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This comprehensive and self-contained text presents the fundamentals of optical imaging from the viewpoint of both ray
and wave optics, within a single volume. Comprising three distinct parts, it opens with an introduction to electromagnetic
theory, including electromagnetic diffraction problems and how they can be solved with the aid of standard numerical
methods such as RCWA or FDTD. The second part is devoted to the basic theory of geometrical optics and the study of
optical aberrations inherent in imaging systems, including large-scale telescopes and high-resolution projection lenses.
A detailed overview of state-of-the-art optical system design provides readers with the necessary tools to successfully
use commercial optical design software. The final part explores diffraction theory and concludes with vectorial wave
propagation, image formation and image detection in high-aperture imaging systems. The wide-ranging perspective of
this important book provides researchers and professionals with a comprehensive and rigorous treatise on the theoretical
and applied aspects of optical imaging.
Joseph Braat is Emeritus Professor of Optics at the Delft Technical University, The Netherlands, and a Fellow of
the Royal Netherlands Academy of Arts and Sciences. Previously he was based at the Philips Research Laboratories
in Eindhoven where he worked on optical disc systems for video and audio recording and on high-resolution optical
lithography. His further research interests are diffraction theory, astronomical imaging and optical metrology.
Peter Török is Professor of Optical Physics at the Nanyang Technological University, Singapore and at Imperial College
London, UK. His research is focused on the theory of diffraction, focusing and microscopy, with particular emphasis
on confocal microscopy, spectroscopic imaging and polarisation. Throughout the years he has taught vector calculus,
electromagnetism, optical imaging and optical design theory.

© in this web service Cambridge University Press

www.cambridge.org

Cambridge University Press
978-1-108-42808-8 — Imaging Optics
Joseph Braat , Peter Török
Frontmatter
More Information

© in this web service Cambridge University Press

www.cambridge.org

Cambridge University Press
978-1-108-42808-8 — Imaging Optics
Joseph Braat , Peter Török
Frontmatter
More Information

Imaging Optics
JOSEPH BRAAT
Delft Technical University, The Netherlands

PETER T ÖR ÖK
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Preface

The idea of writing a specific book on ‘imaging optics’ came some ten years ago and was spurred by the experience which
the present authors had acquired in teaching at a university and in guiding research of M.Sc. and Ph.D. students. We
noticed that the more advanced optical subjects which have to be mastered by these students to successfully accomplish
their studies are rather scattered over the literature. We felt that a comprehensive, well-organised book on the theory and
practice of optical imaging, using the same notation and conventions for the various subjects, was lacking. The present
book, which has been conceived in the past nine years, should make it easier for students to acquire specific knowledge
in the field of optical imaging.
The book comprises three parts. The first introductory part provides the physical basis of optics by means of Maxwell’s
equations and applies these equations to wave propagation in free space and to refraction and reflection at interfaces
between media. A special topic is the propagation of fundamental and higher-order Gaussian beams. The principles
needed for solving diffraction problems are explained with special attention to wave propagation and diffraction in
stratified media. The rigorous coupled wave analysis and the finite-difference time-domain method are treated in some
detail. The chapter on wave propagation in anisotropic media focuses on linear and circular birefringence as a preparation
for polarisation aspects in imaging which are encountered in Part III of the book. Emphasis is put on the intriguing effect
of conical refraction. Combined with the chapter on surface waves, the reader acquires a good overview of light diffraction
and light scattering at an object surface or in an object volume of which an image has to be formed by the optical imaging
system.
The second part of the book is devoted to geometrical optics, aberration theory and optical design. It provides the reader
with a theoretical basis of ray optics and illustrates the limits on imaging quality based on this simplified light propagation
model. Paraxial optics is treated by means of the matrix theory of refraction/reflection and ray propagation. An extensive
chapter on aberration theory applied to a single surface, a single lens and to entire systems shows the practical limitations
in imaging quality of an optical system. Throughout this chapter, the fundamental diffraction unsharpness in image space
and the image blurring due to geometrical aberrations are jointly evaluated. In some cases the (partial) suppression of
aberration in an optical system can be achieved by analytic methods. These methods are presented in some detail, together
with the more widely used numerical optimisation methods. Imaging quality of an optical system can be further reduced
by manufacturing errors. A statistical analysis is presented of the influence of opto-mechanical and mounting errors of
lens elements and surfaces such that the expected quality of a real-world imaging system can be evaluated as well as the
spread around this value. The second part ends with a longer chapter on optical design methods applied to a wide variety
of low- and high-aperture optical imaging systems.
The diffraction of light is the subject of the third part of the book. Based on Maxwell’s equations, the first chapter
starts with an in-depth treatment of vector diffraction models which are then, step by step, reduced to the older scalar
diffraction theories. Various intermediate stages of approximation between the rigorous vector model and the simplest
scalar diffraction model are presented such that the reader can decide which approximation is adequate for a specific
diffraction problem at hand. The point-spread function, a basic building block for the construction of the image intensity
of a composite object, is discussed for an ideal and an aberrated imaging system. The classical scalar diffraction theory of
Zernike and Nijboer is used for the diffraction analysis of low-aperture, aberrated imaging systems. The region of validity
of this classical diffraction theory is then extended to a much larger focal volume (Extended Nijboer–Zernike theory) and
provides the reader with semi-analytic results which can replace the numerical methods used for the evaluation of a
general diffraction integral. The extension of this theory to ideal and aberrated point-spread functions of imaging systems
with high-aperture serves to describe image formation in non-ideal high-resolution imaging systems. The chapter on
point-spread functions ends with a detailed vector-based analysis of the propagation of energy, linear momentum and
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PREFACE

angular momentum in a high-aperture focused beam. Spatial-frequency analysis of the imaging by an optical system
is the subject of a chapter in which the influence of the object illumination on the image is also studied. The van
Cittert–Zernike coherence theorem is presented and applied to a certain number of experimental configurations. The
classical two-dimensional frequency analysis is extended to the imaging of three-dimensional (volumetric) objects or
object surfaces. The influence of light scattering in the optical system on the spatial frequency transfer from object to
image space concludes this chapter. The final chapter of Part III discusses the systematic analysis of (vector) imaging
systems. The general state of polarisation of the light radiated by the object is defined as well as the possible anisotropy
of the imaging system itself, of specially inserted birefringent elements, polarisers, etc. The light propagation from object
to image space is described by means of a modular, matrix-based model of wave propagation. The detection of light in
image space is performed by means of a polarisation-dependent detector array in a high-aperture imaging geometry.
A number of appendices have been added and they explain, in more detail than was possible in the main body of the
book, a certain number of basic definitions or analytic/numerical tools which are frequently used throughout the book.
We mention the first appendix which emphasises the role of Fourier methods in modern optics. The fourth appendix
provides the reader with an overview of the properties and the applications of Zernike polynomials in optics. A special
appendix contains the English translation of an influential publication in the Russian language by V.S. Ignatowsky, dating
back to the beginning of the twentieth century. It presents an analysis of the electromagnetic field in the focal region of a
high-aperture beam focused by a lens. This publication has inspired many later researchers in this field.
The overview of subjects which is given above also shows which material associated with (classical) imaging optics is
definitely missing from this book. Only incidentally and without much detail, we mention a few of the modern methods
in low- and high-aperture imaging. Many acronyms circulate in the literature for special imaging methods adapted to
a special type of object, illumination, state of polarisation, spectral composition of the light, interferometric detection
mode, etc. Simply because of the size of this book, these methods could not be included. Another interesting topic that
is missing is the (unique) retrieval of object properties from one or several recordings of an image of the object. This
subject, both from the experimental and the numerical point of view, shows interesting progress, also with respect to the
high-aperture imaging geometry.
The writing of a book requires continuous concentration on the subject and in this respect the first author (J. B.)
was privileged because of his retired status. The absence of time-consuming managerial tasks, of proposal writing
and of regular work on national or international committees permitted a permanent focus on book writing. The second
author (P. T.) could not benefit from these favourable circumstances and his contribution has remained relatively small.
Sections 1.2 and 1.5 and Subsection 1.8.3 of Chapter 1 and the entire Chapters 8 and 11 of the book bear his signature.
The remaining part of the book and the Appendices A to F have been written by the first author.
We are confident that this textbook will be a welcome companion on the desk of a masters or graduate student in
general optics and in optical imaging in particular. Part of the book can also serve as teaching material for an advanced
optics course to such students. Finally, the professional in optical research and development will have at his disposal a
reference book covering a wide variety of subjects in advanced optical imaging.
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