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From a historical perspective the title of this essay is an oxymoron. The Institute of Optics
has long been the home of both quantum optics and of optical engineering, but they have
occupied the opposite poles of the axis that runs from pure basic research to applications-
driven research and advanced development. The assignment of quantum optics to “pure”
research with no application in sight is changing rapidly and a new field called quantum opti-

cal engineering or even quantum technology is growing rapidly. It promises to be a central player
in the technologies of the new century.

There are two separate forces driving the development of this new field. The first is
miniaturization and the second is quantum weirdness. Each requires some comment.

The processes underlying most technologies are rapidly being miniaturized.
Photolithography is producing circuit elements on silicon chips well into the nanometer range.
Semiconductor devices are fabricated atomic layer by atomic layer. Nanotechnology has made
imaging and manipulation of single atoms commonplace. The nanometer-scale devices that
result from this research are central to new commercial applications: faster, more powerful,
compact electronic devices; super materials that are stronger and lighter; medical devices that
automate and simplify laboratory tests; chemical processing molecule-by-molecule. The scale
of these new technologies is that of a few, or even a single, atom. This is the realm at which
classical physics gives way to quantum physics. The discreteness of atoms, electrons, and pho-
tons as well as their complementary wave properties can no longer be ignored.

The ways in which quantum mechanics influences the behavior of nano-scale devices is
sometimes surprising. Professor Lukas Novotny has a very active new group in the Institute
working in the field of nano-optics. In many of his research projects he combines a metal-
lic probe, which is only a few nanometers wide at the tip, with a focused laser beam to
probe a surface optically with nanometer resolution. The laser beam can provide either high
spectral sensitivity in the case of a narrow bandwidth cw laser, or femtosecond temporal sen-
sitivity in the case of a pulsed laser. The high curvature of the metallic tip greatly enhances
the laser field in the nanometer-sized volume near the tip. When moving the tip near the
surface, even though there is no direct mechanical contact, a great deal of friction is expe-
rienced. Novotny and his student Jorge Zurita Sanchez have shown that the fluctuating ther-
mal and quantum fields in the small volume are the source of the friction. Such fluctuations
are intrinsic to the quantum scale and can be expected to show up in many related prob-
lems in nanotechnology. Even friction becomes quantum mechanical at this scale.

One trying to miniaturize a conventional technology might be inclined to view the
appearance of quantum mechanics as a nuisance. It leads to friction, quantum noise, and
a new academic discipline that must be mastered to keep up with the demands of Moore’s
law in computer development. That is true if your purview is simply that of pushing the
boundaries of mature technologies, but there are associated new opportunities that may
lead to completely new technologies that eventually replace the old ones.
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Quantum mechanics is fundamentally different from classical mechanics and electro-
magnetic theory in that it describes a field that is weird from the perspective of our macro-
scopic classical world. A quantum particle has wave properties—it has a wavelength and can
exhibit interference and diffraction. Similarly a quantum wave has particle-like properties—
it is absorbed and emitted in discrete units. A quantum particle can be at two places at
once. A pair of quantum particles can be entangled so that even when separated by large
distances they share a common state and do not have definite individual states. Only when
one particle is subjected to a measurement does the state of the other become well deter-
mined. These are the basic phenomena of quantum weirdness.

It is perhaps counter-intuitive but it is exactly these weird parts of quantum theory that
offer the greatest promise for technological breakthrough. The reason is simple. The weird
phenomena are those that do not occur in any classical setting and thus they enable
processes that cannot be carried out by any classical means. They allow you to do things
that cannot be done any other way. Quantum computing was the first such application to
gain wide attention. There are problems such as factoring large numbers which are very
difficult on conventional computers, with the time to compute growing exponentially as we
go to larger numbers. Factoring a number of a few hundred digits would require a time
longer than the age of the universe with the fastest existing computer. In part because of
the ability of quantum theory to describe a particle as being many places at once, a quan-
tum computer could theoretically speed up the computation exponentially. This is
extremely important because the current standard method of encryption, the RSA scheme,
is based on the difficulty of factoring large numbers compared with the ease of multiply-
ing large numbers. Quantum computers are currently able only to handle a few bits, but
the field is progressing very rapidly. At the same time that quantum weirdness threatens
conventional encryption schemes it offers new methods of communication that are secure
against any form of eavesdropping that is consistent with the laws of quantum mechanics.
This sort of secure communication is currently being used in military and commercial
applications.

Carlos Stroud and quantum information calculation.
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It seems very likely that we have not thought of the really earthshaking applications of
quantum weirdness. The whole idea that this is a reasonable subject to pursue is itself quite
new, but the situation is not unprecedented. In the closing decades of the Nineteenth
Century Maxwell had just proposed his equations which tied together electricity, magnet-
ism, and light into one unified theory which predicted waves propagating in a vacuum.
This was considered weird. There cannot be a wave unless there is something to vibrate.
In a vacuum there is no medium to vibrate, thus it cannot support a wave. Many of the
eminent scientists of the day rejected the idea and insisted that there must be an aether.
Of course it was exactly this weird property of electromagnetic theory that led to wireless
communication which continues to lead to major changes in our lives today. This was a
tremendous breakthrough exactly because it was something that could not be done any
other way. In 1870 a ship that passed over the horizon was out of communication. It was
certainly not clear that Maxwell’s weird theory would lead to a cell phone in every pocket,
or a wireless modem in every computer, but it did. I would venture to predict that quan-
tum weirdness will also lead to a similar technological blockbuster.

This argument makes the idea of quantum technology plausible, but it is perhaps not
clear why I refer to quantum optical technology. The reason has some close ties to the his-
tory of the Institute. Tunable narrowband lasers provide a marvelous way to control a
quantum system. Isolated atoms and other systems in which quantum effects are important
are generally very high Q systems with narrow resonances. A laser tuned precisely to one
of these resonances can interact so strongly with the atom that it can control it. This is
illustrated dramatically in laser cooling of atoms—a subject that has earned six recent Nobel
Prizes. In a room temperature gas the atoms are moving with an average velocity of about
600 meters per second, more than 1000 miles per hour. If a resonant laser beam is scat-
tered off of one of the fast moving atoms the force is sufficient to stop the atom in a dis-
tance of about one foot. Such interactions can also strongly affect the internal states of
atoms. One can gain exquisite control of the quantum system and manipulate it in ways
that are difficult to accomplish any other way. As usual the laser and optics more gener-
ally are enabling tools for the new technology.

It is not surprising that Rochester has been a center for the development of quantum
optics. When Ben Snavely, Otis Peterson, and Sam Tuccio were developing the first cw
dye lasers at Eastman Kodak Research Laboratories and Michael Hercher, Alan Pike, Felix
Schuda, and Conger Gabel were developing the narrowband tunable version in the
Institute they certainly did not envision that they were enabling a method for cooling atoms
to nano-Kelvin temperatures, or breaking the most secure codes, but they were. Certainly
Leonard Mandel and I were quick to see how we could exploit the new tool to study some
quantum mechanical problems that we had been puzzling over.

Without having a crystal ball I cannot know what the big breakthrough will be in
quantum technology, but the odds that optics will play an important role in it are very high
and those of us who have been the “poets of optics” are likely to be in the middle of a
new twenty-first century technology.
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