

detail in Chapter 6. 

3.5 Extension to the measurement of convex mirrors

As mentioned earlier, the novel interferometer is primarily intended for the fig-

ure measurement of concave surfaces. However, several of the euvl mirror sub-

strates are convex, as can be seen in Table 1.6. Thus, there is a need to test convex

surfaces as well. 

For the testing of convex mirrors, we have to add a converging element to the

optical system. We could use a concave mirror as converging element, as illustrat-

ed in Figure 3.15. However, the addition of such an auxiliary optical component

introduces a number of difficulties, which have been described in Section 2.3. The

most important difficulty is that the error in the measured surface figure of the

OPD mod modΛ
Λ
Π

Φ Π� 	 

2

23

detection
plane

convex substrate 
under test

concave 
auxiliary mirror

R

O

Figure 3.15 Testing convex mirror sub-

strates with a concave auxiliary mirror.
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concave auxiliary mirror must be much smaller than the allowable error in the

measured surface figure of the convex mirror under test. Note that the concave

auxiliary mirror is allowed to be spherical, which facilitates the figure measure-

ment. Another difficulty is that the position of the concave mirror has to be

known accurately. 

Thus, we first have to develop an instrument that can measure the figure of a

concave mirror sufficiently accurate. It is an obvious choice to use the novel inter-

ferometer for that purpose. Therefore, we decide to start with the development of

the novel interferometer for testing concave surfaces. If this development is con-

cluded successfully, then the interferometer can be extended with a concave auxil-

iary mirror. 

3.6 Error budget

In this section, we will identify various error sources that contribute to the error

in the measured surface figure. As described in Section 1.8, the error in the meas-

ured surface figure is quantified by the rms surface figure error , defined

by (1.22). Subsequently, the allowable values for the contributions by these error

sources to  will be determined. 

We distinguish between the following four error sources. The first error

source is the error in the reconstructed OPD(x, y) function. This error is caused

by errors in the opd samples measured by the detection system, by the error in

the fitting of polynomials to these samples and several other sources, as will be

described in Section 5.1. The influence of the error in the reconstructed OPD(x, y)

function on  will be discussed in Section 4.3. 

The second error source are the errors in the positions of the components of

the optical system, such as the fibre tips R and O, the surface under test with the

particular point P, and the detector array. The influence of these errors on 

will be described in Section 4.4. 

The third error source are the errors in the figures of the wavefronts genera-

ted by the fibre tips R and O. Until now, we have assumed that these wavefronts

are perfectly spherical. However, in reality they will have a certain aspherical devi-

ation. Although we can reduce the influence of these deviations on  by

means of calibration (as will be described in Section 4.5), a certain error contri-

bution will remain. 

The fourth error source is the beam propagation algorithm (bpa) used by the

computation system to calculate the figure of the surface under test. For this er-

ror, we will only specify the allowable value of its contribution to . We will

not study the influence of the various propagation algorithms on , for the

reasons mentioned in Section 3.3. 

At present, we can not yet compare the difficulties in controlling the errors in-

troduced by these four different error sources. Therefore, we simply state that the

allowable contribution to the error is the same for each error source. In addition,

we assume that the error sources are uncorrelated and hence that their contribu-

tions can be summed quadratically. 

gmRMS
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gmRMS
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As specified in Section 1.8, the allowable value for  is 80 pm. This value

is divided as follows between the four error sources (the allowable values of their

contributions are put between parentheses):

• error in the reconstructed OPD(x, y) function (40 pm),

• errors in the positions of the components of the optical system (40 pm),

• errors in the figures of the wavefronts generated by the fibre tips (40 pm),

• errors due to the bpa used by the computation system (40 pm).

The values for the allowable error contributions will be used in subsequent chap-

ters. 

gmRMS
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4 Optical system

The description of the optical system in this chapter is an extension to the intro-

duction presented in Sections 3.1 and 3.3; a number of aspects is described in

more detail, but the general overview is not discussed again. 

Section 4.1 models quantitatively the phase jump in the object beam, intro-

duced by the reflection at the substrate under test. 

Section 4.2 describes the effects of diffraction at the edge of the substrate un-

der test on the field distribution at the detection plane. Until now, these effects

were left out of consideration. 

Section 4.3 specifies the accuracy with which the opd function has to be meas-

ured by the detection system, on the basis of the error budget in Section 3.6. 

In Section 4.4, the allowable errors in the measured positions of the two fibre

tips, of the two-dimensional detector array and of the particular point P at the

surface under test are determined by means of simulations of the optical system.

Until now, the wavefronts generated by the fibre tips were assumed to be

spherical. In reality however, these wavefronts are aspherical. Section 4.5 presents

a method to measure the asphericities of these wavefronts. 

4.1 Phase jump at reflection

The object beam that is reflected by the surface under test is not in phase with the

incident object beam. The phase difference between the two beams is referred to

as the phase jump 3Φ; This phase jump depends on material properties, such as

the refractive index n and the extinction coefficient Κ†, on the polarization state of

the incident beam, and on the angle of incidence. The phase jump has to be con-

sidered by the computation system for the calculation of the figure of the surface

under test, as explained in Section 3.2. 

In this section, we consider the two special cases in which the mirror sub-

strate is made out of Zerodur, produced by Schott [27] or ule, produced by

Corning [28], because these two specialty glasses are the most likely to be used as

substrate materials for the euvl mirrors. The refractive indices of these glasses at

our measurement wavelength Λ of 632.8 nm are about 1.55. The problem is that

the extinction coefficients of these glasses at 632.8 nm are unknown. 

For standard applications, the extinction coefficients are presumed to be zero.

Consequently, the phase jump 3Φ is taken to be exactly equal to Π rad for all an-

† We define the complex refractive index ñ as ñ = n + i Κ. 
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gles of incidence smaller than the Brewster angle. However, from the fact that in

practice both glasses attenuate transmitted light beams, we know that they are not

purely dielectric: their extinction coefficients are not equal to zero. Hence, the ac-

tual phase jump will not be equal to Π rad. 

For our application, even small variations in the phase jump 3Φ over the foot-

print are important (a change of 0.1 mrad in 3Φ will lead to a change in the opl
of 10 pm, which is a considerable part of the allowable rms figure error of 80 pm).

Therefore, we can not presume beforehand that the extinction coefficients are

negligible. We take the following approach to determine if the extinction coeffi-

cient can be neglected (the conclusion will be that this is indeed the case). 

First, we determine the value of Κ for which the resulting variation in 3Φ over

the footprint is negligible. Next, the attenuation of transmitted beams that corre-

sponds to this value of Κ is calculated. Finally, this ‘critical’ attenuation is com-

pared with the real attenuation by both glasses. 

In order to determine the variation of 3Φ over the footprint as function of Κ, we

should first estimate the variation of the angle of incidence Θi over that footprint.

If the object fibre tip O is located at the centre of the reference sphere of the sur-

face under test, then Θi varies between zero and the maximum slope of the as-

phericity. According to Table 1.6, the maximum asphericity slope of the euvl
mirrors is 5.55 mrad. 

However, the fibre tip O can not be positioned at the centre of the reference

sphere, because it would obscure the reflected object beam. In order to prevent

obscuration, the mirror has to be tilted over an angle equal to the maximum

slope angle of the asphericity. As a result, Θi varies between zero and two times the

maximum slope of the asphericity, thus between 0 and 11.1 mrad. 

This estimate of the variation of Θi has to be considered as a lower limit on the

real variation, because it does not take into consideration several effects. For ex-

ample, the mirrors should be tilted over a larger angle to prevent that rays reflect-

ed by the surface area outside the banana shaped footprint (see Figure 3.2) are

obscured by the fibre tip O. Therefore, we use a safety margin and state that the Θi

varies over the footprint between 0 and 50 mrad. 

Next, the program tf Calc [141] is used to compute 3Φ as function of Κ, with

n = 1.55, Λ = 632.8 nm, and Θi = 50 mrad. The results for the te mode are shown in

Figure 4.1. 
According to the error budget in Section 3.6, the allowable rms figure error is

80 pm. We state that the variation of 3Φ over the footprint can be neglected if it

leads to a p–v figure error which is smaller than 1 pm. This requires the phase

variation to be smaller than 4Π/632 800, which is 20 µrad. As can be seen in

Figure 4.1, a p–v variation in 3Φ of 20 µrad corresponds to a Κ value of 14 � 10–6.

The attenuation of transmitted beams is characterized with the absorption co-

efficient Χ [48]

, (4.1)
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Figure 4.1 The phase jump 3Φ of the te

mode as function of the extinction coeffi-
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where Λ0 is the wavelength in vacuum. 

According to [48], the intensity of the transmitted beam is attenuated by a fac-

tor e after propagating a distance equal to the reciprocal of the absorption coeffi-

cient. In our case, Χ is equal to 279 m–1, thus its reciprocal is equal to 3.6 mm. 

From observations with the naked eye, we know that the attenuation of Zero-

dur and ule windows with a thickness of 3.6 mm is the largest in the blue region

of the spectrum, but that the attenuation is certainly smaller than e at the He-Ne

wavelength. Thus, the extinction coefficients of Zerodur and ule are smaller than

14 � 10–6. As a consequence, the p–v figure error, as a result of the variation of the

phase jump 3Φ over the footprint, is smaller than 1 pm. Therefore, we conclude

that the extinction coefficients of Zerodur and ule can be neglected. 

4.2 Diffraction at the substrate edge

Until now, our model of the optical system did not take the edge of the mirror

substrate into consideration, it implicitly assumed that the surface under test

stretched out beyond the footprint into infinity. Depending on the intensity of

the incident object beam at this edge, diffraction effects may arise, which can in-

fluence the phase difference measured by the detection system. Or, to be more

precise, if the intensity of the incident object beam at the substrate edge is not

equal to zero, then the amplitude and phase of the reflected object beam contain a

discontinuity at this edge. Due to diffraction, this localized discontinuity spreads

out during propagation of the reflected object beam and influences the phase of

the object beam at the entire detection plane. 

Section 4.2.1 models the intensity of the incident object beam at the substrate

edge qualitatively. In Section 4.2.2, we will model the effects of diffraction on the

phase difference at the detection plane quantitatively. Section 4.2.3 presents sever-

al methods to diminish the influence of these diffraction effects on the measured

phase difference. 

4.2.1 Intensity of the incident object beam at the substrate edge

The intensity of the incident object beam at the edge of the substrate is deter-

mined by the intensity profile of the beam at the substrate and by the shape of the

substrate edge. Since the incident object beam is generated by the object fibre tip,

which functions as a pin-hole, the intensity profile is close to a Gaussian shape.

Hence, the intensity gradually decays from its maximum value to zero. The ob-

ject fibre tip is oriented in a direction such that the intensity over the substrate

has its maximum value at the centre of the footprint. 

The shape of the substrate edge was described in Section 1.5.5. At one side, the

substrate edge of most euvl mirrors will be close the footprint edge, because the

projection system designs are such that light beams have to pass the mirrors close

to the footprint. The minimum distance between the footprint edge and the sub-

strate edge is of the order of 10 mm. At the other sides, the substrate will stretch

beyond the footprint for several centimetres, as can be seen in Figure 1.7(b). 
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In order to model the influence of diffraction at the substrate edge quantita-

tively, we need a representative example of a mirror substrate. Once again, the

first mirror of the Jewell design is chosen as an example, although this is one of

the few mirrors in the euvl projection systems for which the distance between

the edge of the footprint and the edge of the substrate can be made much larger

than 10 mm, because there is no beam that has to pass close to the edge of the

footprint, as can be seen in Figure 1.1. To use this substrate as a representative ex-

ample, we make the distance between the edges of the footprint and the substrate

equal to 10 mm at the side closest to the optical axis of the projection system. The

remainder of the substrate edge is cut out circularly, with a radius of 78 mm and

with the centre of the footprint as the centre of the circle. The shape of the sub-

strate edge is illustrated in Figure 4.2. 

For this example, a fibre tip with an na of 0.17 is positioned at the centre of

the best fitting sphere of the mirror substrate. The (normalized) intensity I' distri-

bution of the reflected object beam over the substrate is shown in Figures 4.3(a)

and (b). Note that the curves in these figures represent the footprint and substrate

edges as shown in Figure 4.2, they are not iso-intensity contours. The normalized

intensity at the circular part of the substrate edge is 0.02, the maximum value of

the normalized intensity at the substrate edge is 0.7. The minimum and maxi-

mum values of the normalized intensity at the footprint edge are 0.4 and 0.9 re-

spectively. 
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I' of the reflected object beam at the mir-
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malized intensity I' of the reflected object
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To be able to model in Section 4.2.2 the influence of the diffraction at the sub-

strate edge on the phase difference at the detection plane, we introduce a simpli-

fied model of the intensity distribution of the reflected object beam shown in

Figures 4.3(a) and (b). First, we assume that the influence of the diffraction at the

circular part of the substrate edge is negligible. Consequently, this part of the sub-

strate edge is not taken into consideration and the substrate is modelled as if it

stretches out into infinity. In addition, the gradient of the intensity in the direc-

tion of the circular part of the substrate edge is left out of consideration. Further-

more, the substrate edge closest to the optical axis of the projection system is

modelled as a straight edge. Thus, we model the substrate as a semi-infinite plane

bounded by a sharp straight edge. This edge is positioned at the line y = 31, such

that the distance between this edge and the footprint edge is 10 mm. The resulting

model of the intensity distribution over the substrate is illustrated in Figure 4.3(c)

and (d). This simplified model is used in the following section.

4.2.2 Modelling the diffraction at the substrate edge

This section models the effect of the diffraction at the substrate edge on the phase

difference that is measured by the detection system. The model involves three

steps. First, the phase of the object beam at the detection plane is modelled. Sub-

sequently, the phase of the reference beam at the detection plane is modelled and

finally, the difference between these two phases is computed. 

To determine the phase of the object beam at the detection plane, we use an

analytical model based on the Fresnel-Kirchhoff diffraction integral [48], because

the numerical diffraction based beam propagation algorithms still have to be

evaluated and/or developed, as mentioned in Section 3.3. Since the detection

plane is not placed in the far field, we can not use the Fresnel-Kirchhoff diffrac-

tion integral in the Fraunhofer approximation. Instead, the Fresnel approxima-

tion [48] has to be used. 

The solution of the diffraction integral in the Fresnel approximation is only

known for a limited number of cases, one of which is diffraction at a straight

edge. To be able to apply this solution to the example of Section 4.2.1, we have to

adjust this example in some respects. As described in Section 4.2.1, the intensity

distribution of the reflected object beam in Figure 4.3(a) has to be modelled as

the one in Figure 4.3(c). In addition, we have to simplify our model of the novel

interferometer. This is accomplished in three steps, as illustrated in Figure  4.4. 

First, the surface under test is assumed to be ellipsoidal, with the object fibre

tip O in its lower focus. The geometrical image I of O is positioned in the upper

focus of the ellipsoid, as shown in Figure 4.4(a). Subsequently, the object fibre tip

O and the surface under test are replaced by a virtual point source at I, as shown

in Figure 4.4(b). 

In the actual interferometer setup, the point sources R and I are separated

spatially. However, we are only interested in the influence of the diffraction on the

phase of the object beam at the detection plane, not in the influence of the dis-

tance between R and I. We assume that these two influences are independent and

can be added later. Because of that, we let the point sources R and I coincide, as

shown in Figure 4.4(c). As a result, the phase difference between the reference and
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object beams at the detection plane will only be influenced by the diffraction at

the substrate edge. 

Finally, a stop is introduced to take into consideration that the substrate is a

semi-infinite plane with a straight edge, as shown in Figure 4.3(c). Therefore, the

stop is an absorbing semi-infinite plane with a straight edge, as shown in

Figure 4.4(c). 

Reference [48], p. 433, presents a method for the calculation of the field distribu-

tion in Q in a setup as shown in Figure 4.5(a). We want to make use of the same

method to determine the field distribution of the object beam at the detection

plane in Figure 4.4(c). For that reason, the setup in Figure 4.5(a) is transformed

in two steps into the setup in Figure 4.5(c), which resembles the setup of the

interferometer in Figure 4.4(c). Before we describe these two steps, the field dis-

tribution at the point Q in Figure 4.5(a) will be modelled according to [48]. 

The field distribution Uo(Q) at Q is found by substituting Equations (10) in

(27) and (2), (27) into (1) in [48], Section 8.7.3,

(4.2)

(a) (b) (c)

R
I

O

detection
plane

substrate 
under test

R

I

stop

R, I

Figure 4.4 Simplified model of the novel interferometer. (a) Model with an ellipsoidal

surface under test. (b) The object fibre tip O and the surface under test are replace by a vir-

tual point source I. (c) We let the reference fibre tip R and the virtual point source I coin-

cide and we introduce an absorbing semi-infinite plane as stop. 

(a) (b) (c)
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Figure 4.5 Conversion of the notation as used for the calculation of diffraction by an

absorbing semi-infinite plane in [48] to the notation needed for the model of the novel in-

terferometer in Figure 4.4(c). 

U i
A e

r s
i i C w i S wo

ik r s

Q	 
 ��
�

� �	 
 	 
� �	 
 	 
	 

�	 


2
1 1

' '

' '
128 Optical system



where

, (4.3)

A is the amplitude of the source at Q0, r' is the distance from the point source Qo

to the origin O (r' has a positive value for real sources and a negative value for vir-

tual sources, see [48], p. 384), s' is the distance from the origin to the point Q,

C(w) and S(w) are the Fresnel integrals, Λ is the wavelength, 3y is the y position

of the edge of the semi-infinite plane, and ∆ is the angle between the line from Q0

to Q and the z-axis. 

At the first step, we transform the real point source Q0 in Figure 4.5(a) into a

virtual point source, with a negative distance r', as illustrated in Figure 4.5(b).

At the second step, we reverse the sign of the angle ∆ and we translate the ori-

gin along the y-axis, such that the source Qo lies on the z-axis. The result is shown

in Figure 4.5(c). This virtual source Qo now coincides with the virtual point

source I in Figure 4.4(c). The distance between the edge of the semi-infinite plane

and the origin is Ρ. 

The field distribution Ur(Q) of the reference beam at Q can be written as 

. (4.4)

We have assumed that the amplitude A of the reference point source R is equal to

the amplitude A of the point source I. 

Now, the function T(Q) is introduced, which is defined as the ratio between

the field distributions of the object and reference beams,

. (4.5)

The argument of T(Q) is the phase difference as measured by the detection sys-

tem. The absolute value of T(Q) is the relative amplitude of the object beam in

comparison with the amplitude of the reference beam. 

Figure 4.6 shows the function T(Q) along the y-axis for the setup in

Figure 4.5(c) with the following parameter values. The distance along the z-axis

between the stop and I is equal to the radius of the reference sphere of the mirror,

which is 323 mm according to Table 1.6. The distance along the z-axis between I

and the detection plane is 80 mm, as in Figure 3.3. The distance Ρ is equal to

31 mm, Ρ is equal to 31 mm as can be seen in Figure 4.3(d), and the wavelength Λ
is 632.8 nm. 

Figure 4.6(a) shows the absolute value of T(Q), as function of the y-coordi-

nate yQ of Q. The dashed line on the left corresponds to the y-coordinate of the

straight substrate edge in Figure 4.3(d). The dashed line on the right corresponds

to the maximum y-coordinate of the footprint, i.e. the horizontal dashed line in
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Figure 4.6 (a) Absolute value of T(Q),
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left corresponds to the straight substrate
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Figure 4.3(d). (b)–(d) Argument of T(Q) as

function of yQ, for various ranges of yQ.
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Figure 4.3(d). The relevant measurement area is found to the right of this second

dashed line (yQ > –5.2 mm). 

Figures 4.6(b)–(d) show the argument of the T(Q) as function of yQ, for vari-

ous ranges of yQ. 

As can be concluded from (4.5), T(Q) is a function of w only. This has the follow-

ing consequence. If another mirror is tested, then this may lead to a change in the

parameter values—such as the radius of curvature, the position of the stop, the

position of the detection plane—and thus to a change of w as function of the lat-

eral coordinates x and y at the detection plane. Consequently, the function T(Q)

will be scaled in these coordinates. It is important to note that the scaling does

not effect the amplitude of the variations in the argument of T(Q): this ampli-

tude is the same for every mirror. 

As can be seen in Figure 4.6(c), the amplitude of the variations in the argu-

ment of T(Q) over the projected substrate is 0.25 rad or less. In the special case of

our example, the amplitude of the argument variations over the projected foot-

print is less than 15 mrad, as can be seen in Figure 4.6(d). This amplitude de-

pends on the maximum y-coordinate of the footprint (i.e. the position of the

dashed line in Figure 4.6(c)), which differs from euvl mirror to euvl mirror. 

We conclude that the phase difference between the reference and object beams

is influenced by the diffraction at the straight substrate edge, and the change in

the phase difference due to the diffraction could become as large 0.25 rad in the

worst case, in which the substrate edge and the footprint edge coincide. If we do

not correct for this change, it can lead to a figure error of 13 nm, which is much

larger than the allowable figure error. Hence, the influence of diffraction has to be

diminished. Various methods to achieve this are described in the Section 4.2.3.

4.2.3 Reducing the influence of diffraction

As concluded in Section 4.2.2, the influence of diffraction at the substrate edge on

the phase difference measured by the detection system is too large to neglect it.

Therefore, this influence has to be reduced. The following two methods can be

used to accomplish this:

• enlarge the distance between the footprint and substrate edges,

• place an aperture in front of the substrate and vary its position.

These methods will be explained below.

If the distance between the footprint and substrate edges is enlarged, then the

amplitude of the incident object beam at the substrate edge is decreased.For a

certain distance, this amplitude is so small that the influence of diffraction at the

substrate edge can be neglected. The increase in the distance between the foot-

print and substrate edges can be achieved through the following two approaches. 

The first approach is to redesign the euvl projection systems, in order to en-

large the distances between footprints and passing beams. However, that will lead

to a reduction of the na of the projection systems, which is unacceptable. 

The second approach is to manufacture a mirror substrate that is larger than

the substrate as designed. Only after the substrate has been figured and the novel
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interferometer has been used to verify that the rms figure error is small enough,

the substrate is cut into its final shape. The disadvantage of this approach is that

cutting introduces mechanical stress in the substrate. Due to this stress, it is very

likely that the figure of the substrate will change and that the resulting rms figure

error is too large. 

The second method is to put an aperture in front of the substrate, such that it

covers the edge of the substrate, but not the footprint. As a result, the edge of the

aperture, instead of the edge of the substrate, will give rise to diffraction. The ap-

erture is shifted step by step such that it covers a larger part of the area between

the footprint and substrate edges at every step. After each step, the opd function

is measured by the detection system. At the end, all the measured opd functions

are averaged. 

By shifting the aperture, the variations in the phase difference due to diffrac-

tion will shift over the detection plane, in the inverse direction of the aperture

shift. The phase difference variations due to the figure of the surface under test

will not be influenced by the aperture shift. By averaging the series of measured

opd functions, the phase difference variations due to the diffraction at the sub-

strate edge will average out, as will be shown below, whereas the phase difference

variations due to the surface figure are not affected by the averaging. 

We model the effect of this averaging quantitatively for the example shown in

Figures 4.3–4.5. The aperture that is placed in front of the substrate is a semi-infi-

nite plane, with its edge parallel to the dashed horizontal line in Figure 4.4(d).

This aperture is shifted along the y-axis. As a result, the distances Ρ and 3y

change. According to (4.3), w will change also. 

To make it easier to understand what the effect is of shifting the aperture on

the averaged measurements, we will first model w as function of yQ and Ρ.

Figure 4.7(a) shows w as function of yQ for several values of Ρ. As can be seen in

that figure, w is approximately a linear function of yQ and Ρ, 

(4.6)

where yQ and Ρ are in mm. Thus, a change in Ρ of 3Ρ leads to the same change in

w as a change in yQ of 3yQ, if 3yQ = 0.25 3Ρ. 

On the basis of this approximation, the result of shifting the aperture along

the y-axis over a distance 3Ρ can be modelled as a shift of the phase difference

variations over the detection plane along the y-axis over a distance 3yQ equal to

0.25 3Ρ. Consequently, the average of the opd values that are measured at a cer-

tain point Q for increasing values of Ρ, is equal to the average of the opd values

that are measured for a certain value of Ρ at points along the y-axis with increas-

ing y-coordinates. Therefore, the result of averaging the measured opd functions

is estimated by calculating the moving average of the argument of T(Q) that was

illustrated in Figure 4.6. 

Figure 4.7(b) shows the moving average of the argument of T(Q) for a 3Ρ of

0.2 mm, which corresponds to a 3yQ of 50 µm. This moving average can be mod-

elled as the product of a slowly varying envelope function and a fast varying car-

rier. The frequency of this carrier is high, such that we can not resolve it from
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Figure 4.7(b). To clarify the influence of the aperture shift 3Ρ on the moving aver-

age, Figure 4.7(c) shows the envelope functions of the moving averages for vari-

ous values of 3Ρ. 

As depicted in Figure 4.7(c), for an aperture shift of 3.2 mm, the moving aver-

age at the projected footprint (yQ > –5.2 mm) is smaller than 0.17 mrad. The re-

sulting p–v error in the computed figure of the surface under test is thus 9 pm.

The rms figure error that corresponds to this p–v error will be even smaller than

9 pm, and is thus negligible. 

In addition to the total shift of the aperture, we have to determine the step size

with which the aperture is shifted and thus the number of opd functions that has

to be measured. This step size determines how well the continuous moving aver-

age, as shown in Figure 4.7, is approximated by the average of the discrete set of

measured opd functions. However, the step size depends on the number and the

spacing of the detectors in the two-dimensional detector array used to measure

the opd functions, as well as on the detector area over which the fringe pattern is

averaged. These specifications will be discussed in Chapter 5. Therefore, the com-

putation of the required step size is postponed. 

In conclusion, we expect that the influence of diffraction at the substrate edge

on the phase difference measured by the detection system can be reduced to a

negligible level by shifting an aperture in front of the surface under test, step by

step over several millimetres, and averaging the opd functions that are measured

after each step. 

4.3 Allowable opd errors

As specified in Section 3.6, the allowable rms error in the figure of the surface un-

der test, due to errors in the opd function measured by the detection system is

40 pm. The objective of this section is to determine the errors in the opd func-

tion which lead to such an rms surface figure error of 40 pm. This is accom-

plished in two steps. First, the relation between the errors in the opd function and

the resulting figure errors has to be determined. Second, the opd errors that lead

to an rms figure error of 40 pm are computed. 

The relation between the opd errors and the resulting figure errors depends not

only on the particular figure of the surface under test, but also on the particular

errors in the opd function. Consequently, we can not create a generally applica-

ble model. Therefore, we use an approximation of the relation which is generally

applicable. The approximation is composed of two steps. First, we approximate

the figure error per point at the surface under test. Second, the resulting rms fig-

ure error is approximated. These steps are described below in more detail. 

We introduce a point R at the detection plane and a point S at the surface un-

der test. The point S is the intersection point of the surface under test with the ray

that would be traced from point R to the object space if the errors in the opd
function would be zero. We now state that an opd error at R leads to a figure er-

ror at S that is approximately half the opd error. This approximation leaves sever-
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al factors out of consideration. The direction of the ray traced from R to the

object space is affected by the errors in the measured opd function, which leads to

an apparent displacement of point R. In addition, the opd and figure errors

should be projected onto the ray from R to S to prevent cosine errors. However,

we rightfully assume that the influence of these factors on the opd errors is negli-

gible. 

Next, we estimate the rms value of the figure error—which is a continuous

function—by taking the rms value of the set of figure errors computed for the in-

tersection points of the surface under test with the rays traced from the detection

plane to the object space. This sample rms value is an unbiased estimate of the

rms value of the continuous figure error function on the condition that the inter-

section points are positioned at a rectangular grid. As can be seen in

Figure  4.8(a), which shows as an example the grid of intersection points at the

surface under test in Figure 3.3, these points are indeed positioned at a rectangu-

lar grid. 

Subsequently, we approximate the rms value of the opd error—also a contin-

uous function—with the rms value of the opd errors at the starting points of the

rays that are traced to the object space. As can be seen in Figure 4.8(b), which

shows the grid of starting points at the detection plane that corresponds to the

grid of intersection points in Figure 4.8(a), these starting points are not equidis-

tant. Consequently, the sample rms opd error is not an unbiased estimate of the

actual rms opd error. We assume that the bias is negligible. 

Combining the previous approximations, we find that the rms figure error is

approximately equal to half the sample rms opd error, which will be referred to as

the rms opd error in the remainder of this thesis. 

The final step is to determine the opd errors that lead to the allowable rms figure

error of 40 pm. According to the approximation above, an rms opd error of

80 pm will lead to that allowable rms figure error. Therefore, the allowable rms
opd error is equal to 80 pm. This value will be used in Section 5.1 to draft a bud-

get for the various contributions to the rms opd error. 

4.4 Allowable position errors

Errors in the positions of the components of the optical system— i.e. the fibre

tips R and O, the two-dimensional detector array, and the particular point P at

the surface under test—will lead to deviations of the measured figure of the sur-

face under test from its actual figure. As described in Section 3.6, the rms surface

figure error  caused by all the position errors should be smaller than

40 pm. The objective of this section is to determine the allowable position errors

from that allowable rms figure error. 

Only the relative positions of the components with respect to each other are

important. Therefore, we take our reference frame as a frame fixed to the detec-

tor array, and determine the positions of R, O, and P in relation to that frame. As
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a result, only R, O, and P can have position errors. That reference frame is repre-

sented by the set of orthogonal axes S. 

Section 4.4.1 discusses the various types of position errors. The relations be-

tween the position errors on the one hand, and the deviations of the measured

figure from the actual figure on the other hand, are determined in Section 4.4.2.

In Section 4.4.3, the rms figure error is computed from these figure deviations, as

a function of the position errors. Finally, the allowable rms figure error of 40 pm

is distributed over all the contributions to the rms figure error and from that, the

allowable position errors are determined in Section 4.4.4. 

4.4.1 Types of position errors

We distinguish between two type of position errors:

• errors in the time-averaged actual position, averaged over the measurement

time, 

• deviations of the actual position from the time-averaged actual position dur-

ing the measurement. 

First, the errors in the time-averaged actual position will be discussed. After that,

the changes of the actual position during the measurement time will be discussed. 

Errors in the time-averaged actual positions

The errors in the time-averaged actual positions are divided into two groups:

• deviation of the time-averaged actual position from the nominal position,

• deviation of the measured position from the time-averaged actual position.

These two groups are discussed below. 

To determine the allowable deviation of the time-averaged actual position

from the nominal position, it is important to realize that the nominal positions of

R, O, and P can be chosen arbitrarily within large ranges. The only conditions

that have to be met for the nominal positioning of R and O is that R does not ob-

scure the reflected object beam generated by O. In addition, the distance between

R and O on the one hand and the detector array on the other hand should be

chosen such that the projection of the footprint onto the detection plane is not

larger than the detector array. Furthermore, the surface under test, and thus P,

must be positioned such that the centre of the best fitting sphere for the surface is

located between R and O. 

We assume that the deviations of the time-averaged actual positions from the

nominal positions are much smaller than the ranges within which the nominal

positions can be chosen. Therefore, we simply state that the nominal positions

coincide with the time-averaged actual positions. 

Position errors in the second group, i.e. deviations of the time-averaged actual

positions from the measured positions, will be referred to as ‘measurement posi-

tion errors’. Such errors in the measured positions of R, O, and P will lead to er-

rors in the measured surface height. Hence, the actual surface height will deviate

from the measured surface height. According to the definitions in Section 1.5.2,

this error is referred to as ‘measurement surface height error’. This surface height

error is described quantitatively with the measurement surface figure error
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Γ(x, y), which was defined by (1.21) as the difference between the actual surface

figure error ga(x, y) and the measured surface figure gm(x, y). The rms value of

Γ(x, y) is represented by ΓRMS. 

We again assume that the substrate under test is perfect, i.e. the actual surface

height of the substrate is equal to the nominal surface height. Consequently,

ga(x, y) is equal to zero and thus Γ(x, y) = gm(x, y). Hence, ΓRMS is equal to

, which was defined by (1.22). In Section 3.6, the allowable value of this

quantity  was specified. 

As explained in Section 1.5.4, the surface figure error can be minimized by

translating and rotating the mirror substrate after it has been mounted in the eu-
vl projection system. As a consequence, the set of axes R, in relation to which the

actual (= nominal) surface height is defined, does not have to coincide with the

set of axes S of the novel interferometer, in relation to which the measured sur-

face height is defined. In addition, the radius RR of the reference sphere in rela-

tion to which the actual (= nominal) surface height is defined, does not have to

be equal to the radius RS of the reference sphere in relation to which the meas-

ured surface height is defined. However, the translations and rotations needed to

transform the set of axes R such that it coincides with S should not be larger than

the ranges listed in Table 1.7. In addition, the difference between RR and RS

should not be larger than the value listed in Table 1.7. 

Thus, the influence of the errors in the measured positions of R, O, and P on

the surface figure error, can be compensated partially by a proper choice of R, S,

RR, and RS. In other words,  can be minimized. 

Before we proceed, it is interesting to compare the influence of errors in the

measured positions of R, O, and P in relation to the set of axes S (recall that S

represents the reference frame of the novel interferometer) and the influence of

errors in the measured position of the substrate, in relation to S. For this compar-

ison, we introduce the set of orthogonal axes T to define the position and orienta-

tion of the substrate and the radius RT of the reference sphere. The set of axes T is

‘connected’ to the registration marks on the substrate, which are used to align the

substrate in the polishing machines, in the various measurement tools, and in the

euvl projection system. 

An error in the measured position of the substrate in relation to S, only leads

to an error in the position and orientation of T in relation to S and to a difference

between RS and RT; it does not lead to a residual error  in the measured

surface figure. 

In comparison, errors in the positions of R, O, and P lead to deviations of the

measured surface figure from the actual surface figure. Instead of considering

these deviations to be the result of errors in the positions of R, O, and P, we can

consider these deviations to be the result of a virtual error in the position and ori-

entation of T in relation to S, of a difference between RS and RT, and of a residu-

al deviation of the measured surface figure from the actual surface figure. Thus,

errors in the positions of R, O, and P not only lead to a virtual error in the posi-

tion and orientation of T in relation to S and to a difference between RS and RT,

it also leads to a residual error . 

gmRMS

gmRMS

gmRMS

gmRMS

gmRMS
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Because the errors in the measured position of the substrate do not lead to re-

sidual surface figure errors, these errors can be compensated for over large ranges

during the assembly of the euvl projection system. The allowable errors in the

position and orientation of T were derived in Section 1.7.1 and are listed in

Table 1.10. The virtual errors in the measured position of the substrate, which are

caused by errors in the positions of R, O, and P, can be compensated for over the

same large ranges. However, an extra condition has to be met: the rms value

 of the residual surface figure error should not exceed its allowable value. 

In the remainder of this chapter, we will refer to the rms value  of the

residual surface figure error as the ‘compensated  value’. Section 4.4.3 will

describe the computation of the compensated  value, as a function of the

errors in the positions of R, O, and P. Section 4.4.4 will specify the allowable

measurement position errors. 

Deviations of the actual position from the time-averaged actual position

The second type of position errors are the deviations of the actual position from

the time-averaged actual position during the measurement. Errors of this type are

the result of mechanical instabilities of the setup. 

The influence of these errors on the measured opd function depends partly

on the detection system, because of the averaging of the measured opd during the

measurement. This averaging effect has not yet been modelled. Therefore, we take

a worst-case approach and leave the averaging out of consideration. In addition,

the surface figure errors, caused by variations of the actual positions of R, O, and

P during the measurement, can not be compensated for by translating and rotat-

ing the mirror substrate after it has been mounted in the euvl projection system. 

In the remainder of this chapter, we will refer to the rms value  of the

uncompensated surface figure error as the ‘uncompensated  value’.

Section 4.4.3 will describe the computation of the uncompensated  value,

as a function of the errors in the positions of R, O, and P. Section 4.4.4 will specify

the allowable position deviations during the measurement.

4.4.2 Estimating the deviation of the computed figure from the actual figure

To determine the deviation of the computed figure of the surface under test from

its actual figure, as function of the position errors, the optical and the computa-

tion systems of the setup are simulated. 

The simulations are based on the interferometer setup as shown in Figure 3.3,

with the first mirror of the Jewell design as surface under test. For the simulation

of the beams that propagate from the two fibre tips R and O to the detection

plane, we use the actual positions of R, O and the surface under test. The beam

propagation is simulated with ray tracing. We use the rectangular ray grid that re-

sults in the ray intersection points at the surface under test and at the detection

plane that are illustrated in Figure 4.8. The number of rays is 836. 

The computation system is used to calculate the figure of the surface under

test, but the positions of R or O or P are displaced on purpose, to simulate posi-

tion errors. Note that we have assumed that the wavefronts generated by the fibre
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tips R and O are spherical. Because of that, we only take displacements of the fi-

bre tips into consideration and leave rotations out of consideration.

The algorithm that is used by the computation system for the beam propaga-

tion is the ray trace algorithm that was described at the end of Section 3.2. The

principle of this algorithm is that we first trace rays from the detection plane to

the object space and subsequently ‘walk’ along each of these rays to find the

points where the total opl is equal to the total opl at point P. The output of the

computation system is the set of these points, referred to as ‘surface samples’. Due

to the displacements of R or O or P, the computed set of surface samples does not

coincide with the actual surface under test. 

To determine the directions of the rays that are traced from the detection

plane to the object space by the computation system, we simply remember the di-

rections of the rays that were used to simulate the beam propagation from O to

the detection plane and modify these for the displacement of R. Thus, we do not

use the fitted opd function at the detection plane, as shown in Figure 3.9, to de-

termine the ray directions by computing the derivatives of this fitted opd func-

tion in the x and y directions. In this way, only the displacement of R is taken into

consideration, not the computational inaccuracies which result from the fitting of

the opd samples. 

To find a particular point P, we use one ray in the centre of the grid of 836 rays

and trace this ray back from the detection plane to the object space to determine

the intersection point with the actual surface under test. To simulate a position

error in point P, the surface under test is displaced. Next, the total opl at point P

is determined. This total opl is used to find the other 835 surface samples. 

4.4.3 Computing the rms surface figure error

Due to the errors in the positions of R, O, and P, the computed surface samples

do not lie on the actual surface under test. To correctly determine the deviation of

the computed surface from the actual surface, we should compute the distance

between these two surfaces in the radial direction of the reference sphere, as ex-

plained in Section 1.5.4. 

However, our computations, which are repeated a large number of times, be-

come too slow if the surface deviation is determined in that way. Therefore, the

surface height deviation is computed, i.e. the distance between the surface sam-

ples and the actual surface under test in the direction of the axis of rotation of the

surface under test, as illustrated in Figure 4.9(a). 

The error introduced by this simplification is a cosine error. For this particu-

lar mirror, i.e. the first mirror of the Jewell design, the distance from the axis of

rotation to the top of the banana shaped footprint is 70 mm, see Figure 3.2(b),

and the radius of the reference sphere is 323 mm, as listed in Table 1.6, thus the

maximum angle is 213 mrad. As a consequence, the cosine error is 2.3 %. This er-

ror is negligible, because we only intend to perform a first order estimation of the

allowable position errors. 

As mentioned earlier, we have to compute the uncompensated as well as the

compensated  values, as function of the errors in the positions of R, O, andgmRMS
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P. The uncompensated  value is computed directly from the surface height

deviations of the samples. 

For the computation of the compensated  value, the set of surface sam-

ples is translated and rotated and the radius of curvature of the actual surface is

altered in order to minimize the  value. First, the set of surface samples is

translated in the x, y, and z directions, over distances 3x, 3y, and 3z, respectively.

After that, the set of surface samples is rotated in the following way. First, the

samples are rotated around the z-axis over an angle Α, subsequently around the x-

axis over an angle Β, and finally around the y-axis over an angle Γ. This is illus-

trated in Figure 4.9(b). The radius of curvature of the actual surface is altered by

adding a surface height contribution which is quadratic in the distance to the z-

axis, as shown in Figure 4.9(c). 

The uncompensated and the compensated  values are computed for

various displacements of R, O, and P along the x-, y- and z-axes, with a maximum

of 1 µm. The results are shown in Figures 4.10, 4.11, and 4.12 for displacements of

R, O, and P respectively. From these results, we conclude that the uncompensated

and the compensated  are linear and even functions of the position errors. 
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Figure 4.9 (a) The height deviations of the surface samples, i.e. is the distance between

the surface samples and the actual surface under test in the direction of the axis of rota-

tion of the surface under test. (b) Rotation of a point Q to Q'. First, Q is rotated around

the z-axis over an angle Α, subsequently around the x-axis over an angle Β, and finally

around the y-axis over an angle Γ. (c) Defocusing the surface under test by adding a sur-

face height contribution which is quadratic in the distance to the z-axis. 
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Figures 4.10–4.12 also show the translations, rotations and changes of the radi-

us of curvature that are applied to compute the compensated  values.

These translations, rotations and changes of the radius lie well within the limits as

specified in Table 1.10. Thus, the minimization of the  value during the as-

sembly of the projection system by shifting and tilting the various mirrors will

not be restricted by the limited shift and tilt ranges of the mirror mounts, on con-

dition that the displacements of R, O, and P are smaller than 1 µm. 
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Figure 4.10 (a)–(c) The uncompensated and the compensated rms surface figure error

gmrms, as functions of the displacements of the reference fibre tip R along the x, y and z ax-

es, respectively. (d)–(f) The translations along the 3x, 3y, and 3z axes of the set of surface

samples and the change of the radius of curvature 3r that were applied to minimize the

compensated gmrms, as functions of the displacements of R along the x, y and z axes, re-

spectively. (g)–(i) The rotations Β and Γ of the set of surface samples that were applied to

minimize the compensated gmrms, as functions of the displacements of R along the x, y

and z axes, respectively. 
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4.4.4 Distribution of the error budget

According to the error budget in Section 3.6, the allowable  value due to

position errors is 40 pm. This error has to be distributed over the various error

contributions, in order to determine the allowable position errors. 

As can be seen in Figures 4.10–4.12, the uncompensated  values are

much larger than the compensated  values. Thus, a variation of the actual

position of R, O, or P during the measurement (caused by mechanical vibra-

tions), results in a larger surface figure error than an error in the measured posi-
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Figure 4.11 (a)–(c) The uncompensated and the compensated rms surface figure error

gmrms, as functions of the displacements of the reference fibre tip O along the x, y and z ax-

es, respectively. (d)–(f) The translations along the 3x, 3y, and 3z axes of the set of surface

samples and the change of the radius of curvature 3r that were applied to minimize the

compensated gmrms, as functions of the displacements of O along the x, y and z axes, re-

spectively. (g)–(i) The rotations Β and Γ of the set of surface samples that were applied to

minimize the compensated gmrms, as functions of the displacements of O along the x, y

and z axes, respectively. 
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tion of R, O, or P, provided that this position error is of the same order of

magnitude as the position variation. 

We do not yet have knowledge about the achievable mechanical stability dur-

ing the measurement (which lasts about 1 s, as will be specified in Section 6.3.1).

Hence, we can not compare the feasibility of attaining a certain mechanical stabil-

ity with the feasibility of attaining a certain position measurement accuracy.

Therefore, we simply state that the allowable value for the uncompensated 

which results from position variations, is equal to the allowable value for the

zP   [Μm]

(c)

[n
m

]

(f)

Β
   

[Μ
ra

d
]

(i)

xP   [Μm]

(a)

[n
m

]

(d)

Γ
   

[Μ
ra

d
]

(g)

yP   [Μm]

zP   [Μm]xP   [Μm] yP   [Μm]

zP   [Μm]xP   [Μm] yP   [Μm]

(b)

[n
m

]

(e)

Β
   

[Μ
ra

d
]

(h)

[n
m

]

uncomp. gmRMS
comp. gmRMS

�z
�x
�r

[n
m

]

uncomp. gmRMS
comp. gmRMS

�z
�y
�r

[n
m

]

uncomp. gmRMS
comp. gmRMS

�z
�y
�r

�1 �0.5 0 0.5 1
0

0.005

0.01

0.015

0.02

�1 �0.5 0 0.5 1
0

0.004

0.008

0.012

�1 �0.5 0 0.5 1
0

2

4

�1 �0.5 0 0.5 1

�0.00002

0

0.00002

�1 �0.5 0 0.5 1

�0.02

�0.01

0

�1 �0.5 0 0.5 1
�4

�2

0

2

4

�1 �0.5 0 0.5 1

�2

0

2

�1 �0.5 0 0.5 1
�1000

�500

0

500

1000

�1 �0.5 0 0.5 1

�0.00002

0

0.00002

Figure 4.12 (a)–(c) The uncompensated and the compensated rms surface figure error

gmrms, as functions of the displacements of the particular point P at the surface under test

along the x, y and z axes, respectively. (d)–(f) The translations along the 3x, 3y, and 3z ax-

es of the set of surface samples and the change of the radius of curvature 3r that were ap-

plied to minimize the compensated gmrms, as functions of the displacements of P along the

x, y and z axes, respectively. (g)–(i) The rotations Β and Γ of the set of surface samples that

were applied to minimize the compensated gmrms, as functions of the displacements of P

along the x, y and z axes, respectively. 
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compensated  which results from position measurement errors. In addi-

tion, we assume that these two contributions to the figure error are uncorrelated.

As a result, the allowable value for  of 40 pm is divided into two equal

shares of 30 pm and distributed over the uncorrelated contributions by the posi-

tion measurement errors and the position variations during the measurements by

the detection system. 

In total, there are nine degrees of freedom for the positions of R, O, and P: three

translations for each of the three points. (Note that our reference frame is fixed to

the detector array, thus the positions of R, O, and P are determined in relation to

the detector array. If an external reference frame would be used, then six degrees

of freedom would have to be added, namely the three translations and the three

rotations of the detector array.)

We assume that the complexity to achieve a certain position measurement ac-

curacy is the same in the three translation directions and the same for R, O, and P.

In addition, we assume that the complexity of achieving a certain mechanical sta-

bility is the same in the three translation directions and the same for R, O and P. 

Therefore, we distribute the error budget in such a way that the resulting al-

lowable measurement position errors are the same for the three points R, O, and

P and for the three translation directions. To accomplish this, we distribute the

error budget for  over the contributions by the various position errors in a

special way, as explained in the following paragraphs.

We assume that the influences of different displacements on  are un-

correlated. Because of that, the  contributions are added quadratically. If

we refer to the nine displacements of R, O, and P as xi, where i = 1 . . 9, and to the

actual displacements as ∆xi, then the total  is equal to 

, (4.7)

because the uncompensated as well as the compensated  are linear func-

tions in the displacements xi, as concluded in Section 4.4.3.

If we now assume that all ∆xi are equal to the allowable displacement ∆, then

we can compute this allowable ∆ from the allowable  values using the fol-

lowing equation

. (4.8)

The nominator in (4.8) is calculated from the results in Figures 4.10–4.12; its val-

ue is 51 � 10–3 for the uncompensated  value and 1.7 � 10–3 for the com-

pensated  value. 
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The allowable measurement position error is computed from the allowable

total compensated  value of 30 pm and from the nominator value for the

compensated  value, which results in a value of 20 nm. The allowable posi-

tion variation during measurements is computed from the allowable total un-

compensated  value of 30 pm and the nominator value for the

uncompensated  value, which leads to a value of 0.6 nm. These values are

listed in Table 4.1.
Note that the value for the allowable position variation is a conservative esti-

mate, because the averaging by the detection system is not taken into considera-

tion. Hence, we expect that the allowable value in reality is larger than 0.6 nm.  

4.4.5 Discussion and conclusions

Of all existing instruments for position measurements, only laser distance meas-

urement instruments, such as the ones sold by Agilent [142], could meet the spec-

ifications for the position measurement accuracy of 20 nm, as listed in Table 4.1. 
The disadvantage of these instruments is that they can only measure displace-

ments, not absolute distances. Therefore, the design of the optical system must

enable that the fibre tips and the surface under test are first moved to a location

that is well-defined in relation to the reference frame of the novel interferometer,

such as the detector array. After that, they can be moved to their nominal posi-

tions, while their displacement is tracked by the laser distance measurement in-

struments. 

For a typical commercially available instrument, the relative position accura-

cy in vacuum is 2 � 10–8 [142]. The absolute position accuracy is determined by

this relative accuracy and the largest distance that has to be measured. That larg-

est distance is the distance between the point P at the surface under test and the

detector array, which is sum of the radius of the best fitting sphere for that surface

and the distance between the fibre tips and the detection plane. As listed in

Table 1.6, the largest radius is in the order of 3 m. Thus, the error in the measured

position of the point P can even be larger than 60 nm, for this particular laser dis-

tance measurement instrument. This position error is much larger than the al-

lowable value of 20 nm, as listed in Table 4.1. 
We conclude that the accuracy of the commercially available instruments is

not sufficient. Their accuracy is limited by the frequency stability of their He-Ne

Table 4.1 The allowable value for the errors in the measured positions of the fibre tips R

and O and of the particular point P at the surface under test, in all directions, and the al-

lowable variations of the positions of R, O, and P, in all directions, during the measure-

ment. 

Position error per translation Allowable value

[nm]

Measurement position error 20

Position variation during measurement 0.6

gmRMS

gmRMS

gmRMS

gmRMS
143 Allowable position errors



laser. Therefore, a potential solution would be to stabilize the frequency of this la-

ser with the help of a laser that is stabilized with the aid of an iodine absorption

cell. Commercially available lasers locked to iodine absorption lines have shown

relative frequency stabilities of 3 � 10–11 [143]. If such a laser would be used, then

the position error due to frequency instabilities would be sufficiently small. Al-

though the use of such a laser could be a potential solution, it will seriously com-

plicate the position measurement system for the novel interferometer. 

We assume that the specifications on the accuracy with which the position of

the substrate (actually, its registration marks) has to be measured can also be met.

The reason is that these specifications, which are listed in Table 1.10, are less de-

manding than the specification for the accuracy with which the positions of R, O,

and P have to be measured. 

If the specification for the allowable position variation of 0.6 nm can be met

depends on the attainable mechanical stability during the measurement period of

the detection system, which is in the order of one second. The feasibility of attain-

ing this stability still has to be studied. 

4.5 Figure of the wavefronts generated by the fibre tips

Until now, the wavefronts generated by the fibre tips R and O were assumed to be

spherical; the actual figures of the wavefronts have not yet been measured. Be-

cause these figures affect the figure of the surface under test that is computed by

the novel interferometer, it is essential that the actual wavefront figures are meas-

ured. From the measurement results, we can conclude either that the asphericity

of the figures is negligible and the wavefronts can indeed be modelled as spheri-

cal, or that the asphericity is not negligible and the measured wavefront figures

have to be taken into consideration by the computation system for the calcula-

tion of the figure of the surface under test. 

The accuracy with which the wavefront figures have to be measured is deter-

mined by the error budget in Section 3.6, according to which the rms figure error

due to inaccuracies in the measured wavefront figures, should be smaller than

40 pm. Since the surface under test is reflective, the rms surface figure error due

to a figure error in one of the two wavefronts is equal to half the rms wavefront

figure error. We assume that the two wavefront figure errors are uncorrelated.

Consequently, the rms surface figure error is taken to be the quadratic sum of

half the rms wavefront figure errors. 

If the rms errors in the measured wavefront figures are less than Λ/11 000,

which corresponds to 60 pm, then the resulting rms figure error is less than

40 pm. We conclude that the rms deviation of the measured wavefront figure

from the actual wavefront figure should be smaller than 60 pm. 

One could argue that, instead of measuring the wavefront figures, it is also

possible to compute them with a model of the fibre tips and a beam propagation

algorithm, as described in [98][144][145]. According to [98], for example, the p–v
wavefront asphericity in the far field for an aperture radius of 2Λ is Λ/10 000 or

less over an numerical aperture (na) of 0.3. However, we believe that the accura-
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cy of these models is not sufficient. Therefore, we concentrate on the measure-

ment of the wavefront figures. 

To our knowledge, the most accurate measurement of the figure of wave-

fronts generated by fibre tips, was performed by Sommargren [100]. He conclud-

ed that the asphericity of the wavefronts is less than 0.30 nm; this number was

determined by the accuracy of his measurement system, not by the quality of the

wavefront. Thus, these measurements are not accurate enough, and therefore, we

have to measure the wavefront figures ourselves. 

Section 4.5.1 presents an interferometer to measure the wavefront figures. This

interferometer has to be used in a self-calibration scheme, as described in

Section 4.5.2. The specifications for the various components of the interferom-

eter are formulated in Section 4.5.3. 

4.5.1 Interferometer to measure the wavefront figures

As mentioned earlier, the figure of the wavefronts generated by the fibre tips

should be measured with an inaccuracy smaller than 60 pm rms. To put this

number into perspective, we compare it with the allowable rms figure error of

80 pm for the euvl mirror substrates, even though these specifications differ in

the sense that the number of 60 pm is related to a wavefront figure, whereas the

number of 80 pm is related to a surface figure. 

Because the required accuracies are comparable, we encounter the same prob-

lems with measuring the wavefront figure as we do with measuring the surface

figure. These problems were already described in Section 2.3.3. They led to the

proposal of the novel interferometer, as shown in Fig 3.1, for measuring the sur-

face figure. Following the same line of reasoning, which is summarized below, we

come to a proposal for an interferometer to measure the wavefront figures. 

Because of the required accuracy, we have to rely on interferometry for the

measurement of the wavefront figures. Accordingly, we let the test beam, i.e. the

beam of which the wavefront figure has to be measured, interfere with another

beam at a detection plane. To prevent the introduction of unknown deviations in

the wavefront figure of the test beam, we do not want to place any auxiliary op-

tics in the test beam. As a result, the use of a shearing interferometer is not even

to be considered. Instead, a reference interferometer has to be used. 

Based on this argumentation, the special version of the novel interferometer

illustrated in Figure 4.13(a) is proposed to measure the figures of the wavefronts

generated by the fibre tips R and O. This version will be referred to as ‘the wave-

front test mode’. The original setup, as shown in Figure 3.1, will be referred to as

‘the surface test mode’. The two differences between them are that (i) in the wave-

front test mode, the object fibre tip is aimed at the detection plane instead of the

surface under test and (ii) in the wavefront test mode, the fibre tips are rotated as

part of a self-calibration scheme, see Figure 4.13(b). The self-calibration will be

explained in Section 4.5.2. 

The reason to propose the special version of the novel interferometer, instead

of a completely different reference interferometer, is the following. The specifica-

tions that the optical and detection systems have to meet in the wavefront test
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mode, are comparable to the specifications that have to be met in the surface test

mode, as will be described in Section 4.5.3. 

Consequently, we expect that if it is possible to develop the novel interferom-

eter in surface test mode, then we will also be able to realize the interferometer in

wavefront test mode. For that reason, we concentrate first on the development of

the novel interferometer in surface test mode, rather than in the wavefront test

mode. 

4.5.2 Self-calibration

At first sight, one might think that the setup in Figure 4.13(a) does not enable us

to determine the wavefront figures of the reference and object beams, because we

can only measure the difference between the opl functions of the reference and

object beams, i.e. the opd function. However, by making use of self-calibration,

the opl function of the reference beam can be separated from the opl function of

the object beam. 

As already described in Section 2.3.5, the principle of self-calibration is the fol-

lowing. We let the reference and object beams interfere at the detection plane and

measure the opd function. This measurement is repeated a number of times, each

time with different rotations of the reference and object beams. From the set of

measured opd functions and from the set of orientations of the reference and ob-

ject beams, the opl functions of the reference and object beams are computed.

From these opl functions, the wavefront figures are computed. 

It is interesting to discuss the reasons for promoting the use of self-calibration to

measure the (aspherical) figures of the wavefronts generated by the fibre tips,

whereas we do not favour the use of self-calibration in combination with existing

reference interferometers to measure the figure of aspherical surfaces. As de-

scribed in Section 2.3.5, the difficulty with using an existing reference interferom-

eter in a self-calibration scheme is that the wavefronts at the detection plane have

to be rotated without introducing a change in their figure. Due to the auxiliary

optics, this can only be achieved if the aspherical surface under test is rotationally

symmetric. Since the only axis of rotation of euvl mirrors is the optical axis of

the projection system, self-calibration with existing reference interferometers can
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only be used to verify that the euvl mirror substrate under test is indeed rota-

tionally symmetric with respect to this optical axis, see also Figure 2.6(e). 

In comparison, the measurement of the figures of the wavefronts generated by

the fibre tips with the novel interferometer in wavefront test mode, does not suf-

fer from this difficulty. Because of the absence of auxiliary optics, the wavefronts

at the detection plane can be rotated without introducing changes in their fig-

ures, simply by rotating the fibre tips. 

4.5.3 Specifications for the optical system and the detection system

The allowable rms error of 60 pm in the measured wavefront figure puts strin-

gent specifications on the accuracy with which the opd function has to be meas-

ured by the detection system, and the accuracy of the mechanical stage in the

optical system, which is used to change the orientations of the fibre tips. For the

formulation of these specifications, we distinguish between two different cases: 

• the p–v asphericity of the wavefronts is smaller than 60 pm,

• the p–v asphericity of the wavefronts is larger than 60 pm. 

If the p–v asphericity of the wavefronts is smaller than 60 pm, then the rms
asphericity will also be smaller than 60 pm (the rms value is always smaller than

the p–v value). As a consequence, we can neglect the asphericity and model the

wavefronts as spherical. In that case, the fibre tips can be modelled as ideal point

sources. However, if the p–v asphericity is larger than 60 pm, then the rms as-

phericity may be larger than 60 pm also. In that case, the absolute figure of the as-

pherical wavefront has to be measured, with an rms error smaller than 60 pm. 

The first case has two advantages over the second. First, it is easier to measure

the p–v asphericity of a wavefront, than to measure the absolute figure of that as-

pherical wavefront. Second, if the fibre tips can be modelled as ideal point sourc-

es, then their orientations are of no importance and only their positions have to

be controlled. Consequently, in the second case the detection system and the me-

chanical stage have to meet specifications that are more rigid than in the first

case. The rigid specifications will be selected as the specifications. 

The next sections will discuss the two cases in more detail. The description of

the first case functions as a stepping stone for the description of the second case. 

Asphericity is negligible

The easiest way to verify that the p–v asphericities of the wavefronts generated by

the fibre tips R and O are smaller than 60 pm, is to align the system such that one

of the fibre tips is rotated by the mechanical stage around the centre of the sphere

that best fits its wavefront, as shown in Figure 4.13(b). If the fibre tip is rotated in

several directions and the resulting change in the opd function at each point in

the two-dimensional detector array is smaller than 60 pm, then we can conclude

that the p–v asphericities of the rotating and the static wavefronts are smaller

than 60 pm. 

To be able to draw this conclusion, several conditions have to be met. Of

course, the asphericities should be small enough. In addition, the detection sys-

tem and the mechanical stage have to meet some requirements, which are de-

scribed below. 
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The requirement for the detection system is that the accuracy with which a

change in the opd is measured at each detector in the two-dimensional detector

array, is better than 60 pm. We emphasize that this requirement is different from

the ones encountered in measuring an absolute wavefront figure, as described in

the next section, or in measuring an absolute surface figure, as described in

Chapter 5. The differences are that (i) at each detector only a change in the opd
has to be measured instead of the absolute opd, and (ii) the requirement bears on

the separate opd measurements at the different detectors, instead of the opd
function that is fitted through the opd samples measured at all detectors. 

Because the time duration of the measurements of the wavefront figure is not

important—it is a calibration measurement that has to be performed only once

in while—we can average over many measurements. Consequently, the stochastic

errors can be averaged out. Thus, the requirement for the detection system comes

down to the statement that the systematic error in the opd change, as measured at

a single detector, should be smaller than 60 pm. 

The requirements for the mechanical stage are the following. The fibre tip

must be rotated in three different directions around a well-defined centre of rota-

tion, without introducing unwanted translations. The fibre tip must be aligned

such that the centre of the sphere that best fits its wavefront coincides with the

centre of rotation of the stage. Furthermore, the fibre tips are not allowed to

translate with respect to each other and with respect to the detection plane during

the measurements, because that too would lead to an unwanted change in the

opd. 

Note that deficiencies in the mechanical stage, such as unwanted translations

during rotations, only lead to a pessimistic estimate of the wavefront asphericity.

Thus, if the opd change is smaller than 60 pm, then we are certain that the p–v
asphericities of the wavefronts are smaller than 60 pm, without having to know

the accuracy of the mechanical stage. 

Asphericity is not negligible

The second case is the one in which the rms asphericities of the wavefronts are

larger than 60 pm. In that case, it is not sufficient to measure the p–v asphericity.

Instead, the absolute wavefront figure has to be measured. This has consequences

for (i) the accuracy of the opd measurement at each point of the detector array,

(ii) the accuracy with which the opd function is fitted to all these points, and (iii)

the accuracy with which the two fibre tips are positioned.

In the first case, it was sufficient to rotate one of the fibre tips around the cen-

tre of the sphere that best fits the wavefront generated by that fibre tip and meas-

ure the change in the opd function at each detector in the array. In this case

however, we have to rotate one of the fibre tips as part of a complete rotation test,

which purpose it is to separate the measured opd functions into the opl function

of the reference beam and the opl function of the object beam. 

In order to completely separate the two opl functions, the fibre tips have to be

rotated in different directions. A trivial option is to start with rotating one of the

fibre tips over 2Π rad around the optical axis of the fibre. This is the classic rota-

tion test, as described in Section 2.3.5 and [96][116][128]–[133]. This test results in
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the separation of the rotationally asymmetrical parts of the opl functions of the

reference and object beams. In order to separate also the rotationally symmetri-

cal parts of the opl functions, the fibre tip has to be rotated around an axis that is

perpendicular to the optical axis of the fibre. Due to this rotation, the reference

and object wavefronts are sheared in a radial direction. This resembles the shift-

rotation test, as described in Section 2.3.5 and [116]. This test results in the separa-

tion of the rotationally symmetrical parts of the opl functions of the reference

and object beams. 

This qualitative description of the rotation test is extended in the next sections

with quantitative descriptions of the spatial frequency range of the separated opl
functions and the influence of various errors sources.

Spatial frequency range

The spatial frequency range over which the opl functions of the reference and ob-

ject beams are resolved, is determined by (i) the spatial frequency range of the

measured opd functions, (ii) the ranges over which the fibre tips are rotated and

(iii) the size of the rotation interval between two successive opd measurements. 

The spatial frequency range of the measured opd functions is assumed to be

sufficient, i.e. we assume that it corresponds to the range of spatial frequencies at

the surface under test from F–1 to 1 mm–1 as specified in Table 1.8, where F is the

largest footprint dimension. The rotation ranges of the fibre tips determine the

lower limits of the spatial frequency ranges of the computed opl functions,

whereas the rotation intervals determine the upper limits of their spatial frequen-

cy ranges. 

The rotation of the fibre tip over 2Π rad around the optical axis of the fibre en-

sures that the lower limit of the spatial frequency range in the tangential direc-

tion is (2Π rad)–1. To ensure that the lower limit of the spatial frequency range in

the radial direction corresponds to F–1, the fibre tip should be rotated over such a

range that the range of the shear between the reference and object wavefronts is

equal the largest dimension of the projected footprint. In the example illustrated

in Figure 3.3, the largest dimension of the projected footprint is 19 mm. The rota-

tion intervals should be such that the upper limits of the spatial frequency ranges

in the tangential and radial directions correspond to 1 mm–1. 

We expect that in practice, the rotation ranges as well as the rotation intervals

can be chosen such that the specifications for the spatial frequency range are met. 

Error sources and error budget

The two main error sources for the computed opl functions are the detection sys-

tem, which introduces errors in the measured opd functions, and the mechanical

stage, which introduces error in the positions of the fibre tips. Both errors are di-

vided into a stochastic part (with its expected value equal to zero) and a systemat-

ic part. 

The stochastic part of the error in the opd function can be reduced to a negli-

gible error by repeating the measurements and averaging the results. The influ-

ence of the stochastic part of the position errors on the computed opl functions

can be reduced to a negligible level by increasing the number of fibre tip orienta-
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tions for which the opd function is measured, as described in [131]. Both meth-

ods increase the total measurement time, but that is no real disadvantage, because

the measurements of the wavefront figures are calibrations that have to be per-

formed rarely. 

The rms opl errors due to systematic opd errors and systematic position er-

rors should be less than 60 pm. For simplicity, we distribute this total rms opl er-

ror evenly over the two contributions, assuming that they are uncorrelated. Thus,

the rms opl error due to systematic opd errors should be less than 40 pm and the

rms opl error due to systematic position errors should be less than 40 pm. 

We shall now compare these specifications for the wavefront test mode with the

specifications for the surface test mode. As explained in Section 4.5.2, the opl
function is computed from a series of measured opd functions. For the classic ro-

tation test described in [96], the computations are basically composed of rotating

the opd functions over different angles and averaging the rotated opd functions.

Therefore, we assume that the rms opl error due to the systematic errors in the

series of measured opd functions is equal to the rms value of the systematic error

in one of the measured opd functions. Thus, the rms value of the systematic opd
error should be less than 40 pm. 

According to the error budget that will be presented in Section 5.1, the system-

atic opd error is the result of systematic errors in the positions of the detectors in

the two-dimensional detector array†. The same error budget specifies that the

rms value of this systematic opd error should be less than 40 pm, in order to let

the novel interferometer in surface test mode work properly. 

In conclusion, the allowable rms value of the systematic opd error in the sur-

face test mode is equal to the allowable rms value in the wavefront test mode.

In the wavefront test mode, the rms opl error due to systematic errors in the po-

sitions of the fibre tips should be less than 40 pm. We compare this value with the

allowable rms value of 40 pm, as specified in Section 3.6 for the error in the

measured figure of the surface under test, that is introduced by errors in the posi-

tions of the fibre tips, the detector array and the particular point P at the surface

under test. Note that the first value of 40 pm is related to the novel interferom-

eter in wavefront test mode, and the second value of 40 pm is related to the sur-

face test mode. 

These values are not directly comparable, because the first is the allowable er-

ror in a spherical wavefront figure, whereas the second is the allowable error in an

aspherical surface figure, and the first is only influenced by the positions of the

two fibre tips and the detector array, while the second is also influenced by the

† As described in Section 5.1, integration of intensity over the areas of the detectors intro-

duces phase shifts. If these phase shifts vary from detector to detector, this also leads to a

systematic opd error. The phase shifts vary only if the fringe density varies over the detec-

tor array. In the setup shown in Figure 4.13, the fringe density is (nearly) constant because

the wavefronts from the two fibre tips are (nearly) spherical. Therefore, the phase shifts are

not taken into consideration. 
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position of the point P. Despite these differences, we assume that the position er-

rors that will lead to these errors, are the same for the wavefront and surface test

modes—because we did not yet model the influence of position errors on the

computed opl functions.

In conclusion, the allowable position errors in the wavefront test mode are the

same as in the surface test mode. These errors were determined in Section 4.4.

In conclusion, the specifications for the detection system and the mechanical

stage in the wavefront test mode are comparable to their specifications in the sur-

face test mode. Therefore, we expect that if it is possible to develop the novel

interferometer in surface test mode, then we will also be able to realize the inter-

ferometer in wavefront test mode. For that reason, the remainder of this thesis

discusses only the novel interferometer in surface test mode. Thus, all future ref-

erences to the novel interferometer will concern the surface test mode. 
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5 Geometry of the detector array

The function of the light source and detection systems is to sample the opd func-

tion at the detection plane, such that the two-dimensional opd function can be

reconstructed by fitting a two-dimensional function to the opd samples. This is

illustrated in Figures 5.1(a) and (b). The opd samples are taken with a two-di-

mensional detector array. 

In this chapter, we will derive specifications for the geometry of that two-di-

mensional detector array, such as the dimensions of the array, the dimensions of

the detectors, and the number of detectors. The geometry of the detector array is

illustrated in Figure 5.1(c). In addition, we will specify the allowable error in the

‘height’ of the samples, i.e in the measured opd value. Furthermore, the feasibility
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of manufacturing a detector array that meets these specifications will be dis-

cussed.

Thus, this chapter only describes the geometry of the detector array, while it

will not present a functional description of the opd measurement methods; such

a description can be found in Section 3.4 and in Chapter 6. In this chapter, the

specifications for the geometry of the detector array will be derived independent-

ly of any specific opd measurement method. The only assumption on which they

will be based is that the measurement wavelength Λ is 632.8 nm. 

The specifications are derived in the following way. First, we identify several

(geometrical) error sources for the opd samples as measured with the detector ar-

ray. These error sources and their influence on the error in the reconstructed opd
function are described shortly and qualitatively in Section 5.1. An error budget

which describes the allowable contributions of these error sources to the error in

the reconstructed opd function quantitatively, is drafted up in Section 5.2. 

Section 5.3 gives an overview of Sections 5.4–5.11, in which that error budget is

translated into the various specifications for the geometry of the detector array. 

Readers who are only interested in the specifications themselves, not in the deri-

vation, are advised to skip Sections 5.4–5.10 (with a total length of about 12 pages)

and read Sections 5.1–5.3 and 5.11 only (with a total length of about 7 pages). 

5.1 Error sources

In the ideal case, the reconstructed opd function is equal to the real opd func-

tion, because the number of detectors is unlimited, the opd value sampled at each

detector is exact, the position of every detector is known exactly, the array is per-

fectly flat, the area of the detectors is infinitely small and the optical power is infi-

nitely large.

In reality however, there are several error sources, due to which the recon-

struction of the opd function is erroneous. In this section, we will identify vari-

ous error sources and describe their influence on the error in the reconstructed

opd function shortly and qualitatively. 

We distinguish five error sources which contribute to the rms opd error:

• limited number of detectors, 

• in-plane position errors,

• out-of-plane position errors,

• single point opd errors,

• phase shift due to integration over the detector area.

These error sources will be discussed below. Some of them are illustrated in

Figure 5.1(d). 

First, the number of detectors is limited. Consequently, the opd function can

only be reconstructed at low spatial frequencies. This leads to a low-pass filtering

of the reconstructed opd function. The influence of the number of detectors also

depends on the distance z between the fibre tips and the detection plane. This dis-

tance is shown in Figure 3.3. The reason is that the shape of the object wavefront

continuously changes during propagation, and so does the opd function if the
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detection plane is shifted along the z axis. It turns out that such a shift leads to an

opd function which shows less steep slopes. As a consequence, the number of de-

tectors can be reduced without increasing the rms opd error value.

Second, there is an error in the in-plane position of the detectors. This also

leads to an error in the reconstructed opd. If the number of detectors is increased,

this error decreases due to averaging. The influence of this error also decreases if

the detection plane is placed further away, due to the reduction of the curvature

of the opd function 

Third, there is a possible out-of-plane position of an individual detector due

to unflatness of the detector array. Since this out-of-plane position error is not

known in advance (the shape of the array will change due to mechanical stress

and temperature changes), it will lead to errors in the reconstructed opd func-

tion. The influence of this out-of-plane position error also depends on the posi-

tion of the detection plane. 

Fourth, all opd samples will contain a certain error as the result of varying

properties of the light source and of the electronics connected to the detectors.

From now on, this error will be referred to as ‘the single point opd error’, because

it is the same error as made in the single point experiment which will be de-

scribed in Section 7.1. If the number of detectors is increased, then the rms opd
error due to these single point errors will decrease. This is a consequence of the

averaging over all detector samples. In addition, the influence of the single point

error depends on the position of the detection plane. The reason is again that the

opd curvature decreases with an increasing distance z. 

The fifth error is due to the fact that the detectors have a certain lateral ex-

tent. As a consequence, the intensity measured by the detector is the integrated

(or windowed) intensity over the detector area. This integration generally leads to

a phase shift as well as a reduction of the modulation depth of the detector sig-

nals. The phase shift directly translates into an error in the opd sample value; this

phase shift increases if the detector area is increased. In addition, an increase of

the distance z will lead to a reduction of the phase shift. 

The modulation depth determines, in combination with the irradiance at the

detection plane and the dimensions of the detectors, the signal-to-noise ratio

(snr) of the detector signal. Hence, an increase of the detector area affects the

snr in two ways. First, it leads to an increase of the received optical power, which

increases the snr. However, it also leads to a reduction of the modulation depth,

which decreases the snr. The nett effect on the snr depends on the particular set-

up of the interferometer. A change of the distance z will also affect the received

optical power and the modulation depth. Hence, the snr is also a function of the

distance z. 

The snr of the detector signal is one of the important factors which deter-

mine the single point error. Hence, the dimensions of the detectors influence the

opd sample error in two ways: directly via the phase shift of the detector signal,

and indirectly via the snr of the detector signal. 

As we will show in Sections 5.7–5.9, the influence of the limited number of de-

tectors on the rms opd error can not be separated from the influence of the in-

plane position errors and of the single point errors, which also depend on the
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number of detectors. Therefore, the limited number of detectors will not be con-

sidered to be a separate error source in the remainder of the chapter. 

5.2 Error budget

Now that the various error sources have been identified, we will draft up a budg-

et which specifies the allowable values for the contributions of these error sourc-

es to the rms opd error. As stated in Section 4.3, the (total) allowable value of the

rms opd error is 80 pm. 

For the formulation of this error budget, we assume that the various error

sources are uncorrelated. Therefore, the rms opd error resulting from all error

sources together is taken to be equal to the quadratic sum of the rms opd errors

introduced by the error sources separately. The resulting error budget is the fol-

lowing (the corresponding allowable values for the contributions to the rms opd
error are based on an educated guess and placed between parentheses): 

• out-of-plane position errors (30 pm),

• single point opd errors (60 pm),

• in-plane position errors (30 pm),

• phase shift due to integration over detector area (30 pm).

These separate contributions to the rms opd error must be translated into the

more basic parameter values, such as the maximum in-plane position error, the

maximum single point error, the number of detectors. For this translation, we

need to model the influence of these parameters on the rms opd errors quantita-

tively. An overview of the various models that will be used and the data that we

will obtain from them is presented in Section 5.3. 

5.3 Overview of the computations of the rms opd error

This sections presents an overview of the computations that are performed to de-

termine how the rms opd error is influenced by (i) the parameters describing the

geometry of the detector array (such as the array size and the detector size) and

(ii) the ‘geometrical’ error sources (such as the in-plane position error, the out-

of-plane position error, and the single point opd error). 

All these computations are based on a ray trace model of the novel interfer-

ometer, which is illustrated in Figure 3.3. The reasons to choose for a ray trace

model, as opposed to diffraction based models, were discussed in Section 3.3.1.
This ray trace model and the results derived from it, i.e. the opd sample values at

the detection plane for different axial array positions, are described in Section 5.4.

In Section 5.5, we will determine the rms opd error due to out-of-plane posi-

tion errors of the detectors at different axial array positions.

In Section 5.6, the opd sample values computed in Section 5.4 are used in a fit

algorithm to find the power series expansion of the reconstructed opd function at

different axial array positions. This fit algorithm is used in Section 5.7 to deter-

mine the minimum number of detectors that is needed to ensure that the rms
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opd error can be smaller than 30 pm—the limit posed on the rms opd error due

to the in-plane position errors and single point opd errors, according to the error

budget in Section 5.2. 

In Section 5.8, the fit algorithm is used to model the influence of single point

errors on the rms opd error, as a function of the number of detectors and the axi-

al position of the detector array. The influence of the in-plane position errors on

the rms opd error, as a function of the number of detectors and the axial array

position is simulated in Section 5.9. 

In Section 5.10, the opd functions computed in Section 5.6 are used to deter-

mine the maximum detector size as well as the optimum detector size, as a func-

tion of the axial array position. The maximum detector size is determined from

the limit on the rms opd error due to the phase shift introduced by the integra-

tion over the detector area. The optimum detector area is determined from the

maximization of the snr of the detector signals.

Based on the results in Sections 5.5–5.10, we will choose in Section 5.11 the val-

ues for the

• the axial array position and 

• the number of detectors. 

These choices directly lead to the following quantities:

• maximum single point opd error,

• maximum in-plane position error,

• maximum out-of-plane position error, 

• dimensions of the detectors,

• dimensions of the detector array.

5.4 Ray trace model to determine the opd function 

The ray trace model of the novel interferometer was described in Section 3.3 and

illustrated in Figure 3.3. However, this model can not be applied directly for the

computation of the opd samples as will be measured with the detector array. The

reason is that the intersection points of the rays with the detection plane do not

lie on a rectangular grid, as shown in Figure 4.8(b), whereas we need to sample

the opd function at the positions of the detectors, which are positioned on a rec-

tangular grid at the detection plane, as shown in Figure 5.1(c). Therefore, we have

to construct new sets of rays which intersect the detection plane at the rectangular

grid positions of the detectors. To determine the ray directions of those rays, we

use the following procedure. 

We start off with a set of rays which the corresponding rays fill the banana

shaped footprint of the substrate under test. The ray directions, i.e. the tangents

in the x and y direction, are shown in Figure 5.2(a), and the intersection points of

these rays with the detection plane are shown in Figure 5.2(b). 

Next, we determine the maximum and minimum x and y values of these in-

tersection points. Between these x and y values we span a rectangular grid of Nx

detectors in the x direction and Ny detectors in the y direction. Subsequently, we

select only those grid points which lie within the projected footprint or less than
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one elementary grid unit away from it. The selected grid points are shown in

Figure 5.2(c). The reason to select only these grid points is that we are only inter-

ested in the form figure over the footprint.

The position of each of these selected grid points is expressed as a linear com-

bination of the positions of three ray intersections in the proximity of that grid

point. Next a new set of ray directions is constructed, of which each corresponds

to a particular selected grid point. Each ray direction is calculated by applying the

same linear combination that was used to express the position of the grid point as

a linear combination of three ray intersection positions, to the three correspond-

ing ray directions. These ray directions are shown by Figure 5.2(d). The intersec-

tions with the detection plane of the rays with these ray directions are depicted in

Figure 5.2(e). These coincide with the points of the rectangular grid in

Figure 5.2(c). 

For each grid point, the opd is calculated as the difference between the opti-

cal lengths of the ray traced from the object fibre tip to the grid point and of the

ray traced from the reference fibre tip to the grid point. 

5.4.1 Results

The ray trace model as described above is used to determine the opd values at the

points of several grids with different number of detectors, and at different axial

array positions. We do not inspect these results in detail, but it is interesting to

analyse the change of the opd function if the array is shifted along the z axis, be-

cause this change of shape is responsible for the varying influence of the number
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banana shaped footprint of the substrate under test. (b) Inter-sections of these rays with

the detection plane. (c) Selected detector positions. (d) Set of ray directions of which the

corresponding rays intersect the detection plane at the positions shown in (e).
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of detectors, the dimensions of the detector, the in-plane position errors, and the

out-of-plane position errors on the rms opd error. 

Figure 5.3 shows the sampled opd function for various axial positions z of the

detector array. For the same axial array positions, Figure 5.4(a) shows the width

and the height of the projected footprint, Figure 5.4(b) shows the change of the

opd over the projected footprint (i.e. the difference between its maximum and its

minimum values), Figure 5.4(c) shows the maximum of the absolute value of the

first derivatives of the opd function, and Figure 5.4(d) shows the maximum of the

absolute value of the second derivatives. 

From these figures, it is clear that the dimensions of the detector array vary in

a linear way with the z coordinate, and that the maximum absolute values of the

first and second derivatives decrease if z increases. These characteristics lead to a

certain optimum value of z, as will become clear in Section 5.11.
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5.5 Out-of-plane position errors

This section describes the relation between the peak-to-valley value of the out-of-

plane position errors and the rms opd error. First, we will explain why the peak-

to-valley value is the most appropriate quantity to characterize the out-of-plane

position errors. Subsequently, the computation method is described. Finally, the

results will be presented.

The choice to characterize the out-of-plane position errors by its peak-to-val-

ley value is based on the assumption that the out-of-plane position errors will

originate from the curvature of the detector array. The reason for this assump-

tion is that the array will be made out of a thin silicon wafer which will be

gripped in a mechanical mount. Due to mechanical stress in the wafer itself, forc-

es in the mounting mechanism and temperature gradients during measure-

ments, it is very likely that the array will be curved and that its curvature will

change during measurements. This curvature will lead to out-of-plane position

errors which can be larger than the height variations of the detectors due to wa-

fer thickness variations or layer thickness variations.

The out-of-plane position errors are thus directly related to the general as-

pherical shape of the detector array. Because we do not have any additional infor-

mation on that aspherical shape—such as basic shapes or spatial frequency

bandwidth—the only practical quantity to describe that aspherical shape and

thus the out-of-plane position errors is the peak-to-valley value. 

By taking a worst-case approach, we can determine the relation between the

peak-to-valley (p–v) value of the out-of-plane position errors and the rms opd
error. We consider the worst-case to be the case in which the out-of-plane posi-

tion error of each detector is either -Ε or Ε. (In reality, the out-of-plane position

errors will be distributed more evenly within the interval that stretches from –Ε to
Ε.) Hence, the p–v value of the out-of-plane position errors is 2Ε. 

In a first order approximation, the opd error at each detector is a linear func-

tion of the out-of-plane position error. As a consequence, the rms opd error re-

sulting from the out-of-plane position errors in a realistic case will be equal to or

smaller than the rms opd error resulting from the out-of-plane position errors in

the worst case, provided that the p–v in the realistic case is equal to the p–v value

in the worst case. 

We follow the procedure described below to compute the rms opd errors for

various values of the out-of-plane position error Ε and for various values of the

axial array position z. The used ray trace model was presented in Section 5.4. The

used set of rays intersect the detection plane at the positions of the detectors in a

32 � 32 array. 

With the ray trace model, we first determine the opd samples for various

small shifts Ε along the z axis with respect to a certain base position. Subsequently,

the differences between the opd samples at each shifted position and the opd
samples at the base position are calculated. Next, the rms value of these differenc-

es are computed. This rms value is considered to be the worst-case estimate of the

rms opd error for a p–v out-of-plane position error equal to 2Ε. 
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The resulting rms opd values are shown in Figure 5.5(a), as a function of the

p–v out-of-plane position error, for various values of the base position z. In this

figure, the line rms opd error = 30 pm has been drawn. Only configurations with

their rms opd value below this line are allowed. The intersection points of the

curves in Figure 5.5(a) with this line are shown in Figure 5.5(b). 

In Section 5.11, the simulation results in Figure 5.5 will be evaluated.

5.6 Fitting the opd samples

This section describes the fit algorithm which is used to find the power series ex-

pansion of the opd function. We start off with the set of opd samples found by

the ray trace model at the points of a particular grid, referred to as the test set.

First, the positions of these samples are shifted and scaled along the x and y axes

in such a way that the deformed footprint fits into the unit square. This deforma-

tion prevents the fit algorithm from becoming sensitive to computational inaccu-

racies, while it does not influence the resulting power series expansion. 

Next, the opd samples in the deformed footprint are used in a least squares al-

gorithm to find the coefficients of the power series expansion. The power series

contains all terms of the form amn xm yn, with m + n ! N, where N is the order of

the series. Due to the least squares algorithm, a higher N does not necessarily lead

to a lower rms opd error. Therefore, we have to determine the optimum N for

each configuration of the ray trace model (i.e. for each combination of a particu-

lar position of the array and a particular grid) by minimizing the rms opd error. 

The way in which the rms opd error is determined is the following. First, we

create a reference set of opd values: the ray trace model is used to find the opd
values at the points of a rectangular 32 � 32 grid at the detection plane. There are

832 of these 1024 grid points that lie in or close to the banana shaped footprint.

The positions of these opd samples are shifted and scaled in the xy plane in the

same way as the original set of opd samples. As a consequence, they also lie with-

in the unit square. Since the test sets of opd samples are all based on grids with up

to 24 � 24 points, the reference set is larger and the opd samples in the reference

set do not coincide with the samples in the test set. This prevents unwanted cross

talk between the samples in the reference set and the power series expansion

based on the test set.

The power series expansion is used to compute the opd values at the posi-

tions of the opd samples in the reference set. The difference between these calcu-

lated opd values and the opd values of the opd samples in the reference set are

considered to be samples of the continuous opd error function. Because the refer-

ence set is based on a rectangular grid, the sample to sample distance in x and y

directions is homogeneous over the footprint. Hence, all error samples represent

the opd error function over areas of the detection plane with the same dimen-

sions. As a result, we can use the rms value of the equally weighed opd error sam-

ples as an estimate of the rms value of the continuous opd error function. 

The optimum value of the order N is found by computing the rms opd error

for increasing values of N (increasing with 1 at the time), until a local minimum
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has been found. In the remainder of the thesis, we will refer to the rms opd error

in this local minimum as the rms opd error. 

5.7 Minimum number of detectors

In this section, we determine the minimum number of detectors that is required

to sample the opd function, in the absence of single point errors and in-plane po-

sition errors. This minimum number is defined as the number at which the rms
opd error is equal to the allowable value, which is 30 pm according to the error

budget in Section 5.1. 
For the z values 50, 60, 70 and 80 mm, we have determined the rms opd value

for grids with 12 � 12 to 24 � 24 detectors. Figure 5.6 shows these results and the
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grid sizes for which the rms opd error is equal to or smaller than 30 pm. From

these figures, we determine the minimum number of detectors. 

Since these numbers are based on a model in which the single point errors

and in-plane position errors are not present, these numbers are only useful as a

starting point in the calculation of the number of detectors that is needed in the

presence of these errors. These calculations will be described in Sections 5.8 and

5.9. 

5.8 Single point opd errors

In this section, we compute the influence of errors in the measured value (‘the

height’) of the opd samples on the rms opd error. The rms opd error is not only

a result of the single point opd error but also of the limited number of detectors.

Therefore, we do not treat the limited number of detectors as a separate error

source. 

For each detector, there are three contributions to the single point opd error:

• stochastic errors,

• specific systematic errors per detector,

• common systematic errors for all detectors. 

We assume that the stochastic errors per detector are normally distributed

with zero mean. In addition, we assume that the specific systematic errors are

normally distributed with zero mean over all detectors. Furthermore, we assume

that the common systematic errors can be eliminated by calibration. As a result,

the opd error for each detector is normally distributed with zero mean. Because

the electronics will be the same for all detectors, the probability density function

(pdf) of the opd errors is the same for all detectors. 

Due to the purely stochastic nature of the single point opd errors, the rms
opd error that results from these opd errors will also have a stochastic nature.

Thus, the rms opd error will have a certain pdf and a certain 95% confidence in-

terval (ci). 

To guarantee that in at least 95% of all experiments the rms opd value is equal

to or smaller than 60 pm—the maximum rms opd error according to the error

budget in Section 5.1—the upper limit of that 95% ci should be equal to or small-

er than 60 pm. Recall that in Section 1.7.1, we specified that in 95% of the cases in

which a perfect euvl mirror substrate is under test, the novel interferometer

must recognize that the figure of the substrate is sufficiently accurate. For that

reason, we now specify that upper limit of the 95% ci. 
We have to estimate that upper limit of the 95% ci, as a function of the stand-

ard deviation of the single point opd errors, of the number of detectors and of the

position of the array. For this estimation, we perform a number of ‘simulation ex-

periments’. In each experiment, we add to all opd samples in the test set a random

opd error, each with a normal distribution with zero mean and a particular

standard deviation Σ. These erroneous opd samples are used to compute the rms
opd error in the same way as described in Section 5.6. 
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For each configuration (particular grid size, particular standard deviation),

the experiment is repeated 100 times. As the estimate of the upper limit of the

95% ci, we take the 5th largest value of the set of 100 rms opd values that result

from the experiments. Figure 5.7 shows the estimate of the upper limit of the 95%
ci, as a function of the standard deviation of the single point opd error, for vari-

ous numbers of detectors and for an axial array position of 80 mm. In this figure,

the line rms opd = 60 pm has been drawn. Only configurations with their rms
opd value below this line are allowed.

In Section 5.11, the simulation results in Figure 5.7 will be evaluated. 

5.9 In-plane position errors

This section describes the influence of in-plane position errors of the opd sam-

ples on the rms opd error. We start by characterizing the type of in-plane posi-

tion errors that can be expected. After that, the influence of these in-plane

position errors on the rms opd error will be computed. 

If we consider the in-plane position errors to be the differences between the

ideal positions in the array design and the real positions at the wafer†, then these

errors will be dominated by the distortion introduced by the lithographic proc-

ess. There will be two causes, i.e. distortion caused by the electron-beam pattern

generator in the mask making, and the distortion caused by the wafer stepper.

Both of these error contributions will be in the order of 10 nm. These errors will

be systematic in nature. Without presenting the results of the simulations with

such systematic errors, we state that these kind of errors will lead to rms opd er-

rors which are larger than 30 pm, which is the allowable value according to the er-

ror budget in Section 5.1. 
In order to reduce the in-plane position errors to an acceptable level, the posi-

tions of the detectors will have to be measured after manufacturing the detector

array. For that purpose, we will place registration marks on the wafer in the vicin-

ity of the detectors during the manufacturing of the detector array. Afterwards,

we will measure the position of these registration marks by means of a photon or

electron microscope equipped with a translation table controlled by laser dis-

placement measurement tools, such as the wafer inspection systems sold by Leica

[146]. In this way, it should be possible to reduce the in-plane position errors to

several nanometres. 

We expect that the main source of errors will be the error in putting the align-

ment marks of the microscope on top of the registration marks in the same way

for all detectors. Therefore, we assume that the in-plane position errors will have

a zero mean. In addition, we assume that (i) the errors have a normal distribu-

tion along the x and y axes, (ii) the standard deviation is the same in the x and y

direction, (iii) the standard deviations are the same for all detectors, and (iv)

† As will be described in Section 6.3.4, the detector array will probably be an active pixel

sensor, which is made out of a silicon wafer with lithographic techniques. 
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there is no correlation between the errors in the x and y direction for one detec-

tor nor between the errors of different detectors. 

Due to the stochastic nature of the in-plane position errors, we expect the rms
opd errors also to have a stochastic nature. Just as it has been done for the calcu-

lation of the influence of single point opd errors, we perform 100 simulation ex-

periments and take the 5th largest of the resulting 100 rms opd values as the

estimate of the upper limit of the 95% ci. 
In each experiment, we construct a test set of opd samples by adding errors to

their x and y positions. These errors are uncorrelated, they have a normal distri-

bution with zero mean and a particular standard deviation. The rms opd error is

computed as described in Section 5.6. 

Figure 5.8 shows the estimates for the upper limit of the 95% ci, as a function

of the standard deviation of the position errors, for various numbers of detectors

and for an axial array position of 80 mm. In this figure, the line rms opd = 30 pm

has been drawn. Only configurations with their rms opd value below this line are

allowed.

In Section 5.11, the simulation results in Figure 5.8 will be evaluated.

5.10 Detector size

The size of the detectors in the 2d detector array is limited in two ways. First, it is

limited by the distance between two neighbouring detectors. However, this limit

is not the most severe restriction, as will turn out later. The other limit is due to

the phase shift of the detector signal that is introduced by the integration of the

optical power over the detector area, as was mentioned in Section 5.1. This phase

shift leads to an error in the opd computed for that particular detector position.

In general, the opd errors for various detectors differ. That leads to a certain rms
opd error. In order to keep this error smaller than the 30 pm limit, as specified by

the error budget in Section 5.1, we restrict the size of the detectors. This limit on

the detector size is described in Section 5.10.1. 
To determine the optimum detector size within those limits, the snr of the

detector signals is used. This optimization and its results are described in

Section 5.10.2.

5.10.1 Upper limit on the detector size

In this section, the limits on the detector size are determined. First, a mathemati-

cal model is presented that describes the influence of the integration of the irradi-

ance over the detector area on the phase shift and modulation depth of the

detector signal. Subsequently, we describe the way in which this model is used in

our computer simulations. Finally, the results of these simulations will be shown.

As explained in Section 4.2, the irradiance I(x, y, t) at the detection plane can

be expressed as 

, (5.1)
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where I0(x, y) is the time averaged irradiance, Im(x, y) is the amplitude of the var-

ying part of the irradiance, Ω is the frequency difference between the interfering

object and reference beams, and k is the wavenumber. To illustrate this irradiance

function, Figure 5.9 shows for one instance in time the fringe pattern that corre-

sponds to the irradiance function at z = 80 mm. 

The optical power P(x, y, t) received by the detector is the irradiance integrat-

ed over the detector area A:

. (5.2)

We assume that I0(x, y) is constant over A for the following reason. The am-

plitudes of the reference and object beams, which illuminate the detection plane,

will vary only slowly over the detector array. Consequently, the variation of

I0(x, y) over the detector, of which the dimensions are much smaller than the di-

mensions of the complete detector array, will be negligible. With this assump-

tion, the substitution of (5.1) into (5.2) gives:

. (5.3)

Subsequently, we introduce the auxiliary functions C(x, y) and S(x, y),

 and (5.4)
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and the function M(x, y),

, (5.6)

and the function ∆OPD(x, y),

. (5.7)

With the help of these functions we can write (5.3) as

. (5.8)

From this equation, it is clear that the modulation depth of P(x, y, t) is

, which is M(x, y) times the modulation depth of the ir-

radiance I(x, y, t). Therefore, the function M(x, y) will be referred to as the modu-

lation function. As will be apparent from (5.8), ∆OPD(x, y) is the error in

OPD(x, y) due the integration over the detector area. This error only depends on

the position, not on time.

Before explaining the way in which these equations are used to simulate the influ-

ence of the detector size on M(x, y) and ∆OPD(x, y), we demonstrate this influ-

ence with the help of a one-dimensional example, as shown by Figure 5.10. In this

example, the opd is a function in only one parameter, i.e. the coordinate y. We

have taken the opd function as shown in Figure 5.3(a), for x = 0 mm. That opd
function is shown in Figure 5.10(a). 

The normalized irradiance function is shown in 5.10(b) for one instance in

time. The optical power, divided by the detector height h over which the irradi-

ance is integrated, is shown by Figure 5.10(c) and (d) for various heights. The dif-

ference between them is the y range. Figure 5.10(e) and (f) show the modulation

function M(y) and the phase shift k ∆OPD(y). 

The computer simulations are set up as follows. The ray trace model of the inter-

ferometer generates a set of opd samples. The set of ray directions that is used is

the one shown by Figure 5.2(a). The set of opd samples, shown by Figure 5.3 for

various axial array positions, is the input for a fit algorithm to compute an esti-

mate of the opd function, as described by Section 5.6.

The next step is to determine with the help of that opd function a set of posi-

tions at which

, (5.9)

where n is an integer. At these positions, the functions C(x, y) and S(x, y) will be

of the same order of magnitude. As a consequence, the calculation of M(x, y) and
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∆OPD(x, y) will be less sensitive to computation noise. The set of positions is

constructed by starting with the positions of the opd samples and moving along

the y axis in the negative direction until condition (5.9) is met.

At these positions, samples of the modulation function M(x, y) and the opd
error ∆OPD(x, y) are computed numerically on the basis of (5.4)–(5.7) and the fit-

ted opd function. Figure 5.11 shows examples of the sampled M(x, y) and

∆OPD(x, y) functions.

The computations are repeated for various detector widths, various detector

heights and various axial array positions. For every combination of these parame-
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Figure 5.10 A one-dimensional example to show the influence of the detector height h
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ters, we determine the minimum value of the samples of M(x, y) and the rms val-

ue of the samples of ∆OPD(x, y). The results are shown in Figure 5.12.

The minimum values of M(x, y) will be used in Section 5.10.2 to compute the

snr of the detector signals. The rms value of the samples of ∆OPD(x, y) for a sin-

gle combination of the parameters, is taken as the estimate of the rms value of the

continuous function ∆OPD(x, y) for those parameter values. By linear interpola-

tion of the sample rms opd errors for various detector widths and heights at one

particular axial array position, we estimate the rms opd error as a function of the

detector width and height at that axial array position. This interpolation func-

tion is used to determine the detector sizes at which the rms opd error is equal to

30 pm, which is the allowable value of the rms opd error according to the error

budget in Section 5.1. These detector sizes are indicated by the contours in
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modulation depth M(x, y) and the merit function G(w, h), for various positions z of the

detector array. (a–c) z = 40 mm. (d–f) z = 60 mm. (g–i) z = 80 mm. 
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Figures 5.12(a), (d), and (g). Thus, these contours form the limits within which

the detector dimensions should be located.

5.10.2 Optimum detector size

In this section, we determine the optimum detector size for various axial posi-

tions of the detector array. The optimum detector size is defined as the detector

size for which the minimum snr of all detector signals is maximized. The bound-

ary condition is that the detector dimensions may not exceed the limits indicated

by the contours in Figures 5.12(a), (d), and (g). The reason for this choice is the

following. 

From the snr of a particular detector signal, we can compute the standard de-

viation of the single point opd error that is caused by the noise of that detector

signal. However, the total single point opd error is unknown, because the other

error contributions are unknown. Thus, the rms opd error due to all the single

point opd errors is also unknown. In conclusion, it is not possible to determine

the influence of the snr of all the detector signals on the rms opd error. As a

work around, we take a worst-case approach and take the minimum snr of all de-

tector signals and specify this as the snr of all detector signals. 

We assume that the noise of a detector signal is dominated by the shot noise

and we thus neglect the thermal noise and flicker noise caused by the detector. In

that case, the snr is [147]

, (5.10)

where Η is the quantum efficiency, h is Planck’s constant, Ν is the optical frequen-

cy (expressed in Hz), Pm is the amplitude of the varying part of the optical pow-

er, P0 is the time averaged optical power, and D is the electrical bandwidth

(expressed in rad s–1). Using (5.8) to determine Pm and P0 leads to the conclusion

that the snr is directly proportional to 

. (5.11)

In good approximation, the reference and the object beams are spherical. The

irradiance of these beams is thus inversely proportional to the square of the axial

array position z. The area A of the detector is equal to its width w times its height

h. Thus the minimum value of the snr of all detector signals is directly propor-

tional to the merit function G(w, h), which is defined as

. (5.12)

As a consequence, maximization of this merit function corresponds to the

maximization of the minimum snr of all detector signals, i.e. the goal as defined

at the start of this section. Figures 5.12(c), (f), and (i) show this merit function for
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various axial array positions within the ranges of allowed detector sizes.

Figure 5.13(a) shows for the various axial array positions the maximum values of

G(w, h). Figure 5.13(b) shows for those maxima the detector widths and heights.

Figure 5.13(c) depicts the function w h/z2—which is the solid angle subtended by

the detector area—and the minimum value of modulation function M(x, y) is il-

lustrated in Figure 5.13(d).

In Section 5.11, the simulation results in Figure 5.13 will be evaluated.

5.11 Discussion and conclusions

As explained in Section 5.3, we will choose in this section

• the axial array position and

• the number of detectors.

These choices directly lead to the following specifications for the geometry of the

detector array:

• maximum allowed single point opd error,

• maximum allowed in-plane position error,

• maximum allowed out-of-plane position error,

• dimensions of the detectors,

• dimensions of the detector array.

It should be stressed that in the preceding sections only certain limits have

been determined on the basis of the error budget. These limits do not lead to an

optimum configuration, they only define the space within which the optimum

configuration is located. As a consequence, our choices will not be indisputable. 
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The choices of z and the number of detectors are discussed in Sections 5.11.1
and 5.11.2, respectively. Section 5.11.3 presents the resulting specifications for the

geometry of the detector array. 

5.11.1 Choosing the axial array position

From the simulation results in Figures 5.5 and 5.6, it is clear that increasing the

distance z between the fibre tip plane and the detector array has two advantages.

These advantages are that an increase of z (i) leads to a lower sensitivity of the

rms opd error to out-of-plane position errors, and (ii) the required minimum

number of detectors is reduced. Increasing the distance z also has a disadvantage:

the array size increases as can be seen in Figure 5.4(a), which makes it more diffi-

cult to (i) manufacture the detector array and (ii) keep control of the out-of-

plane position errors. We will weigh these advantages and disadvantages of in-

creasing the axial position against each other. 

Figure 5.5(b) shows that the allowable p–v out-of-plane position error varies

between 0.28 and 0.66 µm for 50 < z < 80 mm. Figure 5.4(a) shows that the array

dimensions vary between 12 � 5 mm and 19 � 8 mm for 50 < z < 80 mm. For a

solid judgement on the feasibility of attaining such out-of-plane position errors

for these array sizes, we have to conduct research on wafer thickness variations, of

the thickness variations added by the manufacturing of the detector arrays, of the

unflatness introduced by mounting the wafer on a substrate, of the substrate flat-

ness, of the influence of temperature gradients on the substrate and the wafer. In

addition, it is likely that we can correct for systematic out-of-plane position er-

rors by means of calibration. This possibility would also have to be studied. 

However, for the time being, with our limited knowledge of all these aspects,

we estimate that p–v unflatness values within the range from 0.28 µm to 0.66 µm

(which corresponds to a range of p–v surface figure errors from Λ/2 to Λ) are at-

tainable for the mentioned array dimensions. We conclude that the considera-

tions on the out-of-plane position errors do not lead to a preferred z value. 

A consideration to restrict the value of z and thus the detector size is the follow-

ing. If a custom-made detector array has to be manufactured (see the discussion

in Section 6.3.4 on commercially available versus custom-made detector arrays),

then the most likely production facility is dimes [148]. This facility is standard-

ized on dye sizes of 10 � 10 mm. A detector array which is larger than one dye, has

to be made out of a pattern of dyes next to each other. Connections between dif-

ferent dyes require special, complex bonding techniques. This is a reason to keep

the number of dyes small. 

As can be seen from Figure 5.4(a), for a z of 40 mm, the array size is about

10 � 4 mm, thus one dye would be sufficient. For a z value between 50 and

80 mm, the array size is smaller than 20 � 10 mm, thus two dyes next to each oth-

er are needed. For larger z values, even more dyes (one row of three dyes or two

rows of three dyes) are needed. Therefore, it is sensible to only consider z values

for which the dyes are used effectively, like z =40 mm and z = 80 mm. 
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At z = 40 mm, the minimum number of detectors is much larger than for

z = 80 mm, as shown by Figure 5.6. In addition, the merit function, and thus the

snr of the detector signal, at z = 80 mm is about 40% larger than at z = 40 mm,

as can be seen in Figure 5.13(a). We consider this increase in snr of the detector

signals to be important, because reaching the required snr will be one of the ma-

jor challenges in realizing the novel interferometer, as will become clear in

Section 6.3. Thus, the position z = 80 mm is preferred to z = 40 mm. 

If choosing a z value larger than 80 mm is advantageous is not clear. The disad-

vantage is that it increases the number of dyes needed to 3 or 6, while the snr
does not increase, see Figure 5.13(a). An advantage of choosing a z larger than

80 mm could be that the number of detectors can be decreased without increas-

ing the sensitivity of the rms opd error to single point opd errors or in-plane po-

sition errors. We do not expect that this will lead to a significant decrease in

detectors, because the general characteristics of the opd shape do not change

much if the z value is changed around z = 80 mm in comparison with a change

around z = 40 mm, as is shown in Figure 5.4. 

Furthermore, with our present knowledge we can not estimate to what extent

the complexity of the array manufacturing is reduced by a decrease in the

number of detectors of, for example, 24 � 24 to 16 � 16. 

Based on all the mentioned considerations, we choose a z value of 80 mm. 

5.11.2 Choosing the number of detectors

The choice of the number of detectors is not well-defined either, because of the

same reason: yet it is unknown what the impact is of an increase or decrease in

the number of detectors on the complexity of the array fabrication. For the mo-

ment, we choose a number of 24 � 24 detectors.

5.11.3 Specifications for the geometry of the detector array

The consequences of these choices of z and the number of detectors for other ar-

ray specifications, such as the detector and array dimensions, are listed in

Table 5.1.  

5.11.4 Feasibility of the specifications

The number of detectors, the detector size, the detector array size, the allowable

rms single point opd error, and the value of the merit function G(w, h) will be

discussed in detail in Section 6.3. 

The allowable p–v out-of-plane position error was discussed in Section 5.11.2. 

The allowable rms in-plane position error is specified as 4 nm. The feasibility

of controlling the in-plane position errors to this level depends on the accuracy

with which we can measure the in-plane positions of the registration marks on

the wafer in the vicinity of the detectors, as explained in Section 5.9. These posi-

tions can be measured by a wafer inspection system, such as the one sold by Leica

[146]. The accuracy of the measurement of xy coordinate pairs, expressed as a 3Σ
value, is specified by the vendor to be ! 12 nm. This corresponds to the single Σ
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value of 4 nm listed in Table 5.1. Thus, the accuracy of such an inspection system

seems to exactly fit our requirement. 

Apart from the question if we are able to determine the positions of the refer-

ence marks with sufficient accuracy, it remains to be seen if we can determine the

centre of gravity of each detector in relation to the reference marks with the spec-

ified accuracy of 4 nm. 

Table 5.1 Specifications for the geometry of the detector array.

Axial array position z 80 mm

Number of detectors Nx � Ny 24 � 24

Detector size w � h 36 � 11 µm2

Detector array size w � h 19 � 8 mm2

Allowable rms single-point opd error 110 pm

Allowable rms in-plane position error 4 nm

Allowable p-v out-of-plane position error 0.65 µm

Maximum value of the merit function G(w, h) 27 � 10–9
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6 Light source and detection systems

In the preceding chapters, we were mainly concerned with the geometrical as-

pects of the novel interferometer. Chapter 4 discussed the geometry of the optical

system and Chapter 5 described the geometry of the two-dimensional detector ar-

ray. From the geometrical point-of-view, the light source system and detection

system are separate systems, which are positioned at the entrance and at the exit

of the optical system, respectively. This view is reflected by the use of the terms

‘light source system’ and ‘detection system’, as if they are independent systems. 

The function of the light source and detection systems is to sample the opti-

cal path difference (opd) function at the detection plane, such that the opd func-

tion can be reconstructed, as illustrated in Figure 5.1. Thus, from a functional

point-of-view, the light source and detection systems are parts of an integrated

system in which particular opd measurement methods are implemented. In this

chapter, we are concerned mainly with that function of the systems. Hence, an

appropriate subtitle for this chapter would have been ‘Implementation of opd
measurement methods’. 

As described in Section 3.4, we propose to use two different opd measure-

ment methods, i.e. phase modulation (pm) for the opd modulo Λ measurement

and frequency modulation (fm) for the absolute opd measurement, and to com-

bine them by frequency multiplexing. In Section 3.4, we presented a description

of these two methods only, we did not describe the alternative opd measurement

methods, nor did we motivate our choice for the two methods. This chapter de-

scribes and evaluates all potential methods. From that evaluation, it will become

clear why we favour the mentioned pm and fm methods. However, this chapter

not only motivates our preferences, it also describes the pm subsystem and fm
subsystem in more detail than Section 3.4 did. 

The evaluation of the potential opd measurement methods is based on a top-

down design approach. We start in Section 6.1 with a characterization of the opd
functions that have to be sampled. From this characterization, a set of specifica-

tions for the opd measurement methods is derived. 

Section 6.2 presents the potential opd measurement methods. At the end of

Section 6.2, we are able to motivate our choice for the pm method. However, at

that point our choice for the fm method, at the expense of alternatives, is not yet

clear. That choice is based on the ease of integration of the fm method or the al-

ternatives with the pm method. 

The ease of integration greatly depends on the two-dimensional detector ar-

ray with its integrated electronics, because that component has to be shared by
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the measurement methods. Therefore, we will discuss in Section 6.3 in detail the

type of detector array that is required for the pm method. 

Based on the details of the detector array needed for the pm method, we will

determine in Section 6.4 which methods for the absolute opd measurement can

be used. We will conclude that section with our choice for the fm method. 

Section 6.5 evaluates the various types of frequency shifters that can be ap-

plied in the pm and fm subsystems and one of these types is chosen. 

Based on the details of the implementation of the pm method described in

Sections 6.3 and 6.5, Section 6.6 will present a model of the pm subsystem. This

model is used to derive specifications for various noise sources in that subsystem,

such as signal generators. 

The conclusions of this chapter will be presented in Section 6.7. 

Readers who are only interested in the details of the implementation of the pm
and fm methods, not in the evaluation of the alternative methods, are advised to skip

Sections 6.1, 6.2, and 6.4 (with a total length of about 30 pages) and to read

Sections 6.3 and 6.5–6.7 only (with a total length of about 30 pages). 

6.1 Characterizations of the opd function

This section will derive several general characteristics of the opd functions that

have to be measured if the euvl mirror substrates listed in Table 1.6 are tested. As

was done several times before, we assume that these mirror substrates are perfect,

i.e. their actual figures are equal to their nominal figures. On the basis of these

characteristics, we will decide in Sections 6.2–6.4 which light source and detec-

tion systems to use. The characteristics are

• range of the opd function (i.e. its peak-to-valley value)

• maximum derivative of the opd function in a lateral direction,

• lateral extent of the opd function. 

For the derivation of these characteristics, we have to describe the setup of the

optical system.

On first sight, it may seem strange that this section describes the optical sys-

tem and characterizes the opd functions, because the optical system was already

discussed in Section 3.1 and Chapter 4, and the opd function was already dis-

cussed in Section 3.1 and Chapter 5. However, these descriptions focused on one

single particular interferometer setup, namely the one in Figure 3.3 for testing the

first mirror of the design by Jewell. We do not want to base our choice of the light

source and detection systems on that single example. Therefore, our choice will

be based on characterizations of the opd functions that have to be measured if the

various euvl mirror substrates are tested. As a consequence, we first have to dis-

cuss the setup of the optical system, as well as to derive the characteristics of the

opd functions to be measured.

6.1.1 Setup of the optical system

In order to derive the characteristics of the opd functions, we have to determine

the setup of the optical system for each of the euvl mirror substrates. First, the
176 Light source and detection systems



position and orientation of the substrates are discussed. Subsequently, the posi-

tions of the fibre tips and of the detection plane are determined. The latter posi-

tions are described in separate sections.

We position the substrate under test as follows. First, the substrate is translat-

ed such that the centre of the reference sphere that minimizes the asphericity

slope—as described in Section 1.5.3—is positioned at the origin M of an orthogo-

nal set of axes x, y, z, as illustrated in Figure  6.1(a). Subsequently, the substrate is

rotated around this origin, such that the average of the surface normal over the

footprint is parallel to the z-axis, as illustrated in Figure 6.1(b). (The average sur-

face normal is estimated by first determining the surface normals at a large

number of points at the footprint and subsequently determining the average di-

rection.) 

Position of the fibre tips in relation to the substrate under test

We want to position the object fibre tip as closely as possible to the origin M, be-

cause then the astigmatism of the reflected object beam is minimized. We also

want to position the reference fibre tip as closely as possible to M, because that re-

duces the variation of the opd function over the detection plane and thus the

fringe density of the interference pattern. 

The distance between the fibre tips and the origin M is the sum of two contri-

butions:

• beamwaist radius of the reflected object beam,

• minimum distance between a fibre tip and the beamwaist.

These contributions will be discussed in the next sections. 

Beamwaist radius

First, we discuss the beamwaist radius of the reflected object beam, which is de-

fined as the radius of the circle with its centre at M that encloses the cross section

of the reflected object beam at the xy-plane, if the object point source is located at

the origin M. This is shown in Figure 6.2. 

Because we have chosen the reference sphere for which the asphericity slope

over the footprint is minimized, the beamwaist radius is also minimized, on con-

dition that we only take into consideration the part of the object beam that is re-

flected by the banana shaped footprint of the substrate, and not the part that is

reflected by the substrate surface outside this footprint. 
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Figure 6.1  (a) The first mirror of the

Jewell design, which is also shown in

Figure 3.2, as an example of a mirror un-

der test. The average surface normal is n.

The centre of the reference sphere is locat-

ed at the origin M. (b) The rotated mirror

under test. The average surface normal n is

parallel to the z-axis. 
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177 Characterizations of the OPD function



We determine the beamwaist radius with a geometrical (i.e. ray-trace based)

model. According to this model, the beamwaist radius is equal to the maximum

asphericity slope times the radius of the reference sphere times two. The values

for the maximum asphericity slope and the radius of the reference sphere were

listed in Table 1.6. The computed values of the beamwaist radius for the various

euvl mirror substrates are listed in Tables 6.1 and 6.2. These values can be consid-

ered to be estimates of the minimum values of the beamwaist radii, because in re-

ality the radii will be larger, for a number of reasons. 

First of all, the geometrical model does not take into consideration diffrac-

tion effects, such as the Gaussian beam profile and the diffraction at the edge of

the substrate—resulting in an Airy pattern intensity distribution, if the substrate

would be spherical and have a circular aperture and the intensity distribution of

the illuminating object beam would be uniform [48]. 

Second, the model only takes into consideration the rays that are reflected by

the banana shaped footprint. Because the illuminating object beam is a circular

beam with a Gaussian profile, parts of the substrate outside the footprint will be

lit, as illustrated in Figure 3.2(b). Rays reflected by these parts could enlarge the

beamwaist radius, depending on the asphericity slope of these parts. This can be

prevented by polishing these parts in such a way that the asphericity slope is min-

imal. 

Third, we have assumed that the mirror substrates are perfect. Hence, mid–

and high–spatial frequency surface height deviations are not taken into consider-

ation. In reality, these deviations will lead to an increase of the beamwaist radius. 

Finally, the beamwaist values are calculated for the case that the object point

source is located at M, thus in the centre of the beamwaist. In reality, this point

source will be located next to the beamwaist, thus introducing some astigmatism,

which leads to an increase of the beamwaist radius. 

Minimum distance between a fibre tip and the beamwaist

A number of factors determines the minimum distance between a fibre tip and

the waist of the reflected object beam:

• dimensions of the mounts of the fibre tip,

• na of the reflected object beam,

• presence of a spatial filter.

The minimum thickness of the mount of the fibre tip is determined by the

thickness of the fibre itself. A typical value for the radius of a single mode fibre

with cladding is 155 µm. The length of the mount is determined by the smallest

radius with which the fibre can be bent. And the combination of the thickness

and length of the mount, and the na of the reflected object beam determines the

minimum distance to the beamwaist. 

Note that the mount of the fibre tip has to comprise several mirrors, which

are used to determine the position of the fibre tip. This can put limits on the min-

imum thickness of the mount. 

In addition, we should consider the possibility of placing a spatial filter (i.e. a

screen with a hole) in the reflected beam at the xy-plane, such that the beam de-

formations introduced by the mid– and high–spatial frequency surface height de-
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viations are filtered out. The lateral extent of the mount of such a spatial filter will

lead to an increase in the minimum distance between the fibre tips and the

beamwaist. 

Conclusions

As described in the previous sections, the minimum distance between the fibre

tips and M is the sum of the beamwaist radius values listed in Table 6.1 or 6.2 and

the radius of the fibre of 155 µm. The values of all the quantities listed in Table 6.1
are based on this estimation of the minimum distance between the fibre tips and

M. 

In reality, the distance between the fibre tips and M will be larger due to the

mentioned factors. We do not estimate the effect on the distance of all these fac-

tors separately. Instead, we estimate that due to all these factors together, a realis-

tic value of that distance is the sum of the beamwaist radius—as listed in

Tables 6.1 and 6.2—and 5 mm. The values of all the quantities listed in Table 6.2
are based on this estimation of the distance between the fibre tips and M.

Position of the detection plane in relation to the substrate under test

To facilitate the beam propagation simulations with which the figure of the sur-

face under test is determined, the detection plane should be located outside the

caustic region, as described in Section 3.3.1. However, we do not analyse for each

euvl mirror substrate where the caustic region ends. Instead, we choose to posi-

tion the detection plane such that the lateral extent of the projected footprint is

36 mm. This particular value is chosen for the following reason. 

The most common and widely used detection systems in interferometers are

based on ccd sensors. Due to the limited number of pixels of these ccd sensors,

the applicability of such detection systems in our novel interferometer is ques-

tionable. To show this, we will base our computations on the ccd sensor with the

highest number of pixels that is commercially available: a model of Kodak with

4096 � 4096 pixels [138]. The dimensions of the sensitive area of this sensor are

36 � 36 mm. 

Based on the condition that the lateral extent of the projected footprint

should be 36 mm, we determine the positions of the detection plane for the vari-

ous euvl mirror substrates. The distances between the origin M and the detec-

tion plane are listed in Tables 6.1 and 6.2. 

6.1.2 Characterization of the opd function

Based on the setup of the optical system described in the previous section, we

compute the opd function at the detection plane for the various euvl mirror

substrates with a ray-trace program written in Mathematica [44]. Subsequently,

we determine the peak-to-valley values and the maximum derivatives of these

opd functions in the lateral directions over the projected banana shaped foot-

prints. These values are listed in Tables 6.1 and 6.2.   

From the numbers in Table 6.2, we conclude that a realistic estimate of the

maximum value of the p–v value is 2 mm and a realistic estimate of the maxi-

mum value of the opd derivative is about 0.1. Even if the distance between the fi-
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Table 6.1 Characteristics for the setup of the novel interferometer (the radius of the beamwaist of the reflected object beam, the dis-

tance between the fibre tips and the detection plane), of the opd function at the detection plane (the peak-to-valley value and the maxi-

mum derivative in the lateral directions), and of the specifications for ccd sensors (the required pixel density, the maximum pixel size,

and the required number of pixels in one direction). The surfaces under test are the euvl mirror substrates as listed in Table 1.6. A nega-

tive value for the beamwaist radius or the detection plane distance indicates that the mirror is convex. The width of the ccd sensor is as-

sumed to be 36 mm, the wavelength is taken to be 632.8 nm, and the distance between the fibre tips and the beamwaist of the reflected

object beam is assumed to be 155 µm. The values listed in Table 6.2 are based on a distance of 5 mm, instead of 155 µm. 

Title Mirror
no.

Beamwaist
radius

Det. plane 
distance

p–v opd Max. opd 
derivative

Required 
pixel density

Max. 
pixel size

Number 
of pixels

[mm] [mm] [µm] [10–3] [mm–1] [µm]

braat5 1 2.42 145 387 34.5 327 3.1 11775

2 –0.36 –508 8 1.7 16 61.7 584

3 0.11 75 33 5 48 20.9 1723

4 –0.06 –127 54 2.2 21 47.2 763

5 0.12 79 80 4.6 43 23.1 1560

braat6 1 5.3 150 197 71.6 678 1.5 24425

2 23.94 1374 1705 35 331 3 11930

3 –2.41 –280 290 17.7 168 6 6047

4 1.08 86 140 26.8 254 3.9 9133

5 –0.62 –195 70 6.7 64 15.6 2304

6 0.16 73 169 6.4 61 16.5 2180

bruning 1 1.61 309 83 10.9 104 9.7 3728

2 –0.69 –328 51 4.7 44 22.5 1597

3 0.21 168 85 3.4 32 31 1162

jewell 1 0.79 130 137 13.4 127 7.9 4578

2 –0.04 –144 32 1.6 15 66 546

3 0.05 1501 5 0.2 2 642 56

4 0.1 153 46 2.4 22 44.8 804

shafer 1 –2.45 –832 53 6 57 17.4 2065

2 0.78 241 126 7.1 67 14.8 2426

3 –0 –280 20 0.6 5 181.9 198

4 0.12 161 59 2.4 23 43.9 820
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bre tips and M is equal to the minimum value, then the p–v value will be about

1.7 mm and the maximum value of the opd derivative will be about 35 � 10–3, as

can be seen in Table 6.1.
We assume that the light source system can adjust the opd between the refer-

ence and object beams before they are coupled into the fibres, such that the opd
function at the detection plane varies around zero (this will be explained in

Section 6.3.3). In addition, we take a safety margin and assume that the p–v value

of the opd variation over the detection plane is 3 mm. Thus, the required range of

the opd measurement stretches from 

–1.5 mm to 1.5 mm.

6.2 Evaluation of potential opd measurement methods

This section evaluates the potential opd measurement methods and their applica-

bility for the novel interferometer, based on a number of specifications. In

Chapter 5, we already determined several specifications for the detection system,

especially for the detector array. These specifications were summarized in

Table 5.1. One of these specifications is that the opd accuracy should be 110 pm.

This number is based on the specific setup of the novel interferometer as de-

scribed in Chapter 5, as well as on the chosen number of detectors, as can be seen

in Figure 5.7. Although the accuracy of 110 pm is thus related strongly to this par-

ticular setup and the chosen number of detectors, we will use this number

(rounded to 0.1 nm) as our objective. In Section 6.1, additional specifications for

william 1 0.72 129 215 12.4 118 8.5 4249

2 –0.05 –409 18 0.6 6 166.4 216

3 0.7 474 17 3.3 31 32.3 1115

4 0.28 154 21 4.7 44 22.5 1597

5 –0.83 –183 224 10 95 10.6 3402

6 0.17 82 84 5.7 54 18.6 1932

Table 6.1 Characteristics for the setup of the novel interferometer (the radius of the beamwaist of the reflected object beam, the dis-

tance between the fibre tips and the detection plane), of the opd function at the detection plane (the peak-to-valley value and the maxi-

mum derivative in the lateral directions), and of the specifications for ccd sensors (the required pixel density, the maximum pixel size,

and the required number of pixels in one direction). The surfaces under test are the euvl mirror substrates as listed in Table 1.6. A nega-

tive value for the beamwaist radius or the detection plane distance indicates that the mirror is convex. The width of the ccd sensor is as-

sumed to be 36 mm, the wavelength is taken to be 632.8 nm, and the distance between the fibre tips and the beamwaist of the reflected

object beam is assumed to be 155 µm. The values listed in Table 6.2 are based on a distance of 5 mm, instead of 155 µm. 

Title Mirror
no.

Beamwaist
radius

Det. plane 
distance

p–v opd Max. opd 
derivative

Required 
pixel density

Max. 
pixel size

Number 
of pixels

[mm] [mm] [µm] [10–3] [mm–1] [µm]
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Table 6.2 Characteristics for the setup of the novel interferometer (the radius of the beamwaist of the reflected object beam, the dis-

tance between the fibre tips and the detection plane), of the opd function at the detection plane (the peak-to-valley value and the maxi-

mum derivative in the lateral directions), and of the specifications for ccd sensors (the required pixel density, the maximum pixel size,

and the required number of pixels in one direction). The surfaces under test are the euvl mirror substrates as listed in Table 1.6. A nega-

tive value for the beamwaist radius or the detection plane distance indicates that the mirror is convex. The width of the ccd sensor is as-

sumed to be 36 mm, the wavelength is taken to be 632.8 nm, and the distance between the fibre tips and the beamwaist of the reflected

object beam is assumed to be 5 mm. The values listed in Table 6.1 are based on a distance of 155 µm, instead of 5 mm. 

Title Mirror
no.

Beamwaist
radius

Det. plane 
distance

p–v opd Max. opd 
derivative

Required 
pixel density

Max. 
pixel size

Number 
of pixels

[mm] [mm] [µm] [10–3] [mm–1] [µm]

braat5 1 2.42 145 857 67.9 644 1.6 23170

2 –0.36 –508 92 11.3 107 9.4 3840

3 0.11 75 606 69.4 658 1.5 23689

4 –0.06 –127 1054 40.5 384 2.6 13815

5 0.12 79 1968 65.7 623 1.6 22410

braat6 1 5.3 150 405 103.7 984 1 35411

2 23.94 1374 2019 38.5 365 2.7 13133

3 –2.41 –280 614 35 332 3 11943

4 1.08 86 629 82.9 786 1.3 28281

5 –0.62 –195 842 31.5 299 3.3 10767

6 0.16 73 2182 72.8 690 1.4 24850

bruning 1 1.61 309 318 26.6 252 4 9080

2 –0.69 –328 480 19.4 184 5.4 6632

3 0.21 168 945 32.3 306 3.3 11021

jewell 1 0.79 130 690 50.6 480 2.1 17281

2 –0.04 –144 769 35.3 334 3 12034

3 0.05 1501 119 3.4 32 31.1 1158

4 0.1 153 771 34.1 323 3.1 11625

shafer 1 –2.45 –832 126 11.9 113 8.9 4052

2 0.78 241 587 27.2 258 3.9 9283

3 –0 –280 633 17.9 170 5.9 6113

4 0.12 161 915 32.6 309 3.2 11117
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the opd functions were derived, such as the required range of the opd measure-

ment, which is 3 mm. 

Section 6.2.1 will present an overview of the potential opd measurement

methods. The methods in this overview will be discusses in detail in

Sections 6.2.2–6.2.6. Section 6.2.7 draws conclusions about the applicability of the

various methods for the novel interferometer. 

6.2.1 Overview of potential opd measurement methods

In interferometry, we distinguish between two groups of methods to measure the

opd. The first group measures the opd modulo Λ, the second group consist of

methods that measure the absolute opd. Note that these methods do not, in gen-

eral, measure the real absolute opd. Instead, they measure the opd plus some

constant which will be the same for all detectors in the detection plane, and is

therefore of no importance to us. 

Of all the absolute opd measurement methods, no single method can meas-

ure the opd with an accuracy of 0.1 nm within a range of 3 mm. Therefore, we

have to use a combination of an opd modulo Λ measurement method and an ab-

solute opd measurement method. Combining the measurement results of both

methods is sometimes called ‘phase unwrapping’, because we can interpret it as if

the non-ambiguity range of the opd modulo Λ measurement is ‘unwrapped’ with

the help of the absolute opd measurement. 

In addition to the distinction between ‘opd modulo Λ’ and ‘absolute opd’

methods, we distinguish between methods that are based on spatial information

and on temporal information. For the ‘opd modulo Λ’ methods, this means a dis-

william 1 0.72 129 1041 50 474 2.1 17074

2 –0.05 –409 437 12.5 118 8.4 4264

3 0.7 474 113 13.5 128 7.8 4601

4 0.28 154 249 36.2 343 2.9 12359

5 –0.83 –183 982 36.5 346 2.9 12460

6 0.17 82 1873 64.7 613 1.6 22077

Table 6.2 Characteristics for the setup of the novel interferometer (the radius of the beamwaist of the reflected object beam, the dis-

tance between the fibre tips and the detection plane), of the opd function at the detection plane (the peak-to-valley value and the maxi-

mum derivative in the lateral directions), and of the specifications for ccd sensors (the required pixel density, the maximum pixel size,

and the required number of pixels in one direction). The surfaces under test are the euvl mirror substrates as listed in Table 1.6. A nega-

tive value for the beamwaist radius or the detection plane distance indicates that the mirror is convex. The width of the ccd sensor is as-

sumed to be 36 mm, the wavelength is taken to be 632.8 nm, and the distance between the fibre tips and the beamwaist of the reflected

object beam is assumed to be 5 mm. The values listed in Table 6.1 are based on a distance of 155 µm, instead of 5 mm. 

Title Mirror
no.

Beamwaist
radius

Det. plane 
distance

p–v opd Max. opd 
derivative

Required 
pixel density

Max. 
pixel size

Number 
of pixels

[mm] [mm] [µm] [10–3] [mm–1] [µm]
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tinction between methods based on intensity variations as a function of the later-

al coordinates x and y of the detection plane, and methods based on intensity

variations at one detector position (x, y) as a function of time. For the ‘absolute

opd’ methods, this means a distinction between methods based on the variation

of the opd modulo Λ value from detector to detector, and methods based on in-

tensity variations at one detector position (x, y) as a function of time. We have to

stress that the methods based on spatial information are intrinsical multi-point

methods, whereas the methods based on temporal information can function with

a single detector. However, they can be extended to a multi-point system. 

Historically, there has always been a distinction between interferometric

methods used in interferometers for figure measurement (which record a lateral-

ly extended fringe pattern) and in distance or displacement measurement inter-

ferometers (which measure the opd at a single point). We do not want to make

this distinction, in order not to exclude useful combinations of techniques from

both fields. 

Of all the interferometric measurement methods, we only consider the ones

for which the interferometer setup is static, i.e. the substrate under test, the fibre

tips, and the detector array do not have to be moved. These methods are classi-

fied according to the distinctions described above and listed in Table 6.3. We do

not want to discuss all the methods in detail. Detailed descriptions can be found

in the references listed in Table 6.3. 

Section 6.2.2 evaluates the methods based on spatial information. An over-

view of the methods based on temporal information will be presented in

Section 6.2.3. Some of these methods will be described in more detail in

Sections 6.2.5–6.2.6. Conclusions about the applicability of the various methods

will be drawn in Section 6.2.7. 

6.2.2 Methods based on spatial information

This section describes the methods that are based on spatial information: first the

methods to measure the opd modulo Λ and subsequently the methods to measure

the absolute opd. An important topic in this discussion is the fringe density. 

Measurement of the opd modulo Λ
The methods for measuring the opd modulo Λ, such as spatial synchronous de-

tection [104][105][128] and Fourier methods [128] are based on determining the

position of the fringes in the interference pattern. That requires that the lateral

resolution of the detection system is such that all fringes can be resolved. In addi-

tion, the position of the fringes has to be determined with a certain accuracy such

that the opd accuracy is 0.1 nm. This requires at least four samples (probably

much more) per spatial period of the fringe pattern. 

Because we do not know beforehand in which direction the fringes are orient-

ed, and we do not know where the smallest fringe periods are located, the sample

density at the detection plane should be six samples per smallest spatial period.

The smallest spatial period is determined by the maximum opd derivative. The

maximum values for the opd derivatives are listed in Tables 6.1 and 6.2. Assum-

ing a wavelength of 632.8 nm, these values are used to compute the highest fringe
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density. By multiplying this highest fringe density by six, we get the required sam-

ple density (referred to as the required pixel density in Tables 6.1 and 6.2). Based

on the lateral extent of the projected footprint of 36 mm, this leads to the re-

quired number of pixels in one direction. 

For most euvl mirror substrates, this number of pixels is much larger than

the maximum of 4096 pixels of today’s state-of-the-art ccd sensors [138], as can

be seen in Table 6.2. Even with the most optimistic estimate of the distance be-

tween the fibre tips and M, which leads to a reduction of the maximum opd de-

rivatives, the required number of pixels is still too large for a considerable

number of euvl mirror substrates, as can be concluded from the numbers listed

in Table 6.1. 
Because we do not consider the possibility of manufacturing a detection sys-

tem with a larger number of detectors ourselves as feasible, we conclude that the

methods for determining the opd modulo Λ based on spatial information are not

useful. Consequently, the opd modulo Λ has to be determined with a method

based on temporal information. These methods will be discussed in Section 6.2.3. 

Measurement of the absolute opd
Methods for determining the absolute opd based on spatial information, are nor-

mally called spatial phase unwrapping algorithms. To determine the absolute opd
at a single detector, they rely on the opd modulo Λ values at neighbouring detec-

tors. Two spatial phase unwrapping algorithms exist. The first, most widely used

algorithm searches for opd jumps of Λ/2 (which is equivalent to phase jumps of

Table 6.3 Existing opd measurement methods, classified by the measurement result and by the information that is used. 

Measurement result Information used Method

• opd modulo Λ • Spatial information • Spatial synchronous detection [104][105][128]

• Fourier methods [128]

• Temporal information • Synchronous detection [128]

• Phase shifting interferometry (psi) [128]

• Zero-crossing detection [128]

• Heterodyne interferometry [128][150]

•  Absolute opd • Spatial information • Common phase unwrapping [128]

• Sub-Nyquist interferometry (sni) [128]

• Temporal information • White light interferometry (wli)

• Two-wavelength interferometry (twi) [118]

• Multiple-wavelength interferometry (mwi) [118]

• Frequency modulation interferometry (fmi) [180]–[189]
185 Evaluation of potential OPD measurement methods



Π) between the opd modulo Λ values at neighbouring detectors. This algorithm,

which is described in [128], has no special name. We will refer to it a the ‘com-

mon phase unwrapping algorithm’. The second algorithm, called sub-Nyquist

interferometry [128], not only determines opd jumps between neighbouring sam-

ples, but also takes into account the derivative of the opd function. 

The applicability of both algorithms will be discussed below. 

Common phase unwrapping algorithm

If this phase unwrapping algorithm is to be used, then the difference in the opd
modulo Λ between two neighbouring samples has to be smaller than Λ/2. There-

fore, the distance between two detectors should be smaller than the Λ/2 times the

maximum derivative of the opd function. In other words, we should have at least

two detectors per fringe. 

We assume that the grid of detectors is rectangular. Because the orientation of

the fringes does not necessarily have to be equal to the orientation of the grid of

the ccd sensor, the pixel density should at least be 21/2 as large, thus 2.8 pixels per

fringe period. This is a minimal requirement, which does not take into considera-

tion noise and higher spatial frequency variations of the opd function. Therefore,

we again state that the minimum number of pixels is per fringe is six. Thus, the

values for the required pixel density and the number of pixels, as listed in

Tables 6.1 and 6.2, apply. 

Thus, the required number of pixels for the common phase unwrapping algo-

rithm is larger than the number of pixels of the largest commercially available

ccd sensors. Consequently, we can not apply this algorithm.

Sub-Nyquist interferometry

Sub-Nyquist interferometry (sni) is an algorithm for which the number of pixels

per fringe can be smaller than for the common phase unwrapping algorithm, as

described in [128]. Just like that common algorithm, sni takes into consideration

the jumps in the opd modulo Λ function itself. In addition, it also takes into con-

sideration jumps in the derivative of this opd function. As a consequence, the re-

quired number of pixels is reduced. According to [128], by a factor of 20;

according to [149] by a factor of 10. 

With such a reduction, the number of pixels of the largest commercially avail-

able ccd sensors [138] (4096 � 4096) would be sufficient, see the values listed in

Tables 6.1 and 6.2. Therefore, we consider sni as a potential method for determin-

ing the absolute opd. 

6.2.3 Methods based on temporal information

In this section, we describe interferometric methods for measuring the opd mod-

ulo Λ and the absolute opd that are based on temporal information. As already

stated, these methods are intrinsical single point methods. Therefore, we not on-

ly have to consider their applicability at a single point, but also the extendibility

to a multi-point system. First, we will describe the methods to measure the opd
modulo Λ. Subsequently, methods for measuring the absolute opd will be dis-

cussed. 
186 Light source and detection systems



Single point measurement of the opd modulo Λ
Various methods exist to measure the opd modulo Λ at a single point from the

variations in the intensity (of the interference pattern) as a function of time: 

• synchronous detection [128],

• phase shifting interferometry [128],

• zero-crossing detection [128],

• heterodyne interferometry [128][150].

As concluded in Section 6.2.2, the measurement methods based on spatial infor-

mation can not be used. Therefore, one of these methods based on temporal in-

formation has to be chosen. 

Theoretically, all four methods can reach the required accuracy of 0.1 nm.

However, until now this accuracy has not been attained in practice. In addition,

the comparison between the accuracies of today’s state-of-the-art implementa-

tions of these methods is difficult, for the following reason. What we want to

know is the accuracy of the opd modulo Λ measurement at a single point for a

static measurement setup. In the literature on this subject, either static multi-point

systems (interferometers for figure measurement), or dynamic single point sys-

tems (interferometers for displacement measurement) are described. As a conse-

quence, we can not base our judgement of the applicability of the four methods

on accuracies that have already been achieved. 

We will base our choice of one of the four measurement methods on a com-

parison of the signal-to-noise ratios (snr) and the complexity of extending the

single point to a multi-point system. For this comparison, we will first discuss the

light source systems, including the mechanisms with which the phase difference is

varied in time (due to which the intensity varies in time). Subsequently, we de-

scribe the detection systems with which the phase difference is measured. 

Light source system

The light source system has two objectives: (i) generate a beam of which the

wavelength is sufficiently stable and accurately known, (ii) introduce a time vary-

ing phase difference 3Φl(t) between the reference and object beams. Note that this

phase difference 3Φl(t) is added to the phase difference 3Φ0 as measured at a de-

tector with a light source system that does not introduce an extra phase differ-

ence.

For the measurement of the opd modulo Λ with an accuracy of 0.1 nm within

a range of 3 mm, the relative error ∆Λ/Λ in the wavelength Λ should be smaller

than 3 � 10–8. Such a wavelength stability (or equivalently, frequency stability) can

be reached with He-Ne lasers locked to their Doppler profile [151], Zeeman-split

He-Ne lasers [153][154], He-Ne lasers locked to an absorption line of an I2 cell

[143]–[156], or with a Nd:yag laser locked to an absorption line of an I2 or Cs2 cell

[157]–[159]. 

The methods to introduce a time varying phase difference 3Φl(t) between the

reference and object beams can be divided into two groups:

• quasi-static methods (phase difference increases less than 10 � 2Π rad s–1),

• fast methods (phase difference increases more than 10 � 2Π rad s–1).
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We now define the modulation frequency Ωm(t) as the time-derivative of

3Φl(t),

. (6.1)

Thus, this frequency Ωm(t) is the frequency difference between the reference and

object beams. And it is also the frequency of the signal generated by the detector

at which the reference and object beams interfere. Because in most cases the fre-

quency Ωm(t) is constant in time, we will refer to it as Ωm. 

Quasi-static methods—such as phase shifting interferometry (psi)—are often

based on piezo actuators, whereas fast methods—generally referred to as ‘hetero-

dyne interferometry’—increase the phase difference with acousto-optical modu-

lators [160], rotating wave plates [161], the Zeeman split of a single longitudinal

mode of a laser [153][154], or by using two longitudinal modes of a laser

[162][163].

The accuracy with which the phase difference 3Φl(t) has to be introduced

should be higher than approximately 2Π/6000 (this corresponds to an opd modu-

lo Λ accuracy of 0.1 nm at a wavelength of 632.8 nm). Although challenging, it

seems that these accuracies can be reached with well-calibrated high-resolution

piezo actuators [164][165], as well as with acousto-optical modulators (see

Section 7.1 for the experimental verification). 

In conclusion, it is feasible to build light source systems of which the wave-

length Λ is sufficiently stable and accurate, and which can increase the phase dif-

ference either quasi-statically or fast with sufficient accuracy. 

Detection system

We consider various methods to measure the phase difference 3Φ0, for quasi-stat-

ically varying phase differences 3Φl(t) as well as for fast varying phase differences

3Φl(t). We first distinguish between analog and digital systems, i.e. continuous-

time and discrete-time systems. In addition, we can distinguish between time do-

main and frequency domain methods. Based on these distinctions, the existing

detection methods have been classified, as shown in Table 6.4.  

Zero-crossing detection determines the phase difference 3Φl(t) for which the

sum of 3Φ0 and 3Φl(t) is a multiple of 2Π, by determining the points at which the

analog detector signal crosses a certain reference level. The digital variant of zero-

crossing detection is fitting a curve to the samples of the detector signal and de-

termining the zero-crossing by interpolation. In the frequency domain, the phase

Table 6.4 Phase difference detection methods.

Time domain Frequency domain

Analog detector signal Zero-crossing detection Dual phase lock-in detection

Digital detector signal Curve fitting Fast Fourier Transform (fft)
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of the sampled detector signal can be determined with a fast Fourier transform

(fft) [166]. This corresponds to a measurement of the phase of the analog detec-

tor signal with a dual phase lock-in amplifier, which performs an analog Fourier

transform [167]. (Note that the detector signals can be band-pass filtered in the

time domain as well as in the frequency domain.) 

According to this classification, psi is a type of digital curve fitting. The accu-

racy depends on the number of samples to which the curve can be fitted, which

can be increased by increasing the number of ‘buckets’. Generally, the term ‘heter-

odyne interferometry’ only refers to fact that the phase difference 3Φl(t) is in-

creased fast. Hence, all four detection methods can be found in heterodyne

setups. 

We assume that the time-domain methods are inherently more accurate than

the frequency-domain methods. The reason is that dual phase lock-in detection

as well as fft methods first have to multiply the detector signal with a sine and a

cosine, integrate both signals over time, and determine the arc tangent of the ra-

tio of the integration results. Thus, this method is indirect and prone to noise.

Time domain methods, which determine the zero-crossings of the detector signal,

have a more favourable behaviour with respect to noise. Therefore, we will only

consider the time-domain methods. 

In addition to these inherent characteristics of the detection methods, their

accuracy is also determined by the frequency Ωm of the detector signal. With qua-

si-static systems, Ωm is smaller than 2Π � 10 rad s–1, whereas Ωm is larger than

2Π � 10 rad s–1 for fast systems. For example, Ωm is typically some tens of

Mrad s–1 if an acousto-optical modulator is used to introduce the frequency dif-

ference Ωm between the reference and object beams. As a consequence, quasi-stat-

ic systems are much more sensitive to 1/f amplitude noise than fast systems. 

Extensibility to multi-point systems

Quasi-static opd modulo Λ measurements require relatively low frequencies Ωm

(< 10 � 2Π rad s–1), whereas fast measurements require relatively high frequencies

(> 10 � 2Π rad s–1). Therefore, the extensibility of a quasi-static or fast single

point opd modulo Λ measurement system to a multi-point system, depends on

the range of frequencies Ωm that the detection system can handle. This will be

discussed in detail in Section 6.3.

Single point measurement of the absolute opd
Various methods exist for the measurement of the absolute opd:

• white light interferometry (wli),

• two-wavelength interferometry (twi), 

• multiple-wavelength interferometry (mwi),

• frequency modulation interferometry (fmi).

In wli, the opd is scanned within a range of several millimetres by introducing a

variable and well-known delay in the reference or object beam. At every detector

in the detection plane, the delay for which the opd = 0 is determined with the

help of the short coherence length of a white light source. These zero opd points

are used as references to determine the absolute opd at each detector. 
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In twi, the opd is measured at two different wavelengths. As a result, the

phase differences that correspond to the opd at these wavelengths differ from

each other. From the difference between these phase differences, the absolute opd
can be determined (within a limited non-ambiguity range). mwi is an extension

of twi, for which three or more wavelengths are used to enlarge the non-ambigu-

ity range in comparison with twi.
fmi was already introduced in Section 3.4.3. 

These methods will be discussed in detail in Sections 6.2.5–6.2.6.

6.2.4 White light interferometry

In wli, a light source with a broad spectrum is used. Such a light source has a

short coherence length, thus constructive interference will only occur if the opd is

nearly zero. The opd is scanned within a range of several millimetres by adding

an extra, well-known opd between the reference and object beams with a delay

line. The original ‘interferometer’ opd function will be referred to as OPDi(x, y),

where x and y are the lateral coordinates of the detection plane. We will refer to

the added opd, which is a constant in x and y, as OPDa. The total opd will be re-

ferred to as OPDt(x, y, OPDa), 

. (6.2)

At every detector in the detection plane, the OPDa for which

OPDt(x, y, OPDa) = 0 is measured, by detecting intensity fluctuations caused by

the white light interference. These OPDa values, the so-called zero opd (zopd)
values OPD0, are used to determine the absolute value of OPDi(x, y) at each de-

tector. To determine these absolute OPDi(x, y) values with an accuracy of 0.3 µm,

the zopd values should also be determined with an accuracy of 0.3 µm. 

The accuracy with which the zopd values can be determined depends on the

accuracy with which OPDa itself is measured, and the accuracy with which we

can determine that OPDt(x, y, OPDa) = 0. We assume that the accuracy with

which OPDa is measured is better than 0.3 µm. The accuracy with which the OP-

Da for which OPDt(x, y, OPDa) = 0 can be determined, depends on the decrease

of the fringe visibility as the absolute value of the difference between OPDa and

OPD0 increases. We assume that the unambiguous determination of the fringe

for which OPDt(x, y, OPDa) = 0, requires the fringe visibility to be less than e–4

for an |OPDa – OPD0| of 100 Λ or less, where Λ is the central wavelength of the

white light source. In other words, we require that the visibility of the hundredth

fringe is less than 2% of the visibility of the fringe at zopd. 

If we assume that the spectrum of the white light source is Gaussian shaped

with an fwhm linewidth of 3Λ, then the normalized fringe visibility V is equal to

[48]

. (6.3)
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Now, we take the central wavelength Λ to be 632.8 nm and compute with (6.3) the

minimal linewidth 3Λ, which is 6.7 nm. This linewidth is compatible with the op-

tical setup of our interferometer, including the single-mode fibres. (In compari-

son with other wli applications, this linewidth is relatively small, just to achieve

this compatibility.)

In wli, the minimum measurement time tm is determined by the speed with

which the opd is scanned, and the range 3OPD over which the opd is scanned.

The maximum scan speed depends on the mechanics of the delay line that intro-

duces the OPDa, and by the maximum frequency Ωm that the detection system

can handle. Hence,

. (6.4)

If, for example, the scan range 3OPD is 3 mm and the maximum frequency Ωm is

2Π � 500 rad s–1, then the maximum scan speed is 0.3 mm s–1 and the minimum

measurement time is 10 s. Such a scan speed seems mechanically feasible and a

measurement time of 10 s would be acceptable (as specified in Section 1.7, the

measurement time should be smaller than 1000 s). 

Extensibility to a multi-point system

As will be clear from (6.4), the measurement time depends on the range of fre-

quencies Ωm that the detection system can handle. Therefore, the frequency range

of the multi-point detection system determines the applicability of wli for our

novel interferometer. This will be discussed in more detail in Section 6.4.

6.2.5 Two-wavelength interferometry and multiple-wavelength interferometry

In two-wavelength interferometry (twi), two different wavelengths Λ1 and Λ2 are

used [118][128]. At both wavelengths Λ1 and Λ2, we measure the phase differences

Φ1 modulo 2Π and Φ2 modulo 2Π, which correspond to the opd modulo Λ1 and

opd modulo Λ2, respectively. Subsequently, the difference F between these two

phase differences Φ1 and Φ2 is computed†. This difference F can be interpreted as

the phase difference modulo 2Π value that corresponds to a measurement of the

opd with a synthetic wavelength G,

, (6.5)

where we assume that Λ1 > Λ2. Because the synthetic wavelength G is larger than

Λ1, the non-ambiguity range is increased from Λ1 to G. With twi, various ap-

proaches can lead to a non-ambiguity range of 3 mm. One approach is to gener-

ate beams with wavelengths Λ1 and Λ2, such that G is 3 mm. To achieve the

required opd accuracy of 0.3 µm, the accuracy of the phase difference F should at

† This phase difference can also be measured directly, as will be discussed in the section

about the detection system.
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least be equal to 0.6 mrad. Because such a phase difference accuracy can not be

achieved easily, we consider several alternatives. 

All alternatives are based on the generation of a shorter (< 3 mm) synthetic

wavelength Gn. As a consequence, the required accuracy of the phase difference is

reduced. If, for example, the Λ1 and Λ2 are 632.8 nm and 639.5 nm respectively,

then the synthetic wavelength Gn is 60 µm and the required phase difference ac-

curacy is reduced to 30 mrad. However, the non-ambiguity range is also reduced

to the shorter synthetic wavelength Gn. In order to determine the absolute opd
within a range of 3 mm, we can use two methods. 

The first method is to use another set of wavelengths, Λ3 and Λ4, to generate a

synthetic wavelength Gn+1 which is larger than Gn. The phase difference accuracy

at this wavelength Gn+1 should be such that the opd accuracy is equal to half the

shorter synthetic wavelength Gn. If, for example, the Λ3 and Λ4 are 632.80 nm and

632.93 nm respectively, then the synthetic wavelength Gn+1 is 3 mm and the re-

quired phase difference accuracy is 60 mrad. This method is the so-called multi-

ple-wavelength interferometry (mwi), in which a series of synthetic wavelengths

Gn are ‘chained’ [128][168][169]. 

The second method to determine the absolute opd is to use the spatial phase

unwrapping algorithm as described before. Because the wavelength is enlarged

from Λ to Gn, the apparent fringe density is reduced by a factor of Gn/Λ. In our

example with Gn = 60 µm and Λ = 632.8 nm, this factor is about 100. Thus, the re-

quired number of pixels is a factor 100 smaller than the values listed in Tables 6.1
and 6.2. As a consequence, the available number of pixels is not the limiting factor

for the applicability of spatial phase unwrapping algorithms if two-wavelength

interferometry is used. This in contrast to single wavelength interferometry, as

described in Section 6.2.2. 

Various light source systems can be used to generate and control the wavelengths

Λ1 and Λ2. In addition, different detection systems can be used to measure the

phase differences that correspond to Λ1, Λ2 and G. These systems and their useful-

ness for our application will be described in the next sections. In these sections,

we will evaluate the feasibility of systems based on a synthetic wavelength G of

3 mm and of 60 µm, in order to be able to decide if the use of two different wave-

lengths is sufficient, or that we have to use multiple wavelengths, or spatial phase

unwrapping. Note that our choice of G = 60 µm is arbitrary. 

Light source system

For the evaluation of the light source systems, we not only assume that G = 3 mm

or 60 µm, but also that Λ2 = 632.8 nm. According to (6.5), the Λ1 value for

G = 3 mm is 632.93 nm. Thus, the wavelength difference 3Λ, defined as

3Λ = Λ1 – Λ2, is 0.13 nm. For G = 60 µm, the value of Λ1 is 639.5 nm and 3Λ is

6.7 nm. 
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The frequency difference 3f between the frequencies that correspond to the

wavelengths Λ1 and Λ2 is equal to 

, (6.6)

where c is the speed of light. Note that the frequency difference 3f does not de-

pend on Λ1 or Λ2, only on G. Thus, the synthetic wavelengths G of 3 mm and

60 µm correspond to frequency differences 3f of 100 GHz and 5 THz, respectively. 

These numbers directly lead to some general characteristics of the light source

system. Two beams with the mentioned frequency differences can only be gener-

ated with two separate lasers (We can not use two successive longitudinal modes

of a single laser [162][163], because the required mode separation is too large. Nei-

ther can we use an acousto-optical modulator [171].) Because of their small line-

width, intrinsic frequency stability, and their relatively low flicker-noise [169], we

would prefer gas lasers (such as He-Ne lasers) or diode pumped solid state lasers

(such as Nd:yag lasers) to semiconductor lasers. However, because the frequency

tunability of gas and solid state lasers is rather limited (< 35 GHz), at least one of

the two lasers has to be a semiconductor laser, of which the frequency can be

tuned over large ranges. 

In addition to the value of the synthetic wavelength G, we can specify the al-

lowable error ∆G in G. As mentioned earlier, the opd range should be 3 mm and

the opd accuracy 0.3 µm. Thus, the relative error ∆G/G should be smaller than

10–4, irrespective of the specific setup of the light source system and the particu-

lar value of G that are used. Here, ∆G refers to errors due to the long term insta-

bility of G; short term fluctuations (< 10 s) can be averaged out by the detection

system. 

The error ∆G in G can be controlled with two different methods: either by di-

rect control of the frequency difference 3f between the two beams, or by control

of the separate wavelengths Λ1 and Λ2 of the lasers. For the latter method, the la-

sers can be locked to absorption lines of I2 or Cs2 cells, as described in [172]. We

will not discuss this method in detail, because it is less flexible than the method of

frequency difference control, which is described in the next section. The conclu-

sion of that section will be that the synthetic wavelength G can be controlled with

sufficient accuracy. 

Light source system with frequency difference control

We can control the synthetic wavelength G by measuring and controlling the fre-

quency difference 3f between the two laser beams. Thus, the separate values of Λ1

and Λ2 are of no importance for this method. As mentioned earlier, the G values

of 3 mm and 60 µm corresponds to 3f values of 100 GHz and 5 THz respectively. 

These frequency differences are too large to measure directly by letting the

two beams interfere on a photodetector and measuring the frequency of the de-

tector signal. The reason is that the measurement range is limited by the maxi-

mum frequency of common photodetectors of about 60 GHz [173], the

3
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maximum frequency of microwave amplifiers of about 20 GHz [174], and the

maximum frequency of 45 GHz of microwave frequency counters [175]. 

However, the frequency differences 3f can be measured indirectly by using a

Fabry–Perot (fp) etalon [48] as an optical frequency divider, as described in [168].

For this frequency division method we use an fp etalon with a free spectral range

3f ' which falls within the mentioned range of frequency differences 3f that can be

measured directly. An example is an fp etalon with a mirror spacing of 150 mm,

of which the free spectral range 3f ' is 1 GHz. One of the two lasers (let us sup-

pose the laser with wavelength Λ1) is locked to a particular transmission peak of

the fp etalon. Subsequently, a third laser with wavelength Λ3 is locked to an adja-

cent transmission peak. The frequency difference 3f ' between these two locked

lasers is thus about 1 GHz. The exact value of 3f ' is measured by letting the two

beams interfere on a photodetector and measuring the frequency of the detector

signal. 

Now, the laser with wavelength Λ2 (let us suppose that this is a tunable semi-

conductor laser) is first tuned and locked to the same transmission peak as the la-

ser with wavelength Λ1. Subsequently, the wavelength Λ2 of the semiconductor

laser is tuned and locked to the 100th or 5000th transmission peak of the fp
etalon, in order to generate a frequency difference 3f of about 100 GHz or 5 THz,

respectively. The exact frequency difference 3f is the measured frequency differ-

ence 3f ' between the lasers with wavelengths Λ1 and Λ3, times 100 or 5000 respec-

tively. This is illustrated in Figure 6.3.

As already mentioned, the relative error ∆G/G in the synthetic wavelength G
should be smaller than 10–4. Thus, the relative error ∆3f/3f in the frequency dif-

ference 3f should also be smaller than 10–4. Thus, for a 3f value of 100 GHz, ∆3f

should be smaller than 10 MHz, and for a 3f value of 5 THz, ∆3f should be small-

er than 500 MHz. 

The error ∆3f is determined by the accuracy with which the frequency differ-

ence 3f ' is measured, the accuracy with which the three lasers with wavelengths

Λ1, Λ2, and Λ3 are locked to the fp etalon, and the ratio between 3f and 3f '. We

first discuss the accuracy with which the lasers with wavelengths Λ1 and Λ3 can be

locked to the fp etalon. Subsequently, the accuracy with which 3f ' can be meas-

ured is estimated. After that, the accuracy with which the laser with wavelength Λ2

can be locked to the fp etalon is described. Finally, all these number are com-

bined to estimate the relative error ∆G/G.

We assume that the lasers with wavelengths Λ1 and Λ3 are gas lasers or solid

state lasers with small linewidths (< 5 kHz in 1 ms). Because this kind of lasers can

be locked to absorption lines of I2 or Cs2 cells with accuracies better than 15 kHz

[143][155][172], we assume that they can also be locked to the fp etalon with accu-

racies better than 15 kHz. 

The relative precision of frequency counters can be as high as 10–10 for inte-

gration times of 1 s [176]. The relative accuracy of these counters is mainly limit-

ed by the aging of their internal time base, which can be as low as 2 � 10–8 per

year. Thus, the 3f ' can be measured with an accuracy far better than 10 kHz. 

On the basis of these numbers, we conclude that the free spectral range 3f ' of

the fp etalon can be measured—and thus controlled—with an accuracy better

f

�f'

transmission peaksΛ1 Λ3 Λ2

.....

Figure 6.3 The lasers with wavelengths

Λ1, Λ2, and Λ3 locked to the transmission

peaks of an fp etalon. 
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than 50 kHz. The value of 3f ' was assumed to be about 1 GHz. As a consequence,

the contribution of the error ∆3f ' in the free spectral range to the error ∆3f in the

frequency differences 3f of 100 GHz and 5 THz is 5 MHz and 250 MHz, respec-

tively. 

In addition to this contribution, the error ∆3f is also determined by the error

with which the laser with wavelength Λ3 is locked to the fp etalon. We assume that

this laser is a semiconductor laser placed in an external cavity, of which the length

can be tuned, such as the Littman–Metcalf cavity [177]. The linewidth of this type

of lasers can be as small as 300 kHz in 50 ms and the frequency drift is less than

5 MHz over intervals of 5 s without frequency stabilization. Therefore, we sup-

pose that these lasers can be locked to the fp etalon with an accuracy better than

5 MHz. 

Adding the contributions of the error ∆3f ' in the free spectral range and of the

error in the frequency locking to the fp etalon, we conclude that the error ∆3f will

be smaller than 10 MHz and 255 MHz for frequency differences 3f of 100 GHz

and 5 THz, respectively. Thus, the required relative accuracy ∆3f/3f of 10–4 is fea-

sible. 

In conclusion, the described method for the indirect measurement of the fre-

quency difference 3f with the help of an fp etalon as an optical frequency divider,

can be used to achieve the required relative accuracy ∆G/G of 10–4. 

Detection system

The phase difference F between the reference and object beams at the synthetic

wavelength G can either be measured directly, using a technique called superhe-

terodyne twi, or it can be computed as the difference between the phase differen-

ces Φ1 and Φ2, measured separately at the wavelengths Λ1 and Λ2. Both techniques

will be evaluated in the next sections. This evaluation is based on the required

opd accuracy of 0.3 µm. Thus, for a synthetic wavelength G of 3 mm, the error ∆F
in the phase difference F should be smaller than 0.6 mrad, and for a G of 60 µm,

the error ∆F should be smaller than 30 mrad. 

Note that if mwi is used instead of twi, with for example two synthetic wave-

lengths G1 = 3 mm and G2 = 60 µm, then the phase the error ∆F�should be small-

er than 60 mrad and 30 mrad, respectively. 

Superheterodyne twi
With superheterodyne twi [169][171], a frequency difference 3f1 is introduced be-

tween the reference and object beams with wavelength Λ1 and a frequency differ-

ence 3f2 is introduced between the reference and object beams with wavelength

Λ2. Both pairs of beams are led to the same photodetector. Due to the interfer-

ence between the various beams, the photodetector signal contains two frequen-

cy components: one at frequency 3f1 and one at 3f2. 

By choosing the values of 3f1 and 3f2 such that |3f1 – 3f2| is much smaller

than 3f1, the detector signal can be considered to be an amplitude modulated sig-

nal, with a carrier frequency of (3f1 + 3f2)/2, and a modulation frequency of

|3f1 – 3f2|/2. The phase of the modulating signal is equal to the phase difference F.
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With the help of amplitude demodulation (for example by envelope detection),

the value of F can be measured directly. 

With superheterodyne twi, the phase difference F can be measured with a

precision of 20 mrad [169]. Although precision is not the same as accuracy, we

suppose that with proper calibration, a phase difference accuracy of 30 mrad is at-

tainable. This accuracy would be sufficient for the opd measurements with a syn-

thetic wavelength of 60 µm. However, it would not be sufficient for an G value of

3 mm. 

Detection of the separate phase differences at the two wavelengths

Instead of measuring F directly with superheterodyne interferometry, we can al-

so determine the separate phase differences Φ1 modulo 2Π and Φ2 modulo 2Π at

the wavelengths Λ1 and Λ2, and compute the difference between them. We can not

physically separate the beams with wavelengths Λ1 and Λ2, because that would re-

quire extra auxiliary optics in our novel interferometer. Therefore, we have to

measure Φ1 and Φ2 either time-multiplexed, i.e. sequentially, or frequency-multi-

plexed, i.e. in parallel. 

For time-multiplexed phase difference measurement, the techniques dis-

cussed in Section 6.2.3, such as psi and heterodyne interferometry, can be used.

For frequency-multiplexing, we need to have a detector signal with two different

carrier frequencies. Hence, the phase differences Φ1 and Φ2 have to be measured

with heterodyne interferometry. By the use of filters, the detector signal can be

split into two signals, each one containing only one carrier frequency, as ex-

plained in Section 3.4. The phase differences Φ1 and Φ2 can be determined by

measuring the phases of the two separated detector signals in relation to the refer-

ence signals. This technique will be referred to as frequency-multiplexed hetero-

dyne twi.
Assuming that the errors in Φ1 and Φ2 are uncorrelated, the accuracy with

which Φ1 and Φ2 have to be measured is either 0.4 mrad for G = 3 mm, or 20 mrad

for G = 60 µm. It is interesting to compare these accuracies to the accuracy of

0.1 nm with which opd modulo Λ has to be measured. This corresponds to a

phase difference accuracy of 1 mrad. Thus, the required accuracy for G = 3 mm is

even two times higher than the required accuracy for the opd modulo Λ measure-

ment, whereas the required accuracy at G = 60 µm is 25 times smaller. In addi-

tion, phase difference accuracies of 20 mrad have already been demonstrated

[178][179]. 

In conclusion, for an opd measurement with a single synthetic wavelength of

3 mm and separate measurements of Φ1 and Φ2, the required phase difference ac-

curacy will be difficult to obtain, in comparison with the opd modulo Λ measure-

ment. On the other hand, at a synthetic wavelength of 60 µm, the required phase

difference accuracy seems to be achievable. 

Extensibility to a multi-point system

The complexity of extending time-multiplexed twi or mwi from a single point

system to a multi-point system is comparable to the extension of the opd modu-

lo Λ detection system from a single point to a multi-point system. In fact, it is ob-
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vious that the detection system for time-multiplexed twi or mwi will be the

detection system to determine the opd modulo Λ. It will only be used a number

of times in succession: first to determine Φ1, subsequently to determine Φ2 and af-

ter that, if mwi is used, the phase difference at all the remaining wavelengths. 

Just like heterodyne interferometry, superheterodyne and frequency-multi-

plexed heterodyne twi or mwi requires relatively high modulation frequencies

Ωm (> 2Π � 10 rad s–1). Thus, for the extension of a single point superheterodyne

or frequency-multiplexed heterodyne twi or mwi system to a multi-point sys-

tem, we have to make use of detection systems which can handle such high fre-

quencies.

Conclusions

Synthetic wavelengths G of 3 mm and 60 µm can be generated with sufficient ac-

curacy and stability. The accuracy with which the various detection systems can

measure the phase difference F is limited to such a level that we at least have to

measure the opd at G = 60 µm. This opd measurement has to be complemented

with either an opd measurement at G = 3 mm (thus resulting in an mwi system),

or with spatial phase unwrapping (thus resulting in a twi system with phase un-

wrapping). 

The decision if one of the twi or mwi methods will be used for the absolute

opd measurement and if so, what particular twi or mwi system will be used

(time-multiplexed psi, time-multiplexed heterodyne interferometry, frequency-

multiplexed heterodyne twi or mwi, superheterodyne twi or mwi), depends

mainly on the range of frequencies Ωm that the multi-point detection system can

handle. This will be discussed in more detail in Section 6.4. 

6.2.6 Frequency modulation interferometry

This section describes the frequency modulation interferometry (fmi). First, two

types of fmi are distinguished. Subsequently, the light source systems for both

types are discussed. Finally, the detection systems for both types are discussed. 

Types of frequency modulation interferometry

In general, the term ‘frequency modulation interferometry’ refers to interferom-

etry where the frequency f of the light source is tuned. We can differentiate be-

tween two types of fmi. First, the case in which f is tuned over a certain frequency

range 3f and the resulting phase change F of the detector signal is measured (the

phase change in relation to a certain reference signal with a constant frequency).

The second type is the one in which f is tuned with a certain tuning speed df/dt

and the resulting frequency change 3Ωm of the detector signal is measured. 

In order to distinguish the first type of frequency modulation from the sec-

ond type, we will refer to the first type as frequency modulation interferom-

etry–phase modulation (fmi–pm), because it is the phase change F of the detector

signal that is measured. The second type will be referred to as frequency modula-

tion interferometry–frequency modulation (fmi–fm), because it is the frequency

change 3Ωm of the detector signal that is measured. Both types will be described

in the following sections.
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fmi–pm
The fmi–pm technique [180] is closely related to the time-multiplexed twi as de-

scribed in Section 6.2.5. With time-multiplexed twi, we first measure the phase

difference Φ1 modulo 2Π at frequency f1 and subsequently measure phase differ-

ence Φ2 modulo 2Π at frequency f2. After that, the difference F between Φ1 and Φ2

is computed. This difference F can be interpreted as the phase difference modulo

2Π value that corresponds to a measurement of the opd with the synthetic wave-

length G, which was defined by (6.6). 

In fmi–pm, we also start by measuring the phase difference Φ1 modulo 2Π at f1.

However, after this measurement, the frequency f of the light source is tuned con-

tinuously from f1 to f2. During the tuning, the number Nj of 2Π jumps in the

phase difference is counted. This is commonly called ‘fringe counting’. After the

frequency has reached f2, the phase difference Φ2 modulo 2Π is measured. Now,

the difference F is computed as

. (6.7)

This phase difference F is equal to 2Π OPD/G. Thus, OPD is equal to F/2Π G. 

Note that with fmi–pm we determine the absolute OPD, not OPD modulo G
as with time-multiplexed twi. Thus, if the OPD is smaller than G, then there is

no difference between both methods. This is the case if, for example, 3f is

100 GHz, which corresponds to a G of 3 mm, and our maximum range is limited

to 3 mm.

fmi–fm
In fmi–fm [181]–[189], which was described in Section 3.4.3, the absolute opd is

determined from the tuning speed df/dt and the resulting change 3Ωm in the fre-

quency Ωm of the detector signal. (In the description in Section 3.4.3, the frequen-

cy f was modulated triangle-like in time. However, it can also be modulated

sawtooth-like [181] or sine-like [187].) Thus, in fmi–fm the variation of the fre-

quency f as a function of time is of importance. This in contrast to the fmi–pm, in

which only the tuning range 3f is of importance. 

Light source system

The two types of fmi pose different requirements on the light source systems, as

described below. 

Light source system for fmi–pm
fmi–pm requires a light source system that first keeps the frequency f at f1 during

the measurement of Φ1, after which it tunes f from f1 to f2, and finally keeps the

frequency f at f2 during the measurement of Φ2. The specifications for the control

of the frequencies f1 and f2 are comparable to the specifications for the light

source systems for twi, as described in Section 6.2.5. 

In addition, two specifications have to be met during the tuning of the light

source: (i) the frequency f has to be tuned continuously (i.e. mode hop free) from

f1 to f2 and (ii) the maximum of the tuning speed df/dt has to be low, such that the

F� � �Φ Φ Π2 1 2N j
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number of phase jumps can be counted by the detection system. No additional

conditions have to be met. Thus, the frequency f does not have to increase linearly

in time, nor does it have to be tuned from f1 to f2 within a strictly specified time

interval. 

The light source for twi with the fp etalon as frequency divider, as described

in Section 6.2.5, can be modified to function as a light source for fmi–pm. The

only modification required is that the tunable laser is tuned continuously from

frequency f1 to frequency f2 during the measurements, instead of before the meas-

urements. Another possibility is to use a light source of which the frequency tun-

ing is measured with a reference interferometer, as described in [180]. The

accuracy that was reached with a fmi–pm system based on such a light source was

0.3 µm for an OPD of 350 mm [180]. 

The results of systems based on the mentioned light source systems indicate

that these light source systems can meet our specifications. 

Light source system for fmi–fm
In fmi–fm, the opd is determined from the tuning speed df/dt. Because the rela-

tive error ∆OPD/OPD has to be smaller than 10–4, the light source has to control

the tuning speed df/dt with a relative accuracy of 10–4. We want to judge if this is

feasible. For this judgement, we need additional information: 

• a relationship between the light source characteristics (such as linewidth, spec-

tral density function of the frequency noise, linearity of the frequency tuning in

time, repeatability of the frequency tuning in time) and the measured opd,

• specifications for the light sources characteristics mentioned above.

However, that relationship is not known and the specifications are not availa-

ble for the light sources that seem to be most appropriate, such as semiconductor

lasers and external cavity semiconductor lasers. As a consequence, we have to

consider the results of complete fmi–fm setups to judge the applicability of the

light sources. Of the systems described in [181]–[189], the best results have been

obtained by the system described in [187]—a semiconductor laser based system,

with a noise limited resolution of 1.6 µm—and by the system described in [188]—

an external cavity laser diode based system that reaches a relative accuracy of

1.8 � 10–4 at an opd of 3 m. These numbers seem promising, but we have to study

the light sources for fmi–fm more extensively before we can determine if the re-

quired accuracy of 0.3 µm at an OPD of 3 mm can be reached. 

Detection system

The detection systems for both types of fmi are discussed in the following sec-

tions.

Detection system for fmi–pm
The detection system for fmi–pm is comparable to the detection system for time-

multiplexed twi, as discussed in Section 6.2.5. The only difference is that the

number of phase jumps has to be counted during the tuning of the light source.

This number can be counted by zero-crossing detection in analog systems or by

curve fitting combined with zero-crossing detection in digital systems. 
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Due to the tuning of the frequency f, the frequency Ωm of the detector signal

will shift. The shift 3Ωm depends on the tuning speed df/dt and the OPD,

, (6.8)

where c is the speed of light. If, for example, the OPD is 3 mm and the frequency

of the light source is tuned linearly in time within a range of 100 GHz (corre-

sponding to a synthetic wavelength G of 60 µm) within 1 s, then 3Ωm is

2Π � 50 rad s–1. 

The detection system must be able to handle these frequency shifts.

Detection system for fmi–fm 

In order to determine the OPD, we have to measure the shift 3Ωm in the frequen-

cy Ωm of the detector signal. We consider various methods to measure the fre-

quency Ωm and the frequency shift 3Ωm. Just as for the phase measurement

described in Section 6.2.3, we distinguish between analog and digital systems (i.e.

continuous-time and discrete-time systems) and between time domain and fre-

quency domain methods. Based on these distinctions, the existing frequency de-

tection methods have been classified, as shown in Table 6.5.  

Zero-crossing detection determines the frequency by determining the points

at which the analog detector signal crosses a certain reference level. The digital

analogue is fitting a curve to the samples of the detector signal and determining

the zero-crossing by interpolation. In the frequency domain, the frequency of the

continuous time detector signal can be determined with a phase lock loop (pll).

The frequency of a discrete-time detector signal can be determined with a fast

fourier transform (fft). 

We assume that the time-domain methods are inherently more accurate than

the frequency-domain methods. The reason is that a pll as well as an fft have to

multiply the detector signal with a sine and integrate the signal over time. Thus,

this method is indirect and prone to noise. This in contrast to the time domain

methods, which determine the zero-crossings of the detector signal. Therefore,

we will only consider the time-domain methods. 

In order to determine the frequency with sufficient accuracy, we assume that

the frequency Ωm of the detector signal should be higher than 2Π/tm, with tm the

measurement time. In other words, at least one period of the detector signal

should ‘fit’ in the measurement time. Therefore, the light source system should

introduce a frequency difference Ωm between the interfering reference and object

Table 6.5 Frequency detection methods.

Time domain Frequency domain

Analog detector signal Zero-crossing detection Phase lock loop (pll)

Digital detector signal Curve fitting Fast Fourier Transform (fft)

3Ω Πm
df

dt c
� 2

OPD
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beams of at least 2Π/tm. A more practical value is 20Π/tm. The minimum value of

the range of frequencies Ωm that the detection system must be able to handle is

this minimum frequency. The maximum value is the sum of the mentioned mini-

mum frequency and the maximum value of the frequency shift 3Ωm, which is de-

termined by the maximum tuning speed df/dt and the maximum OPD, according

to (6.8). 

Because the relative error ∆OPD/OPD should be smaller than 10–4, the fre-

quency shift 3Ωm should be measured with a relative accuracy of 10–4. This not

only poses requirements on the frequency counter or the curve fitting, but also on

the amplitude noise of the detector signal introduced by the detection system.

The feasibility of attaining this relative accuracy will be discussed in more detail

in Section 6.4. 

6.2.7 Conclusions

In Section 6.2.1, an overview of the various methods for the interferometric meas-

urement of the opd modulo Λ and of the absolute opd were given. These methods

were listed in Table 6.3 and discussed in more detail in Sections 6.2.2–6.2.6. 

In Section 6.2.2, we concluded that the available number of detectors in two-

dimensional detector arrays is not sufficient for determining the opd modulo Λ
with a method based on spatial information. Consequently, the opd modulo Λ
has to be determined with a method based on temporal information. 

From the discussions in Sections 6.2.2–6.2.6, we conclude that only the com-

mon phase unwrapping algorithm can not be used for the measurement of the

absolute opd; none of the other methods (sni, wli, twi, mwi, and fmi) can be

ruled out on the basis of the information that we have presented. Neither is one

of these methods clearly better suited for our novel interferometer than the oth-

ers. 

Some methods for the absolute opd measurement are better understood than

others, because they have been studied more extensively. For example, twi has

been studied more extensively than fmi–fm. Hence, it is less hazardous to choose

one of the well-studied methods. However, the fact that the experience with these

methods is larger, does not mean that they are better suited. Therefore, we will

study the applicability of all absolute opd measurement methods. 

The applicability is determined by such factors as the complexity of the light

source system, the required measurement time, and the complexity of the inte-

gration of the absolute opd measurement with the opd modulo Λ measurement.

The latter is an important factor, because the absolute opd measurement method

has to use the same two-dimensional detector array with integrated electronics as

the opd modulo Λ measurement method. The choice of a particular detector ar-

ray affects the signal-to-noise-ratio of the detector signals and the range within

which the frequency Ωm of the detector signals should be located. And these char-

acteristics determine in turn what absolute opd measurement method is best

suited for the novel interferometer. 

Therefore, we will first discuss in more detail the light source system and the

multi-point detection system for the opd modulo Λ measurement in Section 6.3.
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Subsequently, we will determine in Section 6.4 the absolute opd measurement

method that is best suited to be combined with the opd modulo Λ measurement. 

6.3 Light source and detection systems for the opd modulo Λ measurement

The objective of this section is to determine the setup for the light source and de-

tection systems for the opd modulo Λ measurement, such as the type of the light

source and the type of detector array. From the previous section, we already know

that this light source and multi-point detection systems have to be based on tem-

poral information and that the phase of the detector signals will be measured us-

ing a time domain technique, such as zero-crossing detection or curve fitting. 

We start by determining several specifications for the opd modulo Λ measure-

ment in Section 6.3.1. These specifications will be derived from an error budget

for all the contributions to the opd error. We will distinguish between error con-

tributions due to the light source system and due to the detection system. The

budget for the error contribution originating from the light source system will be

translated into a specification for the allowable measurement time. The budget

for the error contribution originating from the detection system will be translated

into a specification for the allowable amplitude noise in the detector signals that

is introduced by the detectors. This allowable amplitude noise will be translated

into a specification for the minimum signal-to-noise-ratio (snr) of the detector

signals in Section 6.3.2.

The snr of the detector signals is proportional to the ever present shot noise

as well as by some additional noise sources, which depend on the particular de-

tection system. In order to keep our description as general as possible, we first an-

alyse the shot noise limited operation of the detection systems, i.e. the case in

which the additional noises are negligible in relation to the shot noise. 

The shot noise limited snr is determined by the optical power incident on the

detector and the measurement time, which will be specified in Section 6.3.1. (The

quantum efficiency also affects the shot noise limit, but this parameter is virtual-

ly the same for all detector types.) As a consequence, from the specification for

the snr of the detector signals, the required optical power incident on each detec-

tor can be determined, as described in Section 6.3.2. 

Based on that power requirement and on a general set-up of the light source

system, we will determine the requirements for the laser power in Section 6.3.3.

We will evaluate the applicability of various types of lasers and determine which

lasers can deliver the required power. The conclusion of that section will be that

the available laser power is not the limiting factor for shot noise limited opera-

tion of the detection system. 

In Section 6.3.4, we will evaluate various two-dimensional detector arrays,

such as ccd sensors, active pixel arrays (aps’s), and custom-made detector arrays.

We will first determine if these detector arrays can operate at the shot noise limit.

The conclusion will be that the existing ccd sensors are too slow (their read-out

times are too long). One particular aps is fast enough to operate at the shot noise

limit. However, the question will remain if this aps is fast enough to operate in
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realistic circumstances, where the laser power is increased to compensate for the

additional noise sources. Therefore, we have studied the feasibility of a custom-

made alternative aps, which can operate within the specified measurement time,

even if the laser power is increased. This alternative aps will be briefly discussed.

Other conclusions of Section 6.3.4 will be that the number of available detectors

will be limited to about 400 � 400 and that it is probably advantageous to use

high detector signal frequencies Ωm (in the order of 2Π � 103 rad s–1). 

These conclusions will be used for the evaluation in Section 6.4 of the abso-

lute opd measurement methods that can be used in combination with the opd
modulo Λ measurement method described in this section. 

6.3.1 Specifications for the light source and detection systems

This section will first formulate an error budget for the various contributions to

the error in the opd modulo Λ value. Subsequently, the measurement time (or,

equivalently, the measurement bandwidth) is specified. Finally, the range for the

frequency Ωm of the detector signals is discussed. 

Error budget for the opd modulo Λ measurement

As specified at the beginning of Section 6.2, the opd modulo Λ accuracy should be

0.1 nm. The opd value is the difference between two phase signals (the phase of

an arbitrary measuring detector signal and the phase of the reference detector sig-

nal). We suppose that the phase errors in both signals could be correlated. There-

fore, the phase error in each detector signal must smaller than the phase that

corresponds to 50 pm. We divide this error over the following error contribu-

tions, which are assumed to be uncorrelated (the allowable value for each contri-

bution is put between parentheses):

• error due to phase noise of the light source system (30 pm),

• error due to amplitude noise of the detector signal (30 pm),

• error due to phase comparators for the phase measurement (30 pm).

Here, the phase noise of the light source system is the phase noise of the laser as

well as the phase noise in the additional phase difference 3Φl(t) introduced by the

light source system. (This phase difference 3Φl(t) was first introduced in

Section 6.2.3.) We assume that the error due to the amplitude noise of the laser is

negligible. 

Note that an opd error of 30 pm corresponds to a phase error of 0.3 mrad at a

measurement wavelength of 632.8 nm. 

Measurement time

As stated in the error budget above, the opd error due to the amplitude noise of

the detector signal must be smaller than 30 pm. In general, the amplitude noise

can be reduced by reducing the measurement bandwidth, which leads to an in-

crease of the measurement time. However, such an increase of the measurement

time would make it more difficult to control 3Φl(t) with the required accuracy of

0.3 mrad and to control the position variations of the fibre tips R and O and of

the particular point P at the surface under test with the required accuracy of

0.6 nm (see Table 4.1) during the increased measurement time.
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The systems that control 3Φl(t), such as the quasi-static piezo actuator based

systems or the faster heterodyne systems, were discussed in Section 6.2.3. We as-

sume that within a measurement time of about 1 s the errors in 3Φl(t) and the

variations in the positions of R, O, and P—which are caused by mechanical vibra-

tions, temperature changes, and other environmental factors—can be controlled

with sufficient accuracy. 

As will become clear in Section 6.3.4, a measurement time shorter than 1 s is

difficult to achieve, due to the large number of detector signals (at least 24 � 24)

that has to be sampled and processed. 

In conclusion, our objective is to develop a system with a measurement time

of 1 s, which corresponds to a measurement bandwidth of 2Π rad s–1. 

Range of frequencies ΩΩΩΩm that the detection system can handle

Although we do not specify it beforehand, the frequency range for Ωm does influ-

ence the choice of the opd modulo Λ measurement method and the absolute opd
measurement method. If, for example, the minimum value of Ωm is larger than

2Π � 10 rad s–1, then the quasi-static opd modulo Λ measurement methods are

ruled out. However, if the maximum value of Ωm is smaller than 2Π � 10 rad s–1,

then the fast methods for the opd modulo Λ measurement are ruled out, as well

as the fast methods for the absolute opd measurement, such as wli and fmi. In
the latter case, the methods for opd modulo Λ measurement and absolute opd
measurement can not be combined with frequency multiplexing. Instead, time-

multiplexing will have to be used.

The minimum value of Ωm is determined as follows. We assume that for an

accurate measurement of the phase, the minimum value of Ωm is 2Π/tm, where tm

is the measurement time. In other words, at least one period of the detector signal

should ‘fit’ in the measurement time. Thus, with tm = 1 s, Ωm should be larger

than 2Π rad s–1. 

For the determination of the maximum value of Ωm, it is important to know

that the detection system will have to be a hybrid analog-digital system, which

means that the end stage is digital. The reason for this will be discussed below. A

direct consequence is that the maximum value of Ωm is limited to half the sample

frequency of that digital end stage, according to the Nyquist criterion. 

The reason that the end stage of the detection system has to be digital is the

following. The measurement time tm of 1 s specifies that the bandwidth of the de-

tection system has to be 2Π rad s–1. Hence, an all–analog detection system would

have to comprise an analog band-pass filter with a bandwidth of 2Π rad s–1. Not

only is such a filter rather complex (for Ωm in the order of 2Π � 103 rad s–1), the

real problem is that the phase shifts introduced by such an analog band-pass fil-

ter should be constant, despite temperature variations and mechanical vibra-

tions, to within less than 0.3 mrad. We do not believe that this is feasible.

Consequently, we will have to use a digital band-pass filter, which can reach such

a stability. In fact, the sampling and the curve fitting together function as a digit-

al band-pass filter which is insensitive to temperature fluctuations and mechani-

cal vibrations. For that reason, the end stage of the detection system must be

digital. 
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6.3.2 Required optical power at each detector

This section will derive the required optical power at each detector, based on the

assumption that the only noise in the detector signal is the ever present shot

noise, which is a type of amplitude noise. First, we will model the detector signal.

Subsequently, the conversion of amplitude noise into phase noise (or equivalent-

ly, opd noise) by the zero-crossing detection will be modelled. Based on the al-

lowable opd error, as specified in the error budget in Section 6.3.1, we will

determine the allowable shot noise. From this allowable shot noise, the required

minimum value for the signal-to-noise-ratio of the detector signals will be deter-

mined. 

Modelling the detector signal

The detector current is modelled as id(t),

, (6.9)

where i0 is the time averaged current, im(t) is the modulated signal current, and

in(t) is the noise current. The average current i0 is equal to 

, (6.10)

where idc is dark current, Η is the quantum efficiency, e is the elementary charge, h

is Planck’s constant, f is the optical frequency, and P0 is the average optical power

incident on the detector. The signal current im(t) is modelled as

, (6.11)

where Pm is the amplitude of the varying part of the optical power incident on

the detector, Ωm is the modulation frequency, and Φi(t) is the phase of the detec-

tor current. 

The detector current id(t) is converted into either a continuous-time voltage

signal Vd(t) or it is sampled and converted, resulting in a discrete-time voltage

signal Vd[tn]. The conversion of id(t) into Vd(t) involves a resistor R. For the con-

version of id(t) into V[tn], the current id(t) is either converted first into a continu-

ous-time voltage V(t) with a resistor R after which this voltage is sampled, or id(t)

is first sampled by charging a capacitor C, after which the charge in the capacitor

is converted into a discrete-time voltage Vd[tn]. 

The continuous-time voltage signal Vd(t) is modelled as

, (6.12)

where V0 is the average voltage, Vm is the amplitude of the signal, ΦV(t) is the

phase of the voltage signal, and Vn(t) is the (amplitude) noise voltage. The dis-

crete-time voltage signal Vd[tn] is modelled as

, (6.13)

where tn are the instances in time when the samples are taken, ΦV[tn] is phase of

the voltage signal, and Vn[tn] is the (amplitude) noise of the samples. We assume
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that the time instances tn are known with sufficient accuracy, such that the noise

caused by sample jitter is negligible. 

The objective of the detection system is to determine the opd function at each

detector position. Aside from a certain constant, this opd is directly proportional

to the phase Φi(t) of the detector current. Thus, the objective of the detection sys-

tem can also be formulated as determining the phases Φi(t) of the detector cur-

rents in relation to each other. 

We determine the phases Φi(t) by measuring the phase ΦV(t) or�ΦV[tn] of the

voltage signals in relation to each other. Potential phase shifts between Φi(t) and

ΦV(t) or�ΦV[tn], caused by the conversion of the current id(t) into a voltage Vd(t)

or Vd[tn], can be corrected for by calibration†, assuming that these phase shifts do

not change in time. 

As mentioned earlier, we determine the phase ΦV(t) of the continuous-time

voltage signal Vd(t) with zero-crossing detection, and the phase ΦV[tn] of the dis-

crete-time voltage signal Vd[tn] with curve fitting, the digital variant of zero-

crossing detection. The zero-crossing detection method for determining the

phase difference between two continuous-time voltage signals Vd1(t) and Vd2(t) is

illustrated in Figure 6.4(a). The curve fitting method for determining the phase

difference between two discrete-time voltage signals Vd1[tn] and Vd2[tn] is illus-

trated in Figure 6.4(b).

Specifying the allowable amplitude noise

The accuracy with which the phase ΦV(t) or ΦV[tn] can be determined with zero-

crossing detection or curve fitting, depends partly on the amplitude noise of the

voltage signals Vd(t) or Vd[tn], which is represented by Vn(t) or Vn[tn]. In this

section, we will model the error in the phase ΦV(t) or ΦV[tn] as a function of the

amplitude noise, first for a continuous-time signal Vd(t) and subsequently for a

discrete-time signal Vd[tn]. In addition, the allowable amplitude noise will be de-

termined, based on the error budget in Section 6.3.1. 

† These phase shifts can be calibrated with the following procedure. We generate a refer-

ence and an object beam and lead them through a delay line, which can introduce a well-

known phase difference 3Φl(t) between 0 en 2Π. Such a delay line will be described in

Section 7.1. After passing the delay line, the two beams are coupled into the same fibre. At

the other end of the fibre, the tip functions as a point source, which illuminates the detec-

tor array. Due to interference between the two beams, detector currents id(t) are gener-

ated, which are converted into voltages Vd(t) or Vd[tn]. 

With this setup, the phases Φi(t) should be the same for all detector currents and they

should increase linearly with the phase difference 3Φl(t) introduced by the delay line.

Thus, the phases ΦV(t) and ΦV[tn] of all detector signals can be calibrated by adjusting

them to the phase difference 3Φl(t). 
206 Light source and detection systems



Allowable amplitude noise for a continuous-time signal

The time derivative (or slope) of the detector signal Vd(t) reaches its maximum at

the zero-crossings, 

. (6.14)

Hence, an amplitude error at the zero-crossing, caused by the noise voltage Vn(t),

will lead to an error ∆ΦV(t) in the measured phase ΦV(t), which is equal to 

, (6.15)

assuming that the amplitude of Vn(t) is much smaller than Vm. This is illustrated

in Figure 6.5(a). Consequently, the standard deviation ΣΦ of the phase error

∆ΦV(t) is equal to the standard deviation Σa of the noise voltage Vn(t) divided by

the amplitude Vm,

, (6.16)

where the subscript a refers to amplitude noise. The standard deviation ΣOPD of

the opd errors due to the phase errors is equal to

. (6.17)
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between two continuous-time voltage sig-
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With (6.16) and (6.17), we can rewrite the signal-to-noise-ratio SNRa of Vd(t),

which is defined as

, (6.18)

as

. (6.19)

Thus, the requirement that the opd error due to amplitude noise is smaller

than 30 pm leads to the following condition for SNRa, 

. (6.20)

In the remainder of this chapter, this critical value of 5.6 � 106 will be referred to

as SNR'a. Thus, instead of specifying the allowable amplitude noise directly, we

specify the minimum value of SNRa. 

Allowable amplitude noise for a discrete-time signal

With a discrete-time signal, the conversion of amplitude noise into phase noise is

less straightforward than with a continuous time signal, because the zero-crossing

can not be detected directly. Instead, the zero-crossing has to be found by fitting a

curve (a sine function in this case) to all the samples Vd[tn]. The accuracy with

which the zero-crossing can be determined depends on the amplitude error

Vn[tn] in the samples Vd[tn] and on the number of samples. We assume that the

amplitude errors Vn[tn] of different samples are uncorrelated and that they have

the same probability distribution, with a standard deviation Σs. 

The influence of the amplitude errors Vn[tn] on the accuracy of the zero-

crossing is shown in Figure 6.5(b). The ensemble average of the samples Vd[tn] is

illustrated by the drawn sine curve. The standard deviation of the sample values

Vd[tn], caused by the amplitude noise Vn[tn], is equal to Σs. The sine curve that is

fitted to the samples, will be located in the dark region; the standard deviation of

the difference between this fitted sine curve and the ensemble average is referred
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to as Σa. We assume that Σa is equal to the standard deviation Σs of the samples,

divided by the square root of the number Ns of samples to which the curve is fit-

ted,

. (6.21)

With expression (6.16), which describes the relation between the amplitude

error and the resulting phase error, we get 

. (6.22)

Analogous to (6.18), we can express the signal-to-noise-ratio SNRa of the dis-

crete-time signal Vd[tn] as

. (6.23)

Again, the condition SNRa > SNR'a has to be met. This condition will be used

in the following section to determine the required minimum values for Pm and P0

for shot noise limited operation of a detection system.

Shot noise limited operation

This section determines the optical powers that are required for the shot noise

limited operation of a detection system. With ‘shot noise limited’, we mean that

the only noise is the shot noise generated by the photocurrent, while we neglect

all other noise sources, including the shot noise caused by the dark current.

Hence, the variance  of the noise current in(t) is equal to [43]

, (6.24)

where D is the bandwidth of the detection system. From (6.9), (6.11) and (6.24),

we determine the signal-to-noise-ratio SNRi of the detector current id(t),

. (6.25)

The next subsections will discuss the shot noise limited operation of an ana-

log detection system with continuous-time signals and of a digital detection sys-

tem with discrete-time signals. 
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Shot noise limited operation of an analog detection system

In the shot noise limit, the signal-to-noise-ratio SNRa of the voltage signal Vd(t)

is equal to SNRi of the detector current,

. (6.26)

According to (5.8), this can be expressed as

, (6.27)

where I0(x, y) is the average irradiance, Im(x, y) is the amplitude of the varying

part of the irradiance, A is the area of the detector, and M(x, y) is the modulation

function defined by (5.6). With (5.12), the definition of the merit function G(w, h)

as a function of the detector width w and height h, the SNRa can be rewritten as 

, (6.28)

where z is the distance between the fibre tips and the detector array. The irradi-

ances I0(x, y) and Im(x, y) are equal to 

 and (6.29)

, (6.30)

where Pr is the power of the reference beam, and Pro is the power of the reflected

object beam, n is the refractive index of the medium in which the setup is placed

(air or vacuum), and NA is the numerical aperture of the substrate under test, as

listed in Table 1.6. By the substitution of (6.29) and (6.30) into (6.28), we get

. (6.31)

The values of Pr and Pro depend on the laser power as well as on the setup of

the light source system. These will be determined in Section 6.3.3. The values of

NA and the merit function G(w, h) depend on the euvl mirror substrate under

test: its asphericity, its footprint dimensions, and the radius of the best fitting ref-

erence sphere. The na values for the various substrates are listed in Table 1.6. The

value of G(w, h) for one particular substrate, i.e. the first mirror of the Jewell de-

sign, was determined in Section 5.11. As will be clear from the simulations de-

scribed in Chapter 5, it is rather complicated to determine the value of G(w, h) for
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all the euvl mirror substrates. Therefore, we will use the value for that one par-

ticular mirror, which is 27 � 10–9 (see Table 5.1). For that mirror, NA is 0.14. 

We have to emphasize that the value of G(w, h) will vary from mirror sub-

strate to mirror substrate, because the value is determined by the size of the de-

tectors, which depends on the fringe density of the interference pattern at the

detection plane. This fringe density is determined by the asphericity slope of the

mirror substrate, as well as by the distance between the reference fibre tip R and

the origin M depicted in Figure 6.1(b). The value of G(w, h) of 27 � 10–9 is based

on the first mirror of the Jewell design and on a minimum distance between R

and M. For this particular case, the fringe density is listed in Table 6.1. For larger

distances, the fringe density increases (as can be seen in Table 6.2), due to which

the value of G(w, h) will decrease. For other euvl mirror substrates, the value of

G(w, h) can even be smaller. 

As the value for the optical frequency f we take c/Λ = 474 THz, with

Λ = 632.8 nm. We estimate that the surface-averaged quantum efficiency Η will be

about 0.5 (which is an average value for photodiodes or photogates in silicon).

The refractive index n is taken to be 1. 

Shot noise limited operation of a digital detection system

For the determination of the shot noise limited operation of a digital system, it is

important to realize that the samples Vd[tn] are taken by integration of the detec-

tor current id(t) or the corresponding voltage Vd(t) over the sample interval 3ts.

Due to this integration, the shot noise is filtered by a low-pass filter with a band-

width D equal to 2Π/3ts. Thus, the signal to noise ratio SNRa of Vd[tn] is equal to

. (6.32)

By comparison of (6.32) with (6.26), we conclude that the SNRa of the digital

detection system is comparable to the SNRa of an analog detection system with a

bandwidth D equal to 2Π/(Ns 3ts).

6.3.3 Laser power

In the previous section, the shot noise limited signal-to-noise ratio SNRa of the

detector signals was determined, as a function of the optical powers Pr and Pro of

the reference beam and the reflected object beam respectively, and of the band-

width D of the detection system. In this section, we will first derive the relation

between the laser power Pl on the one hand, and Pr and Pro on the other hand.

This derivation will be based on a generally applicable light source system setup.

Subsequently, the laser power Pl that is required to attain the specified SNRa will

be determined. Finally, the available power of existing lasers will be discussed and

we will draw conclusions about the lasers that have to be used.
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Setup of the light source system

The exact setup of the light source system will depend on the method with which

the opd modulo Λ is measured: a quasi-static method, such as psi, or a fast meth-

od, such as time-multiplexed heterodyne interferometry. However, in order to es-

timate the powers Pr and Pro of the reference and reflected object beams as a

function of the laser power Pl, we simply assume that we use the setup in

Figure 6.7, which can be used for superheterodyne twi, time- or frequency-mul-

tiplexed heterodyne twi, and for a combination of heterodyne interferometry

with fmi. 
This particular light source system comprises two lasers, laser 1 and laser 2.

Both laser beams will be directed through an optical isolator to prevent back re-

flections, which could lead to frequency instabilities. Various beamsplitters and

recombiners are used to split the laser beams into reference and object beams and

to combine the two reference beams and the two object beams. 

The retroreflector is translated, in order to adjust the optical path difference,

such that the opd at the detection plane varies around zero. This retroreflector

can also be used to introduce (slowly) the phase shift 3Φl(t) for psi, or to scan the

opd within a range of 3 mm for wli. The acousto-optical modulators are used to

introduce the (fast) increasing phase difference 3Φl(t) for heterodyne interferom-
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Figure 6.6 Setup of the light source system. 
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etry. We have to use four aom’s, because we want the frequency difference be-

tween the reference and object beams coming from laser 1 to be different from the

frequency difference between the reference and object beams coming from laser 2. 

In addition, beam samplers are placed in the beams, to generate the reference

signals for heterodyne interferometry. Half-wave plates are used for the orienta-

tion of the polarization directions. The fibre couplers are used to couple the two

reference and two object beams into the reference and object fibres, respectively.

Although the substrate under test is not a part of the light source system it-

self, it is also illustrated in Figure 6.6. As already mentioned, the euvl mirror sub-

strates will be made out of Zerodur [27] or ule [28]. The refractive index of these

materials is about 1.5. Thus, the reflectivity is about 4%. 

For each component, we assume certain reflectivities and transmittances,

which are shown in Figure 6.6. However, the reflectivity of four coatings is left

undetermined: the reflectivities Rr, Ro, Rr,1, and Rr,2. These reflectivities will be

chosen such that the ratio Pr Pro / (Pr + Pro) for both pairs of reference and re-

flected object beams is maximized, which will lead to an optimization of the snr,

according to (6.31). 

The optimization is a two step process. First, we optimize

Pr,1 Pro,1 / (Pr,1 + Pro,1), as a function of Rr and Ro. This results in Rr,1, as a function

of Rr and Ro. Subsequently, we optimize Pr,2 Pro,2 / (Pr,2 + Pro,2), as a function of

Rr and Ro. This results in Rr,2, as a function of Rr and Ro. Finally, we determine

the values of Rr and Ro for which both ratios are equal to each other. 

For various laser powers Pl,1 and Pl,2 (which are assumed to be equal), we de-

termine the reflectivities Rr, Ro, Rr,1, and Rr,2 and the powers Pr,1, Pro,1, Pr,2, and

Pro,2. These powers are shown in Figure 6.7(a). In this figure, the curves for Pr,1

and Pr,2 coincide and the curves for Pro,1 and Pro,2 coincide. 

Required laser power

The values for Pr,1, Pro,1, Pr,2, and Pro,2, computed in the previous section are sub-

stituted into (6.31) and the resulting values for SNRa, multiplied with the band-

width D, are shown in Figure 6.7(b). The horizontal dashed line indicates the

minimum required signal-to-noise ratio SNR'a for a bandwidth D�of 2Π rad s–1. 

The bandwidth of 2Π rad s–1 corresponds to a measurement time of 1 s with an

analog detection system. With a digital detection system, the bandwidth of

2Π rad s–1 corresponds to a value of Ns � 3ts equal to 1 s. Hence, the measure-

ment time is equal to the ratio Ts/3ts, where Ts is the sample period and 3ts the

sample interval. Thus, with a digital system with zero dead time between the sam-

ples, the measurement time is 1 s. The vertical dashed line indicates the resulting

minimum laser power Pl, which is about 1.7 mW. Thus, 1.7 mW is the laser power

that is required to test the first mirror in the Jewell design with a detection sys-

tem that is shot noise limited, within the measurement time of 1 s.

In addition, we determine the values for the optical powers P0 and Pm that are

incident on each detector. These values are illustrated in Figure 6.7(c), the sub-

scripts 1 and 2 refer to the beams from laser 1 and 2, respectively. In this figure, the

curves for P0,1 and P0,2 coincide and the curves for Pm,1 and Pm,2 coincide. If

Pl,1 = Pl,2 = 1.7 mW, then P0,1 = P0,2 = 50 pW and Pm,1 = Pm,2 = 30 pW. 
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Available laser power

The most common frequency-stabilized lasers are single mode He-Ne lasers.

However, their power is limited to about 1 mW, which is not sufficient for our ap-

plication. Therefore, we will consider two alternatives: frequency-stabilized di-

ode-pumped Nd:yag lasers and lasers with optical power amplifiers.

Nd:yag lasers can be frequency-stabilized by locking them to an absorption

line of an I2 cell. At the (frequency-doubled) wavelength of 532 nm, the output

power can be as high as 28 mW [190], whereas the output power at the (non fre-

quency-doubled) wavelength of 1064 nm can be as high as 525 mW [158]. The dis-

advantage of using this large wavelength is that the phase difference accuracy has

to be doubled. 

The second alternative is to make use of a master-oscillator power-amplifier

(mopa) system. In such a system, the master oscillator can be formed by a He-Ne

laser or a semiconductor laser in an external cavity [191]. Output powers of

300 mW at a wavelength of 657 nm with linewidths smaller than 1 kHz have been

reported [191]. Commercial systems are also available, but the number of availa-

ble wavelengths is limited [192]. For frequency stabilization of mopa systems

based on semiconductor lasers, the laser systems can be locked to absorption

lines. The disadvantage of these mopa systems is their relatively large flicker noise

in comparison with the Nd:yag lasers, caused by the spontaneous emission.

In conclusion, Nd:yag lasers as well as mopa laser systems can be used to de-

liver the 1.7 mW of power that is required to reach the shot noise limit in a meas-

urement time of 1 s. Moreover, their power can be increased to about 30 mW or

300 mW, respectively.

6.3.4 Two-dimensional detector arrays

This section evaluates the applicability of various types of two-dimensional detec-

tor arrays. First, the existing types of detector arrays are described. Subsequently,

the required number of detectors is determined. After that, we describe how de-

tector arrays with different array dimensions, different detector dimensions, and

different numbers of detectors can be compared. Next, some typical examples of

the various types of detector arrays will be discussed. Finally, conclusions about

the applicability of these detector arrays are drawn.

Existing types of two-dimensional detector arrays

We can base the detection system on various two-dimensional detector arrays†,

such as 

• a ccd sensor,

• an active pixel sensor (aps).

The existing two-dimensional arrays with large numbers of detectors are either of

the ccd sensor type or of the active pixel sensor (aps) type [147]. Both types of

detector arrays consist of photodiodes or photogates as photodetectors. These de-

† Here, detector array does not only refer to the detectors themselves, but to the com-

plete ic, with the integrated pre-amplifiers, shift registers, addressing logic, adc’s, etc. 
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tectors (or pixels) are directly connected to capacitors. The detector currents

(generated when the shutter is open) are collected in these capacitors. 

After the shutter has been closed, the charges in the capacitors are converted

into voltages. In ccd’s, this is accomplished by shifting the charges through vari-

ous registers to a charge-to-voltage converter at the output of the ccd. In aps’s,

every pixel-capacitor combination can be addressed directly and the voltage over

the capacitor is read by an analog-to-digital converter at the side of the two-di-

mensional detector. 

Because the capacitors can be addressed directly, the minimum read-out time

(the minimum time it takes to read the charges of all the capacitors) for an aps is

shorter than for a ccd with a comparable number of pixels. In addition, the ad-

dressing is flexible, such that a limited number of horizontal lines can addressed,

which reduces the read-out time. On the other hand, the number of pixels of a

ccd can be higher than the number of pixels of an aps. 

Required number of detectors

As stated earlier, Section 6.3 (of which this is a subsection) focuses mainly on the

opd modulo Λ measurement. However, in this subsection we not only discuss the

number of detectors that is required for the opd modulo Λ measurement, but al-

so the number of detectors that is required for the absolute opd measurement,

because both measurements methods will have to use the same detector array.

For the opd modulo Λ measurement, we need at least 24 � 24 = 576 detectors,

as derived in Section 5.11. This number has to be considered as the minimum

number, because it was based on the assumption that the mirror substrate under

test is perfect. If higher spatial frequency surface deviations are present, such as

scratches and roughness, then the required number of detectors will be larger

than 24 � 24. To estimate that number of detectors, a diffraction based model of

the optical system is required, as described in Section 3.3.2. The development of

such a model lies outside the scope of this thesis. Hence, we only know that we

should have the possibility to increase the number of detectors. 

From the specifications for the array size and detector size (19 � 8 mm2 and

36 � 11 µm2 respectively, see Table 5.1) it is clear that the maximum number of de-

tectors is about 530 � 730 for this particular array. We assume that such a number

of pixels is adequate for measuring surface height deviations over the required

range of spatial frequencies, which stretches from the reciprocal of the largest

footprint dimension to 1 mm–1, as specified in Section 1.8. 

We want to emphasize again that the mentioned number of detectors and ar-

ray and detector sizes should be regarded as indicative values, not at all as the fi-

nal specifications. 

For the absolute opd measurement, the required number of detectors depends on

the measurement method: sni, wli, twi, or fmi. If we would want to use sni,
then the number of detectors should be of the order of 4000 � 4000, as discussed

in Section 6.2.2. If we would like to use twi with a synthetic wavelength G that is

shorter than the maximum OPD of 3 mm and combine it with common phase

unwrapping, then the number of detectors should also be larger than a certain
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minimum. If for example G = 60 µm, then the number of detectors can be re-

duced by a factor of 100 in comparison with the case in which the opd modulo Λ
is measured with an Λ of 632.8 nm. For that case, the required number of pixels

are listed in Table 6.2. Thus, with G = 60 µm the required number of detectors is

about 350 � 350. 

Comparing different detector arrays

In general, the commercially available ccd sensors and aps’s will not have the

number of detectors, the array size and the pixel size as specified in Table 5.1. As

an example, a particular Kodak ccd sensor [138] has 4096 � 4096 pixels, an array

size of 36 � 36 mm2, and a detector size of 9 � 9 µm2. The question is: how can we

compare these arrays? Should we select only 24 � 24 detectors and determine the

opd accuracy at each of these detectors, or should we use all the 4096 � 4096 de-

tectors, and determine the rms opd error for all detectors?

The answer to this question is based on the principle that different detector

arrays, with different dimensions and different numbers of detectors, must have

the same extensibility of the number of detectors as the detector array specified in

Table 5.1. As mentioned earlier, the maximum number of detectors for that par-

ticular array is 530 � 730. 

Therefore, we first determine the number Nc of detectors that together cover

the same relative array area as a single detector in the array as specified in

Table 5.1. Subsequently, we select 24 � 24 clusters of detectors, with each cluster

consisting of Nc neighbouring detectors. After that, we determine the opd accura-

cy that can be reached by averaging the results of the opd measurement at all the

detectors in a cluster. This opd accuracy is the number that we use to compare

various detector arrays. In this way, the total number of (clusters of) detectors

that can be attained—that is the number if the array area is completely covered by

detectors—is equal for each type of detector array.

Some typical examples of ccd sensors and aps’s

The evaluation of the ccd sensors and the aps’s will be based on the specifica-

tions of some of today’s state-of-the-art models: the Kodak kaf–16801 ccd sensor

[138], the Philips ftf3020–m ccd sensor [193], and the Photobit pb–mv13 aps
[194][195]. Their specifications are listed in Table 6.6.  

To be able the compare these detector arrays, clusters of pixels are formed. We

scale the array size of 19 � 8 mm2, such that it ‘fits in’ the ccd sensors or aps. The

same scaling is applied to the detector size of 36 � 11 µm2, which results in the

cluster sizes listed in Table 6.6. The number Nc of pixels in a cluster is computed

from the cluster size and the pixel size. The cluster capacity Ne is computed as the

ratio between the cluster size and the pixel size, multiplied with the capacitor ca-

pacity. Note that here the capacity is a number of electrons, not a quantity in Far-

ad.

As will be explained below, the capacity of the capacitors, and thus the cluster

capacity, is a limiting factor for the attainable snr. This capacity is limited by the

voltage that can be applied to the capacitor (which is determined by the typical

semiconductor structure of the ccd sensors and aps’s), as well as by the size of the
216 Light source and detection systems



pixels. This pixel size is determined by the size of the ccd sensor or aps itself

(which is determined by the image field size of the lithographic technology) and

by the number of pixels. As a result, the capacity can not be enlarged easily. 

The sample interval 3ts is determined by the maximum photocurrent

(Ηe/hf)(P0 + Pm) and the cluster capacity Ne,

. (6.33)

Table 6.6 Characteristics of several ccd sensors and an active pixel sensor (aps).

Custom-made 
detector array

CCD sensors APS

Design according
to Table 5.1

Kodak 
KAF–16801

Philips 
FTF3020–M

Photobit 
PB–MV13

Number of pixels 24 � 24 min.
530 � 730 max

4096 � 4096 3072 � 2048 1280 � 1024

Pixel size [µm2] 36 � 11 9 � 9 12 � 12 12 � 12

Chip size [mm2] 19 � 8 36 � 36 36 � 24 15 � 13

Cluster size [µm2] 68 � 21 68 � 21 28 � 9

Number Nc of pixels in cluster 8 � 2 6 � 2 3 � 1

Number of clusters 512 � 2048 512 � 2048 430 � 1024

Minimum read-out time [ms] 2390 170 1.7

Output channels ��Read-out frequency 
[MHz]

20 4 � 8 10 � 78

Quantum efficiency @ 650 nm 0.65 0.16 –

Capacitor capacity [103 electron] 100 300 200

Cluster capacity Ne [106 electron] 1.8 3.0 0.30

rms Read-out noise [electron] 15 25 32

Dark current
@ 298 K [pA cm–2]

3.5 15 –

Dark current charge during minimum read-
out time [electron]

43 23 –

Double correlated sampling Yes Yes Yes
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For laser powers Pl,1 = Pl,2 = 1.7 mW, P0,1 = P0,2 = 50 pW and

Pm,1 = Pm,2 = 30 pW, as derived in Section 6.3.3. Thus, the sample intervals 3ts are

14 ms for the Kodak ccd sensor, 23 ms for the Philips ccd sensor, and 2.3 ms for

the Photobit aps. The number of samples Ns required for an SNRa of 5.6 � 106,

are 71, 43, and 430, respectively. 

For shot noise limited operation and a measurement time of 1 s, the read-out

times should be equal to or smaller than the sample intervals 3ts. However, the

read-out times for the ccd sensors are 2.4 s and 0.17 s respectively. Thus, these

read-out times are larger than the sample intervals 3ts; if the ccd sensors are

used, then the measurement times will be 170 s and 7 s respectively, instead of the

required 1 s. Only the Photobit aps can read the pixels fast enough. 

Conclusions

The conclusions about the applicability of the ccd sensors and the aps’s, as well

as a short introduction to an alternative active pixel sensor design are presented

in the subsections below.

ccd sensors

In the previous section, we showed that even if the ccd sensors in Table 6.6 can

be operated at the shot noise limit, then their read-out times are too long. Conse-

quently, these ccd sensors are not useful for our detection system. 

A trivial solution might seem to use ccd sensors with less pixels, because that

reduces the read-out time. However, the pixel size is about the same for all ccd
sensors (of the order of 10 � 10 µm2). Hence, a choice for a ccd sensor with less

pixels is equivalent to a choice for a ccd sensor with a smaller chip size. Thus, the

number Nc of pixels in a cluster is also reduced, with respect to the Nc values for

the ccd sensors listed in Table 6.6. This leads to a reduction of the cluster capacity

Ne. As a consequence, the number Ns of samples has to be increased to attain the

same SNRa. Thus, the advantage of a reduction of the read-out time is annulled

by the disadvantage of having to increase the number of samples. We conclude

that, in general, detection systems based on ccd sensors are not feasible.

Active pixel sensors

We also showed that the read-out time of 1.7 ms of the Photobit aps is slightly

smaller than the maximum allowed read-out time of 2.3 ms for the case in which

the aps operates at the shot noise limit. In the presence of any noise other than

the shot noise caused by the photocurrent (such as shot noise caused by the dark

current, thermal noise caused by a resistor, or read-out noise), the number Ns of

samples has to be increased to attain the same SNRa. If the power of these noise

sources is larger than only 40% of the shot noise power, than the read-out time of

the aps is already too long. In reality, the power of the additional noise sources

will be larger than 40% of the shot noise power (the 10-bit adc converters, which

are effectively 9 bit according to [195], already introduce quantization noise of

which the power is equal to 80% of the shot noise power). 

However, the read-out time of the aps can be reduced, as a result of the flexi-

ble addressing of the pixels. For example, if we use 427 � 256 clusters of 3 � 1 pix-
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els instead of the 427 � 1024 clusters of 3 � 1 pixels, then only 256 of the 1024

horizontal lines have to be addressed. As a consequence, the read-out time can be

reduced by a factor of 4 to 0.4 ms. Thus, the number Ns of samples that can be

read within the measurement time of 1 s is 2.4 � 103, an increase by a factor of 5.

As a consequence, the power of the additional noise sources is allowed to be a fac-

tor of 4 larger than the shot noise power, which seems feasible. The increase of the

number of samples also requires the laser power to be increased with a factor of 5

from 1.7 to 9 mW, which also seems feasible, see Section 6.3.3.

The only disadvantage of this reduction of the read-out time is that the maxi-

mum number of detectors in the vertical direction is 256. This number is certain-

ly larger than the required minimum number of detectors of 24. However, it is

not clear to us if this number will be sufficient if high spatial surface height devia-

tions are present.

With a sample frequency of 2.4 � 103 samples s–1, the detector signal frequency

Ωm can be chosen between 0 and 2Π � 1.2 � 103  rad s–1, according to the Nyquist

criterion. However, if the sample interval is equal to the sample period (i.e. no

dead time between the samples), then the modulation depth of a sampled signal

at 2Π � 1.2 � 103  rad s–1 would be reduced to 0. Therefore, a maximum Ωm value

of 2Π � 0.5 � 103  rad s–1 seems to be a better choice, because at that frequency the

modulation depth is still 0.74. 

With the number Ns of samples equal to 2.4 � 103, and a measurement time of

1 s, each of the 427 � 256 clusters of 3 � 1 pixels will generate 2400 12-bit samples.

Thus, a data flow of 375 MByte per second is generated. Such a data flow will

probably require specialized hardware. In addition, the fitting of a sine curve to

the 2400 samples per cluster, for each of the 0.1 � 106 clusters, will probably have

to be carried out off-line with specialized hardware, such as digital signal proces-

sors. The study of such specialized hardware lies outside the scope of this thesis.

We just assume that such hardware can be realized. 

Alternative active pixel sensor

Although it is plausible that the Photobit aps can be used to attain an SNRa larger

than the required minimum value SNR'a, we have studied the feasibility of an al-

ternative active pixel sensor design [197]. The advantage of this alternative is that

it does not saturate as the laser power increases, like the ccd sensors and aps’s do

due to their limited capacities. As a consequence, the laser power can be in-

creased to compensate for additional noise sources or to increase the SNRa, with-

out automatically extending the measurement time tm. The disadvantage of the

alternative is that it still has to be developed, which will cost a lot of effort, time

and money. 

The alternative active pixel sensor design is based on the following principle

[197]. Instead of using the detector current to charge a capacitor, the detector cur-

rent id(t) is first converted into a continuous-time voltage signal Vd(t) with a

trans-impedance pre-amplifier. Subsequently, the continuous-time signal Vd(t) is

converted into a discrete-time signal Vd[tn] by sampling it with an adc. 

Although sampling with an adc is also based on capacitors, the capacitors in

the adc’s can be much larger than the capacitors connected to the pixels in a ccd
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sensor or aps. Because of that, these capacitors do not limit the snr of the signal

Vd[tn]. Instead, the thermal noise introduced by the resistor R in the trans-im-

pedance pre-amplifier determines the snr of Vd[tn]. By a proper choice of R, the

snr of Vd[tn] can be higher than the snr of the detector signals of a ccd sensor or

an aps. That is the advantage of the alternative aps.

In order to prevent 1/f noise generated by the pre-amplifier (which consists of

junction fet’s) to become dominant over the thermal noise and the shot noise,

the modulation frequency Ωm should be equal to or larger than 2Π � 103 rad s–1.

The maximum value of Ωm is determined by the sample frequency, which is de-

termined by the number of detectors, the number of adc’s, and the sample fre-

quency of each adc. These numbers have not yet been determined. Therefore, we

simply assume that the maximum value of Ωm is 2Π � 2 � 103 rad s–1. 

The method to introduce the frequency difference Ωm will be described in

Section 6.5.

6.3.5 Conclusions

In this section, we summarize the conclusions of Sections 6.3.3 and 6.3.4 and dis-

cuss the choice between a quasi-static method (such as phase shifting interferom-

etry) or a fast method (such as heterodyne interferometry) for the measurement

of the opd modulo Λ. 

Nd:yag lasers as well as mopa laser systems can be used to deliver the 1.7 mW

of power that is required to reach the shot noise limit in a measurement time of

1 s. Moreover, their power can be increased to about 30 mW or 300 mW, respec-

tively. 

It seems plausible that a detection system based on the Photobit aps can at-

tain the required signal-to-noise-ratio of the detector signals. Because their read-

out times are too long, ccd sensors are not applicable in the detection system for

the novel interferometer. In addition, we have studied the feasibility of an alterna-

tive custom-made active pixel sensor, as described in [197]. The advantage of this

alternative over ccd sensors and aps’s is that it does not saturate if the laser power

is increased. It might turn out that this feature is necessary in the future. 

If the detection system will be based on the Photobit aps, then a value for the

frequency Ωm has to be selected in the range from 2Π rad s–1 to 2Π � 500 rad s–1. If

the detection system will be based on the alternative aps, then a value for the fre-

quency Ωm has to be selected in the range from 2Π � 103 rad s–1 to

2Π � 2 � 103 rad s–1. To keep the various options open, we decide to use a high Ωm

for the opd modulo Λ measurement. Thus, we will use a heterodyne system. 

6.4 Evaluation of the absolute opd measurement methods

In Section 6.2, we evaluated the potential opd measurement methods. In

Section 6.2.7, we decided to determine first the setup for the light source system

and the multi-point detection system for the opd modulo Λ measurement in

Section 6.3. In this section, we will determine which of the absolute opd measure-
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ment methods—sni, wli, twi, mwi, and fmi—is best suited to be combined

with the multi-point opd modulo Λ measurement. 

The two-dimensional detector array is the component that the opd modulo Λ
and the absolute opd measurement methods have to share. The arrays that can be

used for the opd modulo Λ measurement were described in detail in Section 6.3.4:

the Photobit aps or an alternative aps. The evaluation of the absolute opd meas-

urement methods in this section is based on the proposition that one of these two

arrays will be chosen. 

One of the results of Section 6.3 is that the available laser power is not the lim-

iting factor. In addition, we assume that the light source system can introduce

with sufficient accuracy the frequency Ωm within the entire frequency range of

the detection system, as was already discussed in Section 6.2.3. Another result of

Section 6.3 is that we prefer to use a relatively high Ωm (in the order of

2Π � 103 rad s–1), because that keeps both options of using the Photobit aps or the

alternative aps open. In both cases, the maximum number of detectors will be of

the order of 400 � 400. 

We can directly rule out sni, because the number of available detectors is far

too small in comparison with the required number, which is in the order of

4000 � 4000. Thus wli, twi, mwi, and fmi remain as potential candidates. These

will be discussed in Sections 6.4.1 and 6.4.2. Conclusions will be drawn in

Section 6.4.3. 

6.4.1 White light interferometry

In comparison with twi and fmi, wli has three disadvantages: a relatively long

measurement time, a broad spectrum of the light sources, and moving compo-

nents. 

As discussed in Section 6.2.4, the applicability of wli depends partly on the

minimum measurement time tm. With the relatively slow Photobit aps, the maxi-

mum Ωm value is 2Π � 0.5 � 103 rad s–1, which results in a measurement time of at

least 10 s for a wavelength Λ of 600 nm and an opd scan 3OPD of 3 mm, accord-

ing to condition (6.4). 

Because of this rather long measurement time, it seems necessary to combine

wli with the opd modulo Λ measurement by frequency multiplexing, instead of

time multiplexing. In that way, the opd modulo Λ and the absolute opd can be

measured at the same time. 

As described in Section 6.2.4, the fwhm linewidth of the white light source

should at least be 7 nm. In order to prevent unwanted constructive interference

(‘cross-talk’) between the beams of the white light source and the light source for

the opd modulo Λ measurement, the central wavelengths of these light sources

have to be separated over some tens of nanometres. This might complicate the

setup of the novel interferometer, because of an increased sensitivity to disper-

sion effects in comparison with twi and fmi. 
Another disadvantage is the fact that the scanning of the opd within a range

of 3 mm requires a delay line with some moving components. For example, a me-

chanical stage to translate the retroreflector illustrated in Figure 6.6 over a dis-

tance of 1.5 mm. Although not impossible, such a moving component might be
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difficult to combine with the system that has to introduce the phase difference

3Φl(t) between the reference and object beams for the opd modulo Λ measure-

ment with an accuracy better than 30 pm. 

We do not believe that the mentioned disadvantages form unavoidable ob-

structions, due to which wli would be completely unsuited for our novel inter-

ferometer. However, at present we decide not to choose wli and first study the

feasibility of twi, mwi, and fmi. 

6.4.2 twi, mwi, and fmi
Because twi, mwi, and fmi are strongly related, especially twi and fmi–pm, we

compare them and determine if they can be integrated with the opd modulo Λ
measurement. First, the light source systems will be compared. Subsequently, the

detection systems will be compared.

Comparison of the light source systems

As described in Sections 6.2.5 and 6.2.6, it has already been shown that light

sources for twi, mwi, and fmi–pm can meet the specifications. However, it re-

mains questionable if light sources for fmi–fm can be developed that meet the

specifications. 

Comparison of the detection systems

For the comparison of the requirements for the detection systems for twi, mwi,
fmi–pm, and fmi–fm, it is practical to use the synthetic wavelength G, which is

related to 3f via (6.6). Note that in twi, 3f is referred to as the ‘frequency differ-

ence between the two light sources’ and in fmi, 3f is referred to as the ‘tuning

range of the tunable light source’. 

For twi and mwi, the synthetic wavelength G determines not only the non-

ambiguity range, but also the allowable error ∆F in F (F was defined as the phase

that corresponds to OPD modulo G), 

, (6.34)

where ∆OPD is the opd error. For the absolute opd measurement, the allowable

opd error is 0.3 µm. We now formulate an error budget for the error ∆OPD of the

absolute opd measurement which is similar to the error budget in Section 6.3.1,
for the error in the opd modulo Λ measurement. Hence, the allowable error

∆OPD caused by amplitude noise in the detector signals is equal to 90 nm. 

The phase F is the difference between the phase differences Φ1 and Φ2 at wave-

lengths Λ1 and Λ2. We assume that the errors ∆Φ1 and ∆Φ2 in Φ1 and Φ2 respectively

are uncorrelated. Therefore, we state that 

. (6.35)

For the opd modulo Λ measurement, the phase error ∆Φ caused by the amplitude

noise of the detector signals has to be smaller than 0.3 mrad, as specified by the

error budget in Section 6.3.1. If we now assume that the phase errors ∆Φ1 and ∆Φ2
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for twi can be equally small, the synthetic wavelength G should be smaller than

about 1 mm, which corresponds to a frequency difference 3f larger than about

300 GHz. Thus, the non-ambiguity range will be 1 mm, which is less than the

maximum OPD of 3 mm. Hence, if we want to use twi for the absolute opd
measurement, we have to combine it either with common phase unwrapping, or

with a second synthetic wavelength, resulting in an mwi system. 

For fmi–pm, G does not determine the non-ambiguity range, but it does de-

termine the allowable phase error, in the same way as for twi. Thus, if we again

assume that the phase measurements for fmi–pm can be as accurate as the phase

measurements for the opd modulo Λ measurement, then the synthetic wave-

length G has to be smaller than 1 mm and the tuning range 3f should be larger

than 300 GHz. The measurement time will be more than twice the measurement

time of 1 s for the opd modulo Λ measurement, because the phases Φ1 and Φ2 have

to be measured with the same accuracy as Φ, and in between these measure-

ments, the frequency has to be tuned over the range 3f. 

For fmi–fm, the synthetic wavelength G has no direct physical meaning, be-

cause the opd is computed from the tuning speed df/dt, not the tuning range 3f.

However, the tuning range 3f that corresponds to G is an important parameter to

be able to compare the opd errors caused by the amplitude noise in the detector

signals of an fmi–pm system and of an fmi–fm system. 

If we assume that 

• the detection system for the fmi–pm system is the same as for the fmi–fm sys-

tem,

• the optical power incident on the detectors is the same for both systems, 

• the frequency is measured by zero-crossing detection, 

• the frequency is tuned linearly in time (as with the triangle-like frequency

modulation),

• the frequency is tuned within a range 3f within the measurement time taken by

the fmi–pm system to measure Φ1 and Φ2, 

• the tuning range 3f is equal to the tuning range of a fmi–pm system, 

then we can state that the opd errors caused by the amplitude noise in the detec-

tor signals is the same for the fmi–pm and fmi–fm systems. The principle behind

this statement is that the frequency is measured with zero-crossing detection.

Such a frequency measurement actually consists of two successive phase measure-

ments by zero-crossing detection. The frequency is computed as the difference

between the two measured phases, divided by the time between the two phase

measurements. 

From this statement, we conclude that the opd errors introduced by the detec-

tion system for fmi–fm are equal to the opd errors introduced by the same detec-

tion system for twi, mwi, and fmi–pm, provided that the laser power is the same,

the tuning range 3f is the same, and the measurement time is the same. Hence, if

we tune the frequency within a range larger than 300 GHz within a measurement

time of 2 s, then the opd error introduced by the detection system is 0.3 µm or

smaller. 
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From this evaluation of detection systems for twi, mwi, fmi–pm and fmi–fm, we

can draw two conclusions. The first conclusion is that under similar circumstanc-

es (the same laser power, the same detection system, the same measurement time,

the same 3f), the amplitude noise in the detector signals will lead to the same

opd errors for all four types of absolute opd measurements. 

The second conclusion is that the (smallest) synthetic wavelength G has to be

1 mm or shorter, which corresponds to an 3f of 300 GHz or larger. This conclu-

sion was based on the assumption that the phase errors caused by amplitude

noise in the detector signals can not be made smaller than the allowable phase er-

ror of 0.3 mrad for the opd modulo Λ measurement. 

Frequency modulation interferometry can be implemented as fmi–pm or

fmi–fm. A disadvantage of fmi–pm in relation to fmi–fm is that the light source

systems for fmi–pm have already been developed, whereas it is still questionable if

we can develop a light source for fmi–fm that can control the tuning speed df/dt

with sufficient accuracy. 

However, with a required tuning range of only 300 GHz, this may be feasible.

Such a tuning range can be attained with a Littman–Metcalf external cavity semi-

conductor laser†. In order to attain the required laser power, this laser has to be

combined with a power amplifier, as described in Section 6.3.3. The advantage of

such a light source in comparison with the light source systems for fmi–pm (and

twi and mwi) is that the tuning speed df/dt has to be controlled, instead of the

frequency difference 3f of 300 GHz. Because of that, these light source systems

could be less complex then the systems for twi, mwi, and fmi–pm as described in

Section 6.2.5. 

In conclusion, we believe that it is interesting and worthwhile to study the fea-

sibility of using fmi–fm for the absolute opd measurement.

6.4.3 Conclusions

This section concludes the discussion on the absolute opd measurement method

that will be used: sni, wli, twi, mwi, fmi–pm, or fmi–fm. (The conclusions

about the opd modulo Λ measurement method were described in Section 6.3.5).

As concluded at the start of Section 6.4, we can rule out sni, because it can not be

combined with the opd modulo Λ measurement, due to the limited number of

available detectors. All other methods can be combined with the opd modulo Λ
measurement. 

As concluded in Section 6.4.1, we do not choose wli, because of the moving

mechanical components. Of the remaining methods—twi, mwi, fmi–pm, and

fmi–fm —we prefer fmi–fm, because of the (potential) simplicity of the light

source system, as concluded in Section 6.4.2. However, if further investigations

show that it is not feasible to develop a light source for fmi–fm that can control

† Accurate control of the tuning speed requires control of the frequency with a piezo

actuator, as opposed to the dc motors used in most Littman–Metcalf lasers for coarse tun-

ing. Although most Littman–Metcalf lasers have a piezo actuator controlled tuning range

of only 70 GHz, this range can probably be extended to 300 GHz by replacing the actual

piezo actuator by a piezo actuator with a larger stroke.
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the tuning speed with sufficient accuracy, then one of the other methods has to be

chosen. 

The setup of the fmi–fm system was already described in Section 3.4. The

light source will consist of a tunable laser (probably a Littman–Metcalf external

cavity semiconductor laser) in combination with an optical power amplifier, as

described in Section 6.3.3. The method to introduce the frequency difference Ωm

will be described in Section 6.5. 

The detector array will be the same as the one for the opd modulo Λ measure-

ment, thus either the Photobit aps or the alternative aps, as described in

Section 6.3.4. The frequency measurement will be based on curve fitting, as de-

scribed in Section 6.2.6. 

The question if the opd modulo Λ measurement and the absolute opd meas-

urement should be performed sequentially (i.e. time-multiplexed) or in parallel

(i.e. frequency-multiplexed, as described in Section 3.4) has still to be answered.

Although it seems advantageous to use frequency-multiplexing because it reduc-

es the measurement time, it is not clear if the required phase and frequency accu-

racy can be achieved with that frequency-multiplexing. This still has to be

studied. 

In the remainder of this thesis, we will refer to the system for measuring the opd
modulo Λ as the ‘phase modulation (pm) subsystem’ and to the system for meas-

uring the absolute opd as the ‘frequency modulation (fm) subsystem’. 

6.5 Frequency shifter

In the previous section, we decided to use a modulation frequency Ωm of the or-

der of 2Π � 103 rad s–1. Recall that Ωm is the time-derivative of the phase differ-

ence 3Φl(t) between the reference and object beams, see (6.1). In this section, we

will discuss the system that introduces that frequency difference Ωm between the

reference and object beams. That system will be referred to as the ‘frequency shift-

er’. 

Although the pm subsystem as well as the fm subsystem comprises a frequen-

cy shifter, we will only focus on the frequency shifter for the pm subsystem. The

reason is that we expect that the required accuracy for the frequency shifters is the

same for both subsystems. 

In Section 6.5.1, we will evaluate the various methods to introduce a frequen-

cy difference between the reference and object beams. The conclusion of that sec-

tion will be that a combination of two acousto-optical modulators has to be used.

Section 6.5.2 describes the setup of the frequency shifter, including the devices

that generate the driver signals for the acousto-optical modulators.

6.5.1 Types of frequency shifters

As described in Section 6.2.3, there are various methods to introduce a large fre-

quency difference Ωm between the reference and object beams: by using acousto-

optical modulators, rotating wave plates, the Zeeman-split of a single longitudinal
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mode of a laser, or by using two longitudinal modes of a laser. In this section, we

will evaluate these methods, based on two criteria. The first criterion is that we

must be able to select a value for the frequency Ωm in the range from

2Π � 0.5 � 103 rad s–1 to 2Π � 2 � 103 rad s–1, such that the Photobit aps as well as

the alternative aps can be used. The second criterion is that the phase noise must

be sufficiently low. The specifications for the phase noise will be derived in

Section 6.6.3. 

Acousto-optical modulators (aom’s) [160] can introduce frequencies Ωm in a

range of about 2Π � 20 � 106 rad s–1 to 2Π � 500 � 106 rad s–1, depending on the

type of crystal used. Thus, the frequency Ωm introduced by a single aom is too

large. However, by using a combination of two aom’s [171] which introduce

slightly different frequencies between the reference and object beams, we can en-

sure that the resulting frequency Ωm is located within the specified frequency

range. 

Rotating wave plates [161] have two disadvantages. First, it will be virtually

impossible to introduce frequencies Ωm in the required range, because of the re-

quired rotation speed. The second disadvantage of these wave plate systems is that

they are mechanical. We expect that the required phase noise level, due to me-

chanical vibrations, is too large. Therefore, we do not consider these wave plate

systems as viable frequency shifters. 

Zeeman-split lasers [153][154] introduce a frequency Ωm typically of the order

of 2Π � 2 � 106 rad s–1. The frequency difference between two longitudinal modes

of a He-Ne laser is typically in the order of 2Π � 500 � 106 rad s–1 [162][163].

Hence, both methods are not applicable to introduce a frequency Ωm within the

specified range. 

In conclusion, we have to use a combination of two aom’s to introduce the

frequency difference Ωm. 

6.5.2 Setup of the frequency shifter

As concluded in the previous section, we will use a combination of two aom’s to

introduce the frequency difference Ωm. The two aom’s can be setup in parallel or

in series, as illustrated in Figure 6.8. 

The choice between these two setups will depend on the cross-talk between

the beams and the sensitivity to mechanical vibrations. The setup with the two

aom’s in series will be less sensitive to mechanical vibrations, because the setup is

more common path. However, because of the small spatial separation of the

(a)

0th order

1st order

0th order

1st order

(b)

1st order

0st order

Figure 6.8 Setup of the frequency

shifter. (a) The two acousto-optical modu-

lators (aom’s) in parallel. (b) The two

aom’s in series. 
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beams in comparison with the setup with the aom’s in parallel, it will be more

sensitive to cross-talk between the various beams. For the time being, we assume

that the phase noise caused by mechanical vibrations and the cross-talk can be re-

duced to such a level that we can neglect it. 

We assume that the frequencies Ωa1 and Ωa2 of the driver signals for the two

aom’s are about 2Π � 30 � 106 rad s–1. The exact values of Ωa1 and Ωa2 depend up-

on the specific aom’s. The difference |Ωa2 – Ωa1| is the modulation frequency Ωm,

which will be chosen in the range from 2Π � 0.5 � 103 rad s–1 to 

2Π � 2 � 103 rad s–1. 

As will become clear in Section 6.6.3, the phase noise of the aom driver signal

generators must be rather low in comparison with the phase noise of common

signal generators. Therefore, we will use signal generators that consist of a quartz

crystal oscillator to generate a clock signal with frequency Ωcl, and direct digital

synthesizers (dds) [196], which use the clock signal to generate the driver signals

with frequency Ωa1 and Ωa2 [197]. Quartz crystal oscillators are chosen because of

their superior short-term (< 10 s) frequency stability and the dds’s are chosen be-

cause of their simplicity and superior performance in comparison with conven-

tional analog function generators [196]. In addition, the phase noise that is

introduced by the dds’s is negligible in comparison with the phase noise intro-

duced by the quartz crystal oscillator. 

6.6 Model of the pm subsystem

Now that the setup of the light source and detection systems for the pm subsystem

have been outlined in Sections 6.3 and 6.5, we will present in Section 6.6.2 a sig-

nal model of the pm subsystem. This model serves to determine the influence of

various noise sources on the measured opd by the pm subsystem. In Section 6.6.2,

we will shortly describe the various phase noise sources and formulate an error

budget. One of these noise sources, the quartz crystal oscillator, will be discussed

in detail in Section 6.6.3. 

Recall that in Section 6.3.1 we already discussed the influence of the amplitude

noise introduced by the detection system. We will not consider other amplitude

noise sources, such as the laser and the aom’s, because we expect the opd errors

caused by these amplitude noises to be negligible in comparison to the opd errors

caused by the phase noise and the amplitude noise introduced by the detection

system. 

6.6.1 Signal model of the pm subsystem

The signal model of the pm subsystem, illustrated in Figure 6.9, is based on the

assumption that the light source system is setup as in Figure 6.8(a); we assume

that the results of this model are the same for the setup in Figure 6.8(b). The la-

ser of the pm subsystem is modelled as a signal generator which generates (opti-

cal) signals with a frequency f of 474 THz. 

The quartz crystal oscillator generates the clock signals for both dds’s. The

output signals of the dds’s are amplified by power amplifiers, in order to gener-
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ate the high power driver signals for the aom’s. The acousto-optical modulators

are modelled as passive multipliers. However, in reality the aom’s are active com-

ponents which can add phase noise, because they contain piezo actuators to gen-

erate the travelling acoustical waves in the crystal. That phase noise is unknown;

we assume that it is negligible and that the aom’s can indeed be modelled as pas-

sive multipliers. 

The optical system is modelled as a set of delay line systems, which introduce

the optical path differences OPDn between the pairs of reference and object

beams that interfere at the detectors in the detector array. This model is illustrat-

ed in Figure 3.10. For simplicity, we only model two detectors of all the detectors

in the two-dimensional detector array. 

Each detector is modelled as the combination of an element that adds the ref-

erence and object beams and an element that multiplies the sum signal with it-

self. The detector signals are represented by Vd1(t) and Vd2(t), which are defined

analogous to (6.12),

(6.36)
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Figure 6.9 Signal model of the pm subsystem.
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In this section, we are only interested in the errors ∆ΦV1(t) and ∆ΦV2(t) in the

phases ΦV1(t) and ΦV2(t), not in the amplitude errors Vn1(t) and Vn1(t) which

were discussed in Section 6.3. We define these phase errors ∆ΦV1(t) and ∆ΦV2(t) as

(6.37)

The detector signals are sampled by analog-to-digital converters (adc’s) and

subsequently sine curves are fitted to the samples, as illustrated in Figure 6.4(b).

This combination of sampling (with a certain integration interval) and curve fit-

ting can be considered to be a digital band-pass filter, as described in

Section 6.3.3. Note that the adc’s for the Photobit aps and for the alternative aps
are integrated on the sensor chips themselves. The curve fitters will probably have

to be built with specialized hardware, as described in Section 6.3.4.

To reduce the phase errors in the detector signals that are caused by the phase

noise in the crystal oscillator signal, the clock signals for the adc’s (with sample

frequency Ωs) are derived with a dds from the oscillator signal with frequency

Ωcl. This will be discussed in more detail in Section 6.6.3. 

The (digital) phase comparator measures the phase difference 3Φ(t) between

the two detector signals,

. (6.38)

The error ∆3Φ(t) in this phase difference is defined as

. (6.39)

Since we are not interested in the absolute opd at each detector, but only in

the variation of the absolute opd over the detection plane, we define the OPD as

the difference between OPD1 and OPD2,

. (6.40)

Hence, the opd error ∆OPD(t) is defined as

. (6.41)

The digital phase comparator does not measure the phase difference between

the two signals directly. As illustrated in Figure 6.4(b), it first determines the time

delay 3t between a zero-crossing of the sine curve fitted to the samples of the first

signal and the successive zero-crossing of the sine curve fitted to the samples of

the second signal is determined. Subsequently, the period Tm of the detector sig-

nal is computed from one of the two sine curves. Finally, the phase difference is

computed from 3t and Tm. Because the period Tm is determined from the sam-

ples that are taken during the measurement time tm, phase variations at frequen-

cies lower than 2Π/tm have no effect on the measured phase difference. 
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6.6.2 Phase noise sources

With the signal model of the pm subsystem presented above, we can determine

the influence of phase noise sources on the phase difference 3Φ(t) as measured by

the phase comparator. As shown in Figure 6.9, the pm subsystem contains five sig-

nal sources (the quartz crystal oscillator, the frequency stabilized laser, and three

dds’s), of which each introduces phase noise. In addition to these five noise

sources, phase noise is also introduced by environmental factors, such as mechan-

ical vibrations and temperature gradients. We will first discuss these noise sourc-

es shortly, after which an error budget is formulated. 

The three dds’s step through a memory table and generate a sample for the aom
driver signals or the adc clock signals [196] at each zero-crossing of the clock sig-

nal generated by the quartz crystal oscillator. If the step size is an integer number

of memory table rows, then the phase noise added by the dds is zero. In that case,

the dds is comparable to a classic frequency divider, which does not add phase

noise. The difference is that the choice of output signal frequencies for a classic

frequency divider is limited to the input signal frequency divided by an integer,

whereas the choice of output frequencies for a dds is much broader. 

Just as for the classic frequency dividers, the phase noise of the output signals

(in our case the aom driver signals with frequencies Ωa1 and Ωa2 and the adc
clock signals with frequency Ωs) is reduced in comparison to the phase noise of

the input signals (in our case the oscillator signal with frequency Ωcl) with a fac-

tor that is equal to the ratio between the input frequency and the output frequen-

cy (in our case Ωcl/Ωa1, Ωcl/Ωa2, and Ωcl/Ωs, respectively). 

In conclusion, the phase noise of the output signals of the dds’s is determined

completely by the phase noise of the oscillator signal. Therefore, we do not con-

sider the dds’s as separate phase noise sources.

The frequency-stabilized laser also introduces phase noise. However, we ex-

pect that the phase noises in the reference and object beams cancel each other to a

negligible level, because the opd is limited to 3 mm and the coherence length of

the laser is several hundreds of metres. 

The study of the environmental factors, such as mechanical vibrations and

temperature gradients, lies outside the scope of this thesis. 

Error budget

According to the error budget for the opd modulo Λ measurement in

Section 6.3.1, the allowable opd error caused by the phase noise of the light source

system is 30 pm. Recall that this number of 30 pm is the specification for the opd
error due to phase noise of a single detector signal, not due to the noise of the

phase difference between two detector signals. 

This allowable opd error of 30 pm corresponds to an allowable phase error of

0.3 mrad. This phase error has to be divided over the phase error caused by the

oscillator and by the environment, which are assumed to be uncorrelated. We

specify that the allowable phase error due to the environmental factors is

0.2 mrad and that the allowable phase error due to the oscillator phase noise is

0.2 mrad. 
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6.6.3 Phase noise caused by the quartz crystal oscillator 

This section first describes the relation between the phase noise of the quartz

crystal oscillator and the errors in the phase difference as measured by the phase

comparator. To simplify that model, we will consider a worst case situation. Based

on that worst case, a specification for the phase noise of the quartz crystal oscilla-

tor will be derived. Subsequently, we will determine if the commercially available

quartz crystal oscillators can meet this specification. Finally, we will conclude that

the specification can indeed be met and that the phase errors caused by the quartz

crystal oscillator will be smaller than the specified 0.2 mrad. 

Model of the phase noise

We model the clock signal Vcl(t) generated by the quartz crystal oscillator as 

, (6.42)

where Vcl is the amplitude and Φcl(t) is the phase noise. This phase noise Φcl(t)

propagates along six different paths to the curve fitters: along reference beam r1,

object beam o1, reference beam r2, object beam o2, adc clock signal cl1 and adc
clock signal cl2. 

Along the way, the phase noise of the clock signal is reduced by the three

dds’s. In addition, the phase noise of the adc clock signals is reduced by the sam-

pling: the phase noise of the sampled detector signals caused by the phase noise of

the adc clock signals is a factor Ωs/Ωm smaller than the phase noise of the adc
clock signals. As a result, the phase noise Φcl(t) is reduced by factors Ωcl/Ωa1,

Ωcl/Ωa2, Ωcl/Ωa1, Ωcl/Ωa2, Ωcl/Ωm, Ωcl/Ωm for the six respective paths. 

Now, we model the errors ∆ΦV1(t) and ∆ΦV2(t) of the phases ΦV1(t) and ΦV2(t)

of the sampled detector signals as

(6.43)

where 3tr1, 3to1, 3tr2, 3to2, 3tcl1, and 3tcl2 are the time intervals that it takes for

the phase noise to propagate from the quartz crystal oscillator to the curve fitters

along the six respective paths. 

In general, the phase errors ∆ΦV1(t) and ∆ΦV2(t) depend on the phase noise

Φcl(t) of the oscillator signal. However, in one special case, they do not: if

3tr1 = 3to1 = 3tcl1 and 3tr2 = 3to2 = 3tcl2, then ∆ΦV1(t) and ∆ΦV2(t) are zero, irre-

spective of the phase noise Φcl(t). (Recall that Ωm = Ωa2 – Ωa1.) In this special case,

the pm subsystem is said to be completely balanced. 

If the pm subsystem is not completely balanced, then the phase noises of the

various signals do not cancel each other completely and the phase errors ∆ΦV1(t)

and ∆ΦV2(t) are determined by Φcl(t) and by the time intervals 3tr1, 3to1, 3tr2,

3to2, 3tcl1, and 3tcl2. 

The unbalanced case is difficult to model exactly, because it requires exact

knowledge of the spectral density function SΦ,cl(Ω) of Φcl(t) and of the time inter-
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vals. At this point, that information is not available. Therefore, we take a worst-

case approach and assume that the phase noises of the various signals do not can-

cel but amplify each other (constructive interference instead of destructive inter-

ference). As will be shown below, quartz crystal oscillators are available of which

the phase noise is so low, that even in this worst-case situation the opd errors

caused by that phase noise are sufficiently small. Although this worst-case ap-

proach will certainly lead to phase noise requirements that are over specified, it

also makes that we do not have to model the unbalanced case exactly. 

Another aspect of our worst-case approach is that the filtering by the curve

fitters of the phase noise of the sampled detector signals is left out of considera-

tion. Therefore, we will specify the allowable phase noise of the input signals (i.e.

the sampled detector signals) of the curve fitters, instead of the allowable phase

noise of the output signals: we require that the standard deviation ΣΦ of ∆ΦV1(t)

and ∆ΦV2(t) is smaller than 0.2 mrad, in accordance with the error budget in

Section 6.6.2. 

However, the specification that ΣΦ should be smaller than 0.2 mrad is incom-

plete. That standard deviation ΣΦ is defined as the square root of the integrated

spectral density function SΦ(Ω) of ∆ΦV1(t) and ∆ΦV2(t),

, (6.44)

where the factor 2 arises from the fact that SΦ(Ω) is a two-sided spectral density

function. Therefore, we should also specify the limits Ωmin and Ωmax of the fre-

quency range over which SΦ(Ω) has to be integrated. 

The values of Ωmin of Ωmax are determined by the following argumentation.

The objective of the measurements is to determine the time-averaged values of

the phases ΦV1(t) and ΦV2(t) during these measurements. Thus, the averaging

time is equal to the measurement time tm, of which the typical value is 1 s. In oth-

er words, only variations of ∆ΦV1(t) and ∆ΦV2(t) with periods shorter than tm will

lead to unwanted errors ∆3Φ(t) in the measured phase difference 3Φ(t). There-

fore, we specify Ωmin as 2Π/tm and Ωmax as infinity. 

Model of the phase noise in the worst case

In this subsection, the relation between the phase noise ΣΦ of the sampled detec-

tor signals and the spectral density function SΦHcl(Ω) of the oscillator phase noise

Φcl(t) is derived. 

According to our worst-case approach, we state that the phase error contribu-

tions in (6.43) caused by the phase noise of the aom driver signals sum up instead

of subtract. In addition, we state that the phase noise caused by the phase noise of

the adc clock signals is negligible in comparison with the phase noise caused by

the phase noise in the aom driver signals, because the first is reduced by a factor
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Ωcl/Ωm, whereas the second is reduced by a factor of only Ωcl/Ωa1 or Ωcl/Ωa2 (note

that Ωm 7 Ωa1,2). Consequently,

, (6.45)

where ΣΦ,a is the phase noise of the aom driver signals. The phase noise ΣΦ,a is

equal to

, (6.46)

where Ωmin is the minimum value and Ωmax is the maximum value of the range

of the frequency of phase variations which influence the opd measurement. 

As explained in the previous subsection, the value of Ωmin is equal to 2Π/tm,

with a typical value of 2Π rad s–1. The value of Ωmax is taken to be five times larg-

er than the sample frequency Ωs. The reason is that we assume that phase fluctua-

tions at frequencies Ω five times larger than Ωs are averaged out during the

integration interval 3ts of the adc’s. A typical value for Ωmax is

2Π � 10 � 103 rad s–1. (For most oscillators, SΦ,cl(Ω) falls off as 1/Ω2 and the value

of Ωmax has a negligible effect on ΣΦ,a, as long as Ωmin 7 Ωmax.)

The substitution of (6.45) into (6.46) gives the sought after relation between

ΣΦ and SΦ,cl(Ω) in the worst case,

. (6.47)

According to the error budget in Section 6.6.2, the spectral density function

SΦ,cl(Ω) should be such that 

. (6.48)

Quartz crystal oscillators

For the selection of one of the commercially available quartz crystal oscillators,

we first have to translate the specification for SΦ,cl(Ω) in (6.48) into the form used

by the vendors to specify the phase noise of their quartz crystal oscillators, which

is the single sideband phase noise to carrier ratio per Hz, �(f), given for a limited

number of frequencies f, such as 100 Hz and 1 kHz [198]. 

For this translation, we have to make an assumption about SΦ,cl(Ω). As de-

scribed in [199], a typical spectral density function SΦ,cl(Ω) of an oscillator falls of

as 1/Ω3 for very low frequencies Ω, it falls of as 1/Ω2 for mid frequencies Ω, and it

is flat for high frequencies Ω. Although the limits of these three frequency ranges

differ from oscillator to oscillator [200][201], we assume that for frequencies Ω

Σ ΣΦ Φ� 2 ,a

Σ Ω
Ω
Ω

ΩΦ Φ

Ω

Ω

, ,

min

max

a cl
a

cl

S d2
2

2� 	 
�

����

�

�
�����

Σ Ω
Ω
Ω

ΩΦ Φ

Ω

Ω
2

2

8� 	 
�

����

�

�
����� S dcl

a

cl
,

min

max

S dcl
cl

a
Φ

Ω

Ω

Ω Ω
Ω
Ω,

,
min

max
.

	 
  
	 
 �



����
�

�

�����
0 2

8

2

1 2

2
mrad
233 Model of the PM subsystem



between Ωmin and Ωmax (a typical value for Ωmin is 2Π rad s–1 and a typical value

for Ωmax is 2Π � 10 � 103 rad s–1), the spectral density function SΦ,cl(Ω) falls of as

1/Ω2. 

Based on this assumption and on the assumptions that Ωa1 and Ωa2 are equal

to 2Π � 30 � 106 rad s–1, that Ωmin = 2Π rad s–1, and Ωmax = 2Π � 10 � 103 rad s–1,

we translate (6.48) into the following requirement,

, (6.49)

where fcl is the clock frequency, fcl = Ωcl/2Π. 

Of the commercially available oscillators (see for example [200][201]), most

ovenized quartz crystal oscillators meet condition (6.49). We choose a model with

a relatively high clock frequency fcl of 125 MHz [200], because then the oscillator

signal can be used directly as the clock signal for the dds’s: at 125 MHz, the dds’s

generate the aom driver signals of about 30 MHz with about four samples per pe-

riod, which is sufficient [196]. For that particular oscillator, 

�(100) = –130 dBc Hz–1. 

Conclusions

We expect that even in the worst case (where the phase noises of the various sig-

nals amplify each other instead of cancelling each other), the phase errors caused

by the quartz crystal oscillator are smaller than the allowable value of 0.2 mrad. 

6.7 Conclusions

In Sections 6.1–6.4, we described and evaluated the potential opd measurement

methods. The conclusions about the opd modulo Λ measurement method were

already described in Section 6.3.5. The conclusions about the absolute opd meas-

urement were already described in Section 6.4.3. 

In Sections 6.5 and 6.6, the frequency shifter and some noise sources were dis-

cussed. The conclusions of these sections were that the frequency shifter will

comprise two acousto-optical modulators (either in series or in parallel as illus-

trated in Figure 6.8), a quartz crystal oscillator, and three direct digital synthesiz-

ers, as illustrated in Figure 6.9. We expect that the opd errors caused by the phase

noise of the frequency shifter is sufficiently small. In addition, we expect the opd
errors caused by the laser noise to be negligible. 

Based on these conclusions, we expect that it is feasible to develop light source

and detection systems that can sample the opd function at the detection plane

with a number of samples that is sufficient and with a sample accuracy that is suf-

ficient. Chapter 7 will present some experimental results which support this ex-

pectation.
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7 Experiments

The objective of this thesis is the development of the novel interferometer. In

Chapters 4–6, we designed several subsystems of that interferometer. We de-

signed and studied the systems of which the realization seemed to be the least fea-

sible in more detail than the other systems, in order to gain insight in the

feasibility of the entire novel interferometer. All these design and feasibility stud-

ies were purely theoretical and based on a large number of separate specifica-

tions, assumptions, expectations, and educated guesses. 

In this chapter, we describe several practical experiments. Before we discuss

these experiments in detail, it is important to explain the three objectives that we

strive for with these experiments. The first objective is to gain confidence in the

theoretical concept of the novel interferometer, which is a typical design objec-

tive. The second objective is to learn from the experiments and gain insight in the

various systems. As an example, due to the experiments, we are able to discrimi-

nate important error sources from unimportant error sources. This knowledge

was used in the modelling of the systems in the previous chapters. Thus, this sec-

ond objective is a typical engineering objective. The third objective is to build ex-

perimental setups that serve as starting points for the development of the systems

described in the previous chapters, which is also a typical engineering objective. 

We want to emphasize that the experiments are not meant to verify the theo-

retical models for the various systems, as presented in the previous chapters. On-

ly if the experiments show that a particular system does not meet the

specifications predicted by our models, then these models will be adapted, in or-

der to improve that system. 

The objective of the experiments is to build a first version of the pm subsys-

tem, consisting of a light source system and a single point detection system, that

can measure the opd modulo Λ with the specified opd accuracy. As will be de-

scribed in Section 7.1, the setup comprises a light source system, a detection sys-

tem, and a delay line system with which we can vary the opd within a range of a

single wavelength Λ with an accuracy better than 30 pm. This experiment clearly

demonstrates the possibility of reaching an accuracy which is better than the

specified single point opd accuracy of 0.1 nm. To our knowledge, such an accura-

cy has not been reached before with a single point heterodyne interferometry set-

up. Therefore, we consider this experiment to be a valuable step forward in the

development of the multi-point pm subsystem. 

However, we have to emphasize that the single point pm system for this exper-

iment differs in a number of respects from the final multi-point pm subsystem for

the novel interferometer as described in Chapter 6. First, the opd range is limited
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to a single wavelength Λ, instead of the specified opd range of 3 mm. Second, the

frequency shifter is based on a single aom, instead of two aom’s as described in

Section 6.5.2. Third, the optical power incident on the detectors is much higher

than the optical powers computed in Section 6.3.2. Fourth, the measurement time

tm is 1 ms, instead of the specified measurement time of 1 s. 

Despite these differences, we can utilize the results from the experimental sin-

gle point pm system to estimate the feasibility of the final multi-point pm subsys-

tem. 

7.1 Setup of the single point pm system

The setup for the single-point pm system is illustrated in Figure 7.1. This figure

shows the optical components of the setup in detail. By contrast, Figure 7.2 shows

a so-called signal equivalent of the setup, which illustrates the electronic compo-

nents of the setup in detail. In this signal equivalent, the optical components are

modelled as electronic components, such as signal generators and multipliers.

The next sections discuss these optical and electronic components in detail. 

7.1.1 Light source system

Light source

Because we only use a single detector, we do not have to use a high power light

source in order to reach a high snr of the detector signal. For the opd modulo Λ
measurement, a frequency stabilized He-Ne laser [151] is used with a wavelength Λ
of 632.8 nm. The output power is 1.5 mW, which is sufficient for this single point

experiment. Thus, we do not have to use a high power Nd:yag laser or a mopa
system, as described in Section 6.3.3. The relative frequency stability has been

measured and found to be better than 5 � 10–9 for a period of 16 hours [152], thus

the frequency stability is sufficient to attain the 0.1 nm accuracy at the maximum

opd of 3 mm. 
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Figure 7.1 Setup of the single point pm system. 
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Optical isolator and half–wave plate

The linearly polarized laser beam is led through an optical isolator [202] to pre-

vent back reflections, which can cause frequency instabilities in the laser. After the

optical isolator, the laser beam is led through a half–wave plate [203], with which

the (electric) field vector can be rotated around the propagation direction of the

beam. 

Frequency shifter

The frequency shifter consists of a single aom [204]. The laser beam is split by this

aom into a zeroth and a first order beam, which will be referred to as the object

and reference beam, respectively. The power of these beams is determined (part-

ly) by the power of the signal which drives the aom. The aom introduces a fre-

quency difference of 2Π � 31.25 � 106 rad s–1 between the reference and object

beams. This frequency difference is equal to the frequency Ωa1 of the driver signal

for the aom. 

The reason to use a single aom, instead of two aom’s as described in 6.5.2, is

that we just happened to start to build the system like that. A consequence is that

the frequency of the detector signals is rather high (2Π � 31.25 � 106 rad s–1) in

comparison with the detector signal frequency Ωm of about 2Π ��103 rad s–1 that

will have to be used in the multi-point detection system, as concluded in

Section 6.4.3. 

For two reasons, these high frequency detector signals are mixed down to an

intermediate frequency Ωm of about 2Π ��103 rad s–1 with a set of multipliers [205]
before the phase difference between the signals is measured. The first reason is

that we can not measure with sufficient accuracy the phase difference between

two detector signals at such a high frequency Ωa1. Even the most accurate time in-

terval counters have a single shot resolution of 25 ps [176], which corresponds to a

phase resolution of 5 mrad at Ωa1 = 2Π � 31.25 � 106 rad s–1, whereas the phase ac-

curacy should already be better than 0.3 mrad according to the error budget in

Section 6.3.1. 
The second reason is that by mixing down the detector signals the system be-

comes more compatible with the pm subsystem with a frequency shifter based on

two aom’s. For the mixing down, a signal is required with a frequency Ωa2 that

differs only about 2Π ��103 rad s–1 from Ωa1. The same signal, apart from a power

amplification, can be used to drive the second aom in a frequency shifter with

two aom’s, as can be concluded from a comparison of the signal equivalents in

Figures 6.9 and 7.2. 

The advantage of the setup with a single aom, in comparison with a double

aom setup, is that the phase noise that is introduced by the aom can be measured

independently from the phase noise that is introduced by other noise sources. In

a double aom setup, the phase noise introduced by the aom’s themselves can not

be separated from the phase noise that is introduced by mechanical vibrations of

the two aom’s in relation to each other and by turbulence of the air between the

two aom’s.
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The driver signal for the aom with frequency Ωa1 and the mixer signal with fre-

quency Ωa2 are generated with the setup in Figure 7.2, which closely resembles the

setup described in Section 6.5.2 and which was illustrated in Figures 6.9. Howev-

er, the clock signal with a frequency Ωcl of 2Π � 125 � 106 rad s–1 is not generated

by a quartz crystal oscillator. Instead, a signal generator [206] is used to generate

that clock signal. The reason is that the oscillator has not yet been delivered. The

phase noise of that signal generator is somewhat larger than the phase noise of

the oscillator. The dds’s contain memory tables with 217 samples of a single peri-

od of a sine function [207]. 

As already mentioned, we have chosen Ωa1 to be equal to

2Π � 31.25 � 106 rad s–1. We choose Ωa2 to be equal to 2Π � 31.250953 � 106 rad s–1.

Thus, the frequency difference Ωm is equal to 2Π � 953 rad s–1. These particular

values are chosen to minimize the phase noise that is added by the dds. With

these particular values, the dds steps with each clock cycle through the memory

table, which contains 217 samples, with a step size of 215 and 215 + 1, respectively.

Because these step sizes are integers, we prevent the sample jitter that occurs with

non-integer step sizes.

The signal with frequency Ωa1 is led to an adjustable high-frequency power

amplifier. The output of this amplifier is connected to the aom [204]. The signal

with frequency Ωa2 is led via a pre-amplifier to the multipliers, which will be dis-

cussed below. 

7.1.2 Delay line system

The two beams that enter the delay line system are the zeroth and first order

beams of the aom. Both beams are linearly polarized, the orientation of the field

vector is the same for both beams. This orientation can be adjusted by rotating

the half–wave plate [203] in the light source system. The angle between both

beams is about 5 mrad. At the prism, their spatial separation is about 0.5 mm. 
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The first element of the delay line is the birefringent calcite prism. This prism

splits each of the two incident beams in an ordinary beam and an extra-ordinary

beam, as illustrated in Figure 7.1. The ordinary and the extra-ordinary beams are

all linearly polarized, but the field vectors of the ordinary beams are orthogonal

to the field vectors of the extra-ordinary beams. We have chosen the top angle of

the prism, the dimensions of the prism, the orientation of the prism in relation to

the incident beams, and the orientation of the optical axis of the calcite crystal in

relation to the prism in such a way that the extra-ordinary reference beam is co-

aligned with the ordinary object beam. These beams will be referred to as the ref-

erence and object beams. The ordinary reference beam and the extra-ordinary

object beams propagate in different directions and are obscured by a diaphragm. 

In conclusion, behind the prism, the reference and object beams are co-

aligned with a spatial separation smaller than 0.5 mm. Both beams are linearly

polarized and their field vectors are orthogonal. The frequency difference be-

tween the beams is equal to Ωa1. 

The concept for using a birefringent prism in this way was described in [160].

For the design of the prism, we implemented the polarization ray trace algo-

rithms described in [208]–[210] in Mathematica [44]. The prism has been manu-

factured in-house. 

The reference and object beams are sent to a beam splitter cube [211]. The

beams reflected by the cube propagate through a linear polarizer [212]. The angle

between the transmission axis of this polarizer and the field vectors of both

beams is set to Π/2 rad. Behind the polarizer, both beams are linearly polarized

and their field vectors are parallel. The reference and object beams are led via a

focusing lens to a detector [213], at which they interfere. The detector signal with

frequency Ωa1 is led to one of the multipliers in Figure 7.2. 

The reference and object beams that are transmitted by the beam splitter cube

are led through a quarter–wave plate [214]. The orientation of the optic axis of

this quarter–wave plate is such that behind the plate, the reference beam is right–

circularly polarized and the object beam is left–circularly polarized (or the other

way around, depending on the orientation of the optic axis). This is illustrated in

Figure 7.3. Both beams are directed to a linear polarizer [212], which converts the

circularly polarized beams into linearly polarized beams with parallel field vec-

tors. 

The phases of the reference and object beams leaving the polarizer depend on

the orientation of the transmission axis of the linear polarizer. If the transmis-

sion axis of the polarizer is rotated over an angle Φp, then the phase of the refer-

ence beam increases by an amount Φp, whereas the phase of the object beam

decreases by Φp. Thus, the phase difference between the two beams changes by

2Φp. Hence, if we rotate the polarizer over 2Π rad, then the phase difference

amounts to 4Π. 

We want to emphasize that the phase difference 3Φ(t) introduced by a rota-

tion Φp of the polarizer is different from a phase difference 3Φ(t) introduced by a

real time delay 3t between the reference and object beams, as introduced by a

Michelson interferometer for example. As a consequence, this difference can lead

to ambiguities if the phase difference 3Φ(t) is expressed as an opd. To prevent
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these ambiguities, we differentiate between an opd that is introduced by a real

time delay 3t and an opd that is introduced by a rotation Φp of the polarizer. The

latter will be referred to as a ‘virtual opd’. 

To test the light source and detection systems, a virtual opd, referred to as OP-

Di, will be introduced by a well-known rotation of the polarizer. For that pur-

pose, the polarizer is mounted on an automated high-accuracy rotation stage

[215][216], which controls the angle Φp with an accuracy of 0.25 mrad and a preci-

sion of 0.04 mrad. These values correspond to an accuracy and precision of the

phase difference 3Φ(t) of 0.5 mrad and 0.07 mrad, respectively, and to an opd ac-

curacy and precision of 50 pm and 7 pm, respectively. The rotation stage varies Φp

over 2Π, which results in a change of OPDi of 2Λ. 

The reference and object beams are led via a focusing lens to a detector [213],

at which they interfere. The detector signal with frequency Ωa1 is led to one of the

multipliers in Figure 7.2. 

The advantage of this delay line system over other systems is that it is a real com-

mon path system: the reference and object beam propagate along the same paths,

except for a small spatial separation of the reference and object beams

(< 0.5 mm). As a consequence, this delay line system is insensitive to mechanical

vibrations, temperature gradients and air turbulence. 

The disadvantage of this delay line system is that it is based on polarization.

The presented model, according to which the virtual OPDi is linear in Φp, is only

valid under the conditions that (i) the birefringent prism generates perfectly line-
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arly polarized reference and object beams, of which the field vectors are perfectly

orthogonal, (ii) the quarter–wave plate introduces a retardation of exactly Π/2,

and (iii) the linear polarizers generate perfectly linearly polarized beams. If these

conditions are not met, polarization cross-talk between the reference and object

beams will occur, which leads to a non-linear relationship between the virtual

OPDi and Φp [217]–[222]. This phenomenon will be discussed in more detail in

Section 7.2. 

7.1.3 Detection system

As mentioned earlier, the detector signals with a frequency Ωa1 of

2Π � 31.25 � 106 rad s–1 are mixed down before the phase difference between them

is measured. The electronics for the mixing down operation are illustrated in

Figure 7.2. 

After multiplication of the detector signals with the signal with frequency Ωa2

from the dds, the signals are led through a pre-amplifier, a low-pass filter and a

hard-limiter. The hard-limiter converts the sine wave in a square wave with steep

zero-crossings. 

To prevent phase shifts introduced by temperature variations of the filters, the

cut-off frequencies of the low-pass filters are much larger than the intermediate

frequency Ωm of about 2Π � 103 rad s–1. 

The phase comparator that measures the phase difference between the two sig-

nals at intermediate frequency Ωm, is a time interval counter [176]. This counter

first measures the time interval between a zero-crossing of the first signal and a

successive zero-crossing of the second signal, as illustrated in Figure 6.4(a). Next,

the phase difference is computed from this time interval. Note that this phase dif-

ference measurement differs from the phase difference measurement that will be

applied in the novel interferometer, which is based on curve fitting, as illustrated

in Figure 6.4(b). 

According to the error budget in Section 6.3.1, the phase accuracy should be

better than 0.3 mrad. The accuracy is determined by the precision of the zero-

crossing detection and by the stability of the internal clock of the counter. The

precision of the zero-crossing detection is determined by the single shot time re-

solution of the counter and by the amplitude noise of the signal. We assume that

the phase noise due to the amplitude noise is negligible, because the hard-limit-

ers introduce steep zero-crossings. The single shot time resolution is 25 ps, which

corresponds to a phase resolution of 0.2 µrad. Thus, this resolution is more than

sufficient. 

The clock stability can be divided into short-term stability and long-term sta-

bility. To eliminate the sensitivity to long-term frequency variations, we lock the

internal clock of the time interval counter to the internal clock of the signal gen-

erator that generates the clock signals for the dds’s. A typical value for the time

constant of the phase-lock-loop with which the internal clocks are locked is 2 s

[223]. Hence, frequency variations of the internal clock with periods longer than

about 2 s do not influence the phase measurement. The phase errors due to short
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term (< 2 s) frequency variations are negligible in comparison with the phase er-

rors due to the single shot resolution.

In conclusion, the accuracy of the phase comparator is expected to be about

1 µrad. 

7.1.4 Control system

The dds’s [207], the rotation stage controller [216], and the time interval counter

[176] are controlled with a computer with Labview software [224] and a gpib in-

terface [225]. Consequently, the measurements can be completed unattended and

undisturbed. 

7.2 Measurement results

The measurement results are shown in Fig. 7.4. The virtual opd introduced by the

delay line system, denoted by OPDi, is varied step by step within a range of 2Λ,

which is 1266 nm, in 72 steps. Thus, the step size is about 18 nm. At each step, the

phase comparator measures the phase difference 3Φ modulo 2Π a number of

times: 5 times a group of 500 measurements is taken. Thus, the total number of

phase difference measurements is 182500. 

Each group of 500 measurements takes about 0.5 s. After each step of the rota-

tion stage, the measurements are suspended for about 3 s to ensure that mechani-

cal vibrations are damped out. The total measurement time is about 500 s. 

For each group of 500 measurements, the time interval counter computes the

average and the standard deviation and sends these values to the computer. These

averages and standard deviations are converted into OPD modulo Λ values.

Figure 7.4(a) shows the average OPD values, denoted by OPDo, and Figure 7.4(b)

shows the standard deviation values. 

7.3 Discussion and conclusions

We start the discussion of the measurement results with an analysis of the system-

atic errors in the measured OPD0 values. Subsequently, the stochastic errors in

the measured OPD0 values are discussed. After that, we will discuss the conclu-

sions that can be drawn about the multi-point pm subsystem for the novel inter-
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ferometer, based on the presented measurement results of the experiment with

the single point pm system. 

Systematic errors in the OPD0 values

For the analysis of the systematic errors in the measured OPD0 values, the results

undergo a number of operations, of which the (intermediate) results are shown

in Figure 7.5. 

First, the five OPD0 values at each OPDi value are averaged. The resulting va-

lues, denoted by OPD1, are shown in Figure 7.5(a). Thus, each OPD1 value is the

average of 2500 phase difference measurements. 

Subsequently, the jumps of magnitude Λ in the OPD1 values are removed. The

results, denoted by OPD2, are shown in Figure 7.5(b). 

We expect a linear relationship between the OPD2 and OPDi values:

, (7.1)

where C is a constant. To determine the value of C, the function OPD2(OPDi) is

fitted to the OPD2 values. This function is also shown in Figure 7.5(b). The devia-

tions of the OPD2 values from the function OPD2(OPDi) are shown in

Figure 7.5(c). They will be denoted by OPD3. 
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The OPD3 values show a periodic variation, with a period equal to one wave-

length Λ and an amplitude of a few nanometres. This behaviour is a well-known

phenomenon in heterodyne distance measurement [217]–[222], where it is caused

by polarization cross-talk in the delay line system. Although different from the

delay line systems analysed in [217]–[222], our delay line system is also polariza-

tion based. Therefore, we can expect comparable periodic deviations. 

In addition, it is unlikely that the electronics in the detection system introduce

such periodic deviations as a function of the virtual OPDi introduced by the delay

line system, because the two detector signals are processed by independent mixer

stages. Furthermore, it is unlikely that the deviations are introduced by the time

interval counter. The reason is that the amplitude of 2 nm corresponds to a phase

error of 20 mrad, which is factor 20 � 103 larger than the phase error specified by

the vendor. 

Because of these arguments, we assume for the time being that the periodic

deviations with period Λ are caused by polarization cross-talk. A detailed study of

the influence of non-ideal behaviour of the delay line (such as a deviation of the

retardation of the quarter wave plate from Π/2), on the measured phase differ-

ence will have to be conducted to substantiate this assumption.

The optical system for the novel interferometer will not be polarization based.

Instead, it will be based on the spatial separation of the reference and object

beams, as can be seen in Figures 3.1 and 6.8. Although that will make the system

more vulnerable to mechanical vibrations, temperature gradients and air turbu-

lence than the common path delay line system used for the single point measure-

ments, that optical system will not suffer from non-linearity caused by

polarization cross-talk. Therefore, we will now correct the OPD3 values for the

periodic deviations caused by the polarization cross-talk. 

We correct the OPD3 values by fitting a periodic function with period Λ (com-

prised of the first three harmonics) to the OPD3 values. This function is shown in

Figure 7.5(c). The deviations of the OPD3 values from this periodic function are

shown in Figure 7.5(d). They are denoted by OPD4. 

The OPD4 values show a periodic variation, with a period equal to 2Λ and an

amplitude smaller than 50 pm. We believe that this periodic deviation is intro-

duced by the rotation stage, for the following reasons. First, a single rotation of

the rotation stage corresponds to a change of the virtual OPDi of 2Λ. Thus, we ex-

pect deviations caused by the rotation stage to be periodic with a repetition inter-

val of 2Λ. Second, we do not expect any other components to introduce

deviations with period 2Λ. Third, the accuracy of the rotation stage, as specified

by the vendor, corresponds to an OPDi accuracy of 50 pm. This value is in agree-

ment with the amplitude of the OPD4 values. 

We will correct the OPD4 values for the periodic deviations caused by the ro-

tation stage. For that purpose, a sine function with period 2Λ is fitted to the OPD4

values. This function is shown in Figure 7.5(d). The deviations of the OPD4 values

from this function are shown in Figure 7.5(e). They are denoted by OPD5. 

Our judgement is that the OPD5 values are distributed randomly around zero

OPD, we do not see a clear indication of a systematic trend in these values. There-

fore, we assume that these values are related to purely stochastic errors in the OP-
244 Experiments



Do measurement. Now the question becomes: what is the cause for these

stochastic errors?

For the explanation of the stochastic distribution of the OPD5 values, we consid-

er various error sources, such as the stochastic errors in the phase measurements

(introduced by the time interval counter) and the stochastic errors in the OPDi

values (introduced by the rotation stage). 

It is unlikely that the distribution of the OPD5 values is caused by the stochas-

tic errors in the phase measurement by the time interval counter. As can be con-

cluded from Figure 7.4(b), the standard deviation of the probability density

function (pdf) of a single OPD0 measurement is about 30 pm. Thus, the stochas-

tic errors in the OPD5 values, which are averages over 2500 phase measurements,

are expected to have a pdf with a standard deviation equal to 30 pm/50 = 0.6 pm,

if the error in the phase measurement is the only error source. However, the

standard deviation, as estimated from the 73 OPD5 values, is 20 pm. 

The distribution of the OPD5 value can only be explained partly by the sto-

chastic errors in the OPDi values, which are introduced by the rotation stage. Ac-

cording to the vend0r specifications, the OPDi precision is 7 pm. 

We conclude that the distribution of the OPD5 values can not be attributed

indisputably to specific error sources. Therefore, we have to take a worst case ap-

proach and assume that (i) the OPD5 values are the result of errors in the light

source system or in the detection system, and (ii) the OPD5 values are systematic

errors which can not be reduced by averaging. Hence, we specify that the system-

atic error in the OPD0 values due to the light source and detection systems, is the

maximum of the OPD5 values, which is 60 pm. 

Note that this is a rather conservative specification. For a more accurate esti-

mation, further research on the error sources has to be conducted.

Stochastic errors in the OPDo values

Based on the measured standard deviations shown in Figure 7.4(b), we quantify

the stochastic errors in the measured OPD0 values with an estimated standard de-

viation of 30 pm. 

At this point, we do not know what the cause is for the distribution of the

OPD0 values. It might be noise in the light source system, or noise in the detec-

tion system, or noise in the delay line system. Further research on this subject has

to be conducted. 

Conclusion

We conclude that the error in the OPD0 values do to the systematic as well as the

stochastic errors is smaller than 100 pm, which is in agreement with the require-

ments.
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8 Conclusions and recommendations

This thesis described the initial steps in the development of a novel instrument to

measure the figure of concave, optically smooth and reflecting aspherical surfaces,

with an accuracy that yet can not be achieved with other instruments. As de-

scribed in Chapter 1, we chose to develop the instrument specifically for the

measurement of the figure of euvl mirror substrates. 

For the development of this novel instrument, we took a top-down approach.

After the specifications for the novel instrument were derived in Chapter 1, we

evaluated potential measurement methods in Chapter 2. The conclusion was that

is was worthwhile to study the possibility of developing an absolute interferom-

eter without auxiliary optics. The reason was that the feasibility of other methods

to improve the accuracy of existing interferometers (to such a level that they can

be used to measure the figure of euvl mirror substrates) seemed at best question-

able, while the feasibility of developing an absolute interferometer without auxil-

iary optics was unknown. The concept for the novel interferometer, which was

presented in Chapter 3, is based on this principle. The novel interferometer was

divided into a number of subsystems, which were described in detail in

Chapters 4–7. 

As a consequence of this top-down approach, the conclusions on the design

and feasibility of the various subsystems were already described in Chapters 4–7.

Readers who are interested in these subjects, are advised to read the corresponding

sections in those chapters. In this section, we will comment on the feasibility of the

novel interferometer in general. In addition, recommendations for further re-

search will be given. 

Feasibility of the novel interferometer

From the design and feasibility studies in the previous chapters, we conclude that

at present, we do not know of an inevitably obstacle which prevents the realiza-

tion of the novel interferometer. However, many subsystems of the novel interfer-

ometer can only be realized with today’s state-of-the-art components (such as

active pixel sensors and frequency-stabilized lasers). Several subsystems even re-

quire substantial improvements of today’s state-of-the-art components (such as

the laser displacement systems for measuring the positions of the fibre tips and

the point P in relation to the detector array). Consequently, the novel interferom-

eter will be a rather complex system, in comparison with the commercially availa-

ble reference interferometers [94][95]. However, the specifications that have to be

met by the novel interferometer are much more demanding than the specifica-

tions of these reference interferometers. 
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The follow-up research project will address the feasibility of the novel

interferometer in full detail. 

Recommendations for further research

In this thesis, we considered various components of the novel interferometer.

Some components—such as the light source and detection systems—were stud-

ied more extensively than others—such as the computation system and the me-

chanics of the optical system. Therefore, we recommend to put emphasis on these

topics in further research. The s0-called beam propagation algorithm deserves

special attention in order to obtain the optimum combination of computational

speed and accuracy. Moreover, all components of the novel interferometer have to

be studied in more detail in order to come to an accurate working unit. 
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Summary

This thesis with the title ‘Novel interferometer to measure the figure of strongly

aspherical mirrors’ describes the initial steps in the development of a novel

interferometer to measure the figure of concave, optically smooth and reflecting

aspherical surfaces, with an accuracy that yet can not be achieved with other in-

struments. Here, the term ‘figure’ refers to the low–spatial frequency variations of

the surface height. 

Application

The novel instrument is intended to aid in the manufacturing of aspherical lens-

es and mirrors. With today’s state-of-the-art polishing techniques, such as com-

puter controlled polishing and ion beam polishing, the accuracy of the figuring of

aspherical surfaces is not fundamentally limited by the polishing process. In-

stead, the figure accuracy is limited by the accuracy with which that figure can be

measured. 

Several applications require aspherical mirrors or lenses with figure accura-

cies that can not be attained with the technology available today. One of these ap-

plications is extreme-ultraviolet lithography (euvl), the lithography technology

that probably will be used for the production of integrated circuits with feature

sizes of 50 nm and smaller as from the year 2010. The euvl systems are based on

projection systems composed of aspherical mirrors. The novel interferometer de-

scribed in this thesis is specifically intended to measure the figure of the uncoat-

ed substrates of these mirrors. 

Specifications for the novel interferometer

Our analysis of the present designs for the euvl projection systems resulted in the

following characterization of the figures of the mirror substrates: the footprint di-

mensions vary between 2 and 40 cm, the radius of the best-fitting sphere varies

between 12 cm and several meters, the rms asphericity over the footprint is of the

order of 20 µm or smaller, the p–v asphericity over the footprint is smaller than

100 µm, the asphericity slope over the footprint is 5 µrad or smaller, and the nu-

merical aperture is 0.25 or smaller. 

From an analysis of the required image quality of the euvl projection systems

and the role of the novel interferometer within the polishing process, we learned

that the novel interferometer must be capable of measuring the surface height

within the spatial frequency range that stretches from the reciprocal of the largest

footprint dimension to 1 mm–1, while the rms value of the surface height errors
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introduced by the interferometer should be smaller than 80 pm. Furthermore, the

allowable error in the measured radius of curvature is 50 nm. 

Potential figure measurement methods

An evaluation of potential figure measurement methods showed the following. At

present, the accuracy of all existing instruments for figure measurement is insuffi-

cient for testing euvl mirror substrates. Scanning probe methods which measure

the surface height directly are limited by the accuracy of the mechanical transla-

tion stage with which the substrate or the probe is scanned. Only the scanning

optical probes that measure the surface slope instead of height look promising,

because they are less sensitive to translation stage errors. However, we think that

the application of this method is questionable, because of the high spectral pow-

er of euvl mirror substrates in the low–spatial frequency range. 

Of all wavefront analysis methods, we consider the two-beam single-pass

interferometers to be the only promising candidates for the testing of our mir-

rors. Two types of such interferometers are distinguished: interferometers with

reference beams and shearing interferometers. We do not consider shearing inter-

ferometers to be candidates for measuring the surface figure of the euvl mirror

substrates, because they have no perceived advantages over interferometers with

reference beams.

We introduced a model of the interferometers with reference beams which fa-

cilitates the analysis and comparison of all types of interferometers and their ac-

companying calibration procedures. It distinguishes between absolute, matched

reference, and unmatched reference interferometers. An absolute interferometer

is modelled extensively and the figure of the substrate under test is determined

with the help of the model of the interferometer and with computer simulations

of the beam propagation. A matched reference interferometer is not modelled (it

is considered to be a black box), but is calibrated with a reference surface that

matches the substrate under test. An unmatched reference interferometer is mod-

elled (although less extensively than absolute interferometers) and is calibrated

with a set of reference surfaces, which do not match the substrate under test. 

From an evaluation of the existing interferometers, we drew the following

conclusions: (i) the accuracy of absolute interferometers is limited by the insuffi-

cient accuracy with which the auxiliary optics in the interferometer can be mod-

elled, (ii) the accuracy of matched reference interferometers is limited by the

insufficient accuracy of matched aspherical reference surfaces, (iii) the accuracy

of unmatched reference interferometers is limited by the insufficient accuracy

with which the auxiliary optics in the interferometer can be manufactured. 

We evaluated various methods to improve the accuracy of existing absolute,

matched reference, and unmatched reference interferometers. The feasibility of

one of these methods—omitting the auxiliary optics in an absolute interferom-

eter—could not be estimated, because that method leads to a completely differ-

ent interferometer setup which has not been studied before. Because the

feasibility of the other methods was at best questionable, we believed that it was

worthwhile to design such an absolute interferometer and study its feasibility.
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This thesis describes the initial steps in the development of such an absolute

interferometer. 

Concept for the novel interferometer

Based on the principle of omitting the auxiliary optics in an absolute interferom-

eter, we designed the novel interferometer, which is illustrated in Figure 1. Two

single-mode fibres, called the reference fibre and the object fibre, guide light

beams coming from the light source system to their tips. These fibre tips are re-

ferred to as R and O, respectively. The light coming from R illuminates the detec-

tion plane directly, whereas the light coming from O is first reflected by the

surface under test before it reaches the detection plane. At the detection plane, the

reference and object beams interfere and the optical path difference (opd) be-

tween the two beams is measured by the detection system, as a function of the lat-

eral coordinates in the detection plane. 

The figure of the surface under test has to be computed by simulating the

propagation of the reference and object beams in the interferometer. This simula-

tion requires knowledge of (i) the positions of R, O, and a certain point P at the

surface under test, relative to the position of the detection plane, (ii) the figures of

the wavefronts generated by R and O, (iii) the phase jump in the object beam, in-

troduced by the reflection at the substrate under test, and (iv) the opd function

measured by the detection system. 

An analysis of the influence of errors in the positions of R, O, and P on the

computed figure of the substrate under test showed that these positions should be

measured with an accuracy of 20 nm, while the allowable position variation dur-

ing the measurements is about 0.6 nm. The feasibility of these specifications was

discussed. 

light
source
system

detection
plane

substrate under test

object fibre

P

R

O

reference fibre

optical system

Figure 1 Layout of the novel interfero-

meter.
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The figures of the wavefronts generated by R and O can be measured with a

modified version of the novel interferometer (in which the object fibre is rotated

such that the object beam illuminates the detection plane directly) in combina-

tion with a self-calibration procedure. 

The modelling of the phase jump at reflection made clear that this phase jump

can be approximated by Π rad for all expected angles of incidence. 

We analysed the influence of errors in the opd function measured by the de-

tection system and concluded that the rms value of these errors should be small-

er than 80 pm. 

A consequence of the absence of a projection system in the novel interfero-

meter is that diffraction at the edge of the substrate affects the opd function over

the entire detection plane. We studied several methods to diminish these diffrac-

tion effects. One of these methods is to put an aperture in front of the substrate

and shifting this aperture stepwise within a range of several millimetres. After

each step, the opd function is measured. After the last step, all measured opd
functions are averaged and the averaged opd function is used to compute the fig-

ure of the substrate under test. 

As already mentioned, the novel interferometer is primarily intended for the

measurement of the figure of concave substrates. However, if the development of

this interferometer is concluded successfully, it can be used to manufacture a high

accuracy concave auxiliary mirror, which can then be added to the novel interfer-

ometer in order to measure convex substrates as well. 

Geometry of the detector array

The function of the light source and detection systems is to sample the opd func-

tion at the detection plane, such that this two-dimensional opd function can be

reconstructed by fitting a two-dimensional function to the opd samples. These

opd sample are taken with the help of a two-dimensional detector array. The ge-

ometry of the detector array (characterized by factors as the array size, the detec-

tor size, the number of detectors) was determined in the following way. 

First, the following sources for the error in the reconstructed opd function

were distinguished. (i) The errors in the position at which the opd function is

sampled, due to the errors in the measured positions of the detectors. These er-

rors are divided into position errors in the detection plane (in-plane position er-

rors) and errors perpendicular to that plane (out-of-plane position errors).

(ii) The errors in the opd values of the samples due to the errors in the light

source system and the electronics connected to the detectors. These errors are re-

ferred to as ‘single point opd errors because these are the same errors as made in

the single point experiments described below. (iii) The errors in the opd values of

the samples due to the fact that the detectors have a certain extent. As a conse-

quence, the intensity measured by the detector is the integrated (or windowed)

intensity over the detector area. This integration generally leads to a phase shift as

well as a reduction of the modulation depth of the detector signals. The latter af-

fects the signal-to-noise ratio (snr) of these signals. 

Second, the influence of these error sources on the error in the reconstructed

opd function was determined with computer simulations. This influence de-
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pends on various factors, such as the figure of the substrate under test (we per-

formed all our simulations for one particular substrate), the axial position of the

detector array, the number of detectors, and the detector size. As mentioned earli-

er, the rms value of the error in the reconstructed opd function should be small-

er than 80 pm. This poses limits on the following quantities: the axial array

position, the number of detectors, and the detector size. 

Third, we chose values for these quantities within the ranges set by those lim-

its. These choices were based on the following optimization procedure. We want-

ed to maximize the allowable in-plane and out-of-plane position errors, the

allowable single point opd errors, and the snr of the detector signals, while we al-

so wanted to keep the size of the detector array limited such that it can be manu-

factured with the in-house lithography technology. 

The results of the optimization procedure were the following. The axial array

position is 80 mm. The number of detectors is 24 � 24. The detector size is

36 � 11 µm2. The detector array size is 19 � 8 mm2. The allowable rms single-

point opd error is 110 pm. The allowable rms in-plane position error is 4 nm. The

allowable p–v out-of-plane position error is 0.65 µm. 

The specifications for the number of detectors, the detector size, the detector

array size and the allowable single point opd error were used for the design of the

light source and detection systems. The feasibility of attaining the specified allow-

able in-plane and out-of-plane position errors was discussed shortly. 

Light source and detection systems

The functional task description of the light source and detection systems is the

sampling of the two-dimensional opd function at the position of each detector in

the detector array. Therefore, we do not consider the light source and detection

systems as independent systems, but as parts of an integrated system in which

particular opd measurement methods are implemented. 

First, we chose the opd measurement methods. This choice was partly based

on the earlier mentioned specification that the single point opd error should be

smaller than about 0.1 nm. In addition, the opd functions that have to be meas-

ured if the various euvl mirror substrates are tested were computed with a ray

trace model of the novel interferometer. On the basis of these computations, we

concluded that the p–v value of the opd function arising in the interferometer

can be as large as about 3 mm and the derivative of the opd function in a lateral

direction can be as high as 0.05. 

Second, we classified all existing opd measurement methods (such as spatial

synchronous detection, phase shifting interferometry, white light interferometry,

two-wavelength interferometry, frequency modulation interferometry) and eval-

uated their suitability for the novel interferometer. One of the conclusions of this

evaluation was that no single method can measure the opd within the specified

range of 3 mm with an accuracy of 0.1 nm. Therefore, two methods have to be

combined: an absolute opd measurement method and an opd modulo Λ meas-

urement method, where Λ is the measurement wavelength. Another conclusion

was that the opd modulo Λ measurement method has to be based on varying the
253 Summary



intensity of the interference signal in time. This method is called phase modula-

tion (pm). 

In principle, we could use various methods for the absolute opd measure-

ment. We decided to base our choice for one of these methods on the ease with

which these methods can be integrated with the opd modulo Λ measurement

method. Therefore, we first concentrated on the implementation of the opd
modulo Λ measurement method. 

The implementation of the opd modulo Λ measurement method is based on

measurement time (which we restrict to 1 s because of the requirements on the

mechanical stability of the novel interferometer) and the required snr of the de-

tector signals (which should be higher than 68 dB in order to reach the specified

opd accuracy). We determined that the laser power should be at least 1.7 mW in

order to reach this snr level if the detection system is operating at the shot noise

limit. Such a power level is feasible. 

The next step was to evaluate the applicability of existing detector arrays, tak-

ing into consideration their ability to operate at the shot-noise limit and the avail-

able number of detectors. The conclusion was that ccd sensors can not be

applied, while some active pixel sensors (aps) could be suitable. We also consid-

ered the possibility of building a custom-made detector array to overcome some

limitations of the commercially available detector arrays. Another conclusion was

that the intensity as measured by the custom-made detector array should vary

with a frequency between 1 and 2 kHz. 

Subsequently, we determined which of the absolute opd measurement meth-

ods could best be used in combination with the described opd modulo Λ meas-

urement method. The conclusion was that we favour the frequency modulation

(fm) method, although other methods may well be applicable too. 

To assure that the intensity measured by the detector array varies with a fre-

quency that lies within the specified range, we have to use a frequency shifter that

introduces a frequency difference between the interfering object and reference

beams. In order to reach the specified opd accuracy, the phase noise that is intro-

duced by this frequency shifter should be limited. Based on these requirements,

we designed a frequency shifter that comprises two acousto-optical modulators, a

quartz crystal oscillator, and three direct digital synthesizers. 

Experiments

The objective of the experiments was to build a first version of the pm subsystem,

consisting of a light source system and a single point detection system, that can

measure the opd modulo Λ with the specified opd accuracy. The setup comprises

a light source system, a detection system, and a delay line system with which we

can vary the opd over a range of a single wavelength Λ with an accuracy better

than 30 pm (it consists of a quarter–wave plate and a rotating linear polarizer).

This experiment clearly demonstrated the possibility of reaching an accuracy

which is better than the specified single point opd accuracy of 0.1 nm. To our

knowledge, such an accuracy has not been reached before with a single point

phase modulation interferometric setup. Therefore, we consider this experiment
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to be a valuable step forward in the development of the multi-point pm subsys-

tem. 

Conclusions

The novel interferometer was based on the principle of omitting the auxiliary op-

tics in an absolute interferometer. The reason was that the feasibility of other

methods to improve the accuracy of existing interferometers (to such a level that

they can be used to measure the figure of euvl mirror substrates) seemed at best

questionable, while the feasibility of developing an absolute interferometer with-

out auxiliary optics was unknown. 

From the design and feasibility studies described in this thesis we can draw

the following conclusions about the feasibility of developing the novel interfer-

ometer. We do not know of an inevitable obstacle which prevents the realization

of the novel interferometer. However, many subsystems of the novel interferom-

eter can only be realized with today’s state-of-the-art components (such as active

pixel sensors and frequency-stabilized lasers). Several subsystems even require

substantial improvements of today’s state-of-the-art components (such as the la-

ser displacement systems for measuring the positions of R, O, and P in relation to

the detector array). 

The follow-up research project will address the feasibility of the novel

interferometer in full detail. 

R.G. Klaver
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Samenvatting

Dit proefschrift met als titel ‘Novel interferometer to measure the figure of stron-

gly aspherical surfaces’ beschrijft de eerste stappen in de ontwikkeling van een

nieuwe interferometer voor het meten van de vorm van concave, optisch gladde

en reflecterende asferische oppervlakken, met een nauwkeurigheid die op dit mo-

ment nog niet kan worden behaald met andere instrumenten. Het begrip ‘vorm’

wordt hier gebruikt om de hoogtevariaties met lage ruimtelijke frequenties aan te

duiden. 

Toepassing

Het nieuwe type interferometer is bedoeld om te worden gebruikt bij het vervaar-

digen van asferische lenzen en spiegels. Met de huidige geavanceerde polijsttech-

nieken, zoals computer-gestuurd polijsten en ionen-bundel-polijsten, wordt de

nauwkeurigheid waarmee asferische oppervlakken kunnen worden vervaardigd

niet bepaald door die polijsttechnieken, maar door de nauwkeurigheid waarmee

de vorm kan worden gemeten. 

Voor verschillende toepassingen is er behoefte aan asferische spiegels en len-

zen met nauwkeurigheden die niet kunnen worden behaald met de huidige tech-

nologie. Een van deze toepassingen is extreem-ultraviolet lithografie (euvl), de

lithografische technologie die waarschijnlijk gebruikt zal gaan worden voor de

produktie van geintegreerde schakelingen met detailgroottes van 50 nm en kleiner

vanaf het jaar 2010. De euvl-systemen zijn gebaseerd op projectiesystemen die

zijn samengesteld uit asferische spiegels. Het nieuwe type interferometer is speci-

fiek gericht op het meten van de vorm van de nog niet van multilagen voorziene

substraten van deze spiegels. 

Specificaties voor de nieuwe interferometer

Onze analyse van de huidige ontwerpen voor euvl-projectiesystemen heeft gere-

sulteerd in de volgende karakterisering van de vorm van de spiegelsubstraten: de

afmetingen van het gebruikte oppervlak van de spiegels variëren tussen de 2 en

40 cm, de straal van de best-passende bol varieert tussen 12 cm en enkele meters,

de rms asfericiteit over het gebruikte oppervlak is 20 µm of kleiner, de p–v asferi-

citeit over het gebruikte oppervlak is kleiner dan 100 µm, de asferische helling

over het gebruikte oppervlak is 5 µrad of kleiner en de numerieke apertuur is 0.25

of kleiner. 

Uit een analyse van de vereiste beeldkwaliteit van het euvl-projectiesysteem

en van de rol van de nieuwe interferometer in het polijstproces, hebben we ge-

leerd dat de nieuwe interferometer in staat moet zijn om hoogtevariaties in het
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oppervlak te meten binnen het ruimtelijk-frequentiebereik dat zich uitstrekt van

de reciproke waarde van de grootste afmeting van het gebruikte oppervlak tot aan

1 mm–1, terwijl de rms waarde van de hoogtefouten die veroorzaakt zijn door de

interferometer kleiner moet zijn dan 80 pm. Daarnaast is de toegestane fout in de

gemeten kromtestraal 50 nm. 

Potentiële vormmeetmethoden

Een evaluatie van mogelijke vormmeetmethoden heeft het volgende aangetoond.

Momenteel is de nauwkeurigheid van alle instrumenten voor vormmetingen on-

voldoende voor het testen van euvl-spiegelsubstraten. Methoden die zijn geba-

seerd op tasters die direct de hoogte van het oppervlak meten worden beperkt

door de nauwkeurigheid van de mechanische translatietafel waarmee de taster of

het substraat worden bewogen. Alleen optische tasters die de helling van het op-

pervlak meten in plaats van de hoogte lijken op het eerste gezicht veelbelovend,

omdat zij minder gevoelig zijn voor fouten in de translatietafel. Wij denken echter

dat de toepasbaarheid van deze methode twijfelachtig is, vanwege het hoge spec-

traalvermogen van de euvl-spiegelsubstraten bij de lage ruimtelijke frequenties. 

Van alle methoden die gebaseerd zijn op golffrontanalyse beoordelen we al-

leen de twee-bundel/enkelvoudige-doorgang interferometers als veelbelovend

voor het testen van onze spiegels. Van die interferometers zijn er twee typen te

onderscheiden: interferometers met referentiebundels en shearing interferome-

ters. We beschouwen de shearing interferometers niet als kandidaten voor het

meten van de vorm van de euvl-spiegelsubstraten, omdat zij geen duidelijk voor-

deel hebben ten opzichte van interferometers met referentiebundels. 

We hebben een model voor interferometers met referentiebundels geïntrodu-

ceerd dat de analyse en het vergelijken van alle typen interferometers en de bijbe-

horende kalibratieprocedures vergemakkelijkt. Het maakt onderscheid tussen

absolute interferometers, interferometers met een aangepaste referentie en inter-

ferometers met een niet-aangepaste referentie. Een absolute interferometer wordt

tot in detail gemodelleerd en de vorm van het te meten substraat wordt bepaald

met behulp van het model van de interferometer en met computersimulaties van

de bundelpropagatie. Een interferometer met een aangepaste referentie wordt niet

gemodelleerd (hij wordt voorgesteld als een gesloten systeem), maar wordt gekali-

breerd met een referentie-oppervlak dat is aangepast aan het te meten substraat.

Een interferometer met een niet-aangepaste referentie wordt gemodelleerd (niet

zo uitvoerig als absolute interferometers) en gekalibreerd met een verzameling

van referentie-oppervlakken die niet zijn aangepast aan het te meten substraat. 

Uit een evaluatie van de bestaande interferometers hebben we de volgende

conclusies getrokken: (i) de nauwkeurigheid van absolute interferometers is be-

perkt doordat de nauwkeurigheid waarmee de hulpoptiek in de interferometer

gemodelleerd kan worden onvoldoende is, (ii) de nauwkeurigheid van interfero-

meters met een aangepaste referentie is beperkt doordat de nauwkeurigheid van

aangepaste asferische referentie-oppervlakken onvoldoende is, (iii) de nauwkeu-

righeid van interferometers met een niet-aangepaste referentie is beperkt doordat

de nauwkeurigheid waarmee de hulpoptiek in de interferometer vervaardigd kan

worden onvoldoende is. 
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We hebben verscheidene methoden geëvalueerd waarmee de nauwkeurigheid

van bestaande interferometers kan worden verhoogd. De haalbaarheid van een

van deze methoden—het weglaten van de hulpoptiek in een absolute interfero-

meter—kon niet worden ingeschat, omdat deze methode leidt tot een compleet

verschillend ontwerp van de interferometer. Omdat de haalbaarheid van de ande-

re methoden op zijn hoogst twijfelachtig is, waren we van mening dat het zinvol

was om een dergelijke absolute interferometer te ontwerpen en de haalbaarheid te

bestuderen. Dit proefschrift beschrijft de eerste stappen van de ontwikkeling van

een dergelijke interferometer. 

Concept voor de nieuwe interferometer

We hebben een nieuwe interferometer ontworpen (weergegeven in Figuur 1) die

is gebaseerd op het principe van het weglaten van de hulpoptiek in een absolute

interferometer. Twee enkelvoudige-modus glasvezels, genaamd referentie- en ob-

jectvezel, leiden lichtbundels van het lichtbronsysteem naar de vezeluiteinden.

Deze vezeluiteinden worden aangeduid met respectievelijk R en O. Het licht dat

uit R komt verlicht het detectievlak direct, terwijl het licht dat uit O komt eerst

wordt gereflecteerd aan het te meten oppervlak voordat het het detectievlak be-

reikt. Op het detectievlak interfereren de referentie- en objectbundels en wordt

het optisch-weglengteverschil (opd) tussen de beide bundels gemeten door het

detectiesysteem, als functie van de laterale coordinaten van het detectievlak. 

De vorm van het te meten substraat moet berekend worden door de propaga-

tie van de referentie- en objectbundels te simuleren. Deze simulatie vereist kennis

van (i) de posities van R, O en een zeker punt P op het te meten oppervlak, (ii) de

vormen van de golffronten die gegenereerd zijn door R en O, (iii) de fasesprong

in de objectbundel die veroorzaakt is door de reflectie aan het te meten opper-

vlak, en (iv) de opd-functie die gemeten is door het detectiesysteem. 

licht-
bron-

systeem

detectie-
vlak

te meten substraat

objectvezel

P

R

O

referentievezel

optisch systeem

Figuur 1 Ontwerp van de nieuwe inter-

ferometer.
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Een analyse van de invloed van fouten in de posities van R, O en P op de bere-

kende vorm van het te meten oppervlak heeft aangetoond dat deze posities met

een nauwkeurigheid van 20 nm moeten worden gemeten, terwijl de toegestane

positievariatie tijdens het meten ongeveer 0.6 nm is. De haalbaarheid van deze

specificaties is bediscussieerd. 

De vorm van de golffronten die gegenereerd zijn door R en O kan worden ge-

meten met een aangepaste versie van de nieuwe interferometer (waarbij de ob-

jectvezel wordt geroteerd, zodat de objectbundel direct het detectievlak verlicht)

in combinatie met een zelf-kalibratieprocedure. 

Het modelleren van de fasesprong bij de reflectie toonde aan dat deze fase-

sprong mag worden benaderd met π rad voor alle voorkomende hoeken van in-

val. 

We hebben de invloed van fouten in de door het detectiesysteem gemeten

opd-functie geanalyseerd en we hebben geconcludeerd dat de rms waarde van de-

ze fouten kleiner moet zijn dan 80 pm. 

Een consequentie van de afwezigheid van een projectiesysteem in de nieuwe

interferometer is dat diffractie aan de rand van het substraat de opd-functie over

het gehele detectievlak beïnvloedt. We hebben verschillende methoden bestu-

deerd om de invloed van deze diffractieverschijnselen te verminderen. Een van

deze methoden is om een apertuur vlak voor het te meten substraat te plaatsen en

deze stapsgewijs te verschuiven over een afstand van enkele millimeters. Na iede-

re stap wordt de opd-functie gemeten. Na de laatste stap worden alle opd-func-

ties gemiddeld en wordt de gemiddelde opd-functie gebruikt om de vorm van het

te meten oppervlak te berekenen. 

Zoals reeds eerder vermeld is, is de nieuwe interferometer voornamelijk be-

doeld om concave substraten te meten. Als echter de ontwikkeling van deze inter-

ferometer succesvol is afgerond, dan kan hij worden gebruikt om een concave

hulpspiegel te vervaardigen, die vervolgens aan de nieuwe interferometer kan

worden toegevoegd om ook convexe substraten te meten. 

Geometrie van de detectormatrix

De functie van de lichtbron- en detectiesystemen is om de opd-functie in het de-

tectievlak te bemonsteren, zodanig dat deze twee-dimensionale functie kan wor-

den gereconstrueerd door een twee-dimensionale functie aan de opd-monsters

aan te passen. De opd-monsters worden genomen met behulp van een twee-di-

mensionale detectormatrix. De geometrie van deze detectormatrix (gekarakteri-

seerd door de matrixafmetingen, de detectorafmetingen en het aantal detectors)

is op de volgende manier bepaald. 

Ten eerste zijn de volgende bronnen voor de fout in de gereconstrueerde opd-

functie geïdentificeerd. (i) De fouten in de posities waarop de opd-functie is be-

monsterd, door fouten in de gemeten posities van de detectors. Deze fouten wor-

den onderverdeeld in laterale positiefouten en axiale positiefouten. (ii) De fouten

in de opd-waarden van de monsters door fouten in het lichtbronsysteem en de

elektronica die verbonden is met de detectors. Deze fouten worden ‘enkel-punt

opd-fouten’ genoemd, omdat het dezelfde fouten zijn als de fouten die worden

gemaakt in de enkel-puntmetingen die hieronder worden beschreven. (iii) De
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fouten in de opd-waarden van de monsters die veroorzaakt worden door het feit

dat de detectors een bepaald oppervlak hebben. De consequentie is dat de intensi-

teit die wordt gemeten door de detector de intensiteit is die is geintegreerd over

het detectoroppervlak. Deze integratie leidt in het algemeen tot een faseverschui-

ving en een verlaging van de modulatiediepte van de detectorsignalen. Dit laatste

beïnvloedt de signaal-ruisverhouding (snr) van deze signalen.

Ten tweede is de invloed van deze fouten op de fout in de gereconstrueerde

opd-functie bepaald met computersimulaties. Deze invloed is afhankelijk van een

aantal factoren, zoals de vorm van het te meten substraat (alle simulaties zijn uit-

gevoerd met één bepaalde spiegel), de axiale positie van de detectormatrix, het

aantal detectors en de detectorgrootte. Zoals al eerder vermeld is, moet de rms
waarde van de fouten in de gereconstrueerde opd-functie kleiner zijn dan 80 pm.

Dit stelt grenzen aan de volgende grootheden: de axiale positie, het aantal detec-

tors en de detectorgrootte. 

Ten derde hebben we waarden voor deze grootheden gekozen die binnen de

gespecificeerde grenzen liggen. Deze keuzen zijn gebaseerd op de volgende opti-

malisatieprocedure. We wilden de toegestane laterale en axiale positiefouten, de

toegestane enkel-punt opd fouten en de snr van de detectorsignalen maximalise-

ren, terwijl we tegelijkertijd de grootte van de detectormatrix beperkt wilden

houden opdat deze met de ons ter beschikking staande lithografische technieken

kan worden vervaardigd. 

Het resultaat van de optimalisatieprocedure is het volgende. De axiale matrix-

positie is 80 mm. Het aantal detectors is 24 � 24. De detectorgrootte is

36 � 11 µm2. De detectormatrixgrootte is 19 � 8 mm2. De toegestane rms enkel-

punt opd-fout is 110 pm. De toegestane laterale positiefout is 4 nm. De toegesta-

ne p–v axiale positiefout is 0.65 µm. 

De specificaties voor het aantal detectors, de detectorgrootte, de detectorma-

trixgrootte en de toegestane enkel-punt opd-fout zijn gebruikt voor het ontwerp

van de lichtbron en detectiesystemen. De haalbaarheid van het bereiken van de

toegestane laterale en axiale positiefouten is kort toegelicht. 

Lichtbronsysteem en detectiesysteem

De functionele taakomschrijving van de lichtbron- en detectiesystemen is het be-

monsteren van de twee-dimensionale opd-functie op de posities van de detectors

in de detectormatrix. Daarom beschouwen we de lichtbron- en detectiesystemen

niet als afzonderlijke systemen, maar als onderdelen van een geïntegreerde sys-

teem waarin bepaalde opd-meetmethoden zijn geïmplementeerd. 

Ten eerste hebben we de opd-meetmethoden gekozen. Deze keuze is gedeelte-

lijk gebaseerd op de reeds eerder genoemde specificatie dat de toegestane rms en-

kel-punt opd-fout gelijk is aan 110 pm (afgerond naar 0.1 nm). Daarnaast hebben

we met een geometrisch optisch model van de nieuwe interferometer de opd-

functies berekend die moeten worden gemeten als verschillende euvl-spiegelsub-

straten worden getest. Op basis van deze berekeningen hebben we geconcludeerd

dat de p–v waarde van de opd-functie wel 3 mm groot kan zijn en de afgeleide

van de opd-functie in een laterale richting de waarde 0.05 kan bereiken. 
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Ten tweede hebben we alle bestaande opd-meetmethoden (zoals spatial syn-

chronous detection, phase shifting interferometry, white light interferometry,

two-wavelength interferometry, frequency modulation interferometry) geclassifi-

ceerd en hun geschiktheid voor de nieuwe interferometer geëvalueerd. Een van de

conclusies van deze evaluatie was dat geen enkele methode de opd kan meten

over het gespecificeerde bereik van 3 mm met een nauwkeurigheid van 0.1 nm.

Daarom moeten twee methoden worden gecombineerd: een absolute opd meet-

methode en een opd modulo Λ meetmethode, waarbij Λ de meetgolflengte is. Een

andere conclusie was dat de opd modulo Λ meetmethode gebaseerd moet zijn op

het variëren van de intensiteit van het interferentiesignaal in de tijd. Deze metho-

de wordt fasemodulatie (pm) genoemd. 

In principe zouden we verscheidene absolute opd meetmethoden kunnen ge-

bruiken. We hebben besloten onze keuze voor een van die methoden te baseren

op het gemak waarmee zo’n methoden geïntegreerd kan worden met de opd mo-

dulo Λ meetmethode. Daarom hebben we onze eerst geconcentreerd op de imple-

mentatie van de opd modulo Λ meetmethode. 

De implementatie van de opd modulo Λ meetmethode is gebaseerd op meet-

tijd (die beperkt wordt tot 1 s vanwege de eisen aan de mechanische stabiliteit van

de nieuwe interferometer) en de vereiste snr van de detectorsignalen (die groter

moet zijn dan 68 dB om de gespecificeerde opd nauwkeurigheid te halen). We

hebben bepaald dat het laservermogen ten minste 1.7 mW moet zijn om dit snr-

niveau te bereiken indien het detectiesysteem op de hagelruisgrens werkt. Een

dergelijk vermogen is haalbaar. 

De volgende stap was de evaluatie van de toepasbaarheid van bestaande detec-

tormatrices, waarbij de mogelijkheid om op de hagelruisgrens te werken en het

beschikbare aantal detectors in beschouwing zijn genomen. Een conclusie is dat

ccd sensoren niet kunnen worden toegepast, terwijl sommige actieve pixel senso-

ren (aps) wel in aanmerking komen. We hebben ook de mogelijkheid overwogen

om zelf een detectormatrix te bouwen. Een andere conclusie was dat de intensi-

teit zoals die wordt gemeten door de zelfbouw detectormatrix moet varieren met

een frequentie tussen de 1 en 2 kHz. 

Vervolgens is bepaald welke van de absolute opd meetmethoden het best ge-

combineerd kan worden met de opd modulo Λ meetmethode. De conclusie is dat

we een voorkeur hebben voor de frequentiemodulatie (fm) methode, maar dat

andere methoden ook toepasbaar zouden kunnen zijn. 

Om ervoor te zorgen dat de intensiteit die wordt gemeten door de detector-

matrix varieert met een frequentie die binnen het gespecificeerde bereik ligt,

moeten we een frequentieverschuiver gebruiken die een frequentieverschil tussen

de interfererende referentie en object bundels introduceert. Om de gespecificeer-

de opd-nauwkeurigheid te behalen moet de faseruis die geïntroduceerd wordt

door deze frequentieverschuiver beperkt blijven. Uitgaande van deze eisen, heb-

ben we een frequentieverschuiver ontworpen die bestaat uit twee acousto-opti-

sche modulatoren, een kwartskristal en drie digitale signaalgeneratoren. 
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Experimenten

Het doel van de experimenten was om een eerste versie van het pm-subsysteem te

bouwen, bestaande uit een lichtbronsysteem en een enkel-puntsdetectiesysteem

waarmee de opd modulo Λ met de vereiste nauwkeurigheid van 0.1 nm kan wor-

den gemeten. De opstelling bevat naast de lichtbron- en detectiesystemen ook een

vertragingssysteem waarmee de opd gevarieerd kan worden over een bereik van

een enkele golflengte Λ met een nauwkeurigheid die beter is dan 30 pm (het be-

staat uit een kwart-golflengte plaat en een roterende lineaire polarisator). 

Deze experimenten tonen duidelijk de mogelijkheid aan om een opd nauw-

keurigheid te bereiken die beter is dan de gespecificeerde opd nauwkeurigheid

van 0.1 nm. Voor zover ons bekend is, is een dergelijke nauwkeurigheid nog niet

eerder bereikt met een enkel-punts interferometrisch systeem met fasemodulatie.

Daarom beschouwen we dit experiment als een waardevolle stap in de ontwikke-

ling van een multi-point pm-subsysteem. 

Conclusies

De nieuwe interferometer werd gebaseerd op het principe van het weglaten van

de hulpoptiek in een absolute interferometer. De reden was dat de haalbaarheid

van andere methoden om de nauwkeurigheid van bestaande interferometers te

verbeteren (zodanig dat zij geschikt zijn voor het meten van de vorm van euvl-

spiegelsubstraten) op zijn hoogst twijfelachtig is, terwijl de haalbaarheid van het

ontwikkelen van een absolute interferometer zonder hulpoptiek niet bekend was. 

Op basis van de ontwerp- en haalbaarheidstudies in dit proefschrift kunnen

we de volgende conclusies trekken over de haalbaarheid van het ontwikkelen van

de nieuwe interferometer. Er is ons geen enkel onvermijdelijk obstakel bekend dat

de realisatie van deze nieuwe interferometer in de weg staat. Echter, veel van de

subsystemen van de nieuwe interferometer kunnen alleen gebouwd worden met

de meest geavanceerde componenten (zoals actieve pixel sensoren en frequentie-

gestabiliseerde lasers). Sommige subsystemen vereisen zelfs substantiële verbete-

ringen van de meest geavanceerde systemen die tegenwoordig beschikbaar zijn

(zoals de laserverplaatsingsmeters die nodig zijn om de posities van R, O en P te

meten ten opzichte van het detectievlak). 

Het vervolgonderzoek zal zich in detail richten op de haalbaarheid van de

nieuwe interferometer. 

R.G. Klaver
263 Samenvatting



264 Samenvatting



Dankwoord

Ook al moet je uiteindelijk zelf die honderden bladzijdes volschrijven, promove-

ren doe je niet alleen. Daarom wil ik op deze plaats iedereen bedanken die heeft

bijgedragen aan de totstandkoming van dit boekje. 

Joseph, jou zou ik willen bedanken voor het geven van de vrijheid om mijn

idee voor een nieuw type interferometer uit te werken, al was dat in het begin

slechts een vaag concept waarvoor de onderbouwing nog ontbrak. Ook toen con-

crete en publiceerbare resultaten wat langer op zich lieten wachten heb je je ge-

duld niet verloren. Sterker nog, op de momenten dat ik zelf twijfelde aan de

haalbaarheid, omdat ik bijvoorbeeld dacht ergens een factor 103 tekort te komen,

reageerde je geruststellend. Je veronderstelde dat het wel mee zou vallen of dat er

nog wel iets te winnen zou zijn met middelings- of correctietechnieken. Na een

scherpe analyse en een korte afschatting bleek dat ook vaak het geval te zijn. Van

deze houding, samen te vatten als ‘Optimisme als overlevingstechniek in het on-

derzoek’, heb ik veel geleerd. Daarnaast waardeer ik het dat je de tijd hebt geno-

men voor de wekelijkse besprekingen en voor het nauwgezet doorlezen van het

proefschrift. 

Voor het ontwerpen en bouwen van de meetopstelling was de hulp van een

aantal mensen onontbeerlijk. Wijnand Lubking wil ik postuum bedanken voor

het ontwerpen van de elektronica, voor zijn studie van detectormatrices en voor

de waardevolle en open discussies over de verschillende meetprincipes. Jan Zan-

dijk wil ik bedanken voor de realisatie van de ‘magic box’. Voor het aansturen van

de opstelling met de computer was de hulp van Roland-Luisterend-Oor-Horsten

zeer welkom, terwijl Aad altijd direct klaar stond om te helpen met het vinden

van passende onderdelen (ondanks mijn hamstergedrag). Voor het maken van

prisma’s uit het altijd lastige calciet en van vreemd gevormde Zerodur blokken wil

ik Ingeborg, Indro, Rob en Bob bedanken. Rob, bedankt voor het maken van de

vele houders en verloopstukken. 

In de afgelopen jaren hebben mijn meetopstelling en ik een aantal keer gast-

vrijheid genoten in andere laboratoria. Daarvoor wil ik Rob Bergmans van het

NMi bedanken en ook Joe Tauritz en zijn team in het rf-laboratorium van di-
mes, zij waren zo vriendelijk om een paar vierkante meters van hun toch al be-

perkte labruimte op te offeren. 

De leden van de stw-begeleidingscommissie wil ik bedanken voor hun mede-

werking aan het project. Hans Piekaar, bedankt voor het ondersteunen van de oc-

trooiaanvraag en van de aanvraag voor het vervolgproject. 

In de beginfase van het onderzoek zijn er verschillende onderwerpen voorbij-

gekomen die niet zijn terug te vinden in dit proefschrift. Zo ook het onderzoek
265 Dankwoord



naar adaptieve spiegels. Arjan, al waren de bladveer en de politiek niet je grootste

roeping, je hebt dat onderzoek met veel doorzettingsvermogen tot een goed ein-

de weten te brengen. Patrick wil ik bedanken voor zijn werk aan de fibre shearing

interferometer in de donkere catacomben van het natuurkunde-gebouw. 

Naast het ‘echte werk’ was ook de gezelligheid op de vakgroep erg belangrijk.

Met veel plezier kijk ik terug op de vrijdagmiddag TeePeeKafee borrels, de jaar-

lijkse uitjes, de sportdagen, het schaatsen in de lunch-pauze, de kerstdiners met

rijkelijk natafelen en het schrijven van liedjes voor promotiefeesten: collega’s be-

dankt. Gerard, bedankt voor het aanhoren van mijn monologen bij de appeltaart

van Kobus. Peter, door jou had ik ook nog aanspraak buiten de door Roland vast-

gestelde werktijden en tijdens het vies eten in onze gezamenlijke eindfase. Daar-

naast was je een goede medestander voor uitgebreide evaluaties met een positief

kritische grondhouding. 

Mijn kamergenoten wil ik speciaal bedanken voor de steun en gezelligheid.

Nigel bedankt vanwege je gave om complexe problemen terug te brengen tot de

kernvraag ‘Wat doen we hier?’ en vanwege de vele toepasselijke filmcitaten. Os-

car, bedankt voor de ‘eens kijken of ik gelijk krijg ook al heb ik het niet’-discus-

sies. Luke, ik denk dat het project bij jou in goede handen is, succes ermee. 

Vrienden, clubgenoten en huisgenoten wil ik bedanken voor het invullen van

de (weinige) vrije tijd en de vakanties. René, bedankt voor je nuchtere analyses op

het balkon in de beginfase van het onderzoek. Hank wil ik bedanken voor zijn

bijdragen aan de stellingen en Maarten voor het retoucheren van de foto. 

Mijn ouders en Marijke en Jan wil ik bedanken voor hun belangstelling en

steun, ook in de tijden dat het wat tegen zat. Bij jullie kon ik altijd mijn verhaal

kwijt. 

Tenslotte Carola, ik wil je heel erg bedanken voor je steun en je liefde. Het af-

gelopen jaar hebben we elkaar veel minder gezien dan we graag gewild zouden

hebben. Daarnaast heb ik je geduld behoorlijk op de proef gesteld met mijn ta-

lent om deadlines te overschrijden. Al leek het soms dat alles om mijn proef-

schrift draaide, toch heb je me steeds gesteund. Hopelijk gaan we elkaar in

Eindhoven weer vaker zien. 
266 Dankwoord



Biography

René Klaver was born in Wateringen, The Netherlands, on July 26, 1970. In 1988,

after attending the ‘Lodewijk Makeblijde College’ in Rijswijk for six years, he be-

gan his studies in Applied Physics at Delft University of Technology. The subject

of his thesis was the design of a Fourier spectrometer. After his graduation in

1995, he started his research as a Ph.D. student at Delft University of Technology

on the measurement of the figure of aspherical mirrors, as used in euvl lithogra-

phy, under the supervision of professor J.J.M. Braat. That research resulted in this

thesis. 
267 Biography



268 Biography



References

[1] R.A. Jones, “Computer simulation of smooting during computer-

controlled optical polishing,” Appl. Opt., vol. 34, pp. 1162–1169, 1995. 

[2] L. N. Allen and H. W. Romig, “Demonstration of an ion figuring process,”

in Proc. spie, vol. 1333, pp. 22-33, 1990. 

[3] Semiconductor Industry Association, The National Technology Roadmap

for Semiconductors, [online], 1999, available http://www.sematech.org.

[4] J.R. Murray, “Overview of the National Ignition Facility”, in Proc. spie, vol.

3492, pp. 1–10, 1999.

[5] R.E. English, C.W. Laumann, J.L. Miller, and L.G. Seppala, “Optical system

design of the National Ignition Facility,” in Proc. spie, vol. 3482, pp. 726–

736, 1998.

[6] A. Abramovici et al., “ligo: the Laser Gravitational-Wave Observatory,”

Science, vol. 256, no. 5055, pp. 325–333, April 1992. 

[7] R.L. Savage, “The Laser Interferometer Gravitational Wave Observatory

(ligo) Project: overview and status,” in Proc. spie, vol. 3115, pp. 2–13, 1997.

[8] D.I. Farrant et al., “Metrology of ligo Pathfinder Optics,” in Proc. spie,

vol. 3134, pp. 79–85, 1997. 

[9] A. Glindemann, “The vlt Interferometer: a unique instrument for high-

resolution astronomy,” Proc. spie, vol. 4006, pp. 2–12, 2000. 

[10] R.N. Bracewell, “Detecting nonsolar planets by spinning infrared

interferometer,” Nature, vol. 274, p. 780, 1978.

[11] J.P. Silverman, “X-Ray lithography:status, challenges, and outlook for

0.13 µm,” J. Vac. Sci. Technol. B, vol. 15, pp. 2117–2124, 1997.

[12] C. Wasik et al., “X-Ray Fills the Gap,” in Proc. spie, vol. 3331, pp. 150–156,

1998.

[13] A.A. Krasnoperova et al., “Imaging Capabilities of Proximity X-ray

Lithography at 70 nm Ground Rules,” in Proc. spie, vol. 3676, pp. 24–39,

1999.

[14] S. Berger et al., “The scalpel System,” in Proc. spie, vol. 2322, pp. 434–439,

1994.

[15] L.R. Harriott et al., “Preliminary Results From a Prototype Projection

Electron-Beam Stepper-Scattering With Angular Limitation Projection

Electron Beam Lithography Proof-of-Concept System,” J. Vac. Sci. Technol.

B, vol. 14, pp. 3825–3828, 1996.

[16] L.R. Harriot, “Scattering with angular limitation projection electron beam

lithography for sub-optical lithography,” J. Vac. Sci. Technol. B, vol. 15, pp.

2130–2135, 1997. 
269 References

http://www.sematech.org


[17] H. Löscher et al., “Ion Projection: the Successor to Optical Lithography,”

in Proc. spie, vol. 2194, pp. 384–393, 1994.

[18] A. Heuberger and W. Brünger, “Recent Contributions to the Development

of Non-Optical Lithography,” Microelec. Eng., vol. 34, pp. 39–50, 1996.

[19] C.W. Gwyn et al., “Extreme ultraviolet lithography,” J. Vac. Sci. Technol. B,

vol. 16, pp. 3142–3149, 1998.

[20] R.H. Stulen, D.W. Sweeney, “Extreme Ultraviolet Lithography, ” ieee J. of

Quant. Elec., vol. 35, pp. 694–699, 1999.

[21] Y. Sohda et al., “Electron optics for high throughput electron beam

lithography system,” J. Vac. Sci. Technol. B, vol. 9, pp. 2940–2943, 1991.

[22] Y. Yamada et al., “1-Dimensional calculation method for proximity effect

correction in cell projection electron beam direct writing,” in Proc. spie,

vol. 3048, pp. 63–68, 1997. 

[23] L. Han et al., “Analysis of the Performance Limitations from Coulomb

Interaction in Maskless Parallel Electron Beam Lithography Systems,” in

Proc. spie, vol. 3331, pp. 292–301, 1998.

[24] Yoichi Tomo et al., “Resolution limit in character projection e-beam

system,” in Proc. spie, vol. 3997, pp. 225–234, 2000.

[25] “Lithographers see possibilities for two ngl technologies,” [online],

December 1999, available http://www.sematech.org.

[26] J.P.H. Benschop, W.M. Kaiser, D.C. Ockwell, “euclides, the European

euvl program,” in Proc. spie, vol. 3676, pp. 246–252, 1999.

[27] Zerodur, trademark of Schott Glas, Mainz, Germany.

[28] ule, trademark of Corning Glass Works, Big Flats, New York. 

[29] S. Okazaki, “euv Lithography Research Program at aset,” in Proc. spie,

vol. 3676, pp. 238–245, 1999.

[30] D.A. Tichenor et al., “Recent results in the development of an integrated

euv Laboratory tool,” in Proc. spie, vol. 2437, pp. 292–307, 1995. 

[31] J.E.M. Goldsmith et al., “Recent advances in the Sandia euv 10�
microstepper,” in Proc. spie, vol. 3331, pp. 11–19, 1998.

[32] J.E.M. Goldsmith et al., “Sub-100-nm Lithographic Imaging with an euv
10� Microstepper,” in Proc. spie, vol. 3676, pp. 264–271, 1999.

[33] H.J. Voorma et al., “Design of an extended image field soft-x-ray

projection system,” Microelec. Eng., vol. 17, pp. 145–148, 1992.

[34] H. Kinoshita et al., “Three-aspherical Mirror System for EUV

Lithography,” in Proc. spie, vol. 3331, pp. 20–31, 1998.

[35] E. Spiller, F.J. Weber, C. Montcalm, S.L. Baker, E.M. Gullikson,

J.H. Underwood, “Multilayer coating and tests of a 10� extreme ultraviolet

lithographic camera,” in Proc. spie, vol. 3331, pp. 62–71, 1998. 

[36] D.W. Sweeney, R. Hudyma, H.N. Chapman, D. Shafer, “euv Optical

Design for a 100 nm cd Imaging System,” in Proc. spie, vol. 3331, pp. 2–10,

1998.

[37] D.M. Williamson, “High numerical aperture ring field optical reduction

system,” U.S. Patent 5 815 310, 1995.

[38] J. Braat, “Extreme UV lithography, a candidate for next-generation

lithography,” in Proc. spie, vol. 4016, pp. 2–7, 2000.
270 References

http://www.sematech.org


[39] Optical Research Associates, CodeV, version 8.40, 

available http://www.opticalres.com.

[40] T.E. Jewell, K.P. Thompson, and J.M. Rodgers, “Reflective Optical Designs

for Soft X-ray Projection Lithography,” in Proc. spie, vol. 1527, pp. 163–173,

1991.

[41] T.E. Jewell and K.P. Thompson, “Ringfield lithography,” U.S. Patent

5 315 629, 1991.

[42] J.H. Bruning, A.R. Phillips, D.R. Shafer, A.D. White, “Lens system for X-

ray projection lithography camera,” U.S. Patent 5 353 322, 1993.

[43] M.B. Priestley, Spectral Analysis and Time Series, Academic Press, London,

1981. 

[44] Wolfram Research, Mathematica, version 4.0, 

available http://www.wolfram.com.

[45] C. Montcalm et al., “Multilayer reflective coatings for extreme-ultraviolet

lithography,” in Proc. spie, vol. 3331, pp. 42–51, 1998.

[46] J.E. Harvey, “Modeling the image quality of enhanced reflectance x-ray

multilayers as a surface power spectral density filter function,” Appl. Opt.,

vol. 34, pp. 3715–3726, 1995.

[47] J.J.M. Braat, Personal Communications, 2000.

[48] M. Born and E. Wolf, Principles of Optics, Pergamon Press, New York, 1993.

[49] D.M. Williamson, “The Elusive Diffraction Limit,” in osa Proc., vol. 23,

1994. 

[50] P. Naulleau et al., “Characterization of the accuracy of EUV phase-shifting

point diffraction interferometry,” in Proc. spie, vol. 3331, pp. 114–123, 1998. 

[51] D.R. Kania et al., “Precision Optical Aspheres for Extreme Ultraviolet

Lithography,” J. Vac. Sci. Technol. B, vol. 14, pp. 3706–3708, 1996.

[52] M. Singh, Personal Communications, 1999.

[53] E. Hecht, Optics, 2nd ed., Addison-Wesley, Reading, 1987. 

[54] E.M. Gullikson et al., “euv Scattering and Flare of 10� Projection

Cameras,” in Proc. spie, vol. 3676, pp. 717–723, 1999.

[55] J.S. Taylor, G.E. Sommargren, D.W. Sweeney, R.M. Hudyma, “The

Fabrication and Testing of Optics for EUV Projection Lithography,” in

Proc. spie, vol. 3331, pp. 580–581, 1998.

[56] D.L. Windt, W.K. Waskiewicz, and J.E. Griffith, “Surface Finish

Requirements for Soft X-ray Mirrors,” Appl. Opt., vol. 33, pp. 2025–2031,

1994.

[57] Henry Wery, Personal Communication, 2000.

[58] K. Creath and A. Morales, “Contact and Noncontact Profilers,” in Optical

Shop Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.

[59] A. Cornejo-Rodríguez, “Ronchi Test,” in Optical Shop Testing, D. Malacara,

ed., 2nd ed., Wiley, New York, 1992.

[60] M. Visser, M. Dekker, P. Hegeman, and J. Braat, “Extended-source

interferometry for at-wavelength test of euv-optics,” in Proc. spie, vol.

3676, pp. 253–263, 1999.

[61] J. Braat and A.J.E.M. Janssen, “Improved Ronchi test with extended

source,” J. Opt. Soc. Am. A, vol. 16, pp. 131–140, 1999.
271 References

http://www.opticalres.com
http://www.wolfram.com


[62] A.K. Ray-Chaudhuri et al., “Development of extreme ultraviolet

interferometry utilizing a laser plasma source,” in tops 4: Extreme

Ultraviolet Lithography, D. Kania and G.D. Kubiak, ed., Optical Society of

America, Washington dc, 1996.

[63] A.K. Ray-Chaudhuri et al., “Initial results from an extreme ultraviolet

interferometer operating with a compact laser plasma source”, J. Vac. Sci.

Technol. B, vol. 14, p. 3964 , 1996.

[64] K.E. Goldberg et al., “Direct comparison of euv and visible-light

interferometries,” in Proc. spie, vol. 3676, pp. 635–642, 1999.

[65] K.A. Goldberg et al., “Progress Towards Λ/20 Extreme Ultraviolet

Interferometry,” J. Vac. Sci. Technol. B, vol. 13, pp. 2923–2927, 1995.

[66] H. Medecki, E. Tejnil, K.A. Goldberg, and J. Bokor, “Phase-shifting point

diffraction interferometer,” Opt. Lett., vol. 21, pp. 1526–1528, 1996.

[67] H. Medecki, “Phase-shifting point diffraction interferometer,”

U.S. Patent 5 835 217, 1998.

[68] E.M. Gullikson, D.G. Stearns, D.P. Gaines, and J.H. Underwood, “Non-

specular scattering from multilayer mirrors at normal incidence,” in Proc.

spie, vol. 3115, pp. 412–419, 1997. 

[69] A.A. MacDowell, O.R. Wood, and J.E. Bjorkholm, “Interferometric testing

of euv lithography cameras,” in Proc. spie, vol. 3152, pp. 202–210, 1997.

[70] C.H. Fields, A.K. Ray-Chaudhuri, K.D. Krenz, W.G. Oldham, and R.H.

Stulen, “Measurement of Mid–Spatial Frequency Scatter in Extreme

Ultraviolet Lithography Systems using Direct Aerial Image Measurement,”

in Proc. spie, vol. 3048, pp. 356–367, 1997. 

[71] S.R. Arrasmith et al., “Details of the polishing spot in magnetorheological

finishing (mrf),” in Proc. spie, vol. 3782, pp. 92–100, 1999.

[72] D. Malacara, Optical Shop Testing, 2nd ed., Wiley, New York, 1992.

[73] K. Creath and J.C. Wyant, “Moiré and Fringe Projection Techniques,” in

Optical Shop Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.

[74] Nanostep 2, available Taylor Hobson Inc., Rolling Meadows, Illinois. 

[75] H.J. Jordan, M. Wegner, and H. Tiziani, “Highly accurate non-contact

characterization of engineering surfaces using confocal micorscopy,” Meas.

Sci. Technol., vol. 9, pp. 1142–1151, 1998.

[76] H.J. Tiziani, “Optical methods for precision measurements,” Opt. Quant.

Elec., vol. 21, pp. 253–282, 1989.

[77] C. Chou, J. Shyu, Y. Huang, and C. Yuan, “Common-path optical

heterodyne profilometer: a configuration,” Appl. Opt., vol. 37, pp. 4137–

4142, 1998.

[78] Y. Lin, J. Schill, and R. Wang, “Instrumental noise effect in an optical

heterodyne profiler,” Appl. Opt., vol. 33, pp. 5005–5010, 1994. 

[79] M. Schulz and I. Weingärtner, “Avoidance and elimination of errors in

optical scanning,” in Proc. spie, vol. 3823, pp. 133–141, 1999.

[80] J.W. Goodman, Introduction to Fourier Optics, 2nd ed., McGraw-Hill, New

York, 1996.

[81] J. Ojeda-Castañeda, “Foucault, Wire and Phase Modulation Tests,” in

Optical Shop Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.
272 References



[82] I. Ghozeil, “Hartmann and Other Screen Tests,” in Optical Shop Testing, D.

Malacara, ed., 2nd ed., Wiley, New York, 1992.

[83] W.T. Welford, “Star Tests,” in Optical Shop Testing, D. Malacara, ed., 2nd

ed., Wiley, New York, 1992.

[84] C. Roychoudhuri, “Multiple-Beam Interferometers,” in Optical Shop

Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.

[85] H.J. Tiziani, “High Precision Optical Measurement Methods,” in Proc.

spie, vol. 2248, pp. 2–15, 1994.

[86] P. Hariharan, “Multiple-Pass Interferometers,” in Optical Shop Testing, D.

Malacara, ed., 2nd ed., Wiley, New York, 1992.

[87] P. Hariharan, Basics of Interferometry, Academic Press, San Diego, 1992.

[88] W.H. Steel, Interferometry, Cambridge University Press, Cambridge, 1983.

[89] M.V. Mantravadi, “Newton, Fizeau, and Haidinger Interferometers,” in

Optical Shop Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.

[90] D. Malacara, “Twyman-Green interferometer,” in Optical Shop Testing, D.

Malacara, ed., 2nd ed., Wiley, New York, 1992.

[91] S. Mallick, “Common-Path interferometers,” in Optical Shop Testing, D.

Malacara, ed., 2nd ed., Wiley, New York, 1992.

[92] M.V. Mantravadi, “Lateral Shearing Interferometers,” in Optical Shop

Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.

[93] D. Malacara, “Radial, Rotational, and Reversal Shear Interferometers,” in

Optical Shop Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.

[94] Zygo, The gpi family of interferometers, [online], 2000, 

available http://www.zygo.com. 

[95] Veeco, Wyko 6000 Component Testing System, [online], 2000, 

available http://www.veeco.com. 

[96] C.J. Evans and R.N. Kestner, “Test optics error removal,” Appl. Opt., vol.

35, pp. 1015–1021, 1996.

[97] H.H. Karow, Fabrication Methods for Precision Optics, Wiley, New York,

1992.

[98] G.E. Sommargren, “Phase Shifting Diffraction Interferometry for

Measuring Extreme Ultraviolet Optics,” in tops 4: Extreme Ultraviolet

Lithography, D. Kania and G.D. Kubiak, ed., Optical Society of America,

Washington dc, 1996.

[99] G.E. Sommargren, “Phase shifting diffraction interferometer,” U.S. Patent

5 548 403, 1996. 

[100] G.E. Sommargren, “Diffraction methods raise interferometer accuracy,”

Laser Focus World, pp. 61–71, August 1996.

[101] R.M. Hudyma and G. Sommargren, “Minimizing mapping-induced opd
errors when testing aspheric mirrors,” in Proc. spie, vol. 3331, pp. 96–101,

1998.

[102] S.M. Arnold and R. Kestner, “Verification and Certification of cgh
Aspheric Nulls,” in Proc. spie, vol. 2536, pp. 117–126, 1995.

[103] G.E. Sommargren, Lawrence Livermore National Laboratry, Personal

Communication, 2000.
273 References

http://www.zygo.com
http://www.veeco.com


[104] K. Freischlad, M. Küchel, K.H. Schuster, U. Wegmann, and W. Kaiser,

“Real-time wavefront measurment with lambda/10 fringe spacing for the

optical shop,” in Proc. spie, vol. 1332, pp. 18–24, 1990.

[105] M. Küchel, “The new Zeiss interferometer,” in Proc. spie, vol. 1332, pp. 655–

663, 1990.

[106] B. Dörband, W. Wiedmann, U. Wegmann, W. Kübler, and K.R. Freischlad,

“Software concept for the new Zeiss interferometer,” in Proc. spie, vol.

1332, pp. 664–672, 1990.

[107] K. Freischlad and M. Küchel, “Speckle reduction by virtual spatial

coherence,” in Proc. spie, vol. 1755, pp. 38–43, 1992.

[108] M.F. Küchel, “Avanced Interferometry at Carl Zeiss,” in Proc. spie, vol.

1720, pp. 452–456, 1992.

[109] H. Handschuh et al., “Extreme ultraviolet lithography at Carl Zeiss:

Manufacturing and metrology of aspheric surfaces with angstrom

accuracy,” in J. Vac. Sci. Tech. B., vol. 17, pp. 2975–2977, 1999.

[110] G. Seitz, Carl Zeiss, Personal Communication, 2000.

[111] Mikihiko Ishi-I, Nikon, Personal Communication, 2000.

[112] C.J. Evans, “Advanced Optical Metrology,” [online], 1999, 

available http://www.mel.nist.gov/projs/aptd/advaop.html. 

[113] P.E. Murphy, T.G. Brown, and D.T. Moore, “Optical vernier interferometry

for aspheric metrology,” in Proc. spie, vol. 3676, pp. 643–652, 1999.

[114] D.A. Tichenor et al., “EUV Engineering Test Stand,” Proc. spie, vol. 3997, to

be pulished.

[115] A.E. Lowman and J.E. Greivenkamp, “Modeling an Interferometer for

Non-Null Testing of Aspheres,” in Proc. spie, vol. 2536, pp. 139–147, 1995.

[116] B. Dörband, “High precision testing of optical components,” in Proc. spie,

vol. 3482, pp. 484–489, 1998. 

[117] A. Offner and D. Malacara, “Null Tests Using Compensators,” in Optical

Shop Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.

[118] K. Creath and J.C. Wyant, “Holographic and Speckle Tests,” in Optical

Shop Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.

[119] S.C. Jensen, W.W. Chow, and G.N. Lawrence, “Subaperture Testing

Approaches: a Comparison,” Appl. Opt., vol. 23, pp. 740–745, 1984.

[120] J.E. Negro, “Subaperture Optical System Testing,” Appl. Opt., vol. 23, pp.

1921–1930, 1984. 

[121] A. Gatzweiler and H. Glatzel, “Interferometric Measurement of Near-

Cylindrical Surfaces with High Amplitude Resolution,” Appl. Opt., vol. 34,

pp. 7207–7212, 1995. 

[122] E.R. Eugene and K. Creath, “Combining multiple-subaperture and two

wavelength techniques to extend the measurement limits of an optical

surface profiler,” Appl. Opt., vol. 27, pp. 1960–1966, 1988.

[123] M.J. Trolone et al., “Method of testing aspherical optical surfaces with an

interferometer,” U.S. Patent 5 416 586, 1995.

[124] Y.L. Liu, N. Lawrence, and C.L. Koliopoulos, “Subaperture testing of

aspheres with annular zones,” Appl. Opt., vol. 27, pp. 4504–4513, 1988.
274 References

www.mel.nist.gov/projs/aptd/advaop.html


[125] M. Küchel, “Method of examining an optical component,” U.S. Patent

5 004 346, 1991.

[126] M. Bray, “Stitching interferometry: how an why it works,” Proc. spie, vol.

3739, pp. 259–273, 1999.

[127] Best achieved external reference with subaperture testing

[128] J.E. Greivenkamp and J.H. Bruning, “Phase Shifting Interferometers,” in

Optical Shop Testing, D. Malacara, ed., 2nd ed., Wiley, New York, 1992.

[129] C.J. Evans, R.J. Hocken, and W.T. Estler, “Self-Calibration: Reversal,

Redundancy, Error Separation, and ‘Absolute Testing’,” Ann. cirp, vol. 45,

pp. 617–633, 1996.

[130] R.E. Parks, C.J. Evans, P.J. Sullivan, L.Z. Shao, and B. Loucks,

“Measurements of the ligo Pathfinder Optics,” in Proc. spie, vol. 3132, pp.

95–111, 1997.

[131] W.T. Estler, C.J. Evans, and L.Z. Shao, “Uncertainty estimation for

multiposition form error metrology,” Prec. Eng., vol. 21, pp. 72–82, 1997. 

[132] R.P. Bourgeois, J. Magner, and H.P. Stahl, “Results of the Calibration of

Interferometer Transmission Flats for the ligo Pathfinder Optics,” in Proc.

spie, vol. 3132, pp. 86–94, 1997.

[133] R. Freimann, B. Dörband, and F. Höller, “Absolute measurement of non-

contact aspheric surface errors,” Opt. Comm., vol. 161, pp. 106–114, 1999.

[134] P. Hariharan, “Interferometric testing of optical surfaces: absolute

measurement of flatness,” Opt. Eng., vol. 36, pp. 2478–2481, 1997.

[135] C.J. Evans, ‘Comment on the paper “Interferometric testing of optical

surfaces: absolute measurements of flatness,”’ Opt. Eng., vol. 37, pp. 1880–

1882, 1998.

[136] A.E. Lowman and J.E. Greivenkamp, “Interferometer Errors Due to the

Presence of Fringes,” Appl. Opt., vol. 35, pp. 6826–6828, 1996.

[137] E. Novak, C. Ai, and J.C. Wyant, “Transfer function characterization of

laser Fizeau interferometer for high spatial frequency measurements,”

Proc. spie, vol. 3134, pp. 114–121, 1997. 

[138] Kodak, Full Frame Sensor, model kaf–16801, 

available http://www.kodak.com.

[139] D.W. Sweeney, “Optics and Mask Blank Fabrication,” presented at the ngl
workshop, Colorado Springs, co, December 1999, available at euv llc,

Livermore, ca.

[140] E. Novak, C. Ai, and J.C. Wyant, “Transfer function characterization of

laser Fizeau interferometer for high spatial frequency phase

measurements,” in Proc. spie, vol. 3134, pp. 114–121, 1997. 

[141] Software Spectra, TFCalc, version 3.4, 

available http://www.sspectra.com.

[142] Agilent, Laser Distance Transducers, Product Guide, 

available http://www.agilent.com. 

[143] Winters Electro-Optics, Inc., Model 100 Iodine-Stabilized HeNe Laser,

Longmont, Colorado. 
275 References

http://www.sspectra.com
http://www.kodak.com
http://www.agilent.com
http://www.agilent.com


[144] K.A. Goldberg, J. Bokor, and E. Tejnil, “A Numerical Study of 3-D Pinhole

Diffraction,” in tops 4: Extreme Ultraviolet Lithography, D. Kania and G.D.

Kubiak, ed., Optical Society of America, Washington dc, 1996.

[145] C. Cerjan, “Far-Field Radiation from a Cylindrical Dielectric Waveguide,”

in tops 4: Extreme Ultraviolet Lithography, D. Kania and G.D. Kubiak, ed.,

Optical Society of America, Washington dc, 1996.

[146] Leica, lms ipro mask and wafer metrology system, 

available http://www.leica.com. 

[147] J. Wilson and J.F.B. Hawkes, Optoelectronics: an Introduction, Prentice-

Hall, London, 1983.

[148] dimes, Delft Institute of Microelectronics and Submicron-technology,

Delft, The Netherlands.

[149] J.E. Greivenkamp, A.E. Lowman, and R.J. Palum, “Sub-Nyquist

Interferometry: Implementation and Measurement Capability,” Opt. Eng.,

vol. 35, pp. 2962–2969, 1996.

[150] P. Hariharan, “Interferometers,” in Handbook of Optics, vol. 2, M. Bass, ed.,

McGraw-Hill, New York, 1995.

[151] Melles Griot, stabilized HeNe laser system, model 05stp903, 

available http://www.mellesgriot.com. 

[152] Nederlands Meetinstituut, Certificaat voor Melles Griot laser [151],

certificaatnummer 3803669–3. Delft, 1999. Melles Griot laser

[153] O.P. McDuff, “Techniques of Gas Lasers,” in Laser Handbook, F.T. Arecchi,

ed., North-Holland Publishing Company, Amsterdam, 1972.

[154] Agilent, Laser Interferometer System, model 5527b,

available http://www.agilent.com.

[155] P.H.J. Schellekens, Absolute Meetnauwkeurigheid van technische

laserinterferometeters, tu Eindhoven, Eindhoven, The Netherlands, 1986. 

[156] J.M. Chartier and A. Chartier, “International comparisons of He-Ne lasers

stabilized with 127I2 at Λ � 633 nm (July 1993 to September 1995),”

Metrologia, vol. 34, pp. 297–300, 1997. 

[157] F.L. Hong et al., “A portable I2-stabilized Nd:yag laser for wavelength

standards at 532 nm and 1064 nm,” in Proc. spie, vol. 3477, pp. 2–10, 1998.

[158] F.L. Hong et al., “Frequency Comparison of 127I2-Stabilized Nd:yag
Lasers,” ieee Trans. Instrum. Meas., vol. 48, pp. 532–536, 1999.

[159] J.L. Hall et al., “Stabilization and Frequency Measurement of the I2-

Stabilized Nd:yag Laser,” ieee Trans. Instrum. Meas., vol. 48, pp. 583–586,

1999.

[160] G.E. Sommargren, “A New Laser Measurement System for Precision

Metrology,” Prec. Eng., vol. 9, pp. 179–184, 1987.

[161] M.P. Kothiyal and C. Delisle, “Optical frequency shifter for heterodyne

interferometry using counterrotating wave plates,” Opt. Lett., vol. 9, pp.

319–321, 1984. 

[162] J. Müller and M. Chour, “Two-frequency laser interferometric path

measuring system for extreme velocities and high accuracies,” Int. J.

Optoelectr., vol. 8, pp. 647–654, 1993. 

[163] Zweifrequenz-Laserwegmeßsystem zlm 500, Carl Zeiss Jena, Jena, 1994.
276 References

http://www.leica.com
http://www.mellesgriot.com
http://www.mellesgriot.com
http://www.agilent.com
http://www.agilent.com


[164] sdl Queensgate, Piezo scanned flexure guided stage, model nps–z–15h,

available http://www.nanopositioning.com.

[165] S.F.C.L. Wetzels, Laser based displacement calibration with nanometre

accuracy, tu Eindhoven, Eindhoven, The Netherlands, 1998. 

[166] Alan V. Oppenheim, Alan S. Willsky, and Ian T. Young, Signals and

Systems, Prentice-Hall International, London, 1983. 

[167] Stanford Research Systems, Digital Lock-in Amplifier, model sr850, 

available http://www.srsys.com. 

[168] E. Zimmermann, Y. Salvadé, and R. Dändliker, “Stabilized Three-

Wavelength Source Calibrated by Electronic Means for High-Accuracy

Absolute Distance Measurement,” Opt. Lett., vol. 21, pp. 531–533, 1996. 

[169] Y. Salvadé and R. Dändliker, “Limitations of interferometry due to the

flicker noise of laser diodes,” J. Opt. Soc. Am. A, vol. 17, pp. 927–932, 2000.

[170] Z. Yang, Z. Ting, R. Weiming, and L. Dacheng, “Heterodyne

Interferometer with a dual-mode HeNe laser for Absolute Distance

Interferometry,” in Proc. spie, vol. 2544, pp. 354–357, 1995. 

[171] E. Dalhoff, E. Fischer, S. Kreuz, and H.J. Tiziani, “Double heterodyne

interferometry for high precision distance measurements,” in Proc. spie,

vol. 2252, pp. 379–385, 1994.

[172] V. Mahal and A. Arie, “Distance measurement using two frequency-

stabilized Nd:yag lasers,” Appl. Opt., vol. 35, pp. 3010–3015, 1996.

[173] New Focus Photodetector, model 1002, 

available http://www.newfocus.com. 

[174] New Focus Amplifier, model 1422, 

available http://www.newfocus.com. 

[175] Agilent, Microwave Frequency Counter, model 5352b, 

available http://www.agilent.com. 

[176] Stanford Research Systems, Time Interval Counter, model sr620, 

available http://www.srsys.com. 

[177] M. Lang, “External-cavity designs satisfy stringent demands,” Laser Focus

World, pp. 187–196, June 1996.

[178] Result of psi with 20 mrad accuracy

[179] Result of heterodyne with 20 mrad accuracy

[180] J.A. Stone, A. Stejskal, and L. Howard, “Absolute interferometry with a

670-nm external cavity diode laser,” Appl. Opt., vol. 38, pp. 5981–5994,

1999.

[181] D. Uttam and B. Culshaw, “Precision Time Domain Reflectometry in

Optical Fiber Systems Using a Frequency Modulated Continuous Wave

Ranging Technique,” J. Lightwave Technol., vol. 3, pp. 971–977, 1985.

[182] H. Kikuta, K. Iwata, and R. Nagata, “Distance Measurement by the

Wavelength Shift of Laser Diode Light,” Appl. Opt., vol. 25, pp. 2976–2980,

1986.

[183] G. Economou and R.C. Youngquist, “Limitations and Noise in

Interferometric Systems Using Frequency Ramped Single Mode Diode

Laser,” J. Lightwave Technol., vol. 4, pp. 1601–1608, 1986.
277 References

http://www.newfocus.com
http://www.newfocus.com
http://www.newfocus.com
http://www.newfocus.com
http://www.agilent.com
http://www.agilent.com
http://www.srsys.com
http://www.srsys.com
http://www.srsys.com
http://www.srsys.com
http://www.srsys.com
http://www.srsys.com


[184] H. Kikuta, K. Iwata, and R. Nagata, “Absolute Distance Measurement By

Wavelength Shift Interferometry with a Laser Diode: Some Systematic

Error Sources,” Appl. Opt., vol. 26, pp. 1654–1660, 1987.

[185] A.J. den Boef, “Interferometric Laser Rangefinder Using a Frequency

Modulated Diode Laser,” Appl. Opt., vol. 26, pp. 4545–4550, 1987.

[186] R. Escalona and G. Tribillon, “Détermination de Distances Absolues par

Détection Coherente Utilisant une Diode Laser Modulée en Fréquence,” J.

Opt., vol. 22, pp. 11–15, 1991.

[187] E. Fischer, E. Dalhoff, S. Heim, U. Hofbauer, and H.J. Tiziani, “Absolute

Interferometric Distance Measurement Using a FM-Demodulation

Technique,” Appl. Opt., vol. 34, pp. 5589–5594, 1995.

[188] A. Hafidi, P. Pffeifer, and P. Meyrueis, “Tunable laser diode for absolute

distance measurement,” in Proc. spie, vol. 3478, pp. 339–343, 1998.

[189] U. Minoni, L. Rovati, and F. Docchio, “Absolute distance meter based on a

frequency-modulated laser diode,” Rev. Sci. Instrum., vol. 69, pp. 3992–

3995, 1998. 

[190] G. Galzerano, E. Bava, M. Bisi, F. Bertinetto, and C. Svelto, “Frequency

Stabilization of Frequency-Doubled Nd:yag Lasers at 532 nm by

Frequency Modulation Spectroscopy Technique,” ieee Trans. Instr. Meas.,

vol. 48, pp. 540–543, 1999. 

[191] J.H. Marquardt et al., “Grating-tuned semiconductor mopa laser for

precision spectroscopy,” in Proc. spie, vol. 2834, pp. 34–40, 1996.

[192] sdl, Single frequency, continuously tunable 500 mW laser diode system,

model sdl-tc40, available http://www.sdl.com.

[193] Philips, Full Frame ccd Image Sensor, model ftf3020–m, 

available http://www.philips.com.

[194] Photobit, Megapixel cmos Image Sensor, model pb–mv13, 

available http://www.photobit.com.

[195] B. Mansoorian, Y.Y. Horng, and E. Fossum, “A 250 mW, 60 frames/s

1280*720 pixel 9 b CMOS digital image sensor,” in Proc. ieee International

Solid-State Circuits, pp. 312–313, 1999.

[196] Stanford Research Systems, Application Note 5, Direct Digital Synthesis, 

available http://www.srsys.com. 

[197] G.W. Lubking, Phase difference measurements between light wave fronts in

the electrical domain for determination of sub nanometer optical path

differences, Internal Report, tu Delft, Delft, The Netherlands, 2000.

[198] A.L. Lance, W.D. Seal, and F. Labaar, “Phase Noise and am Noise

Measurements in the Frequency Domain,” in Infrared and Millimeter

Waves, vol. 11, pp. 239–289, 1984. 

[199] J.R. Westra, High-performance Oscillators and Oscillator Systems, tu Delft,

Delft, The Netherlands, 1998. 

[200] Vectron, Oven controlled crystal oscillator, model co–724b58l2 

availabe http://www.vectron.com. 

[201] Oscilloquartz, Quartz Crystal Oscillator, model 8607 

availabe http://www.oscilloquartz.com. 
278 References

http://www.sdl.com
http://www.philips.com
http://www.photobit.com
http://www.vectron.com
http://www.oscilloquartz.com
http://www.srsys.com
http://www.srsys.com


[202] ofr, Optical isolator, model io–5bb–663–lp, 

availabe http://www.ofr.com. 

[203] Newport, Half–wave plate, model 05rp02–24, 

availabe http://www.newport.com.

[204] IntraAction, Acousto-optical modulator, model aom–404, 

availabe http://www.intraaction.com.

[205] We want to thank G.W. Lubking for the concept and realization of the

signal generation stage and mixing stage, tu Delft, Delft, The Netherlands,

1999.

[206] Rohde & Schwarz, rf signal generator, model smhu58, 

availabe http://www.rohde-schwartz.com.

[207] Qualcomm, Direct digital synthesizer, model q2368, 

availabe http://www.qualcomm.com.

[208] S.C. McClain, L.W. Hillman, and R.A. Chipman, “Polarization ray tracing

in anistropic optically active media. I. Algorithms,” J. Opt. Soc. Am. A, vol.

10, pp. 2371–2382, 1993.

[209] S.C. McClain, L.W. Hillman, and R.A. Chipman, “Polarization ray tracing

in anistropic optically active media. II. Theory and physics,” J. Opt. Soc.

Am. A, vol. 10, pp. 2383–2393, 1993.

[210] A.L. Weijers, H. van Brug, and H.J. Frankena, “Polarisation Phase-

Stepping Using a Savart Element,” Appl. Opt.,to be published.

[211] Newport, Beam splitter cube, model 10bc16np.4,

availabe http://www.newport.com.

[212] Newport, Linear polarizer, model 05lp–vis, 

availabe http://www.newport.com.

[213] New Focus, Photoreceiver, model 1801,

availabe http://www.newfocus.com.

[214] Newport, quarter wave plate, model 05rp04–24, 

availabe http://www.newport.com.

[215] Newport, Rotation stage, model rv80cchl, 

availabe http://www.newport.com.

[216] Newport, Universal motion controller, model esp300,

availabe http://www.newport.com.

[217] N. Bobroff, “Residual errors in laser interferometry from air turbulance

and nonlinearity,” Appl. Opt., vol. 26, pp. 2676–2682, 1987. 

[218] A.E. Rosenbluth and N. Bobroff, “Optical sources of non-linearity in

heterodyne interferometers,” Prec. Eng., vol. 12, pp. 7–11, 1990

[219] W. Hou and G. Wilkening, “Investigation and compensation of the

nonlinearity of heterodyne interferometers,” Prec. Eng., vol. 14, pp. 91–98,

1992. 

[220] J.M. de Freitas and M.A. Player, “Polarization effects in heterodyne

interferometry,” J. Modern Opt., vol. 42, pp. 1875–1899, 1995.

[221] C. Wu and C. Su, “Nonlinearity in measurements of length by optical

interferometry,” Meas. Sci. Technol., vol. 7, pp. 62–68, 1996.

[222] H. Haitjema, “Dynamic probe calibration in the µm region with

nanometric accuracy,” Prec. Eng., vol. 19, pp. 98–104, 1996. 
279 References

http://www.intraaction.com
http://www.ofr.com
http://www.newport.com
http://www.rohde-schwartz.com
http://www.qualcomm.com
http://www.newport.com
http://www.newport.com
http://www.newport.com
http://www.newport.com
http://www.newport.com
http://www.newport.com


[223] Agilent, Phase lock option for arbitrary waveform generator, 

model 33152a, available http://www.agilent.com.

[224] National Instruments, Labview, version 5.1,

available http://www.ni.com.

[225] National Instruments, gpib interface, model pci–gpib,

available http://www.ni.com.
280 References

http://www.ni.com
http://www.ni.com
http://www.agilent.com
http://www.ni.com
http://www.ni.com


Index of symbols

a
ACVa(xR, yR) 15 

A 129 

Ao(x, y) 103 

Ao(xD, yD) 106 

A'o(xA, yA, zA) 107 

A 21, 81, 166, 210 

13 

aR(xR, yR) 11 
13 

b
B 82 

c
C 81, 119, 205, 245 

C(w) 129 

C(x, y) 166 

c 117, 193 

d
D 80 

d 82 

14 

e
Eo(xD, yD, t) 106 

Eo(xA, yA, zA, t) 106 

E'o(xA, yA, zA, t) 107 

E 83 

e 205 

15 

14 

e'm(x, y) 92 

32 

f
F1 81 
F2 81 
FEE(r) 24 

F 23 

F(fx, fy) 32 

FA(fx, fy) 82 

F 82 

f 82, 197, 205 

f0 96 

f1 92, 198 

f2 92, 198 

fcl 234 

g
G(w, h) 170, 210 

32 

32 

ga(x, y) 31, 135 

33, 133 

gm(x, y) 32, 135 

h
H(f) 95 

h 170, 170, 205, 210 

h(xA, yA; xD, yD) 83 

i
I' 126 

I0(x, y) 166, 210 

Im(x, y) 166, 210 

I(x, y, t) 165 

i0 205 

id(t) 205 

idc 205 

im(t) 205 

aa
S S SΦ Θ,	 


an
R R RΦ Θ,	 


da
R R RΦ Θ,	 


e x ya' ,R R R	 

ea

R R RΡ Φ,	 

e x ym' ,	 


gaRMS

g a' RMS

gmRMS
281 Index of symbols



k
K 96 

K' 96 

k 82 

k1 4 

m
M 81 
M(x, y) 167, 210 

n
NA 4, 210 

Nc 216 

Ne 217 

Nj 198 

Ns 209 

n 96, 123, 167, 210 

o
O 102, 133 

OPD0 190 

OPD1 229, 245 

OPD2 229, 245 

OPD3 245 

OPD4 246 

OPD5 246 

OPDa 190 

OPDi 242 

OPDi(x, y) 190 

OPDn 228 

OPDo 244 

OPDs(xd, yd) 66 

OPDt(x, y, OPDa) 190 

OPDv(xd, yd; xt, yt, zt; Θx, Θy, Θz) 66 

OPD(x, y) 103 

OPD(xd, yd) 65 

OPD(xd, yd; xt, yt, zt; Θx, Θy, Θz) 66 

OPLo(xd, yd) 66 

OPLo(xD, yD) 106 

OPLo,a(xd, yd; xt, yt, zt; Θx, Θy, Θz) 67 

OPLo,t(xd, yd; xt, yt, zt; Θx, Θy, Θz) 67 

OPLr(xd, yd) 65 

OPLr(xD, yD) 106 

OPLtot(xA, yA, zA) 109 

109 

p
P 103, 133 

35 

35 

PDF(ΓRMS) 35 

PSD’a(f, Ψ) 15 

PSDa(fx, fy) 15 

PSD'm(f, Ψ) 92 

PSD'S(f, Ψ) 91 
PSD'W(f, Ψ) 92 

PSD'Ε(f, Ψ) 92 

PSF(r) 24 

P0 170, 205 

Pl 212 

Pm 170, 205 

Pr 210 

Pro 210 

P(x, y, t) 166 

pC(xC, yC) 84 

pR(xR, yR) 12 

pS(xS, yS) 80 

q
Q 87, 128 

Q' 87 

Q0 129 

Q 10 

r
R 102, 132, 133 

R 4, 16, 81, 205 

R' 83 

RR 11, 135 

13 

RS 80, 135 

13 

RT 135 

R 11, 135 

r' 129 

rR(xR, yR) 11 

s
S 132 

SNR’a 208 

SNRa 208 

SNRi 210 

OPL P P Ptot x y zA A A, ,	 


PDF
RMS

gm	 

PDF

RMS
ga	 


Rn
R

Ra
S
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S(w) 129 

S(x, y) 166 

SΦ(Ω) 232 

SΦ,cl(Ω) 232 

S 13, 80, 134 

s' 129 

t
Tm 230 

T(Q) 129 

Ts 213 

T 135 

t 106 

tA(xA, yA) 82 

tn 206 

u
UF(xF, yF) 82 

Uo(Q) 128 

Ur(Q) 129 

v
V0 206 

Vcl 231 
Vcl(t) 231 
Vd(t) 205 

Vd[tn] 205 

Vd1(t) 206 

Vd1[tn] 206 

Vd2(t) 206 

Vd2[tn] 206 

Vm 206 

Vn(t) 206 

Vn[tn] 206 

Vn1(t) 229 

Vn2(t) 229 

V 190 

w
W(x, y) 21 
W'(xC, yC) 93 

W1(x, y) 22 

W2(x, y) 22 

22 

Wrms 21 
21 

w 129, 170, 210 

wccd 89 

x
x 103 

xA 81, 106, 109 

xD 106 

xd 66 

xQ 10 

xR 11 
xt 66 

y
y 103 

yA 81, 106, 109 

yD 106 

yd 66 

yQ 10 

yR 11 
yt 66 

z
z1 84 

z2 84 

zA 106, 109 

zQ(xQ, yQ) 10 

zR 11 
107 

zt 66 

ΑΑΑΑ
Α 138 

ΒΒΒΒ
Β 138 

ΓΓΓΓ
Γ 138 

ΓRMS 33, 112, 135 

Γ(x, y) 32, 135 

∆∆∆∆
3 94 

3f 193, 222 

3f ' 194 

3OPD 191 

W12RMS

W x y,	 


z x yS
A A A,	 
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3t 229 

3tcl1 231 
3tcl2 231 
3to1 231 
3to2 231 
3tr1 231 
3tr2 231 
3ts 211 
3x 138 

3x(xC, yC) 88 

3y 129, 138 

3yQ 131 
3y(xC, yC) 88 

3z 138 

3Λ 190 

3Ρ 131 
3Φ 119, 123 

3Φ0 187 

3Φ(t) 229 

3Φl(t) 187 

3Ω 117 

3Ωm 197 

∆ 129, 142 

∆OPD 222 

∆OPD(t) 229 

∆OPD(x, y) 167 

∆xi 142 

∆3Φ(t) 229 

∆F 222 

∆Φ1 223, 223 

∆ΦV(t) 207 

∆ΦV1(t) 229 

∆ΦV2(t) 229 

ΕΕΕΕ
Ε 160 

Ε'm(x, y) 92 

Ε(ΡD, ΘD) 94 

ΗΗΗΗ
Η 170, 205 

ΘΘΘΘ
ΘR 11 
Θx 66 

Θy 66 

Θz 66 

ΚΚΚΚ
Κ 123 

ΛΛΛΛ
G 191 
Gn 192 

Λ 4 

Λ0 125 

Λ1 191 
Λ2 191 
Λ3 192 

Λ4 192 

ΝΝΝΝ
Ν 170 

ΡΡΡΡ
Ρ 129 

ΡR 12 

ΣΣΣΣ
Σa 16, 207 

16 

209 

ΣOPD 208 

ΣΦ 207, 232 

ΣΦ,a 233 

ΦΦΦΦ
F 191 
Φ1 191 
Φ2 191 
Φcl(t) 231 
Φi(t) 205 

Φo(xD, yD) 106 

Φ'o(xA, yA, zA) 107 

Φp 241 
ΦR 11 
ΦV(t) 206 

ΦV[tn] 206 

ΦV1(t) 229 

ΦV2(t) 229 

Σa
2

Σn
2
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ΩΩΩΩ
D 170 

Ωa1 227 

Ωa2 227 

Ωcl 227 

Ωm 117, 205 

Ωm(t) 188 

Ωmax 232 

Ωmin 232 

Ωs 229 
285 Index of symbols



286 Index of symbols



Index of abbreviations

a 
adc 229 
afm 28, 42 
aom 226 
aps 202, 214 
aset 6 

b 
bpa 106, 120 

c 
cgh 48, 64 
ci 163 

d 
dds 227 
duvl 2 

e 
ebcp 3 
ebdw 3 
epl 3 
ets 6 
euclides 6 
euvl 1, 101 

f 
fft 189, 200 
fm 114, 175, 225 
fmi 189, 197 
fmi–fm 197 
fmi–pm 197 
fp 194 
fwhm 31 

i 
ic 1 

ipl 3 

l 
ligo 1 

m 
mopa 214 
mrf 31 
mwi 189, 192 

n 
na 102, 144 
ngl 3 
nif 1 
nist 48 

o 
opd 48, 102, 175 
opl 49, 65, 106 

p 
pdf 163, 245 
pll 200 
pm 114, 175, 225 
psd 12, 14 
psf 18 
psi 188 
p–v 11, 160 

r 
ret 4 
rms 11 

s 
sni 186 
snr 155, 187 
spm 42 
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stm 42 

t 
twi 189, 191 

v 
vnl 6, 48 
vuvl 3 

w 
wli 189 

x 
xpl 3 

z 
zopd 190 
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