
48. Physical Optics, Electromagnetic Theory, 
and Systems

Nicholas George

For the decades of the 1980s and 1990s The Institute of Optics has continued with its long-
term commitment to educate the leaders in the field. Today still, “Optics is a science that
greatly enriches other areas of science and technology. Also, optics is a field with far-ranging
appeal. Whether students aspire to become theoreticians, experimentalists, engineering
scientists or design engineers, the field of optics is broad enough to provide a challenging
career and a rewarding profession.”1

In this section we describe the trends in physical optics and closely related subject areas
since 1980. First let us mention that the distinguished faculty of the past has been aug-
mented by an impressive group of new appointees (described below). The excellence of the
undergraduate and graduate student body continues as well, with that traditional balance
in numbers of graduate and undergraduates that typifies the great research universities.
The physical facilities house magnificent laboratories in the Wilmot Building now crowded
with people and equipment. Capital equipment expenditures over the past twenty years
have exceeded $15 million.

Undergraduate Program in Physical Optics 
and Related Subjects

Since most students have a relatively limited knowledge of optics when they arrive at the
Institute, we offer Optics 101, Optics in the Information Age (Wayne Knox, director). This
course has many demonstration lectures and it provides the student with an excellent
overview of the entire field, giving one career guidance as well as establishing some enthu-
siasm and excitement about the future.

Optics 261, Interference and Diffraction ( James Fienup), and Optics 262, Electro-
magnetic Theory (Andrew Berger), are the undergraduate core courses now being taught
by a relatively new generation of faculty, together with a modern computing course, Optics
211, Computational Methods in Optics (Thomas G. Brown), taught by the chair of the
undergraduate committee who regularly lectures both physical and geometrical optics
courses.

Another course for undergraduates that provides major portions of physical and
Fourier optics is Optics 242, Aberrations and Interferometry ( James Zavislan). This famous
old course now includes substantial material on coherence theory as well as computer
modeling based on the material in Optics 211. Similarly, Optics 246, Optical Interference
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Coating ( James Oliver), has major components of physical optics. The Optics 256
Laboratory which is housed in the fourth floor of Dewey underwent a major modification
in the early 1980s, presided over by G. Michael Morris, M. Parker Givens, and K. J.
Teegarden. This laboratory has provided hands-on experience for graduate and under-
graduate students for many years. Currently taught by Givens and Teegarden, it is a truly
splendid course offering, slated for major funding as it is transitioned into new quarters in
the Wilmot Building (2005).

Graduate Program in Physical Optics, 
Electromagnetic Theory and Systems

Graduate education is strongly emphasized at The Institute of Optics and the strength of
this educational program derives from the core courses in the fundamentals and the lead-
ing research programs of the faculty. For physical optics and closely related topics, the
graduate courses are listed in table 1 together with a listing of faculty who have taught
these courses in recent years. The current lecturer is listed first, followed by other recent
lecturers. These courses are relatively advanced since our own undergraduates and the new
entering graduate students are typically highly qualified. Optics 461 and 462 are the
required core courses in physical optics, covering the principles of radiation and propaga-
tion based on electromagnetic theory. The treatment includes Fourier optics, information
processing, imaging, interference and diffraction, and the elements of statistical optics. Also

covered are electromagnetic theory at a rigor-
ous level so important today in fields such as
near-field optics and diffractive optics. Addi-
tionally, doctoral students are also encouraged
to take coursework related to their specialized
career interests that are being offered in other
departments, typically physics, electrical and
computer engineering, mathematics, computer
science or chemistry.

J. Christopher Dainty, Dennis Hall, and
G. M. Morris each progressed from junior
faculty positions to full professor, making signi-
ficant contributions in the teaching programs
and in leading edge research as well. J. C. Dainty
is now enjoying international success first as a
chaired professor at Imperial College and more
recently as Science Foundation Ireland Fellow,
National University of Ireland. Dennis Hall
rose to the directorship (1993–2000) and now is
the vice-provost for research at Vanderbilt
University. G. Michael Morris rose to full pro-
fessor and also served as OSA president 2003–4.
For the past few years he has been an impor-
tant entrepreneurial figure in Rochester; andJ. Christopher Dainty.
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currently he is president of two startup corporations, Apollo Corp. (eye implant lenses) and
Rochester Photonics Corp. (diffractive optics and display screens). Recently James Fienup
joined the faculty as the first R. E. Hopkins Chair Professor of Optics. As a student of Joseph
Goodman at Stanford and a scientist of international stature for 27 years at ERIM, he is
teaching Optics 461, Fourier Optics, and building a major research program in the fields of
phase retrieval and imaging science. Nicholas George, Wilson Professor of Electronic
Imaging, is now lecturing Optics 462 as well as Optics 564, an advanced course with a def-
inite systems orientation. The graduate students study topics in diffraction theory and signal
processing as they apply to systems for imaging, remote sensing, machine vision, and object
recognition. Also, he has an impressive research group of nine doctoral scholars studying
emerging electronic imaging systems. Four will graduate this academic year in May 2004.

While complete faculty lists are contained elsewhere in this history, we would like to
highlight the five recent faculty appointments that are broadly in physical optics. These
recent faculty additions will be major contributors in continuing the seventy-five-year
tradition of excellence in teaching and research in physical optics.

James R. Fienup: Robert E. Hopkins Professor of Optics; Ph.D., Stanford University,
1975. He performed research for twenty-seven years at the Environmental Research
Institute of Michigan and Veridian Systems, where he was a senior scientist. He joined the
faculty at the University of Rochester in 2002. Professor Fienup’s research interests center
around imaging science. His work includes unconventional imaging, phase retrieval, wave-
front sensing, and image reconstruction and restoration. These techniques are applied to
passive and active optical imaging systems, synthetic aperture radar, and biomedical imaging
modalities. His past work has also included diffractive optics and image quality assessment.
He has over 110 publications and three patents and was the editor-in-chief of the Journal
of the Optical Society of America A (1998–2003).

Table 1. Physical Optics and Electromagnetic Theory (Graduate)

No. Course Title Faculty

461 Physical Optics James Fienup, Nicholas George

462 Physical Optics II Nicholas George, L. Novotny,
S. Houde-Walter

425 Radiation and Detectors Gary Wicks, Robert W. Boyd

428 Optical Communication Systems G. P. Agrawal

442 Geometrical and Instrumental Optics Thomas G. Brown

452 Medical Imaging Kevin J. Parker

467 Nonlinear Optics Robert W. Boyd

469 Diffractive Optics G. Michael Morris

492 Medical Optics A. J. Berger

528 Advanced Topics in Telecommunication G. P. Agrawal

561 Advanced Physical Optics Emil Wolf

563 Statistical Optics Emil Wolf

564 Electronic Imaging Systems Nicholas George

592 Nano-optics Lukas Novotny
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Lukas Novotny: associate professor of optics; Ph.D., Federal Institute of Technology
(ETH), 1996. His general research interest is focused on optics on the nanometer scale.
He is interested in exploring ways to surpass the diffraction limit of classical optics and in
studying the interaction of nanometric systems such as quantum dots or biological proteins
with the optical near-field. Of special interest is the combination of near-field optics and
nonlinear spectroscopy.

James M. Zavislan: associate professor of optics; Ph.D., The Institute of Optics, University
of Rochester, 1988. His teaching interests are in the area of optical system analysis and opti-
cal engineering. In 2004 he began teaching the spring semester senior optical laboratory
course with Professor Teegarden. His research interests are in developing optical instruments
for clinical medical applications. His current projects include the application of confocal and
coherence optical imaging toward real-time pathology assessment of in-vivo and ex-vivo tis-
sues for clinical screening and surgical margin assessment. Specific applications include skin
cancer screening and breast cancer surgery. He is also an associate professor of dermatol-
ogy, University of Rochester School of Medicine and Dentistry. He also serves as director
of Center for Institute Ventures, a program to provide technology assessment and research
services to the venture capital community. He is an inventor or co-inventor of thirty-seven
U.S. patents, an author or co-author of twenty papers, and co-editor of a book.

Miguel A. Alonso: assistant professor of optics; Ph.D., The Institute of Optics, University
of Rochester, 1996. His general research interest is in finding better ways to model the prop-
agation of waves. In particular, he is interested in the connection between rays and waves,
and how to build accurate estimates of wave fields propagating through arbitrary systems,
based on ray information alone. Another aspect of his work relates to the theory of partial
coherence, and the description of partially coherent wave fields in radiometric terms. Finally,
he is interested in generalizations of mathematical tools and concepts relevant to wave prop-
agation, like integral transforms, phase space representations, and uncertainty relations.

Andrew J. Berger: assistant professor of optics; Ph.D., MIT, 1998. His area of interest is
medical optics, specifically spectroscopic diagnostic techniques. With recent advances in
optical technology, it is now possible to perform sensitive chemical tests on samples (and
live subjects) using light rather than reagents or electrodes. The group’s present research
is centered upon Raman spectroscopy. As offshoots of this basic thrust, other interests
include exploring fundamental aspects of light scattering and diffusion in turbid (e.g., bio-
logical) media, and developing novel spectroscopic techniques, through both instrumenta-
tion and analytical modeling, that extend the range of biomedical phenomena which can
be studied using light. The proximity of The Institute of Optics to the medical center offers
opportunities for closes interaction with clinical collaborators and patients. Professor Berger
also holds a secondary appointment in the Department of Biomedical Engineering.

Trends in Physical Optics Teaching and Research

Since World War II there have been major changes in the material that is taught in phys-
ical optics. We would like to make the case that this level of change will continue into the
foreseeable future. The reason for this is that research progress in this field is continuing
at an unprecedented pace; and when major research findings occur, these necessitate
changes in teaching.
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To illustrate this one can consider some of the highlights in our field in the fifty-five
years since World War II. The work of Dennis Gabor on holography was stimulated by
his wartime experiences with radar, microwave physics, and heterodyne mixing. There
were also, of course, the major achievements of the laser, the transistor, and the integrated
circuit. The work on holography by Gabor and Leith as well as the optical matched filter
of A. Vander Lugt were early advances that depended heavily on ideas from communica-
tion theory and linear systems theory. The work on synthetic aperture radar, particularly
the optical processing by Leith and co-workers, also stimulated important changes in the
subject material taught in optics. To illustrate how research changes teaching, one needs
only to compare the excellent textbooks by Jenkins and White (1937) with Goodman (1996,
1968) or Papoulis (1968). An analogous discussion can also be made for the pioneering
research in the field of statistical optics from van Cittert, F. Zernike, André Maréchal,
H. H. Hopkins, L. Mandel, Emil Wolf and many others to the present time. In this case
the modern textbooks by Mandel and Wolf (1995) and Goodman’s Statistical Optics (1985)
illustrate the new wave.

For a glimpse or a suggestion of what is coming in the teaching of physical optics, it
may be stimulating to look at three separate recent research results by our faculty. These
illustrative examples follow in the next three sections.

Integrated Imaging and Computing Systems: 
Nicholas George

In electronic imaging an integrated consideration of image acquisition and image process-
ing is leading to important new devices—systems that see and think. This notion has been
helpful in greatly extending the depth of field (EDF ) in imaging systems. W. T. Cathey and
E. R. Dowski (1995) reported a new lens type which they called the cubic phase mask for
accomplishing EDF. At The Institute of Optics a doctoral student, Wanli Chi, and Nicholas
George reported on a different lens type that they call logarithmic aspheres. In brief their
imaging lens consists of a symmetric asphere with a radially varying focal length. This lens
purposefully blurs the image so that the impulse response has an almost constant shape
over a wide range of distances. At any object distance within the design range, there is
always a circular annulus that contributes to sharp imaging; and the remainder of the lens
causes blur. The digital processing in this application is basically a deconvolution opera-
tion. Excellent deconvolution results are obtained using a maximum-entropy algorithm. Let
us consider what about this research is novel or not commonly learned in coursework. First
is a Fourier optics analysis that is valid in the non-paraxial regime. Second is the iterative
digital image processing that utilizes a convergence factor in order to obtain excellent
convergence and speed.

While the details are not of great interest here, an interesting finding is that one can
obtain (near) diffraction-limited resolution over a distance that is ten times that for a con-
ventional lens. Illustrated in figure 1 are images of a two-point object with a separation of
2.57 microns, the diffraction limited resolution distance for a 60mm lens with an aperture
size of 16mm and the corresponding digitally deblurred image using the maximum entropy
algorithm. (a) is the diffraction limited image with an ideal lens when the object is at
1500mm; (b), (c), (d) are the blurred images with the logarithmic asphere when the object
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is at distances of 1450mm, 1500mm, and 1580mm, respectively. The average signal to
noise ratio of the blurred images is close to 100. While it is not shown, but can be readily
understood, the images for the conventional ideal lens will be badly blurred at object dis-
tances of 1450mm and 1580mm. In the maximum entropy recovery, the point spread
function used for (a) is the actual diffraction blur of the ideal lens, thus yielding a nice two-
point recovery. The point spread function used in (b) (c) and (d) is the average point spread
function over an object range of 1400mm to 1615mm, the designed depth of field range
of the logarithmic asphere. This is ten times the classical depth of field. Thus in the pro-
cessing, no knowledge of the object distance is assumed. This is important for the extended
depth of field enhancement because generally one does not know the actual object distance.
In the recovery of (f ) (g) and (h), most of the rings in the blurred images disappear. Finally
we remark that the two points in (g) and (h) are clearly resolved, which demonstrates the
diffraction limited performance over an extended range of the integrated computational
imaging system.

Nano-Optics and Physical Optics: Lukas Novotny

Nano-optics is the study of optical phenomena and techniques near or beyond the diffrac-
tion limit of light. A key element in nano-optics is strong field confinement. For example,
strong field confinement can be achieved by strongly focused laser beams used in confocal
microscopy, or by nanoscale material structures (apertures, particles, tips). The theoretical
understanding of nanoscale optical fields relies on elements of physical optics. However, many
convenient approximations (quasi-static approximation, paraxial approximation, etc.) are
not applicable. For example, a realistic theoretical description of the imaging properties of a

Computer simulations of the resolution of a two-point object separated by the diffraction

limit. (a) Blurred image by an idealized lens for the object at 1500mm; (b), (c), and

(d) blurred image by the logarithmic asphere for object at distances 1450mm, 1500mm,

and 1580mm, respectively; (e), ( f ), ( g ), ( h) maximum entropy recovery of images in

(a), ( b), (c), and (d), respectively.2
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scanning near-field optical microscope requires
the consideration of near-fields and farfields,
and for structures ranging from subwavelength
to very large size. Hence neither the electro-
static approximation nor Kirchhoff or Fresnel
diffraction theory can be used; the full wave
equation has to be solved instead. Powerful
theoretical techniques used in nano-optics are
Green’s function methods or the angular spec-
trum representation. Both of these approaches
can be mathematically demanding, but they
originate from a clear and intuitive physical pic-
ture. Green’s function techniques are the result
of Huygen’s principle where the field at a
given space-point is determined by the sum of
partial fields emanating from a distribution of
point sources. On the other hand, the angular
spectrum representation is simply a superposi-
tion of plane waves and evanescent waves of
different amplitudes, phases, and propagation
directions. In Fourier optics, for example, the
propagation directions are restricted to a small
angular range ( paraxial approximation).

The angular spectrum representation is
also ideally suited for the understanding of the
diffraction limit and for the essential ideas
behind near-field microscopy. While it is
reasonable to truncate the evanescent components in the angular spectrum when consid-
ering wave propagation in free space, the evanescent fields cannot be neglected close to
sources or material boundaries. Inclusion of the evanescent fields lets us overcome the
diffraction limit and theoretically achieve arbitrary spatial resolution. Near-field optics aims
at understanding these fields close to their source region and making use of them for high-
resolution microscopy, manipulation, and localized interactions.

Our knowledge of confined optical fields and their interaction with matter is greatly
based on the achievements made in the field of physical optics over the past two centuries.
For most applications in nano-optics, classical electromagnetic field theory together with a
semi-classical description of light-matter interactions is the ideal theoretical framework.

Phase Retrieval: James R. Fienup

Many problems in optics and related fields are characterized by having partial information
available in one domain (such as an image or pupil domain) and some other information
available in another domain (often the Fourier domain), and we wish to retrieve or
reconstruct all the information in both domains. An example of this came to national atten-
tion in 1990 when it was discovered that the Hubble Space Telescope suffered from a

Laser beam focused on the surface of a glass

substrate. The calculation relies on an angular

spectrum representation. Because the field is

incident from the glass side, supercritical plane

wave components are totally reflected leading to a

standing wave pattern inside the glass medium.
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severe aberration causing terribly blurred images. NASA needed to find out the exact form
of the aberration so that astronauts could install correction optics to fix the problem.
However, it was not possible to bring the telescope down to Earth for testing. Blurred
images of stars taken with Hubble’s science cameras were all we had to work with. The
problem was to find a phase error estimate in the pupil that, when propagated (in the com-
puter) to the focal plane, gives an image of a star consistent with the blurred star images
taken by the camera. The shape of the pupil diameter and the obscurations (such as the
central obscuration from the secondary mirror and the struts holding the secondary mirror
in place) were the pupil-plane constraint in one domain, while the blurred image of a star
was the data measured in the Fourier plane. This problem was solved by phase retrieval
algorithms. One such algorithm is the iterative transform algorithm which was developed
by Gerchberg and Saxton to solve a related problem in electron microscopy, and by Fienup
to reconstruct images of space objects from stellar interferometry data. Another approach
is a nonlinear optimization algorithm,3 akin to those used in lens design, that minimizes an
error metric using gradient-search approaches. The successful characterization of Hubble
helped to raise phase retrieval from a topic studied by just a few groups to a major area

Optical metrology example simulation, by graduate student Greg Brady. (a) Phase of

an aberrated wave front (phase wrapped modulo 2p) in a circular pupil, (b) image

of a point source in a plane on one side of the nominal focal plane, (c) image in a

plane on the other side of the focal plane, (d) aberration obtained from a phase

retrieval algorithm using (b) and (c) together.

a

c

b

d

AJC-06.qxd  21/06/04  1:49 PM  Page 250



Physical Optics, Electromagnetic Theory, and Systems 251

of research. NASA is designing the James Webb Space Telescope, Hubble’s future replace-
ment, to use phase retrieval to keep its eighteen hexagonal mirrors aligned to within a small
fraction of a wavelength over its six-meter diameter. Meanwhile, phase retrieval, and the
closely associated phase diversity technique, are being integrated into other optical systems
that employ adaptive optics or actuated mirrors. It also shows great hope as a new tool for
optical metrology: measuring the aberrations of optical components.

One can also use phase retrieval to form coherent images, without any imaging optics.
Just shine a laser at an object and measure the back-scattered laser speckle intensity pattern
in some plane a distance away from the object. It is possible to digitally reconstruct an
image by phase retrieval using the measured speckle intensity in conjunction with knowl-
edge that the object has a finite size. Furthermore, if one were to illuminate the object with
a sequence of wavelengths from a tunable laser and collect the speckle pattern at each
wavelength, then it is possible to reconstruct a 3-D image of the object from this cube of
information. This approach employs the principle of obtaining range resolution from
frequency bandwidth that is used in swept-frequency radar systems. Increasingly, for image
formation it is beneficial to place more of the burden on computer processing as a way of
relaxing the requirements on the optics.

Phase retrieval, along with imaging systems that rely on computations to form an
image, require additional topics to be included in our physical optics curriculum. Courses
that include algorithms and additional mathematics, in combination with existing offerings
in Fourier optics and statistical optics, will enable our students to develop novel optical
imaging and wave-front-sensing systems.
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