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Abstract

This paper considers the tremendous impact Professor Shannon had on one graduate
student at the Optical Sciences Center (OSC) during an 18-month period from May
1975 through October 1976, and the continuing effects of that impact for nearly three
decades. Several aspects of Professor Shannon’s influence are discussed and anecdotes
are shared to emphasize these points. In particular, a few principles for advising and
teaching graduate students are presented, based on one graduate student’s recollection
of the methods used by Professor Shannon. The direct impact of the application of those
principles and methods in the life and career of one of his students is presented, fol-
lowed by a discussion of the exponential expansion of that impact on the careers of doz-
ens of scientists and engineers and scores of optical engineering students who have been
influenced as second-generation recipients of Professor Shannon’s influence during the
past 28 years.

1. Introduction

I must first express my gratitude to the entire faculty and staff of the OSC for two of the most
productive and rewarding years of my life (1974–1976), and for the Ph.D. in optical sci-
ences they saw fit to grant me back in 1976. My Ph.D. in optical sciences has proven to be
one of my most valuable and cherished possessions. My only regret is that I was not able to
spend more time at OSC. I enrolled in the Ph.D. program at the OSC in August 1974, having
previously completed a Bachelor and a Master degree in electrical engineering at BYU and
having worked for three years as a civilian electronics engineer for the U.S. Navy at China
Lake, California. My situation was unusual because I was sent to school on a Navy fellow-
ship with full salary. My supervisor at China Lake also sent a $5000 grant to OSC specified
for my use to purchase small optical components for whatever experimental research I
chose to do for my dissertation. My only constraint was that the fellowship covered just two
years of “advanced training.”

2. The Dissertation

During my first year at the OSC, I took six core courses, two of which were from Professor
Shack. I did not even meet Professor Shannon until May of 1975, shortly after the end of my
second semester, but I took two classes from him the following academic year. In fact, Pro-
fessors Shannon and Shack are the only two professors from whom I took two full-semester
classes at OSC. Both of them also served on my dissertation committee, as did three other
professors: Gaskill, Wyant, and Wheeler.
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Post-Sputnik Days with Roland Shack

Juan L. Rayces

I am probably the oldest person around (still alive at printing time) who ever met Roland
Shack in the early days, and perhaps for that reason I was elected, or selected, to write about
the emergence of Roland as a young scientist.

Roland and I are contemporaries, or almost contemporaries, and we have witnessed the
greatest leaps of all times in the scientific and technological fields. We have witnessed the
birth of Fourier optics, the birth of the electronic computer, the birth of the transistor, the
birth of holography, the birth of fiber optics, the birth of lasers, the launching of Sputnik, the
first artificial satellite, and the whole communications explosion.

Few people today remember that by the end of World War II, the German scientists
were ahead of the rest of the world in the development of rockets. And few people remem-
ber that at the end of the war, the Soviets grabbed most of these scientists and shipped them
to their own laboratories inside the Soviet Union. Very few of the German scientists made
their way to the United States, though Wernher Von Braun is a notable exception.

From the end of the war and beginning of the cold war, and for more than a decade there-
after, the Soviets were a jump ahead of the U.S. in the development of rocketry. Very qui-
etly, the space race had started; but most people were not aware of what was going on.

After the end of WWII, the development of optics in the U.S. was rather lethargic. The
optical industry moved from Germany to Japan without a stopover in our country. I immi-
grated to the U.S. at that time because I needed to flee from a country dominated by a dicta-
tor, not because of any tempting prospect of making a career in the optical industry.

Then on October 4, 1957, the space age started when the Soviet Union put Sputnik I into
orbit around the world. About four months later, on January 31, 1958, the U.S. put Explorer
I into orbit. While Sputnik weighed 183 pounds, Explorer I weighed only 31 pounds. The
Soviets were ahead in the development of rockets, and with their larger missiles, they could
put into orbit a payload six times as heavy as the American satellite. This initial disadvan-
tage was the silver lining in the cloud: it gave great impulse to the development of all kinds
of miniaturized components.

Where was I the day of the Sputnik? I was at the American Optical (AO) research labo-
ratory in Southbridge, Massachusetts, where the wide-angle movie system called Todd-AO
had been developed for the film Oklahoma. The company’s main business, though, was the
manufacture of eyeglasses and frames. The management of AO missed the big opportunity
of getting ready for the space age. They should have worn a pair of their own glasses to cor-
rect their myopic vision.

In those days a high official of the company traveled to Brazil and returned very sat-
isfied with his trip. As reported by the Southbridge local newspaper, this official was
full of optimism because he had found that illiteracy was prevalent in that populous coun-
try; he reasoned that one day the crowds would learn how to read, then many of them
would discover they needed eyeglasses—and that would be big business for American
Optical!

3



The Early Days of Interferogram
Data Analysis

James Rancourt

Abstract

In mid 1965, Itek Corp’s laser unequal path interferometer (LUPI) was being developed.
Bob Shannon recognized that the data to be generated by this revolutionary device needed
automated analysis, and he realized that this was likely possible with the computer power
available at that time. Bob’s seminal suggestion was that the use of least-squares fitting of
linear functions would lead to such a solution. This algorithm was initially implemented in
Fortran on an IBM 7094 Mark II computer. The initial output of the computer program con-
sisted of printed values of the rms fit error, peak-to-valley values, and the point-by-point de-
viations from the best-fitting plane. Bob supported further development of this work and the
output was extended to include full-size contour maps generated on line printers. At this
point, opticians were able to map directly onto a large optical surface those areas that
needed to be touched up by hand. Isometric plotting capability was also added; this was an
excellent technique to illustrate the shape of the surface. This work resulted in a presenta-
tion at the Optical Society of America (OSA) Annual Meeting in San Francisco in 1966.
Eventually, additional terms were added to the fitted function, including defocus and the
other third-order aberrations. Sign ambiguity of the fringes was always a concern back then.
Today, with phase-shifting interferometers, these problems are no longer a concern, unlike
spatial data sampling and data reduction speed.

1. Background

In the mid-1960s, Itek developed a modular and portable Twyman–Green type of interfer-
ometer called a Laser Unequal Path Interferometer (LUPI) that was based on the then re-
cently developed red helium-neon laser. Because did not require an optical bench, it could
be used in any optical shop. Typically, LUPI was used to evaluate large concave mirrors, ei-
ther spherical primary mirrors, or, with an auxiliary null lens, aspherical mirrors. This in-
strument was expected to generate many high-quality interferograms of optical elements
during their fabrication. The data were recorded on Polaroid “instant” high-speed film.

Bob Shannon recognized that the analysis of the data generated by this revolutionary
device needed improvement over the then-current qualitative visual analysis. The standard
technique at the time was to adjust the tilt of the mirror in the reference arm as well as the fo-
cal position of the interferometer such that the fringes were made as parallel as possible.
The deviation of the fringes from equally spaced parallel lines indicated deviations from the
ideal surface. A set of such lines can be generated with a parallelogram frame with strings or
metal strips (see Fig. 1), but this approach was neither accurate nor quantitative. In addition,
the sheer volume of data as well as its accuracy demanded a new way of analyzing fringes.
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The Discovery of the Shack Cube
Interferometer

Mitchell C. Ruda and William H. Swantner

Abstract

The Shack Cube interferometer has been a convenient and practical interferometer for the
evaluation of optical systems and components for more than 30 years. It was originally de-
signed as a naturally achromatic alignment device of small size and light weight. This paper
documents the discovery of its utility as an interferometer.

1. Introduction

In the early 1970s, the Optical Sciences Center (OSC) of the University of Arizona had a
large optical shop, including an eight-story shaft for the testing of mirrors. A mirror could
be left in position on the polishing machine and an elevator in the shaft could be moved to
the center of curvature of the mirror. In that era, interferometers were occasionally used for
evaluating the mirrors, but the averaging of interferograms was not yet a practical feature of
the software, and the Twyman-Green laser unequal path interferometers were often of un-
wieldy size. The Gaviola wire test, the Hartmann screen test, and Foucault testing were of-
ten used for the evaluation of mirrors. The first two of these tests also have the advantage of
not requiring a null optic to correct for the exceedingly large amounts of spherical aberra-
tion encountered when evaluating aspheric mirrors from the center of curvature.

In 1974, the OSC was polishing a 101-in. diameter mirror for the DuPont telescope at
the Cerro Tololo Observatory in Chile. Dr. Richard Buchroeder had designed an Offner-
style null lens for the final stages of testing and figuring the hyperbolic primary mirror. A
layout of the testing configuration is shown in Fig. 1. The figure shows many components,
in addition to the cube with a convex lens, in order to put the discovery of the cube’s proper-
ties in perspective.

2. Application of the Shack Cube

The BK7 glass cube had originally been designed by Professor Roland Shack while he
was at the National Bureau of Standards (now NIST) in Maryland. It was used as an align-
ment device for research involving microscopes. The convex surface of the lens, which is
cemented to the cube, has its center of curvature at two different faces of the cube by vir-
tue of the beamsplitting surface along the hypotenuse of the cube. Thus, a ray leaving the
pinhole passes through the convex surface of the lens perpendicular to the surface. There
is a slight difference in the angle at which the marginal ray travels inside the cube that is
dependent upon the ray’s wavelength, but this is usually negligible; and in the interferom-
eter application at a single wavelength it is not of consequence. (The achromatic feature
of the design can permit the interferometer designer to illuminate with multiple wave-
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Professor Shannon’s Real
World Lessons

Janet Fender

Bob Shannon taught his students how to be professional optical engineers in the “real
world.” In addition to teaching us the technical tools of the trade, he also presented the nu-
ances of system engineering and cost/performance optimization. Embedded in his aca-
demic curriculum were subtle and invaluable lessons in dealing with people in the work-
place.

A student’s grade in Professor Shannon’s Optical Engineer course was based solely on
two exams: the midterm and final. Students were issued computer accounts with a limited
amount of usage time. This emulated billable contract hours. With only two terminals avail-
able, graduate students would line up in the closet-sized computer room, clutching boxes of
carefully arranged decks of punch cards, as our colleagues bogarted the terminals.

Bob Shannon’s midterm exam was memorable. We were to design a triplet to meet
seemingly reasonable performance parameters. Twenty-four hours were allotted to com-
plete the task: one problem equaled 50% of the course grade. It wasn’t until somewhere
around midnight in the stuffy, crowded computer room that we realized the harsh truth: our
fatherly Professor Shannon had given us an insoluble problem. Tears were shed by students
whose entire accounts were expended reaching that conclusion. The lesson in professional-
ism was to design the best performing system within physical and fiscal constraints.

The lesson in human interactions was even more memorable. “Call me if you really
need to ask questions about the exam,” spoke our kindly professor. Taking him up on his of-
fer, one student called the phone number left for us. It was Dial a Prayer.

I thank Bob Shannon for both lessons. I’ve remembered them well and employed them
judiciously. The answers are not always in the back of the book. You can’t always call for
help...and leave the number for Dial a Prayer when you don’t want people at work to bug
you!
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Historical Development of the
Shack–Hartmann Wavefront Sensor

Jim Schwiegerling and Daniel R. Neal

Abstract

The Shack–Hartmann wavefront sensor is a simple and elegant means for measuring the
shape of a wavefront. This technique has been applied to a wide variety of applications from
improving images of the vast cosmos to the more down-to-earth measurements of the aber-
rations of the eye. This technique has become widespread throughout the world, with hun-
dreds of millions of astronomical images benefiting from the process to millions of correc-
tive surgeries that will be performed in upcoming years to enhance vision. It is rare for a
technology to have such a dramatic impact on a single field, let alone multiple fields, as did
the Shack–Hartmann sensor. This paper describes the history and evolution of the technol-
ogy and covers some of the many applications found today.

1. The Hartmann Screen Test

The Shack–Hartmann wavefront sensor is an evolutionary technology of the Hartmann
screen test. Johannes Hartmann (1865–1936) was a respected German astrophysicist whose
career carried him throughout Germany and Austria (Fig. 1).1 During his tenure as a profes-
sor in Potsdam at the beginning of the 20th century, Hartmann developed his now famous
screen test. Hartmann worked on the Great Refractor at Potsdam (Fig. 2). This 80-cm re-
fracting telescope was meant to continue Potsdam’s leadership in the field of astronomical
spectroscopy. However, the optics of the telescope were of inadequate quality to capture us-
able photographic images. Hartmann set out to identify the source of the problem with the
telescope and rectify the situation. To test the optics of the telescope, Hartmann constructed
a screen with a series of holes in it, and placed the mask over the aperture of the telescope.
Photographic plates were then inserted and exposed on either side of the focus. The mask on
the telescope effectively created a discrete set of ray bundles that passed through different
entrance pupil locations. The exposed plates represent a “spot diagram” of the telescope for
positions on either side of the focus. By connecting corresponding spots from the two plates
and knowing the distance between the locations where the plates were exposed, the concen-
tration of the rays in the neighborhood of the focus can be determined. High-quality optics
would have all the rays that connect corresponding spots crossing the optical axis at the
same point, while poor optics would result in a variation in the location where these rays
cross the axis. Using this technique, Hartmann was able to determine that the problem in the
Great Refractor resided in the primary lens. After this lens was refigured, the 80-cm tele-
scope became usable and Hartmann went on to spectrographically identify calcium clouds
with the system. The Hartmann screen test is still used to this day, a statement of its simplic-
ity and value. The technology remained unchanged for nearly 70 years, however, the need

132


