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The competent and intelligent optical design of today’s state-of-the-art products
requires an understanding of optical aberrations. This accessible book provides an
excellent introduction to the wave theory of aberrations and will be valuable to
graduate students in optical engineering, as well as to researchers and technicians
in academia and industry interested in optical imaging systems.

Using a logical structure, uniform mathematical notation, and high-quality fig-
ures, the author helps readers to learn the theory of optical aberrations in a modern
and efficient manner. In addition to essential topics such as the aberration function,
wave aberrations, ray caustics, and aberration coefficients, this text covers pupil
aberrations, the irradiance function, aberration fields, and polarization aberrations.
It also provides a historical perspective by explaining the discovery of aberrations,
and two chapters provide insight into classical image formation; these topics of
discussion are often missing in comparable books.

JOSE SASIAN is Professor of Optical Sciences at the College of Optical Sciences,
University of Arizona. His research areas include aberration theory, optical design,
light in gemstones, art in optics and optics in art, optical imaging, and light propa-
gation in general.
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In this sort of algebra one is to some extent dependent on luck (which no
doubt favors the patient) in the reduction of apparently intractable
expressions to something less resembling chaos.

(Hans A. Buchdahl, Optical Aberration Coefficients)
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Preface

This book provides an introduction to the theory of optical aberrations. Those inter-
ested will find a variety of topics that provide a solid foundation, and will appreciate
the beautiful structure built in the theory of aberrations. Understanding the contents
of this book will be useful for solving problems in optical design, optical imaging,
and other related fields. The treatments in the book exploit symmetry properties
to provide insight and derive useful results; highlighting symmetry properties is a
recurring theme. The approach followed in the book is the wave aberration theory
pioneered by H. H. Hopkins. However, the contents of this book take the wave
theory of aberrations much further, and provide a comprehensive understanding of
aberrations in optical imaging systems.

Chapter 1 provides an introduction and a historical overview. Chapter 2 provides
basic concepts in geometrical optics. In order to appreciate the theory of aberrations
it is necessary to have an understanding of optical image formation. To this end
Chapter 3 provides a basic and insightful discussion on imaging with rays, and
Chapter 4 provides a fresh and useful discussion on the fundamentals of imaging
with light waves. Chapter 5 introduces and highlights the wave aberration function,
which is central to the understanding of aberrations. Chapter 6 discusses second-
order effects which determine the location and size of an image. Chapter 7 discusses
the primary aberrations. Chapter 8 discusses aberrations using the concept of light
rays. Chapter 9 provides a novel treatment of ray caustics. Chapter 10 derives
aberration coefficients, and Chapter 11 presents a basic discussion of structural
aberration coefficients. Chapter 12 provides a discussion of pupil aberrations and
a useful interpretation. Pupil aberrations have received little attention in the past.
Chapter 13 takes further the independent work of G. G. Slyusarev and M. Reiss
on irradiance changes in optical systems, and develops the irradiance function.
Chapter 14 provides a “well-rounded” sixth-order theory which further exhibits
the beauty and structure of the wave theory of aberrations. Chapter 15 discusses
two useful theories for understanding optical systems that lack an axis of rotational

Xiii
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Xiv Preface

symmetry. Chapter 15 discusses the aberration function, in wave form, for plane
symmetric systems. This function turns out to be also useful for constructing
polarization fields and in building the theory for multiple aperture systems. Chapter
16 discusses the topic of polarization aberrations. The treatment follows the notation
of previous chapters and continues to exhibit the overall structure of aberration
theory, this time by no longer treating the optical field as a scalar quantity, but
writing the field amplitude in vector form; this is a new treatment of the subject.
Overall, those who read and follow the material in this book will obtain a
strong perspective in aberrations and appreciate the beauty and structure of wave
aberration theory. The whole matter revolves around an understanding of how the
optical field changes and propagates in an optical system. This understanding is
essential for the intelligent design, fabrication, and test of optical systems.

José Sasidn

College of Optical Sciences
University of Arizona
Tucson, Arizona, 2012
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Harold H. Hopkins

The wave theory of aberrations was pioneered by H. H. Hopkins.! Of the numerous
contributions to optics of H. H. Hopkins an important one is the equation that
describes the process of physical imaging formation, namely,

I, U/)Z/// C(uy —uz, vy — v2)E(uy, vi)F(u' —uy, v’ — v) E*(uz, v2)
oo

xF(u' —uy, v — vp)dudusydvidv,.

Figure P.1 Harold H. Hopkins. With kind permission of Mrs. Christine Hopkins.

This equation, which relates the irradiance variations of an image, was published in
Proc. R. Soc. Lond. A 217 (1952), 408-431 in a paper entitled “On the diffraction
theory of optical images.” It considers the properties of the illumination, the object

1 A biography of H. H. Hopkins can be found in C. W. McCombie and J. C. Smith, “Harold Horace Hopkins,”
in Biographical Memoirs of Fellows of the Royal Society, Vol. 44, the Royal Society, 1998, 238-252.
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XViii Harold H. Hopkins

properties, and the imaging system. H. H. Hopkins also provided the equivalent
form (here with different notation and derived in Chapter 4),

1 2
I y) = (ﬂ> / / & (X0 y0) Is (6. ¥) 1 (x, ¥) % 5psf (x, )P dxodo.

H. H. Hopkins left for us the insights and line of thought that led him to the
discovery of these fundamental equations in the paper “The concept of partial
coherence in optics,” Proc. R. Soc. Lond. A 208 (1951), 263-277.
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Roland V. Shack

R. V. Shack had many contributions to optics and to aberration theory.! His writing
of the aberration function using the field and aperture vectors,

[o¢]
W(H, p) =Y Wiin(H - HY(H - 5" (5 - 5,
j.m,n

an apparently trivial substitution, led to the discovery of binodal astigmatism and
more generally to the concept of aberration fields and nodes.

Figure P.2 Roland V. Shack. With kind permission of Mrs. Pamela Shack. Photo
by José Sasian.

I See, for example, J. E. Harvey and R. B. Hooker (eds.), Robert Shannon and Roland Shack: Legends in Applied
Optics, SPIE Press 2005.

Xix
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XX Roland V. Shack

Several of the advancements in aberration theory presented in this book have
been made possible by using Shack’s form of the aberration function.

R. V. Shack was a student of Hopkins at Imperial College London in
England. While R. V. Shack was professor at the College of Optical Sciences at the
University of Arizona, he had an unusual gift for motivating and inspiring students
and colleagues.

Roland V. Shack taught a variety of topics in aberration theory and he freely
shared his knowledge of the subject. Meeting him in his office was a great pleasure
as his conversation was highly motivational and inspiring. In explaining optics
he used insightful and appealing figures and models. They were also artistic,
which added an element of pleasure. A favorite model was for the ray caustic of
astigmatism: two separated and perforated plates supporting a tight string, going
back and forth many times between the plates, showed the ray paths and astigmatic
line segments.
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