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Preface

The first two volumes of this handbook series on optical systems covered the basics
of technical and physical optics. These are a prerequisite for the understanding of
the following parts of the handbook.

This third volume is the starting point of the second major part of the book series.
It is concerned with aberration theory, the correction and improvement of optical
systems, together with their optimization and tolerancing. These aspects are the
central and most important parts in the daily work of an optical designer. It was one
of our aims to provide the reader with the basic ideas and tools which are necessary
in order to be able to calculate, analyse and develop optical systems themselves and
to comprehend the examples within this book. Therefore, free access to an extended
light version of the professional optical design software OpTaliX has been made
available with this volume. In the appendix, this software is briefly described.

The book itself results from the cooperation of four authors: Hannfried Ziigge
wrote chapters 29 and 31, Martin Peschka contributed chapter 35 and Fritz Ble-
chinger prepared the appendix. I would like to acknowledge these colleagues for
their involvement, which included useful discussions, and also for their helpful
cooperation.

Furthermore, several of our colleagues helped us to correct and improve the man-
uscript. We want to thank Bertram Achtner, Hans-Joachim Frasch, Markus Seeflel-
berg, Christoph Menke and Michael Kempe for proof reading parts of the text and
for many helpful hints, corrections and suggestions. We also thank Franz Merz and
Dietmar Gangler for useful information and for their technical support in selecting
the examples for chapter 35. Thanks are also due to Steffen Siegler for his helpful
discussions.

Finally, we want to express our gratitude to Florian Bociort, from the University
of Delft, for making figure 32-59 available to us and giving permission for its inclu-
sion in the book.

Once more I want to thank my family for their continual understanding and
patience during the progress of this work.

Essingen, Herbert Gross
September 2006
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Introduction

In this third volume of the book series, the reader first discovers an introduction to
the theory of aberrations, which is the basic tool used for the description and under-
standing of optical systems. The basic geometrical and wave optical considerations
used to define the aberrations are explained. The power series representation allows
for the classification of the types of aberration and enables us to distinguish between
the well known primary aberrations of spherical aberration such as astigmatism,
coma, field curvature and distortion. The dispersion of the transparent optical mate-
rials leads to the definition of the chromatic aberrations, which are of a somewhat
different nature, but are mostly similar in that they affect the quality of the system.
Using the lowest expansion order, the Seidel terms can be determined. They allow
for an analytical description and a quick estimation of the aberrations. Furthermore,
they can help in the understanding of the basic dependencies of the aberrations on
the system parameters. The representation of the aberrations in the Zernike polyno-
mial basis is in common use. This calculus offers several advantages; for example, a
direct relationship with interferometric measurements, or the orthogonality of the
polynomials, which guarantees a robust computation and easy extension to higher
orders. As a final consideration in the first chapter of the book, the important con-
cept of aplanatic and isoplanatic systems are discussed, based on the sine condition.

In the second chapter, the large variety of possible descriptions of the image qual-
ity and representations is discussed in detail. The quality of an optical system must
always be measured and described by criteria, which are appropriate to the applica-
tion and the system type. As a consequence, there is no universal quality metric,
which makes sense for all systems. This causes some problems in comparing sys-
tems on an absolute scale.

Beginning with the elementary geometrical aberration curves and spot diagrams,
the reader is introduced into the possible representations and interpretations of
aberration curves. The next section deals with the quality criteria based on the wave-
front of an object point. These aberrations can be classified in very similar way to
the geometrical aberrations. Some special criteria help us to find absolute quality
measures. This is possible, since the wavelength of the light used is a universal scale
which describes the effects of decreasing quality. If the physical image formation
process according to volume 2 is considered, the quality of a system can be deter-
mined from its point spread function, and depends on its size and form. The Strehl
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Introduction

ratio is a measure which is used for diffraction-limited systems. An extension and
generalization of this concept is used to describe coherent laser beams. The beam
parameter product and the single M2 term are well known metrics which qualify a
beam with a general intensity distribution.

If, again, image formation and the transfer of information are considered, the res-
olution and the contrast of an optical system have to be measured in a quantitative
manner. This leads to the idea of the two-point resolution and, in a more general
way, to the concept of the optical transfer function. Depending on the application
criteria, the imaging quality of an edge or a line, the concentration of the energy dis-
tribution or some other criteria, can be considered. To complete this topic, finally
more general aspects such as statistical aberrations, motion blur or parasitic light
are considered.

In chapter 31, the dependence of the aberrations on system parameters such as
radii, refractive indices and distances are discussed. These relationships help the
optical designer to decide which kind of system changes would help to correct for
special aberrations. The basic aberration types are discussed separately, while simple
examples enable us to learn about these effects.

In the practical work, the correction of the aberrations of a given system is usually
carried out with the help of numerical optimization software. Therefore, in
chapter 32 the basic mathematical aspects of nonlinear numerical optimization are
presented from a more practical point of view. Several locally working algorithms,
together with the boundary conditions, are discussed in detail. Special problems in
the application of these algorithms to the optical design tasks are described and
illustrated with the help of some concrete examples.

Global optimization algorithms play an increasing role in optical design and are
explained briefly in a more phenomenological way. Some special aspects of optimi-
zation in the optical design such as typical constraints or the role of the initial Sys-
tem, complete this chapter.

In practice, it is a complicated task to optimize a system from scratch. To demon-
strate to the reader the application of the more theoretical considerations of the pre-
ceding chapters in a realistic problem, the optimization process of a real task is
described in detail in chapter 33. As an example, a monochromatic microscopic
objective lens of high numerical aperture is chosen. First, some general hints for
the practical design work are summarized as a brief insight into the tool box of the
designer. Then the most important features and properties of high numerical aper-
ture microscopic objective lenses are described in order to introduce this special
type of system to the reader. Several published patent designs are presented for illus-
tration and to show the major concepts in the design and correction of microscopic
lenses. In the central part of the chapter, the design process of a lens is described in
detail starting from the very first steps. The successive steps are documented and
explained to show the reader the way to find the solution. The final design is dis-
cussed and documented to indicate the performance and its limits.

Chapter 34 deals with some special and more unusual features, which can be
used in optical design to obtain better solutions or additional functionalities. The
use of aspheres is described and discussed. This surface type has been well known



Introduction

for many decades and has been successfully applied. The properties of these compo-
nents and their potential are illustrated by several examples. The second special
component discussed is the gradient index lens. There is great potential in correct-
ing systems with this lens type, but the problems in accurately realizing them have
not been solved in a general way up to this point. A special type of gradient distribu-
tion yielding promising results involves the Gradium lenses, which are discussed in
more detail. Lenses with a diffractive structure are discussed as a third special type
of optical component. These lenses have rather unusual properties concerning their
spectral behavior. The use of diffractive or hybrid refractive—diffractive lenses is
nowadays controllable and is used in industrial solutions. The design principles for
these components are described with many examples in order to show the reader
their possible advantages. The major drawback of diffractive elements such as
unwanted diffracting orders and the problems of a broad spectral application are
described, and possible solutions for their avoidance are given. As a last example,
for more unconventional designs, general three-dimensional systems are discussed.
The unusual vectorial aberration theory of systems without symmetry is demonstrat-
ed and some examples illustrate the possible applications of this approach.

Chapter 35 contains the important issues of tolerancing and the assembly of
optical systems. Beginning with an overview of tolerance standards, the centering
tolerances together with centering errors in bonding processes and optical mounts
are then dealt with in more detail. After some general cost aspects of tolerances the
different types of aberrations introduced into an optical system by the most impor-
tant tolerance types, are discussed. The idea of exploiting the connection between
tolerance types and aberration types for the compensation of tolerance effects leads
to the important topic of adjustment in the assembly and integration of real optical
systems. The modeling of the adjustment of an optical system is discussed and
the potential for adjustment is shown by the application of the model onto a micro-
scopic objective lens. Next, the chapter treats sensitivity analysis and statistical simu-
lations as basic tools for practical tolerancing in optical design and their application
is again exemplified for the microscopic objective lens. Inverse tolerancing is briefly
discussed and finally, some specific aspects of the tolerancing of prisms are consid-
ered.

In the appendix, the professional optical design software tool OpTaliX is intro-
duced. The main features are explained and an overview of the possibilities and pro-
gram parts 1s given.

In addition to the basic knowledge of technical optics, which is the content of
volume 1, and the physical understanding of image formation as explained in
volume 2, this volume 3 now provides insight into aberration theory, correction prin-
ciples, the numerical framework of optimization in optical design and the practical
aspects of tolerancing systems, which should enable the reader to successfully
design and develop optical systems.
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